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Abstract—The Diels—-Alder reactions between cyclopentadiene 2 and (E)-3-butenoyl-1,3-oxazolidin-2-one 1 catalysed by several
TADDOL-TiCl, complexes have been studied with different [dienophile]/[catalyst] ratios and different concentrations of reagents
and catalyst. The enantioselectivity of some of the reactions depends on these factors, which indicates the participation of
intermediate complexes with different catalyst and dienophile compositions (1:1, 1:2 and 2:1). The best results are obtained under
conditions that favour the formation of an equimolecular intermediate, whereas the conditions favouring the formation of
intermediates containing two molecules of dienophile and one of catalyst give rise to lower enantiomeric excesses (e.e.s). In one
case the asymmetric induction was not dependent on the above factors, meaning that the effect described strongly depends on the
structure of the chiral ligand. The results described show that this kind of mechanistic study complements those carried out on
the influence of the enantiomeric composition of the chiral ligand on the enantioselectivity. © 2001 Elsevier Science Ltd. All rights

reserved.

1. Introduction

An understanding of the mechanisms of enantioselec-
tive reactions promoted by chiral catalysts is necessary
in order to design new catalysts that are able to
improve catalytic activity and selectivity. In this regard,
the determination of the structure of the reactive inter-
mediates involving the catalyst is a key issue. A clear
example of the importance of these studies is the auto-
induction phenomenon, in which the cooperative inter-
action of the product with the catalyst gives rise to a
more selective reaction.!

The study of the influence of the enantiomeric composi-
tion of the catalyst on the asymmetric induction of the
reaction has become a very useful mechanistic tool to
gain information regarding the molecular composition
of these intermediates.? It is important to note that the

* Corresponding authors. Tel.: +34 964728239; fax: +34 964728214
(S.V.L.); tel.: +34 976762077, fax: +34 976762077 (J.A.M.); e-mail:
luiss@qio.uji.es; mayoral@posta.unizar.es

presence of these non-linear effects (NLEs) is evidence
for the existence of dimers (reactive or not) in which the
chiral ligands have opposite absolute configuration. In
fact, this behaviour can be observed even in cases in
which dimers with chiral ligands of the same absolute
configuration are not formed. In view of this, the
presence of NLEs does not guarantee the formation of
dimers when enantiomerically pure chiral auxiliaries are
used, contrary to the frequently assumed. The existence
of NLEs can be interpreted as proof of the participa-
tion of reactive dimers in the reaction. The influence of
these intermediates on asymmetric catalysis can be
affected by several factors, particularly the concentra-
tion of the catalyst, reagent and substrate,> which is a
consequence of the effect of these parameters on the
equilibrium between intermediates of different composi-
tion. Therefore, it seems logical to expect that, in
reactions in which these kinds of intermediates partici-
pate, the reaction conditions may have an important
influence on the asymmetric induction. For these rea-
sons, the study of such an effect may constitute a
mechanistic tool to show the participation of intermedi-
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ates with different composition, even in cases where
enantiomerically pure compounds are used. In this
regard these studies are complementary to those of
non-linear effects.

One of the reactions in which non-linear effects on
asymmetric induction have been described*® is the
Diels—Alder cycloaddition between (E)-3-butenoyl-1,3-
oxazolidin-2-one 1 and cyclopentadiene 2 (Scheme 1),
catalysed by Ti-TADDOLates. Using stoichiometric
amounts of TADDOL, Narasaka et al. have observed
NLE, and they have also isolated a precipitate that
contained Ti-TADDOLate dimers of different absolute
configuration in a 1:1 ratio.* In spite of these results,
most of the mechanistic studies have been oriented
towards the determination of the structure of the most
reactive monomeric equimolecular dienophile—catalyst
intermediates.”® However, other results indicate that
the stereochemical course of the Ti-TADDOLate-pro-
moted Diels—Alder reactions is not easy to predict. For
instance, when a TADDOL bearing 3,5-dimethylphenyl
groups as the aromatic substituents is immobilised on
organic polymers, the flexible or rigid structure of the
polymer influences the direction of the enantioselec-
tion.! These results show that the mobility of the
organic polymeric support, which may influence the
local concentration of catalytic sites, determines the
structure of the reactive intermediates.

