
Tetrahedron Letters 49 (2008) 6810–6811
Contents lists available at ScienceDirect

Tetrahedron Letters

journal homepage: www.elsevier .com/ locate / tet let
Improvement of the reactivity and selectivity of the oxo-Diels–Alder
reaction by steric modification of the salen–chromium catalyst

Wojciech Chaładaj a, Piotr Kwiatkowski a, Janusz Jurczak a,b,*

a Institute of Organic Chemistry, Polish Academy of Sciences, 01-224 Warsaw, Poland
b Department of Chemistry, Warsaw University, 02-093 Warsaw, Poland

a r t i c l e i n f o a b s t r a c t

0
Article history:
Received 12 August 2008
Revised 2 September 2008
Accepted 12 September 2008
Available online 17 September 2008
0040-4039/$ - see front matter � 2008 Elsevier Ltd. A
doi:10.1016/j.tetlet.2008.09.066

* Corresponding author. Tel.: +48 22 3432330; fax:
E-mail address: jurczak@icho.edu.pl (J. Jurczak).
Salen–chromium(III) complexes bearing sterically demanding substituents at the 3 and 3 positions are
applied for the oxo-Diels–Alder reaction of various aldehydes with Danishefsky’s diene. The readily-
accessible complex bearing a bulky 3-phenylpent-3-yl substituent revealed its potential affording the
cycloadducts with improved reactivity and excellent selectivities up to 96% ee, being considerably supe-
rior to the classic Jacobsen’s catalyst.
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Figure 1. Salen–chromium(III) complexes.
The oxo-Diels–Alder reaction is a very useful transformation in
synthetic organic chemistry.1 Using simple substrates—aldehydes
and butadienes—it enables a straightforward synthesis of a di-
hydropyran system, an extremely useful building block, bearing
up to three stereogenic centers. From the economical and environ-
mental points of view, asymmetric catalysis is a method of choice
for the preparation of enantio- and diastereomerically enriched
dihydropyrans, as it allows transduction of chiral information from
a catalyst molecule to a number of product molecules. Since the
pioneering works of Danishefsky and co-workers2 and Yamamoto
and co-workers3, numerous catalytic systems have been intro-
duced including BINOL,3a–d,4 bisoxazoline5 and salen6 complexes.

A decade ago, Jacobsen applied salen–chromium(III) complexes
as efficient catalysts for the reaction of Danishefsky’s diene with
aldehydes.6a Moreover, it was shown that the reaction proceeded
via a direct [4+2] cycloaddition, rather than by the Mukaiyama-al-
dol process. A modification of the classic Jacobsen catalyst by intro-
duction of the binaphthol-derived salicylaldehyde moiety was
introduced by Katsuki and co-workers.6b Berkessel and Vogl,6h on
the other hand, proposed a complex based on the rigid endo,en-
do-2,5-diaminonorbornane (DIANANE) backbone. In both cases,
the selectivities in reactions of Danishefsky’s diene were improved
with respect to Jacobsen’s catalyst 1a (Fig. 1).

Recently, both we7 and others8 have shown that enlargement of
the steric hindrance at position 3 of the salicylidene moiety of the
Jacobsen catalyst 1a has a beneficial effect on the selectivity of cyc-
loadditions and nucleophilic additions to aldehydes. In particular,
we have reported that introduction of an adamantyl group to the
structure of the chromium catalyst improved the diastereo- and
enantioselectivity of the hetero-Diels–Alder reaction of alkyl gly-
oxylate with cyclohexa-1,3-diene.7b Thus, we decided to extend
ll rights reserved.
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the scope of the procedure to the reaction of Danishefsky’s diene
with simple aldehydes. Unfortunately, in the model reaction with
benzaldehyde, catalyst 1b, which performed best in the cycloaddi-
tion of cyclohexadiene to n-butyl glyoxylate, gave very poor results
in terms of both yield and enantioselectivity (Table 1, entry 2).

In light of the above observations, we focused our attention on
the family of salen complexes 1c–e bearing dialkylbenzyl substitu-
ents at position 3 of the salicylidene moiety (Fig. 1). The catalysts
not only gave results comparable to 1b in cycloadditions of
cyclohexa-1,3-diene but also proved their efficiency in the high-
pressure addition of allylstannanes to simple nonactivated alde-
hydes.7a In fact, the modified complexes 1c–e gave stereochemical
results superior to the classic system 1a in the reaction of
Danishefsky’s diene 2 with benzaldehyde 3a (Table 1, compare en-
tries 1 and 3–5). It is noteworthy that the modified complex 1d
also produced slightly higher yields. The most sterically hindered
complex 1e produced much lower yields, which is consistent with
our previous observations.7b,7c
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Table 1
Performance of the modified catalysts in the model reaction of benzaldehyde with
Danishefsky’s dienea

