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Mechanistic Study of Intramolecular Aldol Reactions of Dialdehydes
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Transition states associated with the C-C bond-formation
step in proline-catalyzed intramolecular aldol reactions of
1,7-dialdehydes were studied using density functional theory
methods (DFT), at the B3LYP/6-31G(d,p) level. A polarizable
continuum model (PCM) was used to describe solvent effects.
Two reactive channels, corresponding to the anhydrous sys-
tem or to the explicit inclusion of water have been analysed.

Computational data allow us to rationalize the intramolecular
aldol reaction experimental outcome, validating the pro-
posed enamine-based mechanism, as well as to suggest the
importance of water in the control of the reaction stereoselec-
tivity.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2008)

Introduction

Aldol reactions are key carbon—carbon bond-forming re-
actions that have tremendous synthetic utility and are often
the platform of choice to examine new organocatalysts. Na-
ture has perfected stereospecific aldol reactions using aldol-
ase enzymes. While these enzymes have synthetic utility,
they are limited by the lack of large-scale compatibility and
typically do not have broad substrate recognition.l'l The
most promising alternative to circumvent these limitations
is organocatalysis, proline being the most-studied organoca-
talyst. In fact, one of the first contributions to enantioselec-
tive organocatalysis was the proline-catalyzed intramolecu-
lar aldol cyclization of triketones 1 (Scheme 1). In 1971,
Hajos and Parrish at Hoffmann-La Roche® and Eder,
Sauer and Wiechert at Schering AGP! independently pub-
lished a series of papers and patents involving this transfor-
mation. Acid-catalyzed dehydration was the last step in the
synthesis of ketone 3, an important intermediate in the total
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Scheme 1. Enantioselective intramolecular aldol cyclization.
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synthesis of steroids. Related cyclizations have been proven
to be extremely useful in building blocks for many natural
products.l'¢4 It is interesting to note that Hajos and
Parrish regarded this reaction as “a simplified model of a
biological system in which (S)-proline plays the role of an
enzyme” 1!

The mechanism of this reaction has been the subject of
intense discussion.l®! Today, the transition state proposed
by Houk is generally accepted by the scientific community
(Figure 1). This mechanism involves an enamine intermedi-
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Figure 1. Houk transition state.[f]
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ate (Scheme 2) followed by a transition state with concerted
C-C bond formation and proton transfer from the carbox-
ylic acid group to the carbonyl acceptor (Figure 1).[¢]
From the point of view of the starting material, this pro-
cess can formally be considered an intramolecular 6-en-
olendo cyclization, with the enamine C-C double bond be-
ing part of the newly formed carbocycle. In 2003, List de-
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Scheme 2. Enamine formation.
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scribed the first intramolecular enolexo aldolization in high
enantioselectivity (Scheme 3).[71 This process is particularly
attractive for the desymmetrization of meso compounds.!®
List proposed a transition-state model for 6-enolexo aldol-
izations analogous to 6-enolendo processes (Scheme 4).
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Scheme 3. enolexo aldolization.
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Scheme 4. Intramolecular aldol reactions, enolendo (Houk’s pro-
posall®T) and enolexo (List’s proposall”l) aldolization.

In both mechanisms, 6-enolendo and 6-enolexo, the en-
amine intermediate is formed by condensation of a diketone
or a dialdehyde molecule with the catalyst (S)-proline (see
general mechanism in Scheme 2). This means that even
when the reaction is conducted under anhydrous conditions
(the usual method) during the cyclization step, as much as
1 equiv. of water can be present. Since it is assumed that
aldol reactions can be catalyzed by general-base mecha-
nisms,’! the presence of water can become very important
in the final reaction outcome. In fact, to promote enantio-
selectivity by an enamine-based mechanism in the presence
of water, general-base catalysis must be minimized.!'”! Re-
cent reports made evident that proline-catalyzed asymmet-
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ric aldol reactions are indeed highly sensitive towards
water.104-11 T ater, several studies of reactions in water have
been published.[°!?] Based on these results, Janda proposed
a mechanism for the nornicotine-catalyzed aqueous inter-
molecular aldol reaction between acetone and 4-chloro-
benzaldehyde, based on density functional calculations
(Scheme 5).1%81 Houk had already considered a possible
mechanism in which water was explicitly used as a proton
donor in the TS, but Janda’s proposal was the first one
to consider water as an organizational factor during the
carbon—carbon bond-formation step.

