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Nine examples are reported of enantioselective [4 + 2] cycloaddition reactions of achiral, acyclic substrates to form chiral bicyclo[4.3.0]-
nonane or bicyclo[4.4.0]decane derivatives.

N-Protonated oxazaborolidines suchlaare outstandingly  achirala,S-unsaturated aldehyde/1,3-diene anf-unsatu-
powerful and useful cationic chiral catalysts for inter- rated ester/1,3-diene derivatives as reactants. The literature
molecular enantioselective Dielé\lder reactions with achiral ~ reports two instances of such a reaction with a chiral catalyst,
substrate$:* Because of their potency, these catalysts effect the conversiorRa — 3ain 46% ee and 80% ee arabh —
highly enantioselective reactions between a wide range of 3b in 84% yield and 92% eé&>°
dienes and dienophiles, including both acyclic and cyclic
dienesp,-enals,o,8-enonesg,5-unsaturated lactones, 1,4- 6‘_%:‘%

benzoquinones, and 1,4-benzoquinone monoketals. The ®N Y R CHO
mechanistic modef for these reactions allows the prediction q BT one—\ R H
of the absolute stereochemistry of reaction products, another CHy | —
. . . F g
useful aspect of this methodology. This paper deals with the ° i
first application of N-protonated oxazaborolidink to TN
; Sa ; ; ; 1 2a,R=H 3a,R=H
enantioselective intramolecular Dielélder reactions with 2b, R = CH, 3b, R = CH,
2c,R=Br 3c,R=Br

(1) Corey, E. J.; Shibata, T.; Lee, T. W. Am. Chem. So002 124, . . . .
3808-3809. The intramolecular DielsAlder reaction of the triena2b®
g0 ) ¥e, D- Hei Lee, T. W.; Corey, E. J. Am. Chem. S02002 124 took place smoothly in the presence of 0.2 equiv of catalyst

(3) Ryu, D. H.; Corey, E. 1. Am. Chem. SoQ003 125 6388-6390.

(4) Corey, E. JAngew. Chem., Int. E®002 41, 1650-1667. (7) Ishihara, K.; Kurihara, H.; Yamamoto, H. Am. Chem. S0d.996

(5) For a,8-enals, this modélinvolves formyl G-H--O hydrogen 118 3049-3050.
bonding andr—z attractive interaction between the coordinated-enal (8) Furuta, K.; Kanemitsu, A.; Yamamoto, H.; TakaokaT8trahedron
and the proximate C-aryl substituentinSee: Corey E. J.; Lee, T. W. Lett. 1989 30, 7231-7232.
Chem. Soc., Chem. Comm@@01, 1321-1329. (9) In addition, several examples have been recorded of catalytic

(6) For a,f-unsaturated esters, lactones, and ketones with-&3-H enantioselective intramolecular Dielélder reactions withN-acyloxa-
unit, the modelinvolvesa-C—H- -O hydrogen bonding and— attractive zolidinone/trienes as reactants. See: (a) lwasawa, N.; Sugimori, J.; Kawase,
interaction between the coordinated dienophile and the proximate C-aryl Y.; Narasaka, KChem. Lett1989 1947-1950. (b) Evans, D. A.; Johnson,
substituent inl. J. S.J. Org. Chem1997, 62, 786—-787.
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1in CH.CI, at —78 °C after 4.5 days to give 93% yield of
the endo product3b in 98% de and 90% €¥. The
corresponding reaction occurred with thebromo trienal
2¢ (0.2 equiv of catalyst in CH,Cl, at —78 °C for 3 days)
to afford the endo produ@cin 98% de and 94% €€ [a]%%
+136.3 € = 0.95, CHCY}).
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o,f-Unsaturated esters are much less reactive in Lewis

acid catalyzed DielsAlder reactions than the corresponding

o,f-unsaturated aldehydes, and this is probably why no

examples of efficient catalytic enantioselective intramolecular
reactions of this type appear in the literatit®&lonetheless,
reaction of the triene estdrwith 0.2 equiv ofl (no solvent)

at 35°C for 10 h resulted in formation of DietsAlder adduct
5in 75% vyield (along with 20% of unchangdjlin 98% de
and 93% eé? The results of this experiment are noteworthy

not only because this represents the first example of a highly

enantioselective DielsAlder reaction of a triene ester but

also because the absolute stereochemical course of the

reaction is that predicted by the modeRAlthough the
corresponding intramolecular Dietg\lder reaction of the
higher homologués is also highly enantioselective under
the same conditions used fér— 5, to form 7 in 92% ee,
the reaction is considerably slower (with 0.2 equivlcds
catalyst at 40C and with no solvent) and affords 41% yield
of 7 along with 45% of recovere®.'* The lower rate of