H

O O

PhO
1. 2 mol% of catalyst

MTBE, MS 4Å
-30 ºC, 24 h

OMe

TMSO

3a2

Ph
+

2. TFA, CH2Cl2

Entry Catalyst Yield (%) eeb (%)

1 1a 84 86
2 1b 48 52
3 1c 84 93
4 1d 92 94
5 1e 33 93

a The reaction was carried out with 1 mmol of aldehyde, 1 mmol of Danishefsky’s
diene, 300 mg of 4 Å molecular sieves, and 2 mol % of the catalyst in 200 ll of
methyl t-butyl ether (MTBE) at �30 �C for 24 h.

b Determined by GC on a chiral capillary b-dex 120 column.
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The reaction conditions developed by Jacobsen et al. seemed to
be optimal, when 1c was used instead of 1a. Neither a change of
the solvent nor a change of the concentrations improved the re-
sults obtained. However, a decrease in the amount of the catalyst
to 1 mol % had a minor influence on the outcome of the reaction.
Further reduction of the amount of the catalyst to 0.5 mol %, de-
creased the yield slightly. The enantiomeric purity of the product
obtained was independent of the amount of catalyst.

To show the catalytic efficiency and versatility of the modified
catalysts, complex 1d was compared with the classic catalyst 1a
Table 2
A comparison of the modified catalyst 1d with the classic 1a in the reactions of
various aldehydes with Danishefsky’s dienea

H

O O

RO
1. 2 mol% of catalyst

MTBE, MS 4Å
24 h

OMe

TMSO

3a-f
2

R
+

2. TFA, CH2Cl2

3a
3b
3c

3d
3e
3f

R= Ph
R= 2-Furyl
R= 2-Thienyl

R= Cyclohexyl
R= n-Pentyl
R= PhCH=CH

Entry Aldehyde Temperature (�C) Catalyst Yieldb (%) eec (%)

1 3a �30 1a 84 86
2 3a �30 1d 92 (87) 94
3 3b �10 1a 87 73
4 3b �10 1d 90 (86) 93
5 3c �30 1a 79 87
6 3c �30 1d 81 95
7 3d �20 1a 69 92
8 3d �20 1d 72 96
9 3e �40 1a 55 86

10 3e �40 1d 67 90
11 3f 0 1a 64 68d

12 3f 0 1d 76 89d

a The reaction was carried out with 1 mmol of the aldehyde, 1 mmol of Dani-
shefsky’s diene, 300 mg of 4 Å molecular sieves, and 2 mol % of the complex 1a or
1d in 200 ll of MTBE for 24 h.

b Isolated yields. Values in parentheses refer to the reaction carried out with
1 mol % of 1d

c Determined by GC on a chiral capillary b-dex 120 column.
d Determined by HPLC on a Chiralpak OD-H column.
in the reactions of various aldehydes, viz aromatic 3a–c, aliphatic
3d–e, and unsaturated 3f.9 In all cases, catalyst 1d gave results
superior to 1a in terms of both yield and enantioselectivity (Table
2). The best improvement in enantioselectivity was achieved for
furfural 3b and cinnamaldehyde 3f as substrates (an increase from
73% to 93% ee and from 68% to 89% ee, respectively). As previously
mentioned, the reaction can be carried out with as little as 1 mol %
of catalyst with the same selectivity and at only a slight cost to the
yield (Table 2, entries 2 and 4, yields in parentheses).

Additionally, the complex 1d gave results comparable to those
reported by Katsuki for (salen)Cr(III) catalysts with the salicylalde-
hyde moiety derived from a chiral binaphthol subunit.6b The
catalyst 1d also proved to be superior to the catalyst with an
endo,endo-2,5-diaminonorbornane backbone (DIANANE) designed
by Berkessel,6h giving slightly better yields and enantioselectivities
with a significantly lower catalyst loading, 1 mol % versus 4 mol %.
It is worth mentioning here that our catalyst is easily synthesized
from inexpensive materials, compared to the above mentioned
complexes.7a

In conclusion, we have shown that the readily available steri-
cally-modified catalyst 1d exerted a higher reactivity and selectiv-
ity in the reaction of Danishefsky’s diene with aldehydes compared
with the classic Jacobsen catalyst.

Acknowledgments

Financial support from the Ministry of Science and Higher Edu-
cation (Grant PBZ-KBN-118/T09/16) and from the Foundation for
Polish Science (individually for P.K.) is gratefully acknowledged.

