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ABSTRACT: Asymmetric arylation of secondary silanes catalyzed by a Pd-chiral phosphoramidite complex was developed for
application to low-molecular-weight circularly polarized luminescence (CPL) materials. The asymmetric arylation provided a
convenient, efficient synthetic method for a variety of chiral tertiary silanes (2—21), which were key intermediates for preparing
the quaternary silicon center. A stepwise, one-pot procedure was used to transform the appropriate aryl iodide to the quaternary
silane (22) with good yield and enantioselectivity. Among compounds synthesized in this work, four optically pure tertiary
silanes (18—21) were selected to investigate the relationship between the structure and optical properties. Optically pure (S,S)-
21 displayed the highest CPL emission with a high fluorescence quantum yield (g,,: +0.008, ®g: 0.42). This simple molecular
design provides new strategies for developing small organic CPL dyes.

B INTRODUCTION

There has been growing interest in the application of chiral
compounds that display circularly polarized luminescence
(CPL), which is the differential emission of right- and left-
circularly polarized light from chiral fluorophores." CPL has
great potential for the development of photonic devices for
advanced technologies, such as 3D displays, spintronic devices,
and enantioselective chemo/biosensors.”> Chiral lanthanide
complexes’ and aggregates with organic fluorophores® often
exhibit CPL. Although simple (small, nonaggregated, non-
polymeric) organic molecules that exhibit CPL are valuable
owing to their high emission yields, good solubility, and
appropriate size for applications, CPL emissions in element
chiral center systems have not been extensively explored.
Substitution of oligocyclic aromatic hydrocarbons with
trimethylsilyl groups increased the fluorescence quantum
yield of the chromophore through 6—7z conjugation.” There-
fore, chromophores with silicon-stereogenic chiral centers may
exhibit intense CPL emission properties, increasing the utility
of these compounds.’

There has been longstanding interest in silicon-stereogenic
organosilanes, and optically active tertiary silanes are key
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intermediates in the design of several complicated chiral
organosilane compounds.” Among various synthetic strategies,
transition-metal-catalyzed desymmetrization of prochiral sec-
ondary silanes without stoichiometric amounts of chiral
reagents is a highly desirable strategy for forming chiral silicon
centers. Typical approaches are as follows. Takaya et al. found
that the [RhCl(cod)],-CyBINAP system served as an excellent
catalyst for the stereoselective construction of silicon-stereo-
genic centers to give optically active 1-naphthylphenylalkox-
ysilanes in up to >99% ee.® Tomooka et al. studied the catalytic
desymmetrization of secondary silanes based on Pt-catalyzed
hydrosilylation with TADDOL-derived phosphonite ligands.’
Enantioselective carbenoid insertion into secondary silanes
achieved up to 99% ee using Ir/salen or Rh/chiral diene
However, the other types of Si—H bond
functionalizations have been much less explored,

complexes.'”
and
enantioselective synthesis of tertiary silanes remains a
considerable challenge.
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Scheme 1. Previous Work
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Table 1. Pd-Catalyzed Asymmetric Arylation of Secondary Silanes™”
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“Reaction conditions: aryl iodide (1.0 mmol) secondary silane (1.5 mmol), Pd,(dba); (0.025 mmol), (R,R)-A (0.075 mmol), triethylamine (3.0
mmol), THF (2.0 mL), —40 °C 3 d. “Enantiomeric excess was determined by HPLC analysis with a chiral column. “Absolute conﬁguratlons were
determined by X-ray analysis. “Result when reaction was carried out at —60 °C. °dl/meso ratio (dr) was determined by 'H NMR.7dl/meso ratio (dr)

was determined by *C NMR.

In our previous paper, we reported that Pd(P(¢-Bu);), was a
good catalyst in the stepwise cross-coupling reaction of primary,
secondary, and tertiary silanes with aryl iodides."" The reactions

proceeded smoothly in the presence of a catalyst and base to
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give the products in good to high yields with wide structural
diversity. The approach was suitable for arylating secondary
silanes to afford enantiomerically enriched tertiary silanes.'” In

the present work, we report highly emissive CPL-active
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organosilanes that have chiral silicon centers to expand the
structural diversity of simple organic molecules that show CPL
through a thorough examination of asymmetric arylation.

B RESULTS AND DISCUSSION

Substrate Scope of Secondary Silanes in the
Enantioselective Arylation. We reported that TADDOL-
based phosphoramidite ligands showed good enantioselectivity
for Pd-catalyzed arylation of secondary silanes to give silicon-
stereogenic tertiary silanes."** For example, methylphenylsilane
reacted with 2-iodoanisole in the presence of (RR)-A and
Pd,(dba); to give (S)-phenyl(2-methoxyphenyl)methylsilane
(1) in 57% yield and 61% ee (Scheme 1).

In our previous paper, we only examined monoarylation of
methylphenylsilane and 1-naphthylmethylsilane as the model
substrates. In the present work, we focused on the
enantioselective arylation of various arylalkylsilanes with aryl
iodides to develop effective CPL materials. The results are
summarized in Table 1. Initially, a series of arylmethylsilanes
bearing different substituent groups on the phenyl ring were
investigated. The asymmetric arylation of arylmethylsilanes
bearing methyl or ethyl groups in the ortho position of the
phenyl ring afforded the corresponding tertiary silanes in better
enantioselectivities (2: 70% ee and 3: 71% ee). Nevertheless,
bulkier substituents, such as isopropyl and cyclohexyl groups, at
the ortho position showed lower optical yields of the products
(4: 35% ee and 5: 45% ee). The substrate with the 2-phenyl
group provided the desired product with higher enantiose-
lectivity (6: 82% ee). The substrates containing 2,6-dimethyl
substituents on the phenyl ring gave the highest enantiose-
lectivity (7: 86% ee). The stereoselectivity was improved to
89% ee at —60 °C with a longer reaction time. Substituents in
the ortho position of the aromatic ring of secondary silanes gave
better enantioselectivities than those in the meta or para
positions (8: 65% ee, 9: 60% ee, and 10: 63% ee). Arylation of
(2,3/4,5,6-pentamethylphenyl)methylsilane also gave excellent
catalytic results (11: 85% ee). The optical yields of the products
also depended on the position of the substituents on the aryl
iodides. Substituents in the meta or para positions on the
aromatic ring resulted in decreased enantioselectivities (12:
77% ee and 13: 70% ee). Iodobenzene gave an optically active
tertiary silane in excellent ee (14: 83% ee). Additionally, a
cyano group on the aromatic ring was tolerated under the
enantioselective conditions to afford the tertiary silane in
excellent ee (15: 82% ee). In contrast with the arylation of
methylphenylsilane, (cyclohexyl)phenylsilane exhibited good
enantioselectivity (16: 64% ee). Phenyl(2-methylphenyl)silane
provided the product with a low ee (17: 22% ee). To exhibit
effective fluorescence, the compound must contain a sufficiently
extended set of conjugated double bonds to absorb long-wave
UV light. The asymmetric synthesis of tertiary silanes 18—21,
which have anthracene and pyrene skeletons, was performed to
prepare fluorescent organosilane dyes. Sterically congested
ortho-substituted aryl iodides reacted in moderate-to-good
chemical yields and good to excellent optical yields in the
presence of a catalyst. Disubstituted tertiary silanes 19 and 21
were obtained as dl/meso mixtures with ratios of 74:26 and
70:30, respectively, according to NMR analysis. In all cases, aryl
iodides were reduced in a side reaction to give the
corresponding hydrocarbons, which were consistently con-
firmed as major byproducts by GC—MS.

The absolute configurations of 7, 19, and 21 (>99% ee, after
recrystallization) were unambiguously determined to be (S),
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S,S), and (S,S), respectively, by single-crystal X-ray diffraction
P 'y, Dy single-cry: y
(Figure 1 and Figures S1—S3)."* Although the unit cell of 21
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Figure 1. X-ray crystallographic structures of (a) (S)-7, (b) (§S)-19,
and (c) (5,5)-21 using S0% probability ellipsoids. Hydrogen atoms

except for Si—H have been removed for clarity.

contains two independent molecules in the crystal, both
structures show (S,S) configuration. Therefore, the absolute
configurations of 18 and 20 were assigned as (S) by analogy to
19 and 21.

Construction of Chiral Quaternary Silanes. For the
synthetic utility of the current arylation reaction to be explored
further, the subsequent transformation to quaternary silicon
compounds was examined as an application of this method
(Scheme 2)."* The stepwise arylation of methylphenylsilane

Scheme 2. Construction of a Silicon-Stereogenic Quaternary
Silane from Secondary One
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with 2-iodoanisole and 2-iodothiophene proceeded smoothly to
give doubly arylated product 22 in 45% yield and 71% ee. The
absolute configuration of 22 was elucidated by X-ray
crystallography as the (R) form (Figure S4), indicating that
the stereochemistry was retained in the reaction.” The chirality
was mainly determined in the first arylation process.
Application to Intense CPL Materials. The optical
properties of enantiopure 18—21 were investigated to examine
the chirality in the excited state, and the data are summarized in
Table 2 and Figures S5—S12. The vibronic patterns for the
absorption spectra of the compounds were similar to those of
anthracene or pyrene, and the peak position was slightly red-
shifted compared with anthracene or pyrene. In addition, the
disubstituted derivatives (19 and 21) displayed red-shifted
absorption and emission compared with the monosubstituted

DOI: 10.1021/acs.joc.7b00583
J. Org. Chem. 2017, 82, 6108—6117


http://pubs.acs.org/doi/suppl/10.1021/acs.joc.7b00583/suppl_file/jo7b00583_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.joc.7b00583/suppl_file/jo7b00583_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.joc.7b00583/suppl_file/jo7b00583_si_001.pdf
http://dx.doi.org/10.1021/acs.joc.7b00583

The Journal of Organic Chemistry

Table 2. Optical Properties of Optically Pure 18—21 in CH,CI,

compound Agps (nm)? ¢ (dm® mol'em™)” 1, (nm) Aem (nm)
(S)—IS 367, 387 9,700 367 395, 416
(55)-19 381, 402 11,900 402 417, 436
(5)-20 279, 331, 348 41,300 348 376, 394°
393, 478%

(5S)-21 283, 341, 358 46,200 358 382, 402¢

402, 500¢

O° 7(ns) &abs &lum

0.55 7.5 —12 x 107* (386 nm) +8.5 X 107 (427 nm)
0.97 9.1 —22 X 107" (401 nm) —1.4 x 1077 (416 nm)
0.13¢ 23.4¢ +2.3 X 107* (347 nm) ef