(10) The exo/endo ratio and the enantioselectivity were determined for
3b by GC analysis using a J&W Scientific Cyclosil-B column (30>m
0.25 mm, 100°C, 25 psi); retention times: 32.60 min (endo, major, 31.95
min (endo, minor), 26.75 min (exo isomer), 23.35 min (exo isomer). The
absolute configuration was determined by comparison of optical rotation
with the known adduct,[a]?% +10 (¢ = 1.06, CHCH).

(11) Enantioselectivity was determined by reduction with NaBi-the
corresponding alcohol, conversion to tH®-MTPA ester derivative and
1H NMR integration (500 MHz, CDG): ¢ 3.57 (s, MeO, 3H, minor, 3.55
(s, MeO, 3H, majori®F NMR integration (376.2 MHz, CDG): 6 —71.79
(s, CR;, major),—71.89 (s, Ck, minor). The absolute configuration of adduct
3cfollows from its high dextrorotation 2% +136) by application of the
confirmational preferencefbromocarbonyl correlation (see, Corey, E. J.;
Ursprung, J. JJ. Am. Chem. Sod 955 77, 3667-3668), from analogy
with 3b, and from the mechanistic modfel.

(12) See, for example: (a) Roush, W. R.; Gillis, H. R.; Ko, AJ1Am.
Chem. Soc1982 104, 2269-2283. (b) Wullf, W. D.; Powers, T. SJ.

Org. Chem 1993 58, 2381-2393.
(13) The relative configuration fd&was determined froffiH NMR NOE

data. The exo/endo ratio was determined by GC analysis using a J&W

Scientific Cyclosil-B column (30 nx 0.25 mm, 100°C, 25 psi); retention
times: 18.4 min (endo, major) 23.2 min (exo, minor). Enantioselectivity
was determined by reduction with NaBltb the corresponding alcohol,
conversion to theR)-MTPA ester derivative antH NMR integration (500
MHz, CDCk): ¢ 4.13 (dd, 1H,J = 11.0, 4.5 Hz, major), 4.38 (dd, 1H,

= 11.0, 4.5 Hz, minor). The absolute configuration was determined from
the rotation of the know#? corresponding alcoholp]?3% +38 (c = 1.00,
CHClg).

3980

intramolecular [4+ 2] cycloaddition leading to 6/6-fused
ring products as compared to the corresponding 6/5-fused
structures (which also is apparent in previous stuéies)
appears to be due to the less favorable-[2] cycloaddition
stereoelectronics for 6/6-fused ring formation. It is interesting
in this connection that the intramolecular Dielslder
reaction of8 to form 9 not only proceeds slowly relative to
2b — 3b (using 0.2 equiv ofl, no solvent, at-45 °C for 2
days) but also less stereoselectively (90% vyield, 2:1 endo/
exo selectivity, 80% ee fo® and 89% ee for the exo
diastereomer)®

OHC \
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F

The mixed ester, ethyE-3,5-hexadienyl fumaratel(),
underwent intramolecular [4 2] cycloaddition (0.2 equiv
of 1, no solvent, 40C, 12 h) to afford the bicyclic lactone
11 in 71% vyield (along with 10% recoveredlO) with
complete diastereoselectivity and with 86% e?}> —50
(c= 0.6, CHC}).'6 The absolute and relative configurations
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of 11 were established by conversionXdfto lactone triester
12 by the sequence: (1) dihydroxylation of the olefinic
linkage of11 with OsQ—N-methylmorpholineN-oxide in
acetone-H,O and chromatographic purification of the result-
ing diol and (2) concurrent translactonization and esterifi-
cation by reaction witfp-bromobenzoyl chloride in pyridine

