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Multi—-Step Organic Transformations over Base—
Rhodium/diamine-Bifunctionalized
Mesostructured Silica Nanoparticles

Hang Liao, Yajie Chou, Yu Wang, Han Zhang, Tanyu Cheng and Guohua Liu"

Dedication ((optional))

Abstract: Assembly of multiple catalytically functionalities within a
single mesoporous silica as a catalyst for multi-step enantioselective
organic transformation in an environmentally friendly medium is a
significant challenge in heterogeneous asymmetric catalysis. Herein,
taking advantage of BF4~ anion hydrogen bonding strategy, we
anchor conviently a chiral cationic rhodium/diamine complex within
base—functionalized mesostructured silica nanoparticles, constructing
a bifunctional heterogeneous catalyst. Solid-state carbon spectrum
discloses its well-defined chiral rhodium/diamine active species, and
its X-ray diffraction, nitrogen adsorption—desorption measurement and
electron microscopy reveal its ordered mesostructure. As presented

Introduction

With extensive applications of mesostructured materials in
catalysis, such as mesoporous silica/carbon and metal-organic-
frameworks, integration of multiple catalytically functionalities
within a single mesoporous material for construction of
multifunctional catalysts has attracted great interest in
heterogeneous asymmetric catalysis.*l Main advantages are
attributed to two aspects of benefits that derived from the
specificity of mesostructured silicas,? One is that a suitable
mesostructured silica can assemble multifunctionality within its
nanochannels, and another benefit is that the assembled
multifunctionality can eliminate their cross-interactions over an
site-isolation immobilization strategy. These potential advantages
in construction of multifunctional heterogeneous catalysts are
beneficial to multi-step sequential reactions, making unfeasible
sequential reaction in a homogenous condition possibilty.
Furthermore, an expected cooperative effect of multifunctionality
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in this study, the combination of bifunctionality in silica nanoparticle
kinds of efficiently
transformations with high vyields and enantioselectivities, wher

enables two enantioselective  organin

asymmetric transfer hydrogenation of a—haloketones followed by a
epoxidation process provides various chiral aryloxirane while th
amination of a—haloketones with anilines followed by asymmetri
transfer various alcohols

hydrogenation produces

Furthermore, catalyst can be recovered and recycled for seven time

B-amino

without loss of its catalytic activity, showing an attracting feature fc
multi-step organic transformations in a sustainable benign process

in a single mesostructured silica can further promote catalyti
performance, boosting greatly reactivity and/or selectivity. Despits
some explorations made in construction of bifunctional catalyst
through site-isolation immobilization for multi-step sequentic
reactions,®! construction of a mesostructured silica-base
bifunctional heterogeneous catalyst and application it il
asymmetric catalysis, espectially in a sequential enantioselectiv:
organic transformation to enhance reactivity ani
enantioselectivity, are still rare thereby a significant challenge.

Homogeneous chiral N-sulfonylated diamine-base:
organometallic complexes,™ especially their cationic rhodiur
complexes, are a kind of highly efficient asymmetric transfe
hydrogenation (ATH) catalysts that have been applied extensivel
in various ATH of 2-haloketones to chiral 2—-haloethanols.® As a
important synthetic motif, chiral 2-haloethanols and derivative
are attracting because they could be converted continuously int
various pharmaceutical intermediates in medical chemistry.!
Therefore, design of a bifunctional heterogeneous catalyst t
explorate the application of chiral 2—haloethanols in a sequentic
organic transformation is highly desirable.

