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ABSTRACT

[ICOD)Cl],
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TBD = (I\:/L\I\/Nj L*=
H

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)CI] 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 ~ >99%
ee. New phosphorus amidites as well as improved conditions for intermolecular aminations are reported.

Ir-catalyzed asymmetric allylic substitutions at 3-monosub- [ N R EININEIEE

stituted 2-propenol derivatives have been studied with great  scheme 1. Ir-Catalyzed Allylic Cyclizations of Substrates

success over the past few yearEo probe the potential of la—c
these reactions for the preparation of medicinally interesting [IHCOD)CIl, ,
N-heterocycles, the intramolecular amination of amire BONH 000 Me =122 w _
to give the piperidine derivative€b was studied (Scheme THF N
1).2 Enantiomeric excess of up to 91% ee was achieved. We lan=5 TBD = B 2an=5
have now developed an improved Ir catalyst and extended 1:2:3 (\N/j 222;?
the scope of the cyclizatioh — 2 to include as products N/)\N
pyrrolidine and azepane derivatives. Furthermore, due to
double stereoselection, essentially complete enantio- and

(1) (a) Lipowsky, G.; Miller, N.; Helmchen, GAngew. Chemint. Ed. diastereoselectivity could be achieved for the reacBon

2004 43, 4595. (b) Alexakis, A.; Polet, ODrg. Lett 2004 3529. (c) Tissot- i i i i i i i
Croset, K.; Polet, D.; Alexakis, AAngew. Chemint. Ed.2004,43, 2426. 4' Ir.]VOIVmg SEquemlal aIIyI|c aminations (SCheme 2)' This
(d) Shu, C.; Leitner, A.; Hartwig, J. Angew. Chem.nt. Ed. 2004,43, finding extends the work of Takemoto et &lwho have
4797. (e) Shu, C.; Hartwig, J. Angew. Chem.nt. Ed. 2004,43, 4794. accomplished cyclizations by sequential reactions of branched
(f) Fischer, C.; Defieber, C.; Suzuki, T.; Carreira, E. MAm. Chem. Soc.
2004,126, 1628.

(2) Welter, C.; Koch, O.; Lipowsky, G.; HelImchen, Ghem. Commun. (3) Miyabe, H.; Yoshida, K.; Kobayashi, Y.; Matsumura, A.; Takemoto,
2004, 896. Y. Synlett2003, 1031.
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Scheme 2. N-Heterocycles via Sequential Ir-Catalyzed Allylic 0.5 [ICOD)CI]; + La

Aminations { Lb,
) RNH, (DI La_base (1)
ﬂ [Ir(COD)CI, )” * "'4
x L* TBD, THF /[ \ J N "\\
R K1
3 an=5hbn= 4c

Using the phosphorus amiditel as ligand, the intramo-
. : . . o lecular allylic amination of carbonatdéb according to
bis-allylic substrates with primary amines; they used an Scheme 1 under standard conditions (4 mol % of iridium, 4
achiral catalyst and obtained mixtures @s- and trans- mol % of ligand, 8 mol % of TBD) gave (R)-N-benzyl-2-

isomers. _ o vinylpiperidine @b) in 93% yield and an enantiomeric excess
Ir catalysts for the allylic substitution are usually prepared of 91% ee (Table 1, entry 7)

by combining [Ir(COD)CI} with an electron-poor ligand in

a 1:2 molar ratio. Since 1999phosphorus amiditeshave

been the preferred ligands (Figure 1). Previously, ligahd _
was mostly used. Very recently, slightly superior results with Table 1. Ir-Catalyzed Allylic Cyclizations of Substratdsa—c
respect to enantioselectivity have been obtained watpc ~ According to Scheme 1 Using Phosphorus Amiditds-L6 as

andL3.1¢ Ligands (Solvent: THF, Concentration: 1 M,t)
entry substrate ligand time? (h) product yield®(%) % ee?
1 la L1 1 2a 89 92
2 la L2 0.5 2a 70 97
3 la L3 0.3 2a 94 97
4 la L4 1 2a 95 95
OO 5 la L5 1 2a 86 96
6 la L6 1 2a 89 85
OO 7 1b L1 1 2b 93 91
8 1b L2 0.75 2b 99 94
1R =H 9 1b L3 0.25 2b 64 97
L2 R = OCH3 10 1b L4 3.5 2b 83 90
11 1b L5 1 2b 92 96
12 1b L6 0.75 2b 87 84
OO OO 13 1c L1 4 2¢ 76 93¢
14 1c L2 1 2¢ 69 97
OO OO >>j 15 1le L3 1 2¢ 74 97
Me a All reactions were carried out on a 0.5 mmol scale using 2 mol % of

