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ABSTRACT: Carbon—carbon bond formations, such as Kobayashi

What is the role of water?

modification of the Mukaiyama—Aldol reaction, catalyzed by lanthanide (OH,); (OH); (OH,); (OH,)

(Ln) Lewis acid in aqueous solution comprise one of the most attractive
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to explore complex potential energy surfaces for the water and substrate
coordination around Eu®* as well as the detailed mechanism of the
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Mukaiyama—Aldol reaction between trimethylsilyl (TMS) cylcohexeno-

late and benzaldehyde (BA) catalyzed by Eu®", the recently developed anharmonic downward distortion following (ADDF) and
artificial force-induced reaction (AFIR) methods were used with the B3LYP-D3 theory. The most favorable water coordination
structures are Eu’*(H,0); and Eu®**(H,0),; they are comparable in free energy and are likely to coexist, with an effective
coordination number of 8.3. Eu’*(H,0)s(BA) is the best aldehyde coordinated structure. Starting with this complex, the
Mukaiyama—Aldol reaction proceeds via a stepwise mechanism, first C—C bond formation between the substrates, followed by
proton transfer from water to BA and then TMS dissociation caused by nucleophilic attack by bulk water molecules. Why did the
yield of the Mukaiyama—Aldol reaction catalyzed by Ln** in organic solvent dramatically increase upon addition of water?
Without water, the reverse reaction (C—C cleavage) takes place easily. Why did this reaction show syn-preference in water? The
anti transition state for C—C formation in water is entropically less favored relative to the syn transition state because of the
existence of a rigid hydrogen bond between the TMS part and coordination water around Eu®" in the former.

1. INTRODUCTION

Organic reactions in aqueous solution are drawing much
attention as a type of green chemistry for the next
generation.l_6 Among them, carbon—carbon bond-forming
reactions catalyzed by water-tolerant Lewis acids are one of the
most attractive reactions.’ Usually, Lewis acid catalysts have to
be used under strictly anhydrous conditions because they are
unstable and inactive in water. However, lanthanide triflates
(Ln(OTf);) can catalyze many carbon—carbon or carbon—
heteroatom bond-forming reactions, such as Aldol reaction,
Diels—Alder reaction, Michael reaction, and Friedel—Crafts
acylation.®"'* These reactions, however, have been successful
only for limited substrates, and the lack of understanding of the
reaction mechanism is hindering further development. To
design more efficient and highly stereoselective reactions, we
need to understand the detailed reaction mechanism, especially
the role of lanthanide cation and water. Several experimental
studies have discussed the mechanism. Kobayashi and co-
workers explored Lewis acids for the Mukaiyama—Aldol
reaction in aqueous media and reported that active Lewis
acids, such as lanthanide or other metal triflates and
perchlorates, seemed to have a certain range of hydrolysis
constants and high exchange rate constants for substitution of
inner-sphere water ligands'> as well as low nucleophilic
characters.® These three factors must be related to the ability
of substrates to coordinate to Lewis acids. However, there still
are unsolved questions concerning the role of water. One
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question is why the product yield of the Kobayashi modification
of the Mukaiyama—Aldol reaction catalyzed by Ln(OTf); in
organic solvent dramatically increased upon addition of
water.”® Another is why the diastereoselectivity of this aqueous
reaction shows syn-preference. According to the experimental
studies,*">™*S the diastereoselectivity of this reaction depends
on experimental conditions, such as catalyst, solvent, additive,
and pressure. For example, the same reactions under high
pressure conditions'® show syn-preference, while those under
anhydrous conditions with Lewis acid catalyst, such as
lanthanide® or TiCl,,"* and under hydrous conditions without
catalyst' show anti-preference. To clarify the details of the
reaction mechanism catalyzed by Ln(OTf), in water, several
experimental observations of intermediates of this reaction have
recently been reported. Allen and co-workers measured the
coordination number (CN) of water molecules around Eu*
during the Mukaiyama—Aldol reaction by using luminescence
decay measurements.'®"” According to their studies, the water
CN around Eu’* was 8.3 in pure water solution and decreased
only about 1% after aldehyde addition. A CN of about 8—9
means that almost all the OTf ligands have dissociated from
Eu’.'® The importance of the dissociative capability of ligands
was also confirmed by comparison of the reaction catalyzed by
Eu(NO;);, where NO;™ ligand is less dissociative than OTf".
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The water CN decreased when Eu(NO;); was used, resulting
in a slower reaction rate.'”