(14) The relative configuration fat was determined frofH NMR NOE
data. The exo/endo ratio was determined by GC analysis using a J&W
Scientific Cyclosil-B column (30 nx 0.25 mm, 120°C, 25 psi); retention
times: 16.1 min (endo, major), 17.2 min (exo, minor). Enantioselectivity
was determined by reduction with NaBkb the corresponding alcohol,
conversion to theR)-MTPA ester derivative, antH NMR integration (500
MHz, CDCk): 6 4.30 (dd, 1H,J = 10.5, 3.5 Hz, major), 4.24 (dd, 1H,
= 10.5, 3.5 Hz, minor). The absolute configuration was determined by
conversion of the DielsAlder adduct to the known benzyl ester with lithium
benzyl oxide and measurement of optical rotati@j?} +6.9 € = 1.00,
CHCly); see, Evans, D. A.; Chapman, K. T.; Bisaha).JAm. Chem. Soc.
1988 110, 1238-1256.

(15) Theexdendoratio and the enantioselectivity were determined by
GC analysis using a J&W Scientific Cyclosil-B column (30x10.25 mm,
120°C, 25 psi), retention times: 21.99 min (exo, minor), 25.00 min (exo,
major), 27.33 min (endo, minor), 28.28 min (endo, major). The absolute
configuration of9 was assigned by analogy wib and 3c.

(16) Diastereoselectivity was determined By NMR analysis and
relative configuration was deduced from NOE data. Enantioselectivity were
determined by GC analysis of the partly reduced product using a J&W
Scientific Cyclosil-B column (30 mx 0.25 mm, 13C°C, 25 psi, retention
times: 23.9 min (endo, major), 24.6 min (endo, minor). The formation of
11 from 10 can be understood in terms of an eROOEt selectivity in the
[4 + 2] cycloaddition (withl coordinating to the COOEt group). The same
diastereoselectivity has been noted for theAKZl-catalyzed cyclization
of 10 by: Chen, C.-Y.; Hart; D. JJ. Org. Chem1993 58, 3840-3849.
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containing 4-(dimethylamino)pyridine at 28 for 24 h, (3) the transformatiorl6 — 17 was considerably slower than
recrystallization ofl2 from hexane-benzene (10:1), and (4) 13— 14. Reaction ofl6 catalyzed by 0.2 equiv df at 40
single-crystal X-ray analysis which revealed the absolute °C, neat, for 12 h produceti7 as major product (90% ee)
structure ad2. The three-step synthesis of the bridged-ring in 4:1 excess over the minor diastereomeric byproduct
lactone 12 from the achiral precursor with the creation of (correspondingis-fused structure}® Treatment ofl7 with

two rings and five stereocenters provides one illustration of THF-aqueous HCI produced the trans decal@Be[a]?’p

the power of the enantioselective methodology based on the+26 (¢ = 1.1, CHC}).

chiral catalystl. The nine substrates for the intramolecular DieAdder
reactions described above were synthesized readily using
CO,Me CO,Me well-known methodology. Specifically, aldehyd&sand2c
MeO;C—x He Hat M were made from the corresponding ethyl esters by reduction
| — — COOEt— CH,OH (DIBAL-H) followed by Swern oxidation.
@ q> E:;HE> The requisite esters were prepared by two-carbon Wittig
OR OR o coupling from E-5,7-octadienal that was made by the
13a,R = t-BuMe,Si  14a, R = t-BuMe;Si 15 sequence shown in Scheme 1. Subs#at@s also prepared
13b, R = iPr;Si 14b, R = i-PrgSi
The catalytic enantioselective F 2] cyclization of the Scheme 1

siloxydienee,,-unsaturated esteds3aand13b to 14aand oMe

14b, respectively, was also investigated. The transformation Os, MeOH, Moo

13a— 14aoccurred cleanly with 0.2 equiv dfin CHCl, D NaHCO,, E

(0.3 M) at—50 °C for 2 days and-20 °C for 1 day to give Me;S, 1.5h °

14ain 93% yield, 99% de and 96% &&The conversion of 9%

13b to 14b was effected in 92% yield, 6:1 dr and 92% ee 7 .

