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Two efficient new chiral copper (Il) Schiff base complexes were developed for the highly enantio- and
diastereoselective HDA reaction of Brassard type dilm&ith aldehydes, to afford the corresponding
5-methyl-containingy,S-unsaturated-lactone derivatives in moderate yields, high enantioselectivities
(up to 99% ee) and excellent diastereoselectivities (up to 99:1 anti/syn). On the basis of the absolute
configuration of4a—4j disclosed by X-ray diffraction and CD analysis, a possible transition-state model
for the enantio- and diastereoselective catalytic reaction has been proposed.

up to 99:1 anti/syn
up to 99 % ee

Introduction prelactone serie®; %5 have in common the 5-methyl-containing

_ .e,3a,4c,7
Chiral 5,6-dihydropyran-2-one @r,S-unsaturated-lactone ¢-lactone structural motf?

derivatives are key structural subunits of some natural products
with a wide range of biological activity,such as antifungal _ _ _
and antitumor activities. The synthesisdefactones has attracted Tgog?% 1519'1%21 S-(?d')\ﬂ\'/f/‘;tna;'vL'j'-'?:E?g;‘nag»g Kls@g:ga*r_%?{ %’gofzygéng‘i”y
a lot of qttent!on, and various methoq:_s have been (_jeveloped t0572_’(e’) Hermitaée, S. A l\/’Iur.bhy, A.: Roberts, 'S.'M)m'g. Med. Chem.
synthesize this core structure. In addition to annulation of open- Lett. 1998 8, 1635-1638. (f) Bouzbouz, S.; Cossy, Jetrahedron Lett.
chained precursofs,other methods such as the formation 300013353131673_13233%% (192)3?1”9(%' '\I}. A; Clgrrleiir?, FLE. I_l\ll.CAm._”Cherg.
: : H : b OcC. f . arion, r.; Fol, R. L.; Couriion, C.;
through vm;glogous a!dol'rea.ctloﬁsthe o>§|dat|on of lactof¥: Malacria, M. Synlett2001, 138-140. (i) Chakraborty, T. K.; Tapadar, S.
or hexose$¢ the derivatization from fj]hydmpyran()ﬁ'émr Tetrahedron Lett2003 44, 2541-2543. (j) Chakraborty, T. K.; Tapadar,
dihydropyran$? and the two-step addition reaction of ene to S. Tetrahedron Lett2001, 42, 1375-1377. (k) Hanefeld, U.; Hooper, A.
i i _ M.; Staunton, JSynthesid999 401-403. () Pirkle, W. H.; Adams, P. E.
dlcaLbor;1yl Compoundm?"e Z'SO bgenl d(f.velofpe‘j' Itis Inoti J. Org. Chem1978 43, 378-379. (m) Stritzke, K ; Schulz, S.; Nishida,
wort yt at many natural pro ucts, Inclu Ing, T1or examp e, the R. Eur. J. Org. Chem2002 3884-3892. (n) Liu, K.-G.; Yan, S.; Wu,
Y.-L.; Yao, Z.-J.J. Org. Chem2002 67, 6758-6763. (0) SolladieG.;
Gressot, L.; Colobert, Feur. J. Org. Chem200Q 357—364.
(3) (a) Bluet, G.; Baza-Tejeda, B.; Campagne, J.-NDrg. Lett.2001,
3, 3807-3810. (b) Moreau, X.; BdzaTejeda, B.; Campagne, J.-NL.Am.

(2) (a) Mulzer, J.; Ohler, EChem. Re. 2003 103 3753-3786. (b)
N’Zoutani, M.-A.; Pancrazi, A.; Ardisson, Bynlett2001, 769-772. (c)

TKey Laboratory of Green Chemistry and Technology.
* State Key Laboratory of Biotherapy.
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FIGURE 1. Structures of Brassard’s diedaand Brassard type diene
1b.

The catalytic asymmetric hetero-Dieldlder (HDA) reac-
tion® promoted by Lewis acids provides a highly effective
protocol for preparing optically active six-membered ring
compounds, and some effective catalysts have been devel-
oped!? As one of the most convenient approaches toatlfe
unsaturatedo-lactones, the HDA reaction of electron-rich
Brassard’s dierfé with suitable aldehydes or ketones provides

Lin et al.

