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Mononuclear iridium(lll) complexes of general formula IrX(HYCR)[(S-binap] @, R = CHg; 3,
R = Ph; 4, R = CsH4sCHs-p; a, X = Cl; b, X = Br; ¢, X = |) were prepared by one-pot reaction of
[Ir(z-X)(cod)], with 2 equiv of §-BINAP [=2,2-bis(diphenylphosphino)-1'binaphthyl] and an excess
of the corresponding carboxylic acid in toluene. The structureSpR{-4 bearing an $-BINAP was
confirmed to beDC-6—23-A (A-conformation) by X-ray analysis o§[-4a—c. In this reaction, the iridium-
(I) complex{ Ir(u-Cl)[(9-binap} . [(S-5a] and pentacoordinated iridium(l) complexes IrX(co8)fbinap]
[(9-7b, X = Br; (9-7c, X = I] were generated prior to the oxidative addition of carboxylic acid. Cationic
dinuclear iridium(lll) complexes of general formullf(H)[(S)-binap] 2(«-X)3]X [(9-8: a, X = CI; b,
X =Br; ¢, X = I] were prepared, and their cationic bifacial octahedral dinuclear structure was characterized
by spectral data and combustion analysis. The anionic portion of these complexes could be replaced by
NaPF, leading to the corresponding £&alts [ Ir(H)[(9-binap]2(u-X)s]PFs [(S-8: d, X =Cl; e, X =
Br; f, X = I]. lodo-acetate complexes @fTOIBINAP (=2,2-bis(di-4-tolylphosphino)-1,ibinaphthyl)
[(9-9¢) and SYNPHOS$2,2,3,3-tetrahydro(5,5bi-1,4-benzodioxin)-6,6diyl]bis(diphenylphosphine)]
[(9-109 were also prepared according to the method used for the BINAP com§)e3c@nd were
characterized spectroscopically. Cationic dinuclear complexpsToiBINAP [(S)-11d and SYNPHOS
[(9-129 were also generated. Using these complexes, the effect of halide variation was studied by
asymmetric hydrogenation of 2-phenylpyrrolidirS) and 2-phenyl-4,5,6,7-tetrahydrd43azepine 15)
along with 2-phenylquinolinel), and the results indicated that iodide complexes were better catalyst
precursors for catalytic activity than the corresponding chloride and bromide complexes, but were not
superior in enantioselectivity.

Introduction interest because they serve as highly active catalysts for
asymmetric hydrogenation of the<I\ bond of imines to form
Practical and efficient catalysts for asymmetric hydrogenation chjral amines. The most remarkable feature of the iridium-
of unsaturated organic compounds have been extensivelydiphosphine catalyst system is that the addition of an iodide
developed by making the coordination environment around the gnion source or iodine to the catalyst systems significantly
transition metal center chiral, not only through the design and epnances their catalytic activity and, in some cases, enantiose-
synthesis of chiral ligands but also via rational combination with lectivity. A halide effect has been reported for asymmetric

auxiliary ligands on the transition metal centetridium reactions assisted by halide complexes of rutherfitnrho-
complexes with chiral diphosphine ligands have attracted much giym#é and iridiun?—17 bearing various chiral diphosphine
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ligands. We are interested in catalyst systems based on iridium-
(1M complexes because of their higher tolerance to air oxidation Qs)

compared with iridium(l) complexes. Although iridium(lIl)

species are considered key intermediates, there are only a few d
iridium(l11) catalyst precursors. Osborn and co-workers reported g e

that (1) neutral double iodine-bridged dinuclear hydride com- %~g ( \!
plexes of iridium(lll), [IrHIx(diphosphine)] [diphosphine: BI-
NAP = 2,2-bis(diphenylphosphino)-1-binaphthyl, DIOP,
NORPHOS, etc.], could be prepared by treating cationic
mononuclear iridium(l) complexes [Ir(diphosphine)(cod)}BF
with excess amounts of Litand (2) that a metathesis reaction
of [IrHI »(diphosphine)] with 1 equiv of AgOAc leads to Ir(l)- P
(H)(O.CCH)(diphosphine)? Another iridium(lll) system is the O\’“ )
iridium(l11)-xyliphos-carboxylate complek(9-xyliphos= (9-
1-[(R)-2-(diphenylphosphanyl)ferrocenyl]ethyldi(3,5-xylyl)phos-
phané, which was generated in situ by treating a cationic
iridium(l) complex bearing a xyliphos ligand with tetrabutyl-

ammonium iodide and acetic acid. This complex showed . b
. o . . L : (H)(O2CCH)[(R)-binap] [(R)-2c].7® The (§-2—4 complexes
gﬁt{;%tr'gn?g'vg fk? ;ljir?gcgﬁgcuhgr?éogiréa&%rlig;?;lr;isamf)hse were characterized by spectral data together with X-ray analyses
y g q Y “of 4-methylbenzoate complexeS){4a—c. The IR spectra of

11
Iec.t|V|ty Additionally, several iridium(lll) complexes bearmg these complexes demonstrated a typical absorption band as-
xyliphos were recently reportéd Here, we report the synthesis signable toy_p in the range 22642280 cnL. TheH NMR

of mononuclear halide-carboxylate and cationic triply halogen- . X
. . o 7 spectra of both isomers 0§)-2 together with §-3 and §)-4
bridged dinuclear iridium(lll) complexes of BINAP and its dipsplayed a hydride signg)l( arogrﬁj 25, W(r?ose cogling

derivatives and discuss their catalytic performance in the pattern (doublet of doublets) and two coupling constants.af
ﬁrS]ZTGmemc hydrogenation of cyclic imines and 2-phenylquino- placed the hydride atom at a positiois to both phosphorus
: atoms. The®P{1H} NMR spectra of both isomers of5)-2
) ] together with §-3 and §-4 showed two doublets with an AB
Results and Discussion pattern due to the two magnetically nonequivalent phosphorus
Synthesis and Characterization of Mononuclear Halide- atoms of the BINAP ligand. These spectral data clearly indicated
Carboxylate BINAP-Iridium(lll) Complexes. A simple one- that both BINAP and carboxylate acted as bidentate ligands,
pot reaction of [Iri-Cl)(cod)} (1a) with 2 equiv of ©)-BINAP suggesting that these complexes should hat@aA geometry;

and 10 equiv of acetic acid in toluene afforded in modest yield however, thetransgeometry was ruled out because of the

Py bservation of two isomers foS)f-2. Structures of the major
a mononuclear iridium(lll) complex, IrCI(H)(&CHs)[(S)- 0 ) .
binap] [(9-24l, as a mixture of majors95%) and minor £5%) isomer of §-2 together with §-3 and §-4 bearing §)-BINAP

isomers (eq 1). Bromide §-2b] and iodide [§)-2] derivatives ~ WEre determined to BBC-6—23-A (A-conformation) by X-ray

of (§-2awere prepared by the same one-pot reactions, giving ana]ysez fgg@-4af—c. Th_us, the minor isomer of-2 was
a mixture of two isomers (eq 1). Benzoate)f@a—c] and assigned the\-conformation.

4-methylbenzoate §-4a—c] iridium(lll) complexes of §)-

BINAP were similarly prepared as only one isomer. This Oe Phy O

synthetic method is much easier than the reported metathesis S)-BINAP P\l X
reaction of [IrH((R)-binap)L with AgOAc, leading to Ir(l)- [rX(cod), ~(S)BNAP \ M

CH3COOH OO p/ | 0
H
(4) (a) lkariya, T.; Ishii, Y.; Kawano, H.; Arai, T.; Saburi, M.; Yoshikawa, . Phy

S.; Akutagawa, SJ. Chem. Soc., Chem. Comm@885 922. (b) Kawano, b I
H.; Ikariya, T.; Ishii, Y.; Saburi, M.; Yoshikawa, S.; Uchida, Y.; Kumoba- (S)-2: R = CHs (major isomer)
yashi, H.J. Chem. Soc., Perkin Trans.1989 1571. (8)-3:R = CgHs
(5) Genet, J.-PAcc. Chem. Re003 36, 908. (S)-4: R = CgH4CH3z-4
(6) Lautens, M.; Fagnou, KI. Am. Chem. So2001, 123 7170.
(7) (@) Chan, Y. N. C.; Osborn, J. &. Am. Chem. Sod99Q 112, 9400.