Despite a number of experimental studies, the detailed
mechanism of lanthanide-catalyzed reactions in water is still
unclear, and a better understanding of the mechanism is
essential for development of new aqueous catalytic reactions. In
the present study, we focus on the so-called Mukaiyama—Aldol
reaction, shown in Scheme 1, between trimethlysilyl cylcohex-
enolate and benzaldehyde (BA). The reaction rate and the yield
of this reaction aree greatly improved by use of a catalytic
amount of Ln(OTf);.5~®

Scheme 1. Lanthanide Triflate-Catalyzed Mukaiyama—Aldol
Reaction in Aqueous Media
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There are a few theoretical studies on the mechanism of
Lewis acid-catalyzed Mukaiyama—Aldol reactions."®>° How-
ever, no quantum mechanical (QM) study has been reported
on the mechanism with lanthanide catalyst or in water. One of
the reasons for the difficulty of making QM calculations is the
flexibility of the coordination geometry around a lanthanide
trication (Ln**). This flexibility is related to the unique
character of the electronic configuration of Ln**. The electronic
configuration of Ln** is 1s2s?2p®3s23p®3d'%4s?4p®4d 4f-
5s25pS, where N is the number of 4f electrons. These open-
shell 4f electrons are shielded by the closed-shell 5s and Sp
electrons from outside. Therefore, 4f electrons usually cannot
form a covalent bond with 2s and 2p electrons in organic
ligands.” Ln* interacts with anionic ligands mainly by
electrostatic and van der Waals interactions, and the
coordination geometry around Ln** is independent of the
direction of 4f orbitals. The ligand-to-metal charge-transfer
interaction, especially with vacant Sd orbitals, does not make a
large contribution, althou§h it may make some contribution to
bonding for early Ln’s.**** This bonding character is quite
different from that of transition metals that form covalent
bonds with organic ligands. In addition, the atomic radii of Ln**
are larger than those of transition metals, and lanthanides have
larger CNs, such as 6—12. Therefore, the structure and
character of transition states (TSs) and intermediates of Ln-
Lewis acid-catalyzed reactions could be different from those in
the catalysis by conventional Lewis acids or by transition metal
catalysts, and many reaction pathways may exist due to this
flexibility of the coordination environments. A systematic and
unbiased search method for a complex potential energy
landscape would be needed to determine the most favorable
among many possible reaction pathways.

The Global Reaction Route Mapping (GRRM) strategy
developed in part in our group has been demonstrated in
numerous examples to be very efficient in finding many
different reaction pathways.** The GRRM strategy consists of
two automated potential surface exploration methods. One is
the anharmonic downward distortion following (ADDF)
method that finds all the local minima (LMs) and TSs starting
from one or a few LMs.”*™>’ The other is the artificial force-
induced reaction (AFIR) method that explores approximate
reaction pathways starting from dissociation limits or LMs by
placing an artificial force between reaction centers.”****’

In the present paper, we study the energy landscape of the
entire reaction mechanism of Kobayashi modification of the
Mukaiyama—Aldol reaction shown in Scheme 1, catalyzed by
Eu*-Lewis acid in water,”®'*'” by using the GRRM strategy.
At first, in section 3.1, the optimal water CN around Eu’t is
determined using cluster models by application of the ADDF
and AFIR methods. As already examined by both exper-
imental'®'73%73¢ and computational30’31’37—45 studies, a lighter
Ln* predominantly has nine coordinating water molecules,
whereas a heavier Ln** mainly has eight water molecules. A
middle Ln*", such as Eu*, has an average water CN between 8
and 9.'¢17303133374% However, the CN around Eu®* in
solution is still a topic of debate because the CN in water
solution depends on the experimental methods, such as 8.3 by
luminescence decay'®'” and X-ray diffraction®® and 9.0 by
EXAFS.* In section 3.2, we also determine the most probable
coordination mode of the BA substrate on Eu®* in water.

In section 3.3, we study the energy landscape of the entire
reaction mechanism of Mukaiyama—Aldol reaction catalyzed by
Eu™*-Lewis acid in water,'®'” shown in Scheme 1, mainly by the
application of the AFIR method.***** In our previous
computational study of this reaction,*® we discussed only the
diastereoselectivity of the C—C bond formation step of the
reaction in Scheme 1 and demonstrated that there were many
TSs whose energetic and geometric differences came from
different orientations of the substrates as well as geometrical
fluctuation of water molecules around Eu**. Among all the
obtained TSs, 17 TSs contributed to the diastereomeric ratio,
which means structural flexibility around Eu®* should be
essential in determining the diastereomeric ratio quantitatively.
In the present study, we will simply summarize the results of
the stereoselectivity of C—C bond formation step and
concentrate on the other aspects of the entire Mukaiyama—
Aldol reaction catalyzed by Eu**-Lewis acid in water.