0.13% 44.5% —1.6 X 1073 (490 nm)*
0.45°¢ 30.4¢ +1.3 X 107* (356 nm) ef

0.428 73.28 +8.0 X 1073 (500 nm)#

“Underlined values are wavelengths that show the highest peak intensity. YValues at underlined 1. “Absolute fluorescence quantum yield measured
with an integrating sphere. 9Concentration: 1.0 X 107> M. “Concentration: 1.0 X 105 M. /CPL intensity was smaller than detection limit of the

apparatus (g, < 1 X 107%). #Concentration: 4.0 X 107> M.

derivatives (18 and 20), indicating an extended conjugation in
the monosubstituted derivatives. The extinction coefficients
were similar to those of anthracene or pyrene. Compounds (S)-
18, (55)-19, (S)-20, and (S,S)-21 exhibited sufficient quantum
yields (®p: up to 0.97, efficient radiative relaxation) for use as
chiroptical materials. The fluorescence lifetimes were different
for anthracene ((S)-18 and (S,S)-19) and pyrene ((S)-20 and
(S,S)-21) chromophores. A dilute solution of (S)-20 and (S,S)-
21 in CH,Cl, (0.01 mM) showed fluorescence bands from 380
to 480 nm, which were attributed to the 7—n* transitions of the
monomer pyrene chromophore (Figures S10 and S12). The
higher concentration (4.0 mM) resulted in a red-shifted, broad
emission from a pyrene excimer (Figure 2(a and b)). The
asymmetric factor, g, at the 7—z* transition showed values of
~107* for all compounds.

The size and type of substituents on the silicon atoms
substantially affected the CPL properties. The CPL strength
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Figure 2. (a) UV—vis absorption (solid line) and CD spectra (dotted
line) of (S,S)-21 in CH,Cl,. (b) TL (solid line) and CPL (dotted line)
of (§5)-21 in CH,Cl, (4.0 mM) upon excitation at 300—380 nm.
(inset) Photograph of (S,S)-21 in CH,Cl, (4.0 mM) under irradiation
at 365 nm. TL: I + Iy. CPL: I} — Iy. I} and Iy: emission intensity of
left and right-circularly polarized light, respectively.
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increased as the acene unit lengthened (anthracene < pyrene)
and as the number of chiral silicon stereogenic groups increased
(monosubstituted < disubstituted). Figures 2 and Figures S7
and S8 show the UV—vis, circular dichroism (CD), total
luminescence (TL), and CPL spectra for the CH,Cl, solution
of (5,S)-21. The CD spectrum showed positive Cotton effects
at 356 nm (g,,: +1.3 X 107*). Compound (S,S)-21 exhibited
intense left-CPL. The CPL signal was observed in the excimer-
emissive region of the spectrum for the pyrene core. Although
no CPL was observed at lower concentrations, the g, value
was +0.008 at 500 nm at h'gher concentrations, resulting from
the two stacked pyrenes.'”'” It is rare that small organic
compounds with an element chiral center exhibit a large g,
value near the order of 107 The absolute values of g, for
single molecules are generally smaller than 1 X 107*. Recently,
small molecules that exhibit CPL in dilute solution have been
extensively studied; helically and axially chiral compounds can
exhibit CPL with large g, values on the order of 10721819
This is an example of low-molecular-weight organic fluo-
rophores having asymmetric silicon that show both high
fluorescence efficiency and high CPL properties. These CPL-
active small molecules with a stereogenic center have great
potential for sophisticated optical devices compared with that
of conventional CD-active materials.

Theoretical Calculations. DFT and TD-DFT calculations
were carried out to elucidate the electronic structures of 18—
21. The HOMOs and LUMOs were situated on the anthracene
or pyrene 7 rings with a partial overlap of orbitals at the silicon
atom. However, there was no contribution from the 2-
methoxyphenyl #-orbital in either the HOMO or LUMO
(Figure S13). According to the TD-DFT calculations, the
HOMO — LUMO transition was predominant in the lowest-
energy transitions (S; state). The longest wavelength peaks in
the absorption spectra were assigned to the 7—z* S, excitation
in the anthracene or pyrene cores. The absorption maxima
observed for these compounds closely resembled the calculated
results (Tables S13—S16). The absorption spectra of 18—21
were slightly red-shifted relative to anthracene or pyrene and
were affected by the nature of the organosilicon substituent on
the aromatic ring. The bathochromic shift in the absorption of
the disubstituted derivatives (19 and 21) in comparison to the
monosubstituted derivatives (18 and 20) is easily explained by
comparing the HOMO and LUMO of the respective molecules.

Reaction Mechanism. On the basis of the absolute
configuration of the products, a possible transition state is
proposed in Figure 3 to elucidate the origin of the asymmetric
induction. To simplify the reaction intermediate, we considered
(RR)-B as a chiral source, methylphenylsilane as a secondary
silane, and 2-iodoanisole as an aryl iodide. In the transition
state, the chiral ligand and secondary silane coordinate to

DOI: 10.1021/acs.joc.7b00583
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Figure 3. Proposed reaction scheme and transition state for the stereoselective arylation of methylphenylsilane with 2-iodoanisole. Hydrogen atoms

except for Si—H and Pd—H have been removed for clarity.

Pd(II) in a trigonal planar geometry after the oxidative addition
of methylphenylsilane to Pd(0). We used the intermediate
model in which the Si—Ph moiety is farthest from (RR)-B.
Subsequently, 2-iodoanisole undergoes o-bond metathesis to
avoid steric congestion. The enantioselectivity of the silicon
center is presumably determined at this step. The (R) silicon-
stereogenic intermediate is shielded by the aryl moiety of the
chiral ligand and by the Si—CH; group. In contrast, the (S)
silicon-stereogenic intermediate is located in the relatively open
space of the Si—H position. The selective approach of 2-
iodoanisole to the favored intermediate leads to the desired
product with an (S) configuration via the assistance of the base,
which is consistent with the observed absolute configuration of
the product. The ethyl groups at the 3,5-position of (RR)-A
may contribute to the improvement of the enantioselectivity
owing to the steric repulsion between the 3,5-diethylphenyl
groups and 2-iodoanisole.

B CONCLUSIONS

The present symmetric reaction may be useful for the
preparation of various chiral tertiary silanes and could be
extended to constructing chiral quaternary organosilanes
through stepwise arylation from secondary silanes. The utility
of this method was illustrated by the synthesis of effective CPL
materials. Among the compounds synthesized in this work,
optically pure (S,S)-21 showed remarkable g, values for a
simple organic molecule with a high emission efficiency (g
+0.008, @p: 0.42), which is the first example of silicon-
sterogenic compounds with effective CPL properties. A
possible transition state was proposed based on the stereo-
chemistry of the product. Our method is useful for the
synthesis of chiroptical organosilane compounds.

6112

B EXPERIMENTAL SECTION

General Information. All oxygen- and moisture-sensitive reactions
were carried out under an argon atmosphere with oven-dried
glassware. Solvents were supplied by a solvent purification system
through columns of activated alumina and supported copper catalyst.
Water was purified with a water purification system (AUTOPURE
WDS00). Melting points were measured using a Yanaco MP-500D
apparatus and are reported uncorrected. NMR spectra were measured
with a Bruker US-500 spectrometer using CDCl; as the solvent at
ambient temperature. Chemical shifts are reported in ppm with TMS
(0.00 ppm) as the reference for 'H NMR spectra and CDCl; (77.0
ppm) as the reference for *C NMR spectra. *C NMR spectra were
recorded with complete proton decoupling. GC—MS spectra were
recorded with a SHIMADZU GC-MS-QP2010 spectrometer with
positive EI at 70 eV. Elemental analysis was performed with Yanaco
Technical Science carbon/hydrogen/nitrogen simultaneous quantita-
tive equipment CHN coder MT-6. HPLC was performed by JASCO
LC-2000 Plus equipped with a variable wavelength detector and a
refractive index detector using the corresponding commercial chiral
stationary column (DAICEL). FAB mass spectra were measured with a
JEOL MStation JMS-700 spectrometer. High-resolution mass
spectrometry (HRMS) data were obtained by FAB with a magnetic
sector double focusing-geometry mass analyzer. UV—vis absorption
spectra were measured with a JASCO V-570 spectrometer.
Fluorescence spectra and absolute quantum yields were measured
with a Hitachi F-4500 spectrometer, a JASCO F-8600 spectrometer,
and a Hamamatsu C9920-02 spectrometer. Fluorescence lifetimes
were measured with a Hamamatsu Quantaurus-Tau C11367
spectrometer. CD spectra were recorded with a JACSO J-1500
spectrometer. Optical rotations of 2—17 and 22 were measured in
solution after the purification with silica gel with a JASCO P-1030
polarimeter and calibrated with pure solvent as a blank. The optical
resolutions of 18—21 were measured in solution as optically pure
compounds. The CPL spectra were recorded using a lab-made CPL
measurement system, the details of which have been reported
previously.”

Methyl(2,6-dimethylphenyl)silane,”" methyl(3-methylphenyl)-
silane,” methyl(4-methylphenyl)silane,” phenylcyclohexylsilane,*
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and phenyl(2-methylphenyl)silane** were prepared according to
methods described previously and purified by distillation. All spectral
data for these compounds are consistent with the literature data.

X-ray Analysis. X-ray diffraction data for 7, 19, and 22 were
collected at 113 K (7 and 22) or 123 K (19) with an AFC10
diffractometer coupled to a Rigaku Saturn CCD system equipped with
a rotating-anode X-ray generator producing graphite-monochromated
Mo Ka radiation (4 = 0.7107 A). X-ray diffraction data for 21 were
collected at 93 K on a Rigaku Saturn 724 (Varimax dual)
diffractometer with multilayer mirror monochromated Mo Ka
radiation (4 0.7107 A). Lorentz polarization and empirical
absorption corrections were performed with the program Crystal
Clear 1.3.6. The structures were solved by direct methods using SIR-
92> and were refined by the full-matrix least-squares techniques
against F* implementing SHELXL-97.%° Details of the data collections
are presented in Tables S1—S8.

Theoretical Calculations. DFT and TD-DFT calculations were
executed using Gaussian09.”” The ground-state geometries of 18—21
were optimized by the DFT method with the B3LYP functional and 6-
31G (d) basis sets. Cartesian coordinates of all the optimized
geometries are listed in the Supporting Information. Frequency
calculations were performed to investigate the total energy and to
ensure that the optimized geometries were minima on the potential
energy surface in which no imaginary frequencies were observed in any
of the compounds.

