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Asymmetric Diels-Alder reactions of an acrylic acid derivative using a catalytic amount of a chiral titanium

reagent were performed with several dienes.

The titanium catalyst was prepared by the alkoxy exchange
between dichlorodiisopropoxytitanium(IV) and a chiral 1,4-diol derived from (2R,3R)-tartrate.

By the use of

the titanium catalyst, the reaction between 3-acryloyl-1,3-oxazolidin-2-one and dienes proceeded in a toluene-
petroleum ether mixture in the presence of Molecular Sieves 4A to afford the Diels-Alder adducts in 72—100%
vields and 88—>96% enantioselectivity. This reaction can be applied to a diene containing a hetero atom such

as 2-ethylthio-1,3-butadiene, which affords the Diels-Alder adduct in a high optical purity.

In this paper

are also described the methods for determining the optical purities of the obtained 4-substituted

3-cyclohexenecarboxylic acid derivatives.

Diels-Alder reaction is one of the most important
reaction for the formation of carbon frameworks in a
variety of organic compounds, and has been widely
used as a key step in the synthesis of many kinds
of natural products. Development of asymmetric
Diels-Alder reaction has been in active research,?
however, the catalytic reaction with a wide applicabil-
ity and a high enantioselectivity is scarce.

In our laboratory, the exploration of asymmetric
reactions, including asymmetric Diels-Alder reac-
tion, has been investigated using a chiral titanium
catalyst prepared by an alkoxy exchange between a
tartrate derived 1,4-diol (1) and dichlorodiisopropoxy-
titanium(IV) (Eq. 1).2
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We have already found that when 3-(2-alkenoyl)-
1,3-oxazolidinone derivatives were used as dieno-
philes, the reaction with several dienes proceeded in a
toluene-petroleum ether (P.E.) mixture in the pres-
ence of a catalytic amount of the titanium catalyst and
Molecular Sieves (MS) 4A to yield the Diels-Alder
adducts in more than 90% enantiomeric excess (ee).3)

The Diels-Alder adducts of acrylic acid derivatives
constitute an important class of compounds as key
intermediates for the total synthesis of a variety of
natural products.¥ The catalytic asymmetric Diels-
Alder reaction was also performed with 3-acryloyl-1,3-
oxazolidin-2-one (3). However, the only result
obtained so far was the reaction carried out in toluene,
which afforded the Diels-Alder adduct 4 with cyclo-
pentadiene in only 65% ee® and the reaction had never
been carried out in the mixed solvent (toluene-petro-
leum ether (P.E.)) which has been found to be the
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most suitable solvent in the reaction of other «,B-
unsaturated carboxylic acid derivatives.®) Therefore
some modifications in the reaction conditions have to
be made to obtain synthetically useful 4-substituted
3-cyclohexenecarboxylic acid derivatives in high opti-
cal purities.

At the same time there arose a need for the develop-
ment of a method for determining the accurate optical
purities of the obtained Diels-Alder adducts, the 4-
substituted 3-cyclohexenecarboxylic acid derivatives,
since the method for the determination of the optical
purities of these products was limited to transforming
them to some compounds whose optical rotations are
known.8” Such a method lacks in accuracy espe-
cially when the enantioselectivities are very high.

In this paper, the reaction conditions using an
acrylic acid derivative 3 were optimized to give the
Diels-Alder adducts in good to high enantioselectivity,
and the method for determining accurate optical puri-
ties of the adducts has been developed.

First, the reactions of 3 and several dienes were
performed in a mixed solvent of toluene or xylene and
P.E. in the presence of MS 4A. (Eq. 3) The results are
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Table 1. Diels-Alder Reaction Using a Catalytic Amount of 1
Diene Solvent Temp, 8/°C  Time Yield/% Opt. purity/%ee
Cyclopentadiene  Toluene-P.E.(1:1) —23 24h 81(12)* 88
p-Xylene-P.E.(1:1) 0 3h 96 75
m-Xylene-P.E.(1:1) 0 12h Quant 82
Isoprene Toluene-P.E.(1:1) 0 24h 89 >96
p-Xylene-P.E.(1:1) 0 12h 93 >96
m-Xylene-P.E.(1:1) 0 12h 90 >96
Butadiene Toluene-P.E.(1:1)” RT 6d 31(46) 88
p-Xylene-P.E.(1:1)" RT 24h 81 93
m-Xylene-P.E.(1:1) RT 2d 67 89
a) Amount of the recovered 3 is shown in ( ). b) 10 mol% catalyst was used. ¢) 20 mol%

catalyst was used.

listed in Table 1.