2. COMPUTATIONAL DETAILS

The detailed AFIR calculation scheme is as follows. First, approximate
LMs and TSs were explored by using the AFIR method. At this stage,
B3LYP methods*”** with small basis sets, such as (7s6p5d)/[2s1p1d]
on Eu* and 6-31G for others (BSO), were used. For Eu*, the
Stuttgart-Dresden large-core relativistic effective core potential
(RECP) was used throughout, where the Ss, Sp, Sd, 6s electrons
were considered explicitly as the valence shell and six 4f electrons were
put in the core potential.*”*® This RECP has been widely used for
studies of geometries of lanthanide-containing complexes, as 4f
electrons are considered not to participate in bonding with ligands.*!
In all the calculations,the solvation free energy was included by the
polarized continuum model (PCM)*' with a dielectric constant of
78.3553 (water). AFIR functions were minimized with y,,,, = 50 kcal/
mol and ¥, = 2.5 kcal/mol; this y,,,, value is expected to provide all
reaction pathways with barriers lower than ~S0 kcal/mol. For the
structure optimization of Eu**(H,0),,; in section 3.1, an artificial
force was added between Eu** of optimized structures of Eu**(H,0),
and the additional water molecule. For the optimization of the
substrate-coordinated structures in section 3.2, an artificial force was
added between Eu®" of optimized structures of Eu**(H,0), and the
carbonyl part of BA or the oxygen atom of trimethylsilyl (TMS) enol
ether.

For the Mukaiyama—Aldol reaction,several AFIR schemes were
applied in section 3.3 to explore all possible reaction pathways. To
explore all possible step-by-step reaction pathways, we took every pair
of fragments shown in Scheme 2 and applied forces to the pair. Note
that F3 is the coordination water molecule, whereas F4 is a water
molecule not in the Eu coordination shell. To explore concerted
reaction pathways, artificial forces are simultaneously applied to
selected three fragments, (F1, F2, F3) and (F1, F2, F4). It should be
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Scheme 2. Fragmentation of the Reaction System for AFIR
Calculation
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noted thateven when forces were applied to three fragments
simultaneously, step-by-step reaction pathways were always obtained
in the present system. In order to cover all the possible approaches,
initial relative orientations of the fragments were determined
randomly, and at the same time, the initial approach directions of
the fragments were selected randomly. The general scheme to make
random initial structures is described in ref 29.

All the approximate LM and TS geometries obtained by the initial
AFIR search were reoptimized (of course without any artificial force)
with the dispersion-corrected B3LYP-D3** with the (7s6p5d)/
[5s4p3d] RECP basis set for Eu®* and 6-31+G* for others (BS1).
The most difficult point of the calculation of this system is the
optimization of TSs, because the diagonal elements of Hessian
matrixes at approximate TSs tend to have negative values not only for
the reaction coordinate of target reaction but also for those of
vibration and rotation of water molecules around Eu*". To solve this
problem, we applied the locally updated planes (LUP) method®***
that enabled us to optimize the reaction pathway and the
corresponding TS, using the AFIR reaction pathway as the initial
guess for the LUP method. After optimization of a TS, the intrinsic
reaction coordinate (IRC)>® was calculated from the TS to two LMs to
confirm the reaction pathway. After full geometry optimization, single-
point calculations were performed at the B3LYP-D3% level with the
RECP (8s7p6d)/[6sSpSd] basis set augmented with f and g-
polarization functions for Eu®**® and cc-pVTZ for others (BS2). All
these AFIR and ADDF calculations, reoptimization, and IRC

calculations were performed by the GRRM program®” using energies
and energy derivatives computed by the Gaussian09 program.*®

3. RESULTS AND DISCUSSION

3.1. Coordination Number of Water Molecules
around Eu3*. First, the CN of water molecules around Eu’*
was determined by using cluster models. Figure 1 shows the
Gibbs free energies (at 298.15K, 1 atm) and the electronic
energies with zero-point energy (ZPE) correction of the