Lsn=7 [Ir(COD)CI]2, 4 mol % of ligand, and 2 h of activation with TBD (8 mol
Len=1 %). P Reaction time¢ Yield of isolated productd Determined by HPLC
. . . . (column: Daicel Chiralcel OD-H, eluenta-hexane/i-PrOH 99.9:0.1, 250

Figure 1. Ligands used in this work. x 4.6 mm, 5um, + guard cartridge 10< 4 mm, 5um, flow: 0.5 mL/
min), tg[(S)-2a] = 11 min,tg[(R)-2a] = 28 min,tg[(S)-2b] = 11 min,tr[(R)-
2b] = 14 min). ® Determined by GC (Chrompack permetiiytyclodextrin,
Cp-cyclodextrin-B-236-M-19 (25 nx 0.25 mm), 120C isotherm, injection
A very important aspect of Ir-catalyzed allylic substitutions temperature 206C, tx[(S)-2¢] = 54 min, t[(R)-2c] = 56 min).

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 bds&y The rate of the cyclization was similiar to that of a
treatment of a solution of [Ir(COD)Cl]and ligand (molar comparable intermolecular amination (Table 3, entry 1).
ratio 1:2) in THF with TB¥ (Scheme 1) or DABCH® a Under otherwise identical reaction conditions, increased
particularly active catalyst of typ&K2 (La = Lb = enantiomeric excess of up to 97% ee was obtained using
phosphorus amidite) (eq 1) is generated in situ. ligandsL2—L6 (Table 1, entries 7—12). It is apparent that
In the crystal structure of a complé with Lb = PPk an increase of steric bulk of the ligand leads to an increase

the residual 1-arylethyl group is located remote from the Ir of selectivity. With respect to assessment of reaction rates,
center®® Accordingly, the chirality of this group does not caution is required because catalysts are not stable under the
appear to be important, and we have therefore prepared areaction conditions; i.e., decrease of reaction time might be
new series of ligands (Figure 14—L6)7 containing a bulky a consequence of enhanced catalyst activity or catalyst

achiral substituent at nitrogén. stability.
(4) Bartels, B.; Helmchen, GChem. Commurl999, 741. (7) Ligands were prepared according to standard procedL2esfissot-
(5) Feringa, B.Acc. Chem. Re®000, 33, 346. Croset, K.; Polet, D.; Gille, S.; Hawner, C.; Alexakis, 8ynthesi®004,
(6) (a) Bartels, B.; Garcia-Yebra, C.; Rominger, F.; Helmcheri@. 2586.

J. Inorg. Chem.2002, 2569. (b) Kiener, C. A.; Shu, C.; Incarvito, C.; (8) Cf. also Leitner, A.; Shu, C.; Hartwig, J. Proc. Nat. Acad. Sci.

Hartwig, J. F.J. Am. Chem. So@003,125, 14272. U.S.A.2004,101, 5830.
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Table 2. Ir-Catalyzed Sequential Allylic Amination/Cyclization Reactions Using Phosphorus Amidite$.6 as Ligands (Solvent:
THF, Concentration: 0.5 M, /&)
entry substrate ligand additive time (h) product yield® dr* %
(%) ee’
1 L1 none 9 79 91:9 99
2 L1 Pb(OAc),, THT 2 82 92:8 99
N A S Vi
3w oo 12 none 2 \’Q 796 955 599
4 3a L3 none 0.5 Bn 57 95:5  >99
5 L4 none i dat 50 964 >99
S ] LS nome .. L 59 973 99
7 L1 none 1.5 66 94:6 >99
8 J L2 none 0.5 Q\/Nj ~ T3 973 >99
9 L3 none 0.5 Bn 77 964 >99
10 Me0,C0 0C0:Me L4 none 0.5 4bt 61 955 >99
1 3b L5 none 0.5 67 964 >99
12 L6 none 3.5 62 88:12 >99

a All reactions were carried out on a 0.5 mmol scale using 1.3 equiv of nucleophile, 4 mol % of [Ir(CQI3@fbl % of ligand, ad 2 h ofactivation
with TBD (16 mol %).? Combined yield of isolated productsRatio of isomerstt and4c, determined byH NMR analysis of crude reaction mixtures.
d Determined by HPLC (column: Daicel Chiralcel OD-H, eluenthexane/i-PrOH 99:14@t) or 99.9:0.1 4bt), 250 x 4.6 mm, 5um, + guard cartridge
10 x 4 mm, 5um, flow 0.5 mL/min)tg[(+)-4at] = 7.1 min,tg[(—)-4at]= 8.1 min,tr[(+)-4bt] = 8.5 min,tg[(—)-4bt] = 11.0 min.

