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ABSTRACT: Nanocrystalline zirconosilicates and titanosilicates
with MFI framework structure were hydrothermally synthesized
by the addition of organosilanes in the synthesis composition of
conventional zirconosilicate and titanosilicate materials. Materials
were characterized by a complementary combination of X-ray
diffraction, nitrogen sorption, scanning/transmission electron
microscopy (S/TEM), ammonia temperature-programmed de-
sorption (TPD), Fourier transform infrared (FT-IR) spectrosco-
py, and ultraviolet—visible (UV-vis) spectroscopic investigations.
Nanocrystalline zeolite catalysts of the present study are reusable.
They exhibit significantly higher catalytic activities in aminolysis
and alcoholysis compared with the hitherto known catalysts. A
range of A-amino alcohols/p-alkoxy alcohols with high

regioselectivity were synthesized using zirconosilicates. Applica-
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tion of these materials was also extended in the synthesis of aminoesters by the hydroamination reaction of methyl acrylates and
amines. Structure activity relationship was explained based on acidity measurements, reactivity of amines/alcohols, and

adsorption of reactants on catalysts.

KEYWORDS: nanocrystalline zeolite, zirconosilicate, titanosilicate, ring-opening of epoxide, hydroamination, f-amino alcohols,

amino acid derivatives

1. INTRODUCTION

The heterogeneous catalyst plays a very important role in bulk
chemical industries, especially in the petrochemical industry.
Fine chemicals and pharmaceuticals are conventionally
synthesized using homogeneous catalysts.” But, it can also be
synthesized using heterogeneous catalysts. Heterogeneous
catalysts can easily be separated from the reaction mixture by
simple filtration and recycled, which makes the process eco-
friendly and less expensive.” Heterogeneous catalysts can be
successively developed by tailoring the physicochemical
properties of zeolites, clays, and metal oxides.* Among these
materials, zeolites have been given more attention, because of
their acidic properties, shape selectivity, and isomorphous
substitution of transition-metal ions to incorporate redox
properties.*> However, when large reactants are involved,
many of these materials exhibit several limitations, especially in
the synthesis of fine chemicals. To overcome this problem,
initially noncrystalline mesoporous aluminosilicates were
developed.® However, their activity was found to be much
lower than the activity of crystalline microporous aluminosili-
cate in the reaction requiring strong acidity.”® Recently,
attempts were made to prepare nanocrystalline aluminosilicate
of different framework structure, which possess intercrystalline/
intracrystalline mesopores.” Nanocrystalline materials with
mesopores were prepared using soft (ionic/nonionic/neutral/
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polymeric templates) and hard templates.”® Nanocrystalline
materials with mesopores exhibited significantly high activity
than conventional microporous materials. Furthermore, nano-
crystalline materials with mesopores exhibited improved
retardation against deactivation during catalytic investigation.”
Most of these studies were based on nanocrystalline
aluminosilicates. There are few reports where transition-
metal-containing nanocrystalline materials with mesopores
were prepared and used in catalytic investigations.'® Our
research group has also contributed in this area and reported
the synthesis and applications of nanocrystalline materials with
mesopores with MFI and Beta framework structures.'' In this
study, we report the synthesis of nanocrystalline zirconosilicates
and titanosilicates with MFI framework structure. Very recently,
synthesis and applications of Fe and Ti containing nanocrystal-
line materials have been reported.'®' Synthesis of multimodal
Zr-Silicalite-1 zeolite nanocrystal and mesoporous zirconosili-
cate has also been reported recently.'?

Amines, alcohols, and amino alcohols are significantly
important synthetic intermediates.'* A variety of important
organic compounds can be obtained from these synthetic
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intermediates. Therefore, eco-friendly synthesis of amines,
alcohols, and amino alcohols are of great interest to catalysis
researchers. Several synthesis methods are known for their
synthesis. Ring-opening of epoxides with amines/alcohols leads
to the formation of amino alcohols/alkoxy alcohols. Epoxides
are the three-membered heterocyclic ring, which are more
reactive than ethers due to ring strain. Nucleophiles attack the
electrophilic C of the C—O bond causing it to break and
thereby resulting in ring-opening. It is susceptible to attack by a
range of nucleophiles, including nitrogen (e.g, ammonia,
amines, azides), oxygen (e.g,, water, alcohols, phenols, acids),
and sulfur (thiol)-containing compounds, leading to bifunc-
tional molecules of great industrial value. For example, $-amino
alcohols are used in the synthesis of f-blockers, insecticidal
agents, and oxazolines.'* f-alkoxy alcohols are obtained by the
ring-opening reaction of epoxides with alcohols. p-alkoxy
alcohols are used as intermediates for the synthesis of several
pharmaceutical compounds such as antitumorals or immune-
suppressives.'> Hydroamination is one of the well-known atom
economical method to produce substituted amines.'> Hydro-
amination is the addition of an N—H bond of an amine across
C=C or C=C bonds of an alkene or alkyne.'"® Hydro-
amination of activated olefin with amine is a simple approach to
synthesize amino acid derivatives."”