electronic energy-optimized structures and TSs of Eu**(H,0),
(n =7, 8,9 and 10) obtained by coordination of one water
molecule to an optimized coordination of Eu**(H,0), ;. For
instance, Cmp2 (taken as reference) is Eu**(H,0); with all
eight water molecules directly bound to Eu** or in the first
solvation shell of Eu** (plus 2 individually-PCM-immersed
water molecules, for relative energy reference), while Cmp3 is
Eu**(H,0)4+(H,0), namely Cmp2 with one more second-
shell water molecule coordinating two first-shell water
molecules (plus one reference water molecule). As will be
discussed later, there are many LM structures for each entry; in
Figure 1, however, we show only the lowest energy structure
for each entry. Since PCM effects are included in the
calculation, if PCM is perfect in describing outer-shell
coordination, Cmp2 should have the same free energy as
Cmp3. In fact, based on free energy, Cmp3 is only 0.1 kcal/mol
less stable than Cmp2. On the other hand, based on free
energy, CmpS is 2.2 kcal/mol more stable than Cmp4,
indicating that the PCM is not perfect, and the agreement
between Cmp3 and Cmp2 is a little fortuitous.

A more reasonable comparison should be between Cmp4
and Cmp3. This is the energy required to move one water
molecule from the second shell to the first shell that involves
direct contact with the Eu®". This energy difference is 0.6 kcal/
mol, indicating that these two structures can coexist at 298.15
K, 1 atm. On the other hand, Cmp6 is 8.3 kcal/mol higher in
free energy than CmpS, indicating that Cmp6 with 10 H,O
molecules in the first shell is substantially less stable than Cmp$
with 9 H,O’s in the first shell. Thus the thermodynamic
contribution of Cmp6 can be completely neglected. Similarly,
Cmpl1 with only 7 H,O’s in the first shell is 4.7 kcal/mol less
stable than Cmp2. Thus the thermodynamic contribution of
Cmpl can also be completely neglected. Therefore the
dominant hydration species in solution should be
Eu**(H,0); and Eu**(H,0),. The average water CN in the
first solvation shell can be estimated to be thermodynamic
average between Cmp2 and Cmp4, and is calculated to be 8.3.
Experimental CN is 8.3 by luminescence-decay method'®'” and
X-ray diffraction,® and theoretical CN by molecular dynamics
simulation is 8.4.** The present results agree nearly
quantitatively with these estimates. Although complex with
CN = 9 was suggested by several other studies,”” >**** no
previous studies suggested Eu’'(H,0), or Eu**(H,0),, all
consistent with the present results.
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Figure 1. Energy profiles (the Gibbs free energies in orange and electronic energies with zero-point energy correction in blue, in kcal/mol) of one-
water coordination to n-water-coordinated Eu®* (n = 7, 8, 9). The reference energy is Cmp2 + two individually-PCM-immersed water molecules.
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In the above discussion we used the Gibbs free energy
calculated with full entropic contribution for the coordination
process: Eu**(H,0), + H,O0 — Eu**(H,0),,,. However, in the
present situation, one H,O molecule is moved from a solvent
bulk, not from the gas phase, to the coordination state. Thus
some of the gas phase “entropy” must be quenched in bulk
solvent. Thus for a comparison, in Figure 1, we also give values
of the electronic energy (AE) + ZPE correction that contains
no entropy. Although there have been various proposals
concerning the entropy contributions in such a situation,*”~"?
we simply say here that the true value is between AG and AE +
ZPE, somewhat closer to AG. In the present situation shown in
Figure 1, the difference between Eu**(H,0); and Eu**(H,0),
did not change much between the two energy scales,
Eu**(H,0); can be completely neglected, and Eu’*(H,0),,
Cmp6, is also neglected compared to CmpS, even if the
entropy is completely ignored. Thus the overall qualitative
conclusions did not depend on the level of quenching of
entropic contribution.

The coordination of a water molecule to the seven-water-
coordinated Eu**(H,0), (Cmpl) proceeds without reaction
barrier to reach Eu**(H,0), (Cmp2). Namely, the added water
molecule never gets trapped as an external water like
Eu**(H,0),+(H,0). One can say that Eu®**(H,0), has
enough space to accommodate another water molecule in the
first shell. On the other hand, there is a substantial barrier at
TS3_ 4 between Eu’"(H,0)4-(H,0) (Cmp3) and
Eu**(H,0), (Cmp4). The barrier from the reactant (Cmp3)
to the TS (TS3_4) is 4.8 kcal/mol for the Gibbs free energy
and 5.4 kcal/mol for the electronic energy with ZPE correction.
The origin of TS3_ 4 is the distortion of the first shell solvation
structure as well as the loss of hydrogen bond stabilization of
the external water molecule (in green circle in Figure 1). For
the external water molecule in Cmp3 to come into the first
solvation shell, a space has to be created in the Eu**(H,0)s first
shell by distorting water-Eu-water angles requiring the
distortion energy and at the same time the external water
molecule has to break one of the two hydrogen bonds it had in
Cmp3 losing the interaction energy, before it can come into the
first solvation shell and interact strongly with the Eu®", as seen
clearly in Figure S1 (Supporting Information).

