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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 mechanisms and selectivity of 
catalytic reactions are very important for the 
development of new and/or more efficient 
catalytic reactions. However, these properties 
are difficult to characterize only from 
experimental studies. Recent advances in the 
density functional theory and density 
functional theory molecular mechanics mean 
that complex catalytic reactions can now be 
determined more accurately [1–3]. Herein we 
present our recent mechanistic studies on 
palladium-catalyzed regioselective and 
stereospecific aziridine ring-opening reactions.  

We have recently developed the first 
example of catalytic borylative ring-opening 
of nonvinylic aziridines (Fig. 1) [4]. The 
computed catalytic cycle consists of the 
oxidative addition of aziridine to Pd(0), rate-
determining proton transfer, a phosphine 
ligand dissociation from the catalyst, 
transmetalation, cis/trans isomerization, and 
reductive elimination. The regioselectivity-
determining aziridine ring-opening step 
proceeds at the terminal carbon in an SN2 
fashion. Calculated regioselectivity is in good 
agreement with the experimental data.  

Also, we have reported a Pd-catalyzed 
regioselecitve and enantiospecific cross-
coupling reaction of 2-aryl-substituted 

aziridines with arylboronic acids to give 
biologically important 2-arylphenethylamine 
derivatives (Fig. 2)[5]. In this reaction, 
aziridine ring opening occurs at the benzylic 
carbon (the 2nd position) of aziridine substrate, 
where the opposite regioselection of the ring 
opening to that observed in borylative ring 
opening reaction (Fig. 1) was achieved. Our 
computational studies rationalize the 
mechanism and regioselectivity of this 
reaction.  
 

derivatives serve not only as useful building blocks in organic
synthesis, but are also biologically interesting motifs in
medicinal chemistry.13 Only a few precedents in transition-
metal-catalyzed borylative substitution of vinylaziridines via
C(sp3)–N bond cleavage have been reported. Szabó and Pineschi
disclosed a Pd(II) pincer complex14 and a Ni(0)/BINAP12 system
as catalysts for the borylative ring opening of vinylaziridines
with diboron reagents via the cleavage of an allylic C–N bond to
give g-amino alkylboronic acid derivatives (formal SN20-type
reaction),15 respectively [eqn (2)]. Nevertheless, to the best of our
knowledge, the catalytic direct displacement of the C(sp3)–N
bond of aziridines with a C(sp3)–B bond on the same carbon
(formal SN2-type reaction) has never been described to date.

We herein report a regioselective ring-opening C–B cross-
coupling reaction of 2-arylaziridines that is realized using
a Pd/P(t-Bu)2Me/bpy catalytic system to give b-amino-alkylbor-
onates [eqn (3)], which can serve as versatile building blocks to
synthesize amino-functionalized compounds and biologically
relevant b-amino acid surrogates.16,17 Notably, our reaction
features the opposite regioselectivity in C–N bond cleavage
(at the 3-position) to those previously reported for C–C cross
couplings using the same type of aziridine substrate (at the
2-position).10a,c,11b Also, our C–B coupling system represents the
rst example of a formal SN2-type borylative C(sp3)–N bond
cleavage of neutral compounds.18 It should be noted that the
present C–B coupling proceeds smoothly under neutral condi-
tions as in the cases of borylative substitution of allyl carbox-
ylates19 and carbonates.19a,20 In these cases, the leaving group-
derived oxy anions (RCO2

! and RO!) serve as the internal bases,
while the metal catalyzed borylative substitution of alkyl halides
usually requires the addition of stoichiometric external base or
activator to promote transmetalation.21 In addition to experi-
mental elaboration, we have performed theoretical calculations,
applying density functional theory (DFT) and the multi-
component articial force-induced reaction (MC-AFIR) method
to determine the mechanism of the reaction and explain the
origin of the selectivity, and to clarify why external base is not
required in this reaction system.

Results and discussion
Experimental part

Development of Pd-catalyzed borylative ring-opening reac-
tion of 2-arylaziridines. To identify the reaction conditions for
the borylative ring-opening reaction, optimization studies
applying racemic 2-phenyl-N-tosyl-aziridines (1a) as a model
substrate with bis(pinacolato)diboron B2(pin)2 (2) were per-
formed (Tables S1–S13 in the ESI†).22 The executive summary of
the optimization study is shown in Table 1.

