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Iridium complexes derived from chiral phosphane–oxazol-
ines (phox ligands) are efficient catalysts for intramolecular
Pauson–Khand reactions. Under optimized conditions high
yields and enantioselectivities of � 90% ee were obtained
with 2 mol-% of catalyst. The influence of the CO pressure

Introduction

Metal-catalyzed cycloadditions are highly valuable trans-
formations as they allow the construction of complex cyclic
structures from simple precursors with perfect atom econ-
omy.[1] A particularly attractive example is the Pauson–
Khand reaction, a formal [2+2+1] cycloaddition of an al-
kene, an alkyne and carbon monoxide leading to cyclopen-
tenones, which are versatile synthetic intermediates. The de-
velopment of intramolecular variants, initiated by the work
of Shore and Croudace,[2] considerably enhanced the scope
of the Pauson–Khand reaction. In contrast to the intermo-
lecular reaction, strained alkenes are no longer required and
the resulting [5.5]- and [5.6]-fused bicycles can be obtained
as single regioisomers.

In recent years substantial progress has been made in the
development of catalytic and also enantioselective Pauson–
Khand reactions.[3] In addition to cobalt complexes,[4] many
other types of metal catalysts based on Fe,[5] Ni,[6] Ti,[7]

Zr,[8] Ru,[9] Rh,[10] and Ir[11] have been reported. Shibata et
al.[11] studied the use of iridium complexes such as
[IrCl(cod)]2 in catalytic intramolecular Pauson–Khand re-
actions and observed that addition of triphenylphosphane
as co-ligand improved the reaction yields. When they re-
placed triphenylphosphane by tolbinap, they obtained high
yields and enantiomeric excesses. More recently, they ex-
tended the reaction to a wider range of substrates and also
employed aldehydes as CO source.[12]

In connection with our work on chiral phosphane–
oxazolines (phox ligands) and their use in iridium-catalyzed
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and the anion were studied. The structure of a dicarbon-
yl(phox)iridium complex was determined by X-ray analysis.
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asymmetric hydrogenation[13] we became interested in
evaluating Ir(phox) complexes as catalysts for asymmetric
Pauson–Khand reactions. Here we report the results of an
initial study, which showed that high enantioselectivities
and yields can be obtained in intramolecular reactions of
en-ynes using readily available Ir(phox) complexes as cata-
lysts.

Results and Discussion

The precatalysts 2 were prepared according to standard
procedures from [IrCl(cod)]2, phox ligand 2 {2-[2-(diphenyl-
phosphanyl)phenyl]-4,5-dihydro-4-isopropyloxazole} and
the respective silver, lithium or sodium salts (Scheme 1).[14]

In addition, a series of analogous complexes with dif-
ferently substituted phox ligands was synthesized.

Scheme 1. Preparation of Ir(cod)(phox) complexes 2; BArF =
tetrakis[3,5-bis(trifluoromethyl)phenyl]borate.

In order to test the reactivity toward carbon monoxide,
CO gas was bubbled through a solution of the 1,5-cyclo-
octadiene complex 2 (X = PF6) at room temperature
(Scheme 2). Under these conditions, the dicarbonyl com-
plex 3 was cleanly formed by replacement of the cod ligand
by two 2 CO molecules. This implies that under the condi-
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tions of the Pauson–Khand reaction, the precatalyst 2 is
rapidly converted into the corresponding dicarbonyl com-
plex. The structure of complex 3 was determined by X-ray
analysis (Figure 1). As a consequence of the stronger π-ac-
ceptor properties of the P atom, the C–O bond trans to the
phosphanyl group is shorter and the Ir–C bond longer than
the corresponding bonds in the Ir–CO fragment trans to
the oxazoline ring.

Scheme 2. Preparation of Ir(CO)2(phox) complex 3.

Figure 1. Crystal structure of complex 3. The anion has been omit-
ted for clarity. Selected bond lenghths [Å]: Ir–P 2.3166(7), Ir–N
2.086(2), Ir–C(trans to P) 1.915(3), Ir–C(trans to N) 1.850(3), O–
C(trans to P) 1.126(4), O–C(trans to N) 1.140(4).