TABLE 1. Hetero-Diels—Alder Reaction of 1b with Benzaldehyde
Catalyzed by 2e-Ti(OiPr)4 and TADDOL @

entry catalyst (mol %) yieki(%) anti/syri e€ (%)
1 2e-Ti(OiPr), (10) 55 59:41 43
2 TADDOL (20) 50 76:24 2

a All reactions were performed with benzaldehyde (0.25 mmol) and diene
1b (0.3 mmol) at 0°C for 72 h.?Isolated yield. Diastereoselectivities
and enantioselectivities were determined by HPLC, with a chiralpak AD-H
column.

been reporteét although the first example emerged in 1990
(5—13% enantiomeric excess (e&))The direct approach to
form a,S-unsaturated-lactones has been successfully used to
synthesize some natural produttd!3c And also through
Winkler's transformatiort? the final cycloadducts can be
converted to the corresponding 2,3-dihydro-pyran-4-ones. On
the basis of the foregoing contributions, we expected thka if

an efficient method to synthesize this core structure in a single was modified by an additional methyl group to Brassard type

step. The synthesis of optically activelactones through the
reaction of Brassard’s dierfa (Figure 1) with optically active

diene 1b, then the HDA reaction could afford the 5-methyl-
containingo-lactone structure, an essential structural component

aldehydes has been achieved in the presence of Lewis acidof a large number of natural products. After preliminary trials,

catalystsi? For the catalytic asymmetric HDA reaction b
with aldehydes3, only two successful examples so far have

(7) (@) Staunton, J.; Wilkinson, B. Iifopics in Current Chemistry
Meijere, A., Houk, K. N., Ley, S. V., Thiem, J., Trost, B. M., ¥tbe, F.,
Yamamoto, H., Eds.; Springer: Berlin, 1997; Vol. 195, pp—22. (b)
Bindseil, K. U.; Zeeck, AHelv. Chim. Actal993 76, 150-157.

(8) For some reviews on the hetero-Dielslder reaction, see: (a)
Jargensen, K. AAngew. Chem., Int. Ed2000 39, 3558-3588. (b)
Jorgensen, K. AEur. J. Org. Chem2004 2093-2102. (c) Kagan, H. B.;
Riant, O.Chem. Re. 1992 92, 1007-1019. (d) Corey, E. Angew. Chem.,
Int. Ed. 2002 41, 1650-1667. (e) Nicolaou, K. C.; Snyder, S. A
Montagnon, T.; Vassilikogiannakis, Gingew. Chem., Int. EQ002 41,
1668-1698.

(9) Reviews: (a) Kagan, H. BComprehensie Organic Chemistry
Pergamon: Oxford, 1992; Vol. 8. (b) Noyori, Rsymmetric Catalysis in
Organic SynthesjsWiley: New York, 1994. (c) Lin, G.-Q.; Li, Y.-M;
Chan, A. S. C.Principles and Applications of Asymmetric Synthesis
Wiley: New York, 2001. (d) Carmona, D.; Lamata, M. P.; Oro, L. Gxaord.
Chem. Re. 200Q 200-202, 717-772.