According to Scheme 5, during the carbon—carbon bond-
formation step, the water molecule completes the ring of a
six-membered transition state in which C-C bond forma-
tion, proton transfer from the water to benzaldehyde and
C-O bond formation occur simultaneously.

There are several theoretical studies aiming at the ratio-
nalization of intermolecular aldol reactions of ketones!®! or
between ketones and aldehydes.['3] There are also several
theoretical studies approaching the mechanism of intramo-
lecular aldol reactions of ketones.[°04-611 Nevertheless, to
the best of our knowledge, there is no theoretical study on
intramolecular aldol reactions of dialdehydes, in spite of its
synthetic and practical interest.[-85-8¢141 With this work we
wish to fill this gap, presenting the first theoretical study on
the intramolecular aldol reaction of dialdehydes. We ana-
lyze alternative mechanisms, with or without the explicit
inclusion of water molecules in the transition state, aiming
to establish a comparison with the mechanisms proposed
for similar systems and to evaluate the importance of water
in the reaction medium.

Results and Discussion

During the last decade, several computational studies
have been published focusing on different aspects of pro-
line-catalyzed aldol, Mannich, and other related reactions.
Recently, List!l”! proposed a mechanism for 6-enolexo aldol-
izations of dialdehydes, based on Houk’s mechanism for the
cyclization of diketones,[® that involves attack of an en-
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Scheme 5. Proposed mechanism for nornicotine-catalyed aqueous reaction of acetone and 4-chlorobenzaldehyde.
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amine intermediate on the free carbonyl group, ac-
companied by proton transfer from the proline carboxylic
acid moiety to the developing alkoxide (Scheme 4). In order
to provide a plausible explanation for the high stereoselecti-
vity observed experimentally in intramolecular aldol reac-
tions of dialdehydes, we applied this model (Scheme 4) to
the transition state of the intramolecular aldol reaction of
dialdehyde 4

Regarding the structure of compound 4, four transition
states have to be considered, leading to four final dia-
stereomers of compound 5 (Figure 2). The relative energies
of the different transition states are given in Table 1,
whereas Figure 2 shows the respective 3D transition struc-
tures.

COOHo OH | OH
4 4> (&@ ‘R %@
5-(SS) 5-(RR) 5-(RS) 5(SR)

TS-1(SS), anti
E,= 0.0 (0.0) kJ mol"
E, = 97.2 (92.7) kJ mol"

TS-3 (RS), syn TS-4 (SR), anti

E = +20.4 (+18.5) kJ mol E,=+4.4 (+5.7) kJ mol"

CE(COOH TS-1 TS-2 TS-3 TS-4

b ‘,d (SS) (RR) (RS) (SR)
N\E/\ 160.4° 32.2° 32.6° 160.5°
¢=<abcd (16359 (32.2°) (32.8°) (163.3°)

7.44 7.52 8.19 7.22

u(Debye)  59p)  (896)  (975)  (8.68)

Figure 2. Proposed transition states for the cyclization of 4 to 5
catalyzed by (S)-proline, relative gas-phase Gibbs energies, C—N—
C=C dihedral angles and dipole moments. Values in parentheses
include solvation in DCM.

Table 1. Relative transition-state energies, enantioselectivities and
diastereoselectivities of the intramolecular aldol reaction, in the gas
phase and in dichloromethane (DCM). Gibbs energy differences
in parentheses, AAG = AGpcy — AGgp In DCM, TS-1 is by
4.5 kJmol ! more stable than in the gas phase.

