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The effects of the nature of catalyst and of the solvent
on the stereoselectivity in amine-catalyzed asymmetric
synthesis of substituted cyclohexa-1,3-dienes
from prenal and monoesters of ylidenemalonic acids
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In the amine-catalyzed reactions of prenal with (2)-5-methyl-2-(methoxycarbonyl)hexa-
2,4-diencic or (Z)-3-phenyl-2-(ethoxycarbonyl)prop-2-enoic acid chiral B-amino alcohols
provide for higher enantiomeric purity of the resulting alkyl 4-methyl-6-(2-methylprop-
1-enyl)- and 4-methyl-6-phenylcyclohexa-1,3-dienoates than that provided by related chiral
amines without hydroxy group. The values of ee attained in nonpolar solvents are higher than
those observed in the polar ones. Substituting stoichiometric amounts of a chiral 1-amino-
3-methylbuta-1,3-diene for a combination of prenal with 0.1 equiv. of the corresponding
chiral amine results in the products of much lower enantiomeric purity.

Key words: 3-methylbut-2-enal; chiral secondary amines and hydroxy amines; chiral
dienamines; monoalky! ylidenemalonates; net enantioselectivity.

Employing homochiral 2-amino-1,3-dienes in asym-
metric Diels—Alder cycloaddition reactions? involves
preparing them preliminarily. On the other hand, chiral
six-membered carbocycles can be obtained following the
same pattern, but in a single step, by generating a chiral
1-amino-1,3-diene from a branched o,f-enal A and a
chiral sccondary amine in the presence of an alkyl
hydrogen ylidenemalonate as the dienopile.? Then the
nascent dieneamine B cycloadds to the dienophile C to
give unstable B-amino acids D which readily release
CO, (this makes the whole process imreversible) and
leave a chiral cyclohexadiene E and the starting chiral
amine which re-enters the catalytic cycle (Scheme 1).

Here we report on the effects of the structure and
absolute configuration of chiral amines on the net
enantioselectivity (NES) and its trend in the amine-
catalyzed asymmetric synthesis of methyl 4-methyl-
6-(2-methylprop-1-enyl)cyclohexa-1,3-dienecarboxylate
(1) or ethyl 4-methyl-6-phenylcyciohexa-1,3-diene-
carboxylate (2) from prenal (3) and 5-methyl-
2-(methoxycarbonyl)hexa-2,4-dienoic (4) or S-methyl-
2-(ethoxycarbonyl)prop-2-enoic acid (5), respectively.*
All experiments were carried out using crystalline mo-
noesters 4 and 5 consisting entirely of the Z isomers
(according to 'H NMR data, ¢f. Ref. 4), which makes

* In fact, the formation of compounds 1 and 2 involves two
diastereoselective steps, that is, the formation and fragmenta-
tion of the corresponding cycloadducts of the type D. Hence,
as a matter of convenience, the stereochemical outcome of the
whole process should be termed net enantioselectivity.
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it possible to interpret the stereochemical outcome of

the whole process with somewhat greater certainty.
Catalysts studied in this work were (S)-prolinol (6),

already used to produce optically active cyclohexadienes
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Table 1. Effectiveness and enantioselectivity of formation of cyclic dienes 1 and 2 in the presence

of chiral B-amino alcohols (molecular ratio prenal : dienophile : amine = 1.0 : 1.0 : 0.1, in
benzene)
Entry Amino  T/°C Reaction Reaction Yield [alp ee
alcohol duration/h product? (%) (¢ 1.0, PhH) (%)
7 6 20 168 (5H-1 52 +81 27.4
2 6 4 72 34 +184 62.1%
3 6 4 336 43 +104 35.2
4 ent-6 20 168 (R)-1 54 =70 23.7
5 ent-6 4 96 10 —~183 61.8
6 enr-6 4 336 45 —145 49.0
7 ent-6 7 120 30.5 —149 51.5¢
& 7 50 120 (5)-1 23 +256 86.7
9 7 20 168 40 +296 100.04
10 12 20 168 (-1 41 +129 437
11 12 4 168 20 +173 58.4¢
12 12 10/ 480 11 +185 62.58
13 6 20 360 (R)-2 16 —-14.05 7.84
14 ent-6 20 360 (-1 19 +16.0 8.6%

4 Configurations were assigned using {H NMR spectroscopy in combination with chiral solvating
agents, (R)- or (5)-1,1°-bi(2-naphthol) (Ref. 5). ¢ Assignment according to Ref. 5 gives 68% ee.
¢ Assignment according to Ref. 5 gives 34.3% ee. ¢ Assignment according to Ref. 5 gives ~100%
ee: consequently, for the specimens of (5)-1 or (R)-1 with {[a]p| = 296° the value of ee should be
assessed at ca. 100%. ¢ Assignment according to Ref. 5 gives 67% ee./ In toluene. & Assignment
according to Ref. 5 gives 72% ee. * By extrapolation of the value of ee, determined earlier
according to Ref. 5 for a specimen of (R)-2 with [alp ~52° (28%), the value of [a]p correspond-
ing to enantiomerically pure specimens of (R)-2 or (5)-2 was assessed at |{a]p| = 186°.

and hexahydronaphthalenes (Refs. 3, 5), (R)-prolinol
(ent-6), (8)-a,a-diphenyl-2-pyrrolidinemethanol (7),
(8)-2-{methoxymethyl)-pyrrolidine (8), (S)-proline
tert-butyl ester (9), (R)-2-methylpyrrolidine (10a),
(S)-2-benzylpyrrolidine (10b), (S8)-anabasine (11),
(1R,25)-ephedrine (12), (S)-N-methyl-1-phenylethyt-
amine (13), and N-methyl-p-glucamine (14).

