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a b s t r a c t

The hydroarylation of alkenes with aromatic amines is recognized as the most atom-economical and
straightforward approach to obtain functional aromatic amines, which are versatile building blocks in
organic synthesis and material chemistry. However, controllable synthesis of single hydroarylation pro-
duct is still a significant challenge because hydroarylation reaction often delivers four hydroarylation
products and hydroamination products are also produced during the reaction. Herein, we report the first
example of heterogeneous zeolite catalyzed hydroarylation of styrene and norbornene with aniline
derivatives under organic ligand-free conditions. With the USY zeolite as catalyst, a wide scope of alkenes
and aromatic amines with various functional groups are smoothly converted into the corresponding
products in 48–95% yields with high regioselectivity. Detailed characterizations revealed that Lewis acid
can promote Hofmann-Martius rearrangement of hydroamination products toward hydroarylation prod-
ucts, resulting in high selectivity for hydroarylation products. In addition, it could be found that the weak
acid sites of zeolite play a key role in forming hydroarylation products. Furthermore, the catalyst can be
reused at least 10 times without obvious deactivation. This work may promote the development of
heterogeneous catalyst system for alkene hydroarylation.

� 2020 Elsevier Inc. All rights reserved.
1. Introduction

Catalytic hydroarylation of alkenes with aromatic amines is an
efficient and 100% atom utilization synthetic route to a variety of
functional aromatic amines, which are important structural motifs
commonly found in pharmaceuticals, agrochemicals, ligands, fine
chemicals and bioactive molecules (Scheme 1) [1]. Traditionally,
hydroarylation is accomplished either via classical Friedel-Crafts
reaction or through methods based on metal catalyzed C-H activa-
tion of arenes [2,3]. The first transition metal-catalyzed hydroary-
lation of aniline with styrene was reported by Beller and co-
workers with [Rh(cod)2]BF4 / 4 mol% PPh3 and 20 mol% HBF4�OEt2
(Scheme 2a) [4]. Bergman and co-workers identified that HNTf2
exhibited catalytic activity for the hydroamination/hydroarylation
of vinyl arenes and norbornene with anilines at mild temperature
(Scheme 2b) [5]. Recently, NaOAc promoted para-hydroarylation of
a-methylstyrene with aniline derivatives in hexafluoroisopropanol
(HFIP) has been reported by Colomer (Scheme 2c) [6]. Interest-
ingly, Lebœuf found the combination of Ca(NTf2)2 and hexafluo-
roisopropanol could obtain the ortho-C-alkylation products of
anilines with alkenes in 35–95% yields [7]. So far, other homoge-
neous catalysts, such as Ir [8,9], Au [10–12], Ru [13], Co [14], Zn
[15], Y [16], Cu [17], Sc [18], nonmetal [19–22] and acid [23–28],
have been investigated in hydroarylation of aniline and styrene
derivatives. Although the progress in hydroarylation of aniline
and styrene derivatives has been made, there is still room for fur-
ther improving the chemo- and regioselectivity of this reaction.
Furthermore, the use of heterogeneous catalyst for hydroarylation
of alkenes with aromatic amines is more desirable and attractive
owing to the convenience of recovering and recycling of the cata-
lysts. Nevertheless, to the best of our knowledge, no heterogeneous
catalyst system for hydroarylation reactions of styrene and nor-
bornene with aniline derivatives has been reported. Thus, it is
highly desirable to develop heterogeneous catalyst system for
highly chemo- and region-selective hydroarylation reactions.

It is well known that zeolites are widely applied in many cat-
alytic transformations in modern organic chemistry owing to their
adjustable pore structure and acid type and acid strength [29–37].
For example, ZSM-5 has been successfully used for the amination
of isobutylene [38]. It can be attributed to the matching of the pore
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Scheme 1. Bioactive molecules containing the aromatic amines structure.