I Gas phase Dichloromethane Ref.”!
Transition
state AG € 4. AG € dr % dr
[k mol™1 (%) T KImol™l (%) T (%) T
TS-1 (SS) 0.0 99.7 0.0(4.5) 99.8
TS-2(RR) 164  (anti) 6.0:1 17.2 (-3.7) (anti) 99.0

TS-3(RS) 204  99.7 10:1

TS-4(SR) 44

18.5(-6.4) 98.9
5.7 (=3.3) (anti)

(anti)
(anti)
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Figure 2 shows transition structures for the proline-cata-
lyzed cyclization of dialdehyde 4, according to the model
proposed by List. In all transition structures, the hydrogen
bond between the carboxylic acid group and the forming
alkoxide oxygen atom induces the formation of low-energy
chair conformations as well as intramolecular acid catalysis.
This type of interaction is characteristic of enamine-medi-
ated aldol reactions, in which the catalyst is proline.[% In
the gas phase, transition state TS-1 [(SS) enantiomer] is the
most stable and is by 16.4 kJmol™! less energetic than TS-
2 [(RR) enantiomer], whereas TS-4 (SR) is by 16 kJmol !
more stable than its enantiomer TS-3 (RS). In TS-1 (SS)
and TS-4 (SR), the carboxylic acid group and the enamine
double bond adopt an anti relationship with respect to the
C-N axis (Figure 2), whereas in TS-2 (RR) and TS-3 (RS)
this relationship is syn. These conformational differences
suggest that the energy change between each pair of
enantiomers is due to a combination of steric and electro-
static interactions, as discussed below. The distances of the
1-6 hydrogen—hydrogen steric contacts involving the a-hy-
drogen atom to the carboxyl group are 2.36 A in TS-2 and
2.33 A in TS-3 (Figure 2, syn conformations). In the anti
conformations, the equivalent 1-5 hydrogen—hydrogen con-
tacts are 2.71 A in TS-1 and 2.41 A in TS-4. These differ-
ences lead to higher destabilization of the syn structures
when compared with the anti configurations. It could be
expected that the energy of the forming cyclohexane ring
would depend on the relative positions of its substituents
(equatorial vs. axial). Nevertheless, the analysis of the four
transition structures in Figure 2, suggests that this is not a
major factor, as structures TS-1 and TS-2 have both sub-
stituents in equatorial position, but show an energy differ-
ence of more than 16 kJmol™'. A similar conclusion can be
deduced from the comparison of structures TS-3 and TS-
4, since they have also a large energy difference, but the
substituents are in similar relative positions (one equatorial
and one axial). Also, for each pair TS-1/TS-4 or TS-2/TS-
3 the energies are similar, but they have different orienta-
tions of the substituents. Electrostatic factors contributing
to the transition-state relative energies are observed as at-
tractive interactions between the positively charged methyl-
ene group adjacent to the proline nitrogen atom (as a result
of the iminium formation)!®®-15l and the negatively charged
forming alkoxide group (as a result of the carbon-carbon
bond formation). In structures TS-1 and TS-4, the dis-
tances between these groups are 2.45 A and 2.37 A, respec-
tively, whereas in structures TS-2 and TS-3 these distances
are 3.07 A and 3.11 A, respectively. A direct result of this
effect can be observed in the lengths of the hydrogen bonds
between the carboxyl hydrogen atom and the forming alk-
oxide group. The distances are shorter in structures TS-2
and TS-3 (1.27 and 1.22 A) than in structures TS-1 and TS-
4 (1.29 and 1.30 A), which indicates that the charge on the
oxygen atom is more neutralized in the second pair of
structures, due to its strong interaction with the methylene
hydrogen atom in the proline moiety. This charge neutral-
ization is the main driving force for the cyclization
process.
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According to Table 1 and Figure 2, not only the com-
puted gas-phase enantiomeric excesses are in good agree-
ment with the experimental values [TS-1 vs. TS-2 (99.7%;
exp. 99%) and TS-3 vs. TS-4 (99.7%; exp. not available)]
but also the diastereomeric excess [TS-1 + TS-2 vs. TS-3 +
TS-4 (6:1; exp. 10:1)] was found to be in reasonable agree-
ment. The diastereomer TS-4 (SR) is by 4.4 kImol! less
stable than TS-1 (SS), whereas TS-3 (RS) is by 4.0 kJmol!
less stable than TS-2 (RR). As previously discussed, the
proton—proton steric interaction seems to be the main fac-
tor responsible for this difference [dy.pcrs.1y = 2.71 A vs.
dH H(TS-4) = =241 A and dH H(TS-2) = =2.36 A VS. dH H(TS- 3)
2.33 A] (Figure 2). Considering the four relative energies,
structures TS-1 and TS-4 are the main ones responsible
for the calculated diastereoselectivity, since the other
two structures contribute less than 1% to the overall
yield.