!
Figure 1. Crystal structure of2c with numbering scheme.
Hydrogen atoms are omitted for clarity.
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(b) Sablong, R.; Osborn, A. JTetrahedron: Asymmetr§996 7, 3059. Figure 1 shows the Cry_Stal Struqure &-4c. The_ @_4?
(8) Spindler, F.; Pugin, B.; Blaser, H.-lAngéw. Chem., Int. Ed. Eng| and )-4b complexes are isomorphic and are depicted in the
199Q 29, 558. Supporting Information. The selected bond distances and angles

Bléggrsﬁ’_:”ﬂeé’hg% Plgg'”(’Di'lik‘]e"’r‘;{%tgaHéép15%“56“ H.-P.; Pittelkow, U.s to (9)-4a—c are summarized in Table 1. The iridium(lIl) center

(10) Blaser, H.-U.; Buser, H.-P.; Haeusel, R.; Jalett, H.-P.; Spindler, F. adopts a distorted octahedral geometry, where BINAP and

J. Organomet. Chen2001, 621, 34. 4-methylbenzoate are bidentate ligands, and a hydride atom is
(11) Pugin, B.; Landert, H.; Spindler, F.; Blaskt-U. Adv. Synth. Catal placed at a positiogis to the two phosphorus atoms. F&<
2002 34 914, 4c, the dist f IP(1) [2.2505(9) A] is slightly larger th
(12) Dorta, R.; Egli, P.; Zuercher, F.; Togni, A.Am. Chem. Sod997, ¢ the distance o 1) [2. ( ) Alis slightly larger than
119, 10857. } _ that of I—P(2) [2.2353(9) A], while the distance of-HO(1)
42(13)5|\1/lorlm0t0, T.; Nakajima, N.; Achiwa, KChem. Pharm. Bull1994 [2.273(2) A] is significantly larger than that of-HO(2) [2.191-
’(14) Sétoh, K.; Inenaga, M.; Kanai, Retrahedron: Asymmetr§998 @) A] becauge the oxygen atom O(1)trans tQ the hYdr!de
9, 2657. atom. The distances of -HO(1) and IF0O(2) in the iodide
(15) Xiao, D.; Zhang, XAngew. Chem,, Int. EQ001, 40, 3425. complex §-4c are much larger than those in the chloride and
(16) Wang, W.-B.; Lu, S.-M.; Yang, P.-Y.; Han, X.-W.; Zhou, Y.-G.  hromjide complexes, whereas there is no clear difference between

Am. Chem. So2003 125, 10536. . .
(17) Dorta, R.; Broggini, D.; Stoop, R.; Ruegger, H.; Spindler, F.; Togni, the Ir—P distances. Although the bond distance of-Xr

A. Chem. Eur. J2004 10, 267. increased in the order of the covalent radii of the halogen atoms,
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Table 1. Selected Bond Lengths (A) and Angles (deg) of 4a,

4b, and 4c
4a(X =Cl) 4b (X =Br) 4c(X =1)
Ir—P1 2.2483(6) 2.2517(9) 2.2504(9)
Ir—pP2 2.2333(6) 2.2355(10) 2.2358(9)
Ir—01 2.2564(16) 2.2581(17) 2.2736(18)
Ir—02 2.1736(16) 2.1791(17) 2.1912(18)
Ir—X 2.3990(5) 2.5321(8) 2.7041(7)
Ir—HO 1.62(3) 1.605 1.668
02—Ir—P2 167.71(4) 167.60(4) 167.25(4)
02-Ir—P1 90.53(4) 90.06(5) 90.03(5)
P2-Ir—P1 93.26(2) 93.24(3) 92.51(3)
02-Ir—01 59.48(6) 59.40(6) 58.77(6)
P2—-Ir—01 108.26(4) 108.20(5) 108.48(5)
P1-Ir—01 101.40(5) 101.82(5) 100.66(5)
02—Ir—X 84.56(4) 84.73(5) 86.71(5) ) ) ,
P2—Ir—X 94.31(2) 94.93(3) 94.29(3) Figure 2. Crystal structure of7c Wlth numbering scheme.
P1-Ir—X 165.87(2) 164.60(2) 163.26(2) Hydrogen atoms are omitted for clarity.
O1-Ir—X 87.52(5) 87.99(5) 91.66(5)
O1-Ir—Ho 163.6(12) 152.47(4) 161.74(4) Table 2. Selected Bond Lengths (A) and Angles (deg)
22 69.88(5) 70.19(5) 70.73(6) for (S)-7¢
alis the dihedral angle between the least-squares planes through the Ir—C49 2.183(4)
two naphthyl rings. Ir—C50 2.194(3)
Ir—C46 2.231(3)
the structural features of these three complexes are almost the Ir—C45 2.245(3)
same. The bis(pivalate)ruthenium complex wit§-BINAP Ir—pP2 2.3248(8)
complexes also forms the sameconfiguration® The dihedral Ir=P1 2.3297(8)
angle of the two naphthyl planes @&)¢4 is in the range 69.88- Ir= 2.8905(3)
(5)—70.72(6Y, a higher range than that for Ru(OCOCHie P2-Ir—P1 87.12(3)
[(R)-binap] (65.47)*8 and Ir(l)(cod)[©-binap] [66.84(67] (vide P2—Ir—I 93.26(2)
infra), but smaller than that far(u-Cl)[(S)-binap}  [(S)-54] P 108.052)
(74.06 and 76.83)'° and [Ir(u-Cl)(OMe)[(9-binapL] *CI~ |—Ir—Cen2 10314
[81.4(1y].2° P1-Ir—Cenl 88.87
The reaction outlined in eq 1 involved the formation of Ir- P1-Ir—Cen2 148.29
(I)-BINAP complexes prior to the oxidative addition of acetic PZ-Ir—Cenl 165.89
id.. Iridium(l) complex{ Ir(u-Cl)[(S)-binap} » [(S)-5a, which p2-Ir- cenz 92.49
acid. : mp # apk 2 : Cent-Ir—Cen2 83.86
was readily obtained from the reaction @& or [Ir(u-Cl)- b 66.84(6)
; . ) 19 .
(cyclooctenej, (63) with 2 equiv of §-BINAP, ™ reacted with aCenl: centroid of C45 and C46, Cen2: centroid of C49 and €50.
excess acetic acid in toluene to giv@-@a quantitatively. In is the dihedral angle between the least-squares planes through the two

contrast, reactions dfb and1c with (S)-BINAP in toluene at naphthyl rings.

room temperature led to the formation of the pentacoordinated

Ir() complexes IrX(cod)[§)-binap] [(§-7b, X = Br; (S-6c, single-crystal X-ray analysis of the comple§j-7c. The structure

X = 1] (eq 2), to which acetic acid was oxidatively added to of (S-7cis shown in Figure 2, and selected bond distances and
give (9-2b and §)-2c, respectively. The stereochemistry 8f( angles are summarized in Table 2. The structural features are
2—4 was thus determined by the oxidative addition of acid to the same as those of the pentacoordinated iridium(l) complex
the idirium(l) complexes. ThéH NMR spectra of §-7b and Ir(1)(cod)[(S9-xyliphos] 17 The iodide atom occupies the apical
(S-7cdisplayed signals due to protons of the coordinated COD position of the square pyramid, and the iridium atom is thus
and those of BINAP in an exact 1:1 integral ratio, and there deformed by 0.4335 A out of the best plane defined by the two
was no hydride signal. Th&'P{*H} NMR spectra of §-7b phosphines of BINAP and the centroid of the=C bonds of
and ©-7c showed AR} (Jp-p = 38 Hz) due to the two  the COD ligand. Such deformation was greater than that formed

dissymmetric phosphorus atoms of the BINAP ligand. for Ir(cod)()[(S)-xyliphos] [+0.3536 A]17 Ir(Cl)(cod)[bis(z-
X diphenylphosphino)iron] [0.3542 &} and Ir(cod)(1)[1,3-bis-
O Ehz | (diphenylphosphino)propane] [0.3113 &]The Ir—| distance
rXicodlls + (SBINAP C \/Ir< / @) of (9-7c¢ [2.8905(3) A] is significantly larger than that of the
2 + (S) toluene, it, 3 h p / iridium(lIl) complex (§)-2¢[2.7041(7) A], but was comparable
1 CO Phy to that of the pentacoordinated idirium(l) complex Ir(cod)(l)-
b: X =Br [(9-xyliphos], which was 2.888(4) A7
¢ x= ;:f;gf?f Synthesis and Characterization of Cationic Dinuclear