The reaction of enal 3 with dienophiles 4 and 5 in
the presence of these amines was carried out under
conditions analogous to those described earlier,5 except
when the reaction 3 + 4 — 1 was catalyzed by amino
polyol 14. In that case the reaction was performed in
methanol (20 °C, 96 h); the yield of cyclohexadiene 1
was only 6.4%, and its optical purity was quite insignifi-
cant ([a]p?® +1.0° in benzene, ~0.3% ee). The results of
all other experiments, summarized in Scheme 2, are
presented in Tables 1 and 2.

The analysis of these data provides some clues for
understanding the effects of certain reaction parameters
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on the effectiveness and NES of the formation of chiral
cyclohexadienes 1 and 2.

Stereoselectivity factors and their effects

The structure of the catalyst markedly affects the
stereoselectivity of the process and enantiomeric purity
of its product. As can be anticipated, the use of amines
with opposite absolute configuration, such as 6 and
ent-6, gives specimens of cyclic dienes 1 or 2 of opposite
absolute configuration, but with nearly the same values
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Table 2. Effectiveness and enantoselectivity of formation of
cyclohexadiene (S)-1 in the presence of non-hydroxylic amines
as catalysts?

Enuy Amine T Reaction  Yield falp ee
/°C  dura- (%) (c 1.0, (%)
tion/h PhH)
1 8 7 144 37 +46 15.6°
2 9 20 144 23 +2.8 0.9
3 9 10 144 20 +39 1.3
4 10a 20 96 62 +22 7.4
5 10a 4 168 3 +77 26.0
6 10bc 20 72 64 +44.5 15.0¢
7 10bc 10 144 47 +98 33.1¢
8 114 4 288 16 +57 19.34
9 13 20 96 25 +32 10.8
10 13 4 168 21 +61 20.6

9 The conditions of the experiments and concentration ratios
of the reactants and catalysts are the same as given in Table §.
b Assignment according to the procedure of Ref. 5 gave 14.0%
ee. € According to the value of [a]p —28.8° (MeOH), the
specimen of the (S)-2-benzylpyrrolidine used had 85.7% ee.
4 According to the value of [alp —41.6° (neat liquid), the
starting (S)-anabasine had ca. 50% ee.

of ee (¢f. Table 1, entries /—3 and 4—6 for compound
1, as well as entries 13, I4 for compound 2). Such a
relationship allows one to transform achiral reactants
(e.g., 3 and 4, 5) into chiral cyclohexadienes, such as 1
or 2, with an "ordered” absolute configuration at the
asymmetric carbon atom by employing only catalytic
amount of a homochiral secondary amine of a known
absolute configuration.

Comparing the data of Tables 1 and 2 obtained under
similar conditions, one observes that the reaction 3 + 4
— 1, when catalyzed by B-hydroxy-substituted amines
(6, ent-6, 7, and 12), affords a product of markedly
higher enantiomeric purity than in the case of amines
containing no free hydroxy group (8—11 and 13). The
highest NES was attained using sterically demanding
amino alcohol 7 as the catalyst (see Table 1, entries &
and 9): not only at 20 °C, but even at 50 °C, were the
values of ee of the resulting specimens of (S)-1 higher

than those obtained with other hydroxyamine catalysts
at +4 to —10 °C. Relatively high ee values of com-
pounds (S5)-1 or (R)-1 were obtained when the reaction
was catalyzed by amines 6 and ens-6, or by the acyclic
amino alcohol 12. Among the amines bearing no HO
group (see Table 2), it is (S)-anabasine that appears to
be the best catalyst: in spite of its only 50% enantio-
meric purity, it afforded a specimen of (S)-1 with a
19% ee (ca. 38% ee, if enantiopure specimen of 12 were
used). Other amines in Table 1 (8—10 and 13) do not
provide even for such a modest enantioselectivity.

Solvent polarity exerts a negative effect upon the
NES of the process. The relationship between the di-
electric constant (&) of a solvent and enantiomeric purity
of cyclohexadiene (S)-1 was studied using the most
effective catalyst, amino alcohol 7 (Table 3). Under
given conditions, four solvents among the eight tried
(benzene, dioxane, THF, and MeCN) can be consid-
ered as inert media. The rest could, in principle, react
with the catalyst (AcOEt, Me,CO), aldehyde 3 (MeOH),
or dienophile 4 (pyridine, MeOH). However, the yields
of (S)-1, attained in a fixed time span, were fairly
similar. Hence, the interaction of solvent molecules
with any of the three components of the reaction system
can be assumed negligible.*

The products formed in solvents of low polarity
(e < 10) invariably induce high enantiomeric purity
(88—~ca. 100% ee), whereas in polar media the resulting
specimens of (5)-1 have significantly lower values of ee.
Both the lowering of ee of compound (S)-1 upon transi-
tion from non-polar solvents to polar ones (see Table 3)
and the above-mentioned positive effect of the OH
group in the molecule of amine catalyst upon ee suggest
the importance of a hydrogen bond in the mechanism of
asymmetric induction.