As the experimental study was performed in DCM and
the transition states are ionic, it is possible that the solvent
may play a key role in the reaction kinetics. PCM results in
DCM are shown in Table | and indicate that all activation
energies are indeed reduced, when compared with gas-phase
values. Transition state TS-3 (RS) is the most stabilized one,
which directly correlates with its larger dipole moment
(8.19 D) (Figure 2). Solvent effects also induce some con-
formational changes in the transition structures, as it can
be seen in the C-N-C=C dihedral angle values (Figure 2).
In spite of all these energetic and structural changes, solvent
effects do not strongly affect the enantioselectivity of the
reaction. TS-1 [(SS) enantiomer] is still by 17.2 kJmol!
more stable than TS-2 [(RR) enantiomer], and TS-4 (SR) is
still by 12.8 kJmol™! more stable than its enantiomer TS-3
(RS). Due to these large differences, the enantioselectivity
change is less than 1%. Nevertheless, the diastereoselectiv-
ity is considerably affected, increasing from 6.0:1 to 9.9:1.
This result is mainly due to the lower stabilization of TS-4
(AAG = 3.3 kJmol ") when compared with TS-1 (AAG =
—4.5 kJmol ™).

As discussed in the Introduction, catalytic aldol reactions
can be affected by the presence of water in the reaction
medium. Usually this type of reaction is experimentally
conducted under anhydrous conditions. Nevertheless, water
is a side product of the enamine formation step, which can
lead to water amounts in the reaction medium as large as
1 equiv., depending on the catalyst concentration. Since the
reagents are more polar than the solvent, the water released
during the first step can be kept connected by strong hydro-
gen bonds, avoiding its diffusion into the solvent. We tested
several possible transition states with a water molecule ex-
plicitly included, some of them based on proposed mecha-
nisms in the literature in which other molecules were used
instead of water.['®) The majority of the structures we found
were too energetic to be considered. Nevertheless, a modifi-
cation of the mechanism proposed by Houk!*? for the intra-
molecular aldol cyclization of triketone 1, as described in
Figure 3, gave interesting results.

Relative activation energies for the conversion of 4 to 5
catalyzed by (S)-proline, with the explicit inclusion of water,
3400
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Figure 3. Mechanisms proposed for proline-catalyzed intramolecu-
lar aldol reactions.

are given in Table 2, whereas Figure 4 shows the respective
transition structures. All values are relative to TS-1
(Table 1).

Table 2. Relative (to TS-1, Table 1) transition-state energies,
enantioselectivities and diastereoselectivities of the intramolecular
aldol reaction in the gas phase and in DCM, with the explicit in-
clusion of a water molecule.

i, Gas phase Dichloromethane Ref.”!
Transition
state AG dr AG “ dr. % dr
Kimol] (%) " [Kmol'l (%) " (%)
TS-5 (SS) 35 40.8 25.8 59.9
TS-6 (RR) 5.6 (anti) 29.2  (anti) 4 99.0 .
TS-7(RS) 19.1 99.4 231 438 99.8 1.9:1 (anti) 10:1
TS-8 (SR) 4.6 (anti) 26.9 (anti)
COOH o OH OH
Ce bbb o
5-(SS) 5-(RR) 5-(RS) 5-(SR)

©
TS-5 (SS), anti TS-6 (RR), syn
E = 3.5(25.8) kJ mol" E,.= 5.6 (29.2) kJ mol"

TS-7 (RS), syn
E_=19.1 (43.8) kJ mol"

TS-8 (SR), anti
E_= 4.6 (26.9) kJ mol”

a,COO0H TS-5 TS-6 TS-7 TS-8
C& 4 (SS) _ (RR) (RS) (SR
Al 163.3° 12.2° 19.7° 159.5°
¢=<abcd (1652°) (134°)  (19.7°) (162.4°)
+6.7° —20.0° -12.9° -1.0°
A¢ (¢H20'¢) (+5.0°) (—18.8°) (-=13.19) (=0.99)