Interestingly, recent efforts in a hydrogen bonding of counter
ionl offer a new opportunity for facile assembly of a bifunctional
heterogeneous catalyst. Based on this consideration, together
with  our recent efforts in construction of bifunctional
heterogeneous catalysts,®! herein, we report the facile
construction of a  base-rhodium/diamine—bifunctionalized
heterogeneous catalyst. It was assembled by bonding cationic
rhodium/diamine complex onto the basic DABCO-functionalized
(DABCOP! = 1-(3-(triethoxysilyl)propyl)-1,4-
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diazabicyclo[2.2.2]octan-1-ium chloride) mesostructured silica
nanospheres (MSNs)!9 via this hydrogen bonding method.
Prominent feature is that the designed MSNs are the short-
channels, which are beneficial to mass transfer and overcome the
drawback of reaction rate in heterogeneous catalysis, enhanceing
greatly the catalytic efficiency. As presented in this study, this
cationic rhodium/diamine complex in MSNs as a chiral catalytic
promoter performs a haloketone-to—haloethanol transformation
whereas the DABCO in MSNs as a base enables haloethanol-to—
epoxidation transformation. The study used here not only offers a
simple approach to construct bifunctional catalyst and to retain
original molecular catalyst but also performs an amination-relay-
ATH one-pot enantioselective organic transformation for
synthesis of chiral B-amino alcohols in an environmental friendly
medium.

Results and Discussion

Synthesis and  structural characterization of the

heterogeneous catalyst

§§§ [Cp*Rh(Tilzj)PEN)]BF 4
i

DABCO@MSNs (1) DABCO@Cp*RhTsDPEN@MSNs (3)
TCo-condensation l
Si(OEt), ﬁ* H—0. E/O*SSV‘"
+ \ o | i
Rh® pp_ i
o, —I> 3 o
(ao»,se/\/agu \©\502N/ \NHZ HO\S‘irF ‘tﬁ cl
| <R
DABCO-siloxane P oh N
Scheme 1. Preparation of catalysts 3.
Bifunctional heterogeneous catalyst was prepared by
incorporation of chiral ion-pair (Cp*RhTsDPEN)*(BF4)~ within the
basic MSNSs, abbreviated as

DABCO@(Cp*RhTsDPEN)*"BF,@MSNs (3) (Cp*RhTsDPEN):111
Cp* = pentamethyl cyclopentadiene, TsDPEN = N-((S,S)-2-
amino-1,2-diphenylethyl)-4-ethylbenzenesulfonamide). As
outlined in Scheme 1, the co-condensation of DABCO-derived
siloxane and tetraethoxysilane (TOES) through the use of
cetyltrimethylammonium bromide as a structure-directing
template led to a basic DABCO@MSNSs (1) as a white powder.
The hydrogen bonding of (Cp*RhTsDPEN)*BF,~ (2) within 1 via
the BF,” anion to surface silanols” then afforded the crude
DABCO@(Cp*RhTsDPEN)*BF,-@MSNs (3). Finally, this crude
material was subjected to Soxhlet extraction to clearness of its
nanochannels and to give its pure heterogeneous catalyst 3 as a
light-yellow powder (see Sl in Figures S1-S3).

Preservation of the (Cp*RhTsDPEN)*BF,~ molecular structure
within its silicate network could be determined by the solid-state
NMR spectra (Figure 1). As shown in the **C CP MAS NMR
spectra (Figure 1a), besides the general carbon signals in
DABCO moiety and the carbon signals in TsDPEN moiety
marked in their spectra, the spectrum of catalyst 3 exhibited the
characteristic carbon signals at 96.5 ppm for the aromatic carbon
atoms of Cp rings and that at 9.5 ppm for the methyl carbon
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atoms attached to Cp ring in CpMes moiety. These characteristic
carbon signals are absent in the spectrum of 1, demonstrating the
successful preservation of the original molecular structure since
they were similar to those of its homogeneous
(Cp*RhTsDPEN)*BF,~ (2).14 This finding revealed that catalyst 3
had the same well-defined single-site active species as its
homogeneous counterpart. Binding cationic rhodium/diamine
complex through BF4~ anion within its MSNs was also confirmed
by the solid-state *°F MAS NMR spectrum. As shown in Figure 1b,
catalyst 3 produced two groups of F resonances. One groups F
resonances are attributed to the free BF4~ anion at —123.6 ppm,’3
where the other signals (at -166.0, -144.8, -102.4, and -81.0
ppm) denoted by asterisks were its rotational sidebands
calculated by chemical shifts that often appeared in the MAS higl
speed rotation process. Another groups wide F resonance
between -142 and -156 ppm are assigned to F signals in BF,
anions interacting with Rh(IIT) centres of th:
(Cp*RhTsDPEN)*BF4~ complex via the BF4~ hydrogen bondini
proved by its homogeneous liquid-state °F NMR spectrum (se:
Sl in Fig. S4).t>7d

i a2 by gl gl (b)PF MAS NMR
== e

P 142~-156

: i R pRp we £ g
: / X\ ‘ !
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Figure 1. Solid-state CP/MAS NMR spectra of 1 and catalyst 3.
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Figure 2. Small-angle powder XRD patterns of 1 and catalyst 3.

