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Hetero-Diels—Alder reactions of Brassard diene with aromatic aldehydes were carried out smoothly in the presence of titanium(lV) tridentate
Schiff base complexes to give the corresponding chiral d-lactones in high enantioselectivities (up to 99% ee) under mild conditions.

As one of the most powerful reactions in organic synthesis, based on a HDA reaction of Brassard diete (Figure 1)
the catalytic asymmetric hetero-Dielalder (HDA) reac- with suitable aldehydes or ketones.
tion! provides an effective protocol for preparing optically

active six-membered ring compounds, dihydropyrans, dity- |

dropyranones, ettChiral 5,6-dihydropyran-2-one at,j3-

unsaturated-lactone derivatives are key structural subunits OTMS OTMS
of natural products with a wide range of biological activity, “ “OMe Z OEt
such as antifungal and antitumor. Thus, synthetic methodol- MeO EtO

ogy of 6-lactones has been an area of intense research efforts. 1a 1b

Many methods have been developed, such as the annulation ]
of open-chained precursofshe derivatization from a 2,3-  Figure 1. Structures of Brassard dienéa,b.
dihydropyran-4-oné%“¢ and the two-step addition reaction

O,f ene to dicarbonyl compound_%.From the synthe‘qc The reactions of Brassard diene with aliphatic aldehydes
viewpoint, one of the most convenient waysitéactones is in the presence of Eu(hfgjvere performed smoothly in high
enantioselectivity.However, the enantioselective approach
! Sichuan University. of Brassard diene with aromatic aldehydes only gave a

* Chengdu Institute of Biology. . e . . .
(1) For some recent reviews on the hetero-Digider reaction, see: disappointing result; the enantiomeric excess (ee) value

(a) Corey, E. JAngew. Chem., Int. E002,41, 1650. (b) Nicolaou, K. obtained was less than 5%As the Brassard diene is prone

C.; Snyder, S. A.; Montagnon, T.; Vassilikogiannakis, Aigew. Chem., : . . .
Int. Ed.2002,41, 1668. (c) Jgrgensen, K. Angew. Chem., Int. EQ000, to belng deStroyed by L8W|§ acids, reC_emIY a km_d of
39, 3558. (d) Johnson, J. S.; Evans, D.Akc. Chem. Re2000,33, 325. polymer-supported Brassard di€hgas used in this reaction

10.1021/0l049364c CCC: $27.50  © 2004 American Chemical Society
Published on Web 06/02/2004



for a racemics library. As known, however, there is little
research on Brassard diene in the HDA reaction, and no

effective catalytic asymmetric system has been reported for Ph, Ph
the cycloaddition reaction of Brassard diene with aromatic =N oH
aldehydes. -

. . . H . . 2 —_— N 1

BINOL and its derivativegdem7a¢ chiral C,- symmetric R OH N O
bisoxazolines'9 and Schiff-base ligand¥4¢ "' such as R tBu OH
salen ligands, aminoindanol-derived Schiff base ligand, and 22 R'= £Bu. R?=£BU
Nobin-derived Schiff base ligand, complexed with suitable 2b, R'= £Bu, R%=Me tBu
metals such as aluminum, chromium, titanium, and other 2¢, R'=t-Bu, R%=H 2f
transition metals or nonmetals such as boron, have been 2d, R'=H, R%*=H
2e, R'= 1-Adamantanyl, R%=t-Bu

successfully applied in the enantioselective HDA reaction.
The tridentate Schiff base ligands derived frobiR(2S)-2-
amino-1,2-diphenylethanol complexed with titanium have
been used in the reactions of asymmetric cyanosilylation of
aldehyde® and asymmetric oxidation ¢ért-butyl disulfides®

