
Highly Enantioselective Syntheses of
Heterocycles via Intramolecular
Ir-Catalyzed Allylic Amination and
Etherification
Carolin Welter, Axel Dahnz, Bernhard Brunner, Stephane Streiff,
Pierre Du1bon, and Gu1nter Helmchen*

Organisch-Chemisches Institut der UniVersität Heidelberg, Im Neuenheimer Feld 270,
D-69120 Heidelberg, Germany

en4@ix.urz.uni-heidelberg.de

Received December 23, 2004

ABSTRACT

Enantioselective Ir-catalyzed intramolecular allylic aminations and etherifications are described. Up to 97% ee was achieved using catalysts
prepared by in situ activation of mixtures of phosphorus amidites and [Ir(COD)Cl] 2. Sequential aminations of bis-allylic carbonates, involving
an inter- followed by an intramolecular reaction, gave trans -N-benzyl-2,5-divinylpyrrolidine and trans -N-benzyl-2,6-divinylpiperidine with g99%
ee. New phosphorus amidites as well as improved conditions for intermolecular aminations are reported.

Ir-catalyzed asymmetric allylic substitutions at 3-monosub-
stituted 2-propenol derivatives have been studied with great
success over the past few years.1 To probe the potential of
these reactions for the preparation of medicinally interesting
N-heterocycles, the intramolecular amination of amine1b
to give the piperidine derivative2b was studied (Scheme
1).2 Enantiomeric excess of up to 91% ee was achieved. We
have now developed an improved Ir catalyst and extended
the scope of the cyclization1 f 2 to include as products
pyrrolidine and azepane derivatives. Furthermore, due to
double stereoselection, essentially complete enantio- and

diastereoselectivity could be achieved for the reaction3 f
4, involving sequential allylic aminations (Scheme 2). This
finding extends the work of Takemoto et al.,3 who have
accomplished cyclizations by sequential reactions of branched
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Scheme 1. Ir-Catalyzed Allylic Cyclizations of Substrates
1a-c
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bis-allylic substrates with primary amines; they used an
achiral catalyst and obtained mixtures ofcis- and trans-
isomers.

Ir catalysts for the allylic substitution are usually prepared
by combining [Ir(COD)Cl]2 with an electron-poor ligand in
a 1:2 molar ratio. Since 1999,4 phosphorus amidites5 have
been the preferred ligands (Figure 1). Previously, ligandL1
was mostly used. Very recently, slightly superior results with
respect to enantioselectivity have been obtained withL21b,c

andL3.1e

A very important aspect of Ir-catalyzed allylic substitutions
is catalyst preparation. Hartwig’s and this group have
demonstrated that the most active catalysts are formed by
C-H activation (eq 1), which is induced by base.6 By
treatment of a solution of [Ir(COD)Cl]2 and ligand (molar
ratio 1:2) in THF with TBD2 (Scheme 1) or DABCO1d a
particularly active catalyst of typeK2 (La ) Lb )
phosphorus amidite) (eq 1) is generated in situ.

In the crystal structure of a complexK2 with Lb ) PPh3
the residual 1-arylethyl group is located remote from the Ir
center.6b Accordingly, the chirality of this group does not
appear to be important, and we have therefore prepared a
new series of ligands (Figure 1,L4-L6)7 containing a bulky
achiral substituent at nitrogen.8

Using the phosphorus amiditeL1 as ligand, the intramo-
lecular allylic amination of carbonate1b according to
Scheme 1 under standard conditions (4 mol % of iridium, 4
mol % of ligand, 8 mol % of TBD) gave (R)-N-benzyl-2-
vinylpiperidine (2b) in 93% yield and an enantiomeric excess
of 91% ee (Table 1, entry 7).2

The rate of the cyclization was similiar to that of a
comparable intermolecular amination (Table 3, entry 1).
Under otherwise identical reaction conditions, increased
enantiomeric excess of up to 97% ee was obtained using
ligandsL2-L6 (Table 1, entries 7-12). It is apparent that
an increase of steric bulk of the ligand leads to an increase
of selectivity. With respect to assessment of reaction rates,
caution is required because catalysts are not stable under the
reaction conditions; i.e., decrease of reaction time might be
a consequence of enhanced catalyst activity or catalyst
stability.
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Scheme 2. N-Heterocycles via Sequential Ir-Catalyzed Allylic
Aminations

Figure 1. Ligands used in this work.