Scheme 2. The hydroarylation of styrene and aniline derivatives.
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size of the ZSM-5 and the molecular size of the isobutylene,
thereby utilizing the acid sites and effect of zeolite channel [39–
41]. Based on the above discussions and our original experience
of precisely controlling in catalytic amination selectivity [42–44],
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we envisaged that suitable pore size and acid sites of zeolite might
be capable of highly selective hydroarylation of alkenes with aro-
matic amines. Herein, the first example of heterogeneous catalyzed
hydroarylation of styrene and norbornene with aniline derivatives
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was developed with USY zeolite as catalyst under organic ligand-
free conditions (Scheme 2).
2. Experimental section

2.1. Catalyst preparation

All solvents and chemicals were obtained commercially and
used as received.

Zeolites with different structures and different chemical compo-
sitionswere purchased fromdifferent companies.MOR (Si/Al = 25,H
type), ZSM-5 (Si/Al = 27, H type), SAPO-11 (Si/Al = 0.5, H type), USY
(Si/Al = 11,H type) andUSY (Si/Al = 5.4, H type)were purchased from
Nankai University Catalyst Co., Ltd. b (Si/Al = 30, H type) was
received from Shandong Qilu Huaxin High-Tech Co., Ltd. NaY was
purchased from J&K Scientific Ltd. HYwas prepared by ion exchange
3 times,NaY in 1mol/LNH4NO3 solution (Solid-liquid ratio =1:20) at
80 �C for 24h, thencalcinedat 550 �C for3h.All zeoliteswithout spe-
cial description in this articlewere calcined for 3hat aheating rateof
10 �C/min to 550 �C from room temperature.

2.2. Catalyst characterization

XRD measurements were conducted by using a STADIP auto-
mated transmission diffractometer (STOE) equipped with an inci-
dent beam curved germanium monochromator with CuKa1

radiation and current of 40 kV and 150 mA, respectively. The
XRD patterns were scanned in the 2 Theta range of 5-80�.

The BET surface area measurements were performed on a Quan-
tachrome IQ2 at the temperature of 77 K. The pore size distribution
was calculated from the adsorption–desorption isotherm by using
the DFT method. Prior to measurements, the samples were
degassed at 300 �C for 3 h, at a rate of 10 oC�min�1.

Py-IR spectra of samples were analyzed by a Bruker VERTEX 70
FTIR spectrometer. The samples were weighed and pressed into
transparent disk with a diameter of 15 mm. Then, the sample
was heated at 400 �C under vacuum for 1 h, and cooled to 150 �C
then pyridine was chemisorbed for 10 min. After this step, the
sample was evacuated and analyzed by FTIR.

NH3-TPD was performed on a chemisorption analyzer equipped
with a thermal conductivity detector (TCD). The chemisorption
analyzer was TP-5080D from Tianjin Xianquan Industrial and Trad-
ing Co., Ltd. The weighed sample (100 mg) was pretreated at 400 �C
for 1 h under He (40 mL�min�1) and cooled to 100 �C. The NH3 gas
(30 mL�min�1) was introduced instead of He at this temperature
for 0.5 h to ensure the saturation adsorption of NH3. The sample
was then purged with He for 1 h (40 mL�min�1) until the signal
returned to the baseline as monitored by a thermal conductivity
detector (TCD). The desorption curve of NH3 was acquired by heat-
ing the sample from 100 �C to 700 �C at 10 oC�min�1 under He with
the flow rate of 40 mL�min�1.

27Al MAS NMR were carried out on a Bruker AVANCE III 600
spectrometer at a resonance frequency of 156.4 MHz using a
4 mm HX double-resonance MAS probe at a sample spinning rate
of 14 kHz. 27Al MAS NMR spectra were recorded by small-flip angle
technique with a pulse length of 0.68 ls (<p/12) and a 1 s recycle
delay. The chemical shift of 27Al was referenced to 1 M aqueous Al
(NO3)3.