By the use of a mixed solvent, toluene-P.E. (1:1),
the reaction of 3 with cyclopentadiene proceeded at
—23°C in the presence of 10% mol of the chiral tita-
nium reagent and MS 4A to give the cycloadduct 4.
Only the endo isomer 4 was obtained and the optical
purity of the obtained adduct was found to be greatly
enhanced from 65 to 88% ee. In the reaction with 1,3-
butadiene, the best result was observed when the reac-
tion was carried out at room temperature in a p-
xylene-P.E. (1:1) mixed solvent using 20% mol of the
chiral catalyst, and the optical purity of the adduct 5a
was 93% ee. The reaction with isoprene proceeded at
0°C using 10% mol of the chiral catalyst and the
optical purity of the adduct 5b was over 96% ee in
either toluene-P.E. or xylene-P.E. mixed solvent. In
this case too, the obtained cycloadduct consisted of a
single isomer and none of the other regio-isomer
could be detected. After all, the use of toluene or
xylene in the mixed solvent made little or no influence
on the optical purity of the obtained product. When
2 molar amounts of the chiral titanium catalyst were
used, the reaction proceeded at lower temperatures,
but that does not alter the enantioselectivity to a great
extent. Next, to obtain a masked cyclohexanone
derivative, which 1s an important synthetic interme-
diate, the reactions of dienes with a hetero atom were
examined. 2-t-Butyldimethylsiloxy-1,3-butadiene
(6a)® and 2-methoxy-1,3-butadiene (6b)® were
employed as dienes, but the reaction did not proceed
well.  With 6a, the titanium seemed to exchange with
the silyl part of the diene and therefore the reaction
did not proceed. With 6b, decomposition of the
diene took place prior to the Diels-Alder reaction. 2-
Ethylthio-1,3-butadiene (6¢)'® containing a sulfur
atom instead of an oxygen atom was then examined.
With 6c¢, the acryloyloxazolidinone 3 reacted smoothly
at 0°C within 2 h in a toluene-P.E. (1:1) mixed
solvent to afford the adduct 7 in 72% yield and in 91%
optical purity along with cyclobutanes 8a and 8b (Eq.
4). The trans 8a and cis 8b isomers of the cyclobu-
tane were obtained in 15 and 6% yields, respectively,

o 9 Et 10% mol 1 - TiCI(OPF),
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3 6¢c
Et EtS /
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which are the [2+2] cycloaddition products as we have
already reported in the cycloaddition reaction between
a,B-unsaturated carbonyl compounds and a ketene
dithioacetal, an alkenyl sulfide and an alkynyl sul-
fide.l» The obtained Diels-Alder adduct 7 has a
vinyl sulfide group, which is easily transformed to
some other functional groups.

As mentioned in the beginning, the precise optical
purity of the obtained Diels-Alder products, 4-
substituted 3-cyclohexenecarboxylic acid derivatives,
had never been determined. The optical purities of
the cyclohexenecarboxylic acid derivatives 5a and 5b
prepared above were determined after transformation
to the epoxy derivative 12 based on the following
Scheme 1.

First the adducts 5a and 5b were hydrolyzed to the
corresponding carboxylic acids after they were trans-
formed into their methyl esters. The iodolactoniza-
tion of the carboxylic acids followed by the treatment
with sodium methoxide gave the corresponding cis-
epoxy carboxylic esters (12a,b). The optical purities
were determined by adding a chiral shift reagent
Eu(hfc)s!? and analyzing their NMR. The methoxyl

ﬁ 1.30ppm —»CH,.
O,Me —=—3.64ppm d Zone

12a 12b

Fig. 1. Fig. 2.
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peak (6=3.64) of 12a (Fig. 1), and the methyl peak
(6=1.30) of 12b (Fig. 2) were used to determine the
optical purities.

The optical purity of the norbornene derivative 4,
was determined by the Mosher’s method!® after the
adduct was esterified and reduced with LiA1Hj.

In the case of 7, the product was first transformed
into its (+)-trifluoromethylmethoxyphenylacetic acid
(MTPA) ester and then the sulfide 13 was oxidized to
the sulfone 14 by hydrogen peroxide and (NH4)sMo07024
catalyst (Eq. 5).14 Its optical purity was determined
by measuring the 3CNMR spectrum. The peak of
the chiral center of the cyclohexene ring (6=32)1%
separated completely.