Herein, we present a study on the influence of several
factors on the enantioselectivity of the Diels—Alder
reaction of (E)-3-butenoyl-1,3-oxazolidin-2-one 1 and
cyclopentadiene 2 catalysed by several Ti-TADDOLate
complexes. The objective of this study is two-fold.
Firstly, we aim to gain a deeper insight into the mecha-
nism of this reaction. The second aim is to demonstrate
that in reactions in which non-linear effects are
observed the reaction conditions have a significant
influence on the enantioselectivity, even when enan-
tiomerically pure ligands are used, and that this influ-
ence gives complementary and useful information
about the mechanism of the reaction.
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2. Results and discussion

Initially, we studied the influence of several factors on
the enantioselectivity of the aforementioned Diels—
Alder reaction catalysed by the (4R,5R)-2-(3-benzyl-
oxyphenyl)-o, o0, -tetra(3,5-dimethylphenyl)-1,3-diox-
olane-4,5-dimethanol-TiCl, complex 3a (Scheme 1), a
combination of reaction and catalyst for which unex-
pected stereochemical behaviour has been described.®!°

This reaction was studied with different relative
amounts of reagents and catalyst and with different
concentrations of reactants. The results obtained are
gathered in Table 1. It can be seen that the modifica-
tions considered do not have any great effect on either
the chemical yield, which is very high in all cases, or on
the endo/exo selectivity. With the exception of one
particular reaction (entry 4), the endo/exo selectivity is
within the narrow range 81:19-85:15. However, the
asymmetric induction strongly depends on the factors
described above. The results obtained clearly show that
the main factor controlling the enantioselectivity is the
[dienophile]/[catalyst] ratio. Indeed, for a very similar
concentration of dienophile, the % e.e. changes from 3
to 50% as a function of this ratio (Table 1, entries 6, 13
and 18). The same is true for the reactions carried out
with a similar concentration of catalyst but with differ-
ent [dienophile]/[catalyst] ratios (Table 1, entries 1, 2, 6,
12 and 15) (Fig. 1). As can be seen, the best asymmetric
inductions are obtained for a [dienophile]/[catalyst]
ratio of about 10:1. The asymmetric induction
decreases for the reactions carried out with a smaller
excess of dienophile and is very low when the
[dienophile]/[catalyst] ratio is 20:1.

These changes in the asymmetric induction clearly indi-
cate that the mechanism changes as the [dienophile]/
[catalyst] ratio changes, thus demonstrating the
existence of different reactive intermediates with differ-
ent dienophile/catalyst stoichiometries. In the reactions
carried out with a large excess of dienophile, the forma-
tion of intermediates between two molecules of croto-
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Scheme 1. 3a: Ar=3,5-dimethylphenyl, R, = H; R,=3-benzyloxyphenyl; 3b: Ar=2-naphthyl, R, =H; R, =3-benzyloxyphenyl; 3c:

Ar=phenyl, R,=R,=CH,.
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Table 1. Results obtained from the reaction of 1 and 2 catalysed by the TADDOL-Ti complex 3a for different [dienophile]/

[catalyst] ratios

Entry [Catalyst]* [Dienophile]/[catalyst] [Diene]/[dienophile] Conv. (%)® endo 3jexo 4° % e.e. endo®
1 0.0100 1.1 21.4 99 81:19 7
2 0.0080 3.0 213 98 85:15 14
3 0.0430 5.0 24.4 99 84:16 14
4 0.0170 4.7 225 90 72:28 12
5 0.0104 5.7 223 99 81:19 27
6 0.0070 4.5 25.7 99 84:16 24
7 0.0032 5.0 243 99 81:19 28
8 0.0320 10.0 20.0 99 82:18 15
9 0.0120 10.0 21.4 100 84:16 15
10 0.0100 12.0 11.5 100 85:15 17
11 0.0080 10.0 9.6 100 82:18 41
12 0.0076 10.5 21.8 100 81:19 47
13 0.0040 10.0 22.0 99 82:18 50
14 0.0016 10.0 243 98 81:19 40
15 0.0076 19.7 21.8 98 83:17 3
16 0.0050 19.1 22.8 92 82:18 3
17 0.0043 19.8 22.0 93 82:18 3
18 0.0020 19.4 22.6 99 82:18 3