with 0.2 equiv ofl in CH,CI, at 0°C for 2 days'” Products A s

14aand14bwere converted to the same keto edt&ra]?’ n-BuLl, THF

+40 (c = 1.1, CHC}) by exposure to a solution of aqueous o oMe

HCI-THF. Treatment ofL5with DBU in CgHe at 80°C for f,'? 2NHCl MeO

2 h resulted in complete conversion to the 6/5 cis-fused 2c =— || H ~ThF LD

. . . or Z o 4
hydrindanone. The absolute configurationl&fwas estab- 4 8';’39‘1:%

lished by transformation intoX)-(octahydro-1-inden-4-yl)-

methanol, §]?’> +30 (c = 0.6, CHC}), using the sequence

(1) ethylenethioketal formation (ethanedithi@®Fs-Et,O, from E-5,7-octadienal by Wittig condensation. Substréite
CHCly), (2) reduction of COOMe to CHDH with LiAlH 4 was similarly made front-6,8-nonadienal whose synthesis
in ether at 23C for 2 h, and (3) Raney nickel desulfurization and the further transformation ®are outlined in Scheme

in EtOH at reflux for 8 h. An authentic sample of-)- 2. In our experience, the synthetic pathways summarized in
(octahydro-1-inden-4-yl)methanol was synthesized ffom
by catalytic hydrogenation and carboxyl CH,OH reduction
by LiAIH 4. An advantage of using3b over13aderives from Scheme 2
the greater stability of the former which allows the reaction

03, MeOH, oMe
TsOH
to be conducted at €C. O L L o
NaHCO;y M92s MeO'
1.5 h, 83%

CO,Me CO,Me H
MeO,C HG H HG H
\ =, =, 8
| — /\/P(OEt)z 75%
~ H H n-Buli, THF
oTBS oTBS o HMPA
oM
16 7 18 1. 2NHCI, THF  Meo_ P°
23 °C, 8 h, 93% |
. . . 8§ —w-———
The construction of the decalin system from silyloxy- 2. PhaP=GCHO P
diene-a,B-unsaturated estéi6, homologous reaction tb3 Me
— 14, was also investigated. As expected from the relative Benzene, reflux

rates of cyclization of substratdsand6, as discussed above,

(17) The relative stereochemistry of produd#a and 14b was deter- Schemes 1 and 2 are simpler and more effective than the
mined from analysis ofH NMR/NOE data. The exo/endo ratio and . . .
enantioselectivity were determined by GC analysis of the desilylation Previously described routes to such Diefslder substrates.
productl15 using a J&W Scientific Cyclosil-B column (30 m 0.25 mm, The synthesis of0is summarized in Scheme 3.
150°C, 25 psi), retention times: 16.29 min (exo), 16.88 min (exo), 17.71 . P .
min (endo, major), 18.63 min (endo, minor). The absolute configuration The SynthESIS of the S|Iyloxyd|ené$3a and 13b was
was determined by chemical correlation, as described. accomplished by the sequence shown in Scheme 4. Substrate

Org. Lett., Vol. 5, No. 21, 2003 3981



Scheme 3 Scheme 4
1. CH,N,, THF, 95% OH o} PhzP=CHCOOMe
NANANcof —— L/\) CH,Clp, 23°C,24h  peo
2. LDA, HMPA, THF NP H ———— > Y coume
~78°C, 94% Me?n ! 82%
o e 1N HCI, THF
3. LAH, THF, 70% l 23°C8 h
- COOEt 87%
cloc Me0,C” X\ Z mgBr
- Z “CO,Me
10 Z THF,-78°C,1h H
85%
OH
Dess-Martin
16 was synthesized in an analogous manner from 7,7- l CHzC|2é§3°Cy3h
dimethoxyheptanal (from ozonization of cycloheptene). )
The experiments described above support the proposition Me0,” N\ T e,
that the oxazaborolidingis a useful reagent for the Diets / T 13aor13b
Alder bicyclization of a variety of achiral triene substrates :

to form chiral bicyclo[4.3.0]nonane or bicyclo[4.4.0]decane
derivatives with good yields and high enantioselectivities.
Since the chiral ligand from which is prepared, diphenyl-

prolinol, is easily and efficiently recovered for reuse in eac

course of the bicyclization reaction. The operational de-
h tails of catalyst preparation and application to the bi-

of the nine cases reported herein, this methodology is cyclization process are given in the illustrative procedures
! 19,20

attractive for multistep synthesis. Another important feature below:

is_the predictability of absolute configuration_ of theinternal  Acknowledgment. This research was assisted financially

Diels—Alder products. In each case described above, the py funding from Pfizer, Inc. We are grateful to Dr. Do Hyun

mechanistic model accurately predicts the stereochemicalryy for helpful advice and Dr. Richard Staples for the X-ray

determination of structuré2.

