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Synthesis and Characterisation of New Iridium Complexes with the (45)-2-|2-
(Diphenylphosphanyl)phenyl]-4-isopropyl-1,3-oxazoline Ligand That Catalyse
Asymmetric Michael Reactions
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The chiral iridium compounds [IrCI(COE){(S)-PN}] {COE =
cyclooctene, PN = (4S)-2-[2-(diphenylphosphanyl)phenyl]-4-
isopropyl-1,3-oxazoline, (1)}, [Ir(acac)CIH{(S)-PN}] {Hacac =
acetylacetone, (2)} and [Ir{(S)-PN};]JA {A = Cl (3a,b); BF,
(4a,b); PF¢ (5a,b)} have been prepared, characterised and
employed as catalysts for the asymmetric Michael addition
of keto or cyano esters to o,f-unsaturated carbonyl com-

pounds. The X-ray molecular structures of compounds 2 and
5b are reported. The model -catalytic intermediates
[IrH(NCCHCO,R){(S)-PN},]Cl1 {R = Me (12), Et (13)} have also
been isolated and characterised.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2005)

Introduction

The catalytic asymmetric Michael reaction is a powerful
and valuable method for the formation of C—-C bonds B to
a carbonyl group!!! that often allows construction of quater-
nary carbon centres.!”! Pioneering work was performed by
Wynberg et al., who studied the use of chincona alkaloids
as catalysts.’] In 1984, Brunner and Hammer reported the
first example of a transition-metal-catalysed asymmetric
Michael addition, employing a complex derived from Co-
(acac) and (S,5)-1,2-diphenyl-1,2-ethylenediamine.” Since
then, much attention has been paid to transition-metal-
based systems for the asymmetric catalysis of the Michael
reaction, and a variety of chiral transition-metal-based cat-
alysts have been developed by several groups.?>>-!l Par-
ticularly important are the results achieved by Shibasaki et
al. with their heterodimetallic catalysts in the Michael reac-
tion of B-dicarbonyls or hydroxyketones with a,B-unsatu-
rated carbonyls.'?! Related heterodimetallic catalysts have
been subsequently developed by others.'* However, al-
though a few platinum-metal-based compounds have been
employed as Michael reaction catalysts, the use of iridium
derivatives for this reaction is very scarce.l'¥ On the other
hand, most of the metallic catalytic systems are generated
in situ by mixing the appropriate metallic precursor and
the chiral ligand, and therefore the actual structure of the
involved coordination compound(s) is usually unknown.
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During our studies on phosphanyloxazoline iridium
complexes,!'”! we realised that the iridium(1) compound
[IrCI(COE){(S)-PN}] {COE = cyclooctene, PN = (45)-2-
[2-(diphenylphosphanyl)phenyl]-4-isopropyl-1,3-oxazoline,
(Scheme 1)} (1) activated the sp®> CH methylene bonds of
the acetylacetone (Hacac), affording the hydrido(enolato)-
iridium(mn) [Ir(acac)CIH{(S)-PN}] (2). The diastereoselec-
tive formation of 2 from 1 prompted us to test complex 1
as a catalyst for Michael addition reactions. In this context,
Murahashi, Komiya, et al. have reported the formation of
the hydrido(enolato)ruthenium(ir) complexes, mer-[RuH-
(acac)(PPh3);] and  mer-[RUH(NCCHCO,R)(NCCH,»-
CO,R)(PPh3)3], by reacting either the dihydride
[RuH,(PPhs)4] or the orthometalated ethylene complex
[RuH(PPh,C¢H,4)(C,H,)(PPh3),] with Hacac or alkylcya-
noacetates, respectively.l'®) Notably, it has been shown that
a variety of transition-metal a-cyanocarbanion complexes,
including the aforementioned, are intermediates in the cata-
Iytic Michael reactions of nitriles.'®!7l Furthermore, very
recently, Ikayira et al. have isolated and characterised a chi-
ral metal-carbon-bound ruthenium-malonato complex,
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R = iPr, (S)-PN;
iBu, (S)-PN'

Scheme 1. Phosphanyloxazoline ligands.
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which is the plausible intermediate in the asymmetric
Michael reaction of a-substituted acetates with cyclic en-
ones."8!

Here we report on the synthesis and characterisation of
the phosphanyloxazoline iridium complexes 1 and 2, the
related bis(S)-PN ligand cationic compounds [Ir{(S)-PN},]-
A {A = Cl (3a,b); BF, (4a,b); PF¢ (5a,b)}, as well as, on
their use as catalysts for the Michael addition of cyano or
keto esters 6 and 7 to a,B-unsaturated carbonyls 8-10
(Scheme 2). The X-ray molecular structures of compounds
2 and 5b are also included. Furthermore, we also report the
preparation and characterisation of the hydrido(enolate)-
iridium(i) complexes [IrH(NCCHCO,R){(S)-PN},]CI {R
= Me (12), Et (13)}, derived from 11a and 11b, as possible

model intermediates in the catalytic Michael process.
CN 0O 0
OR
R TCOOR

R' = Me; R = Me, 6a; Et, 6b R =Me, 7a; Et, 7b

R'=H; R = Me, 11a; Et, 11b

@] COOMe CHO
P NN
8 9 10

Scheme 2. Catalytic Michael reaction substrates.