The precatalysts 2 and related complexes with differently
substituted phox ligands were tested in the intramolecular
Pauson–Khand reaction of en-yne 4a (Scheme 3). The reac-
tion was carried out in DME or THF in an ampule sealed
under 1.4–2.2 bar of carbon monoxide. At 120 °C in the
presence of 9 mol-% of iridium complex, a high conversion
to the desired cyclization product 5a was observed. HPLC
analysis using a Chiralcel AD column showed that the reac-
tion proceeded in an enantioselective manner. The highest
enantiomeric excesses and yields were obtained with the
commercially available ligand 1 [91% ee, � 90% yield; 2 (X
= PF6), 2.2 bar CO, DME, 24 h]. Ligands bearing more
bulky substituents such as 2-tolyl at the P atom gave only
very low yields. Replacement of the isopropyl substituent at
the stereogenic center of the oxazoline ring by a methyl
group resulted in a slightly lower enantioselectivity with a
similar yield, whereas a tert-butyl group at this position
gave much lower conversion and only 50% ee. Although a
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large number of other phox derivatives was screened, no
ligand was found that was superior to the simple diphenyl-
phosphanyl-isopropyl-substituted phox ligand 1.

Scheme 3. Enantioselective Pauson–Khand reaction with Ir(phox)
catalysts.

The solvents DME and THF proved to be the ones of
choice. Reactions in toluene and 1,2-dichloroethane gave
slightly inferior enantioselectivities, whereas in acetonitrile
and dioxane the yields were very low. The optimal reaction
temperature was 120 °C. At 140 °C in toluene much shorter
reaction times were necessary (4 h for � 90% conversion),
however, the ee dropped from 78% at 120 °C to 74%. At
100 °C a modest increase in ee was observed, but reaction
times became inpractically long.

The concentration of carbon monoxide influences both
the enantioselectivity and reaction rate. A linear depen-
dence between yield and CO pressure was observed. When
the pressure was increased from 1.4 to 2.2 bar, the yields of
isolated product improved from 51% to 85% (Table 1). In
contrast, the enantioselectivity dropped from 97% to 91%
ee. In order to obatin high yields within reasonable reaction
times, 2.2 bar was chosen as standard pressure for subse-
quent reactions.

Table 1. Influence of the CO pressure in the Pauson–Khand reac-
tion of 4a (Scheme 3).[a]

Entry X Solvent pCO (bar)[b] Yield (%)[c] ee (%)[d]

1 TfO DME 1.4 51 97 (R)
2 TfO DME 1.6 61 96 (R)
3 TfO DME 1.8 71 94 (R)
4 TfO DME 2.0 81 92 (R)
5 TfO DME 2.2 85 91 (R)

[a] Reaction time: 24 h. [b] CO pressure in the reaction vessel at
room temp. [c] Yield of isolated product after column chromatog-
raphy (silica gel, hexane/EtOAc, 3:1). [d] Determined by HPLC:
Chiralcel AD, 25�0.46 cm, heptane/2-propanol (90:10), 1.0 mL/
min, 220/254 nm, tR = 11.1 min (R), 14.6 min (S).

Reduction of the catalyst loading from 9 mol-% to 1 mol-
% had no apparent influence on the enantioselectivity
(Table 2). The yields of isolated product after a reaction

Table 2. Influence of the catalyst loading on the Pauson–Khand
reaction of 4a (Scheme 3).[a]

Entry X mol-% cat. Yield (%)[b] ee (%)[c]

1 BF4 9 89 91 (R)
2 BF4 5 84 91 (R)
3 BF4 2 88 91 (R)
4 BF4 1 59 91 (R)

[a] Reaction time: 24 h; CO pressure in the reaction vessel at room
temp.: 2.2 bar. [b] Yield of isolated product after column
chromatography (silica gel, hexane/EtOAc, 3:1). [c] Determined by
HPLC (see Table 1).
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Table 3. Influence of the anion in the Pauson–Khand reaction of substrates 4a–c (Scheme 3).[a]