Reaction temperature and duration. As was already
shown,® the lower reaction rate and lower yield of
compound (S)-1, due to the lowering of the reaction

* With the exception of pyridine, where the formation of a
pyridinium salt of monoester 4 (a weaker dienophile) cannot
be excluded.
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Table 3. The effect of solvent polarity on the yield and
enantiomeric purity of cyclic diene (S5)-1

Solvent g Yieldof1 [a]p? ee
(%) (c1L.O.PRH) (%)
1,4-Dioxane 2.21 20 +261 88
Benzene 2.28 40 +296 100
Ethy! acetate 6.02 28 +290 98
Tetrahydrofuran 7.32 26 +296 100
Pyridine 12.3 Il +162 54
Acetone 20.7 26 +32 10.8
Methanol 32.6 20 +138 46.6
Acetonitrile 36.2 20 +181 61.1

Note. The reactions of equimolecuar amounts of enal 3 and
monoester 4 in the presence of amine 7 (0.1 equiv.) were
performed at 20 °C for 168 h in benzene (see Table 1) or for
120 h in all other solvents.

temperature from 20 °C to +4 or —10 °C, are compen-
sated for by a strong increase of ee in the product (¢f.
entries /—2, 4—35 and 10—12 in Table 1 as well as
entries 4—5, 6—7, and 9—10 in Table 2). In the case of
sterically demanding amine 7 the same trend is observed
when the reaction temperature is lowered from 50 to
20 °C (¢f- entries & and 9in Table 1). It is not unlikely
that the lower enantioselectivity observed at elevated
reaction temperatures could be due to the breaking of a
weak hydrogen bond between the hydroxy group and the
n-systemn of the transient chiral dienamine and/or to the
accelerated internal rotation of counterions in a sait-like
associate of dienophile 4 (or 5) with a chiral amine
catalyst. In either case, the steric non-equivalence of the
opposite faces of either of the diastereodiscriminating
planes* (accommodating either of the reacting species)
diminishes as the temperature increases.

At any fixed temperature, the yields increase upon
prolonging the reaction periods, but at the expense of
enantioselectivity (¢f. entries 2 and 3 or 5 and 6 in
Table 1). Apparently, in the course of long exposure the
product is gradually enriched with that of the two enan-
tiomers which is formed via a less favorable trapsition
state corresponding to one of the possible diasterecomeric
cycloadducts of the type D (see Scheme ).

An argument in favor of this assumption may be seen
in the opposite signs of optical rotation of the two
specimens of cyclohexadiene 1 obtained from a single
experiment upon fractionating the crude product of the
reaction 3 + 4 — 1 catalyzed by amine 10b (0.1 equiv).
After the isolation of the main product, dextrorotatory
compound (S)-1, from the hexane-soluble fraction, the
insoluble tar-like fraction was heated (80 °C, 30 min)
to give an additional amount of cyclic diene 1 (14%
yield). The latter differed from the first crop only in the
sign and magnitude of specific optical rotation ([alp
—38.4° in PhH, which corresponds to ca. 13% ee).

* The diastereodiscriminating plane is defined as a molecular
plane accommodating both the sp2-prochiral centers and one
asymmetric center (see Ref. 6).

Evidently, the more polar tar-like fraction (TLC data)
contained predominantly the more stable diastereomer
of the originally formed cycloadduct (as a betain and/or
ammonium salt of the corresponding amino acid D) in
amounts roughly equivalent to that of the catalyst
(thence, not exceeding 0.1 equiv. of each of the achiral
reactants, 3 and 4). The lowering of ee of the main
product (S5)-1 is hardly due to the amine-induced race-
mization, as it was shown earlierS that this process
practically did not occur under the given conditions.

Comparing variants of the cyclohexadiene synthesis:
catalytic vs. stoichiometric

The formation of dienamines from prenal and achiral
amines R;NH in the presence of dienophiles was proven
carlier.™® Therefore, the formation of chiral cyclo-
hexadienes E (Scheme [) was assumed to follow the
same pattern, i.e., to begin with in situ generation of a
chiral dienamine®3 which subsequently cycloadds by its
sterically less hindered face to a dienophile either in the
endo or exo mode. With a view to comparing the effec-
tiveness and enantioselectivity of the catalytic synthesis
of compounds 1, 2 (embracing all steps of Scheme 1)
with those of the direct interaction of equimolecular
amounts of chiral 1-amino-3-methylbuta-1,3-dienes with
dienophiles 4, 5 we prepared dienamines 15—17 from
enal 3 and amines 6, 8, and 13, correspondingly. The
unstable dienamine 13 could not be isolated in the pure
state, so it was characterized only by the diagnostic
signals present in the 'H NMR spectrum of the crude
reaction mixture. The more volatile dieneamines 16 and
17 were isolated as pure liquids in 50—35% yields upon
distillation in vacuo, and characterized by 'H NMR
spectra (Scheme 3).