2 Molar concentration.
® Determined by '"H NMR spectroscopy.

¢ Determined by 'H NMR spectroscopy in the presence of Eu(hfc)s; 4a is the major product.

nate and one molecule of catalyst can be envisaged.
Given that the co-ordination of two molecules of
dienophile prevents the formation of chelate complexes,
the dienophile will have high conformational mobility,
which justifies the low asymmetric induction. Interme-
diate C in Scheme 2 represents one of the possible
structures for this reactive intermediate. In this general
structure the carbonyl oxygen of the enoate moiety of
one of the dienophile molecules is trans to one of the
chlorine atoms. Given that O? is more basic than O!,
one intermediate in which both O? atoms co-ordinate
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Figure 1. Variation of the % e.e. as a function of the
[dienophile]/[catalyst] ratio, for a constant dienophile concen-
tration, in the reactions catalysed by 3a, 3b and 3c. CI:
Ar=C¢Hs, R=R'=Me; C2: Ar=3,5-diMe-C;H,, R=H,R'=
BnO-C¢H,; C3: Ar=2-naphthyl, R=H; R'=BnO-C,H,.

with the titanium atom will be more stable but, for the
same reason, will also be less reactive. The modification
of the asymmetric induction for the other [dienophile]/
[catalyst] ratios indicates the participation of
equimolecular intermediates, such as those normally
proposed®” (Scheme 2, intermediate B), and also of
intermediates formed by two (or several) molecules of
catalyst and one molecule of dienophile. Intermediate A
in Scheme 2 represents one of the possible structures for
these intermediates. In this general structure, which was
proposed by Seebach et al.,* the carbonyl oxygen of the
enoate moiety is trans with regard to one of the chlo-
rine atoms. In intermediates B and A, the dienophile
forms a chelate complex with the catalyst, a situation
that is in agreement with the higher asymmetric
induction.

In spite of its relative complexity, the above description
is far too simplistic to represent the real picture. Indeed,
the e.e. can be significantly changed on altering the
concentration of the reagents or catalyst. Thus, for the
reactions carried out with [dienophile]/[catalyst] ratios
of 5:1 (Table 1, entries 3-7), 10:1 (Table 1, entries
8-14), and 20:1 (Table 1, entries 15-18), the enantiose-
lectivity decreased with increasing concentration of
dienophile and/or catalyst (Fig. 2). This is not the case
for the reactions carried out with a high dienophile/cat-
alyst ratio.

It can be demonstrated, for a given [dienophile]/[cata-
lyst] ratio, that if the reaction were to take place
through intermediates of the same molecularity, the
enantioselectivity would not depend on the dienophile
and catalyst concentrations regardless of the number of
these intermediates.
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Scheme 3 represents the reaction through two
diastereomeric intermediates, each of which leads to the
two enantiomeric products (P and Pg). The applica-
tion of the steady-state approach clearly shows that the
asymmetric induction does not depend on the concen-
trations of the dienophile and catalyst for given values
of m and n.

dil,]
dt

= ki [TY"[FT'=k_y [ ]= (o pt ko)L ][D] =

ky[T]"[F]"
k_1+(kygtkss)[D]

[1,]= (steady state)

and analogously for 7,:

kA[TT"IFT

= koD

from which it can be deduced that (Eq. (1)):

[Pr]_korlliltkorlh]  korki k! +(kSptkhs)[D]}+kS ek itk +(Korthas) D]}

B. Altava et al. / Tetrahedron: Asymmetry 12 (2001) 1829-1835

OII, Ti \\\Cl 1,

,,,,,

catalyst
3

Cl
Cl’l: |' \\Ol)
/ I \O
B

dienophile

( O/,, ..... ‘\\Cl

ee (%)

C1

1.6E-03

40E-03 b0 I2F; oz“' ;
o 3.2E-02

|catalyst|

Figure 2. Influence of the dienophile and/or catalyst concen-

trations on the asymmetric induction, in the reaction

catalysed by 3a. Cl: Ar=C¢Hs;, R=R’'=Me; [dienophile]/

[catalyst]=20; C2: Ar=3,5-diMe-C¢H,, R=H; R’'=BnO-

CcH,; [dienophile]/[catalyst]=35; C3: Ar=2-naphthyl, R=H;
=BnO-C¢H,; [dienophile]/[catalyst] = 10.
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Scheme 3.