Results and Discussion

Treatment of the dimer [Ir(u-Cl)(COE),L!'"! with two
equivalents of (S)-PN, in pentane at —60 °C, afforded
[IrCI(COE){(S)-PN}] (1). Since solutions of 1 in common
organic solvents slowly decompose, attempts to obtain an
analytically pure sample of this complex failed. However,
the spectroscopic data for the generated species, collected
at —60 °C, leave no doubt that the proposed formulation for
1 is correct (see Experimental Section).

Complex 1 reacted with acetylacetone, through acti-
vation of an sp®> CH methylene bond, affording the hydrido-
(enolato)iridium(m) complex [Ir(acac)CIH{(S)-PN}] (2)
stereoselectively. The spectroscopic data indicated the for-
mation of a major isomer (95%) together with trace
amounts of some other uncharacterised stereoisomers. The
molecular structure of 2 has been determined by a single-
crystal X-ray diffraction study (Figure 1). Selected bond
parameters are reported in Table 1. Complex 2 has a dis-
torted octahedral coordination environment. The metal
centre is coordinated to the two oxygen atoms of an acetyl-
acetonate anion and to the phosphorus and nitrogen atoms
of the (S)-PN ligand. A chloride anion and a hydride li-
gand, mutually trans (Cl-Ir-H, 169.7°), complete the coor-
dination sphere of the iridium atom. The metal atom is chi-
ral, and the isomer present in the crystal is the OC-6-53-4
diastereomer. The Ir—Cl bond length, 2.512(2) A, is signifi-
cantly longer than the mean value observed for terminal

1658 © 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

chlorides in octahedral Ir complexes, 2.426(7) A;21 most
probably this fact is a consequence of the high trans influ-
ence of the hydride that elongates the Ir—Cl bond length to
a mean value of 2.500(2) A when both ligands are situated
in a trans position relative to each other.[*]

Figure 1. Molecular structure of 2 (organic hydrogen atoms are
omitted for clarity).

The highly diastereoselective formation of 2 from 1
prompted us to test complex 1 as a catalyst for Michael
addition reactions. A mixture of [Ir(u-Cl)(COE),], and two
equivalents of (S)-PN catalysed the addition of the o-cyano
propionate 6b or the B-keto ester 7b to methyl vinyl ketone
with 23 and 26.5% ee, respectively. To improve the stereo-
selectivity, we tried to incorporate one additional (S)-PN
group to the iridium coordination sphere. Thus, treatment
of the dimer [Ir(pu-Cl)(COE),], with 4.5 equivalents of (S)-
PN, in acetone or dichloromethane, at room temperature,
afforded cationic [Ir{(S)-PN},]CI (3) in 75% yield. Complex
3 was isolated as a mixture of two isomers in relative
amounts of about 60% (3a) and 40% (3b). Pure samples of
both isomers could be obtained: pure 3b was obtained when
the reaction was carried out in toluene, and complex 3b
isomerised quantitatively to 3a after refluxing two hours in
acetone.

Furthermore, the chloride can be metathetically replaced
by the reaction of 3 with NaBF, or KPF, affording the
corresponding [Ir{(S)-PN},]JA {A = BF, (4a,b); PF4 (5a,b)}
salts.

To obtain further structural information about these
complexes, the molecular structure of compound 5b was de-
termined by X-ray diffractometric methods (Figure 2). Se-
lected bond parameters are reported in Table 1. The cation
presents a highly distorted square-planar geometry with rel-
ative trans arrangement of nitrogen and phosphorus atoms
of both (S)-PN ligands. Both Ir-P-C-C-C-N six-mem-
bered metallacycles adopt an 'S, screw-boat conforma-
tion?!1 with a relative anti disposition to each other (Fig-
ure 3). A similar arrangement has been previously found in
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Table 1. Selected bond lengths [A] and angles [°] for metal complexes 2 and 5b.

Complex 2

IrCl 2.512(2) C(13)-C(18) 1.418(10)

Ir-P 2.197(2) C(18)-C(19) 1.459(12)

IrN 2.002(7) N-C(19) 1.289(11)

Ir-O(1) 2.093(6) O(1)-C(25) 1.244(11)

Ir-0(2) 2.009(6) 0(2)-C(27) 1.273(10)

Ir-H 1.61 C(25)-C(26) 1.407(13)

P-C(13) 1.815(8) C(26)-C(27) 1.366(13)

Cl-Ir-P 97.30(8) N-1r-0(2) 177.9(3)

CLIrN 91.1(2) N-Ir-H 95.3

Cl-Ir-O(1) 88.65(16) O(1)-1Ir-0(2) 91.0(2)

Cl-1r-0(2) 87.01(16) O(1)-Ir-H 83.5

Cl-Ir-H 169.7 0(2)-Ir-H 86.5

P-Ir-N 87.89(19) Ir-P-C(13) 111.0(3)

P-Ir-O(1) 172.84(16) Ir-N-C(19) 131.2(6)

P-1r-O(2) 93.28(17) P-C(13)-C(18) 118.1(6)

P-Ir-H 91.0 C(13)-C(18)-C(19) 124.0(8)

N-Ir-O(1) 88.0(2) N-C(19)-C(18) 128.9(8)

Complex 5bt!

