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ABSTRACT
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Simple bis(oxazoline) ligands, especially azabis(oxazolines), can catalyze the copper-catalyzed addition of indoles to benzylidene malonates

in up to >99% ee, provided that excess of chiral ligand is avoided. The paradigm followed in many asymmetric catalyses that an excess of
chiral ligand with respect to the metal should improve enantioselectivity because a background reaction by free metal is suppressed, is not
applicable here, which might call for revisiting some of the many copper(ll) —his(oxazoline)-catalyzed processes known.

Asymmetric Friedet-Crafts alkylations of indoles have been demonstrated that copper(ll) complexes with bis(oxazolines)
recently of great interestlue to the high relevance of indole  1a can catalyze the asymmetric addition of indolesxig-
derivatives as privileged structures in pharmaceutical drugs.unsaturated ketoesters with enantioselectivities @8% ee?2
Among them, the coppetbis(oxazoline)-catalyzed enantio- using benzylidene malonates as substrates only proceeded
selective 1,4-addition of indoles toj-unsaturated carbonyl  with moderate selectivities (up to 69% ee) under the same
compounds plays a prominent role, representing a facile, reaction conditiond® Subsequently, Tang and co-workers
catalytic asymmetric process for this transformafidrvhile reported some improvements of the latter reaction with bis-
in the pioneering work of Jgrgensen and co-workers it was (oxazoline) ligandLb (Table 1, entry 2)but most importantly

(1) Leading review: Bandini, M.; Melloni, A.; Tommasi, S.; Umani- demons,trate,d in a number of elegapt S.tUdIeS that .tI’IS—
Ronchi, A. Synlett2005 1199. (oxazoline) ligands such &@were superior ligands for this

(2) (a) Jensen, K. B.; Thorhauge, J.; Hazell, R. G.; Jgrgensen, K. A. process, giving the addu@a with improved yields and
Angew. Chem., Int. Ed2001, 40, 160. (b) Zhuang, W.; Hansen, T Lo 0
Jorgensen, K. AChem. Commur2001, 347. (c) Yamazaki, S.; lwata, Y.  Selectivities up to 93% ee (Table 1, entry*4). pentacoor-

J. %r)g-zﬁhenjﬂoﬁa 71,Y 23;‘3 c 2004 43 dinated copper(Il) comple& was postulated as the decisive
ou, J.; Tang, em. Commu . . f . -

(4) (a) Zhou. J.: Tang, Y. Am. Chem. So2002 124, 9030. (b). Zhou, !ntermedlate to account for the hlgh selectn_nty. In summary,
J.; Ye, M.-C.; Huang, Z.-Z.; Tang, Yd. Org. Chem2004 69, 1309. (c) it was concluded from these studies that bis(oxazolines) are
(Z:hOI‘_J: i'a-? Yzeh ’V'-'j:-? sT ang)kYi- %Omb- %h%mm%‘hﬁ' 32()()165(d7)oyg'13"é' unsuitable ligands for the title reaction.

. LI, B, ou, J.; aun, A.-L.; Tang, . Org. em , .

(5) (a) Evans, D. A.; Scheidt, K. A.; Fandrick, K. R.; Lam, H. W.; Wu, We report here that the ligand/copper ratio is crucial for
JK'aerQ(mBFg?_méasrggog?,vl|'2_5|_iﬁggﬁoAf?%g?'gﬁgh.céoggggdfzﬁ'w" the selectivity of the title reaction and that under optimized
4154, reaction conditions conjugate additions with benzylidene
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’> ol parent ligand2b’ or its corresponding N-methylated deriva-
/L tive 2a(Table 1, entries 47), and it also exceeded the best

values obtained with any tris(oxazoline) so far. This was
er B ﬁj S ¥ w>\r 53 y trs( )

unexpected since the rigid aza(bisoxazoline) framework

Pr P r’ should not allow tridentate coordination involving the triazole
1a:R=Me 2a: R=Me, R' = /Pr moiety. This hypothesis was confirmed by the X-ray structure
To:R=H 2b:R=H,R'=Pr 3 of copper complex CuG# (Figure 1), proving that the
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malonates can be performed with copper complexes of simple Y . _p e
bis(oxazoline) and azabis(oxazoline) ligands in up to 99% 0‘\- ——0/0 € o r “e
e »
ee. d
Our investigation began with the finding that under O é

standard conditions (5 mol % of Cu(CJ@, 5.5 mol % of
ligand in an alcoholic solvent), azabis(oxazolidg)having Figure 1. X-ray structures of CuGi4 (left) and [Cu(CIQ),(CHz-

a triazole side arm, was able to catalyze under commonly CN)z+4]a (right); i-Pr, Ph, and Cl@groups are omitted for clarity.
employed conditions the transformation of indéleto 8a

with significantly higher enantioselectivity than that of the ) . ) )
centralized spnitrogen turns the triazole side arm out of

reach for coordination to the copper center. However, the
X-ray structure of the complex obtained frofnwith Cu-
(ClQOy), in acetonitrile revealed the ability of the triazole unit
to coordinate copper in an intermolecular fashion via a