Ring-opening of epoxides and hydroamination reactions are
catalyzed by acid or base catalysts. Several homogeneous acid
catalysts such as metal halides, metal triflates, ionic liquids, and
sulfamic acid have been reported to catalyze these trans-
formations.'"® However, many of these methods suffer from
several disadvantages such as poor regioselectivity, long
reaction time, high temperature, use of stoichiometric amount
of catalyst, and the use of expensive reagents or catalysts.
Hence, there is need to develop more efficient and reusable
solid acid catalysts that are active at low temperatures and avoid
the use of solvent. Solid acid catalysts such as zeolites and
amorphous mesoporous materials have been reported.'” Very
recently, amorphous mesoporous titanosilicates and micro-
porous TS-1 have been reported for the ring-opening of
epoxides.”® Efforts were also made to prepare nanocrystalline
titanosilicates and demonstrated their applications in the
epoxidation and hydroxylation reactions.'>*“

In this manuscript, nanocrystalline zirconosilicates and
titanosilicates were synthesized and their application in the
ring-opening of epoxide with amines and alcohols (Scheme 1a)
were investigated. Application of these materials was also
extended in the hydroamination of methyl acrylate with amines
(Scheme 1b). For comparative studies, microporous zircono-
silicate and titanosilicate were also prepared. To the best of our
knowledge, this is the first report that involves the exceptionally
high catalytic activity of nanocrystalline zirconosilicate
compared with the hitherto known catalysts in the ring-
opening of epoxides with amines/alcohols.

2. EXPERIMENTAL SECTION

2.1. Material Preparation. In this study, nanocrystalline ZSM-5
materials were synthesized in the presence of a small amount (7% or
10%, with respect to the silica source) of additive such as propyl
triethoxy silane (hereafter referred a PrTES) or [(C,H;0),SiC;H¢N-
(CH,;),C4H,;Cl] (hereafter referred as TPHAC) in order to disfavor
microcrystalline (bulk) zeolite formation.

Ti containing nanocrystalline ZSM-5 materials were prepared by
following the molar composition of 0.9 TEOS/0.1 PrTES or
0.ITPHAC/x TBOT/0.3 TPAOH/30 H,O, whereas Zr-containing
nanocrystalline ZSM-S materials were prepared by following the molar
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Scheme 1. (a) Ring-Opening of Epoxide with Amines/
Alcohols and (b) Hydroamination Reaction of Methyl

Acrylate with Amines
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composition of 0.93 TEOS/0.07 PrTES or 0.07 TPHAC/x ZrIPO/
0.35 TPAOH/40 H,O. Ti/Zr-containing nanocrystalline ZSM-5
prepared with PrTES is represented as Ti/Zr-Nano(PrTES)-ZSM-S
(y), whereas Ti/Zr-containing nanocrystalline ZSM-S prepared with
TPHAC is represented as Ti/Zr-Nano(TPHAC)-ZSM-$ (y), where y
represents the Si/M ratio. Detailed synthesis of nanocrystalline
titanosilicate/zirconosilicates is provided in the Supporting Informa-
tion.

Conventional Ti-ZSM-5 (50), Zr-ZSM-S (50), and Al-ZSM-5 (50)
were synthesized using the similar procedure that was adopted for the
preparation of nanocrystalline ZSM-S materials, but in the absence of
PrTES/TPHAC.

2.2. Material Characterization and Procedure for Catalytic
Reactions. Description about material characterization techniques
used in this study, procedure for various liquid phase catalytic reactions
reported in this study, and details about average turnover frequency
(TOF) are provided in the Supporting Information.

3. RESULTS AND DISCUSSION

3.1. Catalyst Characterization. Powder X-ray diffraction
(XRD) patterns of nanocrystalline ZSM-S samples and
conventional ZSM-5 samples were found to be identical and
showed the characteristic peaks of crystalline MFI structure
(see Figures Sla and S1b in the Supporting Information). After
careful examination of the XRD patterns, a shift of peaks
toward lower 26 values was observed for Zr/Ti-incorporated
ZSM-S materials (see Figures Slc and S1d in the Supporting
Information). This shift is attributable to the substitutions of Si
by larger metal ions (Shannon radii:*' 0.73 A for Zr*, 0.56 A
for Ti*", and 0.40 A for Si*'), which results in an increase of
their cell volume (see Table S1 in the Supporting Information).
The N,-adsoption investigations (see details in the Supporting
Information) reveal that the external surface area and pore
volume of nanocrystalline ZSM-S materials are much larger
than that of conventional ZSM-S materials (Table 1).
Nanocrystalline ZSM-5 was obtained by the addition of
PrTES/TPHAC in the synthesis composition of conventional
ZSM-S. PrTES/TPHAC contains only three hydrolyzable
moieties with one hydrophobic alkyl group that is unfavorable
for the formation of extended tetrahedral SiO, linkages.
Consequently, the zeolite growth is significantly retarded at
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Table 1. Textural Properties of ZSM-5 Samples Synthesized in This Work

Si/M*
material input output
ALZSM-5 (50) 50 524
Zr-ZSM-5 (50) 50 61.5
Zr-Nano(PrTES)-ZSM-5 (50) 50 57.8
Zr- Nano(TPHAC)-ZSM-$ (50) 50 583
Ti-ZSM-5 (50) 50 $8.6
Ti- Nano(PrTES)-ZSM-S (50) 50 59.1
Ti-Nano(TPHAC)-ZSM-$ (50) 50 576
Zr-Nano(PrTES)-ZSM-S (50) (recycled catalyst) 50 585

SBETb (m?/ g)

Ext. SA (m?/g) Vot (mL/g) total acidity® (mmol/g)

332 71 0.26 1.34
463 130 0.27 0.77
565 260 0.55 0.83
594 296 0.56 0.85
425 110 0.26 0.60
603 252 0.60 0.57
621 280 0.62 0.59
542 256 0.51 0.85

“Obtained by ICP analysis. bSyer calculated from the adsorption data obtained in the region of 0.05 < P/P,; < 0.3. “Obtained by NH; TPD analysis.
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Figure 1. (a) HRTEM image, (b) HAADF images (and, in inset, the EDX spectra from a region marked as “area 1”), and (c) EDX line profile for a
line shown in panel (b) of Zr-Nano(PrTES)-ZSM-5 (50). EFTEM images of the sample showing (d) unfiltered image, (e) relative thickness map, (f)

chemical map of Si (pink), and (g) chemical map of Zr (green).

the organic and inorganic interfaces, resulting in the formation
of nanocrystalline zeolites. Mesopores in nanocrystalline ZSM-
S are formed due to the crystal packing of these nanosized
zeolite particles.