Elg\O fo) > EtS\O
o, —_————
CONLJI?IO .., _OMTPA

7 13

Ha0; cat. (NHg)gMo70,4  EtSO, /32 ppm
MeOH-H.0 \O-,, _OMTPA

14 (5)

The absolute configuration of the norbornene
derivative 4 was determined by the comparison of its
optical rotation with those of the literatures.® For
the cyclohexene derivatives 5a and 5b the obtained
adducts were transformed to their benzyl (in the case of
5a) or methyl (in the case of 5b) esters and their optical
rotations were measured and compared with those of
the literatures.®”

Combined with the results of the previous paper,?
the absolute stereoselection of the Diels-Alder reaction
is predictable without any exceptions according to the
transition model as depicted in Fig. 3. The chiral
titanium species is thought to form a six-membered
chelate with 3-acyl-1,3-oxazolidin-2-one, which exists
in a pseudo Cz symmetrical twist chair conformation.
The axial phenyl groups in the seven-membered ring
orient to the reaction site and restrict the approach of
a diene. Therefore, re-face of the «-carbon of the
unsaturated acid moiety is attacked preferentially in

Fig. 3.

both of the possible transition states shown in Fig. 3,
when the (2R,3R)-1,4-diol is employed as a chiral
auxiliary.

In summary, the Diels-Alder reaction of acrylic acid
derivative using a catalytic amount of the chiral tita-
nium reagent proceeded to produce the adducts in
good yields and in good enantioselectivities. The
reaction was carried out in a toluene~P.E.(1:1) mixed
solvent in the presence of MS 4A. This catalytic
asymmetric Diels-Alder reaction totally offers a prac-
tical and a convenient method for the preparation of
variously substituted 3-cyclohexenecarboxylic acids
via 3-alkenoyl-1,3-oxazolidin-2-one in general.

Experimental

General. NMR spectra were recorded on a Hitachi R24B
or Bruker AM 500 spectrometer using tetramethylsilane as
the internal standard. IR spectra were recorded on a Horiba
FT-300S. Optical rotation was measured with a Nippon
Bunko DIP-370. Mass spectra were obtained with a JEOL
JMS-D300 mass spectrometer.

Dichlorodiisopropoxytitanium was prepared from titani-
um(IV) chloride and titanium(IV) isopropoxide according
to the literature method.® Toluene was distilled and dried
over MS 4A. Xylenes were distilled from CaHs and stored
over MS 4A. Tetrahydrofuran was freshly distilled from
sodium diphenylketyl.

(2R,3R)-1,1,4,4-tetraphenyl-2,3-O-(1-phenylethylidene)-
1,2,3,4-butanetetrol (1) and 3-acryloyl-1,3-oxazolidin-2-one
(3) were prepared according to the literature procedures.3?

Preparation of 2-Ethylthio-1,3-butadiene (6¢c). 2-Ethyl-
thio-1,3-butadiene was synthesized according to the litera-
ture procedure.l® The crude product was purified by
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column chromatography using pentane as an eluent (37%
yield). 'HNMR (CDCls) 6=1.31 (t, 3H, J=7.4 Hz), 2.77 (q,
2H, J=7.4 Hz), 5.02 (s, 1H), 5.17 (d, 1H, J=10.0 Hz), 5.33 (s,
1H), 5.54 (d, 1H, J=17.2 Hz), and 6.44 (dd, 1H, J=10.0, 17.2
Hz).

Asymmetric Diels-Alder Reaction. General Procedure
for the Reaction Using a Catalytic Amount of the Titanium
Reagent. The reaction of 3-acryloyl-1,3-oxazolidin-2-one
(3) with isoprene is outlined. To a toluene (4 ml) solution
of dichlorodiisopropoxytitanium (145 mg, 0.611 mmol) was
added the chiral diol 1, (325 mg, 0.615 mmol) at room
temperature under an argon atmosphere and the mixture
was stirred for 1 h. This toluene solution of the chiral
titanium catalyst (1 ml, 0.153 mmol) was added to powdered
MS 4A under an argon atmosphere, and the mixture was
cooled to —78°C. A toluene (4 ml) solution of 3-acryloyl-
1,3-oxazolidin-2-one (3) (216 mg, 1.53 mmol) was added to
the mixture. Then P.E. (5 ml) and isoprene (1.5 ml) were
added. The mixture was stirred overnight at 0 °C, and then
pH 7 buffer was added to the mixture. The organic mate-
rials were extracted with ethyl acetate and the combined
extracts were dried over anhydrous NagSQs.  After the evap-
oration of the solvent, the crude product was purified by
thin-layer chromatography (silica gel, AcOEt: hexane=1:1)
to give the pure product 5b in 89% yield.