As mentioned in Introduction, the geometry around Eu®**
fluctuates because of the ionic and nondirectional character of
bonds between Eu’* and ligands. Therefore, there may be a
number of LMs whose geometries are slightly different. To find
other geometries of eight- and nine-water-coordinated Eu®, a
systematic search of LMs using the ADDF calculation was
carried out. For eight-water-coordinated Eu®, 22 LMs are
found and can be roughly categorized into two groups. One has
the so-called square antiprism (SA) structure and the other has
the distorted square antiprism (DSA) or bicapped trigonal
prism (BTP) structure as shown in Figure 2. The most stable
SA structure is 3.9 kcal/mol more stable than that of the DSA
structure. There are also LMs whose geometries are the mixture
of SA and DSA and relative Gibbs free energies are distributed
from 0.1 through 4.6 kcal/mol. For nine-water-coordinated
Eu*, 24 LMs are found whose structures are so-called the
tricapped trigonal prism (TTP) or the monocapped square
antiprism (MSA) as shown in Figure 2. Most LMs have the
TTP structures, while some of them have the distorted
structures. Their energies are distributed from 0.0 to 5.9 kcal/
mol. The average bond length between Eu** and O atoms are
248, 2.51, and 2.50 A for SA, DSA(or BTP), and TTP

Eu(H,0)s EU*(H,0)s Eu*(H,0)q

s .8 X w v
ST Al : M )

¢ _, -, 3 ¢ Dk “Y

(a) SA (b) DSA = (b) BTP (© TP = (o) MsA

3.9 keal/mol less stable than (a)

Figure 2. Geometries of eight-water-coordinated Eu*": the square
antiprism (SA) structure (a) and the distorted square antiprism (DSA)
or bicapped trigonal prism (BTP) structure (b). Geometry of nine-
water-coordinated Eu®': the tricapped trigonal prism (TTP) structure
or the monocapped square antiprism (MSA) structure (c).

structures, respectively. Compared with experimental studies,
they are §ood agreement with the recent EXAFS data of 2.47 +
0.007 A% and X-ray diffraction data of 2.450 A.**> Note that
compounds shown in Figure 1 have SA structures for Cmps 2
and 3 and TTP structures for Cmps 4 and S. Therefore, even if
the structural fluctuation around Eu®" is considered, the
energetics of Eu®" with different CN of water shown in Figure
1 does not change so much.

3.2. Coordination between Eu3*(H,0), and Benzalde-
hyde. The energetics of coordination of a substrate is
considered next. In this system, there are two substrates, BA
and TMS enol ether. However, it has been found that TMS
enol ether cannot coordinate directly to Eu®* stably and tends
to move out into the second coordination shell. This is
probably because the latter structure is stabilized by hydrogen
bonds between hydrogen in coordination water and oxygen in
the enol part.

Therefore, only the structures and energetics of BA
coordination are calculated, as show in Figure 3. Cmp7 is the
Eu**(H,0)s-(BA), where BA is coordinated in the second
solvation shell, via hydrogen bonding to two of the first shell
water molecules. Cmp8 is Eu**(H,0)g(BA), with BA in the
first solvation shell, resulting in the total coordination number
of CN = 9. Cmp8 is more stable in free energy than Cmp7 by
1.7 kcal/mol, suggesting that the Cmp8 will be more dominant
than Cmp?7. There exist a free-energy barrier of 4.6 kcal/mol for
going from Cmp7 to Cmp8, or the energy required to move BA
from the second shell to the first shell without changing water
coordination mode; this reaction step should proceed smoothly
at room temperature. There are two geometries for
Eu®*(H,0)5(BA), because the nine coordination points in the
TTP structure are not equivalent. Although another type of
TTP structure (see Figure S2) has a lower reaction barrier,
CmpS8 is the most stable geometry for Eu**(H,0)(BA).

From Cmp9, Eu**(H,0)y+(BA) with CN = 9, there is an
intermediate Cmp10, Eu**(H,0),(BA) with 10 ligands in the
first shell (CN = 10), and then another intermediate Cmp11,
Eu**(H,0)4(BA)-+(H,0) with CN = 9. The free energy
indicates clearly that Cmpll, with one water molecule that
moved out of the first solvation shell, is thermodynamically the
most stable of these three species. Therefore, we can say that
the most populated BA-coordinated complex is Eu®* coordi-
nated by eight water molecules and a BA (Cmp8 and Cmp11).
It is also consistent with the experimental CN of water (8.2),
slightly smaller than that before addition of BA.'%'7 Therefore,
we will discuss the mechanism of Mukaiyama—Aldol reaction
by using Cmp8 in the following section.