SEM investigation was made to confirm the morphology of
various materials investigated in this study (see details in the
Supporting Information). To obtain further in-depth informa-
tion, TEM investigation was made for some selected samples.
The TEM image of Zr-Nano(PrTES)-ZSM-S (50) confirmed
the irregular aggregated nanoparticle morphology with a
particle size of 10—20 nm (see Figures la and 1b). Atomic
contents in these Zr-Nano(PrTES)-ZSM-5 (50) samples were
obtained using energy-dispersive X-ray spectroscopy (EDX),
which confirms the presence of O, Si, and Zr atoms (inset of
Figure 1b). It may be noted that Cu and C signals observed in
the EDX mapping are due to the carbon-coated copper grid
used in the analysis. Figure 1c shows the atomic content across
the line shown in Figure 1b. For a detailed distribution of
atomic contents inside the nanocrystals, elemental mapping of
Si and Zr was performed using energy-filtered transmission
electron microscopy (EFTEM) imaging (see Figures ld—g).
Energy-filtered images were acquired using a contrast aperture
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to reduce chromatic aberrations. Chemical maps from Zr M
(180 eV) and Si L (99 eV) edges were obtained using jump-
ratio method by acquiring two images (one post-edge and one
pre-edge), respectively, to extract the background, with an
energy slit of 20 eV for Zr, and 10 eV for Si.

The TEM image of Zr-Nano(TPHAC)-ZSM-5 (50)
confirmed the aggregated compressed globular/capsule-like
morphology with a particle size of 400 nm (Figure 2a). To
investigate the chemical composition of the dots and
surrounding matrix, we performed high-angle annular dark-
field (HAADF) analysis (Figure 2b). It provides the Z-contrast
image, where the intensity of scattered electrons is proportional
to the square of the atomic number Z. EDX spectrum from a
region marked by area 1 in Figure 2b confirms the presence of
O, Zr, and Si atoms (Figure 2c). Comparison of concentrations
across the structure was made by EDX line profile. The
representative EDX line profile across the line shown in Figure
2b shows the elemental distribution of Si, O, and Zr (Figure
2d).

TEM image of Ti-Nano(PrTES)-ZSM-S (50) shows the
spherical/globular morphology with a particle size of 400—500
nm (Figure 3a), which are built with small zeolite nanocrystals

dx.doi.org/10.1021/cs400732f | ACS Catal. 2013, 3, 2891-2904
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Figure 2. (a) TEM image, (b) HAADF image, (c) EDX spectra of the area highlighted in panel (b), and (d) EDX line profile of the line shown in

panel (b) for Zr-Nano(TPHAC)-ZSM-S (50).

of 10—20 nm (Figure 3b). To investigate the chemical
composition of the dots and surrounding matrix, we also
performed HAADF analysis in this case (Figure 3c). The EDX
spectrum confirms the presence of O, Ti, and Si atoms (figure
not shown). Comparison of atomic concentrations across the
structure was made by EDX line profile. Figure 3d shows
atomic distribution of Si, O, and Ti across the line shown in
Figure 3c. For a detailed distribution of Si, O, and Ti, we
performed the elemental mapping using EFTEM imaging as
illustrated in Figure 3e—h. Energy-filtered images were acquired
using a contrast aperture to reduce chromatic aberrations.
Chemical maps from Ti M (35 eV) and Si L (99 eV) edges
were again obtained using jump-ratio method by acquiring two
images (one post-edge and one pre-edge), respectively, to
extract the background, with an energy slit of 4 eV for Ti, and
10 eV for Si.

UV—vis and Fourier transform infrared (FT-IR) spectro-
scopic investigations were made to confirm the incorporation of
Ti/Zr in the framework (see details in the Supporting
Information).

3.2. Catalytic Activity. 3.2.1. Aminolysis and Alcholysis
Reactions. The activity of nanocrystalline ZSM-S materials was
investigated in the ring-opening reaction of epoxide with
amines and alcohols to form f-amino alcohols and S-alkoxy
alcohols, respectively. To optimize the reaction condition for
the ring-opening of epoxide with amines, styrene oxide and
aniline were chosen as representative epoxide and amine,
respectively. Ring-opening of styrene oxide with aniline leads to
the formation of two isomerized products A and B (Scheme
1a). Under our reaction conditions, no product was obtained in
the absence of catalyst (Table 2). The nature and type of
catalyst influenced the epoxide conversion and product A
selectivity. If acidity of catalysts is taken into the consideration,
then activity of AI-ZSM-5 (50) should be much higher than
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that of Zr-ZSM-S (50)/Ti-ZSM-5 (50). However, ranking of
the activity in the case of conventional ZSM-5 materials
investigated in this study is found to be

Zr-ZSM-5 (50) > Ti-ZSM-S (50) > Al-ZSM-5 (50)

which confirmed that Zr incorporation in the framework is
ideally suited for the ring-opening of epoxide. Nanocrystalline
ZSM-S materials exhibited higher catalytic activity than that of
conventional ZSM-5 materials. Among the nanocrystalline
ZSM-5 materials investigated in this study, Zr-containing
nanocrystalline ZSM-S exhibited the highest catalytic activity.
The low activities of conventional ZSM-5 materials are due to
their microporous structure. High activities of nanocrystalline
ZSM-S materials can be correlated with their high surface area
and intercrystalline mesopores. Large external surface area and
mesopores are two important factors that enable better
accessibility of the reactant molecules to the active sites and
facile diffusion of product molecules through mesopores. Only
a marginal increase in the activity of Zr-Nano(PrTES)-ZSM-S
(50) was observed, when compared to Zr-Nano(TPHAC)-
ZSM-S (50). This marginal increase in the catalytic activity of
Zr-Nano(PrTES)-ZSM-5 (50) can be correlated to the
enhanced accessibility of reactant molecules to the Zr active
sites. Based on the catalytic activity, one can conclude that the
diffusion of reactants/products is more facile in Zr-Nano-
(PrTES)-ZSM-5 (50), when compared to Zr-Nano(TPHAC)-
ZSM-5 (50).

