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ABSTRACT: Experimental and theoretical studies on the structure
of several complexes based on (R)-3,3′-Br2−BINOL ligand and
group (IV) metals used as catalysts in an enantioselective Friedel−
Crafts alkylation of indoles with α,β-unsaturated ketones have been
carried out. NMR spectroscopic studies of these catalysts have been
performed, which suggested that at room temperature the catalysts
would form a monomeric structure in the case of TiIV and a dimeric
structure in the cases of ZrIV and HfIV. Density functional theory
(DFT) calculations clearly corroborate the conclusions of these
experimental spectroscopic studies. The dimeric structure with a
doubly bridged motif [ZrIV2(μ-(R)-3,3′-Br2−BINOL)2] where each
binaphthol ligand acts as bridge between the metal centers (Novak’s
model) is more stable than the dimeric structure with a doubly
bridged motif [ZrIV2(μ-O

tBu)2] where the tert-butoxide groups act as bridging ligands (Kobayashi’s model). The scope of the
Friedel−Crafts alkylation with regard to the indole structure has been studied. Finally a plausible mechanism for the Friedel−
Crafts reaction and a stereomodel for the mode of action of the catalyst that explain the observed stereochemistry of the reaction
products have been proposed.

■ INTRODUCTION

Development of synthetic procedures that allow the prepara-
tion of enantiomerically pure or enriched products has attracted
much attention in the past decades1 due to the importance of
the absolute stereochemistry of the molecules on their
biological activity2 as well as on the properties of materials.3

In this context, asymmetric catalysis based on metal complexes
is one of the most important synthetic approaches to chiral
nonracemic products. In fact considerable progress on the
development of catalytic enantioselective procedures has been
achieved in the past decade. The 1,1′-binaphthyl-2,2′-diol
(BINOL) scaffold has been extensively used to control many
asymmetric processes having demonstrated high chiral
discrimination properties4 in a great number of enantioselective
processes. Group (IV) metal ions, mainly titanium and in
minor extension zirconium and hafnium, have been used with
BINOL derivatives, because the catalysts are easily generated in
situ and the metal-containing starting materials are commer-
cially available. Additionally, group (IV) metals form strong
bonds to oxygen, resulting in stabilization of the (BINOLate)−

metal moiety. On the other hand the Lewis acidity of these
(BINOLate)MX2 (M= Ti, Zr, Hf; X= ligand) complexes can be
easily tuned by variation of the electronic properties of the X
ligands and influenced by the substituent at 3,3′ and 6,6′
positions of the BINOL scaffold.5

A huge number of highly enantioselective synthetic
procedures employing titanium−BINOL derived catalysts
have been developed by different authors.6 Furthermore,
several zirconium−BINOL derived catalysts have been
developed by Kobayashi and other authors that have been
utilized in highly enantioselective processes, such as Mannich-
type reactions,7 hetero-Diels−Alder cycloadditions,8 [3 + 2]
cycloadditions,9 Strecker reactions,10 allylation of imines,11

Mukaiyama aldol condensation,12 meso-aziridine ring-opening
reactions,13 allylation of aldehydes,14 aldol reactions,15 and
aldol-Tishchenko reactions.16 Also a hafnium−BINOL complex
has been developed by Kobayashi and used in an
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enantioselective Mannich-type reaction.17 Recently we have
shown that Zr(OtBu)4−BINOL complexes are very effective
catalysts for the enantioselective Friedel−Crafts alkylation of
indoles with α,β-unsaturated ketones.18

However, in spite of the versatility and enantioselectivity of
the titanium or zirconium−BINOL-based catalysts, investiga-
tions into the structure of these species and their reaction
mechanisms have been scarce. The kinetic lability of group (IV)
metal alkoxides, the Lewis acidic nature of the metal center, the
variable coordination geometries and the strong tendency to
produce equilibrium mixtures of polynuclear oligomers make
the task of identifying the actual molecular species participating
in the different chemical processes extremely difficult.19

Studies in solution as well as in solid-state of the complexes
generated from BINOL derivatives with titanium alkoxides that
are relevant to our investigation have been reported. Heppert20

found that 3,3′-disubstituted binaphthols (3,3′-R2−BINOL)
produced monomeric complex [Ti(3,3′-R2−BINOLate)
(OiPr)2] when R was very large [R = Si(tBu)Me2]. In contrast,
when the 3,3′-substituents were methyl groups, a dimeric
complex was obtained, which consisted of a double bridged
motif [TiIV2(μ-3,3′-R2−BINOL)2] where each binaphthol
ligand acts as bridge between the metal centers. Novak21

synthesized several chiral binaphthyl titanium alkoxide
complexes, among which the titanium complex [Ti{(R)-3,3′-
Br2−BINOLate}(OtBu)2]n has a structure in solid state similar
to the dimer described by Heppert [Ti2{(R)-3,3′-Me2−
BINOLate}2(O

iPr)4], although in solution at room temper-
ature presents a monomeric structure. On the other hand,
Kobayashi22 prepared a new complex from Zr(OtBu)4 and (R)-
3,3′-I2−BINOL in presence of n-propanol and water. The
author suggested that this complex has a dimeric structure with
a doubly bridged motif [ZrIV2(μ−OH) (μ-OnPr)] where the
hydroxyl and the n-propoxide act as bridging ligands.

■ RESULTS AND DISCUSSION
As a part of our research on asymmetric catalysis using chiral
Lewis acids, we have previously reported the enantioselective
Friedel−Crafts alkylation of indoles with α,β-unsaturated
ketones (Scheme 1).18 The best results were obtained by

using a complex formed from equimolar amounts of (R)-3,3′-
Br2−BINOL and Zr(OtBu)4 in dichloromethane, which
allowed us to obtain the desired products with good yields
and enantiomeric excesses above 95% in most of the studied
examples (see below). To gain insight about the structure of
the catalytic species involved and the mechanism of the
reaction, we have performed a detailed structural study using a

double approach involving both 1H and 13C NMR spectro-
scopic measures and theoretical study by density functional
theory (DFT), including the study of the corresponding
titanium and hafnium complexes with comparative purposes.
Attempts to determine the exact molecular mass of the
generated complexes using soft-ionization techniques (ESI)
were unsuccessful, probably because the ionizing solvents
required for this technique alter the complex structure.23 We
have also enlarged the study of the scope of the reaction,
particularly with regard to the structure of the indole partner,
which is relevant to make a proposal of the mechanism of the
reaction.

