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Highly Enantio- and Diastereoselective
Hetero-Diels — Alder Reactions Catalyzed by
New Chiral Tridentate Chromium(11)
Catalysts**
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The formal hetero-Diels— Alder reaction (HDA) between
dienes and carbonyl compounds!'! has emerged as an impor-
tant target for asymmetric catalysis. Successes reported in this
area have involved the reaction of electron-rich dienes such as
1-methoxy-3-(trimethylsilyloxy)butadiene (Danishefsky’s di-
ene) and/or electron-deficient dienophiles such as glyoxylate
derivatives.’*l As yet, however, there exists no effective
method for asymmetric HDA reactions between less nucle-
ophilic dienes bearing fewer than two oxygen substituents and
unactivated carbonyl compounds [Eq. (1) and (2)]. This new
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class of asymmetric HDA reaction would provide a direct
route to enantiomerically enriched dihydropyran derivatives
from simple achiral starting materials, setting up to three
stereocenters in the cyclization and allowing ultimate access
to tetrahydropyran derivatives with five defined stereocenters
by elaboration of the resultant double bond. Herein we
describe highly effective chiral catalysts for these types of
HDA reactions.F!

Evaluation of tridentate Schiff base chromium(i) com-
plexes of the type 1a and 1b revealed catalysis of the HDA
reaction between (2Z, 4E)-triethylsilyloxy-2,4-hexadiene (4b)
and aldehydes 5a and 5b, affording tetrahydropyranones 6a
and 6b after desilylation (Scheme 1). In both cases, nearly
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Scheme 1. Hetero-Diels— Alder reaction between substituted hexadienes
4 and aldehydes 5. Bn=benzyl; Boc = tert-butoxycarbonyl; MS = molec-
ular sieve; TBAF = tetrabutylammonium fluoride.

perfect selectivity for the endo cyclization product (all-cis
configuration) was observed, in 80% and 57% ee, respec-
tively (Table 1, entries 1 and 2).l Chromium (i11) complexes 2a
and 2b, bearing the larger 1-ethyl-1-methylpropyl group,
retained the high diastereoselectivity exhibited by 1a and 1b
and provided an increase in ee, particularly in the case of
aliphatic aldehydes such as 5b (85% ee with catalyst 2b;
Table 1, entry 3).

As part of this examination of the relationship of catalyst
structure to reaction enantioselectivity, adamantyl-substituted
chromium(i) complex 3a was prepared from readily acces-
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Table 1. Catalytic enantioselective hetero-Diels— Alder reactions of alde-
hydes and trialkylsilyloxy-substituted 2,4-hexadienes.!]

Entry Diene Aldehyde Conditions® Catalyst Yield [%]  ee [%]1
1 4b Sa A 1b 50 80
2 4b 5b A 1b n.d. 57
3 4b 5b A 2b n.d. 85
4 4b 5b A 3a 88 98
5 4b 5b A 3b 93 98
6 4b Sa A 3a n.d. 65
7 4b Sa A 3b n.d. 81
8 4b Sa B 3b 72 (80)e! 90
9 4b 5b B 3a 90 99

10 4b 5b B 3b 97 >99

11 4b Sc B 3b 89 94

12 4b 5d A 3b 85 98

13 4b Se A 3b 78 98

14 4b  5f0 B 3b 78 (84)) 98

15 4b S5g B 3b 28 (31)kel 96

16 4b 5h B 3b 77 (86)l 95

17 4a 5d A 3b 81 98

18 4c 5d A 3b 93 96

19 4b 5d A 3b 77 94

[a] Unless noted otherwise, reactions were carried out with 1:1 diene and
aldehyde on a 1.0 mmol scale with 3mol% catalyst and powdered 4 A
molecular sieves for 16-40 h as outlined in Scheme 1. [b] A: No solvent
added. B: 200 uL acetone added. [c] Yields of isolated product after flash
column chromatography on silica gel. In cases where nonoptimal catalyst
combinations are described, yields of isolated product were not determined
accurately and are therefore not reported (n.d.). [d] Enantiomeric excesses
(ee) were determined by GC using a commercial (Cylcodex-$) column.
[e] Reaction did not reach complete substrate conversion after 40 h.
Numbers in parentheses correspond to substrate conversion upon work-up.
[f] Two equivalents of aldehyde used.

sible components (Scheme 2). Formylation of commercially
available 2-(1-adamantyl)-4-methylphenol (7) by standard
protocols,’! followed by Schiff base formation with cis-1-
amino-2-indanol® and metal ion complexation afforded the
Cr''Cl complex in good yield.[”) Counterion metathesis was
accomplished with AgSbF in tert-butyl methyl ether (TBME)
to yield the corresponding hexafluoroantimonate complex 3b.1"1

Adamantyl-substituted catalysts 3 provided a remarkable
increase in enantioselectivity in HDA reactions between
TBSOCH,CHO and diene 4b. For example, the reaction of
this diene and aldehyde pair yielded tetrahydropyranone 6b
in 88% yield, >95% de and 98% ee (Table 1, Entry 4). In
contrast, tetrahydropyranone 6 a was obtained in only 65 % ee
in the analogous HDA reaction with benzaldehyde (5a) when
chloride complex 3a was employed (entry 6). While the

Me
Me 1) SnCly, (CH,0),
2,6-lutidine
2) HyN OH N| OH
OH < \>:(
! OH 8
88% (two steps)
1) CrCl,
2) air
3) 2,6-lutidine AgSbFg
8 3a 3b
99% 99%

Scheme 2. Preparation of the chromium(iir) complex 3a.