Figure 4. Proposed transition states for (S)-proline-catalyzed cycli-
zation of 4 to 5, with the explicit inclusion of water. Dihedral angles
(C-N-C=C) are in degrees. A¢, dihedral angle difference between
TSs with inclusion of water and TSs without water. PCM results
in DCM are in parentheses.
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The gas-phase results in Table 2 show that the inclusion
of water leads to strong energetic changes in structures TS-
5 (3.5kJmol ') and TS-6 (5.6 kJmol ') relative to TS-1
(0.0 kJmol'') and TS-2 (16.4kJmol!), respectively,
whereas TS-7 (19.1 kJmol™') and TS-8 (4.6 kJmol!) have
almost no difference when compared with TS-3
(20.4 kJmol ') and TS-4 (4.4 kImol '), respectively. Struc-
ture TS-1 has the lowest calculated energy, meaning that
it has the best arrangement of atoms inside the molecular
structure. The newly forming ring has a chair conformation,
and the carboxyl group has a proper distance to the car-
bonyl group, allowing for an efficient acid catalysis. The
insertion of water distorts this ideal arrangement, and the
result (TS-5) is a slight energy increase. Nevertheless, TS-5
is very similar to TS-1, keeping the attractive interaction
between the positively charged methylene group adjacent to
the proline nitrogen atom and the negatively charged form-
ing alkoxide group, whereas the hydrogen—hydrogen steric
contact with the a-hydrogen atom to the carboxyl group in
TS-5 is now shorter than in TS-1 (dy 5 = 2.43 A in TS-5
and di i = 2.71 A in TS-1). Structures TS-6 to TS-8 lose
the electrostatic positive interaction between the methylene
hydrogen atom and the forming alkoxide oxygen atom. The
importance of this contact is clearly visible if we compare
the bond length of the forming bond between the alkoxide
oxygen atom and the water hydrogen atom. In TS-5 this
distance is longer than 1.4 A, whereas in the other three
structures it is around 1.2 A. This indicates, as stated before,
the strong charge stabilization due to the contact with the
methylene hydrogen atom on the proline moiety. The elec-
trostatic contact is broken in TS-6 and TS-8, due to strong
molecular conformational changes. In these two structures,
the forming alkoxide atom is now axial and points in a di-
rection that does not allow for the contact. At the same
time, structures TS-6 and TS-8 have also an extra electro-
static contact between the aldehydic hydrogen atom and one
of the oxygen atoms of the carboxyl group. The overall re-
sult is a slight stabilization of TS-5 relatively to TS-6 and
TS-8. TS-7 has the highest energy value. This is in part
due to the shorter hydrogen—hydrogen contact with the a-
hydrogen atom to the carboxyl group, when compared with
TS-6 or TS-8. But, more important, in TS-7 there is no
electrostatic contact between the aldehyde hydrogen atom
and any of the carboxyl oxygen atoms, which renders this
structure considerably more energetic than any of the other
three.

Comparison of the C-N-C=C dihedral angles between
the anhydrous transition structures and the structures with
inserted water suggests that the values of these angles are
not of major importance, meaning that the non-bonding
nitrogen electrons can keep an efficient resonance with the
enamine double bond, even for values as large as 30°.

The results discussed above suggest that if we consider
only gas-phase values, water would be an important factor
in the reaction outcome, since it strongly reduces the acti-
vation energy of the TS-6 (RR) and TS-8 (SR) transition
states, relative to TS-5 (SS), thus reducing the reaction
enantioselectivity and diastereoselectivity, as shown in