Triply Halogen-Bridged Iridium(l11)-BINAP Complexes.
Although two structures, i.e., trigonal bipyramidal and square The cationic dinuclear complex IF(H)[(S)-binap} »(«-Cl)s|CI
pyramidal, are possible for the pentacoordinated iridium(l) [(S-8a was prepared by adding excess aqueous HCI to a
compounds, the spectral data suggested ®)aflf and ©-7c mixture of 6a and 2 equiv of §-BINAP in toluene at room
adopted a square pyramidal structure, which was revealed byteémperature (eq 3). The cationic bifacial octahedral dinuclear

(18) Ohta, T.; Takaya, H.; Noyori, Rnorg. Chem.1988 27, 566. (21) Rosenberg, S.; Mahoney, W. S.; Hayes, J. M.; Geoffroy, G. L.;
(19) Yamagata, T.; Iseki, A.; Tani, KChem. Lett1997 12, 1215. Rheingold, A. L.Organometallics1986 5, 1065.
(20) Tani, K.; Iseki, A.; Yamagata, ARngew. Chem., Int. EA.998 37, (22) Shibata, T.; Yamashita, K.; Ishida, H.; Takagi,®tg. Lett.2001,

3381. 3, 1217.
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structure was determined by spectral data and combustion
analysis. The'H NMR spectrum of §)-8a showed a hydride
signal até —22.70 with two coupling constantSp—y of 15
and 21 Hz, indicating that the hydride was located at a position
cisto the two phosphines of BINAP. The stretching frequency
of Ir—H appeared at 2269 crh The3'P{*H} NMR spectrum

of (9-8a displayed a typical AMBB'pattern. It is well estab-
lished that iridium(l1l) fragments “If (X)(chiral diphosphinefas
well as isoelectronic ruthenium(ll) fragments “KX)(chiral
diphosphine)®* form stable triply anionic ligand-bridged bifacial
octahedral dinuclear complexes, in which the'BB’ pattern
due to two chiral diphosphine ligands is observed®Hs{1H}
NMR spectroscopy. FAB-MS afforded a parent peak™(M
1738) due to the cationic fragmefitrH,Cl3[(S)-binap}} *, in
accordance with the cationic dimeric structure F8a, which
was further confirmed by solution conductivity.

IX\'" - m ®
th

1.2 (S)-BINAP

toluene, rt P\Ir

[IrCl(coe)yl, ———>

6a 2. ex. aq. HX

th

Similar treatment of a mixture oba and 2 equiv of
(9-BINAP in toluene with excess aqueous HBr or aqueous Hi
afforded the corresponding bromide and iodide comple®gs (
8b and ©-8c, whose structures were also revealed by spectral
data and combustion analysis together with EDAX measure-
ment, which confirmed the complete replacement of all the
chloride ions by bromide or iodide ions. The simple addition
of excess amounts of aqueous HBr or aqueous HI resulted in
the complete replacement of chloride during the oxidative
reaction, because the synthesidbfand1c somewhat reduced
the chemical yield due to mechanical loss during the metathesis
reaction of chloride ions ofa using NaX saltg? The anions
of these complexes could be replaced using Nakfading to
the corresponding RFsalts §-8d—f. Complex §)-8c was
additionally obtained by adding aqueous HI to the carboxylate
complex §)-2ain toluene (eq 4) or by treatment d¥)¢8a with
excess Nal in dichloromethane (eq 5). The spectral dat§)of (
8b were quite similar to those forS[-8a, while (S)-8c gave
spectral data similar to those fd®){8a, along with signals due
to small amounts of unidentified compounds. Osborn and Chan
reported a neutral dinuclear complékHI 5[(R)-binap} , which
has the same chemical formula as the cationic dinuclear comple

(S)-80.7a
toulene, rt

(9-2a+ ex. aq. H———>(9)-8c¢

(9-8a+ ex. ag. NaI#» (9-8c

(4)
®)

Synthesis and Characterization of lodide Iridium(lIl)
Complexes Bearing p-ToIBINAP and SYNPHOS. lodo-
acetate complexes @-TolBINAP [=2,2-bis(di-4-tolylphos-

(23) (a) Tani, K.; Iseki, A.; Yamagata, Angew. Chem., Int. EA.99§
37, 3381. (b) Dorta, R.; Togni, AOrganometallics1998 17, 3423.

(24) Mashima, K.; Nakamura, T.; Matsuo, Y.; Tani, K. Organomet.
Chem.200Q 607, 51. Ohta, T.; Tonomura, Y.; Nozaki, K.; Takaya, H.;
Mashima, K.Organometallics1996 15, 1521.

Yamagata et al.

phino)-1,1-binaphthyl] [(§-9c]and SYNPHOS#$2,2,3,3-tetra-
hydro(5,5-bi-1,4-benzodioxin)-6,&diyl]bis(diphenylphosphine’}
[(9-10d were prepared according to the method used for
synthesis of the BINAP comple§(-2c and were characterized
spectroscopically. Cationic comple®){11c was prepared by
adding aqueous HI to a solution of the chloride complgXx (
9ain toluene, which was prepared by the procedure described
for (9-9c. Cationic complex $-12c was prepared by adding
aqueous HI to $-10c Though these cationic dinuclear com-
plexes §-11c and §)-12c contain some impurities, we used
them as catalyst precursors for asymmetric hydrogenation of
imines without purification and, in some cases, an situ mixture
of the acetate complex and an excess of aqueous HI.

OO Tolzo [ Ph, 0 /CH3
r\
d p/ | ©
OO T0|2H Ph, H
(S)r-9¢ (S)-10¢
Tol = CgHaCH3z-4
T+
ToI2 S | ToI
P\Ir/ \‘Ir —P O N
Ol
ToI2 Tol O
(S)-11¢
T+
I,
/|<"‘Ir//p

(S)>-12¢

Effect of Halide Ligand Bound to Iridium(lll)-BINAP
Complexes for Asymmetric Hydrogenation of Cyclic Imines.
The effect of halide variation in catalytic performance was
studied by asymmetric hydrogenation of 2-phenylpyrrolidine
(13) and 2-phenyl-4,5,6,7-tetrahydriddazepine 15), using
acetate BINAP complexe$)-2a—c. As expected on the basis
of the reported tendency of halide effects for iridium catalyst
systems, 18 the iodide complex 9-2c was a better catalyst

Lorecursor in terms of catalytic activity among the tested catalysts

(9-2a—c (Table 3, entries 3 and 12-14), though halogen
atoms bound to the iridium(lll) center did not clearly affect
enantioselectivity. Asymmetric hydrogenation of 2-phenylpi-
peridine (4) was catalyzed by iodide complexeS-@c, (9-

3¢, and §)-4c with different carboxylate ligands (entries-&0)
with the same activity and enantioselectivity, indicating that the