Influence of reaction parameters such as role of solvent,
reaction temperature, amount of catalyst, and Si/Zr ratio was
investigated. Reaction parameters were optimized by taking Zr-
Nano(PrTES)-ZSM-5 (50) as a catalyst and styrene oxide and
aniline as model substrates. Catalytic activity of Zr-Nano-
(PrTES)-ZSM-S (50) was found to be higher when reaction
was performed in the absence of solvent. Decrease in the

dx.doi.org/10.1021/cs400732f | ACS Catal. 2013, 3, 2891-2904
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Figure 3. (a and b) TEM image, (c) HAADF image, and (d) EDX line profile of the line shown in panel (c) for Ti-Nano(PrTES)-ZSM-5 (50).
EFTEM images of the sample showing (e) unfiltered image, (f) relative thickness map, (g) chemical map of Si (red), and (h) chemical map of Ti

(green).

Table 2. Aminolysis of Styrene Oxide with Aniline over Various Zeolite Catalysts”

entry catalyst
1 none 0
2 Al-ZSM-5 (50) trace
3 Ti-ZSM-5 (50) 1
4 Zr-ZSM-5 (50) 26
S Ti-Nano(PrTES)-ZSM-S (50) 8
6 Ti-Nano(TPHAC)-ZSM-5 (50) 8
7 Zr-Nano(PrTES)-ZSM-5 (30) 93
8 Zr-Nano(PrTES)-ZSM-S (50) 83
9 Zr-Nano(PrTES)-ZSM-5 (100) 62
10 Zr-Nano(TPHAC)-ZSM-5 (50) 79

styrene oxide conversion (%)

product (A/B) selectivity” (%) average TOF (h™")

trace
90/10 84
96/4 2340
92/8 695
91/9 677
95/5 5490
96/4 7040
95/5 9821
94/6 6790

“Reaction conditions: catalyst (25 mg), styrene oxide (S mmol), aniline (S mmol), reaction temperature (318 K), reaction time (5 min). b[A] = 2-
phenyl-2-(phenylamino )ethanol. [B] = 1-phenyl-2-(phenylamino)ethanol. “Average TOF (h™") = turnover frequency [moles of epoxide converted

per mole of active metal (Ti/Zr/Al) per hour].

catalytic activity was observed, when reactions were performed
in a solvent medium (see Table S2 in the Supporting
Information). Catalytic activity was highly suppressed, when
reaction was performed in polar aprotic solvent than nonpolar
solvents. This activity difference can be correlated with
adsorption of solvent molecule on the catalytic active sites.
Epoxide adsorption and activation on active site are key factors
for the ring-opening reaction. When no solvent is used, only
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reactants molecules are accessible to the active site and high
catalytic activity is achieved. Solvent molecules, especially polar
solvent molecules can block the active sites due to the
competitive adsorption of reactant and solvent molecules. This
competitive adsorption creates hindrance for the reactant
molecules to reach active sites; therefore, in the presence of
solvent, catalytic activity decreased. Influence of temperature on
conversion and product selectivity in the aminolysis of styrene

dx.doi.org/10.1021/cs400732f | ACS Catal. 2013, 3, 2891-2904
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between catalytic activity and pK, of amines in the ring-opening reaction of styrene oxide (5 mmol) with aniline (S mmol) over Zr-Nano(PrTES)-

ZSM-$ (50).

oxide was investigated using Zr-Nano(PrTES)-ZSM-5 (50)
(Figure 4a). As the temperature increased from 303 K to 348 K,
the conversion of styrene oxide increased from 61 mol % to 100
mol % (average TOF values of 4476—7337 h7'). It is
interesting to note that, unlike the conventional process, the
ring opening of styrene oxide occurs even under ambient
conditions (303 K) with high yields and selectivity for product
A. The amount of catalyst also influences the conversion of
styrene oxide. As the catalyst amount increased, the epoxide
conversion also increased (Figure 4b). When the average TOF
was taken into account, for 5 mmol of styrene oxide, 25 mg of
catalyst exhibited a better result than that of 50 mg of catalyst.
Si/Zr molar ratio also influenced the styrene oxide conversion.
Zr-Nano(PrTES)-ZSM-S prepared with high Si/Zr exhibited
higher activity (compare average TOFs of entries 7—9 in Table
2). This result confirmed that all Zr sites present in the catalyst
(prepared with high Si/Zr) are involved in the reaction.
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The catalyst was found to be stable and recyclable. Recycling
experiments were conducted to establish the stability of the
catalyst (Figure 4c). For the recycling study, at the end of
reaction, S mL of dichloromethane was added and the catalyst
was separated by centrifugation. Thereafter, it was washed with
another S mL of dichloromethane, dried at 373 K for 4 h, and
reused in subsequent cycles. Recycling experiments confirm
that no significant change in the activity was observed, even
after S recycles. ICP analysis confirmed that Zr was not leached
during the reaction. Textural characterizations using XRD and
surface area analysis confirmed that the catalyst is stable.