Ir-P(1) 2.2063(14) 2.2103(13) Ir-N(1) 2.088(4) 2.115(4)
P(1)-C(13) 1.853(5) 1.851(5) C(18)-C(19) 1.476(8) 1.478(7)
C(13)-C(18) 1.405(7) 1.410(7) N(1)-C(19) 1.277(7) 1.283(7)
P(1)-Ir-P(51) 101.29(5) P(51)-Ir-N(1) 167.50(13)
P(1)-Ir-N(1) 85.05(12) P(51)-Ir-N(51) 87.07(12)
P(1)-Ir-N(51) 168.94(13) N(1)-Ir-N(51) 88.16(16)
Ir-P(1)-C(13) 108.69(18) 108.22(17) C(13)-C(18)-C(19) 121.4(5) 123.5(5)
Ir-N-C(19) 130.5(4) 126.6(4) N-C(19)-C(18) 128.0(5) 128.8(5)
P(1)-C(13)-C(18) 120.8(4) 121.1(4)

[a] When two values are given in the table, they represent analogous parameters from the two independent (S)-PN ligands of complex

5b.

the related rhodium compound? [Rh{(S)-PN},]BF,, as
well as in the nickel(m) derivativel®  [Ni{(S)-
PN'},][O3SCFs],, where (S)-PN’ represents the iso-butyl
derivative shown in Scheme 1.

Figure 2. Molecular drawing of the cationic metal complex of 5b
(hydrogen atoms are omitted for clarity).

The NMR spectroscopic data of isomers only differing
in the counter-anion are very similar, indicating that they

Eur. J. Inorg. Chem. 2005, 1657-1664 www.eurjic.org

Figure 3. Relative anti conformation observed for the metallacycles
Ir-P-C-C-C-N in the solid structure of 5b (view along the pseudo
C, axis).

should have similar structure. However, while the NMR
spectra of 3b-5b present only one set of signals for the (S)-
PN ligand, those of 3a-5a reveal that the two (S)-PN li-
gands are not equivalent. From the molecular structure of
5b, we propose that, in compounds labelled b, the equiva-
lence in solution of the two (S)-PN ligands arises from the
existence of a C, axis, contained in the coordination plane,
that bisects the P-Ir-P and N-Ir-N angles (Figure 3). The
value of the PP’ coupling constant in 3a—5a is about 15 Hz.
Thus, in both types of isomers the phosphorus atoms adopt
a cis geometry.

Concerning the 3a-5a isomers, the most notable feature
of their 'TH NMR spectra is the shielding of about 1.4 ppm

© 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 1659
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of one of the CH isopropyl protons with respect to the
other. Inspection of molecular models reveals that one of
the CH isopropyl protons lies below the iridium coordina-
tion plane pointing to the metal (Figure 3). In fact, this pro-
ton is only 3.111(1) A apart from the iridium in the solid
structure of Sh. From these data, we tentatively propose that
the isomerization from b to a consists of the formation of
a C—H--Ir agostic interaction®¥ between the iridium atom
and one of the CH isopropyl protons.

Preliminary results indicate that compounds 3-5 are
active catalysts for the Michael addition of cyano or keto
esters 6 and 7 to o,B-unsaturated carbonyls 8-10
(Scheme 3). Table 2 collects some selected results. Chloride
3b is a very active catalyst for the Michael additions (entries
1-12), achieving quantitative conversion in most of the
cases. However, the ee obtained are low. Unsymmetrical
chloride 3a (entries 13-15) is less active but more selective,
affording ee of up to 39%. Surprisingly, changing the anion
to BF, or PFg strongly decreases the activity (entries 16—
22), rendering enantioselectivities ranging from 20 to 30%
ee.

To obtain mechanistic information about the catalytic
system, 3a or 3b were treated with excess of ethyl-2-cyano-
propionate (6b) in catalytic conditions; no conclusive results
were obtained, most of the starting substrates remained un-
altered. However, when 3a was reacted with the closely re-
lated a-cyanoacetates 11a or 11b (Scheme 2), the corre-
sponding  hydrido enolate iridium(ir)  complexes
[IrH(INCCHCO,R){(S)-PN},]Cl {R = Me (12), Et (13)}
were diastereoselectively isolated in 85 and 88% yield,
respectively. The IR spectra of compounds 12 and 13 show
characteristic absorption bands at about 2175 and
2205 cm™! assignable to v(C=N) and v(Ir—H), respectively.

by o
Me CO,R Me "CO,R
R~ Me (6a). EL (6h) XL cat*
0 ~ 0
COR éqicozk
BN
X

R = Me (7a), Et (7b)
X = COMe (8), CO,Me (9), CHO (10)

Scheme 3. Catalytic reactions.

An intense band due to v(C=0) of the enolato ligand ap-
pears ca. 1667 cm™!. The '"H NMR spectra show a doublet
of doublets at § = —19.28 ppm (12) or —19.23 ppm (13) (*/py
= 13.5, 26.6 Hz) attributed to a hydride ligand coupled to
two nonequivalent phosphorus nuclei. Two singlets at ¢ =
3.57 and 3.18 ppm, assignable to the methyl and methine
protons of the enolato ligand, are observed in the spectrum
of 12. For compound 13, the methyl, methylene and meth-
ine protons of the enolato ligand resonate as a triplet at
1.21, a quartet at 4.08 and a singlet at 3.22 ppm, respec-
tively. In both compounds the methine proton has no coup-
ling with the phosphorus nuclei, suggesting that the enolate
is N-bonded. The isolation of 12 and 13 from 3a indicates
that most probably, the oxidative addition of the sp* CH
activated bond of the Michael donors to the iridium(1) com-
plexes 3-5 would be the first step in the catalytic path. In-
teraction of the coordinated enolate with the Michael ac-
ceptor followed by adduct elimination would complete the
catalytic cycle.