Representative Experimental Procedure for Preparing
Secondary Silanes. To a solution of methyldichlorosilane (4.1 mL,
40 mmol) in THF (90 mL) was added 2-MeC4H,MgBr (2 M, 20 mL,
diethyl ether solution) at —78 °C. The mixture was stirred for 2 h, and
the temperature was allowed to increase to room temperature. After
overnight stirring, to the mixture was added LiAlH, (1.651 g, 40.8
mmol) at 0 °C and stirred for an additional night. To the reaction
mixture was sequentially carefully added 1.6 mL of water, 1.6 mL of 4
M aqueous NaOH, and 4.8 mL of water. The resulting slurry was
filtered through Celite. The filtrate was extracted with ether three
times. The combined organic layer was washed with brine, dried over
Na,SO,, and concentrated under reduced pressure. Distillation of the
crude product (50—S8 °C/7.5 mmHg) afforded methyl(2-
methylphenyl)silane as a colorless oil (1.93 g, 35%).

Methyl(2-methylphenyl)silane. Colorless oil (1.93 g, 35%). 'H
NMR (500 MHz, CDCl,): § 7.51 (d, 1H, ] = 7.6 Hz), 7.30 (t, 1H, J =
7.6 Hz), 7.18—=7.22 (m, 2H), 4.36 (q, 2H, ] = 42 Hz), 2.4 (s, 3H),
041 (t, 3H, ] = 4.4 Hz). "C NMR (125 MHz, CDCL): 144.0 (C,),
1357 (C,), 132.7 (CH), 130.0 (CH), 129.3 (CH), 125.2 (CH), 22.3
(CH,), —7.8 (CH,). EI-MS m/z: 136 (M**). HRMS (FAB) m/z: [M
— HJ* caled for CgH;Si 135.0630; found 135.0634.

Methyl(2-ethylphenyl)silane. Colorless oil (11.20 g 56%). 'H
NMR (500 MHz, CDCL,): 6 7.51 (dd, 1H, J = 7.3 Hz, 1.3 Hz), 7.35
(td, 1H, J = 7.6 Hz, 1.6 Hz), 7.22 (d, 1H, ] = 7.4 Hz), 7.18 (td, 1H, ] =
7.4 Hz, 1.1 Hz), 439 (q, 2H, J = 4.2 Hz), 2.75 (q, 2H, ] = 7.6 Hz),
1.25 (t, 3H, J = 7.6 Hz), 0.42 (t, 3H, ] = 4.3 Hz). 3*C NMR (125 MHz,
CDCly): 6 150.4 (Cy), 135.9 (CH), 132.0 (C,), 1302 (CH), 127.7
(CH), 125.2 (CH), 29.3 (CH,), 16.0 (CH,), —=7.2 (CH,). EI-MS m/
z: 150 (M**). Anal. Calcd (%) for CoHy,Si: C, 71.92; H, 9.39. Found:
C, 71.78; H, 9.57.

Methyl(2-isopropylphenyl)silane. Colorless oil (11.39 g, 56%). 'H
NMR (500 MHz, CDCL,): § 7.50 (dd, 1H, J = 7.3 Hz, 1.0 Hz), 7.39
(td, 1H, J = 7.6 Hz, 1.5 Hz), 7.30 (d, 1H, ] = 7.6 Hz), 7.17 (td, 1H, ] =
7.3 Hz, 1.2 Hz), 441 (q, 2H, ] = 4.2 Hz), 3.10 (sept, 1H, ] = 6.8 Hz),
127 (d, 6H, J = 7.0 Hz), 042 (t, 3H, J = 4.3 Hz). *C NMR (125
MHz, CDCly): 8 1552 (C,), 136.0 (CH), 131.6 (C,), 1304 (CH),
125.4 (CH), 124.6 (CH), 34.2 (CH), 24.2 (CH;), —6.9 (CH;). EI—-
MS m/z: 164 (M**). Anal. Caled (%) for C,oH,4Si: C, 73.09; H, 9.81.
Found: C, 72.92; H, 9.94.

Methyl(2-cyclohexylphenyl)silane. Colorless oil (3.76 g, 45%). 'H
NMR (500 MHz, CDCL,): § 7.52 (dd, 1H, J = 7.3 Hz, 1.0 Hz), 7.37
(td, 1H, J = 7.6 Hz, 1.5 Hz), 7.27 (d, 1H, ] = 7.6 Hz), 7.17 (td, 1H, ] =
7.3 Hz, 1.2 Hz), 440 (q, 2H, ] = 42 Hz), 2.67 (tt, 1H, ] = 11.0 Hz, 2.1
Hz), 1.85—1.24 (m, 10H), 0.41 (t, 3H, J = 4.3 Hz). 3C NMR (125
MHz, CDCly): & 1542 (C,), 136.0 (CH), 1319 (C,), 130.2 (CH),
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125.4 (CH), 1253 (CH), 45.1 (CH), 34.6 (CH,), 26.9 (CH,), 26.1
(CH,), —6.8 (CH,). EI-MS m/z: 204 (M**). HRMS (FAB) m/z:
[M]** caled for C;3H,Si 204.1329; found 204.1339.

Methyl(2-phenylphenyl)silane. Colorless oil (21.43 g, 73%). 'H
NMR (500 MHz, CDCl,): § 7.68 (dd, 1H, ] = 7.3 Hz, 0.6 Hz), 7.45
(td, 1H, J = 7.6 Hz, 1.3 Hz), 7.42—7.33 (m, 7H), 423 (q, 2H, ] = 4.2
Hz), 0.04 (t, 3H, J = 4.1 Hz). *C NMR (125 MHz, CDCL,): § 149.5
(Cy), 1434 (C), 1364 (CH), 132.5 (C), 129.7 (CH), 129.1 (CH),
128.9 (CH), 128.1 (CH), 127.2 (CH), 126.4 (CH), —7.4 (CH,). EI—-
MS m/z: 198 (M**). Anal. Caled (%) for C;3H,,Si: C, 78.72; H, 7.12.
Found: C, 78.88; H, 7.09.

Methyl(3,5-dimethylphenyl)silane. Colorless oil (4.77 g, 54%). '"H
NMR (500 MHz, CDCLy): 6 7.18 (s, 2H), 7.02 (s, 1H), 4.29 (q, 2H, J
= 4.2 Hz), 2.30 (d, 6H, J = 0.7 Hz), 0.39 (t, 3H, ] = 4.3 Hz). 3*C NMR
(125 MHz, CDCL,): § 137.3 (C,), 133.1 (Cy), 132.6 (CH), 131.3
(CH), 21.2 (CH,), —7.6 (CH;). EI-MS m/z: 150 (M**). Anal. Calcd
(%) for CoHy,Si: C, 71.92; H, 9.39. Found: C, 71.90; H, 9.33.

Methyl(2,3,4,5,6-pentamethylphenyl)silane. Colorless solid (9.23
g 82%). Mp: 49.2—50.1 °C. '"H NMR (500 MHz, CDCL): § 4.50 (q,
2H, ] = 4.2 Hz), 2.43 (s, 6H), 2.25 (s, 3H), 2.21 (s, 6H), 0.37 (t, 3H, J
= 4.3 Hz). ®C NMR (125 MHz, CDCL,): § 139.6 (C), 137.0 (C,),
132.5 (CH), 129.8 (C,), 21.3 (CHy), 16.9 (CHy), 16.5 (CH;), —6.7
(CH;). EI-MS m/z: 192 (M**). HRMS (FAB) m/z: [M]** calcd for
C1,Hy,Si 192.1329; found 192.1311.

(9-Anthracenyl)(methyl)silane. Pale yellow solid (5.73 g, 86%).
Mp: 46.1-46.9 °C. 'H NMR (500 MHz, CDCl,): § 8.52 (d, 2H, ] =
5.0 Hz), 8.03 (d, 2H, J = 8.3 Hz), 7.55—7.51 (m, 2H), 7.49-7.46 (m,
2H), 5.12 (q, 2H, ] = 4.2 Hz), 0.57 (t, 3H, ] = 4.3 Hz). *C NMR (125
MHz, CDCly): 6 137.0 (Cy), 131.1 (C,), 130.2 (CH), 129.4 (CH),
128.0 (CH), 125.8 (CH), 124.8 (CH), —6.5 (CH,). EI-MS m/z: 222
(M**). HRMS (FAB) m/z: [M]"* calcd for C;sH,,Si 222.0859; found
222.0880.

9,10-Bis(methylsilyl)anthracene. Yellow solid (1.52 g, 39%). Mp:
69.9—71.6 °C. 'H NMR (500 MHz, CDCL,): 5 8.55 (dd, 4H, ] = 6.8
Hz, 3.3 Hz), 7.54 (dd, 4H, ] = 6.9 Hz, 3.2 Hz), 5.13 (q, 4H, ] = 4.2
Hz), 0.59 (t, 6H, ] = 4.3 Hz). *C NMR (125 MHz, CDCL,): § 136.3
(Cy, 133.7 (Cy), 129.2 (CH), 125.2 (CH), —6.5 (CH,). EI-MS m/z:
266 (M**). HRMS (FAB) m/z: [M]** calcd for C,4H;gSi, 266.0942;
found 266.0928.

(1-Pyrenyl)(methyl)silane. Colorless oil (0.92 g, 30%). '"H NMR
(500 MHz, CDCl,): § 8.32 (d, 1H, J = 9.2 Hz), 825 (d, 1H, ] = 7.6
Hz), 8.22 (4, 1H, ] = 7.6 Hz), 820 (d, 1H, J = 7.6 Hz), 8.16 (d, 1H, ]
=7.3Hz), 8.15 (d, 1H, J = 9.1 Hz), 8.10 (d, 1H, J = 8.8 Hz), 8.06 (d,
1H, J = 8.8 Hz), 8.02 (t, 1H, ] = 7.6 Hz), 4.87 (q, 2H, ] = 4.4 Hz), 0.64
(t, 3H, J = 4.1 Hz). ®C NMR (125 MHz, CDCl;): § 136.0 (CH),
133.6 (Cp), 132.7 (Cy), 131.2 (C,), 130.8 (C,), 129.1 (C), 128.1
(CH), 127.7 (CH), 1274 (CH), 127.0 (CH), 125.9 (CH), 125.4
(CH), 125.3 (CH), 124.7 (C,), 124.4 (C,), 124.2 (CH), —6.9 (CHs,).
EI-MS m/z: 246 (M**). HRMS (FAB) m/z: [M]** calcd for C;,H,,Si
246.0859; found 246.0848.