NMR spectra were measured using a Bruker ARX 400 or ARX
100 spectrometer at 400 MHz (1H) and 100 MHz (13C).

2.3. Typical procedure for hydroarylation of amines and alkenes

Amixture of alkene (1.0 mmol), amine (1.2 mmol), USY (40 mg),
toluene (2 mL) were added into a 38 mL press tube and exchanged
20
with Ar. The reaction was carried out at 160 �C (reaction tempera-
ture) for 12 h with a magnetic stirring speed of 500 rpm/min. After
the reaction finished, the press tube was cooled to room tempera-
ture and 0.5 mmol triphenylmethane was added. Subsequently, the
reaction mixture was diluted with 8 mL of methanol and cen-
trifuged. Then, 0.75 mL of the supernatant liquid was taken and
treated with hydrochloric acid (12 mol/L, 5–6 drops). Finally, the
mixture was concentrated by a rotary evaporator and 0.5 mL CDCl3
was added for quantitative analysis by 1H NMR.

The scale-up experiments were performed in a 100 mL mag-
netic stirred autoclave equipped with a PID temperature controller.
A mixture of styrene (25.0 mmol, 2.6 g), aniline (30.0 mmol, 2.8 g),
USY (1.0 g), toluene (50 mL) were added and exchanged with Ar.
The reaction was carried out at 160 �C (reaction temperature) for
12 h with a magnetic stirring speed of 500 rpm/min.
3. Results and discussion

3.1. Screening of different zeolites for hydroarylation of styrene and
aniline

In order to verify our conjecture, we selected various zeolites
with different structures and morphologies for hydroarylation of
styrene and aniline as a model reaction (Table 1). Meanwhile,
we calculated the molecular sizes of reactants and products the-
oretically. It was found that the equivalent diameters of styrene,
aniline, 2-(1-phenylethyl)aniline, 4-(1-phenylethyl)aniline and
N-(1-phenylethyl)aniline are 8.34 Å, 8.04 Å, 9.94 Å, 9.92 Å and
9.92 Å (Fig. 1). Obviously, the computational results revealed that
the pore diameter of the zeolite should be greater than 9.94 Å for
the products leaving the pore. Initially, low yields were obtained
on the small pore size zeolites for the hydroarylation of styrene
and aniline (entries 1–3, Table 1), such as ZSM-5 (Framework
Type: MFI, Maximum diameter of a sphere: 6.36 Å [45]), MOR
(Framework Type: MOR, Maximum diameter of a sphere: 6.7 Å
[45]) and SAPO-11 (Framework Type: AEL, Maximum diameter
of a sphere: 5.64 Å [45]). Gratifyingly, a promising yield of 36%
was observed when b (Framework Type: BEA, Maximum diameter
of a sphere: 6.68 Å [45]) was used, but selectivity for hydroami-
nation was 58% (entry 4, Table 1). Then, we systematically inves-
tigated the performance of Y-type zeolite (Framework Type: FAU,
Maximum diameter of a sphere: 11.24 Å [45]). When using NaY,
5% yield and 40% selectivity for hydroarylation could be obtained
(entry 5, Table 1). Surprisingly, the yield and the selectivity of
hydroarylation were improved after ion exchange 3 times (entry
6, Table 1). To our delight, USY (Si/Al = 11) significantly increased
the yield and selectivity to 68% (entry 7, Table 1). As the Si/Al
ratio decreased to 5.4 and there was no pretreatment of USY,
the yield and hydroarylation selectivity were 65% and 68%,
respectively (entry 8, Table 1). With the increase in the calcina-
tion temperature of USY, such as USY(5.4)-400 (Si/Al = 5.4, calci-
nation temperature = 400 ◦C), USY(5.4)-550 (Si/Al = 5.4,
calcination temperature = 550 ◦C), USY(5.4)-800 (Si/Al = 5.4, cal-
cination temperature = 800 ◦C), the yield can be up to 82% and no
hydroamination product was observed (entries 9–11, Table 1).
Noteworthy, hydroamination products will be observed when
the reaction temperature decreased (entry 12, Table 1) but not
at high temperature (entry 13, Table 1). The impact of the solvent
on the reactivity of this reaction was further investigated, and it
was found that toluene was the optimal choice (Table S1). Mean-
while, the volume of toluene and the amounts of USY were also
optimized (Table S2 and S3), and 2 mL toluene and 40 mg USY
were proved to be the optimal. It should be noted that the cata-
lyst can be reused at least 10 times without apparent deactivation
(entry 14, Table 1).