Table 1. Ir-Catalyzed Allylic Cyclizations of Substrates1a-c
According to Scheme 1 Using Phosphorus AmiditesL1-L6 as
Ligands (Solvent: THF, Concentration: 1 M, rt)a

entry substrate ligand timeb (h) product yieldc (%) % eed

1 1a L1 1 2a 89 92
2 1a L2 0.5 2a 70 97
3 1a L3 0.3 2a 94 97
4 1a L4 1 2a 95 95
5 1a L5 1 2a 86 96
6 1a L6 1 2a 89 85
7 1b L1 1 2b 93 91
8 1b L2 0.75 2b 99 94
9 1b L3 0.25 2b 64 97

10 1b L4 3.5 2b 83 90
11 1b L5 1 2b 92 96
12 1b L6 0.75 2b 87 84
13 1c L1 4 2c 76 93e

14 1c L2 1 2c 69 97e

15 1c L3 1 2c 74 97e

a All reactions were carried out on a 0.5 mmol scale using 2 mol % of
[Ir(COD)Cl]2, 4 mol % of ligand, and 2 h of activation with TBD (8 mol
%). b Reaction time.c Yield of isolated product.d Determined by HPLC
(column: Daicel Chiralcel OD-H, eluent:n-hexane/i-PrOH 99.9:0.1, 250
× 4.6 mm, 5µm, + guard cartridge 10× 4 mm, 5µm, flow: 0.5 mL/
min), tR[(S)-2a] ) 11 min,tR[(R)-2a] ) 28 min,tR[(S)-2b] ) 11 min,tR[(R)-
2b] ) 14 min). e Determined by GC (Chrompack permethylâ-cyclodextrin,
Cp-cyclodextrin-B-236-M-19 (25 m× 0.25 mm), 120°C isotherm, injection
temperature 200°C, tR[(S)-2c] ) 54 min, tR[(R)-2c] ) 56 min).
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Cyclizations yielding pyrrolidine2a and azepane2c also
proceeded smoothly (Table 1).9 For both reactions, results
with ligands L2 and L3 were practically identical and
superior to those achieved withL1. All cyclizations could
be run at a high concentration of 1 M.

Furthermore, good results were obtained for an intramo-
lecular etherification (Scheme 3). Thus, the chromane
derivative (-)-(R)-6(Scheme 3) was obtained from the
carbonate5 with up to 95% ee.10 In this case, ligandL2
performed significantly better than ligandL3.

Next sequential inter- and intramolecular aminations of
bisallylic substrates3 according to Scheme 2 were studied
(cf. Table 2).11 Under the conditions described in Table 1
(4 mol % of catalyst per allylic moiety, THF, rt), thetrans-
products4t were formed with fairly high diastereoselectivity

of >90:10. The extremely high enantiomeric excess of the
products is a consequence of double stereoselection; i.e., both
steps are controlled by the catalyst.12 Ligand L2 gave the
best results with respect to rate and enantio- and diastereo-
selectivity.

In an effort to further improve the catalysts, we applied a
concept that was successful for alkylations.1a We have shown
that a combinationLa ) L1 andLb ) tetrahydrothiophene
(THT) (cf. eq 1) with additional CuI yielded an extremely
active catalyst for allylic alkylations.1a Use of these additives
was motivated by the idea to induce removal of a soft P- or
S-ligandLb from K2, necessary for oxidative addition of
an allylic substrate, with a soft metal ion. While Cu(I) is
suited for alkylations, it is not effective in aminations because
of coordination to the amine. Therefore, effects of further
salts of soft metal ions were investigated. Pb(II) salts in
combination with tetrahydrothiophene (THT) were found to
be most efficient in enhancing reaction rate. The results are
described in Table 3.13 As a substrate likely to be generally
representative, the allyl carbonate7 with an arylalkyl
substituent was chosen.

The effect of the Pb(II) salt was not pronounced for
reactions run under standard conditions, except for a small
increase of regioselectivity (entries 1-3). However, upon
either decrease of catalyst loading (entries 4, 5) or concentra-
tion (entries 6, 7) beneficial effects became apparent. The
effects were similar for reactions usingL1, L2, andL3. In
general, Pb(II) salts improve reaction rate and regioselectivity
but give rise to small decrease of enantioselectivity.