(25) For SYNPHOS see: (a) Duprat de Paule, S.; Champion, N.;
Ratovelomanana-Vidal, V.; Genet, J.-P.; Dellis, P French patent 0112499;
PCT FR02/03146, W003029259. (b) Duprat de Paule, S.; Jeulin, S.;
Ratovelomanana-Vidal, V.; Genet, J.-P.; Champion, N.; DellisTéra-
hedron Lett 2003 44, 823. (c) Duprat de Paule, S.; Jeulin, S.; Ratovelo-
manana-Vidal, V.; Genet, J.-P.; Champion, N.; DellisEBr. J. Org. Chem.
2003 1931. (d) Duprat de Paule, S.; Jeulin, S.; Ratovelomanana-Vidal, V.;
Genet, J.-P.; Champion, N.; Deschaux, G.; DellisOrg. Process. Res.
Dev. 2003 7, 399.
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Table 3. Asymmetric Hydrogenation of 2-Phenylpyrrolidine
(13), 2-Phenylpiperidine (14), and
2-Phenyl-4,5,6,7-tetrahydro-8-azepine (15) Catalyzed by
Iridium(IIl)-BINAP Complexes 2

entry  substrate cat. SIC time (h)  yield (%) % eed
1 13 (9-2a 100 18 21 859
2 13 (9-2b 100 18 38 899
3 13 (92c 100 18 47 869
4 13 (9-8a 200 18 15 829
5 13 (9-8b 210 18 24 829
6 13 (9-8c 220 19 82 839
7 14 (92c 100 1 99 909
8 14 (9-2c 1000 40 99 919
9 14 (9-3c 1000 41 99 919
10 14 (9-4c 1000 41 99 919
11 14 (9-8c 1000 3 99 919
12 15 (9-2a 100 18 99 699
13 15 (9-2b 100 18 96 609
14 15 (92c 100 18 99 679

aHydrogenation was carried out in toluene solution charged into an
autoclave under an initial hydrogen pressure of 60 atm &€2® Ratio of
substrate and catalystEnantiomeric excess (ee) of the producthe
absolute configuration is given in parentheses.

catalytically active species did not involve the carboxylate ligand
during hydrogenation.
The bis(carboxylate)ruthenium(ll) complexes of BINAP are

reportedly less active than the corresponding halide complexes

for asymmetric hydrogenation of ketonic substré&t&us, we
conducted an asymmetric hydrogenatioi8lusing §-8a—c,
which did not contain a carboxylate ligand. Among the tested
complexes, $-8a—c (entries 4-6), the iodide complex3)-8c
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Table 4. Asymmetric Hydrogenation of 2-Phenylquinoline
(16) Catalyzed by lodo-Dinuclear Iridium(lll) Complexes?

entry cat. S/IC  temp’C) time(h) vyield (%) % ek&c
1 (9-2c 100 30 24 >99 500
2 (9-8c 100 30 24 >99 310
3 (9-9c 100 30 24 >99 520
4 (9-10c 200 30 45 42 649
5 (9-11c 100 30 24 >99 490
6 (9-12c 100 30 24 46 609

a2 Hydrogenation was carried out in THF solution charged into an
autoclave under an initial hydrogen pressure of 50 atm unless otherwise
noted.? Enantiomeric excess (ee) of the product was determined by HPLC
analysis with a Chiralcel AS-H columfThe absolute configuration is given
in parentheses.

NAP complexes®-9cand §)-11cand SYNPHOS complexes
(9-10cand @-12cwas performed (Table 4, entries-8). The
results consistently revealed that cationic halogen-bridged
dinuclear complexesj-10cand §)-12chad better enantiose-
lectivity than the corresponding carboxylate complexes and
BINAP catalysts, though the catalytic activity d§){10c and
(9-12cwas lower. Asymmetric hydrogenation 6 using the
[IrCl(cod)]/(R)-MeO-biphep/4 system afforded an enantiose-
lectivity of 72%16 a better value than that obtained using our
system based on BINAP and its derivatives.

J OO

$)-17

A

C

16

was the most active catalyst for asymmetric hydrogenation of

13 despite the fact thatS[-8c exhibited less enantioselectivity
than the carboxylate complexeS){2a—c. In addition, §-8c
catalyzed the asymmetric hydrogenatioridimuch faster than
complexes 9-2¢, (9-3c, and §-4c (entry 11). The superiority

of (9-8c might be due to the cleavage of the-M bond of the
intermediate by HI. A similar additive effect of aqueous HX
was reported for the hydrogenation of-ketoester using
ruthenium-halogen complexes of BINAP.For asymmetric
hydrogenation of cyclic imine&3, 14, and15, hydrosilylation
based on chiral oxazolinyl-phosphine complexes of ruthenium,
rhodium, and iridium (up to 88% ee fdi3; 25% ee forl4), as
well as hydrogenation or hydrosilylation using chiral ansa-type
titanocene/PhSiklsystems (up to 99% ee fd3 and 14; 98%

ee for15), have been reported.

N Ph N Ph
13 14 15

Asymmetic Hydrogenation of 2-Phenylquinoline by Iri-
dium(lll) Complexes of BINAP, p-TolBINAP, and SYN-
PHOS. On the basis of the hydrogenation of cyclic imines, we
used iodide iridium(lll) complexes-2c and )-8c of BINAP
as catalyst precursors for asymmetric hydrogenation of 2-phen
ylquinoline (16) with I, as an additivé® giving (9-17 (Table
4, entries 1 and 2). The complexé&}-2c and §)-8cwere active
catalysts, but the enantioselectivity was not satisfactory. To
optimize the chiral phosphine ligand (BINAP;ToIBINAP, and
SYNPHOS), asymmetric hydrogenation 16 using p-TolBlI-

(26) (a) Takei, I.; Nishibayashi, Y.; Arikawa, Y.; Uemura S.; Hidai, M.
Organometallics1999 18, 2271. (b) Willoughby, C. A.; Buchwald, S. L.
J. Org. Chem1993 58, 7627. (c) Verdaguer, X.; Lange, U. E. D.; Reding,
M. T.; Buchwald, S. L.J. Am. Chem. Sod.996 118 6784. (d) Beagley,
P.; Davies, P. J.; Blacker, A. J.; White, Organometallic2002 21, 5852.

Conclusion

We developed a new and convenient one-pot reaction to
prepare mononuclear halide-carboxylate iridium(lll) complexes
and cationic triply halogen-bridged dinuclear idirium(lll) com-
plexes of BINAP p-ToIBINAP, and SYNPHOS. These iridium-
(1) complexes were tested as catalyst precursors for asymmetric
hydrogenation of cyclic imine43—15 and 2-phenylquinoline
(16). The halide ligand remained intact and the carboxylate
ligand was eliminated during the catalytic reaction. Catalytic
activity of the cationic iodo-dinuclear BINAP compl&c was
higher than that of the corresponding chloride and bromide
BINAP complexes and superior to all carboxylate complexes,
though the enantioselectivity was decreased. Cationic iodo-
dinuclearp-TolBINAP (9-10c and SYNPHOS $)-12c com-
plexes had better enantioselectivity for asymmetric hydrogena-
tion of 16 among the tested iridium(lll) complexes. Our studies
of the catalytic application of these iridium(lll) complexes as
well as application of our synthetic method to the preparation
of other Ir catalysts continue.

Experimental Section

General Procedures.All reactions and manipulations were

performed under argon by use of standard vacuum line and Schlenk
“tube techniques!H NMR spectra were recorded on a Varian
Mercury 300, and chemical shifts are reported in pginrélative

to tetramethylsilane or referenced to the chemical shifts of residual
solvent resonances (CHCCsHs, and CHCI, were used as internal
standardsp 7.26, 7.20, and 5.32, respectivel¢}P{*H} NMR
spectra were recorded on a Varian Mercury 300 at 121.49 MHz,
and chemical shifts were referenced to external 858, 19F
NMR spectra were recorded on a Varian Mercury 300 at 282.34
MHz; chemical shifts were referenced to exteraat,a-trifluoro-
toluene (-67.73 ppm). Infrared spectra were recorded on a JASCO
FT/IR-230; mass spectra on a JEOL JMS DX-303HF spectrometer;
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GC analyses on a Shimadzu GC-14A gas chromatograph with ayellow solid (183 mg, 80% vyield), mp 108C (dec); major:minor
Shimadzu C-R3A Chromatopac; and HPLC on a JASCO UV-970 = 95:5. Major isomer A-isomer): *H NMR (CgDg, 35 °C): 0
and PU-980 with a Shimadzu C-R16A Chromatopac. Elemental 6.34-8.24 (m, 32HPh + naphthy), 1.55 (s, 3H, @CCH3), —24.94
analyses were recorded on a Perkin-Elmer 2400 at the Faculty of(dd, 2Jy—p = 23 and 17 Hz, 1H, kH). 31P{*H} NMR (C4sD¢, 35
Engineering Science, Osaka University. All melting points were °C): 6 —0.7 (d,2Jp—p = 15 Hz),—1.5 (d,2Jp_p = 15 Hz). Minor

recorded on a Yanaco MP-52982 and are not corrected.