NMR Spectroscopic Characterization of the Com-
plexes. For the 1H and 13C NMR spectroscopic analysis, the
metal complexes were generated in situ from stoichiometric
quantities of (R)-3,3′-Br2−BINOL (L) and the corresponding
metal tert-butoxides in CD2Cl2 at room temperature under
identical conditions as in the enantioselective reaction. Figure
1a−d shows the aromatic region of the 1H NMR spectra for the
free (R)-3,3′-Br2−BINOL (L) (a) and the Ti(OtBu)4-(R)-3,3′-
Br2−BINOL (b), Zr(OtBu)4-(R)-3,3′-Br2−BINOL (c) and
Hf(OtBu)4-(R)-3,3′-Br2−BINOL (d) complexes, respectively,
measured at room temperature. Figure 2a−d shows the
aromatic region of the corresponding 13C NMR spectra. It is
important to note that under these conditions, the signals of the
free (R)-3,3′-Br2−BINOL completely disappeared and a new
set of resonances with different chemical shift was observed.
In the case of the complex formed from Ti(OtBu)4 and (R)-

3,3′-Br2−BINOL the 1H NMR (Figure 1b) and the 13C NMR
(Figure 2b) spectra show a single set of resonances for the 3,3′-
Br2−BINOLate ligand (without splitting of the signals). The
upfield region of the 1H spectrum includes, besides the singlet
that corresponds to the free tert-BuOH,24 a singlet correspond-
ing to two magnetically equivalent OtBu moieties at 1.06 ppm.
Table 1 lists the 1H NMR assignments for the ligand L as well
as for the complexes (data for the 13C NMR spectrum appear in
the Experimental Section). It is interesting to note the upfield
shifts that are produced after binding of the 3,3′-Br2−BINOL
ligand to the metal center. These simple 1H NMR and 13C
NMR spectra (without splitting of the signals) imply a structure
with C2-symmetry, which indicates that the complex exists as a
monomer (Figure 3). This interpretation is in accordance with
the results obtained by Novak21 for the same compound in
solution at room temperature, in spite of the structure obtained
by diffraction of X-ray at low temperature, which indicated that
the complex is a dimer in solid state. On the other hand, in his
work about the structure of a related complex prepared from
(R)-3,3′-Me2−BINOL and Ti(OiPr)4, Heppert

20 obtained also
a simple 1H NMR spectrum (without splitting of the signals),
which would imply a C2-symmetric species. However, this
author proposed that the simplicity in the 1H NMR might arise
from a [Ti2{(R)-3,3′-Me2−BINOL}2(OiPr)4] dimer under-
going an intramolecular exchange of (R)-3,3′-Me2−BINOLate
via cleavage of one bond between each titanium and bridging
oxygen. For our complex prepared from (R)-3,3′-Br2−BINOL
and Ti(OtBu)4, we believe the monomeric structure in solution
to be more likely, since the complexes prepared from either
racemic or optically pure (R)-3,3′-Br2−BINOL gave undis-
tinguishable 1H NMR and 13C NMR spectra at room
temperature. As we will see below, DFT calculations
corroborate that the complex formed from (R)-3,3′-Br2−
BINOL and Ti(OtBu)4 has a monomeric structure at room
temperature.

Scheme 1. Friedel−Crafts Reaction of Indoles with α,β-
Unsaturated Ketones and Structure of (R)-3,3′-Br2−BINOL
Used in This Study
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On the other hand, the complexes formed from the same
ligand (R)-3,3′-Br2−BINOL and Zr(OtBu)4 or Hf(OtBu)4
showed completely different spectroscopic features to those
with Ti(OtBu)4. Thus, the

1H NMR (Figure 1c,d) and 13C
NMR (Figure 2c,d) spectra for these complexes showed a
splitting of all resonances; that is, the aromatic region of the 1H
NMR spectra showed 10 well-resolved signals, and the 13C
NMR spectra showed 20 signals corresponding to the
binaphthyl groups. Both spectra indicated that the C2-
symmetry of the 3,3′-Br2−BINOLate ligand had been lost.
Besides the resonance at δ 1.26 ppm that corresponds to the
free tBuOH, characteristic singlets of the bound tert-butoxide at
δ 0.95 and 0.96 ppm for the zirconium complex (δ 0.94 and
0.95 ppm for the hafnium complex), were also observed. The
integration of the signals in the 1H NMR spectrum indicated
that there are two bound tert-butoxides for every 3,3′-Br2−
BINOL ligand. The unequivalence of the naphtholate and tert-
butoxide ligands is consistent with the existence of a dimeric

structure20 with C2 symmetry [Zr2{(R)-3,3′-Br2−BINO-
L}2(O

tBu)4] and [Hf2{(R)-3,3′-Br2−BINOL}2(O
tBu)4], in

which the two metal ions are joined by means of aryloxide,
[MIV

2{μ-(R)-3,3′-Br2−BINOL}2] (Novak’s model), or alkox-
ide, [MIV

2(μ-O
tBu)2] bridges (Kobayashi’s model) (Figure 4).

As we will discuss later, DFT calculations corroborate that these
complexes of zirconium and hafnium have a dimeric structure
at room temperature.
Next, we performed 1H NMR spectroscopic measures at

variable temperature. Previous experiments with the complex
prepared from (R)-3,3′-Br2−BINOL and Ti(OtBu)4 have been
reported by Novak.21 This author found that when the
temperature was lowered, the well-resolved resonances
observed at room temperature were broadened at 223 K to
give new resonance peaks below 213 K. These results were
interpreted as the complex existing as a monomer above 223 K
but as monomer and dimer mixture below 203 K. In our study
with the same complex in CD2Cl2 (see Supporting

Figure 1. Aromatic region of the 1H NMR spectra of (a) (R)-3,3′-Br2−BINOL (L), (b) Ti(OtBu)4-(R)-3,3′-Br2−BINOL, (c) Zr(OtBu)4-(R)-3,3′-
Br2−BINOL, (d) Hf(OtBu)4-(R)-3,3′-Br2−BINOL in CD2Cl2 at 298 K.
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Information), we found that the same set of well-resolved
resonances observed at room temperature was kept unaltered at
273 and 253 K. At 223 K each of the resonances in the
spectrum was broadened, undergoing decoalescence to produce
a pair of signals at 203 K. The clear split of the resonances as
well as their relative integration suggest to us that, at this low
temperature, the complex exists as a dimer rather than a
monomer and dimer mixture as interpreted by Novak. The
spectroscopic behavior of our complex is quite similar to that
described by Heppert for the related complex Ti(OiPr)4-(R)-
3,3′-Me2−BINOL in toluene, the temperature of decoalescence
(193 K) being the only difference, although this author
interpreted that his complex is a dimer at room temperature
and this decoalescence is due to a slow ligand exchange instead
of a monomer−dimer transformation.
On the other hand, 1H NMR spectra of the complexes

formed from equimolar amounts of ligand (R)-3,3′-Br2−
BINOL (L) and Zr(OtBu)4 or Hf(OtBu)4 (see Supporting
Information) remained unaltered between 303 and 223 K,
indicating that their structure does not change significatively in
this temperature range. As mentioned earlier, the unequivalence
of the resonances corresponding to the protons of the
naphthalene rings and the tert-butoxide ligands indicates that

Figure 2. Aromatic region of the 13C NMR spectra of (a) (R)-3,3′-Br2−BINOL (L), (b) Ti(OtBu)4-(R)-3,3′-Br2−BINOL, (c) Zr(OtBu)4-(R)-3,3′-
Br2−BINOL, (d) Hf(OtBu)4-(R)-3,3′-Br2−BINOL in CD2Cl2 at 298 K.

Table 1. 1H NMR Assignments for the Complexes of Ti, Zr, and Hf in CD2Cl2 at Room Temperature

sample H4 H4′ H5 H5′ H6 H6′ H7 H7′ H8 H8′ OH tBuOH tBuO tBuO′
L 8.32 − 7.88 − 7.43 − 7.35 − 7.11 − 5.65 − − −
L-Ti(OtBu)4 8.11 − 7.87 − 7.36 − 7.12 − 7.00 − − 1.26 − 1.06
L-Zr(OtBu)4 8.25 8.04 7.87 7.90 7.41 7.33 7.22 7.08 7.18 6.86 − 1.26 0.96 0.95
L-Hf(OtBu)4 8.27 8.06 7.88 7.91 7.42 7.33 7.25 7.08 7.18 6.86 − 1.25 0.95 0.94

Figure 3. Structure for the monomer [Ti{(R)-3,3′-Br2−BINOL}-
(OtBu)2].