Eur. J. Org. Chem. 2008, 3397-3402
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Table 2. Since the TSs with water are only slightly more
unstable than those without water, if we weight the data
from Tables 1 and 2 we obtain the values in Table 3, which
indeed suggest that water should be a parameter to take
into account. Nevertheless, PCM values, with DCM as sol-
vent (Table 2), show that the inclusion of water strongly in-
creases the activation energies of all TSs, thus suggesting
that these transition structures would be of low probability
and should not account for the final reaction outcome. In
spite of this, considering the large number of discrepant ex-
perimental values found in the literature, we believe that
water can be a possible explanation for the discrepancies,
since our gas-phase study suggests that it can indeed
strongly reduce the stereoselectivity of amine-catalyzed al-
dol reactions. As the amount of water can virtually not be
controlled under the usual experimental conditions, ran-
dom results can arise, as it is indeed observed.[7-30-8¢.14.17]

Table 3. Comparison of transition-state energies, enantioselectivi-
ties and diastereoselectivities of the gas-phase intramolecular aldol
reaction, taking into account the participation of anhydrous and
hydrated structures.

T
Transition A GGas P heaje el:ef.
state K mol™] (%) d.r. (%) d.r.
TS-1 (SS) 0.0

TS-5(SS) 3.5 846

TS-2(RR) 164  (anti)

TS-6(RR) 5.6 L 990
TS3(RS) 204 A2 iy 1041
TS-7(RS) 191  99.6

TS-4(SR) 44  (anti)
TS-8(SR) 4.6
Conclusions

The transition state proposed by List for the intramolec-
ular aldol reaction of 1,7-dialdehydes catalyzed by (S)-pro-
line was analysed with the B3LYP/6-31G(d,p) theoretical
model. The data obtained allowed the rationalization of the
main factors contributing for the reaction selectivity, as be-
ing steric and electrostatic in nature. Theoretical data, in
the gas phase and in DCM (PCM model) agree in good
extension with List’s experimental results. The explicit in-
clusion of a water molecule in the transition state suggests
that this reagent can be of major importance for the overall
reaction selectivity, and would explain the apparently ran-
dom experimental data published in recent years. Neverthe-
less, PCM models, using DCM as solvent, suggest that tran-
sition states with the explicit inclusion of water should be
of low importance, due to their relative higher energy.

Computational Methods

All calculations were performed using density functional theory
(DFT)"® methods with the Gaussian 03 software package.'’! The
geometries of all stationary points were fully optimized at the
B3LYP/6-31G(d,p) level, and their nature (minimum or transition
state) was determined by frequency analysis. Harmonic vibrational
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frequencies and zero-point vibrational-energy corrections were cal-
culated with the same model. The effect of solvent on the energies
was studied by geometry optimization at the B3LYP/6-31G(d,p)
level of theory. The Polarizable Continuum Model (PCM) of Tom-
asi et al. was used with UAKS radii®” and the dielectric constant
of dichloromethane (DCM). All bond lengths are in A and the
energies in kJmol™. Activation energies are calculated relative to
the reagents.

Supporting Information (see footnote on the first page of this arti-
cle): Cartesian coordinates and computed total energies in the gas
phase and in dichloromethane.

Acknowledgments

We are grateful to the Fundagdo para a Ciéncia e Tecnologia
(SFRH/BD/17547/2004) for financial support.

[1] a) P. 1. Dalko, L. Moisan, Angew. Chem. Int. Ed. 2004, 43,
5138-5175; b) S. J. Danishefsky, J. J. Masters, W. B. Young, J. T.
Link, L. B. Snyder, T. V. Magee, D. K. Jung, R. C. A. Isaacs,
W. G. Bornmann, C.A. Alaimo, C.A. Coburn, M.J. Di-
Grandi, J. Am. Chem. Soc. 1996, 118, 2843-2859; ¢) T. Nagam-
itsu, T. Sunazuka, R. Obata, H. Tomoda, H. Tanaka, Y. Hari-
gaya, S. Omura, A. B. Smith, J Org Chem. 1995, 60, 8126—
8127; d) S. Danishefsky, P. Cain, J 4Am. Chem. Soc. 1976, 98,
4975-4983.

[2] a) Z.G. Hajos, D.R. Parrich, German Patent DE2102623,
1971; b) Z. G. Hajos, D. R. Parrish, J Org Chem. 1974, 39,
1615-1621.

[3] a) U. Eder, G. Sauer, R. Weichert, Angew. Chem. Int. Ed. Engl.
1971, 10, 496-99999; b) U. Eder, G. Sauer, R. Weichert, Ger-
man Patent DE2014757, 1971.