Fig. 1. Structures of styrene, aniline, 2-(1-phenylethyl)aniline, 4-(1-phenylethyl)aniline and N-(1-phenylethyl)aniline. Note: All calculation were performed via Gaussian 16
[46] with B3LYP functional [47–50] and 6–31++G(d,p) basis sets [51–53]. d is the equivalent diameter of the largest included sphere.

Table 1
Screening of zeolite catalysts for the hydroarylation of styrene with anilinea.

Entry Catalyst (Si/Al) Yieldb (%) 3:4:5b

1 MOR 2c –
2 ZSM-5 tracec –
3 SAPO-11 2 50:0:50
4 b 36 28:14:58
5 NaY 5 40:0:60
6 HY 22 55:13:32
7 USY (11) 68 68:14:18
8d USY (5.4) 65 68:15:17
9 USY (5.4)-400 76 75:16:9
10 USY (5.4)-550 82 (81)e 85:15:0 (88:12:0)e

11 USY (5.4)-800 82 85:15:0
12f USY (5.4)-550 61 74:8:18
13 g USY (5.4)-550 81 86:14:0
14h USY (5.4)-550 81 85:15:0

a. Reaction conditions: styrene (1 mmol), aniline (1.2 mmol), catalyst (40 mg), toluene (2 mL), 160◦C, 12 h, argon atmosphere; b. Determined by 1H NMR using triph-
enylmethane as internal standard; c. Determined by GC–MS; d. Catalyst without any pretreatment; e. Isolated yield; f. 140◦C; g. 180◦C; h. Reused 10 times.
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3.2. Characterization of different zeolites

Next, the physical properties of different zeolites were analysed
by the N2 adsorption–desorption analysis, including surface area,
pore volume and pore size. The pore size distributions of zeolites
were calculated using density functional theory (DFT) method. As
shown in Table 2 and Fig. S1, the pore radius of USY is mainly
0.58 nm and the BET surface area is 782.76–886.93 m2/g (entries
7–11, Table 2), which is the largest pore size and largest surface
21
area of all zeolites used. Obviously, high yield was obtained when
the pore radius larger than 0.5 nm, and the pore radius of zeolite
smaller than 0.5 nm might prevent molecules from entering or
exiting from the channel, so the pore size could be utilized to
increase the activity of the hydroarylation. The above results
demonstrated that large pore size played a key role and was favor-
able for hydroarylation of styrene and aniline.

In order to reveal the structure and morphology of the zeolites,
the samples were further characterized by X-ray diffraction (XRD)



Table 2
The physical properties of different zeolites.

Entry Catalyst SA (m2/g)a PV (cm3/g) a RDFT (nm) a APR (nm) a

1 MOR 534.32 0.33 0.45 1.25
2 ZSM-5 412.99 0.28 0.39 1.33
3 SAPO-11 207.52 0.48 0.35 4.60
4 b 693.05 0.47 0.51 1.35
5 NaY 698.37 0.53 0.45 1.53
6 HY 697.87 0.55 0.56 1.59
7 USY (11) 886.93 0.55 0.58 1.23
8 USY (5.4) 808.27 0.41 0.58 1.01
9 USY (5.4)-400 803.75 0.44 0.58 1.11
10 USY (5.4)-550 786.21 0.51 0.58 1.30
11 USY (5.4)-800 782.76 0.48 0.58 1.22
12 USY (5.4)-550 Reused 817.82 0.56 0.58 1.38

