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ABSTRACT: Quantum mechanical calculations reveal the origin
of diastereo- and enantioselectivities of aldol reactions between
aldehydes catalyzed by histidine, and differences between related
reactions catalyzed by proline. A stereochemical model that explains
both the sense and the high levels of the experimentally observed
stereoselectivity is proposed. The computations suggest that both
the imidazolium and the carboxylic acid functionalities of histidine are
viable hydrogen-bond donors that can stabilize the cyclic aldolization
transition state. The stereoselectivity is proposed to arise from
minimization of gauche interactions around the forming C−C bond.

■ INTRODUCTION
Aldol reactions1 constitute an important class of carbon−
carbon bond formation reactions amenable to enantioselective
organocatalysis.2−10 Intramolecular aldol reactions were found
to be catalyzed by proline in the 1970s.11,12 Proline was also
used in the first examples of intermolecular organocatalyzed
aldol reactions, starting from acetone and a variety of
aldehydes.13,14 Since then, the use of nonenolizable aldehydes
and ketones as the acceptor and the donor components in
enamine catalysis, respectively, has been amply demonstrated.
On the other hand, it was recognized early on that the use of
enolizable aldehydes as acceptor components was challenging
due to competing side reactions, especially aldehyde self-
condensation.14 The search for general, efficient methods for
the metal- or organocatalyzed aldol reactions between two
different, readily enolizable aldehydes remains an intensively
investigated topic.15−17 Proline18−28 and its derivatives, as well
as chiral imidazolidinones,29 also catalyze the aldol reactions
between two enolizable aldehydes with high enantioselectiv-
ities, although the lack of differentiation of reaction roles in the
case of two dissimilar aldehydes necessitates either the use of
careful and cumbersome syringe pump techniques19 or a large
excess of one of the aldehyde reactants.30

We recently reported31 that the readily available histidine is a
superior catalyst to facilitate the one-pot, cross-aldol reaction of
two dissimilar enolizable aldehydes, without the need for any
specialized experimental setup. As reviewed recently by List,8

α-branched aldehydes such as isobutyraldehyde are typically
used as electrophiles in asymmetric enamine catalysis including
organocatalyzed aldol reactions. A diamine containing two
pyrrolidine moieties, in conjunction with an acid cocatalyst, was
identified by Barbas32 to promote highly enantioselective aldol

reactions of isobutyraldehyde and other α,α-dialkyl aldehydes
as donors, although only nonenolizable, aromatic aldehydes
were used as acceptors. We found,31 however, that in the
presence of histidine as catalyst, α-branched aldehydes react
as donor components with a variety of enolizable aldehydes
such as 1a−g, including electron-deficient aldehydes, forging
quaternary stereogenic centers with defined configurations in
the aldol products with remarkable ease (Scheme 1). The
enantioselectivities in the isolated β-hydroxyaldehydes 2a−g
were good to excellent. Moreover, with the α-chiral aldehydes
1f and 1g as the electrophilic components, the aldol products 2f
and 2g were obtained with exclusive syn diastereoselectivity
(Scheme 1). These transformations also pose interesting
mechanistic problems due to the presence of both an imidazole
and a carboxylic acid in the amino acid. Although catalytic
motifs containing imidazole or imidazolium ions have been
extensively studied in relation to natural and artificial
enzymes,33 much less has been explored about their potential
involvement in small-molecule catalysis.34 We now present
further experimental and computational results that uncover the
origin of the asymmetric induction in these histidine-catalyzed
aldehyde−aldehyde cross-aldol reactions.
Our studies on direct amine-catalyzed aldol additions showed

that tertiary amines are effective catalysts,35 giving yields and
reaction rates comparable to a variety of secondary and primary
amines in some cases,36 for which the participation of enamine
intermediates in the catalytic cycle is conceivable. In light of
these results, we felt it important to establish whether enamine
formation from histidine is involved in the aldol additions
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studied here. Thus, using the aldol addition of 1c and
isobutyraldehyde (Table 1), we additionally tested various
derivatives of histidine 3a−d for their catalytic performance.
While histidine gave rise to the aldol product in 70% yield with
77% ee (entry 1), the methyl ester (3a) gave a substantially
lower yield and enantioselectivity (entry 2). Replacing histidine
by either of the two analogues N-methylated on the imidazole
ring (3b and 3c, entries 3 and 4) also resulted in lower yields
with further eroded enantioselectivities. These results suggest