1,6-Bis(methylsilyl)pyrene. Colorless solid (1.86 g, 43%). Mp:
153.9—156.0 °C. '"H NMR (500 MHz, CDCL,): & 8.35 (d, 2H, J = 9.1
Hz), 8.27 (d, 2H, ] = 7.6 Hz), 8.20 (d, 2H, ] = 7.6 Hz), 8.14 (d, 2H, J
= 8.8 Hz), 4.88 (q, 4H, ] = 42 Hz), 0.65 (t, 6H, ] = 4.3 Hz). 3C NMR
(125 MHz, CDCLy): 6 136.1 (C,), 133.6 (CH), 132.2 (C,), 129.5
(Cy), 127.8 (CH), 124.6 (CH), 124.4 (C,), —6.9 (CH,). EI-MS m/z:
290 (M™). HRMS (FAB) m/z: [M]*® calcd for CgH,4Si, 290.0942;
found 290.0920.

Representative Experimental Procedure for the Preparation
of Optically Active Tertiary Silanes 2—21 Using Palladium-
Catalyzed Asymmetric Arylation of Secondary Silanes. Under
an argon atmosphere, a solution of Pd,(dba); (23 mg, 0.025 mmol)
and phosphoramidite ligand A (0.075 mmol) in THF (2 mL) was
stirred for 2 h at room temperature. The reaction mixture was cooled
to —40 °C and stirred for 10 min. To the reaction mixture were added
triethylamine (3.0 mmol), 2-iodoanisole (1.0 mmol) and methyl(2,6-
dimethylphenyl)silane (1.5 mmol) at the same temperature. The
reaction progress was monitored by GC—MS. After stirring for 4 d, the
reaction mixture was quenched with water, extracted with dichloro-
methane three times, and dried over sodium sulfate. The solvent was

DOI: 10.1021/acs.joc.7b00583
J. Org. Chem. 2017, 82, 6108—6117


http://pubs.acs.org/doi/suppl/10.1021/acs.joc.7b00583/suppl_file/jo7b00583_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.joc.7b00583/suppl_file/jo7b00583_si_001.pdf
http://dx.doi.org/10.1021/acs.joc.7b00583