(10) For some recent reports, see: (a) Gong, L.-Z.; PT,etrahedron
Lett. 200Q 41, 2327-2331. (b) Du, H.; Long, J.; Hu, J.; Li, X.; Ding, K.
Org. Lett.2002 4, 4349-4352. (c) Wang, B.; Feng, X.; Huang, Y.; Liu,
H.; Cui, X.; Jiang, Y.J. Org. Chem2002 67, 2175-2178. (d) Long, J.;
Hu, J.; Shen, X.; Ji, B.; Ding, KI. Am. Chem. So2002 124, 10-11. (e)
Kii, S.; Hashimoto, T.; Maruoka, KSynlett2002 931-932. (f) Kezuka,
S.; Mita, T.; Ohtsuki, N.; Ikeno, T.; Yamada, Bull. Chem. Soc. Jpn.
2001, 74, 1333. (g) Liu, P.; Jacobsen, E. Bl. Am. Chem. So2001, 123
10772. (h) Thompson, C. F.; Jamison, T. F.; Jacobsen, B. Am. Chem.
Soc.2001, 123 9974. (i) Doyle, M. P.; Phillips, I. M.; Hu, WJ. Am. Chem.
Soc. 2001, 123 5366-5367. (j) Aikawa, K.; Irie, R.; Katsuki, T.
Tetrahedron2001, 57, 845-851. (k) Kezuka, S.; Mita, T.; Ohtsuki, N.;
lkeno, T.; Yamada, TChem. Lett200Q 824-825. () Leveque, L.; Le
Blanc, M.; Pastor, R.Tetrahedron Lett.2000 41, 5043-5046. (m)
Simonsen, K. B.; Svenstrup, N.; Roberson, M.; Jgrgensen, KChem.
Eur. J.200Q 6, 123-128. (n) Dossetter, A. G.; Jamison, T. F.; Jacobsen,
E. N. Angew. Chem., Int. EdL999 38, 2398-2400. (o) Jarvo, E. R,;
Lawrence, B. M.; Jacobsen, E. Angew. Chem., Int. EQ005 44, 6043—
6046. (p) Yao, S.; Johannsen, M.; Hazell, R. G.; Jgrgensen, K. Arg.
Chem.1998 63, 118-121. (g) Wang, B.; Feng, X.-M.; Cui, X.; Liu, H,;
Jiang, Y.-Z.Chem. Commur200Q 1605-1606. (r) Unni, A. K.; Takenaka,
N.; Yamamoto, H.; Rawal, V. HJ. Am. Chem. So®005 127, 1336
1337. (s) Thadani, A. N.; Stankovic, A. R.; Rawal, V.Ptoc. Natl. Acad.
Sci. U.S.A2004 101, 5846-5850. (t) Huang, Y.; Unni, A. K.; Thadani,
A. N.; Rawal, V. H.Nature2003 424, 146—-146.

(11) Savard, J.; Brassard, Petrahedron Lett1979 20, 4911-4914.

(12) (a) Midland, M. M.; Graham, R. S.. Am. Chem. S0d.984 106,
4294-4296. (b) Midland, M. M.; Koops, R. WJ. Org. Chem199Q 55,
4647-4650. (c) Midland, M. M.; Koops, R. WJ. Org. Chem199Q 55,
5058-5065. (d) Midland, M. M.; Afonso, M. MJ. Am. Chem. Sod.989
111, 4368-4371. (e) Castellino, S.; Sims, J.Tetrahedron Lett1994 35,
4059-4062. (f) Blaser, E.; Kolar, P.; Fenshe, D.; Gpesmann, H.; Waldmann,
H. Eur. J. Org. Chem1999 329 9—333.
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we found thatlb was very different withla in the HDA
reaction; besides two stereogenic centers were formed in the
final cycloadduct. Herein, we report on two efficient new chiral
copper(ll) Schiff base complexes to catalyze the highly enantio-
and diastereoselective HDA reaction db with variety of
aldehydes.

Results and Discussion

We have recently shown that the tridentate Schiff base ligand
2ecomplexed with titanium is an effective catalyst for the HDA
reaction of Brassard's dierfea with aromatic aldehydes (24
87% vyield, 96-99% ee)i3@P while Ding’s group has used
TADDOL to catalyze the same reaction (485% vyield, 68-

91% ee)t3** However, when both of the systems were employed
to the reaction of diendb with benzaldehyde, disappointing
results were obtained (Table 1).

The initial studies showed that Cu(O7fyas more efficient
than other metals in this reaction (see the Supporting Information
for details). Then, tridentate Schiff base ligands derived from
various chirajf-amino alcohols (Figure 2) complexed with Cu-
(OTf), were examined (Table 2). These ligands were prepared
according to literature procedurt®:16The data suggested that
the structure gf-amino alcohols affected the enantioselectivity
greatly (Table 2, entries-18), and the ligand derived from
(1R,29)-1-amino-2-indanol was found to be the most efficient
for enantioselectivity (Table 2, entries 8 and 10). Meanwhile,
the presence of the larger adamantanyl group at the 3-position
of the phenolic ring increased the diastereoselectivity greatly
(Table 2, entry 9), but the enantioselectivity decreased signifi-
cantly (Table 2, entry 5 vs entry 9, entry 8 vs entry 10). Thus,
both 2h and 2j had the potential to be the optimal ligand and
were examined in the next step. Interestingly, the less flexible

(13) (a) Fan, Q.; Lin, L.-L.; Liu, J.; Huang, Y.-Z.; Feng, X.-M.; Zhang,
G.-L. Org. Lett.2004 6, 2185-2188. (b) Fan, Q.; Lin, L.-L.; Liu, J.; Huang,
Y.-Z.; Feng, X.-M.Eur. J. Org. Chem2005 3542-3552. (c) Du, H.-F;
Zhao, D.-B.; Ding, K.-L.Chem. Eur. J2004 10, 5964-5970.