Table 2. Asymmetric Michael reactions using the new iridium compounds 3-5 as catalysts.[?!

Entry Catalyst Donor Acceptor Yield (%o)®! ee (%)
1 [Ir{(S)-PN},]CI (3b) 6a MeCOCH=CH, (8) 100 .51 (R
2 6a COOMeCH=CH, (9) 100 1t
3 6a CHOCH=CH, (10) 100 5.5
4 6b MeCOCH=CH, (8) 100 1.3 (Rl
5 6b COOMeCH=CH, (9) 100 15.5M
6 6b CHOCH=CH, (10) 100 3.5
7 Ta MeCOCH=CH, (8) 66 25lel
8 Ta COOMeCH=CH, (9) 1 10t
9 Ta CHOCH=CH, (10) 100 22,50
10 7b MeCOCH=CH, (8) 100 8.5Ml
11 7b COOMeCH=CH, (9) 57 2lel
12 7b CHOCH=CH, (10) 100 2lel
13 [Ir{(S)-PN},]CI (3a) 6b MeCOCH=CH, (8) 100 3901 (R)d]
14 7b MeCOCH=CH, (8) 54 20.5M
15 7b COOMeCH=CH, (9) 23 2.50
16 [Ir{(S)-PN},]BE, (4b) 6b MeCOCH=CH, (8) 18 280l (Rl
17 7b MeCOCH=CH, (8) 9.5 24.5M
18 [Ir{(S)-PN},]PF, (5h) 6b MeCOCH=CH, (8) 64 3501 (R)d]
19 7b MeCOCH=CH, (8) 11 27.50
20 [Ir{(S)-PN},]PF, (5a) 7a CHOCH=CH, (10) 8 288
21 b MeCOCH=CH, (8) 10 300
22 7b CHOCH=CH, (10) 90 22lel

[a] All reactions run at room temperature, using 1 mol-% Ir catalyst, 1 equiv. of donor, 1.5 equiv. of acceptor, in toluene (5 mL). [b] After
22 h of reaction; determined by 'H NMR spectroscopy. [c] Determined by gas chromatography using CP-Chirasil-CB column. [d] Deter-
mined by comparison to reported [a]p data (see ref.l78]). [e] Determined by gas chromatography using Lipodex-E column.

1660 © 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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In summary, we report the first chiral iridium(r) com-
pounds that are active catalysts for the Michael addition of
keto or cyano esters to o,B-unsaturated carbonyl com-
pounds. The enantioselectivity obtained is modest. In fact,
few examples of highly enantioselective catalytic Michael
addition versions for the synthesis of quaternary ste-
reocentres have been demonstrated to date.>!'"] However,
the catalytic efficiency in these clean quaternary-carbon-
centre-forming reactions is promising. Further studies to
extend the catalytic reaction to other related metallic sys-
tems and substrates are currently under progress in our lab-
oratory.

Experimental Section

General Comments: The compounds described herein were handled
with exclusion of air by using standard Schlenk techniques. All
solvents were dried by known procedures and distilled under argon
prior to use. NMR spectra were recorded with a Varian Gemini
2000 or a Bruker Avance 400 spectrometer. Chemical shifts are ex-
pressed in ppm upfield from SiMe, ('H, *C) or 85% H3PO, in
D,O (3'P). Coupling constants (J) are given in Hertz. For proton
and carbon labelling, see Scheme 1. Infrared spectra were recorded
with a Perkin—Elmer 783 spectrophotometer. Carbon, hydrogen,
and nitrogen analyses were performed with a Perkin—Elmer 240B
microanalyser. Molar conductivities were measured in approxi-
mately 5% 10~ moldm™ acetone solutions with a Philips PW 9509
digital conductivity meter. Gas chromatographic analyses were per-
formed with a Hewlett-Packard 8590A gas chromatograph
equipped with CP-Chirasil-CB or Lipodex-E columns. Optical ro-
tations were measured with a Jasco P-1020 polarimeter. [Ir(p-
CI)(COE),],!"! and (4S)-2-[2-(diphenylphosphanyl)phenyl]-4-iso-
propyl-1,3-oxazoline!?>! were prepared according to published pro-
cedures. Acetylacetone and compounds 7a, 7b, 8, 9, 10, 11a, and
11b were purchased from Aldrich Co. Ltd. The a-cyanopropionates
6a and 6b were prepared as previously reported.['!]

Preparation of [IrCI(COE){(S)-PN}] (1): (S)-PN (83.0 mg,
0.22 mmol) was added to a suspension of [Ir(u-Cl)(COE)],
(100.0 mg, 0.11 mmol) in pentane (10 mL) at —60 °C, under argon.
The suspension was stirred for 1 h. During this time, a change of
colour from orange to brown took place. The solid formed was
filtered off, washed with pentane and vacuum-dried. Yield: 66.0 mg
(65%). "H NMR (400.13 MHz, CDCls, -60 °C): § = 8.8-6.6 (m, 14
H, Ph), 5.93 (m, 1 H, H,), 4.50 (br., 2 H, CH=CH), 4.34 (m, 2 H,
H. and H,), 2.81 (m, 1 H, CH /Pr), 2.6-0.7 (m, 14 H, COE), 0.83
(d, J = 6.0 Hz, 3 H, Me iPr), 0.09 (d, J = 6.0 Hz, 3 H, iPr) ppm.
13C NMR (100.61 MHz, CDCl;, 60 °C): 6 = 161.88 (C,), 134.4—
123.6 (Ph), 69.06 (C,), 68.29 (C;), 64.44 (br., CH=CH), 31.14 (CH
iPr), 31.94, 29.97, 26.93, 25.80 (CH, COE), 19.36, 13.83 (Me
iPr) ppm. *'P{'H} NMR (161.97 MHz, CDCls;, 60 °C): 5 = 10.1
(s) ppm. IR (Nujol mulls): 7 = 1616 (ve=n) cm ™.