The highest yield (81%, isolated yield: 71%) of borylated
product 3a was obtained when 1a was treated with 1.2 equiv. of
B2(pin)2 at 60 "C in the presence of catalytic amounts of Cp(allyl)
Pd (2 mol%), P(t-Bu)2Me23 (1 mol%), and 2,20-bipyridine (bpy, 20
mol%) in a mixed solvent of methyl-tert-butylether (MTBE) and
H2O (entry 1, “standard conditions”). Most importantly, the
regioselectivity of this ring opening and C–B coupling was
opposite to those observed with the C–C coupling of the same
substrate,10a,c,11b implying that the oxidative addition occurred at
the C–N bond on the terminal carbon (the 3-position of the
aziridine). The regioisomer of 3a was not detected in the crude
1H NMR spectra, indicating that the regioselectivity in the ring-
opening of 1a should be almost perfect. In fact, the regiose-
lective oxidative addition dictated by the interactions between
the substrate and the Pd(0) catalyst was supported by theoretical
calculations (vide infra). The L : Pd ratio [L ¼ P(t-Bu)2Me] was
found to have a signicant impact on the product distribution
(entries 2 and 3). As the L : Pd ratio was increased from 0.5
(entry 1) to 2 to 3, the yields of 3a decreased to 74% and 45%,
respectively (entries 2 and 3). This irregular ratio of L : Pd
implies that there might be a complex equilibrium of PdLn
species generated in situ, some of which are specically active in
the catalytic cycle. In fact, this speculation was partly supported
with 31P NMR experiments and theoretical calculations (vide
infra). Addition of electron decient unsaturated compounds,
which can coordinate to metal complexes, is an effective
strategy to suppress undesired b-hydride elimination or to
accelerate reductive elimination, thereby oen leading to better
results in alkyl cross coupling reactions.24 Indeed, the effect of
adding bpy was signicantly effective for suppressing the
formation of byproduct 6 as well as 5, which was presumably
derived from the hydrolysis of 6 with H2O (entries 4–7). The
effect of the ligands was also signicant (entries 8–10). N-
heterocyclic carbene (NHC) ligands, SIPr for instance,11b

promoted the consumption of 1a and produced undesired
products 4 and 5 (entry 8). The results obtained from sterically
demanding trialkylphosphine/Pd catalysts (entries 9 and 10)
suggest a sluggish oxidative addition step, which is in good
agreement with Wolfe's report.9 Furthermore, as mentioned in
the introduction section, the ring opening borylation disclosed
herein does not require the addition of any external base, which
is usually used to activate the transmetalation step for the
borylative substitution of alkyl halides. In connection with this,
addition of water is crucial. Moreover, in the absence of H2O, no
conversion of 1a was observed (entry 11), while at least 1 equiv.
of H2O allowed the borylation (Table S11 in the ESI†).
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Fig.1	 Borylative ring-opening of nonvinylic 
aziridines. 
 

Pd/NHC-Catalyzed Enantiospecific and Regioselective Suzuki−
Miyaura Arylation of 2‑Arylaziridines: Synthesis of Enantioenriched
2‑Arylphenethylamine Derivatives
Youhei Takeda,*,†,‡ Yuki Ikeda,‡ Akinobu Kuroda,‡ Shino Tanaka,‡ and Satoshi Minakata*,‡

†Frontier Research Base for Global Young Researchers and ‡Department of Applied Chemistry, Graduate School of Engineering,
Osaka University, Yamadaoka 2-1, Suita, Osaka 565-0871, Japan

*S Supporting Information

ABSTRACT: A palladium-catalyzed stereospecific and
regioselective cross-coupling of enantiopure 2-arylaziri-
dines with arylboronic acids under mild conditions to
construct a tertiary stereogenic center has been developed.
N-heterocyclic carbene (NHC) ligands efficiently promote
the coupling, suppressing β-hydride elimination. The
enantiospecific cross-coupling allowed us for preparation
of a series of biologically important 2-arylphenethylamine
derivatives in an enantiopure form.