Having found the optimized reaction condition, applicability
of Zr-Nano(PrTES)-ZSM-S (50) was investigated in the
synthesis of wide range of f-amino alcohols by varying the
epoxides and amines. A range of f-amino alcohols was
produced with high regioselectivity from styrene oxide and
different amines (see Table 3). Compared to the substituted

dx.doi.org/10.1021/cs400732f | ACS Catal. 2013, 3, 2891-2904
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Table 3. Aminolysis of Epoxides and Amines over Zr-Nano(PrTES)-ZSM-5 (50)

E Epoxide f-amino Average
N(; Epoxide Amine f-amino alcohol Conv. alcohol TOF
) (%) Sel. (%) ()
H
"L C
1 Styrene oxide Aniline 83 96 7040
A
HO \@
B Shzeneogile oo 56 97 4196
aniline
N
pqol
3 Styrene oxide p-Toluidine 74 98 6277
N
] HO \©\
4 Sigrencoxide ~ £;Ano oH 33 97 2802
phenol
N
HO O
5  Styreneoxide ~ PBrome B 46 97 3905
aniline
N
HO \©\
6 Styeneoxifle P ouHo NOz o7 96 2289
aniline
N
HO “Bu
7  Styrene oxide Butyl amine 5 14 424
N
HO
8  Epichlorohydrine  Aniline o 98 98 8309
N
HO
9  Propylene oxide  Aniline /\r O 47 94 3988

Reaction conditions: Zr-Nano(PrTES)-ZSM-5 (50) (25 mg), epoxide (5 mmol), amine (5 mmol),
reaction temperature (318 K), reaction time (5 min).
Average TOF (h™") = Turnover frequency [moles of epoxide converted per mole of active Zr per

hour]

anilines, aniline produced high yield of the desired product A.
This result confirmed that reactivity of amines also influences
the styrene oxide conversion. The product yield was lower
when aliphatic primary amine such as cyclohexyl amine was
used instead of aniline. Very high epoxide conversion (99 mol
%) and selectivity of product A (98 mol %) were obtained,
when epichlorohydrin (instead of styrene oxide) was reacted
with aniline (Table 3, entry 1). The reactivity (% conversion or
average TOF) decreased in the following order:

epichlorohydrin > styrene oxide > propene oxide

(see Table 3). Trends in the catalytic activity can be explained
based on pK, and adsorption of reactant molecules. In most of
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the amine substrates, there is good correlation between pK, of
amine with average TOF (Figure 4d). The rate of the reaction
decreased (decrease in average TOF), when the basicity (pK,)
of the amine increased. For a catalyst to exhibit high catalytic
activity, there should be an optimum bonding between the
catalyst active sites and reactant molecules. If reactants
adsorbed strongly on the active sites, then it will not be
further available for the reaction; therefore, the catalytic activity
will also decrease. Zirconosilicate/titanosilicate is an acid
catalyst; therefore, it can interact with amine (base molecule).
If amine is strongly bonded with the Zr/Ti acid sites, then the
amine adsorbed sites will not be available to activate epoxide for
the ring-opening reaction. As a result, the activity would be

dx.doi.org/10.1021/cs400732f | ACS Catal. 2013, 3, 2891-2904
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Table 4. Competitive Adsorption of Epoxides

Amount Adsorbed
(mmol/g catalyst)

adsorbent epoxide aniline
styrene oxide” + aniline 0.16 0.14
epichlorohydrin® + aniline 0.16 0.12
propylene oxide” + aniline 0.02 0.08

relative adsorption ratio: epoxide/aniline

and Aniline at Zr-Nano(PrTES)-ZSM-5 (50)

epoxide conversion (%)¢ average TOF (h_l)d

1.14 38 3223
133 S1 4324
0.25 16 1358

?100 mg of Zr-Nano(PrTES)-ZSM-S (50) was suspended for S min in equimolar amounts (2 mmol) of epoxide and aniline dissolved in S mL of
solvent (DCM). The catalyst, then, was separated and the concentration of the substrate in the liquid portion was determined by gas
chromatography. The amount adsorbed on the catalyst surface was determined by difference. 100 mg of Zr-Nano(PrTES)-ZSM-S (50) was
suspended for 5 min in equimolar amounts (2 mmol) of epoxide and aniline dissolved in 5 mL of solvent (toluene). The catalyst, then, was separated
and the concentration of the substrate in the liquid portion was determined by gas chromatography. The amount adsorbed on the catalyst surface
was determined by difference. “Epoxide conversions and average TOF at 298 K after 5 min of the reaction. dAverage TOF (h™') = turnover
frequency [moles of epoxide converted per mole of active Zr per hour].

Table 5. Comparative Catalytic Activity Data for the Aminolysis of Styrene Oxide with Aniline over Various Catalysts Reported
in the Literature with the Catalysts Investigated in This Study

entry catalyst
1 ZnCl,
2 MnCl,-4H,0
3 sulfated mesoporous carbon (CMNS)
4 anhydrous AICl;
s TiO,
6 TS-1 (30)
7 Ti-MCM-41 (30)
8 Ti-SBA-15 (30)
9 Ti-SBA-12 (30)
10 Ti-SBA-16 (30)
11 Ti-Nano(PrTES)-ZSM-5 (50)
12 Ti-Nano(TPHAC)-ZSM-5 (50)
13 Zr-ZSM-5 (50)
14 Zr-Nano(PrTES)-ZSM-5 (50)
14 Zr-Nano(PrTES)-ZSM-5 (100)

temperature/time average TOF® (h™") ref
308 K/6 h 7 20b
308 K/6 h 6 20b
353 K/24 h <1 22
308 K/6 h 7 20b
308 K/6 h 1 20b
308 K/6 h 52 20b
308 K/6 h 121 20b
308 K/6 h 109 20b
308 K/6 h 147 20b
308 K/6 h 156 20b
308 K/S min 332 this work
308 K/5 min 311 this work
308 K/S min 1517 this work
308 K/5 min 5767 this work
308 K/S min 6481 this work