The Journal of Organic Chemistry

evaporated under reduced pressure, and the residue was purified by
preparative TLC (silica gel, eluent: hexane) to afford (2-
methoxyphenyl) (methyl)(2,6-dimethylphenyl)silane (7) as a colorless
oil (131 mg, 51%). The ee was determined to be 86% by HPLC
analysis with a chiral stationary phase.
(+)-(2-Methoxyphenyl)(methyl)(2-methylphenyl)silane (2). Color-
less oil (155 mg, 64%). HPLC (OD-H, hexane, flow rate 1.0 mL/min,
A =220 nm), t, (minor, —) = 8.9 min, ¢, (minor, +) = 10.1 min, 70%
ee. [a]p™® +9.9 (¢ 0.81, hexane). "H NMR (500 MHz, CDCL,): § 7.50
(d, 1H, J = 7.3 Hz), 7.39-7.35 (m, 1H), 7.31-7.28 (m, 2H), 7.16 (t,
2H, ] = 7.4 Hz), 6.92 (t, 1H, ] = 7.0 Hz), 6.84 (d, 1H, ] = 8.4 Hz), 5.03
(g, 1H, J = 3.9 Hz), 3.76 (s, 3H), 2.39 (s, 3H), 0.62 (d, 3H, ] = 3.9
Hz). 13C NMR (125 MHz, CDCL): § 164.4 (C,), 144.0 (C), 136.5
(Cy), 135.7 (CH), 134.4 (CH), 131.4 (CH), 129. 9 (CH), 129. 4 (CH),
1249 (CH), 123.5 (CH), 120.6 (CH), 109.7 (C,), 55.2 (CH,), 22.5
(CH;), —5.0 (CH;). EI-MS m/z: 242 (M**). HRMS (FAB) m/z:
[M]** caled for C;gH;4OSi 242.1121; found 242.1119.
(+)—(2—Methoxyphenyl)(methyl)(2—ethylphenyl)5ilane (3). Color-
less oil (154 mg, 60%). HPLC (OJ-H, hexane, flow rate 0.2 mL/
min, 4 = 220 nm), t, (minor, —) = 38.9 min, £, (major, +) = 42.2 min,
71% ee. [a]p"® +5.0 (c 0.41, hexane). 'H NMR (500 MHz, CDCL,): §
7.50 (dd, 1H, J = 7.3 Hz, 1.3 Hz), 7.38—7.32 (m, 2H), 7.29 (dd, 1H, J
= 7.1 Hz, 1.7 Hz), 7.22 (d, 1H, ] = 7.6 Hz), 7.17 (td, 1H, ] = 7.4 Hz,
1.1 Hz), 691 (td, 1H, ] = 7.3 Hz, 0.8 Hz), 6.83 (d, 1H, J = 8.2 Hz),
5.06 (g, 1H, J = 3.9 Hz), 3.75 (s, 3H), 2.78—2.69 (m, 2H), 1.14 (t, 3H,
J=7.6Hz),0.62 (d, 1H, ] = 3.8 Hz). *C NMR (125 MHz, CDCl,): §
164.4 (Cy), 1504 (C,), 136.6 (CH), 135.7 (CH), 133.9 (C,) 1314
(CH), 129.7 (CH), 1277 (CH), 125.0 (CH), 124.1 (C,), 1207 (CH),
109.8 (CH), 55.2 (CHj), 29.1 (CH,), 16.0 (CHj,), 45 (CH,). EI-
MS m/z: 256 (M**). HRMS (FAB) m/z: [M]** calcd for C,¢H,,OSi
256.1278; found 256.1283.
(+)-(2-Methoxyphenyl)(methyl)(2-isopropylphenyl)silane (4). Col-
orless solid (187 mg, 69%). Mp: 51.2—51.4 °C. HPLC (OZ-H, hexane,
flow rate 1.0 mL/min, 4 = 220 nm), ¢, (minor, —) = 6.0 min, t, (major,
+) = 6.8 min, 35% ee. [a]p® +10.9 (¢ 1.0, hexane). '"H NMR (500
MHz, CDCL,): § 7.48 (dd, 1H, ] = 7.4 Hz, 1.1 Hz), 7.37 (dq, 2H, ] =
7.7 Hz, 1.2 Hz), 7.31-7.28 (m, 2H), 7.17 (td, 1H, J = 7.3 Hz, 1.3 Hz),
6.91 (td, 1H, J = 7.3 Hz, 0.9 Hz), 6.83 (d, 1H, ] = 8.2 Hz), 5.07 (q, 1H,
J = 3.8 Hz), 3.75 (s, 3H), 3.18 (sept, 1H, J = 6.7 Hz), 1.19 (d, 3H, ] =
7.0 Hz), 1.11 (d, 1H, J = 6.6 Hz), 0.62 (d, 3H, ] = 3.8 Hz). >*C NMR
(125 MHz, CDCLy): 6 164.3 (C,), 1552 (Cy), 136.6 (CH), 135.7
(CH), 1334 (C,), 131.4 (CH), 129 9 (CH), 125 2 (CH), 124.7 (CH),
1242 (Cy), 1206 (CH), 109.7 (CH), 55.2 (CH;), 33.6 (CH), 244
(CH,), 241 (CH3) —4.3 (CH3). EI-MS m/z: 270 (M**). HRMS
(FAB) m/z: [M]** calcd for C;;H,,0Si 270.1434; found: 270.1441.
(+)-(2-Methoxyphenyl)(methyl)(2-cyclohexylphenyl)silane (5).
Colorless solid (118 mg, 38%). [a]p™ +7.1 (¢ 0.40, hexane). Mp:
59.6—60.5 °C. HPLC (OZ-H, hexane = 100%, flow rate 0.3 mL/min, 1
=220 nm), t, (minor, —) = 23.3 min, t, (major, +) =25.1 min, 40% ee.
'"H NMR (500 MHz, CDCL): § 7.50 (dd, 1H, J = 7.4 Hz, 1.1 Hz),
7.38—7.32 (m, 3H), 7.25 (d, 1H, ] = 7.4 Hz), 7.16 (td, 1H, ] = 7.4 Hz,
1.2 Hz), 6.93 (td, 1H, ] = 7.3 Hz, 1.0 Hz), 6.82 (d, 1H, ] = 8.2 Hz),
5.03 (q, 1H, J = 3.8 Hz), 3.71 (s, 3H), 2.76 (tt, 1H, ] = 17.7 Hz, 9.1
Hz), 1.73—1.15 (m, 10H), 0.62 (d, 3H, J = 3.8 Hz). *C NMR (125
MHz, CDCLy): § 164.3 (C,), 154.1 (C,), 136.5 (CH), 135.7 (CH),
1339 (C,), 131.3 (CH), 129 6 (CH), 125 3 (CH), 125.1 (CH), 124.5
(Cy) 1206 (CH), 109.8 (CH), 55.3 (CHj,), 44.3 (CH), 34.7 (CH,),
345 (CH,), 26.84 (CH,), 26.79 (CH,), 26.1 (CH,), —4.2 (CH,). EI—-
MS m/z: 310 (M**). HRMS (FAB) m/z: [M]"* calcd for C,,H,40Si
310.1747; found 310.1754.
(+)-(2-Methoxyphenyl)(methyl)(2-phenylphenyl)silane (6). Color-
less oil (126 mg, 41%). HPLC (OJ-H, hexane/ethanol = 50:1, flow
rate 1.0 mL/min, A = 220 nm), f, (minor, —) = 5.1 min, ¢, (major, +) =
6.0 min, 86% ee. [a]p'® +10.4 (¢ 1.4, hexane). 'H NMR (500 MHz,
CDCly): 6 7.63 (dd, 1H, J = 7.3 Hz, 1.0 Hz), 7.41 (td, 1H, ] = 7.5 Hz,
1.5 Hz), 7.37—7.22 (m, 9H), 6.90 (td, 1H, J = 7.4 Hz, 1.0 Hz), 6.80 (d,
1H, J = 8.2 Hz), 472 (q, 1H, J = 3.8 Hz), 3.71 (s, 3H), 0.23 (d, 3H, ] =
4.1 Hz). ®C NMR (125 MHz, CDCL,): 6 1642 (C), 1494 (C),
143.6 (Cy), 136.7 (CH), 1362 (CH), 134.6 (C,), 131. k) (CH), 129 3
(CH), 129 1 (CH), 129.0 (CH), 127.7 (CH), 1269 (CH), 126.1
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(CH), 124.6 (C), 120.6 (CH), 109.7 (CH), 55.2 (CH;), —4.7 (CHs).
EI-MS m/z: 304 (M**). HRMS (FAB) m/z: [M]" caled for
C,oH,,0Si 304.1278; found 304.1281.
(+)-(S)-(2-Methoxyphenyl)(methyl)(2,6-dimethylphenyl)silane (7).
Colorless solid (131 mg, 51%). Mp: 51.5—52.9 °C. HPLC (OJ-H,
hexane/ethanol = 100:1, flow rate 1.0 mL/min, 4 = 220 nm), ¢, (major,
+) = 4.6 min, t, (minor, —) = 5.4 min, 89% ee. [a]p'® +35.0 (c 0.91,
hexane). '"H NMR (500 MHz, CDCL,): § 7.35 (td, 1H, ] = 7.8 Hz, 1.8
Hz), 7.31 (dd, 1H, J = 7.3 Hz, 1.6 Hz), 7.16 (t, 1H, ] = 7.6 Hz), 6.99
(d, 2H, J = 7.6 Hz), 6.92 (td, 1H, ] = 7.3 Hz, 0.7 Hz), 6.82 (d, 1H, ] =
8.2 Hz), 5.24 (q, 1H, ] = 4.2 Hz), 3.74 (s, 3H), 2.42 (s, 6H), 0.66 (d,
3H, ] = 4.1 Hz). 13c NMR (125 MHz, CDCLy): 6 164.4 (C,), 144.8
(Cy), 1362 (CH), 133.3 (C,), 1312 (CH), 129.2 (CH), 127. 5 (CH),
1240 (Cy), 120.7 (CH), 109 8 (CH), 55.2 (CHj;), 24.0 (CH;), —3.5
(CH,). EI-MS m/z: 256 (M**). HRMS (FAB) m/z: [M]** calcd for
C6H,,0Si 256.1278; found 256.1264.
(+)-(2-Methoxyphenyl)(methyl)(3-methylphenyl)silane (8). Color-
less oil (169 mg, 70%). [a]p'® +8.5 (c 0.32, hexane). HPLC (OZ-H,
hexane = 100%, flow rate 0.5 mL/min, 4 = 220 nm), ¢, (major, +) =
18.0 min, ¢, (minor, —) = 19.8 min, 65% ee. '"H NMR (500 MHz,
CDCLy): 6 7.41-7.35 (m, 4H), 7.24 (t, 1H, ] = 7.3 Hz), 7.18 (d, 1H, ]
=7.6 Hz), 6.93 (td, 1H, ] = 7.3 Hz, 1.0 Hz), 6.84 (d, 1H, ] = 7.9 Hz),
4.89 (q, 1H, J = 3.8 Hz), 3.78 (s, 3H), 2.34 (s, 3H), 0.60 (d, 3H, ] =
3.8 Hz). 3C NMR (125 MHz, CDCly): 6 164.3 (C,), 137.0 (C,),
136.7 (CH), 135.7 (C,), 135.5 (CH), 131.9 (CH), 1315 (CH), 130.0
(CH), 127.6 (CH), 123.9 (Cy), 120.6 (CH), 109.7 (CH), 55.2 (CHj),
21.5 (CH,;), —5.0 (CH;). EI-MS m/z: 242 (M**). HRMS (FAB) m/
z: [M]** calcd for C;sH;OSi 242.1127; found 242.114S.
(+)-(2-Methoxyphenyl)(methyl)(4-methylphenyl)silane (9). Color-
less oil (52 mg, 22%). [a]p'® +10.6 (c 0.18, hexane). HPLC (OD-H,
hexane = 100%, flow rate 1.0 mL/min, 4 = 220 nm), f, (minor, —) =
8.6 min, t, (major, +) = 9.5 min, 60% ee. '"H NMR (500 MHz,
CDCly): 6 7.49 (d, 2H, ] = 8.2 Hz), 7.37 (dd, 1H, ] = 7.3 Hz, 2.2 Hz),
7.35 (d, 1H, J = 7.3 Hz), 7.17 (d, 2H, ] = 7.3 Hz), 6.92 (td, 1H, ] = 7.3
Hz, 0.6 Hz), 6.84 (d, 1H, ] = 7.9 Hz), 4.90 (q, 1H, ] = 3.8 Hz), 3.78 (s,
3H), 2.35 (s, 3H), 0.59 (d, 3H, J = 3.6 Hz). 3C NMR (125 MHz,
CDCL): 6 164.3 (C,), 139.0 (C,), 136.6 (CH), 1349 (CH), 132.2
(Cy, 131.4 (CH), 1286 (CH), 1240 (Cy), 120.6 (CH), 109.7 (CH),
SS. 5 (CH3), 21.5 (CH;), —5.0 (CH3) EI-MS m/z: 242 (M™).
HRMS (FAB) m/z: [M]** caled for C;sH,;4OSi 242.1121; found
242.1114.
(+)-(2-Methoxyphenyl)(methyl)(3,5-dimethylphenyl)silane (10).
Colorless oil (142 mg, 55%). [a]p'® +5.8 (c 0.70, hexane). HPLC
(OZ-H, hexane = 100%, flow rate 0.3 mL/min, A = 220 nm), t, (minor,
—) =26.2 min, t, (major, +) = 28.8 min, 62% ee. '"H NMR (500 MHz,
CDCly): § 7.38=7.35 (m, 2H), 7.21 (s, 2H), 7.01 (s, 1H), 6.93 (td,
1H, J = 7.3 Hz, 0.6 Hz), 6.84 (d, 1H, ] = 7.9 Hz), 4.87 (q, 1H, ] = 3.8
Hz), 3.78 (s, 3H), 2.30 (d, 6H, ] = 0.6 Hz), 0.59 (d, 3H, ] = 3.8 Hz).
C NMR (125 MHz, CDCLy): 6 164.3 (C,), 137.0 (C,), 136.7 (CH),
135.5 (Cy), 132.6 (CH), 131.4 (CH), 131.0 (CH), 124.0 (C), 120.6
(CH), 109 7 (CH), 55.2 (CH,), 21.3 (CH;), —5.0 (CH,). EI-MS m/
z: 256 (M*®). HRMS (FAB) m/z: [M]™ caled for C;sH,,OSi
256.1278; found 256.1309.
(+)-(2-Methoxyphenyl)(methyl)(2,3,4,5,6-pentamethylphenyl)-
silane (11). Colorless solid (103 mg, 34%). [a]p® +11.9 (c 0.81,
hexane). Mp: 76.1—77.5 °C. HPLC (OD-H, hexane = 100%, flow rate
0.5 mL/min, 4 = 220 nm), £, (major, +) = 18.0 min, ¢, (minor, —) =
21.3 min, 85% ee. 'H NMR (500 MHz, CDCl,): § 7.36—7.33 (m,
2H), 6.90 (t, 1H, ] =7.3 Hz), 6.83 (d, 1H, J = 7.9 Hz), 529 (q, 1H, ] =
4.1 Hz), 3.80 (s, 3H), 2.38 (s, 6H), 2.26 (s, 3H), 2.21 (s, 6H), 0.64 (d,
3H, ] = 4.1 Hz). "C NMR (125 MHz, CDCL): § 164.3 (C,), 140.3
(Cy) 136.6 (Cy), 136.5 (CH), 132.5 (C,), 131.3 (Cy), 131.0 (CH),
1247 (Cy 120.6 (CH), 109.7 (CH), 553 (CH,), 218 (CHy), 17.0
(CHy), 16.5 (CH,), —2.4 (CH;). EI-MS m/z: 298 (M**). HRMS
(FAB) m/z: [M]** calcd for C;gH,0Si 298.1747; found 298.1754.
(+)-(3-Methoxyphenyl)(methyl)(2,6-dimethylphenyl)silane (12).
Colorless oil (63 mg, 24%). [a]p"® +20.4 (c 0.41, hexane). HPLC
(OZ-H, hexane = 100%, flow rate 0.7 mL/min, 4 = 220 nm), £, (major,
+) = 15.9 min, ¢, (minor, —) = 18.0 min, 77% ee. '"H NMR (500 MHz,
CDCly): 6 7.26 (t, 1H, J = 7.7 Hz), 7.19 (t, 1H, J = 7.6 Hz), 7.07 (d,
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1H, J = 7.3 Hz), 7.03 (d, 1H, J = 2.5 Hz), 7.00 (d, 2H, ] = 7.6 Hz),
6.89 (dd, 1H, J = 7.7 Hz, 2.3 Hz), 5.24 (q, 1H, ] = 4.2 Hz), 3.77 (s,
3H), 2.39 (s, 6H), 0.68 (d, 3H, ] = 4.1 Hz). *C NMR (125 MHz,
CDCL): 6 159.1 (C,), 1449 (C,), 1378 (C,), 1323 (C,), 1297
(CH), 1292 (CH), 127.7 (CH), 116.7 (CH), 120.0 (CH), 114.3