References and notes

1. For recent reviews, see: (a) Jørgensen, K. A. Angew. Chem., Int. Ed. 2000, 39, 2398;
(b) Cycloaddition Reactions in Organic Synthesis; Kobayashi, S., Jørgensen, K. A.,
Eds.; Wiley-VCH: Weinheim, 2002.

2. (a) Bednarski, M.; Maring, C.; Danishefsky, S. Tetrahedron Lett. 1983, 24, 3451;
(b) Bednarski, M.; Danishefsky, S. J. Am. Chem. Soc. 1983, 105, 6968; (c)
Bednarski, M.; Danishefsky, S. J. Am. Chem. Soc. 1986, 108, 7060.

3. For examples, see: (a) Maruoka, K.; Itoh, T.; Araki, Y.; Shirasaka, T.; Yamamoto,
H. Bull. Chem. Soc. Jpn. 1988, 61, 2975; (b) Maruoka, K.; Hoshino, Y.; Shirasaka, T.;
Yamamoto, H. Tetrahedron Lett. 1988, 29, 3967; (c) Maruoka, K.; Itoh, T.; Araki,
Y.; Shirasaka, T.; Yamamoto, H. J. Am. Chem. Soc. 1988, 110, 310; (d) Maruoka, K.;
Concepcion, A. B.; Yamamoto, H. Bull. Chem. Soc. Jpn. 1992, 65, 350; (e) Gao, Q.;
Maruyama, T.; Mouri, M.; Yamamoto, H. J. Org. Chem. 1992, 57, 1951; (f) Gao, Q.;
Ishihars, K.; Maruyama, T.; Mouri, M.; Yamamoto, H. Tetrahedron 1994, 50, 979.

4. For examples, see: (a) Keck, G. E.; Li, X.-Y.; Krishnamurthy, D. J. Org. Chem. 1995,
60, 5998; (b) Graven, A.; Johannsen, M.; Jørgensen, K. A. Chem. Commun. 1996,
2373; (c) Mikami, K.; Terada, M.; Motoyama, Y.; Nakai, T. Tetrahedron:
Asymmetry 1991, 2, 643; (d) Motoyama, Y.; Terada, M.; Mikami, K. Synlett
1995, 967.

5. For examples, see: (a) Johannsen, M.; Jørgensen, K. A. J. Org. Chem. 1995, 60,
5757; (b) Yao, S.; Johannsen, M.; Jørgensen, K. A. J. Chem. Soc., Perkin Trans. 1
1997, 2345; (c) Desimoni, G.; Faita, G.; Righetti, P. P.; Sardone, N. Tetrahedron
1996, 52, 12019.

6. (a) Schaus, S. E.; Brånalt, J.; Jacobsen, E. N. J. Org. Chem. 1998, 63, 403; (b) Aikawa,
K.; Irie, R.; Katsuki, T. Tetrahedron 2001, 57, 845; (c) Kwiatkowski, P.;
Asztemborska, M.; Caille, J.-C.; Jurczak, J. Adv. Synth. Catal. 2003, 345, 506; (d)
Malinowska, M.; Kwiatkowski, P.; Jurczak, J. Tetrahedron Lett. 2004, 45, 7693; (e)
Kwiatkowski, P.; Asztemborska, M.; Jurczak, J. Tetrahedron: Asymmetry 2004, 15,
3189; (f) Kwiatkowski, P.; Asztemborska, M.; Jurczak, J. Synlett 2004, 1755; (g)
Kwiatkowski, P.; Chaładaj, W.; Malinowska, M.; Asztemborska, M.; Jurczak, J.
Tetrahedron: Asymmetry 2005, 16, 2959; (h) Berkessel, A.; Vogl, N. Eur. J. Org.
Chem. 2006, 5029.

7. (a) Kwiatkowski, P.; Chaładaj, W.; Jurczak, J. Synlett 2005, 2301; (b) Chaładaj, W.;
Kwiatkowski, P.; Jurczak, J. Synlett 2006, 3263; (c) Chaładaj, W.; Kwiatkowski, P.;
Jurczak, J. Tetrahedron Lett. 2007, 48, 2405.

8. (a) Huang, Y.; Iwama, T.; Rawal, V. H. J. Am. Chem. Soc. 2002, 124, 5950; (b)
Hutson, G. E.; Dave, A. H.; Rawal, V. H. Org. Lett. 2007, 9, 3869.

9. Our results with catalyst 1a were in good agreement with those published by
Jacobsen and co-workers (Ref. 6a).


	Improvement of the reactivity and selectivity of the oxo-Diels-Alder oxo-Diels-Alder  reaction by steric modification of the salen-chromium salen-chromium catalyst
	AcknowledgementsAcknowledgments
	References and notes