Preparation of [Ir(acac)CIH{(S)-PN}] (2): (S)-PN (83.0 mg,
0.22 mmol) was added to a solution of [Ir(pn-CI)(COE),], (100.0 mg,
0.11 mmol) in acetone (10 mL), under argon. The solution was
stirred for 30 min, and then Hacac (0.3 mL) was added. The re-
sulting solution was heated under reflux for 6 h and then concen-
trated under vacuum. Addition of n-hexane led to the precipitation
of 2 as a yellow solid, which was filtered off, washed with n-hexane,
and air-dried. Yield: 134.8 mg (86%). 'H NMR (300.1 MHz,
CDCl;, rt.): 6 = 8.2-6.9 (m, 14 H, Ph), 5.35 (s, 1 H, CH acac),
5.09 (ddd, J = 10.2, 5.7, 3.0 Hz, 1 H, H,), 448 (dd, J = 10.2,
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9.0Hz, 1 H, H,), 4.29 (dd, J = 9.0, 5.7 Hz, 1 H, Hy), 2.57 (m, 1
H,CH iPr), 1.91 (s, 3 H, Me acac), 1.54 (s, 3 H, Me acac), 0.72 (d,
J = 7.0Hz, 3 H, Me iPr), -0.09 (d, / = 7.0 Hz, 3 H, Me iPr),
-22.86 (d, J = 18.5Hz, 1 H Ir-H) ppm. '3C NMR (75.4 MHz,
CDCl;, r.t.): 6 = 184.63 (CO acac), 183.81 (CO acac), 161.38 (Cy),
135.4-125.3 (Ph), 101.37 (CH acac), 69.02 (C,), 66.52 (Cs), 30.93
(CH iPr), 28.42 (Me acac), 26.82 (Me acac), 18.73 (Me iPr), 11.93
(Me iPr) ppm. 3'P{'H} NMR (121.5 MHz, CDCl;, r.t.): § = -2.32
(s) ppm. IR (Nujol mulls): ¥ = 2216 (v), 1617 (ve=n) cm™.
C59H3,CIIrNO;P (701.223): caled. C 49.74, H 4.61, N 2.00; found
C 49.59, H 4.70, N 1.99.

Preparation of [Ir{(S)-PN},]JCl (3a, 3b): (S)-PN (187.7 mg,
0.50 mmol) was added to a solution of [Ir(pu-CI)(COE),], (100.0 mg,
0.11 mmol) in acetone (10 mL), under argon. The solution was re-
fluxed for 2 h and then concentrated under vacuum. Addition of
n-hexane led to the precipitation of 3a as a red powder. Yield
185.1 mg (85%). Pure 3b can also be obtained as a red powder by
following the same procedure but using toluene as solvent. Yield
174.1 mg (80%). Compounds 3a and 3b had to be stored under
argon. 3a: '"H NMR (300.1 MHz, CD,Cl,, r.t.): 6 = 8.2-6.4 (m, 28
H, Ph), 5.25 (m, 1 H, H,), 4.63 (m, 1 H, Hy), 4.54 (m, 1 H, Hy),
4.36 (m, 2 H, Hy, Hy), 4.23 (m, 1 H, H.), 2.78 (m, 1 H, CH iPr),
1.42 (m, 1 H, CH iPr"), 0.81 (d, J = 6.9 Hz, 3 H, Me iPr’), 0.76 (d,
J=7.0Hz, 3 H, Me iPr), 0.22 (d, J = 6.6 Hz, 3 H, Me iPr’"), -0.09
(d, J = 6.9 Hz, 3 H, Me iPr) ppm. 13C NMR (75.4 MHz, CD,Cl,,
r.t.): 0 = 167.33 (d, J = 6.6 Hz), 164.39 (t, J = 4.8 Hz) (C,, Cy),
135.5-122.2 (Ph), 77.94, 70.16 (C,, Cy), 69.17, 69.09 (Cs, Cs),
30.48, 29.40 (CH iPr), 18.81, 18.34, 12.85, 12.78 (Me iPr) ppm.
SIP{'H} NMR (121.5 MHz, CD,Cl,, r.t): 6 = -11.83 (d, J =
14.7Hz), -13.09 (d) ppm. Molar conductivity (acetone) =
71.9 ohm ' cm?>mol!. CygHygClIrN,O,P, (974.54): calcd. C 59.16,
H 4.96, N 2.87; found C 58.64, H 6.44, N 2.58. 3b: 'H NMR
(300.1 MHz, CD,Cl,, r.t.): 6 = 8.2-6.4 (m, 28 H, Ph), 4.88 (dd, J
=9.6,9.3Hz, 1 H, H,), 444 (dd, J = 9.6, 3.6 Hz, 1 H, H)), 4.24
(m, 1 H, Hy), 2.26 (m, 1 H, CH iPr), 0.90 (d, / = 6.9 Hz, 3 H, Me
iPr), 0.31 (d, J = 6.6 Hz, 3 H, Me iPr) ppm. '3C NMR (75.4 MHz,
CD,Cl,, r.t.): 0 = 163.48 (C,), 135.5-122.2 (Ph), 73.54 (C,), 69.90
(C3), 32.36 (CH iPr), 19.90, 15.60 (Me iPr) ppm. *'P{'H} NMR
(121.5 MHz, CD,Cl,, r.t.): 0 = 16.20 (s) ppm. C4gH4gCIIrN,O,P,
(974.54): caled. C 59.16, H 4.96, N 2.87; found C 58.54, H 6.35, N
2.96.