This seems to be the case for the reaction carried out
with a large excess of dienophile (Table 1, entries
15-17) but not for the other two [dienophile]/[catalyst]
ratios investigated. In these cases the influence of the
concentration of the dienophile and/or catalyst can
only be explained by the coexistence of mechanisms
involving intermediates with different dienophile/cata-
lyst stoichiometries, i.e. with different values of m and
n.

The equations obtained for the selectivity indicate that
the only reagent whose concentration may have an
influence on the enantioselectivity is the diene. How-
ever, a marked influence is not to be expected given Eq.
(1) and the fact that the Diels—Alder reaction is nor-
mally the slower step. Thus, in this case a pre-equi-
librium kinetic situation applies (Eq. (2)):

[PR]:szk]kL]"'k/ZRk,lk—l
[Ps]  kosk k! +khskik_,

2

We have studied the effect of the diene concentration in
several reactions and the results obtained (Table 1,
entries 9 and 10 and entries 11 and 12) show that
neither the proportion nor the concentration of diene
have a noticeable effect on the enantioselectivity. The
small changes observed may be due to minor changes in
the concentration of the catalyst.

Data obtained from NMR experiments indicate that
aggregate formation, in benzene-d;, starts to be impor-
tant for catalyst concentrations above 1072 M. The 'H
NMR spectrum of TADDOL 3a is very complex
because of the presence of at least three different con-
formers exchanging slowly in the NMR time scale.>®
For example, a 0.006 M solution of 3a in benzene-d;
shows several signals for the methyl groups of the
3,5-dimethylphenyl subunits, including one that appears
at ca. 0 =0.6, most likely because of the close proximity
of one of the aryl groups located at C(2) or at the a
positions. The formation of the Ti complex is accompa-
nied by changes in the NMR spectra of the TADDOL,
revealing that conformational changes occur upon com-
plexation. In particular, changes in the shape and inten-
sity of the signals for the methyl groups are observed,
including an increase in the relative intensity of the
shielded signal at 0=0.6. Similar trends are also
observed after addition of the (F)-3-butenoyl-1,3-oxa-

zolidin-2-one 1 at a 10:1 [dienophile]/[catalyst] ratio.
The situation was, however, different when similar
experiments were carried out starting from a 0.012 M
solution of 3a in benzene-d,. In this case, upon forma-
tion of the Ti complex the signals broaden and a clear
decrease in intensity is observed for the TADDOL
signals when compared to those of the ‘PrOH formed.
Significantly, the signal at 6 =0.6 cannot be observed.
A similar situation is obtained after the addition of
dienophile 1 (10:1, 3a:1 ratio). The normal intensities of
the TADDOL signals are recovered when the NMR
experiments are carried out using long delay times
(d1>=10). The same trends are observed for higher
concentrations. Thus, the formation of aggregates, giv-
ing low enantioselectivities, at concentrations above
102 M is consistent with the clear decrease in ee that
can be observed in Table 1 when the concentration is
increased (compare entries 3-4 and 8-10 with entries
6-7 and 11-13, respectively).

It must be noted that the intermediates described are
only tentative structures and the participation of other
intermediates of the same molecularity, including the
cationic species proposed by Seebach et al.,* cannot be
ruled out. However, intermediate B can be accepted as
the most reactive of the possible intermediates that
participate in the equimolecular route.>’

In summary, the results obtained in the reactions pro-
moted by 3a clearly show that the Ti-TADDOLate-
catalysed Diels—Alder reaction of (FE)-3-butenoyl-1,3-
oxazolidin-2-one 1 with cyclopentadiene 2 can take
place through three different kinds of reactive interme-
diates: With a large excess of dienophile the formation
of intermediates involving two molecules of dienophile
and one of catalyst is favoured independently of the
concentration and, under these conditions, the enan-
tioselectivity obtained is very low. The results obtained
indicate that the more selective reaction takes place
through equimolecular dienophile/catalyst complexes.
In fact, when a low [dienophile]/[catalyst] ratio is used,
the formation of complexes between two molecules of
catalyst and one of dienophile is favoured and, under
those conditions, the enantioselectivity decreases. In
these cases an increase in the concentration, which must
favour aggregation phenomena, reduces the enantio-
selectivity.
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In order to obtain further information we studied the
same reaction catalysed by two different Ti-TADDOL-
ates 3b and 3c. The results obtained in the reaction
catalysed by 3b (Scheme 1) are gathered in Table 2. It
can be seen that the [dienophile]/[catalyst] relationship
is again a factor determining the enantioselectivity (Fig.
1), which does not depend on the proportion of diene.