(14) Togni, A.Organometallics199Q 9, 3106-3113.

(15) Winkler, J. D.; Oh, KOrg. Lett.2005 7, 2421-2423.

(16) (a) Jiang, Y.-Z.; Zhou, X.-G.; Hu, W.-H.; Wu, L.-J.; Mi, A.-Q.
Tetrahedron: AsymmetrdQ95 6, 405-408. (b) Cogan, D. A;; Liu, G.-C.;
Kim, K.; Backes, B. J.; Ellman, J. Al. Am. Chem. Sod998 120, 8011-
8019.
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FIGURE 2. Chiral ligands employed for asymmetric induction.

TABLE 2. Effects of Ligands on the HDA Reaction of TABLE 3. Hetero-Diels—Alder Reaction of Benzaldehyde with
Benzaldehyde with Brassard Type Diene 1b Brassard Type Diene 1b Catalyzed by 2k or 2j—Cu(OTf), under
OTMS Various Conditions?
0]
OTMS
7 S0Me o 1)2-Cu(OTHy o
] — | " Z SoMe o 1)2hor2j-Cu(OTH),
MeO” k 2) TFA + | _——
Ph MeO Ph MeO” k 2) TFA
1b 3a 4a Fh
- - - 1 3a
entry ligand yield (%) anti/syr ee (%) -
B catalyst temp yield
% gg gg ggg% gi entry ligand loading (%) (°C) solvent (%) anti/sys ee (%)
3 2c 18 68:32 73 1 2h 10 0 toluene 46 72:28 80
4 2d 59 72:28 14 2 2h 10 —20 toluene 48 63:37 88
5 2e 26 77:23 48 3 2h 10 —45 toluene 68 71:29 92
6 2f 13 79:21 0 4 2j 10 0 toluene 46 89:11 75
7 29 35 69:31 10 5 2j 10 —20 toluene 47 88:12 80
8 2h 46 72:28 80 6 2j 10 —45 toluene 66 93:7 94
9 2i 15 90:10 12 7 2j 10 —78 toluene 70 94:6 97
10 2j 46 89:11 75 8 2j 10 —45 CHCl, 35 76:24 0
a All reactions were performed with benzaldehyde (0.25 mmol) and diene slao gj- io _45 ELO 18 87'.13 92
> j 0 45 THF trace 87:13 86
1b (0.3 mmol) in 1.0 mL of toluene at OC for 72 h. Catalysts were 11 2] 5 —45 toluene 55 92:8 94
composed of a 1.1:1 molar ratio of ligands to Cu(QT€atalyst loading 12 2] 2 —45 toluene 25 88:12 41
%? Isolated yield.° Diastereoselectivities and enantioselec- ; .
was 10 mol % Iso y 13 2 5 —78 toluene 70 95:5 98

tivities were determined by HPLC, with a chiralpak AD-H column.

a All reactions were performed with benzaldehyde (0.25 mmol) and diene
] ) ) 1b (0.3 mmol) in 1.0 mL of solvent for 72 h. Catalysts were composed of
five-membered ring of the indanyl structure as well as the a 1.1:1 molar ratio of ligand to Cu(OTEf)° Isolated yield ¢ Diastereose-

adaman’[any| group gave 0n|y poor results in our previous work lectivities and enantioselectivities were determined by HPLC, with a
about the HDA reaction ofa with aldehyded3a. chiralpak AD-H column.