a. Determined by an IQ2 automated gas sorption analyser. SA: surface area; PV: pore volume; RDFT: pore radius, pore size distributions of zeolites were calculated using
density functional theory (DFT); APR: average pore radius.
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and scanning electron microscope (SEM). The XRD patterns for dif-
ferent zeolites are described in Fig. 2. As shown in Fig. 2, the peaks
of MOR (JCPDS: 47–0410), ZSM-5 (JCPDS: 44–0003), SAPO-11
(JCPDS: 41–0023), b (JCPDS: 47–0183) and Y-type (JCPDS: 88–
2288) zeolites could be observed in the corresponding samples.
The SEM images of different zeolites are shown in Fig. 3 and
Fig. S2. It can be seen that the morphological features of USY zeo-
lites were similar (Fig. 3 e-i), which means that the calcination did
not destroy the structure of USY.

The above results indicated that the improvement in the selec-
tivity stems from the calcination of USY zeolite rather than the
structure and morphology of USY zeolite. Therefore, we conducted
a systematic study on the acid type and acid strength of different
zeolites through Py-IR and NH3-TPD. Py-IR shows the amount of
Brønsted acid sites and Lewis acid sites, as shown in Fig. 4,
Table S5 and Fig. S3. It is well known that the absorption peak at
1450 cm�1 is assigned to the Lewis acid sites and the absorption
peak at 1540 cm�1 is assigned to the Brønsted acid sites [54,55].
From NaY to HY, the ratio of L/B (Lewis acid / Brønsted acid)
decreased from 25.64 to 0.66 (entries 5–6, Table S5), but the yield
and selectivity of the hydroarylation reaction increased signifi-
cantly. These results suggested that the increase in the amount
and proportion of B acid was beneficial to hydroarylation reaction,
and could also be verified from USY (entries 7–8, Table S5). Inter-
estingly, the amount of L acid in USY increased with increasing cal-
cination temperature, which obviously prevents the formation of
Fig. 2. XRD images of the samples.
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hydroamination products during the reaction (entries 8–11,
Table S5). Therefore, it can be inferred that amount of L acid might
affect the selectivity of hydroarylation reaction. It is worth noting
that the acid type, acid amount and L/B ratio of USY (5.4)-550,
MOR and ZSM-5 are similar (entries 1–2 and 10, Table S5), but
the highest catalytic performance was obtained by USY. This also
illustrates that the large pore size of USY allows raw materials
and products to enter and exit freely in the pore.

In order to study the effect of calcination increasing the amount
of L acid, we performed FT-IR spectroscopy (Fig. 5) to study the
changes in functional groups on the surface of USY (5.4) zeolites.
FT-IR spectroscopy showed that the peak at 1401 cm�1 disap-
peared after calcining USY (5.4) catalyst. It is known that
1401 cm�1 peak can be associated to NH bending vibration. This
suggests that calcination could desorb the weak NH4

+ complex as
bound to Al or Si [56]. Therefore, more L acid sites are exposed
to improve catalytic activity. In addition, the FT-IR results of USY
calcined at different temperature are almost the same, but the cat-
alytic performance is different. It can be attributed to the higher
temperature that can desorb the weak NH4

+ complex in the pore,
which further proves that the pore of the zeolite is effective in
hydroarylation.