Cyclizations yielding pyrrolidin€a and azepangc also
proceeded smoothly (Table 1)¥or both reactions, results
with ligands L2 and L3 were practically identical and
superior to those achieved wittl. 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% eé? In this case, ligand.2
performed significantly better than ligarcB.

Scheme 3. Ir-Catalyzed Allylic Cyclization of Substratg
4 mol % [Ir(COD)CI],

S 8 mol % L*
©\/WOCOZMe 8 mol % TBD m
oH THF, 0.5 M, rt o
5 6 H
L*=L1 66% 93%ee
L*=L2 60% 95%ee
L*=L3 50% 88%ee

Next sequential inter- and intramolecular aminations of
bisallylic substrate8 according to Scheme 2 were studied
(cf. Table 2)!* Under the conditions described in Table 1
(4 mol % of catalyst per allylic moiety, THF, rt), theans-
productsAt were formed with fairly high diastereoselectivity

(9) The absolute configuration of produ@a and 2b was determined
by chemical correlation: ref 2 and: Koch, O. Dissertation, Univérsita
Heidelberg, 2000. The absolute configuratiorRofs 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.-B. Am. Chem. So2003,125,
9276. Absolute configuration &: Labrosse, J.-R.; Poncet, C.; Lhoste, P.;
Sinou, D.Tetrahedron: Asymmetr¥999,10, 1069.

(11) The absolute configurations of the produétare assigned on the
basis of analogy to the reactions leading to ami2@snd 2b (cf. ref 9).
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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 cataly3iLigand 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 alkylatidhg/e have shown
that a combinatioha = L1 andLb = tetrahydrothiophene
(THT) (cf. eq 1) with additional Cul yielded an extremely
active catalyst for allylic alkylation®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(l) 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(ll) salts in
combination with tetrahydrothiophene (THT) were found to
be most efficient in enhancing reaction rate. The results are
described in Table B As a substrate likely to be generally
representative, the allyl carbonafté with an arylalkyl
substituent was chosen.

The effect of the Pb(ll) salt was not pronounced for
reactions run under standard conditions, except for a small
increase of regioselectivity (entries-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 usihg, L2, andL3. In
general, Pb(ll) 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-

(12) Cf. Rieck, H.; Helmchen, GAngew. Chem., Int. Ed. Engl995,
34, 2687.

(13) The following additional salts were investigated: Sn@iCls,
CeC}, and PbGl.
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Table 3. Optimization of Reaction Conditions of Ir-Catalyzed Intermolecular Aminations (Solvent: THF, rt)

BnNH, (1.3 eq) NHBn
©W0002Me —>[I'_TCTOBE;)CT'E|F O/\)\/ . QAMNHBn
7 Additives 8b 8l
entry additive mol % of [Ir(COD)Cl]s ligand conc (M) time (h) yield® (%) 8b/81¢ % eed

1 none 4 L1 1 1.5 74 81:19 94

2 THT, 4 mol % of Pb(NOs)s 4 L1 1 0.75 77 84:16 91

3 THT, 4 mol % of Pb(OAc), 4 L1 1 0.75 84 85:15 92

4 none 0.4 L1 1 168 0

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(NOs)s 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(NOs3)e 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(NOg3)s 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(NOs3)s 4 L3 0.2 0.3 73 86:14 97
15 none 4 L4 1 1.5 73 88:12 98

aCatalyst preparation according to TablePTombined yield of the isolated regioisomeric produé®etermined by'H NMR analysis of the crude
reaction mixtured Determined by HPLC (columns: Daicel Chiralcel OD-H, eluenthexane/i-PrOH 99:1, 250 4.6 mm, 5um, + guard cartridge 16«
4 mm, 5um, flow 0.5 mL/min}g[(—)-8b] = 21 min, tr[(+)-8b]= 24 min.&No conversion detected by1 NMR analysis of the crude reaction mixture.

ceed with very high yields and enantioselectivities, using in mental assistance, Degussa AG for iridium salts, Dr. G. Egri
situ prepared Ir complexes of P,C-ligands derived from (Reuter Chemischer Apparatebau KG) f&)-BINOL, and
phosphorus amidites. Intermolecular and sequential inter- andDr. K. Ditrich (BASF AG) for enantiomerically pure
intramolecular aminations yielding heterocycles with9% 2-arylethylamines.

ee are also described.
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