Further improvement was achieved after optimization of the
reaction conditions, with the representative results listed in Table aldehyde:®1” while the lowered temperature could slow the
3. The reaction temperature was found to be one of the crucial speed of the decomposition.
factors in this reaction. Either catalyzed Bjp—Cu(OTf), or When the solvent effect was studied (Table 3, entry 6 and
2j—Cu(OTf)y, the ee and yield were increased with the entries 8-10), it was surprising that Ci€l,, which was
temperature lowering (Table 3, entries- 7). The diastereo-  previously determined to be the appropriate solvent for the
selectivity was improved significantly in th&j—Cu(OTf), reaction of diend awith aldehyded32°gave a racemic product
system (Table 3, entries); however, it was not improved  (Table 3, entry 8). The best result was obtained in toluene.
at all in the2h—Cu(OTf), system (Table 3, entries—). So, Although the similar enantioselectivity could be found in@&t
the 2j—Cu(OTf), complex was temporarily chosen to be the the diastereoselectivity and the yield were obviously inferior
optimal one. At—78 °C, it could give 70% vyield, 94:6 anti/  to that in toluene (Table 3, entry 9 vs entry 6).
syn, and 97% ee. In addition, when the catalyst loading was The complexes of ligan@j with various Lewis acids were
reduced to 5 mol %, there was not any loss in yield, diastereo- examined under the optimized conditions, with the results
selectivity, and enantioselectivity (Table 3, entries 11 and 13). summarized in Table 4. It was obvious that Cu(QWfgs the
Yield increased with the temperature lowering, which was
probably due to the fact that the Brassard type diene was (17)pierres, C.; George, P.; Hiifte, L.; Ducep, J.-B.; Hibert, M.: Mann,
destroyed in the presence of Lewis acid before it reacted with A. Tetrahedron Lett2003 44, 3645-3647.
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TABLE 4. Lewis Acid Effects on the HDA Reaction of
Benzaldehyde with Brassard Type Diene 1b

OTMS

(0]
Z SoMe o 1)2j-Lewisacid o
N T
A k N
MeO o 2 EA Me0” N ph
1 3a 4a
entry metal yield (%) anti/syrt ee (%)

1 Ti(OiPr) 9 69:31 56
2 Al(OC3H7)3 ND
3 Sc(OTfy 7 76:24 0
4 Zn(OTf), 39 53:47 34
5 Yb(OTf)s 4 75:25 0
6 Sn(OTfy trace 70:30 6
7 Cu(OTf) 66 93:7 94

a All reactions were performed with benzaldehyde (0.25 mmol) and diene
1b (0.3 mmol) in 1.0 mL of toluene at45 °C for 72 h. Catalysts were
composed of a 1.1:1 molar ratio of ligardjl to metals; catalyst loading
was 10 mol %P Isolated yield.¢ Diastereoselectivities and enantioselec-
tivities were determined by HPLC, with a chiralpak AD-H column.

TABLE 5. Asymmetric HDA Reaction of Brassard Type Diene 1b
with Aldehydes Catalyzed by Ligand 2h- or 2j —Cu(OTf)»
Complexe$

OTMS

1) 2h or 2j- Cu(OTf), 2
Z “oMe , O _toluene,78°C,7n o
—_—
MeO” ™ I 1 DTFA MeO gt
1 3 4
yield®

entry aldehyde ligand (%) anti/sys antieé (%)
1 PhCHO3a 2j 70 95:5 98 (R,69
2 0-MeGsH4CHO3b 2j 35 92:8 54 (R,69
3  0-MeGH4CHO3b 2h 52 99:1 94 (R 69
4  p-MeCgHsCHO3c 2j 40 98:2 96 (R,69
5 p-FGCH4CHO3d 2j 60 97:3 97 (R,69
6  p-CICsH4CHO 3e 2j 55 >95:5 >094 (5R,69)
7  p-BrC¢H4CHO 3f 2j 65 >94:6 >91 (3R 691
8  mONCsH4sCHO3g 2j 53 88:12 90 (R69
9  p-ONCgH4CHO 3h 2j 64 89:11 94 (R69
10 1-naphthylaldehyd@i 2j 30 92:8 24 (R 69
11  1-naphthylaldehydai 2h 57 98:2 92 (R,69
12 2-naphthylaldehydg 2j 63 >97:3 >97(5R69
13 2-furaldehyd&k 2j 40 98:2 99
14 (E)-MeCH=CHCHO3l 2j 58 90:10 62
15 n-butyraldehyde8m 2j 15 59:41 73

a All reactions were performed on a 0.25 mmol scale with 5 mol % of
catalyst in 1.0 mL of toluene at-78 °C for 72 h.PIsolated yield.