[4] a) A. Pemp, K. Seifert, Tetrahedron Lett. 1997, 38, 2081-2084;
b) A. B. Smith, J. Kingerywood, T. L. Leenay, E. G. Nolen, T.
Sunazuka, J Am. Chem. Soc. 1992, 114, 1438-1449; c¢) N. Co-
hen, Acc. Chem. Res. 1976, 9, 412-417; d) H. Shigehisa, T.
Mizutani, S. Y. Tosaki, T. Ohshima, M. Shibasaki, Tetrahedron
2005, 61, 5057-5065; €) E. J. Corey, S. C. Virgil, J Am. Chem.
Soc. 1990, 112, 6429-6431; f) 1. Shimizu, Y. Naito, J. Tsuji,
Tetrahedron Lett. 1980, 21, 487-490.

[5] a) D. Seebach, A. K. Beck, D. M. Badine, M. Limbach, A.
Eschenmoser, A. M. Treasurywala, R. Hobi, W. Prikoszovich,
B. Linder, Helv. Chim. Acta 2007, 90, 425-471; b) D. Rajago-
pal, M. S. Moni, S. Subramanian, S. Swaminathan, Tetrahe-
dron: Asymmetry 1999, 10, 1631-1634; ¢) M. E. Jung, Tetrahe-
dron 1976, 32, 3-31; d) C. Agami, Bull. Soc. Chim. Fr. 1988,
499-507; e) C. Agami, F. Meynier, C. Puchot, J. Guilhem, C.
Pascard, Tetrahedron 1984, 40, 1031-1038.

[6] a) B. List, L. Hoang, H. J. Martin, Prog. Natl. Acad. Sci. USA
2004, 101, 5839-5842; b) L. Hoang, S. Bahmanyar, K. N.
Houk, B. List, J Am. Chem. Soc. 2003, 125, 16-17; c) F. R.
Clemente, K. N. Houk, Angew. Chem. Int. Ed. 2004, 43, 5766~
5768; d) F. R. Clemente, K. N. Houk, J Am. Chem. Soc. 2005,
127, 11294-11302; e) S. Bahmanyar, K. N. Houk, J. 4m. Chem.
Soc. 2001, 723, 11273-11283; f) S. Bahmanyar, K. N. Houk, J.
Am. Chem. Soc. 2001, 123, 12911-12912.

[7] C. Pidathala, L. Hoang, N. Vignola, B. List, Angew. Chem. Int.
Ed. 2003, 42, 2785-2788.

[8] a) R. W. Hoffmann, Angew. Chem. Int. Ed. 2003, 42, 1096
1109; b) V. B. Kurteva, C. A. M. Afonso, J. Mol. Catal. A 2005,

3402

WWW.eurjoc.org

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

234, 159-167; ¢) D. M. Mans, W. H. Pearson, Org. Lett. 2004,
6, 3305-3308.

[9] H.D. Dakin, J. Biol. Chem. 1909, 7, 49-55.

[10]a) J. L. Reymond, Y. W. Chen, Tetrahedron Lett. 1995, 36,
2575-2578; b) J. L. Reymond, Y. W. Chen, J Org. Chem. 1995,
60, 6970-6979; ¢) M. Oberhuber, G. F. Joyce, Angew. Chem.
Int. Ed. 2005, 44, 7580-7583; d) T. J. Dickerson, K. D. Janda,
J. Am. Chem. Soc. 2002, 124, 3220-3221.

[11]a) K. Sakthivel, W. Notz, T. Bui, C. F. Barbas, J Am. Chem.
Soc. 2001, 123, 5260-5267; b) A. 1. Nyberg, A. Usano, P. M.
Pihko, Synlett 2004, 1891-1896; c) P. M. Pihko, K. M. Lauri-
kainen, A. Usano, A. I. Nyberg, J. A. Kaavi, Tetrahedron 2006,
62, 317-328.