that both the imidazole ring and the carboxylic acid are
important in catalyzing product formation. Importantly, no
reaction was observed in the presence of Boc-L-histidine (3d,
entry 5), suggesting that the aldol addition is likely to proceed
with enamine formation at the primary amine of histidine.
The mechanism and origin of the stereochemical induction

in proline-catalyzed aldol reactions are well established.37,38

Proline serves as a bifunctional catalyst as the amine functionality
forms an enamine with the donor carbonyl component while the
carboxylic acid maintains a hydrogen bond with the oxygen atom
of the acceptor carbonyl.39 Thus, the stereochemistry-determin-
ing, carbon−carbon bond formation step involves a partial
Zimmerman−Traxler-like transition state,40 featuring a chairlike
arrangement of the enamine and the carbonyl atoms (Figure
1A). The nucleophilic addition of the enamine proceeds with

proton transfer from the carboxylic acid functional group to the
developing alkoxide. This so-called List−Houk stereochemical
model, featuring a (+)-synclinal arrangement of the carbonyl

Scheme 1. Asymmetric (S)-Histidine-Catalyzed Aldol Addition
Reactions of Isobutyraldehyde as Donor Component to
Enolizable Aldehydes as Acceptor Components

aAldehydes 2d and 2e were isolated as their corresponding 1,3-
dioxolanes.

Table 1. Aldol Additions of 1c and Isobutyraldehyde in the Presence of Histidine Derivatives

aIsolated yield. bDetermined by 1H NMR after derivatization of 2c to the Mosher’s ester. cNo reaction.

Figure 1. Stereochemical models for the aldol reaction of cyclo-
hexanone and benzaldehyde catalyzed by (A) (S)-proline, (B) (S)-
alanine, and (C) (S)-tryptophan. (D) Stereochemical model for the
Hajos−Parrish reaction.
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group and enamine double bond (when the configuration of the
proline is S), has seen widespread use in understanding the origin
of asymmetric induction observed with different proline-derived
organocatalysts. The intermediacy of the proline-enamine in
aldol additions has also been demonstrated crystallographically41

and spectroscopically.42−44

While proline and its derivatives have dominated research on
asymmetric organocatalysis, relatively little is known about other
proteinogenic amino acids with regard to their efficiency and
mechanism of asymmetric induction in the catalysis of aldol
reactions. Alanine45 (Figure 1B) and tryptophan46 (Figure 1C)
have been studied by Himo and Cordova, and Lu, respectively,
with regard to their catalysis of the aldol reaction of cyclohexanone
and benzaldehyde, whereas our group previously computed the
stereoselectivities of intramolecular aldol cyclizations catalyzed by
proline, glycine, and phenylalanine (Figure 1D).47

Histidine differs from proline in three respects. First, the
enamine formed from the acyclic histidine can rotate about the
Cα−N bond, in contrast to proline-enamines, which contain a
pyrrolidine ring. In this regard, the cyclic transition structures
computed for the aldol additions catalyzed by the primary
amino acids alanine45 and tryptophan46 were found to feature
arrays of reacting atoms analogous to those in the proline-
catalyzed aldolizations.39 Second, the enamine formed from a
primary amino acid possesses an N−H bond, which could be
donated to the developing alkoxide in lieu of the carboxylic
acid. Although our early computations on the addition reaction
of N-methylvinylamine and acetaldehyde reveal the stabilizing

role of hydrogen-bond donation from the N−H bond to the
developing alkoxide,48 previous results on the Hajos−Parrish
transition states47 established that this proton transfer is
energetically unfavorable as compared to that from the carboxylic
acid. Most importantly, in water, histidine is protonated at the
imidazolium group, and can, therefore, potentially act as the
hydrogen-bond donor during the aldol additions. The role of a
functionalized side chain in primary amino acid organocatalysts
in influencing stereoselectivities has seldom been investigated,
although in the case of tryptophan, an N−H···π interaction
between the primary enamine and the indole ring on the side
chain was suggested46 to stabilize the aldolization transition states.
For histidine, using quantum mechanical calculations, we

have evaluated the relative importance of the imidazolium
ring and the carboxylic acid in stabilizing the aldol addition
transition state through hydrogen bonding. This allows us to
propose a model to rationalize the stereoselectivity of the series
of histidine-catalyzed aldehyde−aldehyde cross-aldol reactions.