Table 1. Dependence of Enantioselectivity on Copper(ll)/Metal
Ratios in the Asymmetric 1,4-Addition to Benzylidene

Malonates
second ligand molecule, resulting in a polymeric ligand
COOEt I(:‘glﬁg Ph,  COOE structure bridged by copper atoms.
©f\§ v = _ ] Consequently, we concluded that a bidentate bis(oxazoline)
N COOEt solvent, rt COOEt : : : - : -
N \ in combination with an external ligand such as a triazole
N should be sufficient to provide an effective chiral environ-
6a 7a ga ment for the asymmetric addition of indoles to benzylidene
malonates.
Cu/ligand Cu/ligand yield ee However, employing 1.1 equiv (based on copper) of
entry X in CuXs ligand  ratio mol % solvent (%) (%) triazole5 as an additive in combination with ligar2th, while
v OTf la  1/12 10/12 iBuOH 85 179 showing some benefit compared to IigaZinia_Ione (e_ntrigs
2  OTf b 111  10/11 i-BuOH 99 82d 7 and 8), could not equalize the result obtained with ligand
3¢ OTf 1b  1/1.1 10/11 EtOH 94 76 4 (entry 5).
4% OTf 3 1/1.2 10/12  i-BuOH 90 93 This observation suggested an alternative mechanism for
5 ClOy4 4 1711 4.5/5.0 EtOH 93 95 the title reaction: While coordination by three nitrogen
6 ClOy 2a V11 45650 EtOH 8 70 ligands to copper might represent a resting state of the

7 ClOy 2b 1711 45/5.0 EtOH 85 66
8 ClO4 2b 111 45/5.0 EtOH 92 81
9 ClOy4 2c 1/1.3 3.8/6.0 EtOH 90 87

catalyst, to reach the active species one of the nitrogen
ligands has to dissociate off first. If bis(oxazoline) ligands

10 ClO, 2 1104 4850 EtOH 96 95 are employed (Table 1, entries 1, 2, and6}, the excess

11 OTf 2b  1/1.3 3850 FEtOH 98 81 ligand used might provide a third oxazoline moiety for
12 OTf 2b 1/1.1 45/50 EtOH 93 85 coordination, and if subsequent dissociation of one of the
13 OTf 2b  1/1.04 4.8/5.0 EtOH 97 >99 chelating oxazoline moieties occurs to create a species such
14 OTf Zb 11 5.0/5.0 EtOH 90 98 as B, selectivity should be low (Figure 2). Having weaker
5 oTf  2b 1Ll 5550 EtOH 96 98 coordinating triazole moieties present would favor dissocia-

16 OTf 2b 1.3/1 6.5/5.0 EtOH 95 91
17 OTf 7.5/0 EtOH 90 0
18 OTf la 1/1.04 4.8/5.0 EtOH 89 99

tion of that moiety, resulting in a species sucltCathat gives
rise to high selectivity.

aDetermined by HPLC? Taken from ref 4d¢ Taken from ref 4cd 75% (6) Gissibl, A.; Finn, M. G.; Reiser, QOrg. Lett.2005 7, 2325.
yield, 93% ee at-25 °C. ©5.5 mol % of triazole5 was employed as an (7) (a) Glos, M.; Reiser, OOrg. Lett.200Q 2, 2045. (b) Werner, H.;
additive.f Obtained in three independent runs. Vicha, R.; Gissibl, A.; Reiser, Ql. Org. Chem2003 68, 10166. (c) Geiger,

C.; Kreitmeier, P.; Reiser, QAdv. Synth. Catal2005 347, 249.
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Table 2. Asymmetric Conjugate Addition between Indolés
and Benzylidene Malonatésat Room Temperatute

Ar,  COOEt

R
|
Y. Y. Y.
°X/°| ~ox -0 =an
S,N\ o] S/NbN, N,
C ;

N
= [ e, cyom:
Pii~N 0= pn Pro~N L P PP o o P Rl COOEt  2b R3 COOEt
& oy o v = - . A
X~ B X c A’ COOEt EtOH,20°C. N

AN
N
Ph H 8h
high enantioselectivity 6 7 8

yield ee
Figure 2. Mechanistic model for the asymmetric 1,4-addition to entry Ar R! (%) (%)°
benzylidene malonates. 1 Ph H 97 99
2 p-Me—Ph H 80 93
3 p-Cl-Ph H 91 98
Following this line of argument, the superior results 4 o-Br—Ph H 89 85
obtained withCs-symmetrical tris(oxazolined in comparison 5 p-NO2-Ph H 94 80
6 Ph OMe 80 90

with bis(oxazolines) can also easily be understood since
dissociation of any of the three oxazoline moieties should 24.8 mol % of Cu(OTf), 5.0 mol % of2b. ® Determined by HPLC.
result in a species of type.