Meanwhile, its X-ray diffraction (XRD), nitrogen adsorption—
desorption measurement, transmission electron microscopy
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ChemCatChem

(TEM), and scanning electron microscopy (SEM) further
demonstrated the ordered mesostructure of catalyst 3. As shown
in Figure 2, the small-angle XRD patterns revealed that catalyst 3
had a well-resolved peak at 26 = 0.8°-1.0°, which was similar to
its parent counterpart, indicating the ordered short-channels. %
Nitrogen adsorption—desorption isotherms (Figure 3) futher
demonstrated its mesoporous structure of catalyst 3 due to the
presence of typical type IV isotherm with an H; hysteresis loop.
Their structural parameters were listed in a Table that was an
inset in Figure 2, where the decreased mesopore size, surface
area, and pore volume of catalyst 3 relative to those of 1
indicated that the coverage of pore surface with the
(Cp*RhTsDPEN)*BF4~ complexes led to an increase of the wall
thickness. Figure 4 presented the morphologies of catalyst 3. The
SEM images revealed the monodisperse nanoparticules of
catalyst 3 with an average size of about 140 nm (Figure 4a),
whereas the TEM images further confirmed its ordered
mesostructure (Figure 4b).

700

600

500 e g

2 3 5678,7_,-M""""

4 -
4004 Pore diameter (nm‘)/'?

300

200

Quantity adsorbed (mmol¥/g)

—1
100+ —— Catalyst 3
02 0.4 0.6 0.8 10

Relative Pressure (P/P )

Figure 3. Nitrogen adsorption-desorption isotherms of 1 and catalyst 3.
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Figure 4. (a) SEM images of catalyst 3, (b) TEM images of catalyst 3.

Investigation of the factors affecting catalytic performance in
the single-step asymmetric transfer hydrogenation

Chiral N-sulfonylated diamine-based organorhodium complexes
and their cationic complexes as a type of efficient ATH catalysts
are well-documented in the asymmetric transfer hydrogenation of
a—haloketones. In the present study, we first investigated the
catalytic and enantioselective performance of catalyst 3 in the
ATH of 2-bromophenylethanone in water. Due to a typical two-
phase reaction system, this ATH reaction in water often needs
cetyltrimethylammonium bromide acting as phase-transfe-
catalyst to promote its catalytic performance in a homogeneou

catalysis.¥ Because the designed heterogeneous catalyst 3 wa

assembled through using cetyltrimethylammonium bromide as :

structure-directing template, the residual cetyltrimethylammoniur

bromide in catalyst 3 is inevitable,*® which could work as .

potential phase-transfer function to enhance its catalyti

performance. Thus, in this case, the ATH of 2

bromophenylethanone catalyzed by 3 was carried out in th

absence of cetyltrimethylammonium bromide, where the reactio

was performed through the use of the HCO;Na as a hydroge

source and 1.0% mol 3 as a catalyst in water according to th

reported method.®® |t was found that the ATH of 2

bromophenylethanone catalyzed by 3 within 1 hour gave the (R}

2-bromophenylethanol in a quantitative yield with 99% ee. Such .

yield was comparable to that attained with its homogenou

counterpart of (Cp*RhTsDPEN)*BF,~ (2) in the presence c

cetyltrimethylammonium bromide as phase-transfer catalyst, ani

markedly better than that (86% vyield) in the absence c

cetyltrimethylammonium bromide reaction system, confirming ths

benefit of the designed catalyst 3. Moreover, exceller

enantioselective performance was similar to its homogenou

counterpart of (Cp*RhTsDPEN)"BFs~ (2), suggesting that thi

(Cp*RhTsDPEN)*BF,~ active species in catalyst 3 keep it

original homogeneous catalytic environment. This behavior couls

be confirmed by a XPS investigation. As shown in Figure 5, it wa

found that catalyst 3 had the similar Rh 3d>? electron bindin

energy as the (Cp*RhTsDPEN)*BF,~ (309.10 eV versus 309.2.

eV), demonstrating its catalytic environment did not chang:

during the immobilization process.