By the same procedure described above, the cycloaddition
products 4, 5a, and 5b were obtained.

Spectral data and physical properties of the cycloadducts
are as follows: .

3-[(18,28,45)-Bicyclo[2.2.1]hept-5-en-2-ylcarbonyl]-1,3-
oxazolidin-2-one (4). 'H NMR and IR spectra agreed with
those of the literatures.? [a]%® —132.5° (¢ 0.898, CH:Cly),
88% ee, lit, [a]p —65° (¢ 1.5, CH2Cly), 38% ee.?

3-[(1R)-3-Cyclohexen-1-ylcarbonyl]-1,3-oxazolidin-2-one
(5a). IR (KBr) 1776, 1695 cm~1; tH NMR (CDCls) 6=1.14—
2.74 (m, 6H), 3.45—4.61 (m, 5H), and 5.65 (s, 2H); [a]2
—20.2° (¢ 1.75, CH:Clz), 89%ee. HRMS Found: m/z
195.0890. Calcd for CioH1sNOs: M, 195.0896.

3-[(1R)-4-Methyl-3-cyclohexen-1-ylcarbonyl]-1,3-
oxazolidin-2-one (5b). IR (KBr) 1776, 1689 cm~1; tH NMR
(CDCls) 6=1.68 (s, 3H), 1.75—2.40 (m, 6H), 3.72—4.95 (m,
5H), and 5.36 (br, 1H); [«]2 —38.8° (¢ 2.55, CH2Clz), 96% ee.
Anal. Calcd for CiuHisNOs: C, 63.14; H, 7.23; N, 6.69%.
Found: G, 63.15; H, 7.18; N, 6.71%.

3-[(1R)-4-Ethylthio-3-cyclohexen-1-ylcarbonyl]-1,3-
oxazolidin-2-one (7). IR (KBr) 1776, 1695 cm~1; H NMR
(CDCls) 6=1.26 (t, 3H, J=7.5 Hz), 1.77 (ddd, 1H, J=24.0,
11.0, 5.7 Hz), 2.01—2.06 (m, 1H), 2.20—2.25 (m, 1H), 2.30—
2.39 (m, 3H), 2.68 (dq, 1H, J=12.5, 7.2 Hz), 2.71 (dq, 1H,
J=12.5,7.2 Hz), 3.73 (dddd, 1H, J=2.7, 5.8, 9.0, 15.0 Hz), 4.03
(t, 2H, J=8.3 Hz), 4.42 (¢, 2H, J=8.3 Hz), and 5.61—5.63 (br,
1H); [o]2 —44.3° (¢ 0.859, CH2Clz), 91% ee. HRMS Found:
m/z255.0902. Calcd for Ci12H17NOsS: M, 255.0930.

Transformation of 5a and 5b into Their Epoxy Deriva-
tives 12a and 12b. Formation of the Methyl Ester 9b. A
few drops of carbon tetrachloride was added to magnesium
(80.1 mg, 3.30 mmol). Then dry methanol (6.6 ml) was
added under an argon atmosphere at 0°C to generate mag-
nesium methoxide. When all the magnesium dissolved, an
ether (5 ml) solution of the Diels~Alder adduct 5b (263 mg,
1.26 mmol) was added. The reaction was immediately
quenched with saturated ammonium chloride and the
methyl ester was extracted with ether. The organic layers
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were washed with brine and dried over anhydrous sodium
sulfate. After the evaporation of the solvent, the crude
product 9b was directly used for further transformations.

Hydrolysis of 9b to the Carboxylic Acid 10b. A THF-
water (10:1) mixture was added to the methyl ester 9b (93.1
mg, 0.603 mmol) at room temperature until the ester com-
pletely dissolved. Then 2.5 equiv of lithium hydroxide
monohydrate (62.9 mg, 1.50 mmol) was added to this solu-
tion at room temperature and the mixture was stirred for 8 h.
After the evaporation of the solvent, 1M sodium hydroxide
solution was added and the water layer was washed with
ether. The water layer was made acidic with concd
hydrochloric acid, and extracted with ether. The combined
organic layers were dried over anhydrous sodium sulfate.
After the evaporation of the solvent, the crude carboxylic
acid was directly used for further transformations.