The acid strength of the zeolites with different structures were
measured by NH3-TPD technique and the results were shown in
Fig. 6. Obviously, the acid strength of ZSM-5, USY (11) and USY
(5.4) are similar, while the poor hydroarylation performance of
ZSM-5 can be also attributed to the small pore size. Surprisingly,
as the calcination temperature of USY increases, the number of
strong acid sites has decreased significantly, while the selectivity
of the hydroarylation reaction gradually increases. It can be
inferred that strong acid sites inhibit the formation of hydroaryla-
tion products. In addition, the amount of weak and strong acid sites
in USY (5.4) were quantified (entries 8–11, Table S6). Obviously,
calcination reduced the total acid site concentration of USY, but
the proportion of weak acid sites increased. Combining the Py-IR
results (entries 8–11, Table S5) and TPD data, we could draw con-
clusion that L acid sites correspond to the weaker acid sites. In
brief, the large pore size and surface area of USY, a certain propor-
tion of L/B acid and weak acid sites, promote the hydroarylation
reaction of styrene and aniline with complete hydroarylation
selectivity.

27Al MAS NMR was utilized to investigate whether calcination
would cause USY to form extraframework Al debris due to steam-
ing effects (Fig. 7). For the USY after calcination at 550 �C, three
maxima were observed at 62, 32, and 2 ppm, which could be
assigned to 4-, 5-, and 6-coordinated Al species [57,58]. Compared
with pristine USY (5.4), a new signal for 5-coordinated Al species
was observed in USY (5.4) calcination at 550 �C. These results indi-



Fig. 3. SEM images of the zeolites. (a) ZSM-5, (b) b, (c) NaY, (d) HY, (e) USY (11), (f) USY (5.4), (g) USY (5.4)-400, (h) USY (5.4)-550, and (i) USY (5.4)-800.
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cated that calcination exposed USY to form extraframework Al
debris and increased the coordination number of Al. According to
the comparison of Py-IR and 27Al MAS NMR, the increase of L acid
caused by calcination might be related to the increase of 5-
coordinated Al species. Furthermore, 27Al MAS NMR showed that
no obvious differences were observed upon comparing the fresh
and used USY (5.4)-550. In addition, the heating rate of USY was
also studied. It was found that low heating rate (2 ◦C/min) would
lead to slightly lower selectivity, while high heating rate (�5 ◦C/
min) would lead to high selectivity (Table S7). It was obvious from
the 27Al MAS NMR data (Fig S7) that this was due to the high selec-
tivity caused by the increased presence of 5-coordinated Al species.
Therefore, USY can be modified by the calcination temperature and
heating rate, resulting in changes of catalytic performance.

3.3. Substrate scope of hydroarylation reaction

With the optimized conditions in hand, the substrate scope and
limitation of this catalyst system was further investigated, as
shown in Table 3. It was worth mentioning that the reaction is
highly selective and only hydroarylation product was observed in
most of cases. Initially, we checked the generality of the different
primary and secondary amines. Electron-withdrawing and
electron-donating groups including ortho-, meta- and para-
substituted, such as chlorine and methyl, were all suitable for this
transformation, affording the desired products in 56–84% yields
(7a-7g). The slight decrease in the yield of ortho and para groups
could be attributed to steric hindrance. Moreover, with electron-
rich n-butyl, methyl-, methoxy and cycloalkyl substituted aniline
as starting materials, moderate to good yields (7h-7o, 54–88%)
were achieved. In addition, secondary amines could also proceed
23
smoothly, giving the corresponding products in 66–95% yields
(7p-7t). Notably, when the tetrahydroquinoline derivatives were
used as the reactants, the yield and selectivity of the reaction were
excellent (7q and 7r, 90 and 95%).