[12]a) T.J. Dickerson, T. Lovell, M. M. Meijler, L. Noodleman,
K. D. Janda, J Org. Chem. 2004, 69, 6603-6609; b) N. Mase,
Y. Nakai, N. Ohara, H. Yoda, K. Takabe, F. Tanaka, C. F.
Barbas, J. Am. Chem. Soc. 2006, 128, 734-735; ¢) M. Amedjk-
ouh, Tetrahedron: Asymmetry 2007, 18, 390-395; d) A. Har-
tikka, P. I. Arvidsson, Eur. J. Org. Chem. 2005, 4287-4295; ¢)
D. G. Blackmond, A. Armstrong, V. Coombe, A. Wells, Angew.
Chem. Int. Ed. 2007, 46, 3798-3800; f) Y. Hayashi, Angew.
Chem. Int. Ed. 2006, 45, 8103-8104; g) A.P. Brogan, T.J.
Dickerson, K. D. Janda, Angew. Chem. Int. Ed. 2006, 45, 8100—
8102.

[13]a) K. N. Rankin, J. W. Gauld, R.J. Boyd, J Phys. Chem. A
2002, 106, 5155-5159; b) M. Arnd, L. R. Domingo, Theor.
Chem. Acc. 2002, 108, 232-239; ¢) C. B. Shinisha, R. B. Sunoj,
Org. Biomol. Chem. 2007, 5, 1287-1294.

[14] V. B. Kurteva, C. A. M. Afonso, Tetrahedron 2005, 61, 267—
273.

[15] C. E. Cannizzaro, K. N. Houk, J Am. Chem. Soc. 2002, 124,
7163-7169.

[16]a) C. Agami, C. Puchot, J Mol. Catal. 1986, 38, 341-343; b) C.
Agami, J. Levisalles, C. Puchot, J. Chem. Soc., Chem. Commun.
1985, 441-442.

[17]S. H. Chen, B. C. Hong, C. F. Su, S. Sarshar, Tetrahedron Lett.
2005, 46, 8899-8903.

[18]R. G. Parr, W. Yang, Density Functional Theory of Atoms and
Molecules, Oxford University Press, Oxford, 1989.

[19]M. J. Frisch, G. W. Trucks, H.B. Schlegel, G. E. Scuseria,
M. A. Robb, J. R. Cheeseman, J. A. Montgomery Jr, T. Vreven,
K. N. Kudin, J. C. Burant, J. M. Millam, S. S. Iyengar, J. Tom-
asi, V. Barone, B. Mennucci, M. Cossi, G. Scalmani, N. Rega,
G. A. Petersson, H. Nakatsuji, M. Hada, M. Ehara, K. Toyota,
R. Fukuda, J. Hasegawa, M. Ishida, T. Nakajima, Y. Honda,
O. Kitao, H. Nakai, M. Klene, X. Li, J. E. Knox, H. P. Hratch-
ian, J. B. Cross, V. Bakken, C. Adamo, J. Jaramillo, R. Gom-
perts, R. E. Stratmann, O. Yazyev, A. J. Austin, R. Cammi, C.
Pomelli, J. W. Ochterski, P. Y. Ayala, K. Morokuma, G. A.
Voth, P. Salvador, J. J. Dannenberg, V. G. Zakrzewski, S. Dap-
prich, A. D. Daniels, M. C. Strain, O. Farkas, D. K. Malick,
A. D. Rabuck, K. Raghavachari, J. B. Foresman, J. V. Ortiz, Q.
Cui, A. G. Baboul, S. Clifford, J. Cioslowski, B. B. Stefanov,
G. Liu, A. Liashenko, P. Piskorz, I. Komaromi, R. L. Martin,
D. J. Fox, T. Keith, M. A. Al-Laham, C. Y. Peng, A. Nanayak-
kara, M. Challacombe, P. M. W. Gill, B. Johnson, W. Chen,
M. W. Wong, C. Gonzalez, J. A. Pople, Gaussian 03, re-
vision E.01, Gaussian, Inc., Wallingford, CT, 2004.

[20] M. Cossi, G. Scalmani, N. Rega, V. Barone, J Chem. Phys.
2002, 117, 43-54.

Received: February 27, 2008
Published Online: May 15, 2008

Eur. J. Org. Chem. 2008, 3397-3402