Preparation of [Ir{(S)-PN},JA {A = BF, (4a), PF4 (5a)}: (S)-PN
(187.7 mg, 0.50 mmol) and NaBF, or NaPF, (1 mmol) were added
to a solution of [Ir(u-Cl)(COE),], (100.0 mg, 0.11 mmol) in acetone
(10 mL), under argon. The resulting suspension was refluxed for
6 h, and the solvent was evaporated under vacuum. The residue
was extracted with CH,Cl, (10 mL) and filtered through a pad of
Celite. The resulting solution was concentrated to ca. 1 mL, and
the addition of diethyl ether led to the precipitation of a red solid,
which was filtered off, washed with the precipitant and vacuum-
dried. Yield 167.3 mg (73%) (4a) or 188.9 mg (78%) (5a). Com-
plexes 4a and 5a had to be stored under argon. 4a: 'H NMR
(300.1 MHz, CD,Cl,, r.t.): 0 = 8.2-6.4 (m, 28 H, Ph), 5.32 (m, 1
H, H,), 4.62 (m, 1 H, Hy), 4.52 (m, 1 H, Hy), 4.34 (m, 2 H, H,,
H.), 425 (m, 1 H, H), 2.83 (m, 1 H, CH iPr), 1.50 (m, 1 H, CH
iPr'), 0.82 (d, J = 7.1 Hz, 3 H, Me iPr’), 0.78 (d, J = 6.9 Hz, 3 H,
Me iPr), 0.23 (d, J = 6.4 Hz, 3 H, Me iPr’), 0.07 (d, J = 6.9 Hz, 3
H, Me iPr) ppm. 3C NMR (75.4 MHz, CD,Cl,, r.t.): 6 = 167.43
(d, J = 6.5Hz), 164.49 (t, J = 4.8 Hz) (C,, Cy), 134.5-127.2 (Ph),
78.21, 70.25 (C,, Cy), 69.45, 69.26 (Cs, Cs/), 30.79, 29.74 (CH iPr),
19.13, 18.55, 13.13, 13.13 (Me iPr)ppm. S3'P{'H} NMR
(121.5 MHz, CD,Cl,, r.t.): 6 = -1091 (d, J = 15.1 Hz), —-12.33
(d) ppm. C4sH4BF4IrN,O,P, (1025.89): caled. C 56.19, H 4.71, N
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2.72; found C 55.63, H 4.07, N 2.11. 5a: '"H NMR (300.1 MHz,
CD,Cly, rt.): 0 = 8.2-6.4 (m, 28 H, Ph), 5.31 (m, 1 H, Hy), 4.60
(m, 1 H, Hy), 458 (m, 1 H, H,), 451 (dd, J = 9.6, 22 Hz, 1 H,
H,), 431 (m, 1 H, H), 424 (pt, J = 9.0 Hz, 1 H, H,), 2.81 (m, 1
H, CH iPr), 1.41 (m, 1 H, CH iPr’), 0.81 (d, J = 7.2 Hz, 3 H, Me
iPr"), 0.77 (d, J = 6.9 Hz, 3 H, Me iPr), 0.22 (d, J = 6.6 Hz, 3 H,
Me iPr’), -0.09 (d, J = 6.9 Hz, 3 H, Me iPr) ppm. '3*C NMR
(75.4 MHz, CD,Cly, 1.t.): 6 = 167.43 (d, J = 6.5 Hz), 164.52 (t, J
= 4.8 Hz) (Cy, Cy), 134.5-127.2 (Ph), 78.07, 70.09 (Cs, Cs'), 69.26,
69.08 (C;, Cs), 30.55, 29.51 (CH iPr), 18.86, 18.29, 12.84, 12.84
(Me iPr) ppm. 3'P{'H} NMR (121.5 MHz, CD,Cl,, r.t): & =
1072 (d, J = 14.7Hz), —12.03 (d) ppm. CasHasFelrN,O,Ps
(1084.049): caled. C 53.18, H 4.46, N 2.58; found C 52.56, H 4.89,
N 2.60.

