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Transition metal catalysis is an efficient way to perform catalytic reactions in a 

controlled and a selective fashion. Quantitative details of the mechanism and selectivity of a 
catalytic reaction are very important to develop more efficient catalysis. In this direction, 
computational chemistry is very useful.1,2 We have used density functional theory (DFT) and 
artificial force-induced reaction (AFIR) method to rationalize the mechanism and selectivity 
of two catalytic reactions,3,4 specifically iron-catalyzed carbon-carbon bond formation 
reaction in aqueous media,5 and a palladium-catalyzed regioselective borylative ring-opening 
reaction of 2-arylaziridines.6 The multi-component (MC)-AFIR method was used to probe 
conformational complexity in the selectivity-determining step. The energy decomposition 
analysis (EDA) was used to establish the origin of the selectivity.  

 

 
Figure 1. Carbon-carbon bond formation between silyl enol ethers and aldehyde catalyzed by 
iron(II) with the Bolm’s ligand (L1) 
 

Development of transition metal catalysts for efficient and highly selective carbon-
carbon bond formation reactions is very important in synthetic organic chemistry. Figure 1 
shows the iron-catalyzed enantioselective carbon-carbon reaction that works in aqueous 
media under mild conditions. Thermodynamically stable six- or seven-coordinate complexes 
in the solution were rationalized by DFT. The active intermediates for the selectivity-
determining outer-sphere carbon-carbon bond formation were proposed, and transition states 
(TSs) for this step was systematically determined by MC-AFIR. The calculated 
diastereomeric ratio and enantiomeric excess are in good agreement with the experimental 
data. The overall mechanism consists of (a) coordination of the aldehyde, (b) selectivity 
determining carbon-carbon bond formation, (c) rate-determining proton transfer from water to 
aldehyde, and (e) dissociation of trimethylsilyl group. According to EDA, deformation (DEF) 
of the substrates (i.e. aldehyde and silyl enol ether) is responsible for the origin of the 
selectivity. The selectivity of the reaction can be improved by modifying the bulky 
substituents in L1 and the substrates or by modifying the tetradentate ligand. Our study 
provides important mechanistic insights for the development of Fe-based catalysts for 
carbon–carbon bond formation reactions. 
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ABSTRACT: Density functional theory (DFT), combined
with the artificial force-induced reaction (AFIR) method, is
used to establish the mechanism of the aqueous Mukaiyama
aldol reactions catalyzed by a chiral Fe(II) complex. On the
bases of the calculations, we identified several thermodynami-
cally stable six- or seven-coordinate complexes in the solution,
where the high-spin quintet state is the ground state. Among
them, the active intermediates for the selectivity-determining
outer-sphere carbon−carbon bond formation are proposed.
The multicomponent artificial force-induced reaction (MC-
AFIR) method found key transition states for the carbon−
carbon bond formation, and explained the enantioselectivity and diastereoselectivity. The overall mechanism consists of the
coordination of the aldehyde, carbon−carbon bond formation, the rate-determining proton transfer from water to aldehyde, and
dissociation of trimethylsilyl group. The calculated full catalytic cycle is consistent with the experiments. This study provides
important mechanistic insights for the transition metal catalyzed Mukaiyama aldol reaction in aqueous media.

■ INTRODUCTION

Transition metal homogeneous catalysis is one of the most
efficient ways to perform carbon−carbon bond formation
reactions in a controlled and a selective fashion. The Suzuki−
Miyaura reaction,1,2 Heck-type reactions,3−6 Wittig reaction
and its many variants,7,8 olefin metathesis,9−13 cross-coupling of
diazo compounds14−18 are popular carbon−carbon bond
formation reactions. These synthetic reactions have become
indispensable for extensive applications in both industry and
academia. Development of versatile synthetic procedures that
lead to efficient and highly selective carbon−carbon bond
formation under mild conditions is still an active area of
research.
The aldol reaction is a fundamental and reliable method for

carbon−carbon bond formation.19−22 The classical aldol
reactions work under heating Brønsted acidic or basic
conditions. The yields depend on the substrates because of
the reversibility of the reaction. Many competitive reactions,
such as self-condensation, dehydration, and polymerization, are
also major challenges in this area. Most of these side reactions
can be avoided by using the Lewis acid catalyzed cross-aldol
reactions of silicon enol ethers or ketene silyl acetal as
nucleophiles, the so-called Mukaiyama aldol reaction.23−25

Lewis acids, such as TiCl4, can be used as the catalysts in this
reaction, and highly enantioselective transformations can be
achieved by using the chiral Lewis acid catalysts.20,26−28

Typically, Lewis acids are inactive under the hydrous
condition. The Kobayashi modification to the Mukaiyam
aldol reaction, however, utilizes Lewis acids under hydrous
condition.29−32 For instance, rare earth trications and several
dicationic transition metals, such as Fe, Cu, Zn, Cd, and Pd, are
active catalysts in aqueous media.33 Asymmetric versions of the
Mukaiyama aldol reactions have also been achieved in aqueous
media using chiral catalysts.34−43 One of the successful catalytic
systems is Fe(II) with the Bolm’s ligand44 (L1) as shown in
Scheme 1.45,46 Relatively high enantioselectivity is achieved for
a number of aromatic and nonaromatic aldehydes by using the
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Scheme 1. Aqueous Mukaiyama Aldol Reaction of Silyl Enol
Ethers with Aldehydes Catalyzed by Fe(II) with Bolm’s
Ligand (L1)

Article

pubs.acs.org/JACS

© 2015 American Chemical Society 11085 DOI: 10.1021/jacs.5b05835
J. Am. Chem. Soc. 2015, 137, 11085−11094

This is an open access article published under an ACS AuthorChoice License, which permits
copying and redistribution of the article or any adaptations for non-commercial purposes.