lodolactone 11b.  The carboxylic acid 10b (40.0 mg, 0.285
mmol) was dissolved in 0.5M sodium hydrogencarbonate
solution (1.7 ml). To this, an aqueous solution (4 ml) of
iodine (148.0 mg, 0.583 mmol) and potassium iodide (285.0
mg, 1.72 mmol) was added and the mixture was stirred
overnight at room temperature in the dark. The reaction
mixture was diluted with water. Then aqueous Na2S2:03
was added and the organic compounds were extracted with
CH:Cl;. The combined organic layers were washed with
saturated sodium hydrogencarbonate solution and dried
over anhydrous sodium sulfate. After the evaporation of
the solvent, the crude product (11b) (76.1 mg) was directly
used for obtaining the epoxy derivative 12b.

Epoxy Derivative 12b. NaOMe (17.1 mg, 0.317 mmol)
was dissolved in dry methanol (3 ml) at 0 °C under an argon
atmosphere. To this, a THF (3 ml) solution of the iodolac-
tone 11b (69.6 mg, crude) was added and the mixture was
stirred overnight. The reaction mixture was quenched
with a pH 7 phosphate buffer after the evaporation of
methanol. The epoxy compound was extracted with ether
and the combined organic layers were washed with water
and brine successively, and dried over anhydrous sodium
sulfate. After the evaporation of the solvent, the epoxy
derivative 12b was purified by TLC (hexane: AcOEt=4:1).
(23.0 mg, 52% yield). The epoxy compound was analyzed
by NMR with the addition of a chiral shift reagent,
(Eu(hfc)s).12

Spectral data of the epoxy compounds are as follows.

Methyl 3,4-Epoxycyclohexane-1-carboxylate (12a). 5a was
transformed to its epoxy derivative 12a in the same manner.
H NMR (CDCls) 6=1.52—1.62 (m, 2H), 1.70—1.77 (m, 2H), 2.10
—2.12 (m, 2H), 2.15—2.22 (m, 2H), 3.08 (s, 1H), and 3.64 (s, 3H).

Methyl 4-Methyl-3,4-epoxycyclohexane-1-carboxylate (12b).
'HNMR (CDCls) 6=1.30 (s, 3H), 1.54—1.71 (m, 4H), 2.02—
2.25 (m, 3H), 2.96 (d, 1H), and 3.64 (s, 3H).

Preparation of the MTPA Ester 13. The Diels-Alder
adduct 4 was transformed to its benzyl ester by the literature
method.” To reduce the benzyl ester to the corresponding
alcohol, the THF (3 ml) solution of the benzyl ester was
added to the mixture containing THF (1 ml) and LiAlH,
(13.8 mg, 0.364 mmol) at 0°C under an argon atmosphere.
After 1 h, the reaction was quenched with saturated aqueous
sodium sulfate and the organic materials were extracted
with ether by decantation, and dried over anhydrous sodium
sulfate. Filtration and evaporation of the solvent afforded
the crude product, which was purified by thin layer chroma-
tography (benzene: ether=2:1, X2) to give the pure product
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(84% yield). The obtained alcohol was transformed to its
MTPA ester 13 by the Mosher’s method.13)

Oxidation of the MTPA Ester to 14.14 Methanol was
added to (1S)-4-ethylthio-3-cyclohexen-1-ylmethyl (+)-
trifluoromethylmethoxyphenylacetate (13) (9.2 mg, 0.024
mmol) until all of 13 had dissolved at 0°C. Then 30%
hydrogen peroxide (1 ml) and (NH4)sM07O24 (10 mg) were
added and the mixture was stirred for 3.5 h. The sulfone
(14) was extracted with CH2Clz and the combined organic
layers were washed with brine and dried over anhydrous
sodium sulfate. After the evaporation of the solvent, the
crude product (10.1 mg) was analyzed by 3C NMR without
further purification. 'HNMR (CDCls) 6=1.25 (t, 3H),
1.26—1.37 (m, 1H), 1.89—2.09 (m, 2H), 2.24—2.50 (m, 3H),
2.89 (dq, 1H), 2.91 (dq, 1H), 3.51 (s, 3H), 4.16 (dd, 1H), 4.30
(dd, 1H), 6.72—6.76 (br, 1H), 7.37—7.43 (m, 3H), and 7.47—
7.50 (m, 2H); 13C NMR (CDCls) 6=7, 23, 25, 28, 30, 31, 32, 47,
56, 69, 122, 128, 129, 130, 139, and 167.
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