¢ Diastereoselectivities and enantioselectivities were determined either by

HPLC or GC analysis. The absolute configurations were assigned by
comparing the Cotton effect of the CD spectra with thatfof! The absolute
configuration was determined by X-ray crystal structural analysi#f oh

the basis of the anomalous dispersion of the heavy bromine atom.

optimum Lewis acid for the reaction, giving much higher yield,
diastereoselectivity, and enantioselectivity.
Encouraged by the results obtained from benzaldehyde unde

Lin et al.

tioselectivities (9199% ee). Howeve3b and3i with the ortho
substituent gave poor ee (54% and 24%, respectively), though
the ratio of anti/syn was excellent (Table 5, entries 2 and 10).
For ortho-substituted aldehydes, the adamantyl group of the
catalyst may be too large to allow for coordination of the
aldehyde to the catalyst complex. Interestingijp, with the
smaller group, which was not so successfu2jgi® many cases,
was very efficient for3b and 3i under the same conditions
(>98:2 anti/syn,>92% ee, Table 5, entry 3 vs entry 2, entry
11 vs entry 10). Fon,S-unsaturated aliphatic aldehy@®s it
could give a moderate result (Table 5, entry 14). When
n-butyraldehyde3m) was examined, the enantioselectivity was
moderate, and both the yield and diastereoselectivity were
disappointing.

The absolute configuration &f'8 was determined unambigu-
ously by the Bijivoet method to be K6S with a Flack
parameter of—0.019(12) on the basis of the anomalous
dispersion of the bromine heavy atom. To determine the absolute
configurations of the other products, the circular dichroism (CD)
spectra oftla—4j were measured in methanol. Compound$-(
4a—4j exhibited a similar{) Cotton effect in their CD spectra.

It can be deduced that these compounds possess the same
(5R,69) configuration as+)-4f. (for details see the Supporting
Information)

Two mechanistic pathways are generally taken into account
when a given Lewis acid catalyzes the HDA reaction, which
are formulated as a traditional Diet&\lder type cycloaddition
reaction and a Mukaiyama aldol pathway, and have been studied
in detail in the reaction of Danishefsky’s diene with benzalde-
hydel®20|n our previous work on the HDA reaction &f with
aromatic aldehydes catalyzed by &e-Ti(IV) complex3°the
reaction temperature was found to influence the reaction
pathway: at O°C, the reaction was mostly carried out by the
Diels—Alder process and at-78 °C by Mukaiyama aldol
process. The Mukaiyama aldol product could be clearly observed
by TLC detection before treatment with TFA and be isolated
through a silica gel column. When the reaction & with
benzaldehyde proceeded under the optimized Cu®jl)or 2h
reaction conditions, most of the product obtained was racemic
aldol product5a and a trace of cycloadduéa in 82% ee by
purification through a silica gel column without treatment with
TFA or other workup. When the reaction mixture above was
treated with TFA, which transforms the aldol product into
cycloproduct by a cyclyzation reaction, the final enantiomeric
excess of cycloproduct was reduced sharply to 6%. The aldol
product was determined by NMR, which was identical with the
literature® These results indicated that the reactiodafvith

(18) CCDC-279872 ((86R)-(—)-4f) contains the supplementary crystal-
lographic data for this paper. These data can be obtained free of charge via
www.ccdc.cam.ac.uk/conts/retrieving.html (or from the Cambridge Crystal-
lographic Data Centre, 12, Union Road, Cambridge CB21EZ, U.K.; fax:
(+44) 1223-336-033; or deposit@ccdc.cam.ac.uk).