16000
Rh 3d*2 |— (Cp*RhTSDPEN)*BF4]
14000 — Catalyst 3
g 12000 - 309.10
s
>1000O B
=
wn
& 8000 -
[}
)
C 6000 -
4000 +
2000 T T T

305 310 315 320

Electron binding energy(eV)

Figure 5. XPS spectra of the homogeneous (Cp*RhTsDPEN)*BFs~ (2) and
catalyst 3.
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In order to confirm its catalytic nature of catalyst 3 and to
compare with its neutral counterpart, one kinetic investigation in
the ATH of 2-bromophenylethanone catalyzed by catalyst 3, its
homogeneous (Cp*RhTsDPEN)*BF,~ and its neutral
Cp*RhTsDPEN were performed. As shown in Figure 6, it was
found that both catalyst 3 and its homogeneous
(Cp*RhTsDPEN)*BF4~ had a higher initial activity than its neutral
Cp*RhTsDPEN, where the initial TOFs for the ATH of 2-
bromophenylethanone in 10 minute were 360 and 330 versus 252
molmol? hl. This finding suggested that the cationic rhodium
complex as active species could lead to a highly catalytic
performance relative to that of the neutral Cp*RhTsDPEN, which
is due to the lower energy barrier of cationic rhodium complex in
the formation of Rh(lll) formate intermediate confirmed by the
proposed mechanism in the literatures.'* 4 This observation
confirmed the catalytic nature of catalyst 3 and demonstrated the
benefit of the designed heterogeneous catalyst.

1004
S
c
O 60+ 0] OH
) Catalyst H
g Ph/ler P Br
L 40
§ Cp*RhTSDPEN
201 e (Cp*RhTSDPEN)'BF,’
0- —a— Catalyst 3

0 20 20 30 40 50 60
Reaction time (minute)

Figure 6. The ATH of 2-bromophenylethanone catalysed by catalyst 3, its
homogeneous (Cp*RhTsDPEN)*BF4~and its neutral Cp*RhTsDPEN (Reactions
were carried out at 25 °C, using 1.0 mol% of catalyst and 10 equiv. of HCOONa
in 4.0 mL of water.

Catalytic properties of heterogeneous catalyst 3

On the basis of the obtained efficient asymmetric transfer
hydrogenation, we then combined the ATH of 2-
bromophenylethanone and the epoxidation of (R)-2-
bromophenylethanol into the one-pot sequential organic
transformation in water. It was found that this ATH/epoxidation
enantio-relay reaction catalyzed by 3 could still afford the
targeting products of (R)-2-phenyloxirane with 95% yield and 99%
ee (Entry 1, Table 1). It was noteworthy that this result was
markedly better than that obtained with the homogeneous mixed
DABCO and (Cp*RhTsDPEN)*BF,~ as dual catalysts, since the
latter only afforded the tiny targeting product due to the
salinization of DABCO and 2-bromophenylethanone that was
difficult to be epoxidated. This observation demonstrated the
superority of the designed catalyst 3, where the potentical site-
isolated feature of bifunctionality in heterogeneous catalyst 3
could perform an efficient sequential organic transformation.
Having established the ATH/epoxidation enantio-relay reaction
of 2-bromophenylethanone, catalyst 3 was further examined in
the ATH/epoxidation enantio-relay reactions with a series of
substituted substrates for investigation of its general applicability.