Figure 4. Models for the dinuclear [M2{(R)-3,3′-Br2−BINOL}2
(OtBu)4] complexes.
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the complexes maintain the structure of dimer with C2
symmetry in the temperature range studied. In these dimers,
the two metal ions are joined by means of aryloxide or alkoxide
bridges and they should adopt an edge-fused bis-trigonal-
bipyramidal coordination environment,20 such as Heppert
proposed for the [Ti2{(R)-3,3′-Me2−BINOL}2(OiPr)4] dimer
at low temperatures.
On the view of the different temperature-dependent behavior

showed by the Ti, Zr and Hf complexes and the different
interpretations of this behavior for the titanium complexes, we
decided to carry out a theoretical study for the monomer−
dimer interconversion.
Optimization of the Molecular Geometry by Using

DFT Calculations. Density functional theory (DFT) calcu-
lations have been performed in order to understand the
observed experimental differences in the temperature-depend-
ent mononuclear/dinuclear solution equilibrium for the
titanium(IV) and zirconium(IV) systems (see Computational
Details in the Experimental Section).25−30 Despite the
limitations of these kinds of calculations to study the large
number of possible molecules that may exist in solution, they
can help to discard or validate them. The optimized geometries
for the mononuclear and dinuclear complexes are shown in
Figures 5 and 6, respectively. Two different geometries of the

dinuclear complexes have been considered. The first model is
based on the X-ray crystal structure of the dititanium(IV)
complex reported by Novak,21 which consists of a doubly
bridged motif [MIV

2{μ-(R)-3,3′-Br2−BINOL}2] where each
(R)-3,3′-Br2−BINOL ligand acts as bridge between the metal
centers. The second model consists of a doubly bridged motif
[MIV

2(μ-O
tBu)2] where the tert-butoxide groups act as bridging

ligands, as proposed by Kobayashi for the structure of the
dizirconium(IV) complex.22 In this case, different dispositions
of the peripheral ligands, allowing or not the presence of weak
carbon-based hydrogen-bonds,31 have been also considered in
the energy calculations in order to find the most stable ones.
Although other possible geometries and molecules can be
envisaged, those studied here seem the most logical from the
spectroscopic study and, moreover, they have allowed the
understanding of the experimental results, as it will be shown
below.
The DFT energy calculations show that the Novak’s

dinuclear model is more stable than the Kobayashi’s one for
both the titanium(IV) and zirconium(IV) compounds.
Otherwise, a rather good agreement between the calculated
and experimental geometries is observed for the titanium(IV)
compound, in terms of both bond distances and angles (Figure

7). The largest deviations are observed for the calculated
metal−ligand distances, which are greater than the experimental
ones, as it is commonly found in geometry optimization
calculations of first transition metal complexes using the B3LYP
functional.
The calculated values of the stabilization energy (ΔE),

defined as the difference between the electronic energy of the
optimized dinuclear and mononuclear species (ΔE = Edin −
2Emon), are −14.1 and −40.7 kcal/mol in the titanium(IV) and
zirconium(IV) compounds, respectively. These negative values
show that the dinuclear compound is more stable. Overall, the
theoretical results agree with the experimental ones, which
show that the dinuclear complex is the only species present in
solution at 220 K for both the titanium(IV) and zirconium(IV)
systems. It must be stressed, however, that the calculated Ei

values are not the real ones, but they correspond to the energy
minimum of the molecule. Strictly speaking, the stabilization
energy should be calculated from the energy of the first
vibrational state, so-called zero-point energy (Ei0). That being
so, we have performed additional vibrational frequency
calculations for both the mono- and dinuclear molecules. The
corrected ΔE values are then −12.2 and −39.0 kcal/mol for the
titanium(IV) and zirconium(IV) systems, respectively, and still
predict a more stable dinuclear form in both cases.
On the other hand, the enthalpic and entropic contributions

to the free energy can be determined with the aid of the
vibrational frequency calculations, thus allowing us to evaluate
the influence of the temperature on the mononuclear/dinuclear
equilibrium for these systems. In a first approximation, the free
energy calculations have been carried out for an ideal gas
situation. The enthalpy and entropy have been determined at
each temperature from the electronic, vibrational, rotational,
and translational energy contributions. The calculated free
energy variation (ΔG), defined as the difference between the
free energy of the optimized dinuclear and mononuclear species
(ΔG = Gdin − 2Gmon), is related to the equilibrium constant of
the dimerization reaction (K) through ΔG = −RT ln K. The
temperature dependence of the dinuclear concentration can
then be calculated for both the titanium(IV) and zirconium(IV)
systems (Figure 8). For a zero value, the dinuclear complex is
not present at all in solution, while the unity value is proposed
when only the dinuclear complex exists in solution. The
temperature that separates the regions where mononuclear or
dinuclear complexes are predominant is indicated with a
vertical gray line. In each region is included a picture of
molecular geometry of the prevalent complex.
The calculated distribution diagram for the titanium(IV)

system indicates that the dinuclear complex is the major species
below 180 K. Above 180 K, the dinuclear complex dissociates
to give two mononuclear complexes, in agreement with the
experimental results based on the 1H NMR studies in solution.
The vibrational and rotational energy contributions are the
main factors responsible for the stabilization of the mono-
nuclear complex at room temperature. Contrarily, the
calculated distribution diagram for the zirconium(IV) system
indicates that the dinuclear complex is the unique species up to
room temperature, in agreement with the experimental results
based on the 1H NMR studies in solution. This situation results
from the greater absolute value of ΔE for the zirconium(IV)
compound compared with that for the titanium(IV) one, which
is explained by the larger steric hindrance between the 3,3′-
Br2−BINOL and tert-butoxide ligands in the latter because of

Figure 5. Optimized geometries for the mononuclear [Ti{(R)-3,3′-
Br2−BINOL}(OtBu)2] and [Zr{(R)-3,3′-Br2−BINOL}(OtBu)2] com-
plexes. Carbon, oxygen, bromide, titanium and zirconium atoms are
shown in gray, red, brown, light blue and dark blue, respectively.
Hydrogen atoms are not displayed to make visualization easier.
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the shorter metal−ligand bond distances (Ti−O = 1.979 and
2.270 Å vs Zr−O = 2.164 and 2.345 Å).
DFT electronic structure calculations have been also used to

simulate the experimental 1H NMR spectra (see Computational
Details in Experimental Section). The chemical shifts (δ)
corresponding to the hydrogen atoms from the 3,3′-Br2−
BINOL ligands in the mono- and dinuclear complexes of the
titanium(IV) and zirconium(IV) systems are listed in Tables 2
and 3, respectively. The calculated δ values for the mononuclear
titanium(IV) complex shows an almost complete equivalence of
the corresponding H atoms from the two naphthyl units of
each 3,3′-Br2−BINOL ligand as experimentally observed at 303
K. On the other hand, the calculated δ values for the dinuclear
titanium(IV) species evidence an unequivalence of the
hydrogen atoms from the two naphthyl groups of each 3,3′-
Br2−BINOL ligand, as observed in the 1H NMR spectrum at

203 K (Table 2). In both cases, the splitting of the proton
signals of the {H5−H5′}, {H6,−H6′}, and {H7−H7′} pairs is
smaller than that of the {H4−H4′} and {H8−H8′} pairs. This
phenomenon is explained by the symmetry loss of the bridging
binaphtol ligand in the dinuclear species when compared to the
mononuclear one, providing thus additional evidence for the
temperature-dependent dimerization reaction in the titanium-
(IV) system.
Similarly, the calculated δ values for the dinuclear zirconium-

(IV) species show the unequivalence of the hydrogen atoms
from the two naphthyl groups of each 3,3′-Br2−BINOL ligand
in all the temperature range studied as experimentally observed
in the 1H NMR spectra at both 303 and 223 K (Table 3),
which supports once again the only presence of the dinuclear

Figure 6. Optimized geometries for the dinuclear [Ti2{(R)-3,3′-Br2−BINOL}2(OtBu)4] and [Zr2{(R)-3,3′-Br2−BINOL}2(OtBu)4] complexes.