Preparation of [Ir{(S)-PN},]A {A = BF, (4b), PF4 (5b)}: Complexes
4b and 5b were prepared as described for 4a or 5a, but the reactions
were carried out at room temperature. Complexes 4b and 5b had
to be stored under argon. 4b: "H NMR (300.1 MHz, CD,Cl,, r.t.):
0 = 8.0-6.8 (m, 28 H, Ph), 4.48 (pt, J = 9.6 Hz, 1 H, H,), 4.46 (dd,
J =10.0, 3.7Hz, 1 H, Hy, 428 (m, 1 H, Hy), 2.27 (m, 1 H, CH
iPr), 0.90 (d, J = 6.9 Hz, 3 H, Me iPr), 0.30 (d, J = 6.6 Hz, 3 H,
Me iPr) ppm. '*C NMR (75.4 MHz, CD,Cl,, r.t.): 6 = 163.48 (C)),
135.5-122.2 (Ph), 73.54 (C,), 69.90 (C,;), 32.36 (CH iPr), 19.90,
15.60 (Me iPr) ppm. *'P{'H} NMR (121.5 MHz, CD,Cl,, r.t.): §
= 17.16 (s) ppm. C4gHysBF4IrN,O,P, (1025.89): caled. C 56.19, H
4.71, N 2.72; found C 55.69, H 4.11, N 2.09. 5b: 'H NMR
(300.1 MHz, CD,Cl,, r.t.): 0 = 8.2-6.4 (m, 28 H, Ph), 4.48 (pt, J =
9.6 Hz, 1 H, H.), 4.44 (dd, J = 9.9, 3.7Hz, 1 H, Hy), 420 (m, 1 H,
H,), 2.21 (m, 1 H, CH iPr), 0.90 (d, J = 6.9 Hz, 3 H, Me iPr), 0.30
(d, J = 6.6 Hz, 3 H, Me iPr) ppm. '*C NMR (75.4 MHz, CD,Cl,,
r.t.): 0 = 163.48 (C)), 135.5-122.2 (Ph), 73.54 (C;), 69.90 (Cs), 32.36
(CH iPr), 19.90, 15.60 (Me iPr) ppm. 3'P{'"H} NMR (121.5 MHz,
CD,Cl,, r.t.): 0 = 17.09 (s) ppm. CysHusFIrN,O,P3 (1084.049):
caled. C 53.18, H 4.46, N 2.58; found C 52.61, H 4.89, N 2.08.

Preparation of [IrH(NCCHCO,R){(S)-PN},ICI {R = Me (12), Et
(13)}: A solution of (S)-PN (187.7 mg, 0.50 mmol) in acetone
(2mL) was added to a solution of [Ir(u-Cl)(COE),], (100.0 mg,
0.11 mmol) in the same solvent (12 mL) at ambient temperature
under argon. The solution was stirred for 6 h, and then methyl or
ethyl a-cyanoacetate (0.3 mL) was added. The resulting solution
was stirred for 22 h and then concentrated to ca. 1 mL. Addition
of diethyl ether led to the precipitation of 12 or 13 as a yellow
solid, which was filtered off, washed with diethyl ether and air-
dried. Yield 197.2 mg (85%) (12) or 206.9 mg (88%) (13). 12: 'H
NMR (300.1 MHz, CDCl;, r.t.): 6 = 8.3-6.6 (m), 5.65 (m, 28 H,
Ph), 4.73 (m), 4.64 (m), 4.56 (m), 4.52 (m), 4.32 (m), 4.16 (m, 6 H,
H,, Hy, H., Ho, Hy, Hy), 3.57 (s, 3 H, OCH3), 3.18 (s, 1 H,
NCCH), 2.78 (m, 1 H, CH iPr), 2.30 (m, 1 H, CH iPr’"), 0.86 (d, J
= 6.6 Hz, 3 H, Me /Pr’), 0.70 (d, J = 6.9 Hz, 3 H, Me iPr), 0.02
(d, J = 6.6 Hz, 3 H, Me iPr’), -0.40 (d, J = 6.9 Hz, 3 H, Me iPr),
-19.28 (dd, J = 26.6, 13.5Hz, 1 H, Ir-H)ppm. 3C NMR
(75.4 MHz, CDCl;, r.t.): 6 = 184.77 (CO), 167.46, 164.85 (Cy, Cy)),
134.9-127.8 (Ph), 73.88, 71.97 (C,, C,), 69.72, 68.22 (C;, C3),
51.26 (OCH3), 50.15 (NC-CH), 31.16, 28.99 (CH iPr), 19.56, 18.25,
13.83, 12.70 (Me iPr) ppm. 3'P{'H} NMR (121.5 MHz, CDCl;,
rt.): 0 = 1.16 (d, J = 14.5Hz), —-13.30 (d) ppm. IR (Nujol): v =
2207 sh. (vip), 2177 s (ven) em L. Cs;Hs3CIIrN;O4P, (1073.63):
cacld. C 58.17, H 4.97, N 3.91; found C 58.64, H 5.47, N 4.25. 13:
'"H NMR (300.1 MHz, CDCl;, r.t.): 6 = 8.3-6.6 (m), 5.68 (m, 28
H, Ph), 4.81 (m), 4.78 (m), 4.62 (m), 4.55 (m), 4.38 (m), 4.22 (m, 6
H, H,, Hy, He, He, Hy, Hy), 4.08 (q, J = 6.8 Hz, 2 H, OCH,CH3),
3.22 (s, 1 H, NCCH), 2.83 (m, 1 H, CH /Pr), 2.36 (m, 1 H, CH
iPr’), 1.21 (t, 3 H, OCH,CH,), 0.91 (d, J = 6.9 Hz, 3 H, Me iPr’),
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0.74 (d, J = 6.9 Hz, 3 H, Me iPr), -0.03 (d, J = 6.9 Hz, 3 H, Me
iPr’), -0.36 (d, J = 6.9 Hz, 3 H, Me iPr), —-19.23 (dd, J = 26.6,
13.5Hz, 1 H, Ir-H) ppm. '3C NMR (75.4 MHz, CDCl;, r.t.): 6 =
182.92 (CO), 167.40, 164.75 (C,, C;,), 137.3-124.7 (Ph), 73.75,
71.81 (C,, Cy), 69.79, 68.51 (Cs, Cy), 58.64 (OCH,CH;), 51.04
(NCCH), 31.14, 29.01 (CH iPr), 19.51, 18.21 (Me iPr), 14.90
(OCH,CH3), 13.90, 12.74 (Me iPr)ppm. 3'P{'H} NMR
(121.5 MHz, CDCl;, r.t.): 0 = 1.18 (d, J = 14.5 Hz), —13.30 (d) ppm.
IR(Nujol): # = 2206 sh. (vin), 2176 s (ven), 1666 s (veo) cm !
Cs3Hs5ClIIrN;O4P, (1087.65): caled. C 58.53, H 5.09, N 3.86; found
C 57.94, H 4.87, N 3.93.