■ COMPUTATIONAL METHODS
The stationary points (reactant and transition structure geometries)
were optimized and characterized by frequency computations at the
M06-2X/6-31+G(d,p) level of theory, in the presence of the SMD
continuum solvation model49,50 with water as the solvent. Truhlar’s
M06-2X functional51,52 was developed for computations involving
main-group thermochemistry, kinetics, and noncovalent interactions,
and has been found53 to give good energetics for the types of reactions
studied here. All of the computations were performed using
Gaussian 09.54

Figure 2. Relative free energies (kcal/mol) of the carboxylic acid-hydrogen-bonded transition structures 4a−4d for the addition of histidine-enamine
of isobutyraldehyde and formaldehyde. The Newman projections along the forming C−C bond (inset) show that the disposition of the carbonyl and
enamine groups in 4a and 4d is analogous to that of the carbonyl and the enolate in the Zimmerman−Traxler transition state.
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■ RESULTS AND DISCUSSION

In view of the importance of hydrogen bonding in the List−
Houk model and the conformational flexibility of histidine, we
first studied the C−C bond forming transition structures using
formaldehyde and the histidine-enamine of isobutyraldehyde, as
model reactants. The transition structures with either the
carboxylic acid or the imidazolium group as the hydrogen-bond
donor were computed. Only transition structures in which the
enamine adopts an s-trans conformation about the Cα−N bond
were considered, as it has been shown that the s-cis analogues
are at least 3 kcal/mol higher in energy in the transition states
of aldol and other electrophilic additions catalyzed by proline39

and alanine.45 For the developing alkoxide to be associated
with a hydrogen-bonding group of histidine during the aldol
addition, the acceptor carbonyl group must be placed at
dihedral angles within ±60° relative to the enamine CC
bond, and only these transition structures were considered.
With each hydrogen-bond donor, two arrangements differing
in the conformation of the Zimmerman−Traxler ring and,
therefore, the face of the enamine exposed for electrophilic
attack were investigated. The computed transition structures
with the carboxylic acid (4a−4d) and the imidazolium group
(4e−4h) as the hydrogen-bond donor are illustrated in
Figures 2 and 3, respectively.
Among the carboxylic-acid-bonded transition structures,

structure 4a, in which the carbonyl group is (+)-synclinal to
the CC double bond, has the lowest energy. This is the

original Zimmerman−Traxler conformation,40 although here
the enamine N−H does not coordinate with the developing
alkoxide, in contrast to the metal in a Zimmerman−Traxler
transition state. Both the imidazolium N−H bond and the
carboxylic acid O−H bond are better hydrogen-bond donors
than the enamine N−H bond due to their higher acidities.
Structure 4d, the second most stable, is 1.7 kcal/mol higher in
energy than 4a and contains a (−)-synclinal disposition of the
reacting double bonds. The geometry of 4a also corresponds to
that of the transition structure in proline-catalyzed aldol
reactions. Its (−)-synclinal rotamer analogue, 4b, is 6.6 kcal/mol
higher in energy. After optimization, the hydrogen bond from
the carboxylic acid changes the ideal staggered substituents to
more eclipsed arrangements. The (+)-synclinal rotamer, 4c, is
the least stable in this series. 4b and 4c are non-Zimmerman−
Traxler structures, in which the enamine N−H and the
carbonyl CO bond, pointing approximately anti as shown by
the inset in Figure 2, are positioned too far to interact with each
other.
In the series of transition structures featuring the

imidazolium group as the hydrogen-bond donor (4e−4h,
Figure 3), the most stable rotamer was found to be 4e, in which
the acceptor carbonyl group is positioned (−)-synclinal to the
enamine double bond, again corresponding to a Zimmerman−
Traxler-like arrangement. Importantly, 4e is isoenergetic to
(+)-synclinal 4a, in which the carboxylic acid functions as the
hydrogen-bond donor. The (+)-synclinal analogue in the