isomer (A-isomer): a hydride signal was observed in tReNMR

Unless otherwise noted, reagents were purchased from com-(CéDs, 35°C): 0 —24.8 (dd,2Jy-p = 23 and 17 Hz, 1H, H).

mercial suppliers and used without further purification. Dichloro-
methane €0.003%) was degassed. Tetrahydrofuran, toluene,

hexane, and diethyl ether were distilled over sodium benzophenone

ketyl under argon prior to use. [l{Cl)(coe)}, (6a) (COE: cyclo-
octene¥’ [Ir(u-Cl)(cod)k (1a) (COD: 1,5-cyclooctadienéy,and
[Ir(u-CD{(9-binag 1. [(9-5a]*° were prepared according to the
literature methods. 2-Phenyl-1-pyrrolind3j, 2-phenyl-3,4,5,6-
tetrahydropyridineX4), and 2-phenyl-4,5,6,7-tetrahydrét3azepine
(15) were prepared according to the literatété?

Preparation of [Ir( u-Br)(cod)]. (1b). Complex1b was prepared
according to the modified literature meth#dTo a Schlenk flask
were added N#rBrs (2.11 g, 2.94 mmol), kD (20 mL), 2-propanol
(9.0 mL), and COD (2.9 mL, 24 mmol). The mixture was then
refluxed for 12 h. After the reaction mixture was cooled to room

temperature, a dark yellow suspension was obtained. All volatiles

IR (KBr tablet): 2270 cm! (Ir—H). Anal. Calcd for GgHas
IIrP,0,: C, 55.15; H, 3.62. Found: C, 55.40; H, 3.88.

IrCI(H)(O ,CCHy)[(S)-binap] [(S)-2a]. Although the complex
(9-2awas obtained by the same procedure®2¢, modification
by using [Ir«-Cl)(coe)} (6a) instead of [Irf-Cl)(cod)L (18) as a
starting material was conducted to giv@-@a in 97% yield, mp
142°C (dec); major:minor= 96:4. Spectral data were superimposed
with that reported in the literatur@ Major isomer A-isomer): 1H
NMR (CDCl;, 35 °C): ¢ 6.62-7.79 (m, 32H,Ph + naphthy},
1.71 (s, 3H, QCCHj3), —26.26 (dd2J4—p = 20, 23 Hz, 1H, Ir-H).
S1P{*H} NMR (CDCl;, 35°C): 6 0.7 (d,%Jp—p = 19 Hz),—2.1
(d). Minor isomer A-isomer): a hydride signal was observed in
theH NMR (CgDs, 35°C): 6 —24.3 (dd,?Jy—p = 23 and 17 Hz,
1H, Ir—H). IR (KBr tablet): 2264 cm?® (Ir—H).

IrBr(H)(O 2CCHpy)[(S)-binap] [(S)-2b]: 66% yield, mp 120C

were removed under reduced pressure. The residue was extractegdec); major:minor= 96:4. Major isomer A&-isomer): *H NMR

with toluene (20 mLx 3). The combined toluene extract was
washed with HO (20 mL) and ethanol (20 mk 2), and then the
toluene solution was concentrated in vacuo to affbbd(1.28 g,
57%) as a deep red solid. The purity was satisfactory in the
following reaction. Recrystallization from THF afforded an analyti-
cally pure product ofLb, mp 196-198°C (dec).*H NMR (CDCl;,
35°C): 0 4.35 (m, 8H=CH), 2.20-2.24 (m, 8H,—CHH—), 1.40~
1.50 (m, 8H,—CHH-). Anal. Calcd for GgH,4Brlry: C, 25.27,

H, 3.18. Found: C, 25.22; H, 2.83. The structure 1df was
confirmed by X-ray analysis. A drawing and crystallographic data
are deposited as Supporting Information.

Preparation of [Ir( u-1)(cod)], (1c). The mixture of [Iru-Cl)-
(cod)l (1@) (0.429 g, 0.639 mmol) and Nal (1.33 g, 8.86 mmol) in
ether (50 mL) was stirred at ambient temperature for 12 h. All
volatiles were removed under reduced pressure, and the resultin
residue was washed with,8 (15 mL x 5) and ethanol (10 mL),
leaving 1c (0.441 g, 81%) as a deep red solid. The purity was
satisfactory in the following reaction, but recrystallization from THF
afforded an analytically pure product bf, mp 249-254°C (dec).

IH NMR (CDCls, 35 °C): 6 4.43-4.44 (m, 8H,=CH), 2.10-
2.14 (m, 8H,~CHH-), 1.13-1.36 (m, 8H,—CHH—-). Anal. Calcd
for CigHoqlolro: C, 22.49; H, 2.83. Found: C, 22.82; H, 2.86. The
structure oflc was confirmed by X-ray analysis. A drawing and
crystallographic data are deposited as Supporting Information.

Preparation of Hydrido(carboxylato)iridium(l1l) Complexes
IrX(H)(O 2.CR)[(9)-binap] (R = CH3, Ph, CsH4CH3-4; X = Cl,

Br, 1). Typical Procedure. A mixture of [Ir(u-1)(cod)], (1c) (102
mg, 0.119 mol) and)-BINAP (151 mg, 0.242 mol) in toluene
(15 mL) was stirred fo6 h atroom temperature. Acetic acid (0.069
mL, 1.2 mmol) was added to the solution. After the solution was
stirred for 15 h, the orange solution finally turned to pale yellow.

(CDCl3, 35°C): 6 6.34-8.25 (m, 32H,Ph + naphthy), 1.59 (s,
3H, O,CCH3), —25.19 (dd,2J4—p = 23, 19 Hz, 1H, Ir-H). 31P-
{H} NMR (CDCl3, 35°C): 6 1.3 (d,2Jp—p = 17 Hz),—1.9 (d).
Minor isomer A-isomer): a hydride signal was observed in the
IH NMR (CgDg, 35°C): 6 —24.84 (dd,2Jy—p = 23 and 17 Hz,
1H, Ir—H). IR (KBr tablet): 2268 cm?! (Ir—H). Anal. Calcd for
CueH36BrIrP,0,: C, 57.86; H, 3.80. Found: C, 57.52; H, 3.91.

IrCI(H)(O ,CPh)[(S)-binap] [(S)-3a]: 74% yield, mp 135°C
(dec).'H NMR (CDCl, 35 °C): ¢ 6.34-8.24 (m, 37H,Ph +
naphthyl+ PhCQ,), —26.48 (dd,2Jy—p = 23, 21 Hz, 1H, I-H).

31p{1H} NMR (CDCls, 35°C): ¢ —1.3 (d,2Jp_p = 18 Hz),—2.2
(d). IR (KBr tablet): 2279 cm! (Ir—H).

IrBr(H)(O >CPh)[(S)-binap] [(S)-3b]: 67% yield, mp 175°C
dec).H NMR (CD.ClI, 35 °C): ¢ 6.50-8.09 (m, 37H,Ph +
aphthyl+ PhCQOy), —26.24 (dd,2Jy—_p = 23, 19 Hz, 1H, Ir-H).
SIP{IH} NMR (CDCly, 35°C): 6 0.1 (d,%Jp_p = 16 Hz), —3.6
(d). IR (KBr tablet): 2279 cm! (Ir—H). Anal. Calcd for G;Hzs
BrirP,O,: C, 60.24; H, 3.77. Found: C, 59.98; H, 3.94.

Irl(H)(O ,CPh)[(S)-binap] [(S)-3c]: 77% yield, mp 148C (dec).
IH NMR (CD.Cl, 35°C): 6 6.57-8.03 (m, 37H,Ph + naphthyl
+ PhCQy), —25.91 (dd,2J4-p = 22, 17 Hz, 1H, IF-H). 31P{1H}
NMR (CD,Cly, 35°C): 0 1.7 (d,2Jp_p = 16 Hz), —2.7 (d). IR
(KBr tablet): 2279 cm! (Ir—H). Anal. Calcd for G;Has-
1IrP,0,-0.25(CHCl,): C, 56.72; H, 3.58. Found: C, 56.47; H, 3.76.