3.3. Mechanism of Aqueous Mukaiyama—Aldol Re-
action Catalyzed by Eu?*. Search for Concerted Pathways.
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Figure 3. Energy profiles (the Gibbs free energies in orange and electronic energies with zero-point energy correction in blue, in kcal/mol) for

coordination of benzaldehyde (BA) to n-water-coordinated Eu®* (n = 8, 9).

The reference energy is that of a Cmp2 + PCM-immersed BA molecule.
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Figure 4. Gibbs free energy profile (in kcal/mol) of aqueous Mukaiyama—Aldol reaction catalyzed by Eu**(H,0);. Compounds with the same
number of atoms are connected with solid lines. Dot lines are used to connect compounds with different number of atoms. The reference of the
energy (AG = 0.0 kcal/mol) is Cmp8 (Eu**(H,0)s(BA)) + TMS enol ether.

Based on the structure and energetics obtained in the previous
two subsections, we take Cmp12, Eu**(H,0)g(BA)-+(EE), the
optimized structure of the complex of Eu’*(H,0)s(BA)
(Cmp8) with one EE (EE = TMS enol ether) molecule in
the second solvation shell, as the starting point of the reaction.
From this starting point we searched possible reaction pathways
for the Mukaiyama—Aldol reaction by using the AFIR
systematic reaction path search calculations. This reaction
should consist of three reaction elements: C—C bond
formation, proton transfer, and TMS dissociation. We do not
know in which order these three elements take place nor
whether these elements proceed stepwise or concertedly.
Therefore, in order to take into count all the possibilities,
AFIR search was made for all reactions between all
combinations of fragments shown in Scheme 2. First, artificial
forces are places simultaneously between all pairs of BA (F1),
TMS enol ether (F2), and water (F3 or F4), in order to explore
concerted reaction pathways. Although initial AFIR search gave
some approximate pathways for concerted reactions, reoptim-
ization without artificial forces converted all of them to stepwise
reaction pathways. (For details, see Figure S3.) Therefore, we
conclude that concerted pathways do not exist within ~50 kcal/
mol from the isolated fragments.

C—C Bond Formation. The most favorable reaction pathway
thus obtained is shown in Figure 4, for that producing the syn-
structure. That for the anti-structure is qualitatively similar,*®
This reaction starts with the C—C bond formation (step 1),
followed by proton transfer from coordinated or bulk water
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molecules to BA (step 2) and then TMS dissociation caused by
nucleophilic attack by bulk water molecules (step 3). As
discussed in our previous study,* the reaction barrier of C—C
bond formation depends on the orientation between two
substrates and the fluctuating structure around Eu’*. The
orientation between two substrates is determined by the
(OSiMe;)C—C—C—O dihedral angle ¢ defined in Figure S. As
was discussed in detail in ref 46, the dihedral angles ¢ of
Cmpl2, TS12-13, and Cmpl3 are all around 180° where the
barrier is the lowest.

EU{H;‘O}R

o)
i ¢

TN
.' |.’|/ /'I

——

0OSiMe;

Figure S. Definition of the dihedral angle ¢.

Proton Transfer from Water to Aldehyde. The barrier of
the next step from Cmpl3, proton transfer from water to
aldehyde, is a little complicated because it depends on the
number of water molecules that mediate the proton transfer. As
shown in Figure 4, the reaction barrier at TS13-14 for the direct
proton transfer from the nearest first-shell water to BA is 8.7
kcal/mol, relative to Cmpl3. However, the same reaction
mediated by a water molecule in the second solvation shell has
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a lower barrier of 5.8 kcal/mol (TS15-16). In the real water
solution, this barrier may have a lower value because many
water molecules connected by an extended hydrogen-bond
network may mediate this proton transfer. In any case, the
reaction barrier measured from Cmpl2 is at most 16.6 kcal/
mol (TS13-14), which is reasonable value for a reaction at
room temperature.