(2) For some recent works on the hetero-Diefdder reaction, see: (a)
Juhl, K.; Jgrgensen, K. AAngew. Chem., Int. E2003, 42, 1498. (b)
Audrain, H.; Thorhauge, J.; Hazell, R. G.; Jargensen, KJ.AOrg. Chem.
2000,65, 4487. (c) Thorhauge, J.; Johannsen, M.; Jgrgensen, Kngew.
Chem., Int. Ed1998,37, 2404. (d) Yamashita, Y.; Saito, S.; Ishitani, H.;
Kobayashi, SJ. Am. Chem. So2003 125, 3793. (e) Yamashita, Y.; Saito,
S.; Ishitani, H.; Kobayashi, $rg. Lett.2002,4, 1221. (f) Chavez, D. E.;
Jacobsen, E. NOrg. Lett.2003,5, 2563. (g) Joly, G. D.; Jacobsen, E. N.;
Org. Lett.2002,4, 1795. (h) Du, H.-F.; Ding, K.-LOrg. Lett. 2003, 5,
1091. (i) Long, J.; Hu, J.-Y.; Shen, X.-Q.; Ji, B.-M..; Ding, K.-I. Am.
Chem, So0c2002, 124, 10. (j) Yuan, Y.; Li, X.; Ding, K.-L.Org. Lett.
2002,4, 3309. (k) Wang, B.; Feng, X.-M.; Cui, X.; Liu, H.; Jiang, Y.-Z.
Chem. Commur002, 1605. (I) Wang, B.; Feng, X.-M.; Huang, Y.-Z,;
Liu, H.; Cui, X.; Jiang, Y.-Z.J. Org. Chem2002,67, 2175. (m) Huang,
Y.-Z.; Feng, X.-M.; Wang, B.; Zhang, G.-L.; Jiang, Y.-Bynlett2002,
2122.

(3) (a) Bindeseil, K. U.; Zeeck, AHelv. Chem. Actd 993,76, 150. (b)
Boyer, F. E.; Prasad, J. V. N. V.; Domagala, J. M.; Ellsworth, E. L.; Gajda,
C.; Hagen, S. E.; Markoski, L. J.; Tait, B. D.; Lunney, E. A.; Palovsky, A.;
Ferguson, D.; Graham, N.; Holler, T.; Hupe, D.; Nouhan, C.; Tummino, P.
J.; Urumov, A.; Zeikus, E.; Zeikus, G.; Gracheck, S. J.; Sanders, J. M.;
Roest, S. V.; Brodfuehrer, J.; lyer, K.; Sinz, M.; Gulnik, S. V.; Erickson,
J. W.J. Med. Chem?2000,43, 843. (c) Harris, J. M.; O’'Doherty, G. A.
Tetrahedron Lett2000,41, 183. (d) Yasui, K.; Tamura, Y.; Nakatani, T.;
Kawada, K.; Ohtani, MJ. Org. Chem1995,60, 7567.
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Mulzer, J.; Qnler, E.Chem. Re»2003,103, 3753. (b) N'’Zoutani, M.-A;
Pancrazi, A Ardisson, Synlett2001, 769. (c) Chakraborty, T. K; Tapadar
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61, 2975. (b) Maruoka, K.; Itoh, T.; Shirasaka, T.; Yamamoto,JHAm.
Chem. Soc1988 110, 310. (¢) Ooi, T.; Uraguchi, D.; Kagoshima, N.;
Maruoka, K.J. Am. Chem. Sod 998,120, 5327. (d) Simonsen, K. B;
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A.; Barnes, D. M.; Johnson, J. S.; Lectka, T.; Matt, P.; Miller, S. J.; Murry,
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J.; Hazell, R. G.; Jagrgensen, K. A. Org. Chem.2000, 65, 4487 and
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Figure 2. Chiral ligands (2a—f) used in this paper.

Herein we describe an example of a highly enantioselective
HDA reaction of Brassard diene with aromatic aldehydes
catalyzed by titanium(IV) tridentate Schiff base complexes
(Figure 2, Scheme 1).