The reaction of dienophile 4 with equimolecular
amounts of dienamine 16 or 17 proceeded readily to give
compound (S5)-1 in somewhat higher yield, but with
substantially lower values of ee than the reaction 3 + 4 —
1 in the presence of 0.1 equiv. of the corresponding
amines 8 and 13. Thus, when the reaction 3 + 4 — 1 was
catalyzed by acyclic amine 13 at 20 °C (exposure 96 h),
the isolated specimen of (S)-1 had 10.8% ee; at 4 °C
(exposure 168 h) the resulting cyclic diene (S5)-1 had
20.6% ee (see Table 2, entries 9 and /0). On the other
hand, direct [4+2] cycloaddition of the corresponding
dienamine 17 to ylidenemalonate 4 at 20 °C (exposure
15 h) afforded a specimen of (S)-1 with only ca. 1.1% ee;
at 6 °C (exposure 2.5 h) the resulting (S)-1 had ca. 1.4%
ee. In both cases the transition from catalytic mode to the
stoichiometric one was accompanied by an about 10-fold
decrease of ee in compound (5)-1.

The reaction of acidic benzylidenemalonate S5 with
dieneamine 16 (20 °C, 96 h) gave a specimen of
cyclohexadiene (R)-2 with {a]p!® —3.2° (in PhH) in 18%
yield. By extrapolating the polarimetric data (see
footnote 4 to Table 1), the value of its ee was assessed at
~1.7%. When the reaction 3 + 5 —» 2 was performed at
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the same temperature using either (5)- or (R)-prolinol as
the catalyst, the ee values of the resulting specimens of
{R)-2 or (85)-2 were about 2.5-fold higher (see entries 13
and /4 in Table 1).

It should be noted that the transition from the
catalytic synthesis of cyclic dienes 1 and 2 to the "sto-
ichiometric” variant is not accompanied by a steep in-
crease of their yields. This may be due to the accelera-
tion of side reactions with increasing concentration of
secondary amines in the reaction medium (¢f Refs.
4 and 5).*

* Although at the moment of mixing together the reactants 16
+ 4, 17 + 4, or 16 + 5 the reaction medium contains no free
secondary amine (8 or 13), the high velocity of the process
(stages (2) and (3) in Scheme 1) brings about the appearance
of substantial quantities of these amines. The latter can com-
pete with dienamines 16 or 17 by adding to dienophiles 4, 5 as
Michael-type nucleophiles and inducing their fragmentation.
Moreover, free amines can form chiral ammonium salts with
monoesters 4, 5; in this case not only the reactivity of the
latter as dienophiles would be lowered, but the stereoselectivity
of the cycloaddition could be reversed; as a result, the NES of
the whole process would be affected. We intend to return to
these aspects in subsequent communications.

Conformatonal effects and net enantioselectivity

The plane accommodating the five backbone atoms
of the delocalized =« system of a dienamine like 15—17
has sterically non-equivalent faces. As the dienamine
approaches the plane formed by the A? bond of mo-
noesters 4, 5, its molecule assumes that of the planar
reactive s-cis conformations (B"y or B",) which provides
for the closest suprafacial interaction of the two reacting
n systems. Here, four favorable orientational complexes
can be visualized, two of them corresponding to the
"endo” mode of approach, and two others — to the "exo”
mode (Scheme 4). The rotamers B’y and B"; entering
these orientational complexes are almost isoenergetic.*

Both the endo and exo approach of dienamine to the
"upper” side of the dienophile (2re, 3si, see Scheme 4,
A) lead to the S-configured products via epimeric cyclo-
adducts I and II, respectively. In exactlv the same
manner, both the endo and exo approach of the dienamine
to the "lower" side of the dienophile (2si, 3re, see
Scheme 4, B) would result in R-configured cyclohexa-
dienes, arising from intermediates ens-I and ens-I1.

A point of special interest is the formation of
cyclohexadienes of opposite absolute configuration when
prenal reacts with dienophiles 4 and 5 in the presence of
identical amine catalysts, e.g., (S)-prolinol (see Table 1,
as well as earlier data®).

The reversal of cycloaddition enantioselectivity upon
the transition from the peripherically hydroxytated
1,3-dienes to their nearest non-hydroxylated analogues
was already recorded for a few reactions involving some
traditional dienophiles; this discrepancy was convinc-
ingly explained by the formation of diene—dienophile
complexes stabilized, in the former case, by an intermo-
lecular hydrogen bond.'}® But the opposite enantio-
selectivity in reactions 3 + 4 - 1 and 3 + 5 — 2 cannot
be explained similarly. As can be seen from Tables 1 and
2, the presence or absence of a hydroxy group in the
amines with identical stereochemistry at the asymmetric
carbon atom does not affect the reaction qualitatively
(that is, the sense of enantioselectivity), but only quanti-
tatively (that is, the value of ee in the product).

On the other hand, the increase of enantioselectivity
of formation of cyclic diene (S)-(+)-1 (that is, of ee in
this product), occurmring upon the transition from the non-
hydroxylic catalysts (8—11 and 13) to B-hydroxy-substi-
tuted amines 6, 7, and 12, could be explained by the weak
intramolecular hydrogen bond between the OH group and
the five delocalized p-orbitals of the C=C—C=C-—N
system in the intermediate dienamines. Due to this bond,
the planar s-cis conformation of the dienamine becomes
more fixed. In non-polar solvents such a fixation en-
hances the steric non-equivalence of the opposite faces of
the diastereodiscriminating plane corresponding to this

* MM2 calculations show that at 25 °C the total energy-
minimized conformations B’y and B’; differ only by 0.08
keal mol™!.
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Scheme 4
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planar conformation of the dienamine; as a consequence,
the specimens of (S)-1 obtained by using B-amino
alcohols display higher values of ee than those attained
upon catalyzing the reaction by non-hydroxylic amines
8—11 and 13.