Figure 3. Relative free energies (kcal/mol) of the imidazolium-hydrogen-bonded transition structures 4e−4h for the addition of histidine-enamine of
isobutyraldehyde and formaldehyde. The Newman projections along the Cα−Cβ of the histidine moiety (blue) and along the forming C−C bond
(red) are shown in the inset.
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imidazolium-hydrogen-bonding 4f, is 4.3 kcal/mol higher in
free energy. The alternative (−)- and (+)-synclinal rotamers, 4g
and 4h, are 2.0 and 6.1 kcal/mol less stable, respectively.
Structures 4e−4h possess a 10-membered ring including the
hydrogen bond and the partially formed C−C bond. In contrast
to the nine-membered ring involving the carboxylic acid
functionality in 4a−4d, the larger ring size in 4e−4h can
accommodate a hydrogen bond from the imidazolium N−H to
the developing alkoxide without much distortion of the largely
staggered arrangement of substituents on the partial C−C
bond, as shown in the red inset. A staggered arrangement is
also maintained about the Cα−Cβ bond in the side chain of
histidine (blue inset). Nevertheless, the relative free energies
show that only 4e is significant among the imidazolium-
hydrogen-bonded transition structures.
It is noteworthy that the lower-energy transition structures

are consistent with Seebach’s topological rule55 in describing
the gross structures of transition states for a variety of carbon−
carbon bond formation reactions (Figure 4). One feature of this

rule is that all of the bonds around the newly formed bond are
staggered. Indeed, as discussed above, the carboxylic acid-
bonded TSs 4a and 4d are more stable than the eclipsed
structures 4b and 4c (Figure 2). This staggered arrangement is
found in all of the imidazolium-bonded TSs 4e−4h (Figure 3).
However, 4e and 4g are lower in energy due to a synclinal
disposition of the donor CN and the acceptor CO bonds
rather than an anticlinal arrangement in 4f and 4h, consistent
with Seebach’s rule.55 Furthermore, the geometries of 4e and
4g position the donor nitrogen and the acceptor oxygen close
together, minimizing the charge separation. The role of
electrostatic stabilization in addition transition structures has
also been shown by our recent computations on the asymmetric
Stetter reaction between an NHC−enol intermediate and a
nitroalkene.56

The systematic survey of transition structure conformers
above established that both the imidazolium ring and the
carboxylic acid are plausible alternatives in stabilizing the aldol
transition states through hydrogen-bond donation. On the basis
of this, we computed the relative free energies of the transition
structures for the experimental aldolization reactions to explain
the enantioselectivities observed. The aldol addition of
isobutyraldehyde to chloroacetaldehyde (1a) was found to
give product (R)-2a in 90% ee (Scheme 1). The four transition
structures 5a−5d, featuring a hydrogen bond from either the
imidazolium group or the carboxylic acid and leading to either

enantiomer for this reaction, are shown in Figure 5. Transition
structure 5a, which involves the addition of the enamine to the
Re face of chloroacetaldehyde associated by a hydrogen bond to
the imidazolium ring, is the lowest in energy. The lowest-
energy transition structure in which the electrophilic aldehyde
reacts from the Si face is the carboxylic-acid-bonded 5c,
which contains a pseudoequatorial chloromethyl group and is
0.8 kcal/mol less stable than 5a. This energy difference
corresponds to an enantiomeric excess of 75% in favor of the
(R)-enantiomer. Transition structures 5b and 5d also lead to
the (S)- and the (R)-enantiomers, respectively, but they are at
least 2.5 kcal/mol higher in energy and are negligible.
The aldol addition transition structures for several other

aldehydes reacting as the electrophilic component with the
histidine-enamine of isobutyraldehyde were also computed
(Table 2). As shown in Figure 6 for the self-aldolization
reaction involving isobutyraldehyde to give (S)-2e, the
geometries of the transition structures resemble those found
for chloroacetaldehyde. The preferred transition structures are
invariably the imidazolium-hydrogen-bonded transition struc-
tures involving attack of the Re face of the electrophilic
aldehyde (4a, 6a), while the carboxylic acid-hydrogen-bonded
structures involving attack of the Si face of the electrophile (4c,
6c), which lead to the minor enantiomer, are also significant. In
all of the examples studied, the sense of enantioselectivities was

Figure 4. (A) Seebach’s topological rule for C−C bond forming
reactions. A = electron acceptor. D = electron donor. (B) Seebach’s
rule applied to TSs 4a−4h.

Figure 5. Transition structures for the aldolization reaction of the
histidine-enamine of isobutyraldehyde and chloroacetaldehyde, in
which a hydrogen bond is donated by the imidazolium ring (5a, 5b) or
the carboxylic acid (5c, 5d). 5a and 5d lead to the major, (R)-
enantiomer, while 5b and 5c give rise to the (S)-isomer.
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successfully reproduced, although the levels were under-
estimated in some cases.