TMS Dissociation. In the final step, the TMS group is
dissociated by nucleophilic attack of water molecules. It is also
difficult to say how many water molecules mediate this step.
However, the present calculations show that two bulk water
molecules can promote this step (Cmpl7 to Cmp18 in Figure
2), and the dissociation of TMS group proceeds without
barrier. In this step, one of the bulk water molecules has an
OH™ character because of the partial proton transfer to another
water, and the water with OH™ character attacks the TMS
group nucleophilically. Note that when the dihedral angle ¢ is
about —60° (in contrast to —180° in Figure 2), the TMS group
is close to Eu’" and the OH™ group from the coordinating
water on Eu’* may directly make a nucleophilic attack at the
TMS group (as is seen for P3—PS in Figure S3). However, this
barrier of the TMS dissociation is 19.0 kcal/mol, and the total
overall reaction barrier measured from Cmpl2 becomes 36.8
kcal/mol, too large in the room-temperature condition.
Therefore, it can be said that what promotes TMS dissociation
is not coordinating water but bulk water molecules.

Reactions Starting with Proton Transfer or TMS
Dissociation. We also explored other possibilities that the
reaction starts from proton transfer or TMS dissociation. First,
to explore possible reaction pathways starting from proton
transfer from water to BA, the AFIR force was added between
BA (F1) and coordination water (F3) or bulk water (F4).
However, no reaction pathways whose barriers are less than 50
kcal/mol are obtained. Second, the AFIR force was added
between TMS enol ether and water to explore possible reaction
pathways starting from TMS dissociation. Two reaction
pathways producing corresponding enol and ketone are
obtained (see Figure S4). However, their reaction barriers are
more than 40 kcal/mol, which are too large at room
temperature. The same reaction between TMS enol ether
and coordination water around Eu** (F3) does not proceed
because the O atom in a water does not face TMS and cannot
initiate the nucleophilic attack. Therefore, we conclude that
reactions starting from proton transfer or TMS dissociation are
unfavorable compared with those starting from C—C bond
formation.

Role of Water Molecules in the Yield and Diastereose-
lectivity. Finally, we answer two critical questions raised in
Introduction concerning the role of water molecules in this
reaction. The first question is why the yield of this reaction in
organic solvent increases dramatically upon addition of water.”®
Although we have not performed explicit calculations for
organic solvent, an answer may be found by the nature of the
Gibbs free energy surface of the reaction in Figure 4. The
intermediate (Cmp13) formed after C—C bond formation is
less stable than the reactant (Cmpl2), and the backward
reaction barrier from Cmp13 to TS12 13 is only 1.2 kcal/mol.
Therefore, the backward reaction seems to proceed more easily
than the forward reaction. In water solvent, however, the
equilibrium would shift to the forward direction because the
product is well stabilized after TMS dissociation (Cmpl8).
Therefore, the forward reaction from Cmpl2 to Cmpl8 is
promoted. On the other hand, in organic solvent neither proton

source nor nucleophile, such as extra water molecule, exists in
the system, so that we can guess that both proton transfer and
TMS dissociation should not proceed. Therefore, in the
absence of water, the backward reaction from Cmpl3 to
Cmpl2 should proceed easily, slowing down the overall
reaction.

The second question, why this reaction shows syn-preference,®
can be understood by comparing two lowest TSs for C—C
bond formation producing syn- and anti-structures. Because C—
C bond formation step is the diastereo-determining step,
diastereoselectivity is determined by the energy difference
between the TSs producmg syn and anti structures. As
discussed prev10usly, there are 17 lower TSs that contribute
to the quantitative diastereomeric ratio. However, qualitatively
we can focus only on the lowest TS that produces the -structure
and the lowest TS that produces the anti-structure. The lowest
syn-TS, with ¢ &~ 180° is more stable in free energy than the
lowest anti-TS with ¢ &~ 53° by 0.40 kcal/mol (see Figure 6).

(b) lowest anti-TS
Eu-0:2.28 's O-Hin water : 1.83

\’—+ } Eu-0:2.29
cc:200 " A L:’L

A

C-C:1.97 E,0:4.23

(a) lowest syn-TS

Figure 6. Geometries of the lowest TS (TS12-13) producing syn- (a)
and anti-products (b).