Figure 7. View of the experimental21 and optimized molecular
geometries for the titanium dinuclear complex. Figure 8. Proportion of the dinuclear complex for the titanium (open

circles) and zirconium (black circles) systems as a function of the
temperature.
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species in the zirconium(IV) system. Although the agreement
between theoretical and experimental NMR spectra is only
qualitative and, perhaps, it may be improved by including
solvation effects, it is sufficiently adequate, and the trends of the
simulated values match with the conclusions extracted from the
experimental data and are in concordance with the stability of
the species extrapolated previously from the DFT calculations.
Scope of the Enantioselective Friedel−Crafts Alkyla-

tion of Indoles with α,β-Unsaturated Ketones. The
optimization of the reaction conditions for the Friedel−Crafts
alkylation of indoles with enones has been reported in our
previous communication.18a The optimized conditions involved
the use of (R)-3,3′-Br2−BINOL (20 mol %), Zr(OtBu)4 (20
mol %), indole 1 (0.15 mmol), and enone 2 (0.125 mmol) in
CH2Cl2 (1.6 mL). Under these conditions, indole 1a reacted
with enone 2a to give compound 3aa with 87% yield and 97%
ee. Under identical conditions, the Hf(OtBu)4-(R)-3,3′-Br2−
BINOL complex performed almost equal to the corresponding
Zr complex. However, when Ti(OtBu)4 was used as a
substitutive for Zr(OtBu)4, a sluggish reaction was observed
providing compound 3aa with low yield and almost racemic
(6% ee) after 20 h.
The differences in catalytic activity and enantioselectivity

between these complexes may be due in part to their different
behavior in solution and the consequent different coordination
geometries around the metal atom. Thus, the Ti(OtBu)4-(R)-
3,3′-Br2−BINOL, presumably a monomer, would lead to a slow
nonenantioselective reaction, while the corresponding com-
plexes of zirconium and hafnium, both with dimeric structure,

would provide good yields and excellent enantioselectivities.32

This result is also in agreement with the moderate positive
nonlinear effect observed when correlating the enantiopurity of
the Friedel−Crafts product 3aa with the enantiopurity of ligand
L (see Supporting Information, Figure S4), which suggests that
the catalytic species should be a nonmonomeric Zr(IV)-(R)-
3,3′-Br2−BINOL complex (see also the Mechanistic Consid-
erations section below). In fact, the 1H NMR spectrum of the
metal complex generated from racemic 3,3′-Br2−BINOL and
Zr(OtBu)4 showed two singlets at δ 8.04 and 8.25 ppm
corresponding to protons H4 and H4′ in the homodimer,
together with two singlets at δ 8.12 and 8.29 corresponding to
these protons in the heterodimer complex. The relative
integration of these signals indicates a ca. 2:1 ratio of
heterodimer vs homodimer complexes.33

The [Zr2{(R)-3,3′-Br2−BINOL}2(OtBu)4] catalyst can be
successfully applied to the Friedel−Crafts alkylation of indole
1a and a number of α,β-unsaturated ketones 2b−2l, bearing an
aromatic ring bound to the carbonyl group and an aliphatic
chain linked to the C−C double bond, to give the
corresponding chiral alkylated indoles 3ab−3al with good
yields and ee above 95% in most of the cases (Table 4). We

report here also the reaction with differently substituted indoles
1b−1j with α,β-unsaturated ketone 2a (Table 5). Indole
derivatives with either electron-donating (CH3, CH3O) or
electron-withdrawing substituents (F, Cl) at 5- or 6-positions
were competent substrates affording the alkylated products
with excellent enantioselectivity (entries 5−6 and 8). However
substitution at 1-, 2- or 7-positions (entries 1−2 and 9) brings
about a notable drop in reactivity and, besides in the case of
substituents at 1- or 7-positions, a drastic drop of
enantioselectivity (6 and 20% ee, respectively, entries 1 and
9). Although these last results are disappointing from the
synthetic point of view, they are very interesting to make a

Table 2. Calculated and Observed 1H NMR Chemical Shifts
(in ppm) in the Titanium(IV) System

atom exp 303 Ka exp 203 Ka theo monob theo dinc

H4 8.11 8.24 8.10 8.16
H4′ 7.89 8.08 7.88
H5 7.87 7.83 7.83 7.86
H5′ 7.92 7.83 7.89
H6 7.36 7.35 7.52 7.53
H6′ 7.33 7.51 7.53
H7 7.12 7.14 7.31 7.31
H7′ 7.05 7.30 7.26
H8 7.00 7.00 7.17 7.28
H8′ 6.81 7.15 7.04

aExp: experimental values. bTheo: theoretical values. Mono:
mononuclear complex. cDin: dinuclear complex.

Table 3. Calculated and Observed 1H NMR Chemical Shifts
(in ppm) in the Zirconium(IV) System

atom exp 303 Ka exp 223 Ka theo monob theo dinc

H4 8.25 8.26 8.11 8.12
H4′ 8.04 7.98 8.11 7.85
H5 7.87 7.86 7.81 7.86
H5′ 7.91 7.92 7.81 7.88
H6 7.42 7.40 7.49 7.55
H6′ 7.33 7.33 7.49 7.54
H7 7.24 7.21 7.28 7.32
H7′ 7.08 7.07 7.28 7.26
H8 7.19 7.10 7.05 7.23
H8′ 6.87 6.81 7.05 7.01

aExp: experimental values. bTheo: theoretical values. Mono:
mononuclear complex. cDin: dinuclear complex.

Table 4. Enantioselective Friedel−Crafts Reaction of Indole
(1a) with Enones 2a−2l Catalyzed by Zr(OtBu)4-L.

a

entry 2 Ar R
time
(h) 3

yield
(%)b

ee
(%)c

1 2a Ph Me 3 3aa 87 97
2 2b Ph Et 20 3ab 87 94
3 2c Ph Pr 24 3ac 82 97
4 2d Ph Ph 96 3ad 25 96
5 2e p-Me-C6H4 Me 20 3ae 91 95
6 2f m-MeC6H4 Me 4 3af 84 92
7 2g o-Me-C6H4 Me 22 3ag 73 72
8 2h p-MeOC6H4 Me 18 3ah 54 95
9 2i p-F-C6H4 Me 2 3ai 92 96
10 2j p-Br-C6H4 Me 2 3aj 95 97
11 2k 2-naphthyl Me 2 3ak 89 98
12 2l 2-thienyl Me 20 3al 87 96

aReaction carried out with 1a (0.15 mmol, 1.2 equiv), 2 (0.125 mmol,
1 equiv), (R)-L (0.025 mmol, 20 mol %), Zr(OtBu)4 (0.025 mmol, 20
mol %) in CH2Cl2 (1.6 mL) under N2 atmosphere at rt.

bIsolated yield
of 3. cDetermined by HPLC analysis on chiral stationary phases.
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mechanistic proposal for the Friedel−Crafts alkylation (see
later).
Mechanistic Considerations on the Friedel−Crafts