(CH), 55.0 (CH;), 24.3 (CH,), —4.2 (CH;). EI-MS m/z: 256 (M**).
HRMS (FAB) m/z: [M]** caled for C;¢H,,0OSi 256.1278; found
256.1284.
(+)-(4-Methoxyphenyl)(methyl)(2,6-dimethylphenyl)silane (13).
Colorless oil (103 mg, 40%). [a]p* +30.8 (c 0.65, hexane). HPLC
(OJ-H, hexane = 100%, flow rate 1.0 mL/min, 4 = 220 nm), £, (major,
+) = 13.8 min, ¢, (minor, —) = 21.5 min, 70% ee. "H NMR (500 MHz,
CDCly): 6 741 (d, 2H, ] = 8.5 Hz), 7.19 (t, 1H, J = 7.6 Hz), 7.00 (d,
2H, ] = 7.6 Hz), 6.88 (d, 2H, ] = 8.5 Hz), 524 (q, 1H, ] = 4.1 Hz),
3.80 (s, 3H), 2.39 (s, 6H), 0.66 (d, 3H, J = 4.1 Hz). 3C NMR (125
MHz, CDCLy): 6 160.6 (C,), 1449 (C,), 135.8 (CH), 132.8 (C,),
129.6 (CH), 127.6 (CH), 1266 (Cy) 113.8 (CH), 55.0 (CHs), 242
(CH;), —4.0 (CH;). EI-MS m/z: 56 (M**). HRMS (FAB) m/z:
[M]** caled for C;¢H,,OSi 256.1278; found 256.1279.
(+)-(Phenyl)(methyl)(2,6-dimethylphenyl)silane (14). Colorless oil
(105 mg, 46%). [a]p'® +31.4 (¢ 0.81, hexane). HPLC (OJ-H, hexane =
100%. flow rate 1.0 mL/min, A = 220 nm), £, (major, +) = 6.3 min, t,
(minor, —) = 7.8 min, 83% ee. 'H NMR (500 MHz, CDCL,): & 7.49
(dd, 2H, ] = 7.7 Hz, 1.7 Hz), 7.36—7.31 (m, 3H), 7.20 (t, 1H, ] = 7.6
Hz), 7.01 (d, 2H, ] = 7.6 Hz), 5.26 (q, 1H, ] = 4.1 Hz), 2.39 (s, 6H),
0.69 (d, 3H, ] = 4.1 Hz). >C NMR (125 MHz, CDCL,): 6 144.9 (C,),
136.1 (C), 1344 (CH), 132.5 (C,), 129.7 (CH), 129.1 (CH), 1279
(CH), 1277 (CH), 24.3 (CH3), —42 (CH;). EI-MS m/z: 226
(M**). HRMS (FAB) m/z: [M]** calcd for C;sH,¢Si 226.1172; found
226.1158.
(+)-(3-Cyanophenyl)(methyl)(2,6-dimethylphenyl)silane (15).
Colorless oil (129 mg, 51%). [a]p*® +39.0 (¢ 0.31, hexane). HPLC
(OZ-H, hexane = 100%, flow rate 1.5 mL/min, A = 220 nm), t, (minor,
—) = 28.8 min, t, (major, +) = 34.7 min, 82% ee. '"H NMR (500 MHz,
CDCly): 6 7.75 (s, 1H), 7.69 (d, 1H, J = 7.6 Hz), 7.63 (d, 1H, ] = 7.6
Hz), 742 (t, 1H, J = 7.7 Hz), 7.23 (t, 1H, ] = 7.6 Hz), 7.03 (d, 2H, ] =
7.6 Hz), 526 (q, 1H, J = 4.1 Hz), 2.37 (s, 6H), 0.72 (d, 3H, ] = 4.1
Hz). "C NMR (125 MHz, CDCL,): § 144.8 (C,), 138.6 (C,), 1384
(CH), 137.8 (CH), 132.5 (CH), 130.7 (C,), 130. 3 (CH), 1285 (CH),
127.9 (CH), 1190 (C,), 1123 (C,), 242 (CH,), 4.4 (CH,). EI-MS
m/z: 251 (M*™). HRMS (FAB) m/z: [M]™ caled for C;¢H; NSi
251.1125; found 251.1121.
(+)-(2-Methoxyphenyl)(cyclohexyl)(phenyl)silane (16). Yellow oil
(184 mg, 62%). [a@]p"® +9.5 (¢ 0.71, hexane). HPLC (OJ-H, methanol
= 100%, flow rate 0.5 mL/min, A = 220 nm), ¢, (major, +) = 12.1 min,
t, (minor, —) = 13.0 min, 64% ee. '"H NMR (500 MHz, CDCL): &
7.62 (td, 2H, J = 3.8 Hz, 2.1 Hz), 7.45 (dd, 1H, J = 7.3 Hz, 1.9 Hz),
7.38—7.30 (m, 4H), 6.93 (td, 1H, ] = 7.3 Hz, 0.6 Hz), 6.84 (d, 1H, ] =
8.5 Hz), 4.60 (d, 1H, J = 4.5 Hz), 3.79 (s, 3H), 1.75—1.68 (m, SH),
1.41-124 (m, 6H). "C NMR (125 MHz, CDCL): § 164.1 (C,),
137.5 (CH), 135.5 (CH), 134.8 (C), 133.9 (C,), 131.4 (CH), 1290
(CH), 127.6 (CH), 122.6 (C,), 120. 6 (CH), 109 6 (CH), 55.1 (CH,),
28.7 (CH), 28.6 (CH,), 28.0 (CH,), 279 (CH,), 26.8 (CH,), 23.2
(CH,). EI-MS m/z: 296 (M**). HRMS (FAB) m/z: [M]** calcd for
C,oH,,08i 296.1591; found 296.1569.
(+)-(2-Methoxyphenyl)(phenyl)(o-tolyl)silane (17). Colorless oil
(104 mg, 34%). [a]p'® +0.7 (c 0.68, hexane). HPLC (OZ-H, hexane =
100%, flow rate 1.0 mL/min, A = 220 nm), t, (minor, —) = 14.9 min, ¢,
(major, +) = 23.1 min, 21% ee. 'H NMR (500 MHz, CDCL,): § 7.54
(dd, 2H, J = 7.9 Hz, 1.3 Hz), 7.42—7.37 (m, 2H), 7.35—7.29 (m, 4H),
7.25 (dd, 1H, ] = 7.4 Hz, 1.7 Hz), 7.18 (d, 1H, J = 8.2 Hz), 7.11 (t, 1H,
J=7.4Hz), 693 (t, 1H, ] = 7.3 Hz), 6.88 (d, 1H, J = 8.2 Hz), 5.58 (s,
1H), 3.67 (s, 3H), 2.33 (s, 3H). *C NMR (125 MHz, CDCL,): §
164.5 (C,), 144.5 (C,), 137.6 (CH), 136.7 (CH), 135.7 (CH), 133.9
(Cy 132 6 (Cy), 131 9 (CH), 129.8 (CH), 129.4 (CH), 129.3 (CH),
1278 (CH), 1249 (CH), 121.7 (C), 120.8 (CH), 110.0 (CH), $5.3
(CH;), 22.6 (CH;). EI-MS m/z: 304 (M**). HRMS (FAB) m/z:
[M]** caled for CygH,,OSi 304.1278; found 304.1271.
(S)-(+)-(9-Anthracenyl)(2-methoxyphenyl)(methyl)silane (18).
Colorless solid (332 mg, 50%). Mp: 108.1—108.7 °C. [a]p*® +92.2
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(¢ 0.5, CH,Cl,). HPLC (OJ-H, hexane/i-PrOH = 95:5, flow rate 1.0
mL/min, 4 = 220 nm), ¢, (major, —) = 8.8 min, £, (minor, +) = 12.9
min, 82% ee. "H NMR (500 MHz, CDCL,): 6 8.56 (d, 2H, ] = 9.2 Hz),
8.47 (s, 1H), 7.98=7.97 (m, 2H), 7.41-7.37 (m, SH), 7.33—7.30 (m,
1H), 6.85 (t, 1H, J = 7.3 Hz), 6.79 (d, 1H, J = 8.2 Hz), 5.96 (q, 1H, ] =
3.8 Hz), 3.64 (s, 3H), 0.86 (d, 3H, J = 4.1 Hz). *C NMR (125 MHz,
CDCly): 1644 (C,), 137.3 (C,), 136.6 (C;), 131.6 (CH), 1315
(CH), 131.3 (CH), 130.1 (CH 3 129.3 (CH), 128.9 (CH), 1252
(CH), 124.7 (CH), 123.9 (CH), 120.8 (C ) 109.8 (C,), 55.2 (CH,),
—2.7 (CH,). EI-MS m/z: 328 (M**). HRMS (FAB) m/z: [M]**
caled for Cy,H,,0Si 328.1278; found 328.1263.
(S,S)-(+)-9,10-Bis((2-methoxyphenyl)(methyl)silyl)anthracene
(19). Colorless needles (125 mg, 35%). Mp: 177.4—180.3 °C. [a]p"®
+97.1 (c 1.0, CH,Cl,). HPLC (OJ-H, MeOH, flow rate 1.0 mL/min, 4
=220 nm), t, (major, +) = 13.2 min, ¢, (minor, —) = 16.2 min, >99%
ee. '"H NMR (500 MHz, CDCL,): 6 8.58 (dd, 4H, J = 6.9 Hz, 3.5 Hz),
7.43—7.36 (m, 8H), 6.91—6.87 (m, 4H), 5.92 (q, 2H, ] = 4.1 Hz), 3.76
(s, 6H), 0.85 (d, 6H, J = 3.8 Hz). *C NMR (125 MHz, CDCL,): §
1644 (C,), 136.8 (CH), 136.7 (C,), 1354 (C,), 131.5 (CH), 129.8
(CH), 124.4 (CH), 124.0 (C,), 1209 (CH), 109.7 (CH), 55.3 (CH3),
—24 (CH,). EI-MS m/z: 478 (M**). HRMS (FAB) m/z: [M]**
caled for Cy0H;3,0,Si, 478.1779; found 478.1773.
(S)-(+)-(1-Pyrenyl)(2-methoxyphenyl)(methyl)silane (20). Color-
less solid (177 mg, 50%). Mp: 102.5—103.4 °C. [a]p'® +126.0 (c 1.0,
CH,CL,). HPLC (MeOH, flow rate 0.5 mL/min, 4 = 220 nm), ¢,
(major, +) = 27.5 min, t, (minor, —) = 30.1 min, 61% ee. "H NMR
(500 MHz, CDCL,): & 8.40 (d, 1H, ] = 9.2 Hz), 825 (d, 1H, J = 8.2
Hz), 8.16 (t, 3H, ] = 6.9 Hz), 8.08 (q, 2H, J = 8.2 Hz), 8.05 (d, 1H, ] =
9.2 Hz), 7.99 (t, 1H, ] = 7.6 Hz), 7.37 (td, 1H, ] = 7.7, 1.9 Hz), 7.32
(dd, 1H,J = 7.1, 1.9 Hz), 6.89—6.85 (m, 2H), 5.57 (q, 1H, J = 3.8 Hz),
3.75 (s, 3H), 0.87 (d, 3H, J = 3.8 Hz). *C NMR (125 MHz, CDCl,):
8 164.4 (C,), 136.8 (CH), 136.0 (C,), 1334 (CH), 1323 (C,), 131.6
(CH), 1314 (C,), 1313 (C,), 130.8 (C,), 128.0 (CH), 127.7 (CH),
127.5 (CH), 127.2 (CH), 125.8 (CH), 125.2 (CH), 125.0 (CH),
124.8 (Cy), 124.4 (C.), 1242 (CH), 1237 (C,), 120.8 (CH), 109.8
(CH), 55.3 (CH,), —4.3 (CH;). EI-MS m/z: 352 (M**). HRMS
(FAB) m/z: [M]** calcd for C,,H,,0Si 352.1278; found 352.1280.
(S,5)-(+)-1,6-Bis((2-methoxyphenyl)(methyl)silyl)pyrene (21). Col-
orless solid (276 mg, 11%). Mp: 135.1-137.6 °C. [a]p? +128.7 (c
1.0, CH,Cl,). HPLC (OJ-H, MeOH, flow rate 2.0 mL/min, 4 = 220
nm), ¢, (minor + meso, —) = 9.2 min, ¢, (major, +) = 12.0 min, 90% ee.
"H NMR (500 MHz, CDCL,): § 8.42 (d, 2H, J = 9.1 Hz), 8.23 (d, 2H,
J=7.6Hz), 8.14 (d, 2H, ] = 7.6 Hz), 8.02 (d, 2H, J = 8.8 Hz), 7.35 (t,
2H, ] =79 Hz), 729 (d, 2H, ] = 7.3 Hz), 6.87—6.82 (m, 4H), 5.58 (g,
2H, ] = 3.8 Hz), 3.72 (s, 6H), 0.86 (d, 6H, ] = 3.8 Hz). *C NMR (125
MHz, CDCLy): § 164.4 (C,), 136.8 (CH), 1362 (C,), 133.3 (CH),
1319 (Cy), 131.6 (CH), 131.4 (C,), 128.3 (CH), 127.4 (CH), 124.6
(Cy), 124.4 (CH), 123.7 (C,), 120.8 (CH), 109.8 (CH), 55.2 (CH,),
—4.3 (CH,). FAB—MS m/z: 503 ([M + H]*). HRMS (FAB) m/z:
[M]** caled for C3,H;00,Si, 502.1779; found 502.1791.
Experimental Procedure for the Preparation of Optically
Active Quaternary Silane (22) from Phenylmethylsilane via
Stepwise Arylation. A mixture of Pd,(dba); (46 mg, 0.050 mmol)
and phosphoramidite ligand A (115 mg, 0.15 mmol) was stirred in
THF (2.1 mL) for 2 h at room temperature. The reaction mixture was
cooled to —40 °C and stirred for an additional 10 min. To the reaction
mixture were added triethylamine (836 yL, 6.0 mmol), 2-iodoanisole
(165 pL, 1.3 mmol), and phenylmethylsilane (275 uL, 2.0 mmol).
After stirring for 3 d at —40 °C, the temperature was allowed to
increase to room temperature, and 2-iodothiophene (195 uL, 1.0
mmol) was added to the reaction mixture. After stirring for 8 d at
room temperature, the reaction mixture was quenched with water and
extracted with dichloromethane three times, and the extracts were
dried over sodium sulfate. The solvent was evaporated under reduced
pressure, and purification of crude product by preparative TLC (silica
gel) afforded (R)-(2-methoxyphenyl)(phenyl)(2-thiophenyl) (methyl)-
silane (22) as a colorless solid (138 mg, 45%). The arylated product
was determined to have 71% ee by HPLC analysis with a chiral
stationary phase.
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(R)-(+)-(2-Methoxyphenyl)(phenyl)(2-thiophenyl)(methyl)silane
(22). Colorless solid (138 mg, 45%). [a]p™® +2.3 (¢ 0.32, hexane). Mp:
71.2—72.6 °C. HPLC (OJ-H, hexane/EtOH = 1:1, flow rate 0.3 mL/
min, 4 = 280 nm), ¢, (minor, —) = 20.1 min, ¢, (major, +) = 21.9 min,
71% ee. '"H NMR (500 MHz, CDCL,): 6 7.63 (d, 1H, ] = 4.7 Hz), 7.54
(dd, 2H, ] = 7.6 Hz, 0.9 Hz), 7.41-7.30 (m, SH), 7.25 (dd, 1H, ] = 7.3
Hz, 1.6 Hz), 7.19 (dd, 1H, J = 3.7 Hz, 42 Hz), 691 (t, 1H, ] = 7.3
Hz), 6.86 (d, 1H, ] = 8.5 Hz), 3.68 (s, 3H), 0.88 (s, 3H). *C NMR
(125 MHz, CDCLy): 6 164.5 (Cy), 136.9 (CH), 136.8 (C,), 136.6
(CH), 1364 (C), 134.8 (CH), 131.8 (CH), 131.4 (CH), 129.2 (CH),
128.0 (CH), 127.6 (CH), 123.9 (C,), 120.6 (CH), 110.0 (CH), 55.0
(CH,;), —2.0 (CH;). EI-MS m/z: 310 (M**). HRMS (FAB) m/z:
[M]** caled for C;gH,;sOSSi 310.0842; found 310.0845.