“Average TOF (h™') = turnover frequency [moles of epoxide converted per mole of active metal (Ti/Zr/Al) per hour].

lesser for strongly adsorbed amines such as cyclohexyl amine
compared to aniline. We can conclude that preferential
adsorption of epoxide over amine is an important factor for
the ring-opening reaction. First epoxides are preferentially
adsorbed and activated at acid sites and then this activated
epoxide molecules react with amines (either adsorbed on
surface or available in bulk reaction solution). To confirm our
hypothesis, competitive adsorption experiments were per-
formed in which the catalyst (100 mg) was suspended in
equimolar (2 mmol) amounts of epoxide (styrene oxide,
epichlorohydrin, or propylene oxide) and aniline dissolved in S
mL of CH,Cl, (Table 4). The adsorption of both epoxide and
aniline were estimated and compared with the relative
adsorption of various epoxides and aniline with catalytic
activity (average TOF). Table 4 clearly shows that, for higher
epoxide/amine adsorption ratios, higher average TOF values
were obtained. Based on the adsorption experiments, pK,
values, and catalytic investigations, one can conclude that the
activity is highly dependent on the preferential adsorption of
epoxide and pK, of amines. In addition to GC analysis, the
progress of the reaction was monitored by 'H NMR for
aminolysis of styrene oxide with aniline (see details in the
Supporting Information). A comparative catalytic data for the
aminolysis reaction obtained in this study is presented, along
with the published literature (Table S), which confirms that
nanocrystalline zirconosilicate investigated in this study is much
more efficient than the catalysts reported in the literature.
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The scope of the ring opening of epoxide was extended to
the alcoholysis of epoxide for the synthesis of -alkoxy alcohols.
In principle, alcoholysis of styrene oxide should produce two
products: C and D (see Scheme 1la). However, under our
experimental conditions, we did not observe product D;
instead, we observed another side product (E), ie, phenyl
acetaldehyde. The influence of reaction parameters such as
reaction temperature (Figure Sb), amount of catalyst, Si/Zr
ratio, and epoxide/alcohol ratio (Figure Sa) was investigated
and the results are summarized in Table 6 and Figure S. Study
reveals that high catalytic activity was observed when epoxide/
alcohol ratio was 1:30. With further increases in epoxide/
alcohol ratio, only marginal improvement was observed (Figure
5a). Therefore, epoxide/alcohol ratio of 1:30 was chosen for
further studies. In this manuscript, only comparative catalytic
activities of alcoholysis of styrene oxide with methanol are
summarized over various catalysts investigated in this study
(see Table 6). Catalyst was found to be recyclable and no
change in the activity was observed even after S recycles (Figure
5c). Similar to aminolysis reaction, in this reaction also,
nanocrystalline zirconosilicate exhibited higher activity. Inves-
tigation revealed that the highest catalytic activity was observed,
when methanol was chosen as alcohol. Progressive decrease in
the activity was observed when chain length of the alcohol was
increased (Table 7). This decrease in the catalytic activity can
be correlated with the increase in the pK, values of alcohols
(Figure Sd). It may be noted that, in addition to the main

dx.doi.org/10.1021/cs400732f | ACS Catal. 2013, 3, 2891-2904
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Table 6. Alcoholysis of Styrene Oxide with Methanol over Various Zeolite Catalysts®

entry

1

NeRECCIIEN B N

10

catalyst styrene oxide conversion (%)
none 0
AL-ZSM-5 (50) 16
Ti-ZSM-5 (30) 9
Zr-ZSM-5 (50) 27
Ti-Nano(PrTES)-ZSM-5 (50) 20
Ti-Nano(TPHAC)-ZSM-5 (50) 21
Zr-Nano(PrTES)-ZSM-5 (30) 89
Zr-Nano(PrTES)-ZSM-5 (50) 83
Zr-Nano(PrTES)-ZSM-5 (100) 65
Zr-Nano(TPHAC)-ZSM-5 (50) 75

product (C/E) selectivityb (%)

35/65
30/70
71/29
58/42
52/48
86/14
87/13
86/14
85/15

average TOF (h™")

27
17
54
39
S8
117
157
229
142

“Reaction conditions: catalyst (25 mg), styrene oxide (1 mmol), methanol (30 mmol), reaction temperature (323 K), reaction time (45 min.). Ic)

= 2-methoxy-2-phenylethanol. [E] = phenyl acetaldehyde. “Average TOF (h™') = turnover frequency [moles of epoxide converted per mole of active
metal (Ti/Zr/Al) per hour]
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Table 7. Alcoholysis of Styrene Oxide with Alcohols over Zr-Nano(PrTES)-ZSM-5 (50)

Entry  Nucleophile p-Alkoxy
No. alcohol

HO O‘CHa
1 Methanol

HO O‘CZH5
2 Ethanol

HO OcHy
3 1-Propanol

HO LA
4 1-Butanol
5 Cyclohexanol

H050

Styrene oxide B-Alkoxy Average
Conv. (%) alcohol Sel. (%) TOF (h‘l)
83 87 157
80 85 151
74 84 140
71 84 134
60 80 113

Reaction conditions: Zr-Nano(PrTES)-ZSM-5 (50) (25 mg), styrene oxide (1 mmol), alcohol (30
mmol), reaction temperature (323 K), reaction time (45 min.)
Average TOF (h’]) = Turnover frequency [moles of epoxide converted per mole of active Zr per

hour]