Angew. Chem. Int. Ed. 1999, 38, No. 16

© WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1999

hexafluoroantimonate catalyst 3b proved somewhat more
enantioselective (81 % ee, entry 7),!l no further increase was
imparted by reducing the reaction temperature or by increas-
ing the amount of catalyst used.

Up to this point, all reactions had been evaluated under
solvent-free conditions, and a screen of common solvents led
to the unexpected discovery that significant enhancement in
enantioselectivity in the reaction with benzaldehyde could be
attained by the inclusion of acetone (90 % ee, entry 8). While
the use of this solvent reduces the reaction rate slightly, the
enhancement of enantioselectivity appears to be general for
aliphatic and aromatic aldehydes.l'”

With these reaction parameters identified, a variety of
aldehydes were screened with dienes 4a—d (Table 1). In all
reactions, the diastereoselectivity was greater than 95% in
favor of the endo cyclization product. Aliphatic and aromatic
aldehydes all underwent the HDA cycloaddition with very
high enantioselectivities (entries 4, 5, 8-19), using either
catalyst 3a or 3b. In most cases, reactions using hexafluoro-
antimonate catalyst 3b were faster and more enantioselective
than those in which chloride catalyst 3a was used (data with
catalyst 3a not shown). While the use of acetone as solvent
was generally beneficial, and critical in the case of aromatic
aldehydes, for some substrates use of the solvent-free
conditions proved satisfactory (e.g. entries 12, 13, 17-19).
All of the reactions were performed at ambient temperature
and required 4 A molecular sieves for optimal results.' The
identity of the trialkylsilyl group of the diene had only a slight
effect on the ee and yield of the cycloaddition product (entries
11, 17-19). Unfortunately, sterically hindered aliphatic alde-
hydes such as isobutyraldehyde and cyclohexanecarboxalde-
hyde did not undergo cyclization with the diene 4b under the
prescribed conditions.

The scope of HDA reactions catalyzed by 3a was evaluated
in the context of other substituted diene derivatives (Table 2).
Reaction of (2FE)-2-triethylsilyloxy-1,3-pentadiene (9) with
aldehyde 6b in the presence of catalyst 3a yielded the
corresponding tetrahydropyranone 10 in 78 % yield, 98 % ee,
and 98 % de (entry 1). The isomeric pentadiene 11 afforded
dihydropyranone 12 in high enantiomeric excess as well (entry
2). Reaction of 6b with 1-methoxybutadiene (13) in the
presence of catalyst 3a (0.5 mol%) also proceeded cleanly
and in >99% ee (entry 3).! Coupled with hydrolysis and
oxidation to the corresponding lactone 15, this method
provides highly efficient access to several interesting natural
product structures.!)

While it might be assumed that a very strong Lewis acid
might be required to catalyze such HDA reactions between
only moderately nucleophilic dienes and simple aldehydes, no
measurable complexation between catalysts 3 and the alde-
hydes used in this study could be detected by IR spectroscopy.
Indeed, the successful use of acetone as a solvent appears
inconsistent with a simple Lewis acid mechanism in these
reactions. Further studies are being directed toward elucidat-
ing the mechanism of catalysis with these new complexes, as
well as toward fully exploiting the synthetic potential of this
cyclization reaction.
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Table 2. Catalytic enantioselective hetero-Diels — Alder reactions of selected dienes and aldehydes with catalyst (1R,2S)-3a.l%]

Entry Diene Product Conditions/? Yield [% ]t ee [%]1
OTES (0]
X
98
1 | ﬁj B 78
Me Me 07 (2R,6R)1
o 10 OTBS
OTES (0]
Me Eﬁ Me
= - 91
2 | o7 A 50 (2R3R)1
11 12 OTBS
i )
. . >99
3 MeO Meo™ 0" | A n (28,6R)"!
13 14 OTBS

[a] All reactions were carried out as described in footnote [a, b] of Table 1. [b] The products were isolated by treatment with either TFA in CH,Cl, at 0°C or
with TBAF, AcOH, THF at 0°C followed by flash column chromatograhy on silica gel (supporting information). [c] ee values were determined by GLC
(Cylcodex-f column). The bases for assignments of relative and absolute configuration are described in the Supporting Information. [d] > 95% de. [e] 97% de.

Keywords: asymmetric catalysis « chromium - cycloaddi-
tions - Diels— Alder reactions - heterocycles
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