Alkylation of Indoles with α,β-Unsaturated Ketones
Catalyzed by [Zr2{(R)-3,3′-Br2−BINOL}2(OtBu)4]. Once the
structure of the catalytic species was established, we carried out
spectroscopic studies of this species in the presence of the
starting materials, the α,β-unsaturated ketone 2a and indole 1a.
Binding of the enone to the zirconium center was examined for
the [Zr2{(R)-3,3′-Br2−BINOL}2(OtBu)4] catalyst by NMR
spectroscopy studies. Apparently, the coordination of the enone
to the catalyst does not cause significant structural change in
the complex structure; only the singlet signal due to protons
H4′ (δ 8.04 ppm) in ortho to the bromine atoms of the ligand
experiences a broadening of the signal, and the rest of 1H
resonances, corresponding to the complex, remain almost
unaltered. The broadening of this signal seems to indicate that
after the coordination of the enone, both protons H4′ are not
fully equivalent, which suggests that only one of the zirconium
atoms is coordinated to the enone and most probably the
reaction should occur on a single zirconium center of the
catalyst. On the other hand, coordination of the enone to the
zirconium ion produced a downfield shift of the signal
corresponding to the enone β carbon from 144.93 to 145.20
ppm in the 13C NMR spectra. To further ascertain the
maintenance of the dimeric zirconium complex after coordina-
tion of the enone, we repeated these experiments with a
substrate analogue such as N,N-dimethylformamide (DMF).34

After addition of 1 equiv of DMF to the complex formed from
equimolar amounts of (R)-3,3′-Br2−BINOL and Zr(OtBu)4, a
clear upfield shift of the signals corresponding to the CH (from
7.95 to 6.25 ppm) and methyl groups (from 2.90 and 2.81 to
2.01 and 1.62 ppm) of the DMF was observed, indicating the
strong coordination of the DMF molecule to the zirconium
atoms. More importantly, the set of signals corresponding to
the zirconium complex was maintained, although all the signals
experienced an upfield shift, indicating that coordination of
DMF does not break up the dimer complex (see Supporting
Information).
Once we observed that the addition of the enone to the

catalyst did not break the dimeric zirconium complex, we
continued the spectroscopic study by adding indole to the

catalyst−enone mixture, which gave rise to an uninterpretable
1H NMR spectrum. However, on the basis of the low
enantioselectivity observed in the alkylation of N-methyl indole
(1b), we assume that the presence of the N−H indole is
necessary to establish a hydrogen bond with one of the basic
oxygen atoms of the (R)-3,3′-Br2−BINOL. It suggests a
bifunctional mode of action of catalyst Zr(OtBu)4-(R)-L, with
simultaneous activation of the α,β-unsaturated ketone by the Zr
atom, and of the indole through coordination of the N−H with
a (R)-3,3′-Br2−BINOLate oxygen.35 The lower levels of
stereoinduction observed in the cases of 2- and especially 7-
substituted indoles seem to corroborate the preceding
hypothesis since the nearness of the substituents to N−H of
indole will make difficult the aforementioned coordination.
The (R)-configuration for the stereogenic center was

assigned by comparison of the optical rotation signs of 3aa
and 3ea with literature data36 and by X-ray crystallographic
analysis of 3ga (see Supporting Information).37 For the rest of
products 3 it was assigned on the assumption of a uniform
mechanistic pathway: To explain the stereochemical outcome
of the reaction, we propose the stereomodel shown in Figure 9,
in which the Si face of the double bond is blocked by a nearby
naphthyl subunit, leaving the Re face of the enone more
accessible to be attacked by the indole. Figure 9 shows also that

Table 5. Enantioselective Friedel−Crafts Reaction of Indole Derivatives 1b−1j with α,β-Unsaturated Ketone 2a Catalyzed by
Zr(OtBu)4-L

a

entry 1 R1 R2 R3 R4 R5 time (h) 3 yield (%)b ee (%)c

1 1b Me H H H H 36 3ba 75 6
2 1c H Me H H H 36 3ca 64 70
3 1d H H Me H H 4 3da 97 95
4 1e H H MeO H H 4 3ea 95 97
5 1f H H F H H 4 3fa 94 97
6 1g H H Cl H H 30 3ga 74 95
7 1h H H H Me H 8 3ha 72 94
8 1i H H H F H 19 3ia 96 94
9 1j H H H H Me 40 3ja 57 20

aReaction carried out with 1 (0.15 mmol, 1.2 equiv), 2a (0.125 mmol, 1 equiv), (R)-L (0.025 mmol, 20 mol %), Zr(OtBu)4 (0.025 mmol, 20 mol %)
in CH2Cl2 (1.6 mL) under N2 atmosphere at rt. bIsolated yield of 3. cDetermined by HPLC analysis on chiral stationary phases.

Figure 9. Proposed stereomodel for the bifunctional mode of action of
the catalyst.
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the H atom of the N−H of the indole must form a hydrogen
bond with the oxygen atom of the binaphthol ligand, which
would play an important role in stabilizing the transition state
of the process. Accordingly, the absence of the hydrogen bond
interaction in the case of N-methylindole (1b) might explain
why a lower ee was obtained (75% yield, 6% ee) in the reaction
with enone 2a. A bifunctional mode of action of catalyst
[Zr2{(R)-3,3′-Br2−BINOL}2(OtBu)4] (A) is therefore pro-
posed with simultaneous activation of the enone by the metal
center and of the indole by the oxygen atoms of the ligand
through coordination with the N−H. A plausible mechanism
(Scheme 2) for the Zr(OtBu)4-(R)-L catalyzed Friedel−Crafts

reaction between indoles and enones involves activation of the
enone by coordination with a Zr(IV) atom of the catalyst A to
form a substrate-catalyst complex B,38 which undergoes H-
bond assisted (C) nucleophilic addition of the indole to the Re
face of the double bond of the enone to provide the Friedel−
Crafts adduct D. Subsequently, H-transfer and decoordination
of the chiral enolate E affords the Friedel−Crafts product and
regenerates the catalyst A.

■ CONCLUSIONS
In summary, an experimental and theoretical study on the
structure of complexes based in (R)-3,3′-Br2−BINOL and
group (IV) metals used as catalyst in an enantioselective
Friedel−Crafts alkylation of indoles with α,β-unsaturated
ketones has been carried out. NMR spectroscopic studies of
these complexes have been performed, which suggested that at
room temperature the catalyst would have a monomeric
structure in the case of Ti(IV) and a dimeric structure in the
case of Zr(IV) and Hf(IV). NLE studies revealed that the
zirconium species involved in the catalysis should contain more
than one (R)-3,3′-Br2−BINOL unit. Density functional theory
(DFT) calculations clearly corroborate these experimental

studies. The dimeric structure with a doubly bridged motif
[ZrIV2{μ-(R)-Br2−BINOL}2] where each binaphthol ligand acts
as bridge between the metal centers (Novak’s model) is more
stable than the dimeric structure with a doubly bridged motif
[ZrIV2(μ-O

tBu)2] where the tert-butoxide groups act as bridging
ligands (Kobayashi’s model). A plausible mechanism for the
Friedel−Crafts alkylation of indoles with α,β-unsaturated
ketones and a stereomodel for the bifunctional mode of action
of the catalyst that explains the observed stereochemistry in the
reaction products have been proposed.