IrCI(H)(O ,CCeH4CH3-4)[(S)-binap] [(S)-4a]: 96% vyield, mp
147°C (dec).*H NMR (CDCl;, 35°C): 6 6.56—7.87 (m, 36HPh
+ naphthyH— CH3C6H4C02), 2.29 (S, 3H,CH3C6H4), —26.44 (dd,
2Jy-p = 20, 23 Hz, 1H, Ir-H). 3¥P{1H} NMR (CDCls, 35°C): ¢
0.9 (d,2Jp_p = 19 Hz),—2.7 (d). IR (KBr tablet): 2280 cmt (Ir—
H). Anal. Calcd for G H4ClIrP,0,: C, 63.31; H, 4.09. Found:

All volatiles were removed under reduced pressure, and the residueC, 63.22; H, 3.86.

was dissolved in dichloromethane. Addition of hexane resulted in
the precipitation of Irl(H)(QCCH)[(S)-binap] [(9-2c] as a pale

(27) (a) Herde, J. L.; Lambert, J. C.; Senoff, C.Morg. Synth.1974
15, 18. (b) Baghurst, D. R.; Michael, D.; Mingos, P.; Watson, MJJ.
Organomet. Cheml989 368 (3), C43-C45.

(28) Hua, D. H.; Miao, S. W.; Bharathi, S. N.; Katuhira, T.; Bravo, A.
J. Org. Chem199Q 55, 3682.

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

(30) (a) Ainscough, E. H.; Robinson, S. D.; Levison, J1.Xhem. Soc.
(A) 1971, 3413. (b) Onderdelinden, A. L.; Ent, Aorg. Chim. Actal972
420. (c) Muller, J.; Tschampel, M.; Pickardt,Zl. Naturforsch1986 41b,
76.

IrBr(H)(O ,CCeH4CH3-4)(H)[(S)-binap] [(S)-4b]: 54% vyield,
mp 168°C (dec).'H NMR (CD.Cl, 35 °C): 6 6.46-7.90 (m,
36H, Ph + naphthyl+ CH3;CsH4CO;), 2.34 (s, 3H,CH3;CgH,),
—26.28 (dd2Jy—p = 23, 19 Hz, 1H, Ir-H). 31P{1H} NMR (CD-
Cly, 35°C): 6 —0.1 (d,2Jp_p = 18 Hz),—3.5 (d). IR (KBr tablet):
2279 (Ir—H). Anal. Calcd for GHoBrlrP,0,:0.25(CHCI,): C,
59.64; H, 3.88. Found: C, 59.69; H, 4.01.

Irl(H)(O ,CCsH4CH3-4)[(S)-binap] [(S)-4c]: 60% yield, mp 155
°C (dec).'H NMR (CD.Cly, 35°C): 6 6.47-7.90 (m, 36HPh +
naphthyl+ CHzCgH4CO;), 2.40 (s, 3H,CH3CeH4), —25.95 (dd,
2Jy-p = 22,17 Hz, 1H, Ir-H). 3P{1H} NMR (CD,Cl,, 35°C): ¢
—1.8 (d,2p_p = 17 Hz), —3.0 (d). IR (KBr tablet): 2270 cmt
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(Ir—H). Anal. Calcd for GoHollrP20,:CH,Cl,: C, 54.74; H, 3.64.
Found: C, 55.11; H, 3.85.

Preparation of IrBr(cod)[( S)-binap] [(S)-7b]. A solution of
[Ir(u-Br)(cod)L (1b) (37.2 mg, 0.049 mol) andS-BINAP (65.4
mg, 0.105 mol) in toluene (20 mL) was stirred at room temperature
for 6 h. Removal of all volatiles under reduced pressure afforded
a yellow-orange solid, which was washed with hexang @mL).
(9-7b was obtained as a yellow-orange solid (61.4 mg, 70%), mp
158°C (dec).'H NMR (CgDs, 35°C): ¢ 5.89-9.37 (m, 32HPh
+ naphthy), 3.20-3.69 (m, 5H,=CH and —CH,—), 2.14-2.31
(m, 4H, —CH,—), 1.23-1.40 (m, 3H,—CHy—). 31P{*H} NMR
(CeDs, 35°C): 6 —3.66 (d,2Jp—p = 38 Hz), —8.09 (d).

Irl(cod)[( S)-binap] [(S)-7c]: 91% vyield, mp 167°C (dec).'H
NMR (CgDg, 35°C): 6 5.94-8.75 (m, 32HPh + naphthyl]), 3.78-
3.93 (m, 4H,=CH and —CH,—), 3.19 (m, 1H,—CH,—), 2.25~
2.80 (m, 3H,—CH,—), 1.23-1.89 (m, 4H,—CH,—). 3%P{1H} NMR
(CeDe, 35°C): 6 —6.5 (d,2Jp—p = 38 Hz),—11.0 (d). Anal. Calcd
for C52H44||I'P2‘0.25(C|‘kC|2): C, 58.58; H, 4.19. Found: C, 58.46;
H, 3.81.

Preparation of [IrI(O ,CCH3)(H){(S)-p-tolbinap}] [(S)-9c]. A
mixture of [Ir(u-1)(cod)], (1¢) (148 mg, 0.174 mol) and-p-
ToIBINAP (238 mg, 0.350 mol) in toluene (30 mL) was stirred
for 6 h atroom temperature. To this mixture was added acetic acid
(0.099 mL, 1.7 mol). After the solution was stirred for 15 h, a pale

yellow solution was concentrated under reduced pressure to remov
all volatiles. The resulting residue was dissolved in dichloromethane,

and then addition of hexane induced the precipitationSpR¢ as
a pale yellow powder (122 mg, 33% yield), mp 122 (dec).'H
NMR (CsDs, 300 MHz, 35°C): 6 6.19-8.25 (m, 28H, GH,CHs
+ naphthyl), 2.01 (s, 3H, @H4CHg), 2.00 (s, 3H, GH4CH3), 1.72
(s, 3H, QCCHjy), 1.69 (s, 3H, GH4CHg), 1.62 (s, 3H, GH4CH3).
—24.95 (dd2Jp—y = 22, 17 Hz, 1H, Ir-H). 3P {*H} NMR (C¢Dg,
121 MHz, 35°C): 6 —3.0 (d,?Jp—p = 17 Hz),—3.8 (d). IR (KBr
tablet): 2270 cm? (Ir—H).

IrCI(O 2CCH3)(H)[(9)-p-tolbinap] [(S)-9a]: 39% yield, mp
>140°C (dec).'H NMR (CgDs, 300 MHz, 35°C): 6 6.18-8.25
(m, 28H, GH4CHs + naphthyl)), 2.01 (s, 3H, @H4CHs), 2.00 (s,
3H, GH4CH3), 1.72 (s, 3H, @CCH3), 1.69 (s, 3H, @H4CH3), 1.67
(s, 3H, GH4CHg3), —25.39 (dd,?J4—p = 23, 20 Hz, 1H, Ir-H).
S1P{1H} NMR (C¢Dg, 121 MHz, 35°C): 6 —0.8 (d,%Jp—p = 17
Hz), —4.3 (d). IR (KBr tablet): 2270 crit (Ir—H).

[Irl(O ,CCH3)(H){ (S)-synphog] [(S)-10c]: 94% yield.*H NMR
(CDCl, 300 MHz, 35°C): ¢ 7.14-7.86 (m, 20H, phenyH), 6.32—
6.57 (m, 6H, aromatidd), 3.81-4.02 (m, 8H,—CH,—), 1.63 (s,
3H, O,CCH3), —26.39 (dd,?Jy—p = 17, 23 Hz, 1H, Ir-H). 3'P-
{H} NMR (CDCl;, 121 MHz, 35°C): ¢ —4.22 (d,2Jp-p = 16
Hz), —5.80 (d).