The opposite enantioselectivity of transformations
3+4-51and3 + 5 - 2, each catalyzed by the same
catalyst, can hardly be explained by the formation of a
salt (or salt-like associate) from the starting chiral amine
and acidic dienophile, a process competing with the
dienamine-generating step, under the conditions of cata-

Iytic synthesis of cyclic dienes 1 and 2. Be that as it
may, adding a chiral secondary amine to an equi-
molecular mixture of the corresponding dienamine and
acidic dienophile would most likely increase the ee in
the resulting product, if the sense of enantioselectivity is
the same for the catalytic and "stoichiometric™ synthesis.
In fact, when a small amount (ca. 2.5 mol.%) of the
most effective catalyst 7 was added to an equimolecular
mixture of (5)-dienamine 17 with monoester 4, both the
rate of formation and enantiomeric purity of cyclo-
hexadiene (S)-1 were somewhat lowered; under identi-
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cal conditions (20 °C, 15 h) the yields and the values of
[a}p (in PhH) of specimens obtained from 17 and 4 in
the presence and in the absence of catalyst 7 were 48%
and +2.2° against 53% and +3.2°, respectively.

However, the opposite stereoselectivity observed for
the reactions of dienophiles 4 and 5 with chiral
dienamines generated from enal 3 can be explained by
two interrelated assumptions. (1) The fully planar con-
formation of the cross-conjugated dienophiles 4 and 5 is
sterically congested and hence less favored than a con-
formation in which the oxygen atoms of the COOH
and/or COOAIKk grouping are projected from the s-plane
of the C=C bond. (2) The dienamine approaches this
thermodynamically favored conformation of 4 or 5 mainly
from that side of the plane formed by the sp2-hybridized
C atoms, where the acidic OH group is located. In the
limit, such an approach leads to an unstable dien-
ammonium salt (which involves rehibridization of the N
atom),!! but [4+2] cycloaddition successfully competes
with this process.

Indeed, the calculations, employing a PC MODEL
program that takes into account p,m-conjugation of
sp2-hybridized atoms, showed that in the most stable
conformation of monoester 4 all oxygen ligands in the
COOH and COOMe groups are projected from the xy
plane accommodating the carbon atoms of the cross-
conjugated C=C(C=Q), moiety. In this conformation (F)
the dihedral angles formed by the oxygen atoms of the
OH and OMe groups with the xy plane amount to 17.8°
and —160.2°, respectivelv; and the dihedral angles be-
tween the carbonyl O atoms in the COOH and COOMe
groups and the xy plane are —163.4° and 19.3°, respec-
tively. This arrangement favors the approach of the
dienamine to monoester 4 from the "upper” (2re,3si) side
of the latter, which resuits in the S-configured products.

Analogous calculations for a more sterically conjested
model compound 5° (where in the fully planar confor-
mation the distance between an H atom in the ortho-
position of the benzene ring and any of the oxygen
atoms in the COOMe group is less than the sum of the
respective van der Waals radii) show that in the most
favored conformation of 5° (G) the oxygen atoms of the
COOH and COOMe groupings are oriented differently
with respect to the plane xy. The dihedral angles be-
tween the latter and the oxygen atoms in the OH and
OMe groups amount to —145.6° and 94°, respectively,
while the dihedral angles formed by the sp2-hybridized
oxygen atoms of the COOH and COOMe groupings
with this plane are 34.5° and —86°, respectively.

In this case the approach of the dienamine to the
"lower” (2si,3re) face of the xy plane becomes more
favored, which accounts for the preponderance of the R
enantiomer in the resulting product 2. In comparison
with the transformation 3 + 4 — 1, the formation of
cyclohexadiene 2 from enal 3 and monoester § proceeds
inefficiently, which might be attributed to the almost
complete deconjugation of the ester group and the C=C
bond in the dienophile 5.

Yy
X
F
Y
X
G
Experimentai

The course of the reactions and the purity of the isolated
products were controlled by TLC using standard Silufol sheets.
Column chromatography was performed on Poroquantz silica
gel (50—150 mm, Russia). 'H NMR spectra were recorded at
20 °C using a Bruker WM-250 (for routine overview spectra)
and a Bruker AM-300 instrument (for determining the enan-
tiomeric purity of compounds 1 and 2 by a previously de-
scribed procedureS). The values of ee were assessed employing
standard ultraprecision NMR sample tubes for solutions con-
taining a specimen of 1 or 2 and (8)- or (R)-BINOL as the
chiral shift agent in benzene at concentrations 0.1 and
0.3 mol L7, respectively. The values of [a]p were determined
using a JASCO-DIP 360 polarimeter for solutions of 1 and 2
in benzene at 16—25 °C.