Table 3 gathers the results obtained in the same reac-
tion catalysed by 3¢ (Scheme 1). In this case, the
enantioselectivity does not seem to be greatly affected
by the [dienophile]/[catalyst] ratio (Fig. 1). As a conse-
quence, another important point is that the behaviour
described is not general and it is related to the structure
of the TADDOL used as a chiral ligand. In particular,
the important role played by m—m interactions between
substituents at C(2) of the dioxolane ring and aryl
groups at the o positions must be considered in order to
understand the different behaviour of TADDOL 3c,
which does not contain aryl groups at the dioxolane
moiety.”®

It is important to note that the study carried out is able
to discriminate  between different mechanistic
behaviours.

The results obtained demonstrate that this kind of
study is a useful mechanistic tool. Such studies comple-
ment those of correlation between the asymmetric
induction and the enantiomeric composition of the
catalyst. On the one hand, the absence of a linear
correlation between the enantioselectivity of the reac-
tion and the enantiomeric composition of the chiral
ligand indicates the participation of intermediates in
which molecules of catalyst with different molecularities

are involved. On the other hand, the influence of both
the [reagent]/[catalyst] molar relationship and the con-
centration indicates the presence of intermediates with
different molar compositions, even in the case of using
enantiomerically pure catalysts, showing not only the
presence of catalyst dimers, but also their roles as
catalytic active species.

3. Conclusions

The main conclusion that can be drawn from this study
is that there is a clear influence of the [reagent]/[cata-
lyst] molar relationship on the enantioselectivity and
that this shows the existence of competitive mechanisms
involving reactive intermediates with different composi-
tions, which lead to different enantioselectivities. As an
example, the results presented show that some Ti-TAD-
DOLate-promoted Diels—Alder reactions can take place
through intermediates with different dienophile/catalyst
molar compositions, the best results being obtained
through the participation of a 1:1 isolated dienophile/
catalyst complex.

4. Experimental

The TADDOL (4R,5R)-2-(3-benzyloxyphenyl)-a,a,
o’,0’-tetra(3,5 - dimethylphenyl) - 1,3 - dioxolane - 4,5 - di-
methanol was prepared according to literature meth-
ods.'0s

4.1. General procedure for the Diels—Alder reaction

A solution of TADDOL (0.125 mmol) and TiCl,(O’Pr),
(0.4 mL, 0.25 M in dry toluene) in dry toluene contain-

Table 2. Results obtained from the reaction of 1 and 2 catalysed by the Ti-TADDOLate 3b

Entry [Catalyst]® [Dienophile]/[catalyst] [Diene]/[dienophile] Conv. (%)® endo 3/exo 4° % e.e. endo®
1 0.0160 1.2 21.6 92 76:24 22
2 0.0135 33 21.4 97 81:19 29
3 0.0130 5.7 20.0 94 81:19 40
4 0.0080 10.9 30.3 97 76:24 62
5 0.0040 23.0 38.3 98 81:19 27

2 Molar concentration.
® Determined by '"H NMR spectroscopy.

¢ Determined by 'H NMR spectroscopy in the presence of Eu(hfc)s; 4b is the major product.

Table 3. Results obtained from the reaction of 1 and 2 catalysed by the Ti-TADDOLate 3c

Entry [Catalysyt]* [Dienophile]/[catalyst] [Diene]/[dienophile] Conv. (%)° endo 3fexo 4° % e.e. endo®
1 0.0122 1.1 20.0 100 85:15 21
2 0.0125 3.0 20.0 100 84:16 27
3 0.0125 5.8 20.0 100 84:16 27
4 0.0125 10.2 20.0 97 85:15 24
5 0.0125 20.6 20.0 98 84:16 23
6 0.0100 5 20.0 98 82:18 29
7 0.0050 10 20.0 98 84:16 27