Preparation of [{Ir(H)[( S)-binap]}(u-Cl)3]CI~ [(S)-8a]. A
mixture of [IrCl(coe}], (6a) (120.0 mg, 179.@mol) and §-BINAP
(239.0 mg, 384.2tmol) in toluene (5 mL) was stirred fd3 h at
room temperature. Upon addition of 35% hydrochloric acid (79
uL), the color of the solution immediately turned to yellow. After
the reaction mixture was stirred overnight, all volatiles were
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temperature, and then aqueous HI (55% 429 was added via a
syringe. After the reaction mixture was stirred overnight at room
temperature, all volatiles were removed under reduced pressure.
The residue was dissolved in dichloromethane, and then hexane
was added to precipitateS)8c (66.0 mg, 79% vyield) as an air-
stable pale yellow powder, mp 11 (dec). This compound
contained some impuritiedd NMR (CDCls, 300 MHz,—10 °C):
0 6.6—8.4 (m, aromatic, 64H);-19.0 (dd,2J4—p = 11, 18 Hz, 1H,
Ir—H). 31P{*H} NMR (CDCl;, 121 MHz,—10°C): 6 —4.6 (m),
—12.8 (m). IR (film): 2228 cm? (broad, I—H). ESI-MS: m/z
2013 (M%). Conductivity Ay (CH,Cl,): 180.2 S crAmol1. Anal.
Calcd for GgHeellr2P4+0.25(CHCI,): C, 49.06; H, 3.10. Found:
C, 48.94; H, 2.90.

[{Ir(H)[( 9)-binap]}2(u-Br) 3] "Br~ [(S)-8b]: 95% yield, mp 162
°C (dec).'H NMR (CDCl;, 300 MHz, 35°C): 6 6.2—8.2 (m,
aromatic, 64H),~21.52 (dd,2Jy—p = 14, 16 Hz, 2H, Ir-H). 3P-
{*H} NMR (CDClz, 121 MHz, 35°C): 6 —0.9 (d,%J—p = 19
Hz), —9.2 (d). IR (film): 2268 cm?* (Ir—H). ESI-MS: m/z 1872
(M*). ConductivityAg (CH,Cly): 139.8 S crAmol. Anal. Calcd
for CggHgeBralroP4-0.25(CHCI,): C, 53.73; H, 3.40. Found: C,
53.63; H, 3.39.

[{Ir(H)[( S)-binap]} 2(u-Cl)s] PR~ [(S)-8d]: 89% yield. *H
NMR (CDCls, 300 MHz, 35°C): 6 6.24-7.98 (m, aromatic, 64H),
—22.68 (dd2Jy-p = 14, 16 Hz, 2H, I-H). 33P{1H} NMR (CDCls,

121 MHz, 35°C): 6 ~1.5 (d,2Jp-p = 17 Hz),~9.0 (d), ~144.7

(Sep,\]pq: =704 HZ)

[{Ir(M)[( S)-binap]} 2(u-Br) 3] "PFs~ [(S)-8e]: 96% yield. H
NMR (CDCls, 300 MHz, 35°C): 6 6.22-8.17 (m, aromatic, 64H),
—21.51 (dd2Jy—p = 14, 16 Hz, 2H, Ir-H). 3*P{*H} NMR (CDCls,
121 MHz, 35°C): 6 2.3, (d,3Jp—p = 17 Hz), 10.6 (d),—144.8
(sep,Jp—r = 704 Hz).

[{Ir(A)[( S)-binap]}2(u-1)3] "PFs~ [(S)-8f]: 96% yield. This
compound contained small amount of unidentified compouttdis.
NMR (CDCls, 300 MHz, 35°C): 6 6.63-8.36 (m, aromatic, 64H),
—19.0 (br, 1H, IF-H). 3%P{1H} NMR (CDCls, 121 MHz, 35°C):
0 —6.21 (br),—11.9 (br),—144.8 (sepJp-r = 704 Hz).

[{Ir(A)[( S)-tolbinap]} 2(u-1) 3] 1~ [(S)-11c]: 58% yield. This
compound contained small amount of unidentified compouttdis.
NMR (CDCl;, 300 MHz, 35°C): 6 6.2—8.4 (m, aromatic, 56H),
2.33 (s, GH4Me, 6H), 2.11 (s, @HsMe, 6H), 2.08 (s, GHi;Me,
6H), 1.91 (s, GHsMe, 6H), —19.11 (dd,J = 16, 21 Hz, 2H, Ir
H). 3P{*H} NMR (CDCl;, 121 MHz, 35°C): 6 —6.2 (m),—13.6
(m). IR (film): 2222 cn1?! (Ir—H). ESI-MS: m/z 2125 (M").

[{Ir(H)[( S)-synphos}o(u-1)3] 71~ [(S)-12c]. This compound was
in situ generated and characterized'blyand3'P NMR spectros-
copy and contained a small amount of unidentified compounds.
IH NMR (CDCl;, 300 MHz, 35°C): 6 6.26-8.27 (m, 52H,
aromaticH), 3.46-4.34 (m, 16H,—CH,—), —19.71 (dd2Jy—p =
14, 16 Hz, 2H, I-H). 31P{1H} NMR (CDCls, 121 MHz, 35°C):
0 —6.3 (br),—13.4 (br).

Structure Determination of (S§)-4a—c and (S)-7c. Single
crystals of §-4a, (9-4b, and §-4c-CH,CI, were obtained by
crystallization from a mixture of C¥Ll, and hexane. Single crystals

removed under reduced pressure. The residue was dissolved irPf (5-7¢4(CsHe) were obtained by crystallization from benzene.

dichloromethane, and then precipitation by hexane affor8p84
(290.7 mg, 92% vyield) as an air-stable pale yellow powder, mp
162°C (dec).*H NMR (CDCls, 300 MHz, 35°C): 0 6.3—8.1 (m,
aromatic, 64H)—22.70 (dd,2Jy—p = 15, 21 Hz, 1H, I-H). 31P-
{H} NMR (CDCls, 121 MHz, 35°C): 6 —0.4 (d,2Jp-p = 20
Hz), —=7.9 (d). IR (film): 2269 cm? (Ir—H). ESI-MS: nVz 1738
(M™). ConductivityAq (CH,Cl,): 301.6 S crAmol~. Anal. Calcd
for C38H66C|4|I'2P4‘0.5(C|‘b0|2): C, 58.53; H, 3.72. Found: C,
58.51; H, 3.73.

Preparation of [{Ir(H)[( S)-binap]}2(u-1)3] 1~ [(S)-8c]. A reac-
tion mixture of [IrCl(coe)], (6a) (33.5 mg, 39.2umol) and §)-
BINAP (53.7 mg, 86.2tmol) in toluene (5 mL) was stirred at room

All measurements were made on a Rigaku RAXIS RAPID imaging
plate area detector with graphite-monochromated Ma&diation.
Details of X-ray data collections are listed in Table 5. The structures
were solved by direct methods with SIRand refined against
F? with SHELXL-9732

The X-ray crystallographic information files, in CIF format, are
available from the Cambridge Crystallographic Data Centre on

(31) Altomare, A.; Burla, M. C.; Camalli, M.; Cascarano, G. L.;
Giacovazzo, C.; Guagliardi, A.; Moliterni, A. G. G.; Polidori, G.; Spagna,
R. J. Appl. Crystallogr 1999 32, 115.