Aldehyde 3 was prepared from the isomeric 2-methylbut-
3-yn-2-ol by the previously described rearrangement.!? The
pure Z isomer of monoester 5 was obtained as prism-like
crystals with m.p. 95.0—95.5 °C and R; 0.4 (AcOEt—heptane,
1 : 1, v/v) by repeated recrystallization from benzene—hexane
of the fraction with m.p. 88—93 °C isolated after extraction of
the acidified reaction mixture with Et,O (¢f. Ref. 4).
(S)-Prolinol (6) and (8)-2-(methoxymethyl)pyrrolidine (8) were
synthesized from (S)-proline (Reanal, Hungary) according to a
known procedure,13 and their constants coincided with those
given there. (R)-2-Methylpyrrolidine (10a) with [a]p20 —29.6°
(¢ 1.0, hexane) was prepared according to an earlier proce-
dure! and had ca. 95% ee. Ref. 14: [a]p?® —31.2° (¢ 1.0,
hexane). (S5)-2-Benzylpyrrolidine (10b), obtained by a known
procedure,!5 had [a]p?? —28.8° (¢ 1.07, MeOH) and ca.
86% ee; Ref. 13: [a]p?? —33.6° (¢ 1.07, MeOH). (R)-Prolinol
(ent-6), (S)-a,a-diphenyl-2-pyrrolidinemethanol (7), and
N-methyl-p-glucamine (14) were purchased from Fluka AG,
Switzerland. (S)-Proline fert-butyl ester (9) and (1 R,25)-ephe-
drine (12) were obtained by treating with alkali aqueous
solutions of their commercially available hydrochlorides (from
Reanal (Hungary), and Reakhim (USSR), respectively) and
extracting the free amines with Et,0. A specimen of (3)-
anabasine with {a]p2® ~43.9° (neat), obtained from technical
grade anabasine sulfate, had ~53% ee. Ref. 16: [a]p20 —82.2°
(neat). Enantiomerically pure specimens of (S5)-(—)-BINOL
and (R)-(+)-BINOL were prepared by a known procedure.!?



Amine-catalyzed asymmetric synthesis of cyclic dienes

Russ.Chem. Bull., Vol. 47, No. 1, January, 1998 89

5-Methyl-2-(methoxycarbonyl)hexz-2(2),4-dienoic acid
(4). To a solution of dimethyl prenylidenemalonate (5.2 g,
26.3 mmol, obtained according to Ref. 4) in 15 mL of THF a
solution of KOH (1.62 g, 28.8 mmol) in 35 mL of water was
added, and the reaction mixture was stirred at 20 °C for 3 h.
The solution was concentrated in vacuzo to one half of its
volume, and extracted with Et;O (3x15 mL).The aqueous
layer was acidified to pH 3.0, and the extract was washed with
water (2x5 mL), dried (Na>SO,), and concentrated in vacuo.
The remainder was column chromatographed on SiO; (S0 g)
using a hexane—AcOEt gradient system as the eluent to afford
2.73 g (56%) of a pure solid (TLC) which was recrystallized
from benzene—hexane. The yield of pure Z-monoester 4 was
1.45 g (30%). 'H NMR (CDCly), 8: 2.06 (d. 6 H, J =2 Hz);
395(.3 H); 6.88(d, Ll H. /=125 Hz); 843 (d, 1 H, J =
12.5 Hz); 10.3 (br.s, 1 H). Signals attributed previously to the
E isomer of monoester 4 in a specimen with m.p. 65—68 °C
{where the content of the latter was 80%, see Ref. 4) were not
visible in this spectrum.

(5)-N-Methyl- 1-phenylethylamine (13). To a stirred solu-
tion of (S)-1-phenylethylamine (Fluka AG; 6.04 g, 49.8 mmoi)
and triethylamine (8.3 mL, 60 mmol) in 20 mL of dry THF
freshly distilled ethyl chloroformate (5.2 mL, 55.8 mmol) was
added at 15—20 °C. The reaction was continued for | h, and
the precipitated solid was removed by filtration and washed
with dry THF (20 mL). The combined filtrates were concen-
trated in a rotary evaporator, the residue was treated with
hexane (30 mL), and the organic liquid phase was sucsessively
washed with 15% HCI and water. The organic layer was dried
(Na,S0,4) and concentrated under reduced pressure, and the
residue was distilled at b.p. 87—88 °C (0.3 Torr) to give
crystalline ethyl M-(1-phenylethyl)carbamate, m.p. 32—34 °C,
[a]p?® —89.0° (¢ 1.0, MeOH). Yield 4.3 g (45%). 'H NMR
(acetone-dg), &: 1.17 (t, 3 H. /=7 Hz); 403 (q, 2 H, / =
7 Hz); 5.84 (m, 1 H, J=7 Hz); 6.53 (brs, 1 H); 7.15-7.50
{m, 5 H). A two-neck flask, equiped wuth a reflux condenser
and a dropping funnel, was loaded (under argon) with LiAlH,
(110 mg, 2.8 mmol) in absolute Et;O (10 mL), to which a
solution of the above carbamate (540 mg, 2.8 mmol) in 5 mL
of the same solvent was then added dropwise. The mixture was
refluxed for 1 h, cooled to 0—5 °C, and quenched with 10%
HCl (to pH 1—2). The organic layer was separated and
concentrated, and the residue was extracted with CH,Cl,
(2x15 mL) in order to recover the unreacted carbamate. The
acidic aqueous layer was made alkaline to pH 14 and filtered
from inorganic contaminants, the filtrate was extracted with
CH,Cl, (3%x5 mL), and the precipitate was washed with CH,Cl,
(2xS mL). The combined organic liquid phase was concen-
trated in a rotary evaporator, and the residue was distilled
in vacuo to afford pure amine 13 as a colorless oil with b.p.
82-—84 °C (15 Torr) and [a]p2® —73.4° (¢ 2.0, CHCl3). Yield
203 mg (61%, ie., 27.5% over two stages of the synthesis).
'H NMR (acetone-dg), & 1.28 (d, 3 H, J = 7 Hz); 2.24 (s,
3 H); 3.62(q, | H, J =7 Hz); 7.17 (m, 5 H).