B ASSOCIATED CONTENT

© Supporting Information
The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acs.joc.7b00583.

Copies of 'H and *C NMR, MS, HPLC analysis for all
new compounds, and photophysical data and theoretical
calculations of 18—21(PDF)

X-ray crystallographic file for molecule (S)-7 (CIF)
X-ray crystallographic file for molecule (S,S)-19 (CIF)
X-ray crystallographic file for molecule (S,S)-21 (CIF)
X-ray crystallographic file for molecule (R)-22 (CIF)
(CIF)

(CIF)

(CIF)

(CIF)

B AUTHOR INFORMATION

Corresponding Authors

*Phone: +81-3-5841-4346. Fax: +81-3-5841-8063. E-mail:
yamanoi@chem.s.u-tokyo.ac.jp.

*E-mail: nisihara@chem.s.u-tokyo.ac.jp.

ORCID

Yoshinori Yamanoi: 0000-0002-6155-2357

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

We thank Dr. Aiko Kamitsubo, the Elemental Analysis Center
of The University of Tokyo, for the elemental analysis
measurements. We also thank Ms. Hikaru Koike for the
measurement of CPL spectrum of (S)-18. X-ray diffraction
measurements of (5,5)-21 were supported by “Nanotechnology
Platform” (No. 12024046) of the Ministry of Education,
Culture, Sports, Science and Technology, Japan. The present
work was financially supported in part by CREST from JST
(No. JPMJCR15F2; HN.), Tokyo Kasei Chemical Promotion
foundation (Y.Y.), Nippon Sheet Glass Foundation for
Materials Science and Engineering (Y.Y.), Precise Measurement
Technology Promotion Foundation (Y.Y.), Grant-in-Aids for
Scientific Research (C) (No. 15K05604; Y.Y.), and Scientific
Research on Innovative Areas “Molecular Architectonics:
Orchestration of Single Molecules for Novel Functions” (area
2509, Nos. 26110505, 26110506, 16H00957, and 16H00958;
H.N. and Y.Y.) from the Ministry of Education, Culture, Sports,
Science, and Technology, Japan.

B REFERENCES

(1) For representative reviews on CPL, see: (a) Riehl, J. P,
Richardson, F. S. Chem. Rev. 1986, 86, 1—16. (b) Grell, M.; Bradley, D.

6116

D. C. Adv. Mater. 1999, 11, 895—90S. (c) Circular Dichroism:
Principles and Applications, 2nd ed.; Berova, N., Nakanishi, K., Woody,
R. W, Eds.; Wiley-VCH: New York, NY, 2000. (d) Maeda, H.; Bando,
Y. Pure Appl. Chem. 2013, 85, 1967—1978.

(2) (a) Richardson, F. S.; Riehl, J. P. Chem. Rev. 1977, 77, 773—792.
(b) Riehl, J. P.; Muller, G. In Comprehensive Chiroptical Spectroscopy,
Ist ed.; Berova, N., Polavarapu, P. L., Nakanishi, K, Woody, R. W,,
Eds.; Wiley: Hoboken, NJ, 2012; Chapter 3, Vol. 1. (c) Furumi, S.
Chem. Rec. 2010, 10, 394—408.

(3) (a) Carr, R; Evans, N. H,; Parker, D. Chem. Soc. Rev. 2012, 41,
7673—7686. (b) Muller, G. Dalton Trans. 2009, 9692—9707. (c) Riehl,
J. P.; Muller, G. Handbook on the Physics and Chemistry of Rare Earths;
Gschneidner, K. A, Jr,, Biinzli, J.-C. G., Pecharsky, V. K., Eds.; North-
Holland Publishing Company: Amsterdam, 2005; Vol. 34, pp 289—
357. (d) Zinna, F.; Di Bari, L. Chirality 2018, 27, 1—13.

(4) Kaseyama, T.; Furumi, S.; Zhang, X,; Tanaka, K.; Takeuchi, M.
Angew. Chem., Int. Ed. 2011, 50, 3684—3687. (b) lkeda, T.; Masuda,
T.; Hirao, T.; Yuasa, J.; Tsumatori, H.; Kawai, T.; Haino, T. Chem.
Commun. 2012, 48, 6025—6027. (c) Kumar, J.; Nakashima, N;
Tsumatori, H.; Kawai, T. J. Phys. Chem. Lett. 2014, S, 316—321.

(5) (a) Kyushin, S.; Ikarugi, M.; Goto, M. Hiratsuka, H,;
Matsumoto, H. Organometallics 1996, 15, 1067—1070. (b) Niko, Y.;
Kawauchi, S.; Otsu, S.; Tokumaru, K; Konishi, G. J. Org. Chem. 2013,
78, 3196—3207.

(6) (a) Oyama, H.; Nakano, K,; Harada, T.; Kuroda, R;; Naito, M,;
Nobusawa, K.; Nozaki, K. Org. Lett. 2013, 15, 2104—2107. (b) Nakano,
Y.; Fujiki, M. Macromolecules 2011, 44, 7511—7519. (c) Ng J. C. Y,
Liu, J.; Su, H,; Hong, Y.; Li, H.; Lam, J. W. Y,; Wong, K. S.; Tang, B. Z.
J. Mater. Chem. C 2014, 2, 78—83.