 
Figure 2. Palladium-catalyzed regioselective ring-opening reaction of 2-arylaziridines. 
 

Aziridine rings can be opened in a stereo- and regioselective fashion to synthesize 
chemically or biologically important organic compounds. Low-valent late-transition-metal 
complexes can be used as the catalysts for this purpose. We have developed a palladium-
catalyzed regioselective ring-opening reaction of 2-arylaziridines (Figure 2). Our NMR and 
DFT studies suggested that the active form of the catalyst is a PdL2 complex, where L = P(t-
Bu)2Me. The regioselectivity-determining aziridine ring-opening step was systematically 
determined by MC-AFIR. The calculated regioselectivity is in agreement with the 
experimental results, where the ring-opening is favorable at the less-hindered carbon in the 
SN2 fashion. According to EDA, origin of the selectivity comes from the interactions (INT) 
between the catalyst and the substrate. The subsequent steps of the full catalytic cycle consist 
of (a) proton transfer, (b) phosphine ligand dissociation from the catalyst, (c) rate-determining 
boron-boron bond cleavage, and reductive elimination. Our study guides the design of 
catalytically novel and chemically significant regioselective ring-opening reactions of 
aziridines.  
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glycolato)diboron produced the corresponding borylated prod-
ucts in a low yield as an inseparable diastereomeric mixture,
presumably due to the existence of two chiral centers on the
benzylic and glycolate carbons (Table S13 in the ESI†).

Borylated product 3a was successfully transformed into b-
amino-b-aryl-substituted alkyltriuoroborate 7 in excellent
yield, which can serve as a versatile building block to synthesize
b-amino-b-arylethanes through Pd-catalyzed cross coupling
reactions [eqn (4)].26

In order to understand the stereochemical outcome of the
secondary stereogenic center of the borylated product and to
demonstrate the utility of the alkylboronate, an enantiopure
aziridine (R)-1a (99% ee from chiral HPLC analysis) was sub-
jected to the standard reaction conditions (Scheme 1). HPLC
analysis of the borylated product 3a revealed that the stereo-
chemical information was completely retained (99% ee, S)

through the reaction. This result excludes the possibility of the
reaction pathway of oxidative addition/b-hydride elimination/
re-insertion of [Pd–H] species leading to 3a, although it cannot
perfectly exclude such a pathway.27 To demonstrate the
synthetic utility of the enantiopure b-amino-alkylboronate (S)-
3a, the asymmetric synthesis of 3-phenyl-1,2,3,4-tetrahy-
droisoquinoline derivative was conducted (Scheme 1). The tet-
rahydroisoquinoline skeleton is a ubiquitous motif in alkaloid
natural products and constitutes a biologically important aza-
heterocycle.28 Enantiopure alkylboronate (S)-3a was subjected to
the Pd-catalyzed Suzuki–Miyaura cross coupling29 with chloro-
benzene to give the optically active 1,2-diphenylamine deriva-
tive (S)-8 in 69% yield, while keeping the enantiopurity intact
(99% ee, chiral HPLC). The following Pictet–Spengler reaction30

successfully gave the enantiopure tetrahydroisoquinoline
product (S)-9 in excellent yield.

Mechanistic aspect. To obtain the stereochemical course in
the oxidative addition step, a similar synthetic sequence using
deuterated aziridine cis-1a-d1 as a substrate was conducted
(Scheme 2). The stereochemistry on the terminal carbon (the 3-
position) was completely inverted (for details, see the ESI†).
This result agrees with the SN2 nature of the oxidative addition
process of aziridine toward Pd(0) complexes reported by our
group11b and others.5,11a Moreover, this stereo-invertive process
is supported with computational studies (vide infra).

To identify the Pd species generated by mixing P(t-Bu)2Me
and Cp(allyl)Pd, we monitored the 31P{1H} NMR spectra of these
mixtures in THF-d8 at 60 !C (Fig. 1). Upon addition of 2 equiv. of
Cp(allyl)Pd to L (i.e., L : Pd ¼ 0.5), the sharp resonance corre-
sponding to free L at d 15.3 ppm (Fig. 1a, lit. d 12.5 ppm at room
temperature in toluene-d8),31 completely disappeared and three
new peaks appeared at d 37.0 (sharp, strong), 44.7 (broad, weak),
and 62.0 (broad, weak) ppm (Fig. 1b). According to the data
reported by the Baird group,32 these peaks are assignable to
a dinuclear Pd(I) complex [Pd2L2(m-Cp)(m-allyl)] (lit. d 35.4 ppm
at 65 !C in toluene-d8), a bisphosphine Pd(0) complex PdL2 (lit.
d 41.0 ppm at 65 !C in toluene-d8), and an [(h5-Cp)Pd(h1-allyl)L]
species ([(h5-Cp)Pd(h1-PhC3H4)L] lit. d 61.7 ppm at room
temperature in toluene-d8), respectively, as illustrated in Fig. 1.
Aer stirring the mixture at 60 !C for 1 h, the broadened weak
peak at d 62.0 ppm corresponding to [(h5-Cp)Pd(h1-allyl)L]

Table 2 Scope and limitation of the borylationa,b

a Reaction conditions: 1 (0.50 mmol), 2 (0.60 mmol), Cp(allyl)Pd
(10 mmol), P(t-Bu)2Me (5 mmol), bpy (10 mmol) in MTBE/H2O (1.5 mL,
v/v 12 : 1) at 60 !C under N2 atmosphere for 3 h. b The values outside
and inside parentheses indicate 1H NMR and isolated yields,
respectively. c The reaction was conducted at 80 !C.

Scheme 1 Preparation of enantiopure b-aminoboronate and its
synthetic application.
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