Methyl 4-methyl-6-(2-methylprop-1-enyl)cyclohexa-1,3-
diepecarboxylate [(S)-(+)-1 or (R)-(—)-1] (typical proce-
dure). To a mixture of monoester 4 (73 mg, 0.4 mmol) with
an amine catalyst (6—13 or enz-6, 0.04 mmol) in 2 mL of dry
benzene,* thermostatted to one of the temperatures indicated
in Tables 1 and 2, enal 3 (38 mL, 0.4 mmol) was added in one
portion. The reaction mass was left to stand for the period
indicated in Tables 1 and 2 either at 18—20 °C, or at 4—7 °C
or else at —10 °C (on a lower shelf or in the freezer section of
the refrigerator). After the disappearance of starting reactants

* Or toluene (at —10 °C).

(TLC), the reaction mixture was concentrated in vacuo to half
of its volume and applied to a column filled with SiO; (5 g).
Compound 1, whose purity was monitored by TLC (R 0.55 on
Silufol, development with hexane—AcOEt, 6 : 1), was eluted
with dry benzene as an optically active, transparent yellowish
oil free of detectable admixtures (TLC and 'H NMR data).
The yields and assigned absolute configurations of specimens
of 1 thus obtained are given in Tables 1 and 2. 'H NMR
(CgDg). 8: 1.64 (s. 3 H): 1.73 (s, 3 H); 1.96 {(A-part of ABM
system, Jag = 18, Jyy = 1.8 Hz); 2.52 (B-part of ABM
system, 1 H, Jag = 18, /g = 9 Hz); 3.52 (M-part of ABM,
Jam = 1.8, Jgpyq = 9, Jiie = 10 Hz); 3.72 (5, 3 H): 5.135 (m,
1L H); 579 (m, 1| H. Jupyw = 6, Japyiic =13 Hz); 6.93
(B-part of AB system, 1 H, JH(z)‘H(:;) = 6 Hz). The use of all
amines except ent-6 led to dextrorotatory specimens of 1.
Ethyl 4-methyl-6-phenylcyclohexa-1,3-dienecarboxylate
[(R)-(—)-2 or (8)-(+)-2]. Experiments corresponding to en-
tries 13 and 74 in Table | were carried out by analogy with
those described above for the transformations 3 + 4 — 1, ie.,
by taking 0.05 mumol of amine 6 or ent-6 per 0.5 mmol of enal
3 and 0.5 mmol of monocester 5 in 2 mL of benzene as the
solvent. Specimens of enantiomers (R)-2 and (8)-2 displayed
practically identical 'H NMR spectra which coincided with
that of a previously obtained specimen of (R)-2 (¢f. Ref. 3).
Isolation of both enantiomers of cyclic diene 1 from a single
experiment with a single catalyst. To a solution of monoester 4
(90 mg, 0.48 mmol) in dry benzene (2 mL) a solution of
(S)-2-benzylpyrrolidine 10b (8 mg, ca. 0.05 mmol) and enal 3
(47 mL, 0.48 mmol) was added, and the reaction vessel was
filled with argon and left at 20 °C for 72 h. The reaction
mixture was concentrated in a rotary evaporator to 1 mL and
diluted with 5 mL of hexane. The precipitated brown gum was
washed with hexane (2x3 mL), and the transparent hexane
supernatant was evaporated to leave a residue which was
column chromatographed on SiO, (15 g). Eluting with ben-
zene afforded a specimen of (5)-1 with [a]p2® +44.5° (¢ 1.0,
PhH) which was practically identical with the specimens of
($)-1 by its 'H NMR spectrum and the value of Ry on Silufol.
The pecipitated gum was dissolved in 4 mL of benzene. and
the solution was refluxed for 30 min. Then it was concentrated
to 1 mL and diluted with hexane (5 mL) to precipitate another
portion of brownish gum which was washed with hexane
(2x5 mL). The combined hexane extracts were evaporated,
and the residue was chromatographed on SiO, (see above) 1o
give a second batch of the cyclic diene [(R)-1] indistinguish-
able from (5)-1 by its Ry and 1H NMR spectrum, but display-
ing [0]p25 —38.4° (c 1.0, PhH). Yield 14.2 mg (14%).
(5)-1-(3-Methylbuta-1,3-dienyl)-2- (methoxymethyl)pyrro-
lidine (16) was prepared by analogy with an earlier procedurel®
by reacting amine 8 (603 mg, 5.2 mmol) with gradually added
enal 3 (530 mg, 6.3 mmol) and anhydrous K,CO; (1 g) in dry
benzene (10 mL) under argon. The reaction mass was stirred
for an additional 24 h, the supernatant was decanted, the cake
of KyCO; was washed with benzene (2%3 ml), and the com-
bined organic solution was filtered from traces of K,COj and
concentrated in vacuo. The residue was distilled in vacuo to
afford pure dienamine 16 with b.p. 100—101 °C (1 Torr) and
np?® 1.5208. Yield 470 mg (50%). 'H NMR (acetone-dy), 5:
1.78 (s, 3 H); 1.8—2.04 (m, 4 H); 2.95—3.10 (m, 2 H); 3.34
(s, 3 H); 3.47-3.60 (m, 2 H): 4.35 (3, | H, J,, = 2.5 Hz);
451 (d, 1 H, Jo, = 2.5 H2); 5.06 (A-part of AM system,
I H, Jum = 14 Hz); 6.63 (M-part of AM system, 1 H,
Jam = 14 H2).
{S)~ N-Methyl- N-(3-methylbuta-1,3-dienyl)- I -phenyl-
ethylamine (17) was prepared in the same way as dienamine
16, ie., by reacting amine 13 (216 mg, 1.6 mmol), enal 3
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(0.16 mL, 1.62 mmol), and K,CO5 (2 g) in 5 mL of benzene
for 24 h at 20 °C. Yield 172 mg (55%). Colorless oil, m.p.
70-71 °C (0.5 Torr). 'H NMR (acetone-dg), &: 1.51 (d,
3 H,J =17 Hz); 1.80 (s, 3 H); 2.50 (s, 3 H); 2.62 (m, 2 H);
440 (d, | H, Jg,,, = 3.5 Hz); 455 (d, 1 H, J,.n» = 3.5 Hz);
515 (A-part of AM system, | H, Jap = 13 Hz: 6.53 (M-part
of AM-system, 1 H, Jyy = 13 Hz); 7.15—7.40 (m, 5 H).