Next, reactions of aniline with different alkenes were examined
(Table 4). For example, alkenes with electron-withdrawing group
bearing fluoro, chloro and bromine also proceeded well, affording
their corresponding products in 48–80% yields (9a-9f). Meanwhile,
it was observed that the yields of ortho-group alkenes decreased
with the weakening of the electronic effect (9d-9f). Alkenes with
electron-donating groups such as methyl, tert-butyl, methoxy
and phenyl, gave the corresponding product in 86–96% yields with
the regioselectivity of 21:49–58:42 (9g-9j). In addition, the reac-
tion of trans-b-methylstyrene, as an example of internal alkene
substrate, provided the corresponding product in 51% yield (9k).
Furthermore, when indene and aniline underwent a hydroarylation
reaction, 86% yield and 49:51 regioselectivity could be obtained
(9l). The reaction of 2-vinylthiophene and aniline was also toler-
ated (9m). Interestingly, 81–88% yields of the para-
hydroarylation products were obtained when a-methylstyrene
was used as substrate (9n and 9o). The para-product yields were
similar to that reported in the literature recently [6] and this ortho-
to-para transition can be attributed to the steric hindrance of a-
methylstyrene. Moreover, the recently published work also used
DFT calculations to prove that electron-rich olefins might involve
different mechanisms and the energy for the para-alkylation tran-
sition state is higher [7].

At last, the hydroarylation reaction was also performed using
norbornene as a substrate in order to investigate the properties
of aliphatic alkenes (Table 5). In general, the anilines with both
electron-withdrawing and electron-donating groups on the phenyl



Fig. 4. In situ pyridine-FTIR spectra of the different zeolites.

Fig. 5. The FT-IR spectra of the USY zeolites.

Fig. 6. The NH3-TPD profiles of the different zeolites.

Fig. 7. 27Al MAS NMR spectra of USY.
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ring were well tolerated under the current conditions (entries 1–4,
Table 5). It was worth noting that there were some hydroamina-
tion products in the reaction, and the selectivity of the hydroaryla-
tion products also changed regularly with the strength of the
electronic effect. It also can be concluded that amine compounds
with electron-donating groups are beneficial to the hydroarylation
of norbornene. Moreover, the difference in the ortho–para selectiv-
ity between norbornene and styrene hydroarylation products may
be caused by differences in the stabilities of protonated intermedi-
ates [5]. Unfortunately, no conversion was observed when aliphatic
24
alkenes, i.e., 1-octene and 1-dodecatylene, were used as the
substrates.

3.4. Catalytic reaction mechanism

In the process of optimizing the reaction conditions, we selected
6 points to study the relationship between NMR yield and reaction
time (Fig. 8 and Table S4) in order to study the reaction mecha-
nism. In the first 9 h of the reaction, we observed a small amount
of hydroamination products not exceeding 10% and then gradually



Table 3
USY-catalyzed hydroarylation of styrene with aniline derivativesa.

a Reaction conditions: Alkenes (1.0 mmol), amines (1.2 mmol), USY (40 mg), toluene (2.0 mL), 160 �C, 12 h, argon
atmosphere. Isolated yield. b USY (60 mg). c 24 h.
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disappeared. Therefore, we suspect that the reaction has under-
gone a Hofmann-Martius rearrangement [59]. In order to verify
whether the reaction undergoes Hofmann-Martius rearrangement,
a control experiment was conducted under the same conditions. As
shown in Scheme 3, hydroamination product completely con-
verted into hydroarylation products with 66% yield, and we also
observed 3% aniline yield through GC–MS. These results can fully
illustrate part of the hydroarylation of styrene and aniline cat-
alyzed by USY zeolite undergoes Hofmann-Martius rearrangement.
Moreover, kinetic experiment revealed a first-order dependence on
styrene concentration (Fig S4a), and the amine was found to react
slowly and seemed a zero-order reaction (Fig S4b). In addition, the
amount of catalyst played an important role in the reaction (Fig
S4c) and the productivity of catalyst was the highest with 80mg USY.