The energy differences of the transition structures for a
given reaction can be understood by a closer analysis of their
geometries. The imidazolium-bonded transition structures of
type a, in which the substituent of the acceptor aldehyde is
pseudoaxial, are at least 1.7 kcal/mol more stable than those of
type b with the substituent pseudoequatorial. Similarly, type c
transition structures with pseudoaxial aldehydic substituents are
more stable than those of type d. The pseudoaxial preference of
the aldehyde substituent is contrary to the Houk−List model
of proline-catalyzed aldol reactions,38 in which the aldehydic
group prefers to be pseudoequatorial.
Most proline-catalyzed aldol reactions employ α-unbranched

ketones as the donor components,48 forming predominantly
the (E)-enamines43 as the key intermediates. Thus, the
Zimmerman−Traxler-like ring will be monosubstituted at C2
and C3, as illustrated in Figure 1A. Whether the substituent on
the electrophilic aldehyde is pseudoaxial or pseudoequatorial, it
will suffer one gauche interaction with the enamine substituent
at C2. The pseudoequatorial preference of the aldehydic group
can then be understood as a result of minimization of its 1,3-
diaxial interactions with the C3-substituent. In the current

Table 2. Relative Free Energies (in kcal/mol) of Transition
Structures with Imidazolium or Carboxylic Acid Group as
Hydrogen-Bond Donor

entry R
ΔΔG⧧

(a)
ΔΔG⧧

(b)
ΔΔG⧧

(c)
ΔΔG⧧

(d)
ee

computed
ee

found

1 CH2Cl (1a) 0 2.5 0.8 2.8 75% (R) 90% (R)
2 CH(OMe)2 (1b) 0 3.9 0.6 3.4 47% (R) 84% (R)
3 CO2Et

a (1c) 0 −a 1.3 −a 80% (R) 77% (R)
4 CH2SBn

b (1d) 0 1.7 0.6 1.0 47% (R) 71% (R)
5 CH2i-Pr (1e) 0 2.0 0.7 1.3 54% (S) 56% (S)

aMethyl glyoxylate (R = CO2Me) was used as a model reactant.
Transition structures of types b and c could not be located. b2-
(Methylthio)acetaldehyde (R = CH2SMe) was used as a model
reactant.

Figure 6. Transition structures for the aldolization reaction of the
histidine-enamine of isobutyraldehyde and isovaleraldehyde, in which a
hydrogen bond is donated by the imidazolium ring (6a, 6b) or the
carboxylic acid (6c, 6d). 6a and 6d lead to the major (S)-enantiomer,
while 6b and 6c give rise to the (R)-isomer. Figure 7. Newman projections along the forming C−C bond, and

transition structures 5a−5d showing the Zimmerman−Traxler-like
cyclic arrangement of the reacting enamine, carbonyl, and hydrogen-
bonding group. Close hydrogen−hydrogen distances are annotated.
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series of aldehyde−aldehyde aldol transition states, on the other
hand, the Zimmerman-Traxler-like rings are disubstituted at C2
and unsubstituted at C3. It is conceivable that the pseudoaxial
preference might arise from the minimization of the number
of gauche interactions between the aldehydic group (the
C1-substituent) and the terminal enamine substituents (the
C2-substituents). The transition structures for the pair of
imidazolium-bonded transition structures 5a and 5b are
illustrated in Figure 7, emphasizing the chairlike arrangement of
the reacting enamine, carbonyl, and the hydrogen-bonding
group, annotated with short H−H distances. These perspec-
tives show that in the disfavored TS 5b, the chloromethyl group
occupies a pseudoequatorial position, coming into two pairs of
gauche interactions with the terminal methyl groups of the
enamine. The pseudoaxial site is sterically less demanding,
as the chloromethyl group suffers from only one gauche
interaction and negligible 1,3-diaxial interaction from the C3-
hydrogen.
This pseudoaxial preference of the substituent of the