2 Molar concentration.
® Determined by 'H NMR spectroscopy.

¢ Determined by 'H NMR spectroscopy in the presence of Eu(hfc);; 4b is the major product.
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ing molecular sieves (0.5 g) was stirred at 0°C for 30
min. After this period, a solution of (£)-3-butenoyl-1,3-
oxazolidin-2-one and cyclopentadiene in dry toluene
was added and the reaction mixture was stirred for 24
h at 0°C. IN HCI was added and the resulting mixture
was extracted three times with Et,O. The organic solu-
tion was dried and the solvent removed under reduced
pressure. The conversion and the endo/exo selectivity
were determined by "H NMR spectroscopy by integrat-
ing the signals corresponding to the methyl group (exo
cycloadducts 6=0.83, endo cycloadducts 6=1.10, 3-
crotonoyl-1,3-oxazolidin-2-one  d=1.94). The endo
cycloadducts were purified by column chromatography
on silica gel using hexanes/EtOAc (2:1) as the eluent. In
each case the e.e. of the endo cycloadducts was deter-
mined by 'H NMR spectroscopy in the presence of
Eu(hfc), (I/s molar ratio 0.3). The e.e. was confirmed by
HPLC [Daicel OD, Pr’OH/hexanes (3:97), flow rate 1
mL min™', 254 nm, ¢, .,: 26.94 min, ¢, ,40s38): 30.09

I,exo"

min, ¢, ,a0rss): 32.69 min) and by polarimetry.
Acknowledgements

This work was made possible by the generous financial
support of the Comisién Interministerial de Ciencia y
Tecnologia (Project MAT99-1176).

References

1. As examples of autoinduction in aluminium-promoted
enantioselective Diels—Alder reactions, see for instance:

10.

(a) Ribiere, F.; Riant, O.; Kagan, H. B. Tetrahedron:
Asymmetry 1990, 1, 199; (b) Heller, D. P.; Goldberg, D.
R.; Wulff, W. D. J. Am. Chem. Soc. 1997, 119, 10551.
(a) Blackmond, D. G. Acc. Chem. Res. 2000, 33, 402; (b)
Girard, C.; Kagan, H. B. Angew. Chem., Int. Ed. Engl.
1998, 37, 2922.

. Kitamura, M.; Suga, S.; Noyori, R. J. Am. Chem. Soc.

1998, 120, 9800.

(a) Seebach, D.; Marti, R. E.; Hintermann, T. Helv.
Chim. Acta 1996, 79, 1710; (b) For general references to
TADDOL chemistry, see: Seebach, D.; Beck, A. K;
Heckel, A Angew. Chem., Int. Ed. 2001, 40, 93.
Seebach, D.; Dahinder, R.; Marti, R. E.; Beck, A. K_;
Plattner, D. A.; Kiithnle, F. M. N. J. Org. Chem. 1995,
60, 1788.

Ivasawa, N.; Hayashi, Y.; Sakurai, H.; Narasaka, K.
Chem. Lett. 1989, 1581.

(a) Gothelf, K. V.; Hazzel, R. G.; Jorgensen, K. A. J.
Am. Chem. Soc. 1995, 117, 4435; (b) Gothelf, K. V;
Jorgensen, K. A. J. Org. Chem. 1995, 60, 6487.

. Haase, C.; Sarko, C. R.; DiMare, M. J. Org. Chem. 1995,

60, 1777.

(a) Garcia, J. I.; Martinez-Merino, V.; Mayoral, J. A. J.
Org. Chem. 1998, 63, 2321; (b) Altava, B.; Burguete, M.
I.; Fraile, J. M.; Garcia, J. L; Luis, S. V.; Mayoral, J. A,;
Royo, A. J.; Vicent, M. J. Tetrahedron: Asymmetry 1997,
8, 2561; (c) Altava, B.; Burguete, M. I.; Garcia-Verdugo,
E.; Luis, S. V.; Vicent, M. J. Tetrahedron: Asymmetry
2000, 11, 4885.

(a) Altava, B.; Burguete, M. I.; Escuder, B.; Luis, S. V;
Salvador, R. V.; Fraile, J. M.; Mayoral, J. A.; Royo, A.
J. J. Org. Chem. 1997, 62, 3126; (b) Altava, B.; Burguete,
M. L; Fraile, J. M.; Garcia, J. 1.; Luis, S. V.; Mayoral, J.
A.; Vicent, M. J. Angew. Chem., Int. Ed. 2000, 39, 1503.