With ligand 4, coordination of a third oxazoline moiety
by the excess of ligand might be prevented due to steric to benzylidene malonates provided thatess of ligand with
effects, which is exhibited by the benzyl substituent on the respect to copper metal employed ialed This observa-
triazole unit, again resulting in a species of typeagiving tion could also be significant for related asymmetric copper-
rise to the high selectivity observed in contrast to employing

gand 20 wih an extema tiazole additve I —

The rationale put forward above suggests that the ligand/ Table 3. Dependence of Enantioselectivity on Copper(llyMetal
. . AR - . i ivity
copper ratio might have a decisive influence on the selectivity Ratios in the Asymmetric Benzoylation of Diok-9

of the title reaction and, especially, that aaxcess of ligand

might be detrimental. This is quite in contrast to the usual Ph  PhPhCOCI(05equv) Ph Ph [ Ph  Ph
observation in asymmetric catalysis that an excess of chiral \_< . >_/
ligand is beneficial in order to avoid background reactions HO ~ OH CuCki26 5 oz \ HO  ©OH
by uncomplexed metal. Indeed, variation of the rati@lof ()0 g:f;’l‘z’(g(:gq‘s’“r’]) 10 (5,59)
copper showed a dramatic dependence on the enantioselec- ’

tivity of 8a, with the optimum being found when a ligand to Culigand  Cu/ligand 10 10
copper ratio of 1.04/1 is used (Table 1, entries-16). Even entry ratio mol % yield (%) e (%)
employing an excess of copper (entries 15 and 16) still gives 1 L5/1.0 7 5/5.0 6 )
respectable but somewhat inferior selectivities, giving further 11/1.0 5 5/5.0 4l 88
credit to the hypothesis of an intermedi@es the decisive 3 1.0/1.0 5.0/5.0 48 88
species for the catalytic process. A control experiment (entry 4 1.0/1.04 4.8/5.0 43 85
17) showed that the reaction proceeds well also in the 5 1.0/1.1 4.5/5.0 49 87

absence of ligand, clearly demonstrating that the overall 6 1.0/1.5 3.3/5.0 46 85
process is ligand accelerated. While we noticed a similar  a|spjated yield based on+{-9 (theoretical maximum yield 50%).
trend employing Cu(Clg), as the copper source (entries 9 " Determined by HPLC.
and 10), using Cu(OTf)gave better results and was therefore
used for all subsequent reactions. Finally, although we
generally obtain somewhat better results with the aza- (II) — and other metatbis(oxazoline) processes knofthat
(bisoxazoline) ligands, employing a copper/ligand ratio of follow the paradigm that a slight excess of chiral ligands is
1/1.04 also gives very high selectivities with bis(oxazoline) advantageous to achieve higher asymmetric inductions. Espec-
la(entry 18, cf. entries 1 and 3). ially in cases of reactions with substrates that only weakly
Applying this protocol for the reaction between other coordinate to the metal complex, making binding of an oxazol-
indoles and benzylidene malonates also gave good resultsine moiety from a second ligand a competitive process sug-
and with the exception of the strongly electron-deficient gests that metal/ligand ratios must be carefully assessed. On
p-nitro derivative (entry 5), presumably an especially weak the other hand, excess of bis(oxazoline) ligands in metal-
coordinating substrate for the coppdigand complex,  catalyzed reactions is clearly not always detrimental to
equaling or exceEding the selectivities obtained with tris- Se|ectivity_ For examp|e, the Coppermazabis(oxazcﬂine)_
(oxazolines¥ (Table 2).

In conclusion, simple copper(H)bls(oxa.zollne)' gomplgxes (8) (a) Desimoni, G.; Faita, G.; Jorgensen, K.Ghem. Re. 2006 106,
are excellent catalysts for the asymmetric addition of indoles 3561. (b) McManus, H. A.; Guiry, P. Them. Re. 2004 104, 4151.
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catalyzed asymmetric benzoylation of 1,2-diflseems to kolleg NANOCAT (Elitenetzwerk Bayern), and the Fonds
be indifferent both to excess ligand as well as to excess metalder Chemischen Industrie. Dr. M. Zabel, University of Regens-
(Table 3). burg, is acknowledged for carrying out the X-ray analyses.
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