10.1002/cctc.201700436

As shown in Table 1, various 2—bromoketones could be steadily
converted into the corresponding chiral products with high yields
and enantioselectivities under the same reaction conditions. Also,
it was found that the structures and electronic properties of the
substituents at the aromatic ring group did not significantly affect
their enantioselectivities regardless of the reactions with para- or
meta- or ortho-position bromoacetophenone (Entries 2-10).
Futhermore, besides organic transfromations of 2-bromoketones,
2-chloroketones could also be converted smoothly in this
ATH/epoxidation catalysis sequence (Entries 11-14).

Table 1. The ATH/epoxidation enantio-relay reaction of 2-haloketone.2!

)?\/X Catalyst 3 /(')i/x . /QO
A;(=Br o HCOONa, Ar r
daddn H,0, 25 °C 5a-5n
Entry 5 Ar X Yield (%) Ee (9%o)
1 5a Ph Br 95 99
2 5b 4-FPh Br 93 96
3 5c 4-CIPh Br 96 95
4 5d 3-CIPh Br 92 95
5 5e 4-BrPh Br 95 95
6 5f 3-BrPh Br 93 95
7 59 4-NO2Ph Br 90 82
8 5h 4-MePh Br 96 93
9 5i 2-OMePh Br 91 92
10 5j 2-naphthy Br 97 96
11 5k Ph Cl 95 96
12 5| 4-FPh Cl 92 94
13 5m 4-CIPh Cl 95 92
14 5n 3-CIPh Cl 93 95

[a] Reaction conditions: catalyst 3 (10.05 mg, 2.0 pmol of Rh, based on |
analysis), HCO2Na (137.0 mg, 2.0 mmol), 2-haloketone (0.20 mmol), and
mL of water, reaction temperature (25 °C), reaction time (16-20 h)

[b] Determined by chiral HPLC analysis (see Sl in Figures S5, S8).

Catalyst’s stability and recyclability

As we designed another consideration in the construction of th:
heterogeneous catalyst 3, it is to expect that the heterogeneou
catalyst 3 could be easily recovered by simple centrifugation ani
the recycled catalyst 3 could keep its catalytic activity an
enantioselectivity after multiple cycles. As observed, th
heterogeneous catalyst 3 could be recovered easily through
centrifugation and reused repeatedly in the ATH/epoxidation
enantio-relay reaction of 2-bromophenylethanone. As shown in
Table 2, in seven consecutive reactions, the recycled catalyst 3
still afforded (R)-2-phenyloxirane with 93% conversion and 95%
ee (see Sl in Figure S7). The obviously decreased reactivity at
eighth recycle are attributed to the high Rh-leaching during the
recycling. An inductively coupled plasma (ICP) optical emission
spectrometer analysis disclosed that the amounts of Rh in
catalyst 3 after eighth recycle was 17.86 milligrams per gram of
catalyst, meaning 13.0 % of Rh loss. This value was obviously

4
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higher than that of the Rh-leaching after seventh recycle (19.06
milligrams per gram of catalyst and 7.1 % of Rh loss), indicating

10.1002/cctc.201700436

the high Rh-leaching at eighth recycle responsible for its low
catalytic performance.

Catalyst 3

Table 2. Reusability of catalyst 3 for the ATH/epoxidation enantio-relay reaction of 2-bromophenylethanone.[a.]

Ph)l\/Br

HCOONa, H,0, 25 °C l

[ OH (¢}
Ph/'\/Br F’h/q

Run time 1 2 3 4 5 6 7 8
% conversion 99 99 98 98 99 95 93 82
% ee 99 99 97 97 97 96 95 95

[a] Reaction conditions: Catalyst 3 (100.50 mg, 20.0 ymol of Rh, based on ICP analysis), HCO2Na (1.37 g, 2.0 mmol), 2-haloketone (2.0 mmol), and 30.0 mL
H20, reaction temperature (25 °C), reaction time (16). [b] Determined by chiral HPLC analysis.