Table 8. Hydroamination of Methyl Acrylate with Aniline over Different Zeolite Catalysts®

entry catalyst

1 none

2 ALZSM-5 (50) s
3 Ti-ZSM-5 (30) 29
4 Zr-ZSM-5 (50) 42
5 Ti-Nano(PrTES)-ZSM-5 (50) 44
6 Ti-Nano(TPHAC)-ZSM-5 (50) 44
7 Zr-Nano(PrTES)-ZSM-S (30) 99
8 Zr- Nano(PrTES)-ZSM-5 (50) 95
9 Zr- Nano(PrTES)-ZSM-S (100) 72
10 Zr- Nano(TPHAC)-ZSM-5 (30) 94

aniline conversion (%)

product [F] selectivityb (%) average TOF€ (h™')

99 0.5
98 6

97 10
97 10
96 10
98 15
97 22
97 29
97 22

“Reaction conditions: catalyst (25 mg), methyl acrylate (2.1 mmol), aniline (2 mmol), reaction temperature (353 K), reaction time (12 h). bProduct
[F] = N-[2-(methoxycarbonyl) ethyl]aniline. “Average TOF (h™') = turnover frequency [moles of epoxide converted per mole of active metal (Ti/

Zr/Al) per hour].

product, one side product was also observed during the
alcoholysis reaction of styrene oxide. Zr incorporation favors
the formation of the main product. More amount of side
product was formed in microcrystalline ZSM-5 when compared
to nanocrystalline ZSM-5S materials. High external surface area
and intercrystalline mesopores both enhance the accessibility of
reactant molecules and, therefore, the formation of side product
is reduced. The mechanism (described by Scheme S1 in the
Supporting Information) shows that the side product is formed
directly from styrene oxide, which confirms that microporous
zeolites can interact only to styrene oxide due to preferential
adsorption of styrene oxide and pore diffusion limitation. To
confirm this hypothesis, two experiments were carried out. First
experiment was based on the competitive adsorption of styrene
oxide and methanol on Al-ZSM-5 (50) and Zr-Nano(PrTES)-
ZSM-S (50) (see Table S3 in the Supporting Information).
Second experiment was to evaluate the catalytic activity of Al-

2900

ZSM-5 (50) and Zr-Nano(PrTES)-ZSM-5 (50) by taking
styrene oxide as only reactant molecule (see Table S4 in the
Supporting Information). Competitive adsorption experiment
reveals that styrene oxide adsorption was more compared to
methanol in both the catalysts, especially in Al-ZSM-S (50),
which is responsible for the formation of more side product.
The second experiment reveals that side product is formed in
higher amounts when no methanol was added in the reaction
mixture. In addition to the side product, 1-phenylethane-1,2-
diol was also formed. To confirm the origin of 1-phenylethane-
1,2-diol, one additional experiment was performed, wherein
styrene oxide was reacted with H,O using Zr-Nano(PrTES)-
ZSM-5 (50), which leads to the formation of product E and 1-
phenylethane-1,2-diol. In addition to GC analysis, the progress
of the reaction was monitor by 'H NMR for alcoholysis of
styrene oxide with methanol (see details in the Supporting
Information).

dx.doi.org/10.1021/cs400732f | ACS Catal. 2013, 3, 2891-2904
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3.2.2. Hydroamination Reaction. Activity of nanocrystalline
ZSM-5 materials was investigated in the hydroamination of
methyl acrylate with aniline. Zeolites catalyzed the reaction to
give mainly anti-Markovnikov adduct, N-[2-(methoxycarbonyl)
ethyl]aniline (F), and no Markovnikov adduct: N-[1-(methox-
ycarbonyl) ethyl]aniline was detected. In addition to main
product (F); N,N’-bis[2-(methoxycarbonyl)ethyl]aniline (G)
was detected as a side product. The side product G was formed
by the double addition of methyl acrylate to aniline (Scheme
1b). Table 8 summarizes the catalytic activities for the
hydroamination of methyl acrylate with aniline over zeolite
catalysts investigated in this study. The order of the activity in
the case of conventional microporous ZSM-S materials
investigated in this study is

Zr-ZSM-§ > Ti-ZSM-5 > Al-ZSM-5

which confirmed that Zr incorporation in the framework also is
ideally suited for the hydroamination reaction. Activity of
nanocrystalline zirconosilicate exhibited the highest activity. 'H
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NMR spectra of pure product F and reaction mixture (for the
reaction of methyl acrylate and aniline) are shown in Figure S8
in the Supporting Information.

Influence of reaction parameters were optimized using Zr-
Nano(PrTES)-ZSM-S (50). Figure 6a shows the influence of
reaction temperature on catalytic activity and the selectivity of
product F over Zr-Nano(PrTES)-ZSM-5 (50). The activity was
strongly affected by the increase of the temperature, and the
conversion of aniline almost linearly increased with the
temperature up to 353 K. It may further be noted that a
marginal increase in the side product selectivity was observed
upon increasing the reaction temperature. Effect of the catalyst
amount on the hydroamination of methyl acrylate with aniline
over Zr-Nano(PrTES)-ZSM-S (50) is shown in Figure 6b. It
seems that 25 mg of the catalyst for 2 mmol of aniline is an
optimal amount to achieve the higher activity. Increasing the
amount of the catalyst up to 50 mg resulted only in marginal
increase in the product yield. Si/Zr molar ratio influenced the
aniline conversion. Zr-Nano(PrTES)-ZSM-S samples prepared

dx.doi.org/10.1021/cs400732f | ACS Catal. 2013, 3, 2891-2904
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Table 9. Hydroamination of Methyl Acrylate with Amines over Zr-Nano(PrTES)-ZSM-5 (50)

Entry Amine Product Time Amine Product Average
No. () Conv. (%) Sel (%) TOF (h")
H
1 Aniline N O 12 99 97 2
(0]
|
2 N-methylaniline N\/\I(OCHs 12 77 99 17
O
H
N\/\H,OCH3
3 p-Toluidine /©/ o] 12 95 99 21
H
N\/\WOCH3
4 4-Bromo aniline Br/©/ o] 12 73 98 16
. H
5 Benzyl amine @\/“\/YOCHS 0.5 83 99 468
0
Pr
1
6 dipropylamine F,r/N\/\n/OCHa 0.5 62 100 350
O
H
7 Cyclohexylamine O/N\/\H/OCH3 0.5 94 100 527
O

Reaction conditions: Zr-Nano(PrTES)-ZSM-5 (50) (25mg), methyl acrylate (2.1mmol), amine (2

mmol), reaction temperature (353 K).