Entry Substrate Solvent mol-% cat. Time (h) pCO (bar)[b] X Yield (%)[c] ee (%)[d]

1 4a DME 9 24 2.0 BArF 63 85 (R)
2 4a DME 9 24 2.2 BArF 69 85 (R)
3 4a DME 9 24 2.0 Al[OC(CF3)3]4 55 85 (R)
4 4a DME 9 24 2.2 Al[OC(CF3)3]4 78 85 (R)
5 4a DME 9 24 2.2 OTf 85 91 (R)
6 4a DME 9 24 2.2 BF4 89 91 (R)
7 4a DME 9 24 2.2 PF6 93 91 (R)
8 4a DME 9 24 2.2 SbF6 96 91 (R)
9 4a DME 9 24 2.2 MsO traces nd
10 4a DME 9 24 2.2 TsO traces nd
11 4a DME 9 24 2.2 CF3COO traces nd
12 4b DME 9 24 2.2 BArF 96 50
13 4b DME 9 24 2.2 Al[OC(CF3)3]4 96 56
14 4b DME 9 24 2.2 OTf 93 81
15 4b DME 9 24 2.2 BF4 98 80
16 4b DME 9 24 2.2 PF6 95 77
17 4b DME 9 24 2.2 SbF6 95 71
18 4c THF 5 24 2.2 BArF 46 71
19 4c THF 5 48 2.2 Al[OC(CF3)3]4 62 72
20 4c THF 9 48 2.2 OTf 75 85
21 4c THF 5 48 2.2 OTf 48 94
22 4c THF 9 48 2.2 BF4 76 91
23 4c THF 5 48 2.2 BF4 57 94
24 4c THF 5 48 2.2 PF6 71 91
25 4c THF 9 48 2.2 SbF6 80 82
26 4c THF 5 48 2.2 SbF6 76 86

[a] Reaction time: 24 h. [b] CO pressure in the reaction vessel at room temp. [c] Yield of isolated product after column chromatography
[silica gel, hexane/EtOAc (3:1) for 5a, hexane/EtOAc (2:1) for 5b and 5c]. [d] Determined by HPLC: 5a: see Table 1; 5b: Chiralcel AD,
25�0.46 cm, 220/254 nm, heptane/2-propanol 80:20, 0.9 mL/min, tR = 19.6 min (major), 23.4 min (minor); 5c: Chiralcel AS, 25�0.46 cm,
heptane/2-propanol (90:10), 1.0 mL/min, tR = 15.1 (minor), 24.1 (major).

time of 24 h remained between 84–89% when the catalyst
loading was lowered to 2 mol-%, whereas with 1 mol-% of
catalyst the yield decreased to 59%.

The anion was found to have a surprisingly strong influ-
ence on the enantioselectivity and yield, as shown in Table 3
for the reactions of substrates 4a–c. With the allyl ether 4a
the best results were obtained with relatively small, weakly
coordinating anions such as tetrafluoroborate, hexafluoro-
phosphate and hexafluoroantimonate (Entries 6–8). Triflate
gave approximately the same results (Entry 5), whereas the
larger non-coordinating anions BArF

– and [Al{OC-
(CF3)3}4]–[15] caused a drop in yield and enantioselectivity
(Entries 1–4). Tosylate, mesylate, and trifluoroacetate salts
showed almost no catalytic activity (Entries 9–11).

For reactions with substrates 4b and 4c tetrafluoroborate
and triflate gave the highest enantioselectivities with up to
81% ee for product 5b and 94% ee for 5c. Substrate 4c was
less reactive and required longer reaction times. In this case
THF proved to be the best solvent. Interestingly, the
enantioselectivity increased when the catalyst loading was
reduced from 9 mol-% to 5 mol-%.

Finally, substrate 6 with a 2,2-disubstituted vinyl group
was tested (Scheme 4 and Table 4). The additional methyl
group at the C=C bond reduced the reactivity significantly
compared to the analogous substrate 4a and, therefore, only
low to moderate yields were obtained, with enantio-
selectivities ranging between 58% and 71%.
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Scheme 4. Pauson–Khand reaction of substrate 6.