Scheme 1. Hetero-Diels—Alder Reactions of Brassard Diene
with Aldehydes

OTMS 0
Z > OEt o 1) 2a-Ti(OiPr),, 0°C, 72h | (o)
+
EtO R 2) TFA EtO R
1b 3a-l
Ph Ph 90-99% ee
24-87% yield
~N  OH
t-Bu OH
t-Bu
(1R 2S)-2a

Considering the stability of Brassard diene, the methoxy
group of Brassard dienga was replaced with the ethoxy
group to dienelb. Although there is only a small change in
the structure, diené&b is more stable and easier to purify
than 1la and is synthesized easily through the Brassard
proceduré.

Our studies started with benzaldehyée, toluene, 0°C,
and 72 h as test substrate, ligand, solvent, reaction temper-
ature, and reaction time, respectively. Several metals, such
as EpZn, AlEts, ELAICI, TiCly, Zr(OiPr), Ti(OiPr),Cl,, and
Ti(OiPr)s, were screened in the initial experiments. Most of
them gave an ee value less than 33%. Only TR{Q@ can
give a high ee, up to 93%. It was indicated that the
counterions could decide the asymmetric induction capability
of chiral catalysts in the HDA reactidtfSome additives, such
as 4 A MSkm7 and acid8 applied successfully in the HDA

(8) () Jiang, Y.-Z.; Zhou, X.-G.; Hu, W.-H.; Wu, L.-J.; Mi, A.-Q.
Tetrahedron: Asymmetrd995,6, 405. (b) Cogan, D. A;; Liu, G.-C.; Kim,
K.; Backes, B. J.; Ellman, J. Al. Am. Chem. S0d.998,120, 8011.

(9) (a) Evans, D. A.; Murry, J. A.; Matt, P.; Norcross, R. D.; Miller, S.
J. Angew. Chem., Int. EAL995,34, 798. (b) Ghosh, A. K.; Matsuda, H.
Org. Lett.1999,1, 2157. (c) Adam, W.; Roschmann, K. J.; Saha-Mdller,
C. R.; Seebach, Dl. Am. Chem. So2002,124, 5068.
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reaction previously, were added to the system, but there9). The catalyst loading can be reduced to 5 mol % without
followed much worse results. Whet A MS andbenzoic loss of enantioselectivity, and the yields were decreased
acid were used, the ee decreased sharply from 93% to 76%slightly, from 76% to 71% (Table 1, entries 9 and 13).
and 74%, respectively. Perhaps the different structure of However, when 1 mol % catalyst loading was used, the
Brassard diene with Danishefsky’s diene is the key reason.enantioselectivity was reduced to 78% and the yield was
Togni speculated that double substitution at the terminus haddecreased sharply to 20%. Extensive screening showed the
deleterious consequences upon the enantioselectivity of thisoptimized catalytic system as 5 mol 2&a-Ti(OiPr), 0.25
cycloaddition reactiofi¢ M aldehyde, 1.5 equiv of diene in 1 mL of GEl, at 0°C.

By using the prescribed conditions to survey the chiral ~Encouraged by the result obtained for the benzalde-

induction of these ligands &-f), the results (Table 1, entries hyde, we investigated the enantioselective HDA reaction of
Brassard diene with a variety of other aromatic aldehydes

_ catalyzed by titanium(lV)-ligan@a complex, all of which
gave rise to products with high enantioselectivities (up to

Table 1. Catalytic Enantioselective HDA Reactions of 99% ee, Table 2). As can be seen from data for the reactions
Brassard Diene with Benzaldehyde

entry ligand (mol %) (°C) solvent (%) (%)° ] ] ]
Table 2. Asymmetric Hetero-Diels—Alder Reaction of

1 2a 20 0 toluene 58 92 Brassard Diene with Aromatic Aldehydes Promoted by Ligand