■ EXPERIMENTAL SECTION39

Preparation and Characterization of the Chiral Metal
Complexes. [Ti{(R)-3,3′-Br2−BINOL}(OtBu)2]. Ti(OtBu)4 (8 μL,
0.025 mmol) was added via syringe to a solution of ligand L (11.1
mg, 0.025 mmol) in CD2Cl2 (0.5 mL) under nitrogen atmosphere at
rt: 1H NMR (400 MHz, CD2Cl2) δ 8.11 (s, 2H, H-4), 7.87 (dd, J =
8.1, 0.5 Hz, 1H, H-5), 7.36 (ddd, J = 8.0, 6.7, 1.1 Hz, 2H, H-6), 7.12
(ddd, J = 8.2, 6.7, 1.3 Hz, 2H, H-7), 7.00 (d, J = 8.4 Hz, 2H, H-8), 1.06
(s, 18H, 2tBu); 13C NMR (100.1 MHz, CD2Cl2) δ 158.0 (C), 132.9
(C), 132.0 (CH), 130.6 (C),127.7 (CH), 127.2 (CH), 125.3 (CH),
124.0 (CH), 120.0 (C), 117.9 (C), 80.0 (C), 31.3 (CH3).

[Zr2{(R)-3,3′-Br2−BINOL}2(OtBu)4]. Zr(O
tBu)4 (10 μL, 0.025 mmol)

was added via syringe to a solution of ligand L (11.1 mg, 0.025 mmol)
in CD2Cl2 (0.5 mL) under nitrogen atmosphere at rt: 1H NMR (400
MHz, CD2Cl2) δ 8.25 (s, 1H, H-4), 8.04 (s, 1H, H-4′), 7.90 (d, J = 8.1
Hz, 1H, H-5′), 7.87 (d, J = 8.1 Hz, 1H, H-5), 7.41 (ddd, J = 8.1, 6.7,
1.2 Hz, 1H, H-6), 7.33 (ddd, J = 8.0, 6.8, 1.1 Hz, 1H, H-6′), 7.24 (ddd,
J = 8.6, 6.7, 1.3 Hz, 1H, H-7), 7.18 (d, J = 8.1 Hz, 1H, H-8), 7.08 (ddd,
J = 8.3, 6.8, 1.3 Hz, 1H, H-7′), 6.86 (d, J = 8.5 Hz, 1H, H-8′), 0.96 (s,
9H, tBu), 0.95 (s, 9H, tBu); 13C NMR (100.1 MHz, CD2Cl2) δ 154.3
(C), 152.7 (C), 133.6 (C), 132.6 (C), 132.5 (CH), 130.64 (CH),
130.57 (C), 130.1 (C), 127.6 (CH), 127.3 (CH), 127.1 (CH), 127.0
(CH), 126.4 (CH), 125.3 (CH), 124.9 (CH), 123.4 (CH), 122.0 (C),
119.3 (C), 117.5 (C), 117.0 (C), 79.4 (C), 78.9 (C), 32.1 (CH3), 31.6
(CH3).

[Hf2{(R)-3,3′-Br2−BINOL}2(OtBu)4]. Hf(OtBu)4 (11 μL, 0.025
mmol) was added via syringe to a solution of ligand L (11.1 mg,
0.025 mmol) in CD2Cl2 (0.5 mL) under nitrogen atmosphere at rt:

1H
NMR (400 MHz, CD2Cl2) δ 8.27 (s, 1H, H-4), 8.06 (s, 1H, H-4′),
7.91 (dd, J = 8.1, 0.5 Hz, 1H, H-5′), 7.88 (d, J = 8.2 Hz, 1H, H-5), 7.42
(ddd, J = 8.1, 6.7, 1.3 Hz, 1H, H-6), 7.33 (ddd, J = 8.0, 6.8, 1.1 Hz, 1H,
H-6′), 7.25 (ddd, J = 8.1, 6.7, 1.3 Hz, 1H, H-7), 7.18 (d, J = 8.1 Hz,
1H, H-8), 7.08 (ddd, J = 8.3, 6.8, 1.3 Hz, 1H, H-7′), 6.86 (dd, J = 8.5,
0.4 Hz, 1H, H-8′), 0.95 (s, 9H, tBu), 0.94 (s, 9H, tBu); 13C NMR
(100.1 MHz, CD2Cl2) δ 154.0 (C), 151.9 (C), 132.5 (C), 132.6 (CH),
132.5 (C), 130.8 (C), 130.7 (CH), 130.1 (C),127.5 (CH), 127.4
(CH), 127.1 (CH), 126.8 (CH), 126.4 (CH), 125.3 (CH), 125.1
(CH), 123.5 (CH), 122.6 (C), 119.3 (C), 117.5 (C), 117.2 (C), 78.4
(C), 78.0 (C), 32.3 (CH3), 31.8 (CH3).

Computational Details. Electronic structure calculations based
on the density functional theory (DFT) using the hybrid B3LYP
functional and the quadratic convergence approach were performed
through the Gaussian09 package.25 Double-ζ all electron basis set
proposed by Ahlrichs et al. was used for the hydrogen, carbon and
oxygen atoms.26 Dunning’s LANL2DZ basis set27 and their
pseudopotential functions28 were used for the valence and the internal
electrons of the titanium, zirconium and bromide atoms. Molecular
geometries for all species considered in this study were optimized. The
stable species were determined from the energy in the minimal point
of the potential curve, from the zero-point energy, i.e., from the energy
in the zero vibrational level and from the free energy at several
temperatures. In the last cases, and considering a gas phase, the
electronic, vibrational, translational and rotational contributions to the
free energy (enthalpy and entropy) were taken into account. NMR
shielding tensors were computed with the continuous set of gauge
transformations (CSGT)29 method and the gauge-independent atomic
orbital (GIAO)30 method. Independently, the 1H NMR spectrum of

Scheme 2. Proposed Catalytic Cycle for the Friedel−Crafts
Alkylation of Indole with α,β-Unsaturated Ketones
Catalyzed by [Zr2{(R)-3,3′-Br2−BINOL}2(O

tBu)4]
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tetramethylsilane (TMS) was calculated to be used as reference.
Similar results were obtained for the NMR chemical shifts using
different basis sets to build the atomic orbitals, even when basis sets
optimized for these kinds of calculations were used.
Typical Procedure for the Asymmetric Friedel−Crafts

Alkylation. To a solution of ligand L (11.1 mg, 0.025 mmol) in
dry CH2Cl2 (0.8 mL) at rt under argon was added Zr(OtBu)4 (10 μL,
0.025 mmol). The mixture was stirred for 1 h, and then a solution of
indole 1 (0.15 mmol) and enone 2 (0.125 mmol) in dry CH2Cl2 (0.8
mL) was added via syringe. The reaction mixture was monitorized by
TLC until starting material was completely reacted. Water (10 mL)
was added, and the mixture was extracted with EtOAc (3 × 20 mL),
washed with brine (10 mL) and dried (MgSO4). Product 3 was
obtained pure after column chromatography. For characterization data
for compounds 3aa−3al, see ref 18a.
(R)-(+)-3-(1-Methyl-1H-indol-3-yl)-1-phenylbutan-1-one (3ba).