(18) The exo/endo ratio and the enantioselectivity were determined by

??% agalggis U_)Smg aJaw ,Scientif?i’% Cséclosil-(B 0‘3)'“3’];”2(630*.70-(25 r?rril - Supporting Information Available: Experimental data

°C, 25 psi), retention times: 36.33 min (exo), 37.26 min (exo), 41. ; : ;
min (endo, major), 41.70 min (endo, minor). The absolute configuration are given for the p_r_eparatlon_ of substrates and f‘?r the mter_nal
was assigned from the dextrorotation 8 and also by analogy with [4 + 2] cycloaddition reactions that are described herein.
dextrorotatory ketond&s. _ i i ial i i

(19) Preparation of Catalyst 1.A 100-mL, two-necked, round-bottomed X-ray data forl2 are also included. This material is available

flask equipped with a stir bar, a glass stopper, and a 50-mL pressure- ffé€ of charge via the Internet at http://pubs.acs.org.
equalizing addition funnel (containing a cotton plug and ca. 10 g of 4 A
molecular sieves, and functioning as a Soxhlet extractor) fitted on top with OL035542A
a reflux condenser and a nitrogen inlet adapter was charged &ih-§-
o,a-diphenyl-2-pyrrolidinemethanol (41 mg, 0.16 mmol),d#telylboroxine (20) Synthesis of {)-(4R,3aR,7aR)-4-Methyl-2,3,3a,4,5,7a-hexahydro-
(19 mg, 0.054 mmol), and 30 mL of toluene. The resulting solution was 1H-indene-4-carboxaldehyde (3b)To a CHCI, solution of 0.2 equiv of
heated to reflux (bath temperaturel45°C). After 4 h, the reaction mixture the freshly prepared catalyktvas added neat en2h (109 mg, 0.665 mmol)
was cooled to ca. 68C and the addition funnel and condenser were quickly at—78°C. The reaction mixture was stirred-a#8 °C for 108 h and then
replaced with a short-path distillation head. The mixture was concentrated quenched by addition of 1Q@L of EtsN. After the mixture had warmed to
by distillation (air-cooling) to a volume of ca. 10 mL. This distillation  room temperature, the residue was purified directly by silica gel chroma-
protocol was repeated three times by re-charging with1® mL of toluene. tography (elution with hexane then hexanether 20:1) to afford the Diets
The solution was then allowed to cool to room temperature and the Alder adduct6 (101 mg, 93%) as a colorless oit]?% = +10 (c = 1.06,
distillation head was quickly replaced with a nitrogen inlet adapter. CHCls 98% de 90% ee); TLC (hexanesEtOAc, 4:1),R = 0.30;'H NMR
Concentration at (ca. 0.1 Torr for 30 min afforded the corresponding (500 MHz, CDC}) 9.48 (s, 1H, CHO), 5.84 (dJ = 10.3 Hz, 1H, H7),
oxazaborolidine as a clear oil. To the neat waxlike oxazaborolidine precursor 5.59 (dqg,J = 2.6, 10.2 Hz, 1H, H6), 2.44 (dd,= 3.4, 18.1 Hz, 1H), 1.90
(0.16 mmol, theoretical) at-78 °C was added dropwise a solution of  (m, 2H), 1.78 (dg,) = 2.0, 18.0 Hz, 1H), 1.70 (m, 2H), 1.54(m, 2H), 1.18

trifluoromethanesulfonimide (0.200 M in GBIy, freshly prepared, 66i/L, (m, 2H), 1.01 (s, 3H, Me)!3C NMR (125 MHz, CDC}) 6 205.8, 129.5,
0.133 mmol). After 16-15 min at—20°C, a colorless homogeneous solution  124.5, 47.9, 46.6, 39.4, 33.6, 28.9, 23.8, 22.3, 12.6;M&164.0 (M");
of cationic catalystl was obtained. FTIR (film) 3019, 2957, 2870, 1725, 1684, 1456, 1397, 1267tm
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