In conclusion, we have demonstrated that asymmetric Ir-
catalyzed intramolecular aminations and etherifications pro-

(9) The absolute configuration of products2a and 2b was determined
by chemical correlation: ref 2 and: Koch, O. Dissertation, Universita¨t
Heidelberg, 2000. The absolute configuration of2c is assigned on the basis
of analogy.

(10) This reaction has also been carried out using Pd catalysts: Trost,
B. M.; Shen, H. C.; Dong, L.; Surivet, J.-P.J. Am. Chem. Soc.2003,125,
9276. Absolute configuration of6: Labrosse, J.-R.; Poncet, C.; Lhoste, P.;
Sinou, D.Tetrahedron: Asymmetry1999,10, 1069.

(11) The absolute configurations of the products4 are assigned on the
basis of analogy to the reactions leading to amines2a and2b (cf. ref 9).

(12) Cf. Rieck, H.; Helmchen, G.Angew. Chem., Int. Ed. Engl.1995,
34, 2687.

(13) The following additional salts were investigated: SnCl2, BiCl3,
CeCl3, and PbCl2.

Table 2. Ir-Catalyzed Sequential Allylic Amination/Cyclization Reactions Using Phosphorus AmiditesL1-L6 as Ligands (Solvent:
THF, Concentration: 0.5 M, rt)a

a All reactions were carried out on a 0.5 mmol scale using 1.3 equiv of nucleophile, 4 mol % of [Ir(COD)Cl]2, 8 mol % of ligand, and 2 h ofactivation
with TBD (16 mol %).b Combined yield of isolated products.c Ratio of isomers4t and4c, determined by1H NMR analysis of crude reaction mixtures.
d Determined by HPLC (column: Daicel Chiralcel OD-H, eluent:n-hexane/i-PrOH 99:1 (4at) or 99.9:0.1 (4bt), 250× 4.6 mm, 5µm, + guard cartridge
10 × 4 mm, 5µm, flow 0.5 mL/min) tR[(+)-4at] ) 7.1 min, tR[(-)-4at]) 8.1 min, tR[(+)-4bt] ) 8.5 min, tR[(-)-4bt] ) 11.0 min.

Scheme 3. Ir-Catalyzed Allylic Cyclization of Substrate5
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ceed with very high yields and enantioselectivities, using in
situ prepared Ir complexes of P,C-ligands derived from
phosphorus amidites. Intermolecular and sequential inter- and
intramolecular aminations yielding heterocycles with>99%
ee are also described.
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Table 3. Optimization of Reaction Conditions of Ir-Catalyzed Intermolecular Aminations (Solvent: THF, rt)a

entry additive mol % of [Ir(COD)Cl]2 ligand conc (M) time (h) yieldb (%) 8b/8lc % eed

1 none 4 L1 1 1.5 74 81:19 94
2 THT, 4 mol % of Pb(NO3)2 4 L1 1 0.75 77 84:16 91
3 THT, 4 mol % of Pb(OAc)2 4 L1 1 0.75 84 85:15 92
4 none 0.4 L1 1 168 0e

5 THT, 0.4 mol % of Pb(NO3)2 0.4 L1 1 72 83 81:19 95
6 none 4 L1 0.2 24 72 83:17 94
7 THT, 4 mol % of Pb(NO3)2 4 L1 0.2 1 71 83:17 94
8 none 4 L2 1 0.5 73 89:11 98
9 none 4 L2 0.2 3 72 86:14 95

10 THT, 4 mol % of Pb(NO3)2 4 L2 0.2 1.5 88 85:15 94
11 none 4 L3 1 0.75 65 86:14 98
12 THT, 4 mol % of Pb(NO3)2 4 L3 1 0.15 75 87:13 96
13 none 4 L3 0.2 5 83 84:16 98
14 THT, 4 mol % of Pb(NO3)2 4 L3 0.2 0.3 73 86:14 97
15 none 4 L4 1 1.5 73 88:12 98

a Catalyst preparation according to Table 1.b Combined yield of the isolated regioisomeric products.c Determined by1H NMR analysis of the crude
reaction mixture.d Determined by HPLC (columns: Daicel Chiralcel OD-H, eluent:n-hexane/i-PrOH 99:1, 250× 4.6 mm, 5µm, + guard cartridge 10×
4 mm, 5µm, flow 0.5 mL/min)tR[(-)-8b] ) 21 min, tR[(+)-8b]) 24 min. e No conversion detected by1H NMR analysis of the crude reaction mixture.
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