The construction of stereogenic centers through metal-
catalyzed cross-coupling in a highly stereocontrolled

manner has remained a big challenge in organic synthesis.1 An
excellent approach toward achieving this involves enantiocon-
vergent cross-coupling of racemic secondary alkyl electrophiles2

or alkylmetals3 with the aid of a chiral catalyst through dynamic
kinetic resolution. Another comprises stereospecific cross-
coupling employing either enantioenriched α-chiral secondary
alkylmetals4 or alkyl halides5 with an achiral catalyst, through
which the stereochemical information on substrates is efficiently
translated into products (retention or inversion). Meanwhile, the
past decade has seen a significant growth in stereospecific cross-
coupling of α-chiral nonclassical secondary alkyl electrophiles
bearing a *Csp

3−O or *Csp
3−N bond (*Csp

3: stereogenic carbon;
O = OSO2R,

6 OR,7 and OC(O)R;8 N = +NMe3(
−OTf)9 and

NTs2
10): α-chiral alcohols and amines are widely accessible by

established methods,11 and their derivatives are highly stable, less
toxic and exhibit orthogonal reactivities compared with classical
alkyl halides. In this connection, stereospecific cross-coupling
using α-chiral nonclassical electrophiles would provide great
opportunity for diverse access to chiral complex molecules that
are otherwise difficult to synthesize by conventional method-
ologies. Herein we disclose a Pd/NHC-catalyzed stereospecific
and regioselective cross-coupling of enantiopure 2-arylaziridines
with arylboronic acids to produce a series of completely
stereoinverted 2-arylphenethylamine derivatives (eq 1).

The 2-arylphenethylamine scaffold constitutes a pharmaco-
logically important motif in dopamine receptor agonists, thereby
serving as potential candidates for the treatment of disorders of
the central nervous system such as schizophrenia and Parkinson
disease.12 Not surprisingly, they often exhibit biological
enantiospecificity.13 Therefore, the asymmetric construction of
such a skeleton is important in terms of the exploration of
structurally related bioactive agents and pharmaceuticals.
However, the asymmetric construction of this privileged
structure has been mainly limited to Lewis acid-catalyzed
stereospecific Friedel−Crafts-type ring-opening of enantiopure
2-arylaziridines14 and to a sequence of enantioselective Michael-
addition of arylmetals to β-nitrostyrenes and following
reduction.15 The former intrinsically requires electron-rich
arenes as an aryl reactant, and the latter suffers from difficulty
in controlling enantioselectivity of products. Recognizing that
enantioenriched 2-arylaziridines are accessible by various
methods,16 we assumed that enantiospecific and regioselective
cross-coupling of 2-arylaziridines with an arylmetals would allow
for an efficient, functional-tolerant, and diverse route to
enantioenriched 2-arylphenethylamine derivatives (eq 1).
Hillhouse17 and Wolfe18 independently reported that 2-

alkylaziridines smoothly undergo oxidative addition to Ni(0) and
Pd(0) complexes at the less hindered C−Nbond in a SN2 fashion
to give isolable azametallacyclobutanes, respectively. After
several years of their pioneering works, the Doyle group opened
up the way to the utilization of aziridines as a nonclassical alkyl
electrophile in metal-catalyzed cross-coupling by demonstrating
Ni-catalyzed Negishi coupling of 2-aryl and 2-alkylaziridines.19

Until then, metal-catalyzed transformations of nonvinylic
aziridines were limited to the insertion of unsaturated
components like CO20a−c and heterocumullenes,20d,e which
outcompete β-hydride elimination. Despite their elegant works,
the general prediction of stereoconfiguration of products in the
Ni-catalyzed systems is difficult, probably due to the involvement
of single-electron-transfer (SET) mechanism. More recently,
Michael et al. reported a Pd/phosphine-catalyzed regioselective
cross-coupling of 2-alkylaziridines with arylboronic acids which
exclusively gives linear coupled products.21 The stereo-inversion
at the less hindered aziridine carbon showed good agreement
with SN2 oxidative addition mechanism. However, Pd-catalyzed
branch-selective cross-coupling of aziridines to construct a
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Fig.2 Cross-coupling reaction of 2-aryl-
substituted aziridines with arylboronic acids. 

 
Our experimental and computational 

studies offer important mechanistic insights to 
develop broadly applicable catalysts for 
aziridine ring-opening reactions potential 
applications in industry and academia.  
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