(19) Some examples for a stepwise mechanism, see: (a) Corey, E. J,;
Cywin, C. L.; Roper, T. DTetrahedron Lett1992 33, 69076910. (b)

Keck, G. E.; Li, X.-Y.; Krishnamurthy, DJ. Org. Chem1995 60, 5998~

'5999. (c) Yamashita, Y.; Saito, S.; Ishitani, H.; Kobayashi.&\m. Chem.

the optimized conditions, the substrate scope of this reaction Soc.2003 125 3793-3798. (d) Gao, B.; Fu, Z.-Y.; Yu, Z.-P.; Yu, L.;

was then examined. Ligar] was very efficient for a majority

of aromatic aldehydes, including electron-donating substituted
(Table 5, entry 4), electron-withdrawing substituted (Table 5,
entries 5-9), condensed ring (Table 5, entry 12), and hetero-
cyclic (Table 5, entry 13) aldehydes, leading to the correspond-
ing 5-methyl-containingx,3-unsaturated-lactones with high
diastereoselectivities (88:389:1 anti/syn) and excellent enan-
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Huang, Y.-Z.; Feng, X.-M.; Zhang, G.-LSynlett2004 1772-1775. (e)
Yang, W.-Q.; Shang, D.-J.; Liu, Y.-L.; Du, Y.; Feng, X.-M. Org. Chem.
2005 70, 8533-8537.

(20) Some examples for the concerted Dieddder pathway, see: (a)
Schaus, S. E.; Branalt, J.; Jacobsen, EJNOrg. Chem1998 63, 403—
405. (b) Larson, E. R.; Danishefsky, 5. Am. Chem. Sod982 104, 6458~
6460. (c) Molander, G. A.; Rzasa, R. M. Org. Chem200Q 65, 1215~
1217. (d) Yuan, Y.; Long, J.; Sun, J.; Ding, K.-Chem. Eur. J2002 8,
5033-5042.
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FIGURE 3. Proposed working model for the HDA reaction of dietie with aldehyde.

SCHEME 1. Mechanistic Pathways of HDA Reaction between 1a or 1b with Aldehyde Catalyzed by 2hor 2j —Cu(OTf),

Complexes
OTMS
7 TOMe OH OMe O TFA 9
+ PhCHO . S
Brassard's diene 1a 5a MeO Ph
2h or 2j-Cu(OTf), 6a
OTMS toluene, -78 °C o
7 “OMe /\ °
Diels-Ald th
MeO” XX + PhCHO iels-Alder pathway oo | o
Brassard type diene 1b 4a

benzaldehyde under the optimized Cu(ll) catalyst reaction
conditions also follows the Mukaiyama aldol pathway (Scheme
1).

In the reaction oflb with aldehydes catalyzed by tt&h—

between two phenyl subunits (model A, Figu3 ) orbetween

phenyl and OTf groups (model B, Figure 3). The favored one
is suggested as model C. In this transition state, the steric
hindrance of the indanyl subunit shields the Re face of the

or 2j—Cu(ll) complex, when the reaction temperature was varied aldehyde, while the Si face of the aldehyde is much more
from 0 to—78 °C, only one new product could be detected by available to accept the attacking diene to give the products with
TLC before treating the reaction with TFA. Isolated through a the (51,65 configuration as expected. On the other hand, the

silica gel column at the end of the reactid® was obtained in
71% yield, 95:5 anti/syn, 98.5% ee. Its structure was confirmed
by NMR. The results were almost the same with those after
treatment with TFA. The facts indicated that the reactiotitof
with aldehydes catalyzed by the chirah— or 2j—Cu(ll)
complex might proceed via the Dieté\lder pathway (Scheme
1).

Reference to chiraC,-symmetric bisoxazolinecopper(ll)
complexe&2! and Jacobsen’s chromiunSchiff base com-
plexesi®1%we think the copper(ll) also coordinates with the
tridentate Schiff base ligand, which is visually evident in the
dissolvability and color change of the catalyst solution from
the cloudy heterogeneous mixture of the bright yellow Schiff
base and pale blue Cu(OZfin solvent at the beginning to a
clear dark green homogeneous solution after 0.5 h of stirring.

ortho substituent of the aldehyde could cause larger stereohin-
drance with the adamantyl group (model D), while tBe group

was suitable. This model could well explain the absolute
configuration and the phenomenon that lig@hdwas efficient

for ortho-substituted substrates, whilgwas more successful
for the others.