Comparing the two structures, in the anti-TS the phenyl group,
the cyclohexene group and the TMS group do not face each
other (Figure 6) and have less steric repulsion. In fact, the
electronic energy and the energy with ZPE correction of the
lowest anti-TS are more stable than the lowest syn-TS by 1.1
and 0.43 kcal/mol, respectively. However, the entropy
stabilization —TAS for the lowest syn-TS is larger, making
the syn-TS more stable in Gibbs free energy than the lowest
anti-TS. The lowest anti-TS is less flexible because the oxygen
atom of enol ether part is fixed by the hydrogen bond between
with a hydrogen of a coordination water.*® Therefore, we can
say that the lowest anti-TS is “destabilized entropically” by
coordination water molecules and becomes less stable in free
energy than the lowest syn-TS. It might be one of the reasons
why the diastereoselectivity of this reaction depends on the
experimental conditions. We can propose a possible reason why
the diastereoselectivity of this reaction changes from anti-
preference to syn-preference by addition of water, though we
did not calculate the TSs of C—C bond formation under
anhydrous condition. The lowest anti-TS which has the
smallest steric repulsion should be most stable under anhydrous
condition because of the lack of entropic destabilization effect
caused by coordination water.

As shown above, there are many factors that control
stereoselectivity, such as steric repulsion, stabilization by
hydrogen bond, destabilization by entropic effect, and so on.
In the present system, the steric repulsion between the current
substrates is not very dominant and the diastereoselectivity
depends heavily on the experimental conditions, such as metal
in catalyst, pressure, additive, and solvent.” 813715 One may think
that lanthanide is not suitable to achieve high stereoselectivity
because of the structural fluctuation around lanthanide as
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shown in our previous study.*® However, there are many
reports that achieve high stereoselectivity using lanthanide and
chiral ligands.”>™® How these reaction systems control the
stereoselectivity by using lanthanide cations whose coordina-
tion geometry fluctuate should be an interesting future subject.

4. CONCLUSIONS

This paper describes a detailed investigation of mechanism of
aqueous Mukaiyama—Aldol reaction catalyzed by Eu** and
answers questions about the role of water molecules. First, the
geometry and coordination number of water around Eu®" in the
first solvation shell in aqueous media is discussed by using
cluster models. To discuss their stability, we compare the
energetics of reactants, products, and transition states of a water
coordination reaction to N-water-coordinated Eu®', where N =
7—9, and clarify that eight- and nine-water-coordinated Eu®*
can coexist at room temperature which is consistent with the
experimental CN.'®'”** The most stable structures of eight-
and nine-water coordinated Eu** have the square antiprism and
tricapped trigonal prism structures, respectively. Second, BA
coordination to Eu®* surrounded by several water molecules is
also examined. Coordination of BA to eight- and nine-water-
coordinated Eu®" proceeds easily, although coordination of a
BA to Eu** coordinated already by nine water molecules
proceeds with dissociation of one coordinated water molecule
to the second solvation shell. Therefore, the most stable
complex, Eu®" coordinated with eight water molecules and a
BA, is used as a reactant of aqueous Mukaiyama—Aldol
reaction.

The mechanism of aqueous Mukaiyama—Aldol reaction
catalyzed by Eu®" is examined by the AFIR method. The most
favorable reaction pathway is the stepwise reaction starting
from C—C bond formation followed by proton transfer from
water to BA and then TMS dissociation caused by nucleophilic
attack of a bulk water molecule. We would like to emphasize
that exploring without prejudice the reaction pathways for
systems with large number of atoms, components, reaction
steps, and fluctuating geometries is now doable by using AFIR
method.

Two questions about the role of water for this reaction are
answered. One question, why the yield of Mukaiyama—Aldol
reaction catalyzed by Ln’* is highly improved by addition of
water, can be answered on the basis of the nature of the Gibbs
free energy surface along the reaction pathway. Without water,
the proton transfer and TMS dissociation cannot proceed
smoothly. The backward reaction proceeds with lower barrier
than the forward reaction under anhydrous condition, which
results in the low yield of the product. With water, proton
transfer takes place smoothly and the dissociation of TMS takes
place without barrier, improving the yield of the overall
reaction. The other question why this aqueous reaction shows
syn preference is explained by entropic effect on the TSs of C—
C bond formation step. Although the lowest anti-TS has the
lower potential energy than the lowest syn-TS because of the
smaller steric repulsion, the entropic effect makes for the lowest
anti- TS is less favorable than for the lowest syn-TS, because the
lowest anti-TS has less structural flexibility caused by hydrogen
bond between TMS enol ether and coordination water. This
results in the higher Gibbs free energy of the anti-TS than that
of the syn-TS. As shown above, the roles of water for this
reaction are to stabilize the product by promoting TMS
dissociation by nucleophilic attack, and to supply a proton to
aldehyde. The demerit of this reaction is low diastereoselec-

tivity mainly caused by structural fluctuation of coordination
water around Eu’' in the diastereo-determining TS. A better
way to restrict fluctuation of coordinating water structures by
appropriate ligands is needed to improve the diastereoselectiv-
ity of the Ln-catalyzed reaction.
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