From enone 2a (18.8 mg, 0.125 mmol), 25.9 mg (75%) of compound
3ba were obtained. Enantiomeric excess was determined by HPLC
(Chiralcel OD-H, 10% isopropanol-90% hexane, 1.0 mL/min):
(R)major tR = 10.3 min, (S)minor tR = 11.9 min, to be 6%; yellow oil;
[α]D

25 + 14.9 (c 0.76, CHCl3); MS (EI) m/z (%) 277 (M+, 28), 159
(15), 158 (100), 105 (17), 77 (13); HRMS 277.1467 (M+),
C19H19NO required 277.1467; 1H NMR (300 MHz, CDCl3) δ 7.95
(d, J = 7.8 Hz, 2H), 7.66 (d, J = 7.8 Hz, 1H), 7.53 (t, J = 7.5 Hz, 1H),
7.43 (t, J = 7.8 Hz, 2H), 7.28 (d, J = 8.1 Hz, 1H), 7.22 (td, J = 7.2, 1.2
Hz, 1H), 7.10 (td, J = 7.5, 1.2 Hz, 1H), 6.9 (s, 1H), 3.82 (m, 1H), 3.73
(s, 3H), 3.46 (dd, J = 16.1, 5.0 Hz, 1H), 3.22 (dd, J = 16.3, 8.9 Hz,
1H), 1.44 (d, J = 6.6 Hz, 3H); 13C NMR (75.5 MHz, CDCl3) δ 199.8
(C), 137.4 (C), 137.3 (C), 133.0 (CH), 128.7 (CH), 128.2 (CH),
126.8 (C), 125.2 (CH), 121.7 (CH), 120.2 (C), 119.4 (CH), 118.8
(CH), 109.5 (CH), 46.8 (CH2), 32.7 (CH3), 27.2 (CH), 21.3 (CH3).
(R)-(−)-3-(2-Methyl-1H-indol-3-yl)-1-phenylbutan-1-one (3ca).

From enone 2a (18.8 mg, 0.125 mmol), 22.2 mg (64%) of compound
3ca were obtained. Enantiomeric excess was determined by HPLC
(Chiralcel OD-H, 15% isopropanol-85% hexane, 0.5 mL/min):
(R)major tR = 22.9 min, (S)minor tR = 28.1 min; to be 70%; yellow oil;
[α]D

25 −37.3 (c 0.52, CHCl3); MS (EI) m/z (%) 277 (M+, 21), 173
(17), 162 (18), 158 (100), 146 (18), 105(42), 77 (40); HRMS
277.1441 (M+), C19H19NO required 277.1467; 1H NMR (300 MHz,
CDCl3) δ 7.87 (d, J = 7.5 Hz, 2H), 7.70−7.65 (m, 2H), 7.49 (t, J = 7.2
Hz, 1H), 7.37 (t, J = 7.5 Hz, 2H), 7.25−7.21 (m, 1H), 7.11−7.04 (m,
2H), 3.75 (m, 1H), 3.54 (dd, J = 16.2, 6.3 Hz, 1H), 3.38 (dd, J = 16.2,
7.5 Hz, 1H), 2.37 (s, 1H), 1.51 (d, J = 7.2 Hz, 3H); 13C NMR (75.5
MHz, CDCl3) δ 200.2 (C), 137.4 (C), 135.6 (C), 132.9 (CH), 130.5
(C), 128.6 (CH), 128.2 (CH), 127.2 (C), 120.8 (CH), 119.1 (CH),
119.0 (CH), 115.6 (C), 110.7 (C), 45.8 (CH2), 27.5 (CH), 21.2
(CH3), 12.1 (CH3).
(R)-(+)-3-(5-Methyl-1H-indol-3-yl)-1-phenylbutan-1-one (3da).

From enone 2a (18.8 mg, 0.125 mmol), 33.6 mg (97%) of compound
3ca were obtained. Enantiomeric excess was determined by HPLC
(Chiracel OD-H), hexane:i-PrOH 80:20, 1 mL/min: (S)minor tr = 8.8
min, (R)major tr = 15.7 min, to be 95%; crystalline solid, mp 99−102 °C
(CH2Cl2-hexane); [α]

25
D= +44.8 (c 1.2, CHCl3); MS(EI) 277 (M+,

36), 172 (22), 158 (100), 105 (16); HRMS 277.1462, C19H19NO
required 277.1467; 1H NMR (CDCl3) δ 7.97 (dd, J = 7.2, 1.5 Hz, 2H),
7.88 (br s, 1H), 7.56 (tt, J = 7.4, 1.5 Hz, 1H), 7.48−7.43 (m, 3H), 7.25
(d, J = 8.4 Hz, 1H), 7.03 (dd, J = 8.4, 0.9 Hz, 1H), 6.99 (d, J = 2.4 Hz,
1H), 3.82 (m, 1H), 3.47 (dd, J = 16.4, 4.7 Hz, 1H), 3.24 (dd, J = 16.4,
9.2 Hz, 1H), 2.47 (s, 3H), 1.45 (d, J = 6.9 Hz, 3H); 13C NMR
(CDCl3) δ 200.0 (C), 137.5 (C), 134.9 (C), 133.1 (CH), 128.7 (CH),
128.6 (C), 128.3 (CH), 126.7 (C), 123.68 (CH), 121.2 (C), 120.5
(CH), 119.0 (CH), 111.1 (CH), 46.9 (CH2), 27.3 (CH), 21.6 (CH3),
21.1 (CH3).
(R)-(+)-3-(5-Methoxy-1H-indol-3-yl)-1-phenylbutan-1-one (3ea).

From enone 2a (18.8 mg, 0.125 mmol), 34.8 mg (95%) of compound
3ea were obtained. Enantiomeric excess was determined by HPLC
(Chiracel OD-H), hexane:i-PrOH 80:20, 0.5 mL/min: (S)minor tR =
20.4 min, (R)major tR = 22.1 min, to be 97%; yellow oil; [α]25D= +52.1
(c 1.4, CHCl3);

1H and 13C NMR data were coincident with those
reported in the literature.34

(R)-(+)-3-(5-Fluoro-1H-indol-3-yl)-1-phenylbutan-1-one (3fa).
From enone 2a (18.8 mg, 0.125 mmol), 33.0 mg (94%) of compound
3fa were obtained. Enantiomeric excess was determined by HPLC
(Chiralcel OD-H, hexane:i-PrOH 90:10, 1.0 mL/min): (S)minor tR =
16.4 min, (R)major tR = 25.6 min, to be 97%; yellow oil; [α]D

25 + 20.0 (c
1.6, CHCl3); MS (EI) m/z (%) 281 (M+, 27), 176 (22), 162 (100),
105(32), 77 (20); HRMS 281.1218 (M+), C18H16FNO required
281.1216; 1H NMR (300 MHz, CDCl3) δ 8.08 (br s, 1H), 7.95 (dd, J
= 8.0, 1.5 Hz, 2H), 7.56 (tt, J = 7.4, 1.5 Hz, 1H), 7.45 (t, J = 7.5 Hz,
2H), 7.31 (dd, J = 9.9, 2.4 Hz, 1H), 7.25 (dd, J = 9.0, 4.2 Hz, 1H), 7.05
(d, J = 2.4 Hz, 1H), 6.93 (d, J = 9.0, 2.6 Hz, 1H), 3.83−3.72 (m, 1H),
3.44 (dd, J = 16.5, 5.4 Hz, 1H), 3.24 (dd, J = 16.4, 8.6 Hz, 1H), 1.44
(d, J = 6.9 Hz, 3H); 13C NMR (75.5 MHz, CDCl3) δ 199.8 (C), 157.7
(d, JC−F = 232.8 Hz, C), 137.3 (C), 133.2 (CH), 133.1 (C), 128.7
(CH), 128.2 (CH), 126.8 (d, JC−F = 9.5 Hz, C), 122.2 (CH), 121.7 (d,
JC−F = 4.7 Hz, C), 111.8 (d, J = 9.7 Hz, CH), 110.5 (d, JC−F = 26.2 Hz,
CH), 104.3 (d, JC−F = 23.3 Hz, CH), 46.3 (CH2), 27.2 (CH), 21.1
(CH3).