Expansion of one-pot enantio-relay reaction

In addition to the ATH/epoxidation one-pot enantio-relay reactions
of aromatic 2-haloketone shown in Table 1, the heterogeneous
catalyst 3 could also be applied to the synthesis of chiral f-amino
alcohols through an amination/ATH enantio-relay sequence.® As
shown in Table 3 this amination/ATH enantio-relay reactions
catalysed by 3 could afford various B-amino alcohols in high
yields and enatioselectivities. Taking the amination/ATH enantio-
relay reaction of 2-bromophenylethanone and aniline as an
example, the reaction catalyzed by 3 gave (R)-1-phenyl-2-
(phenylamino)ethan-1-ol in 97% vyield with 95% ee. As expected,
the DABCO as a base in the heterogeneous catalyst 3 could
promote the first-step amination whereas chiral cationic
rhodium/diamine active species enabled an efficiently reduction
process, further confirming the bifunctional benefit of the
heterogeneous catalyst 3.

Table 3. One-pot Synthesis of Chiral B-Amino Alcohols.t

Catalyst 3
- -

)1/ i — T
Br + RoNH,
R; R1)K/NHR2 R1/'\/NHR2

HCOONa,
PrOH/H,0 (2:1), 6a-6x
25°C
Entry 6 R1 Rz Yield (%) Ee (%)P]
1 6a Ph Ph 97 95
2 6b 4-FPh Ph 98 95
3 6c 3-FPh Ph 97 95
4 6d 4-CIPh Ph 98 94
5 6e 3-BrPh Ph 97 95
6 of 4-NO2Ph Ph 94 89
7 69 2-naphthyl Ph 97 96
8 6h Ph 4-CIPh 95 97
9 6i Ph 3-CIPh 9 99
10 6j Ph 3-NO2Ph 95 97

[a] Reaction conditions: catalyst 3 (10.05 mg, 2.0 ymol of Rh, based on ICP
analysis), HCOz2Na (137.0 mg, 2.0 mmol), 2-bromoketone (0.20 mmol),
amine (0.24 mmol), and 3.0 mL of the mixed solvents (PrOH/H20, v/v = 2/1),
reaction temperature (25 °C), reaction time (3-5 h).

[b] Determined by chiral HPLC analysis (see Sl in Figures S6, S8).

Conclusion

In conclusions, by utilizing a hydrogen bonding strategy, w:
anchor conviently chiral cationic rhodium/diamine within base
functionalized mesostructured silica nanoparticles, developing
bifunctional catalyst. As demonstrated in the present study
bifuctionality of base role and chiral cationic rhodium/diamin
catalytic nature could perform cooperatively two kinds of enantic
relay reactions, leading to the corresponding chiral products witl
up to 99% enantioselectivity. This strategy described here nc
only leverages the benefits of both homogeneous ani
heterogeneous catalysis to retain its catalytic performance, bt
also exploits its sequential application of chiral 2—haloethanols
Moreover, catalyst could be recovered and reused, showin
particularly attractive in a two-step enantioselective organi
transformation.