(7) For recent reviews on catalytic symmetric synthesis of silicon
stereogenic organosilanes, see: (a) Bauer, J. O.; Strohmann, C. Eur. J.
Inorg. Chem. 2016, 2016, 2868—2881. (b) Shintani, R. Asian J. Org.
Chem. 2018, 4, 510—514. (c) Xu, L.-W,; Li, L,; Lai, G.-O; Jiang, J.-X.
Chem. Soc. Rev. 2011, 40, 1777—1790. (d) Xu, L.-W. Angew. Chem., Int.
Ed. 2012, SI, 12932—12934. (e) Weickgenannt, A,; Mewald, M;
Oestreich, M. Org. Biomol. Chem. 2010, 8, 1497—1504. (f) Oestreich,
M. Synlett 2007, 2007, 1629—1643.

(8) Ohta, T.; Ito, M.; Tsuneto, A.; Takaya, H. J. Chem. Soc, Chem.
Commun. 1994, 2525—2526.

(9) Igawa, K; Yoshihiro, D.; Ichikawa, N.; Kokan, N.; Tomooka, K.
Angew. Chem., Int. Ed. 2012, 51, 12745—12748.

(10) (a) Yasutomi, Y.; Suematsu, H.; Katsuki, T. J. Am. Chem. Soc.
2010, 132, 4510—4511. (b) Chen, D.; Zhu, D.-X,; Xu, M.-H. J. Am.
Chem. Soc. 2016, 138, 1498—1501.

(11) (a) Yamanoi, Y.; Taira, T.; Sato, J.-i.; Nakamula, L; Nishihara, H.
Org. Lett. 2007, 9, 4543—4546. (b) Lesbani, A.; Kondo, H.; Yabusaki,
Y.; Nakai, M; Yamanoi, Y.; Nishihara, H. Chem. - Eur. J. 2010, 16,
13519—13527. (c) Yamanoi, Y.; Nishihara, H. Yuki Gosei Kagaku
Kyokaishi 2009, 67, 778—786. (d) Shimada, M.; Yamanoi, Y,;
Nishihara, H. Yuki Gosei Kagaku Kyokaishi 2016, 74, 1098—1107.

(12) (a) Kurihara, Y.; Nishikawa, M.; Yamanoi, Y.; Nishihara, H.
Chem. Commun. 2012, 48, 11564—11566. (b) Chen, L.; Huang, J.-B;
Xu, Z.; Zheng, Z.-].; Yang, K-F.; Cui, Y.-M,; Cao, J; Xu, L-W. RSC
Adv. 2016, 6, 67113—67117.

(13) CCDC 1444308, 1444286, and 1537187 contain the
supplementary crystallographic data for (S)-7, (5,5)-19, and (S,S)-
21, respectively. The data can be obtained free of charge from The
Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/
data_request/cif. Please also see the Supporting Information for
details.

(14) For recent reports on catalytic asymmetric preparation of
optically active quaternary silanes, see: (a) Shintani, R.; Moriya, K;
Hayashi, T. J. Am. Chem. Soc. 2011, 133, 16440—16443. (b) Shintani,
R; Maciver, E. E,; Tamakuni, F.; Hayashi, T. J. Am. Chem. Soc. 2012,
134, 16955—16958. (c) Shintani, R.; Otomo, H.; Ota, K.; Hayashi, T.
J. Am. Chem. Soc. 2012, 134, 7305—7308. (d) Shintani, R.; Moriya, K.;
Hayashi, T. Org. Lett. 2012, 14, 2902—290S. (e) Naganawa, Y.;
Namba, T.; Kawagishi, M.; Nishiyama, H. Chem. - Eur. . 2018, 21,
9319—9322. (f) Tamao, K; Nakamura, K; Ishii, H.; Yamaguchi, S.;

DOI: 10.1021/acs.joc.7b00583
J. Org. Chem. 2017, 82, 6108—6117


http://pubs.acs.org
http://pubs.acs.org/doi/abs/10.1021/acs.joc.7b00583
http://pubs.acs.org/doi/suppl/10.1021/acs.joc.7b00583/suppl_file/jo7b00583_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.joc.7b00583/suppl_file/jo7b00583_si_002.cif
http://pubs.acs.org/doi/suppl/10.1021/acs.joc.7b00583/suppl_file/jo7b00583_si_003.cif
http://pubs.acs.org/doi/suppl/10.1021/acs.joc.7b00583/suppl_file/jo7b00583_si_004.cif
http://pubs.acs.org/doi/suppl/10.1021/acs.joc.7b00583/suppl_file/jo7b00583_si_005.cif
http://pubs.acs.org/doi/suppl/10.1021/acs.joc.7b00583/suppl_file/jo7b00583_si_006.cif
http://pubs.acs.org/doi/suppl/10.1021/acs.joc.7b00583/suppl_file/jo7b00583_si_007.cif
http://pubs.acs.org/doi/suppl/10.1021/acs.joc.7b00583/suppl_file/jo7b00583_si_008.cif
http://pubs.acs.org/doi/suppl/10.1021/acs.joc.7b00583/suppl_file/jo7b00583_si_009.cif
mailto:yamanoi@chem.s.u-tokyo.ac.jp
mailto:nisihara@chem.s.u-tokyo.ac.jp
http://orcid.org/0000-0002-6155-2357
http://www.ccdc.cam.ac.uk/data_request/cif
http://www.ccdc.cam.ac.uk/data_request/cif
http://dx.doi.org/10.1021/acs.joc.7b00583

The Journal of Organic Chemistry

Shiro, M. J. Am. Chem. Soc. 1996, 118, 12469—12470. (g) Kuninobu,
Y.; Yamauchi, K; Tamura, N,; Seiki, T.; Takai, K. Angew. Chem., Int.
Ed. 2013, 52, 1520—1522.

(15) CCDC 1444302 contains the supplementary crystallographic
data for (R)-22. The data can be obtained free of charge from The
Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/
data_request/cif. Please also see the Supporting Information for
details.

(16) Inouye, M.; Hayashi, K; Yonenaga, Y.; Itou, T.; Fujimoto, K;
Uchida, T.; Iwamura, M.; Nozaki, K. Angew. Chem., Int. Ed. 2014, 53,
14392—14396.

(17) The level of CPL is quantified by the CPL dissymmetry factor,
Gum (defined as g, = 2(Ip — Ix)/(IL + Iy), where I; and Iy are the
intensities of left- and right-polarized luminescence, respectively).

(18) For a review, see: Sanchez-Carnerero, E. M; Agarrabeitia, A. R;
Moreno, F.; Maroto, B. L.; Muller, G.; Ortiz, M. J; de la Moya, S.
Chem. - Eur. J. 2018, 21, 13488—13500.

(19) For recent representative examples, see: (a) Morisaki, Y.; Gon,
M.; Sasamori, T.; Tokitoh, N.; Chujo, Y. J. Am. Chem. Soc. 2014, 136,
3350—3353. (b) Sanchez-Carnerero, E. M.; Moreno, F.; Maroto, B. L.;
Agarrabeitia, A. R.; Ortiz, M. J.; Vo, B. G.; Muller, G.; de la Moya, S. J.
Am. Chem. Soc. 2014, 136, 3346—3349. (c) Nakamura, K.; Furumi, S.;
Takeuchi, M.; Shibuya, T.; Tanaka, K. J. Am. Chem. Soc. 2014, 136,
5555—5558 and references cited therein.

(20) Iwamura, M.; Kimura, Y.; Miyamoto, R.; Nozaki, K. Inorg. Chem.
2012, 51, 4094—4098.

(21) Jalén, F. A,; Manzano, B. R; la Torre, F. G.; Lopez-Agenjo, A.
M,; Rodriguez, A. M.; Weissensteiner, W.; Sturm, T.; Mahia, J;
Maestro, M. J. Chem. Soc., Dalton Trans. 2001, 2417—2424.

(22) Nagai, Y.; Matsumoto, H.; Hayashi, M.; Tajima, E.; Ohtsuki, M.;
Sekikawa, N. J. Organomet. Chem. 1971, 29, 209—-216.

(23) Glaser, P. B.; Tilley, T. D. J. Am. Chem. Soc. 2003, 125, 13640—
13641.

(24) Hirone, N.; Sanjiki, H.; Tanaka, R.; Hata, T.; Urabe, H. Angew.
Chem., Int. Ed. 2010, 49, 7762—7764.

(25) Altomare, A.; Cascarano, G.; Giacovazzo, C.; Guagliardi, A
Burla, M. C; Polidori, G.; Camalli, M. J. Appl. Crystallogr. 1994, 27,
435—-436.

(26) Sheldrick, G. M. Acta Crystallogr,, Sect. A: Found. Crystallogr.
2008, 64, 112—122.

(27) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.;
Robb, M. A,; Cheeseman, J. R; Scalmani, G.; Barone, V.; Mennucci,
B.; Petersson, G. A.; Nakatsuji, H.; Caricato, M,; Li, X.; Hratchian, H.
P.; Izmaylov, A. F.; Bloino, J.; Zheng, G.; Sonnenberg, J. L.; Hada, M.;
Ehara, M.; Toyota, K,; Fukuda, R.; Hasegawa, J.; Ishida, M.; Nakajima,
T.; Honda, Y,; Kitao, O.; Nakai, H.; Vreven, T.; Montgomery, J. A, Jr.;
Peralta, . E,; Ogliaro, F.; Bearpark, M.; Heyd, J. J.; Brothers, E.; Kudin,
K. N,; Staroverov, V. N.; Kobayashi, R.; Normand, J.; Raghavachari, K;;
Rendell, A;; Burant, J. C.; Iyengar, S. S.; Tomasi, J.; Cossi, M.; Rega,
N.; Millam, J. M.; Klene, M,; Knox, J. E; Cross, J. B.; Bakken, V;
Adamo, C; Jaramillo, J.; Gomperts, R.; Stratmann, R. E.; Yazyev, O,;
Austin, A. J.; Cammi, R;; Pomelli, C.; Ochterski, J. W.; Martin, R. L,;
Morokuma, K.; Zakrzewski, V. G.; Voth, G. A, Salvador, P,;
Dannenberg, J. J.; Dapprich, S.; Daniels, A. D.; Farkas, 0,
Foresman, J. B,; Ortiz, J. V.; Cioslowski, J.; Fox, D. J. Gaussian09;
Guassian Inc.: Wallingford, CT, 2009.

6117

DOI: 10.1021/acs.joc.7b00583
J. Org. Chem. 2017, 82, 6108—6117


http://www.ccdc.cam.ac.uk/data_request/cif
http://www.ccdc.cam.ac.uk/data_request/cif
http://dx.doi.org/10.1021/acs.joc.7b00583