(R)-(+)-3-(5-Chloro-1H-indol-3-yl)-1-phenylbutan-1-one (3ga).
From enone 2a (18.8 mg, 0.125 mmol), 27.5 mg (74%) of compound
3ga were obtained. Enantiomeric excess was determined by HPLC
(Chiracel OD-H), hexane:i-PrOH 90:10, 1 mL/min: (S)minor tr = 16.1
min, (R)major tr = 24.4 min, to be 95%; crystalline solid, mp 134−137
°C (CH2Cl2-hexane); [α]

25
D= +38.6 (c 0.7, CHCl3); MS(EI) 297 (M+,

17), 192 (22), 180 (31), 178 (100), 143 (30), 105(47), 77 (41);
HRMS 297.0913, C18H16ClNO required 297.0920; 1H NMR (CDCl3)
δ 8.17 (br s, 1H), 7.95 (dd, J = 7.5, 1.5 Hz, 2H), 7.63 (d, J = 1.8 Hz,
1H), 7.56 (tt, J = 7.5, 2.1 Hz, 1H), 7.45 (t, J = 7.5 Hz, 2H), 7.23 (d, J =
9.3 Hz, 1H), 7.13 (dd, J = 8.7, 1.8 Hz, 1H), 7.01 (d, J = 2.4 Hz, 1H),
3.78 (m, 1H), 3.43 (dd, J = 16.4, 5.3 Hz, 1H), 3.25 (dd, J = 16.4, 8.4
Hz, 1H), 1.44 (d, J = 6.9 Hz, 3H); 13C NMR (CDCl3) δ 199.8 (C),
137.2 (C), 135.0 (C), 133.2 (CH), 128.7 (CH), 128.2 (CH), 127.5
(C), 125.0 (C), 122.4 (CH), 121.9 (CH), 121.2 (C), 118.8 (CH),
112.4 (CH), 46.4 (CH2), 27.2 (CH), 21.3 (CH3).

(R)-(+)-3-(6-Methyl-1H-indol-3-yl)-1-phenylbutan-1-one (3ha).
From enone 2a (18.8 mg, 0.125 mmol), 24.9 mg (72%) of compound
3ha were obtained. Enantiomeric excess was determined by HPLC
(Chiralpack AD-H, hexane:i-PrOH 90:10, 1.0 mL/min): (S)minor tR =
23.8 min, (R)major tR = 28.5 min, to be 94%; crystalline solid, mp 105−
108 °C (CH2Cl2-hexane); [α]D

25 + 25.1 (c 1.5, CHCl3); MS (EI) m/z
(%) 277 (M+, 29), 172 (30), 158 (100), 105 (52), 77 (21); HRMS
277.1473 (M+), C19H19NO required 277.1467; 1H NMR (300 MHz,
CDCl3) δ 7.95 (dd, J = 8.1, 1.8 Hz, 2H), 7.82 (br s, 1H), 7.57−7.52
(m, 2H), 7.44 (t, J = 7.5 Hz, 2H), 7.16 (s, 1H), 6.97−6.95 (m, 2H),
3.87−3.74 (m, 1H), 3.47 (dd, J = 16.2, 4.8 Hz, 1H), 3.23 (dd, J = 16.2,
9.0 Hz, 1H), 2.46 (s, 3H), 1.44 (d, J = 6.9 Hz, 3H); 13C NMR (75.5
MHz, CDCl3) δ 199.9 (C), 137.4 (C), 137.2 (C), 133.1 (CH), 132.0
(C), 128.7 (CH), 128.3 (CH), 124.3 (C), 121.6 (C), 121.2 (CH),
119.6 (CH), 119.0 (CH), 111.4 (CH), 46.6 (CH2), 27.3 (CH), 21.8
(CH3), 21.1 (CH3).

(R)-(+)-3-(6-Fluoro-1H-indol-3-yl)-1-phenylbutan-1-one (3ia).
From enone 2a (18.8 mg, 0.125 mmol), 33.7 mg (96%) of compound
3ia were obtained. Enantiomeric excess was determined by HPLC
(Chiralpack AD-H, hexane:i-PrOH 90:10, 1.0 mL/min): (S)minor tR =
20.6 min, (R)major tR = 23.4 min, to be = 94%; yellow oil; [α]D

25 + 24.6
(c 1.15, CHCl3; MS (EI) m/z (%) 281 (M+, 52), 176 (43), 162 (100),
105(20), 77 (19); HRMS 281.1216 (M+), C18H16FNO required
281.1216; 1H NMR (300 MHz, CDCl3) δ 8.04 (br s, 1H), 7.95 (dd, J
= 8.0, 1.5 Hz, 2H), 7.59−7.53 (m, 2H), 7.45 (t, J = 7.4 Hz, 2H), 7.02
(dd, J = 9.6, 2.1 Hz, 1H), 6.98 (d, J = 1.8 Hz, 1H), 6.89 (ddd, J = 9.6,
9.0, 2.3 Hz, 1H), 3.87−3.75 (m, 1H), 3.44 (dd, J = 16.5, 5.1 Hz, 1H),
3.24 (dd, J = 16.4, 8.6 Hz, 1H), 1.44 (d, J = 6.9 Hz, 3H); 13C NMR
(75.5 MHz, CDCl3) δ 199.9 (C), 160.1 (d, JC−F = 236.1 Hz, C), 137.4
(C), 136.6 (d, JC−F = 12.4 Hz, C), 133.2 (C), 128.7 (CH), 128.2
(CH), 123.1 (C), 121.7 (C), 120.5 (d, JC−F = 3.5 Hz, CH), 120.0 (d,
JC−F = 10.0 Hz, CH), 108.1 (d, JC−F = 24.2 Hz, CH), 97.7 (d, JC−F =
25.7 Hz, CH), 46.5 (CH2), 27.2 (CH), 21.2 (CH3).

(R)-3-(+)-7-Methyl-1H-indol-3-yl)-1-phenylbutan-1-one (3ja).
From enone 2a (18.8 mg, 0.125 mmol), 19.8 mg (57%) of compound
3ja were obtained. Enantiomeric excess was determined by HPLC
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(Chiralpack AD-H, hexane:i-PrOH 90:10, 1.0 mL/min): (S)minor tR =
13.2 min, (R)major tR = 15.1 min, to be = 20%; crystalline solid; mp
118−121 °C (CH2Cl2-hexane); [α]D

25 + 5.8 (c 0.48, CHCl3); MS (EI)
m/z (%) 277 (M+, 27), 159 (13), 158 (100), 143 (11), 105 (20), 77
(21); HRMS 277.1468 (M+), C19H19NO required 277.1467; 1H NMR
(300 MHz, CDCl3) δ 7.95 (d, J = 7.5 Hz, 2H), 7.90 (s, 1H), 7.57−7−
52 (m, 2H), 7.44 (t, J = 7.65 Hz, 2H), 7.08−6.99 (m, 3H), 3.83 (m,
1H), 3.48 (dd, J = 16.8, 4.8 Hz, 1H), 3.24 (dd, J = 16.7, 8.9 Hz, 1H),
2.48 (s, 3H), 1.45 (d, J = 7.2 Hz, 3H); 13C NMR (75.5 MHz, CDCl3)
δ 199.9 (C), 137.4 (C), 136.3 (C), 133.1 (CH), 128.7 (CH), 128.3
(CH), 126.0 (C), 122.7 (CH), 122.2 (C), 120.6 (C), 120.0 (CH),
119.7 (CH), 117.1 (CH), 46.6 (CH2), 27.4 (CH), 21.1 (CH3), 16.8
(CH3).
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