Experimental Section

Preparation of catalyst 3

In a typical synthesis, (The first step for the synthesis of 1) 0.25
(0.17 mmol) of cetyltrimethylammonium bromide (CTAB) was adde
to an aqueous solution (120 mL) of NaOH (0.88 mL, 2.0 M) at 70 °C
After dissolution of CTAB, 1.40 g of TEOS (1.50 mL, 6.72 mmol) wa
added and the mixture was stirred for 5~10 min. After that, 0.14
(0.38 mmol) of DABCO-derived siloxane was added to the system b
dropwise, the mixture was stirred for another 5~10 min. Finally, th
mixture was stirred vigorously for two hours at 80 °C. After cooling t
room temperature, the solids were collected by centrifugation an
washed repeatedly with excess distilled water. The surfactar
template was removed by refluxing in a solution (80.0 mg c
ammonium nitrate in 120 mL of ethanol) at 60 °C for 12 h. The solid
was filtered and washed with excess water and ethanol, and dried ¢
ambient temperature under vacuum overnight to afford
DABCO@MSNSs (1) as a white powder (0.83 g). (The second step for
the synthesis of 3) The collected solids (0.50 g) was suspended in
2000 mL of dry CH2Ch, 3450 mg (0.050 mmol) of
(Cp*RhTsDPEN)*BF4™ (2) was added at room temperature and the
resulting mixture was stirred at 25 °C for 12 h. The mixture was
filtered through filter paper and then rinsed with excess CH2Cl.. After
Soxhlet extraction for 4 h in CH2Cl> to remove unreacted starting
materials, the solid was dried at ambient temperature under vacuum
overnight to afford DABCO@ (Cp*RhTsDPEN)*BFs@MSNs (3) (0.51
g) light-yellow powder. ICP analysis showed that the Rh loadings
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were 20.52 mg (0.199 mmol) per gram of catalyst. *C CP/MAS NMR
(161.9 MHz): 147.4-120.8 (C of Ph and Ar groups), 95.7 (C of Cp
ring), 71.3-64.0 (C of -NCHPh), 62.1-56.1 (C of -N"CH2— in CTAB
molecule and_C of —N*CH2— in DABCO moiety), 53.3, 44.7 (C of
N(CHz)s— in DABCO moiety), 36.3-20.8 (C of —CH2Ph, C of —CHz- in
CTAB molecule and in DABCO moiety), 20.0-14.5 (C of CHs- in
CTAB molecule and C of —CH:Si), 9.0 (C of —CHsin Cp(CHa)s) ppm.
19F MAS NMR (169.3 MHz): —=166.0 (“bulk” BF4~ species), —156~ —=142
ppm (F in BF4™ hydrogen bonded to the surface silanol group), -144.8
(“bulk” BF4~ species), —123.6 (free BF4~ species), —102.4 (“bulk” BF4~
species), and -81.0 (“bulk” BF4~ species) ppm. #Si MAS NMR (79.4
MHz): T2 (& = -60.1 ppm), T® (& = -73.4 ppm), Q? (5 = -95.6 ppm), Q°
(5 =-105.1 ppm), Q* (& = -114.3 ppm).

General procedure for
reaction of 2-haloketone

the ATH/epoxidation enantio-relay

A typical procedure was as follows: Catalyst 3 (10.05 mg, 2.0 ymol of
Rh, based on ICP analysis), HCOz2Na (137.0 mg, 2.0 mmol), 2-
haloketone (0.20 mmol), and 3.0 mL H20, reaction temperature
(25 °C), reaction time (16-20 h). During this period, the reaction was
monitored constantly by TLC. After completion of the reaction, the
catalyst was separated by centrifugation (10,000 rpm) for the
recycling experiment. The aqueous solution was extracted with ethyl
ether (3 x 3.0 mL). The combined ethyl ether extracts were washed
with brine twice and then dehydrated with Na>SQO4. After evaporation
of ethyl ether, the residue was purified by silica gel flash column
chromatography to afford the desired products. The ee values were
determined by a HPLC analysis using a UV-Vis detector and Daicel
chiralcel columns (® 0.46 x 25 cm).

General
alcohols

procedure for one-pot synthesis of chiral B-amino

A typical procedure was as follows. Catalyst 3 (10.05 mg, 2.0 pmol of
Rh, based on ICP analysis), HCOzNa (137.0 mg, 2.0 mmol), 2-
bromoketone (0.20 mmol), amine (0.24 mmol), and 3.0 mL of the
mixed solvents (PrOH/H.O = 2:1), reaction temperature (25 °C),
reaction time (3-5 h). During this period, the reaction was monitored
constantly by TLC. After completion of the reaction, the catalyst was
separated by centrifugation (10,000 rpm) for the recycling experiment.
The aqueous solution was extracted with ethyl ether (3 x 3.0 mL). The
combined ethyl ether extracts were washed with brine twice and then
dehydrated with NaSOa4. After evaporation of ethyl ether, the residue
was purified by silica gel flash column chromatography to afford the
desired products. The ee values were determined by a HPLC analysis
using a UV-Vis detector and Daicel chiralcel columns (® 0.46 x 25
cm).
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Catalyst can be recovered and recycled
for seven times without loss of its
catalytic activity, showing an attracting
feature in multi-step organic
transformations in a sustainable benign
process.
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