2 2b 20 0 toluene 43 81 252

3 2c 20 0 toluene 45 76

4 2d 20 0 toluene 35 64 entry aldehyde yield (%)P ee (%)°

5 2e 20 0 toluene 54 85 1 benzaldehyde 71 93

6 2f 20 0 toluene 48  47¢ 2 m-methoxy-benzaldehyde 45 96

7 2a 20 0 THF 46 61 3 o-methyl-benzaldehyde 24 92

8 2a 20 0 EtO 42 89 4 m-methyl-benzaldehyde 53 93

9 2a 20 0 CHLCl; 76 93 5 p-methyl-benzaldehyde 36 90

10 2a 20 23 CHCI, 74 81 6 o-chloro-benzaldehyde 70 929

11 2a 20 —20 CHCly 48 94¢ 7 m-chloro-benzaldehyde 70 90

12 2a 10 0 CHxCl, 73 93 8 p-chloro-benzaldehyde 87 97

13 2a 5 0 CHCl; 71 93 9 p-fluoro-benzaldehyde 53 93

14 2a 1 0 CHXCl; 20 78° 10 p-cyano-benzaldehyde 61 90

aAll reactions were performed with benzaldehyde (1 mmol) and Brassard 11 p-nitro-benzaldehyde 56 o1
diene (1.5 mmol) in 1 mL of solvent for 72 R Catalysts were composed 12 2-naphthyl-aldehyde 61 96
of a 1.1:1 molar ratio of ligands to Ti(OiRr)° Enantioselectivities were . . .
determined by HPLC, using commercially Chiralpak AD-H colurfiithe 2 All reactions were performed in 1 mL of GBI with aldehyde (0.25
product has a reverse configuration compared to the othBmaction time mmol) and Brassard diene (0.375 mmol), in the presence of 0.0125 mmol
is 7 days. of Ti(OiPr); and 0.01375 mmol oRa at 0 °C for 72h.? Isolated yield.

¢ Enantioselectivities were determined by HPLC, using commercially
Chiralpak AD-H column or Chiralcel OJ column (entries 2 and 5).

1-6) showed that thertho groups of phenol hydroxy in
the ligand impact strongly the enantioselectivity of the of substituted benzaldehydes, there are significant electronic
catalyst. The bulkieortho group, such asert-butyl, can  and steric effects of aromatic ring groups on reactivity. With
achieve a high ee value (Table 1, entry. However,  the enhancement of a groups’ electron-donating capability
adamantanyl resulted in a lower enantioselectivity (Table 1, from CI, CHs, to OCH, the reactivity is reduced (Table 2,
entry 5). This can be attributed to its large steric hindrance. entries 7, 4, and 2). With the enhancement of a groups’
It was obvious that a suitable group in the ligand can enhanceelectron-withdrawing capability from CI, CN, to NOthe
the match between substrate and catalyst and therefore resufieactivity is also reduced (Table 2, entries 8, 10, and 11).
in higher enantioselectivity, but ligarf would not perform  Therefore, appropriate electron-withdrawing groups of sub-
the reaction with high enantioselectivity. It maybe partly stituted benzaldehydes can give higher enantioselectivities
attributed to the less flexible five-membered ring structure and yields (Table 2, entries 6 and 8); the stronger electron-
of 2f; moreover, Ti was an inappropriate metal to the withdrawing groups resultin a drop in yield (Table 2, entries
Jacobsen’s catalyé® in which the central metal was Cr. 9—-11) and the electronic-donating groups generally show
Solvent survey revealed that toluene,@&tand CHCI, lower reactivity (Table 2, entries-5). The reactions of
can provide products from the HDA reaction in high chlorine-substituted benzaldehydes with diehle were
enantioselectivities (Table 1, entries 1, 8, and 9) with 58%, carried out smoothly (Table 2, entries-8). Moreover, the
42%, and 76% vyield, respectively, but THF shows a strong metaposition of substituted benzaldehydes has more influ-
solvent effect in which a rather low ee was found (Table 1, ence on both reactivity and enantioselectivity tlwatho or
entry 7). Reaction temperature also influences the enantio-para position (Table 2, entries 2, 4, and 7). Condensed ring
selectivities of the HDA reaction of Brassard diene with aldehyde also shows high enantioselectivity with moderate
aldehydes (Table 1, entries-91). Both enantioselectivity  yield (Table 2, entry 12). In all cases, the reactions proceeded
and yield can be achieved smoothly at® (Table 1, entry ~ smoothly to give the desired lactones in high enantioselec-
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