Catalytic Michael Addition Procedure: The catalyst (0.01 mmol),
donor 6 or 7 (1 mmol) and acceptor 8-10 (1.5 mmol) were dis-
solved in toluene (5 mL) under argon at room temperature, and the
mixture was stirred for 22 h. After removal of all volatile materials,
[Dg]toluene (500 pL) was added to the residue. The yield based on
the donor was determined by '"H NMR. The crude product was
extracted with n-hexane, and the extract was purified by
chromatography on silica gel. The products were identified by
NMR spectroscopy.7»11:261 Enantiomeric excesses were deter-
mined by GLC.

X-ray Structure Analyses of Complexes 2 and 5b: Single crystals of
both complexes were glued to a glass fiber and mounted on a
Bruker SMART APEX (equipped with a CCD area detector) (2)
or Siemens-Stoe AED-2 diffractometer (5b) and examined using
graphite-monochromated Mo-K,, radiation (1 = 0.71073 A). Crys-
tal data for 2 (from 4392 reflections, 2.2 < 6 < 23.5°:
C,9H3,ClIrNO5P+0.5(C4HgO), tetragonal, space group P4,2,2; a =
11.2664(6), ¢ = 46.726(4) A, V = 5931.1(7) A3, Z = 8, D, =
1.651 Mgm™3,  u(Mo-K,) = 4.680mm™'; crystal size
0.13%0.12%0.07 mm; 7 = 100.0(2) K, o scans, max. 26 = 55.1°;
38251 measured reflections, 6835 unique (R;, = 0.0835). Crystal
data for 5b (from 44 reflections, 12.5< 6 < 15.0°): CygHygF¢lr-
N,O,P;, M = 1083.99, orthorhombic, space group P2,2,2y; a =
12.9657(10), b = 16.2713(17), ¢ = 21.278(3) A, V = 4489.1(8) A3,
Z =4, D, = 1.604 Mgm 3, u(Mo-K,) = 3.148 mm!; crystal size
0.23x0.20%0.19 mm; 7' = 200.0(2) K, 0/20 scans, max. 20 = 50.0°;
9769 measured reflections, 7840 unique (R;,; = 0.0213). Orange
crystals of 5b suitable for X-ray diffraction were grown by slow
diffusion of diethyl ether into a solution of the complex in dichloro-
methane.

Data were integrated with the Bruker SAINTE7! (2) and Stoe
REDU4 (5b) programs. Absorption correction was applied by
using the SADABS program?®! (2) or the psi-scan approach!®”! (5b).
Structures were solved by direct methods?® and completed by sub-
sequent difference Fourier techniques. Refinement on F? was car-
ried out for both structures by full-matrix least-squares (SHELXL-
97).39 In 2, half a THF molecule was observed as crystallisation
solvent in the structure. All non-hydrogen atoms, including those
of the solvent molecule, were refined with anisotropic displacement
parameters. The organic hydrogen atoms were included in calcu-
lated positions and refined with riding positional and thermal
parameters. The hydride ligand was clearly observed in the last cy-
cles of refinement, but it did not support a proper refinement as
free isotropic atom. It was incorporated in the refinement with a
restrained position and with a fixed displacement parameter. All
non-hydrogen atoms in 5b, except the F atoms in the PF¢ anion,
were refined with anisotropic displacement parameters. The PF¢~
anion was found to be disordered. A model for static disorder was
established and the anion was refined with all atoms in two posi-
tions; occupancy factors were refined holding the sum of their oc-
cupancies equal to one. The hydrogen atoms were included accord-
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ing to their geometry with restrained thermal and positional
parameters.

The absolute configuration for both complexes were determined on
the basis of the Flack parameter®!! [-0.008(11) for 2 and —0.018(6)
for 5b] and using as internal reference the previously known chiral-
ity of the asymmetric carbon atom in the phosphanyloxazoline li-
gand. Conventional final agreement factorsY were: R, = 0.0506
[for 5588 reflections with F>>4c(F?)], R, = 0.0937 and S = 0.968
for all independent reflections of 2; Ry = 0.0289 [for 7259 reflec-
tions with F2>4c6(F?)], ®R, = 0.0651 and S = 1.046 for all indepen-
dent reflections of 5h.

CCDC-240695 and CCDC-240696 contain the supplementary
crystallographic data for this paper. These data can be obtained
free of charge from The Cambridge Crystallographic Data Centre
via www.ccdc.cam.ac.uk/data_request/cif.
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