In summary, two efficient new chiral catalysts were developed
for the first highly enantio- and diastereoselective HDA reaction
of Brassard type diengb with aldehydes. On the basis of the
absolute configuration of disclosed by X-ray diffraction and
CD analysis, a possible transition-state model for the enantio-
and diastereoselective catalytic reaction has been proposed. This
catalyst system provided one of the most convenient approaches
for the construction of 5-methyl-containingrlactone units,
which will make the methodology more attractive for the

On the basis of the hypothesis above and the observed absolutsynthesis of a variety of natural products. Further efforts should
configurations of productda—4j, a possible transition-state be devoted to the optimization of the catalyst to enhance the
model for asymmetric induction in this catalytic system could reactivity and the ability to catalyze aliphatic aldehydes, as well
be outlined (Figure 3). The aldehyde carbonyl is prevented from as the application of this methodology to the synthesis of
binding to the Cu(ll) center via the coordination shown in bioactive 5-methyl-containing-lactones.

models A and B of Figure 3 due to the large steric hindrance

(21) For examples of the application @h-symmetric bisoxazoline
copper(Il) in Mukaiyama aldol reactions, see: (a) Evans, D. A.; Kozlowski,
M. C.; Murry, J. A.; Burgey, C. S.; Campos, K. R.; Connell, B. T.; Staples,
R. J.J. Am. Chem. S0d.999 121, 669-685. (b) Evans, D. A.; Burgey, C.
S.; Kozlowski, M. C.; Tregay, S. WI. Am. Chem. S0d.999 121, 686—

699 and references therein. For examples in hetero-BAdider reactions,
see: (c) Evans, D. A.; Johnson, J. S.; Olhava, El. Am. Chem. Soc.
200Q 122 1635-1649 and references therein. Example of octahedral Cu-
(Il) catalyst system, see: (d) Evans, D. A.; Burgey, C. S.; Paras, N. A;;
Vojkovsky, T.; Tregay, S. WJ. Am. Chem. S0d.998 120, 5824-5825.

Experimental Section

(5R,6S)-6-Phenyl-4-methoxy-5-methyl-5,6-dihydropyran-2-
one (4a):A mixture of Cu(OTf} (0.0125 mmol) an@j (0.01375
mmol) in toluene (1 mL) was stirred at room temperature for 0.5
h under N atmosphere. To the green mixture was added benzal-
dehyde (25, 0.25 mmol), cooled te-78°C, followed by addition
of Brassard type dientb (80 «L, 0.3 mmol). The reaction mixture
was stirred for 72 h at-78 °C before being quenched with five
drops of TFA. After stirring for additional 15 min, the mixture was
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neutralized with saturated NaHG( mL) and extracted with CHH Acknowledgment. We thank the National Science Founda-
Cl; (3 x 5 mL). The combined organic layers were washed with tion of China (Nos. 20225206, 20472056, and 20390055), the
saturated brine, dried over anhydrous8@;, and then concentrated ~ Ministry of Education of China (Nos. 104209, 20030610021,
in vacuo. The residue was purified by flash chromatography on and others), and the Foundation of Institute of Chemical
silica gel (petroleum ether/ethyl acetate, 3:1) to afford the white Materials (SJ20040309) for financial support. We also thank
solid 4a in 70% yield, 98% ee, and 95:5 anti/syn (determined by Sichuan University Analytical and Testing Center for CD spectra
HPLC on an AD-H column, hexane/2-propanol 90:10, flow rate analysis.

1.0 mL/min, tmajor = 17.7 Min,tminor = 13.3 min). Mp 55-56 °C; . ) . )

[a]®% = —86.9 € = 0.252 in CHCl,).1H NMR (300 MHz, . .Supportlng Informgitlon.AvallabIe: Experimental procedureg,
CDCL): ¢ 7.38-7.33 (m, 5H), 5.20 (s, 1H), 5.01 (d,= 9.3 Hz, initial results of Lewis acid effects study, spect_ral and analytlce_ll
1H), 3.75 (s, 3H), 2.932.87 (m, 1H), 1.08 (dJ = 7.0 Hz, 3H). data for the products (PDF), and crystallographic data (CIF). This

13C NMR (75 MHz, CDCY): & 175.2, 166.4, 137.6, 128.7, 128.5 material is available free of charge via the Internet at http://
127.2, 89.9, 83.6, 56.3, 38.1, 12.8. HRMS: (M H)*; calcd  Pubs-acs.org.
219.1016, found 219.1014. JO060046W
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