(5)-2-Hydroxymethyl-1-(3-methylbuta-1,3-dienyl)pyrro-
lidive (15). formed upon condensing amine 6 with enal 3 by
analogy with the two earlier procedures, rapidly darkened and
polymerized in the course of an attempt to purify it by vacuum
distillation at 100120 °C (bath temperature) (0.5 Torr). In
order to characterize its structure, the reaction mass was
filtered from K,CO;, the filtrate was concentrated in a rotary
evaporator (40 °C, 5 Torr), and the residual crude product
was analyzed spectroscopically. 'tH NMR (acetone-dg), &: 1.78
(s, 3 H); 3.70—3.80 (m, ~2 H); 4.52 (brs, ~1 H); 4.60 (brs,
1 H); 5.15(d, 1| H, /= 14 Hz); 6.60 (d, 1 H, J = 14 Hz).
The integral intensities of these signals relate to the intensities
of the latter two, which are not overlaped by the others (see
Scheme 3); in the area of § < 3.5 the indicated signals were
overlapped by those of other components of the reaction mass
which accounted for ca. 75—80% of the total integral intensity
of the spectrum.

Preparation of cyclohexadienes (S)-1 and (R)-1 from
dienamines 16 and 17 (“stoichiometric” variant). 4. A solution
of dienophile 4 (50 mg, 0.27 mmol) in 2 mL of dry benzene
was added at 20 °C to a solution of dienamine 16 (50 mg,
0.27 mmol); the reaction mass was left for 30 min and then
worked up in the same manner as described above for the
catalytic protocol of obtaining compound (5)-1. Column chro-
matography afforded a specimen identical with other speci-
mens of (S)-1 by its Rrand 'H NMR, but its {a]p? was only
+14.0°, which carresponded to 4.7% ee. Yield 23.1 mg (40%).

B. To a solution of dienamine 17 (21 mg, 0.1 mmol) in
dry benzene (1 ml) a solution of monoester 4 (20 mg,
0.1 mmol) in 1 mL of the same solvent was added at 20 °C,
and the mixture was left for 15 h and then worked up as above.
The isolated specimen of cyclohexadiene (S)-1 (TLC,
'H NMR) had [a]p2® +3.2° (¢ 1.0, PhH), which corresponded
to 1.1% ee. Yield 11 mg (53%).

Another analogous experiment (6 °C, 2.5 h) and subse-
quent standard work-up afforded a specimen of (S)-1 with
{a]lp?® +4.0° (¢ 1.0, PhH), whose yield and ee were 7 and ca.
1.4%, respectively.

C. To a solution of dienamine 16 (224 mg, 1.23 mmol) in
dry benzene (I mL) a solution of monoester 5 (263 mg,
1.23 mmol) in 1 mL of the same solvent was added at 20 °C
(under argon). The gradually darkening reaction mass was left
at 20 °C for 96 h, and then worked up as disclosed above for
the catalytic protocol of preparing compound (R)-2. Column
chromatography (SiO;) of the dark-red gum afforded a speci-
men of compound (R)-2 (TLC, 'H NMR) as a yellowish oil
with [&]p!® -3.2° (¢ 1.0, PhH), wich corresponds to ca. 1.7%
ee. Yield 52.6 mg (18%).

The effect of solvents on the net enantioselectivity of forma-
tion of cyclic diene (S)-1 was studied at 20 °C and concentra-
tion ratio [3] : [4] : [7] = 0.1 : 0.1 : 0.01 (mol-L™}) in sol-
vents purified according to recommended procedures.2? After
120 h of exposure (168 h for benzene) the solvents were

stripped off at 40—50 °C (5 Torr), and the residues were col-
umn chromatographed (SiO,) using benzene as the eluent. The
values of ee for the specimens of (S)-1 thus obtained were
deduced from their [a]p values in benzene.
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