Average TOF (h™") = Turnover frequency [moles of epoxide converted per mole of active Zr per

hour]

with high Si/Zr exhibited higher activity (Compare average
TOFs of entries 7—9 in Table 8.) Recycling experiments
confirmed that no significant change in the activity was
observed even after S recycles (Figure 6c). ICP analysis
confirmed that Zr was not leached during the reaction. Textural
characterizations using XRD and surface area analysis
confirmed that the catalyst is stable.

In contrast to aminolysis, activation of amine is an important
step in hydroamination reaction (see Scheme S2 in the
Supporting Information). The amine is activated on the acidic
sites in the first step, aniline is adsorbed to the acid site of
zeolite (X) to form ammonium cation (Y) by acid base
interaction, followed by Michael addition of methyl acrylate to
give the monoalanine ammonium intermediate (Z). The
intermediate (Z), then, releases the anti-Markovnikov adduct
F to regenerate acid site of catalyst (X). Further addition of
methyl acrylate to the intermediate (Z) affords side product
with regeneration of active catalyst acid site. Let us assume that
methyl acrylate is adsorbed at the acid site of zeolite catalyst,
which is followed by the formation of corresponding cation. In
this mechanism, unfortunately, nucleophilic attack of aniline
occurs preferentially to the a-carbon of methyl acrylate to give
the Markovnikov adduct. But this second possibility is ruled out
in our study, because no Markovnikov adduct is formed.
Therefore, since our catalyst is an acid catalyst, the adsorption
of aniline to acid sites of zeolite by acid—base interaction is
more appropriate than that of methyl acrylate to yield the
acrylate cation. Competitive adsorption of methyl acrylate and
aniline over Zr-Nano(PrTES)-ZSM-5 (50) and Al-ZSM-S (50)
confirmed that amines are preferentially adsorbed on Zr-
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Nano(PrTES)-ZSM-S (50), resulting in its high activity (see
Table SS in the Supporting Information). Michael addition is
also responsible for the preferential formation of anti-
Markovnikov adduct. The selective formation of anti-
Markovnikov adducts in the hydroamination of methyl acrylate
for the formation of the intermediate “Z” is the key step for the
hydroamination. Having found the optimized reaction con-
dition, applicability of Zr-Nano(PrTES)-ZSM-S (50) was
investigated in the synthesis of wide range of amino acid
derivative by varying the amines (Table 9). Reaction was more
facile when aliphatic amines were reacted when compared to
aromatic amines (Table 9). Significantly high catalytic activity
in the case of aliphatic amines (for example, cyclohexyl amine)
is well supported by the competitive adsorption experiment
(see Table SS in the Supporting Information).

Catalytic activity data in the hydroamination reaction and
ring opening of epoxide with amine/alcohol suggest that
isomorphous substitution of Zr in the MFI framework is
responsible for the high activity. Acidity measurements
confirmed that zeolites with high acidity are not suitable for
these reactions. When acidity and activity are taken into the
consideration for Ti-incorporated ZSM-5 materials and Zr-
incorporated ZSM-5 materials, one can conclude that fine-
tuning in acidity by incorporating suitable metal ion in the
MFI-framework is required for these reactions. It seems that Zr
incorporation provides optimum acidity for these reactions. In
the case of alcoholysis/aminolysis, the Zr/Ti sites activate the
epoxide. Because of the larger ionic radius (0.73 A for Zr*" and
0.56 A for Ti*) and the larger electronegative difference
between M*" and oxygen attached to epoxide ring (2.11 and 1.9

dx.doi.org/10.1021/cs400732f | ACS Catal. 2013, 3, 2891-2904
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for O—Zr and O—Ti, respectively), zirconosilicates can polarize
the O—Zr bond more efficiently than titanosilicates. This high
polarizability of zirconosilicates is responsible for the weakening
of O—C bond (of epoxide ring) and facile reaction of amine to
epoxide to form desired product. Based on catalytic activity,
acidity measurements, adsorption experiments, and textural
properties, one can conclude that the optimum Zr polar-
izability, acidity, high external surface area, and intercrystalline
mesopores are responsible for such a high activity of Zr-
Nano(PrTES)-ZSM-5. Therefore, it can be concluded that, by
fine-tuning the textural and acidic properties, it is possible to
develop highly efficient catalytic materials for a particular type
of reaction.

4. CONCLUSION

Nanocrystalline zirconosilicates and titanosilicates prepared
using organosilane exhibited high external surface area,
mesopore volume, and possess intercrystalline mesopores.
Nanocrystalline zirconosilicate exhibited exceptionally high
catalytic activity compared to catalysts reported in the literature
for the ring opening of epoxide with nitrogen (amines)-
containing and oxygen (alcohols)-containing nucleophiles and
hydroamination reactions. Isomorphous substitution of Zr in
zeolite framework, large surface area, and intercrystalline
mesoporosity are responsible for the high catalytic activity of
nanocrystalline zirconosilicate. Excellent recyclability, simplified
experimental procedure, and mild conditions are some of the
attractive key features for the industrial exploitation. Based on
catalytic activity, acidity measurements, adsorption experiments,
and textural properties, it can be concluded that optimum Zr
polarizability, acidity, large external surface area, and
intercrystalline mesoporosity are responsible for high activity
of nanocrystalline zirconosilicates.
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