Table 4. Pauson–Khand reaction of substrate 6 (Scheme 4).[a]

Entry X Solvent Yield (%) ee (%)[b]

1 TfO DME 9 58 (R)
2 BArF DME traces n.d.
3 TfO THF 10 71 (R)
4 BArF THF 28 64 (R)
5 Al[OC(CF3)3]4 THF 15 61 (R)
6 BF4 THF 6 64 (R)

[a] CO pressure in the reaction vessel at room temp. was 2.2 bar;
reaction time: 24 h. [b] Determined by HPLC: Chiralcel AD,
25�0.46 cm, heptane/2-propanol (90:10), 1.0 mL/min, 220/
254 nm, tR = 8.3 min (R), 17.7 min (S).

Conclusions

Cationic iridium complexes derived from chiral phox li-
gands proved to be efficient catalysts for intramolecular
Pauson–Khand reactions. For optimal results the various
reaction parameters had to be carefully adjusted. The na-
ture of the anion also proved to be important, as it had a
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significant influence on the enantioselectivity and yield.
High enantioselectivities were achieved with substrates 4a
and 4c, which were comparable to those reported for Ir cat-
alysts derived from tolbinap.[11,12] With substrates 4b and 6,
on the other hand, tolbinap gives higher enantioselectivities.
As with (diphosphane)iridium catalysts, relatively long reac-
tion times are required. However, the fact that high yields
could be obtained at catalyst loadings of only 2 mol-% is
encouraging. Our results indicate that Ir(phox) complexes
are a promising new class of catalysts for asymmetric
Pauson–Khand reactions.

Experimental Section
Iridium Complexes 2: Complexes with X = BArF, BF4, PF6, TsO,
MsO, and Al{OC(CF3)3}4 were prepared according to published
procedures.[13a,14] Complexes 2 (X = SbF6, OTf, CF3CO2): A 0.03 

solution of 1.0 equiv. of [IrCl(cod)]2 and 2 equiv. of ligand in
dichloromethane was stirred in an ampule, sealed under Ar with a
Teflon screw cap, at 48 °C for 2 h. The respective silver salt
(1.2 equiv.) was added and the suspension stirred at room tempera-
ture overnight. Filtration through Celite and evaporation of the
volatiles provided complex 2.

Enynes 4a–c and 6 were prepared according to published pro-
cedures.[16] Spectroscopic data and rotation values of products 5a–
c and 7 have been reported in the literature.[4–12]

General Procedure for the Pauson–Khand Reaction: In a glove-box
a flame-dried Young tube with a Teflon screw cap was charged with
substrate (0.22 mmol), catalyst (2.2–20.0 µmol) and solvent (5 mL).
The mixture was degassed with three freeze-pump cycles, the am-
pule filled with 2.2 bar of CO and sealed. After reaction at 120 °C
under the conditions specified in Tables 1–4, the reaction mixture
was concentrated and purified by column chromatography on silica
gel. Product analysis: see footnotes in Tables 1–4.

Praparation of Complex 3: Carbon monoxide was bubbled through
a solution of complex 2 (X = PF6; 26 mg, 32 µmol) in 5 mL of
THF at room temp. under argon. The reaction was accompanied
by a color change from red to yellow. After 30 min, the solvent was
removed and the residue washed with pentane (75% yield). Crystals
suited for X-ray analysis were obtained by slow diffusion of pen-
tane into a solution of 3 in dichloromethane.

X-ray Analysis of Complex 3: A crystal of 3 was mounted on a
KappaCCD diffractometer using the oil drop method. Data were
collected at 173 K using the Collect suite (Nonius BV, 2002). The
structure was solved by direct methods using SIR92.[17] All non-
hydrogen atoms were refined anisotropically using CRYSTALS.[18]

Hydrogen atoms were placed in calculated positions. CCDC-
643785 contains the supplementary crystallographic data for this
paper. These data can be obtained free of charge from The Cam-
bridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/
data_request/cif.
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