(32) Sheldrick, G. MSHELX97 Programs for Crystal Structure Analysis
(Release 97-2); University of @Gingen, Germany, 1998.
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Table 5. Crystal Data and Structure Refinement Details for §)-4a, (S)-4b, (S)-4c:CH,Cl,, and (S)-7¢c:4CeHsg

4a 4b 4eCH.Cl, 7¢c4CeHs
empirical formula @2H40C||I’02P2 C52H4oBr|r02P2 C53H42|C|2|I'02P2 C52H44||I’P2‘4(C5He)
fw 986.43 1030.89 1162.81 1362.34
temperature (K) 103(1) 100(2) 100(2) 120(2)
wavelength (A) 0.71069 0.71075 0.71075 0.71075
cryst syst monoclinic monoclinic monoclinic monoclinic
space group P2, P2; P2, P2,
a(A) 13.8788(2) 14.041(5) 11.134(4) 11.3956(4)
b (A) 15.29428(19) 15.355(5) 15.215(6) 15.9527(7)
c(A) 10.75023(17) 13.958(5) 13.984(5) 16.7221(8)
B (deg) 112.2875(5) 134.74(2) 106.04(3) 97.047(2)
volume (&) 2111.43(5) 2137.5(13) 2276.8(15) 3016.9(2)
z 2 2 2 2
Dcalca (Mg/md) 1.552 1.602 1.696 1.500
abs coeff (mm?) 3.342 4.174 3.839 2.822
F(000) 984 1020 1140 1368
cryst size (mm) 0.36 0.19x 0.17 0.40x 0.16x 0.13 0.24x 0.18x 0.18 0.60x 0.18x 0.13
0 range for data collection (deg) 2.66t0 32.57 3.02to 32.57 3.03t0 32.51 3.131t0 32.53
limiting indices —21=<h=s21 —21=<h=21 —16=<h=<16 —17=h=<17
—23<k=23 —22<k=<23 —22<k=<22 —24<k=<24
—16=<1=<16 —21=<1=<21 —21=<1=<21 —25=<1=<25
no. of refins collected 88135 91111 108 564 154 719
no. of unique reflns 15241 15 322 16 290 21637
R(int) 0.0530 0.0427 0.0521 0.0781
0 (deg) 32.57 32.57 32.51 32.53
completeness (%) 99.9 99.4 99.4 99.5
abs corr numerical numerical numerical numerical
max./min. transmn 0.7914/0.5121 0.7754/0.3199 0.7941/0.5402 0.7102/0.3587
refinement method full-matrix least-squaresrn
no. of data/restraints/params 16 290/0/549 15 322/0/522 16 290/0/549 21 637/0/720
goodness-of-fit orfF2 1.039 1.091 1.016 1.133
Ri/WR: [I > 20(1)] 0.0228/0.0486 0.0213/0.0458 0.0229/0.0429 0.0337/0.0770
Ri/WR: (all data) 0.0250/0.0493 0.0231/0.0462 0.0268/0.0435 0.0391/0.0798
Flack parameterx -0.009(2) 0.012(3) -0.0014(18) 0.020(3)
Alp(max./min.) (eA—3) 0.893/—0.959 1.020+1.161 1.225+1.372 1.695+1.823

quoting the deposition numbers CCDC 249402 fg§r4a, CCDC
249403 for §-4b, CCDC 249404 for §-4c:CH,Cl,, and CCDC trifluoroacetic anhydride in CkCl, at room temperaturéH NMR
249405 for §-7c-4(CsHg). Copies of this information may be  (CDCl;, 35°C): 6 7.38-7.19 (m, 5H), 3.6%3.56 (m, 1H), 3.22
obtained free of charge from The Director, CCDC, 12 Union Road, 3.17 (m, 1H), 2.842.76 (m, 1H), 1.96-1.86 (m, 1H), 1.83-1.77
Cambridge CB2 1EZ, UK (fax:+44-1223-336033; e-mail: deposit@ (m, 2H), 1.69-1.45 (m, 4H including N-H). GC (J&W Scientific
ccdc.cam.ac.uk or CCD Home Page: http://www.ccdc.cam.ac.uk). DB-1, temp= 100°C (2 min), 20°C up per 1 min, and 25€C):
General Procedure for the Ir-Catalyzed Asymmetric Hydro- imine t = 6.8 min, aminet = 6.1 min. Chiral GC (GL Science
genation of Cyclic Imines.A Schlenk flask was charged with an ~ Chirasil DEX-CB, temp= 115°C): (§ t = 32.3 min, R) t =
imine and a hydrido(carboxylato)iridium(lll) complex under argon. 35.3 min.
Toluene ([iridium complex}= 0.5 mol/L) was added, and then the 1-Aza-2-phenylcycloheptaneThe conversion was determined
resulting yellow solution was transferred to a stainless steel by H NMR and GC analysis of the crude product, and the
autoclave. The autoclave was charged three times;lip Hisplace enantiomeric excess was determined by analyslsNMR (300
the argon, and subsequently the pressure was increased to 60 kg{iHz,CDCk, 35 °C): 7.37-7.17 (m, 5H), 3.75 (dd) = 3.7 Hz,
cn®. The reaction mixture in the autoclave was stirred at ambient 10 Hz, 1H), 3.14 (dt) =5, 14 Hz, 1H), 2.92-2.81 (m, 1H), 2.0+
temperature. After biwas released, solvent was removed and then 1.92 (m, 1H), 1.88-1.55 (m, 8H). GC (J&W Scientific DB-1, temp
Kugelrohr distillation afforded a colorless oil comprised of the = 100°C (2 min), 20°C up per 1 min, and 258C): iminet=7.5
starting imine and the resulting amine. The conversions and the min, aminet = 7.4 min. Chiral HPLC (Chiralcel OD-H column,
enantiomeric excesses were determineétbi MR, GC, or HPLC hexane, 1.0 mL/min., 254 nm ten®p 30 °C): (R)t = 16.8 min,
analysis of the crude product or its derivatives. (9 t=19.1 min.

2-Phenylpyrrolidine. The conversion was determined B Procedure for the Ir-Catalyzed Asymmetric Hydrogenation
NMR and GC analysis of the crude product, and the enantiomeric of 2-Phenylquinoline. The reaction mixture containing iridium
excess was determined by GC analysis of the trifluoroacetoamide complex §)-12c¢ (5.4 mg, 0.0025 mmol) in tetrahydrofuran was
compound obtained by the reaction of the isolated amine with transferred by a syringe to a dry 10 mL Schlenk, in whigt6l35
trifluoroacetic anhydride in CHCl, at room temperaturéH NMR mg, 0.05 mmol) and 2-phenylquinoline (103 mg, 0.5 mmol) were
(CDCl3, 35°C): 6 7.41-7.36 (m, 3H), 7.357.19 (m, 2H), 4.12 placed beforehand. This Schlenk was equipped with a magnetic
(t, J= 8 Hz, 1H), 3.24-3.17 (m, 1H), 3.052.97 (m, 1H), 2.24 bar and a stopper and connected to a supply of vacuum/argon. The
2.13 (m, 1H), 1.9#1.79 (m, 3H including N-H), 1.73-1.61 (m, mixture was degassed with three vaccum/argon cycles. The
1H). GC (J&W Scientific DB-1, temp= 100°C (2 min), 20°C up hydrogenation was performed undeg Hhitial pressure was 60
per 1 min, and 250C): iminet = 5.8 min, aminet = 5.5 min. kg/cn?) at 30°C. After releasing the hydrogen, the reaction mixture
Chiral GC (GL Science Chirasil DEX-CB, temp 115°C): (9 was concentrated. The purification was performed by a short silica
t = 24.6 min, R) t = 25.4 min. gel column eluted with a mixture of cyclohexane and EtOAc (98:

2-Phenylpiperidine. The conversion was determined Byl 2) to give the pure product. The enantiomeric excess of the product
NMR and GC analysis of the crude product, and the enantiomeric was determined by chiral HPLC (Chiralcel OJ, Chiralcel OD-H).
excess was determined by analysis of the trifluoroacetoamide 'H NMR (CDCls, 35°C): ¢ 2.02-2.11 (1H, m), 2.13-2.20 (1H,

compound obtained by the reaction of the isolated amine with
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m), 2.74-2.81 (1H, m), 2.96-2,96 (1H, m), 4.08 (1H, br), 4.45 Professor Emeritus K. Tani for fruitful discussions and sugges-

4.49 (1H, m), 6.556.58 (1H, m), 6.68-6.69 (1H, m), 7.047.05 tions.

(2H, m), 7.32-7.44 (5H, m). MS (El):m/'z 209 (M"). HPLC

(Chiralcel OD-H, hexane and i-PrOH (90:10), detector: 254 nm,  sypporting Information Available: X-ray structural informa-

flow rate: 1 mL/min) § t = 9.5 min, Q) t = 11.0 min. tion for complexes $-4a, (9-4b, (9-4c-CH.Cl,, and ©-7c

4(CeHe) together withlb andl1c. This material is available free of
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