electrophilic aldehyde can be compared to the transition
structures for the allylation reactions of aldehydes by 3,3-
disubstituted allylzinc reagents, which give homoallylic alcohols
featuring a quaternary stereocenter with high levels of di-
astereoselectivity (Figure 8A).57 The computed zinc-containing
Zimmerman−Traxler TSs show that with gem-dimethyl groups
on the terminus of the nucleophilic CC bond, the bulky
isopropyl or an aryl group on the electrophilic aldehyde prefers
a pseudoaxial position to avoid unfavorable gauche interactions
with the terminal methyl groups. Only when the allylzinc
reagent carries an additional substituent at C2 will the
pseudoaxial site be disfavored due to increased 1,3-diaxial
strain. Previous work from our group also found58 that high exo
selectivity was observed in Diels−Alder reactions when the
termini of the acyclic diene and dienophile involved in the
shorter of the forming C−C bonds were both monoalkyl-
substituted (Figure 8B). In the exoselective reactions, the endo

TSs, but not the exo TSs, were shown to be destabilized
by significant gauche interactions around the partial bond
between the methyl groups on the reacting partners. A series
of highly diastereoselective, intramolecular cycloadditions
involving nitrones and nitrile oxides forming 6,5-fused
rings (Figure 8C) was also rationalized by a pseudoaxial
preference of the alkyl substituent on an incipient six-
membered ring.59−61 This arrangement was presumed to
reduce the gauche repulsive interaction with the neighbor-
ing N-substituent.
This model also explains the diastereocontrol observed with

chiral aldehydes used as acceptors. The aldol addition of
isobutyraldehyde to the chiral aldehyde (R)-1f as the acceptor
carbonyl occurs in 87% yield with exclusive stereoselectivity
for the (R,R)-diastereomer of 2f (Scheme 1). The transition
structures of types a (imidazolium-hydrogen-bonded) and c
(carboxylic acid-hydrogen-bonded) were computed (Figure 9),
using 7 as the model reactant. The α-methoxy group of 7
makes it necessary to take two rotameric states of this moiety
into account when locating the TSs. In the Felkin−Anh
rotamer, the optimized geometry is consistent with the
electronegative group being antiperiplanar to the incoming
nucleophile, while the chelated rotamer features a chelated
hydrogen bond formed by the developing alkoxide and the
α-oxygenated substituent on the acceptor aldehyde.62 The
computations show that only the chelated rotamer of the
imidazolium-bonded TS 8a is significant, while the Felkin−Anh
rotamer of TS 8a is 4.5 kcal/mol higher in free energy. Both
rotamers of 8b with the carboxylic acid as the hydrogen-bond
donor are 3 kcal/mol higher than 8a. These calculations are
consistent with the sense and the high level of selectivity for
the formation of the (R,R) diastereomer of 2f found
experimentally. Similarly, the stereoselectivity of the aldol
addition of isobutyraldehyde to isopropylideneglyceraldehyde
(R)-1g was also reproduced by the computed TSs illustrated in
Figure 10.

Figure 8. Reported examples of influence of gauche interactions on reaction diastereoselectivities. The unfavorable gauche interactions are indicated
by the red double-headed curved arrows.
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■ CONCLUSION

In summary, we have computationally studied the origin of
stereocontrol of histidine-catalyzed aldehyde−aldehyde cross-
aldol reactions. The imidazolium and the carboxylic acid groups
can both stabilize the aldol addition through hydrogen bonding
in a Zimmerman−Traxler-type transition state. The computa-
tions also identified an infrequent pseudoaxial preference of
the substituent of the electrophilic aldehyde in the presence of
a terminal dimethyl-substituted histidine enamine. This is
rationalized by a minimization of the gauche interaction around
the forming C−C bond. We envisage that this work will inspire
future efforts in the design of organocatalysts that employ
hydrogen bonding from the imidazolium group as the catalytic
principle, a possibility that has been relatively overlooked to date.
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Figure 9. Transition structures for the aldolization reaction of the histidine-enamine of isobutyraldehyde and 7, in which a hydrogen bond is donated
by the imidazolium group (8a) or the carboxylic acid (8c). Two rotamers of the C−Cα bond are shown for 8a and 8c. 8a leads to the experimentally
observed (R,R)-diastereomer, while 8c gives rise to the (S,R)-isomer.

Figure 10. Transition structures for the aldolization reaction of the
histidine-enamine of isobutyraldehyde and (R)-1g, in which a
hydrogen bond is donated by the imidazolium group (9a) or the
carboxylic acid (9c). 9a leads to the experimentally observed (R,R)-
diastereomer, while 9c gives rise to the (S,R)-isomer.
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