On the basis of the observed experimental results and published
literature about dual site/metal catalysis [60–62], a plausible
mechanism of this transformation was proposed (Fig. 9). Initially,
the protic hydrogen of the acid sites in the zeolite protonates alke-
nes to generate a carbocation intermediates A [63]. Then, nucle-
ophilic attack of the double bonds in aromatic ring affords the
25
intermediates B. Subsequent loss of proton and rearrangement of
double bond affords the hydroarylation product and regenerate
the USY zeolite catalyst for the next catalytic cycle [19]. Mean-
while, nucleophilic attack of the lone electron pair at the aniline
nitrogen atom leads to the intermediates B’. Subsequent loss of
proton produces the hydroamination product and regenerate the
USY zeolite catalyst [5]. With the extension of reaction time and
the presence of L acid sites, the hydroamination products undergo
a Hofmann-Martius rearrangement leading to complete hydroary-
lation selectivity.

3.5. Scale-up experiment

To highlight the practical utility of this procedure for the syn-
thesis of hydroarylation products, we conducted gram-scale reac-
tions under the similar conditions. The hydroarylation of styrene
with aniline on a 25 mmol scale in the presence of 1 g of USY pro-
ceeded smoothly at 160 �C for 12 h and afforded the corresponding
products in 84% NMR yield with 87:13 selectivity (Scheme 4).
These results showed the good chemoselectivity of this catalytic



Table 4
USY-catalyzed hydroarylation of alkene derivatives with anilinea.

a Reaction conditions: Alkenes (1.0 mmol), amines (1.2 mmol), USY (40 mg), toluene (2.0 mL), 160 �C, 12 h, argon
atmosphere. Isolated yield. Regioselectivity was determined by the yield of isolated. b USY (60 mg). c 180 �C. d 24 h.

Table 5
USY-catalyzed hydroarylation of norbornene with aniline derivativesa.

Entry R Yield/% 12:13

1 H 80 60:40
2 F 84 62:38
3 Me 80 74:26
4 NO2 90 10:90

a Reaction conditions: Alkenes (1.0 mmol), amines (1.2 mmol), USY (40 mg), toluene (2.0 mL), 160 �C, 12 h, argon atmosphere. Isolated yield. Selectivity was determined by
the yield of isolated.
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system. Importantly, this result is almost the same as the result of
the micro-reaction, so the influencing factors such as utilization
26
space of the reactor, mass and heat transfer could be ignored under
the condition of small dose.



Fig. 8. The relationship between NMR yield and reaction time.

X. Wang, H. Wang, K. Zhao et al. Journal of Catalysis 394 (2021) 18–29
3.6. Catalyst recycling experiment

In addition, the reusability of USY was studied (Fig. 10). If the
catalyst was used without any treatment for reusability, conver-
sion and selectivity will decrease slightly. The reason might be
Scheme 3. Hofmann-Ma

Fig. 9. The proposed catalytic mechanism fo
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attributed to the adsorption of a small amount of amine compo-
nents and carbon deposition on the surface of catalyst. To improve
the reusability, the catalyst was filtered and dried at 80 �C for 6 h,
then calcinated for 3 h at 550 �C under an ambient atmosphere
after each test, and the performance could be obviously improved
after the calcination treatment. To our delight, the catalyst could be
reused at least 10 times without loss of activity. The recyclability of
the catalyst has also been performed at relatively low conversions
within kinetic region, and it can be found that the catalyst could be
reused at least 10 times without obvious deactivation (Fig. S5).
Moreover, we found that the structure and acidity of the recycled
catalyst did not change significantly through characterization (Fig
S1, S2, S6 and Figs. 4, 5, 6, 7).
4. Conclusion

In conclusion, we have developed the first heterogeneous cat-
alyzed hydroarylation of styrene and norbornene with aniline
derivatives under organic ligand-free conditions. By simply calcin-
ing USY zeolite, the shape-selective catalyst showed excellent per-
formance in hydroarylation selectivity. A series of hydroarylation
products (40 examples, up to 95% yield) were synthesized by
applying this simple catalyst system. The N2 adsorption–desorp-
tion results indicated that the suitable pore size of zeolite (pore
radius greater than 0.5 nm) facilitated reactants enter and products
rtius rearrangement.

r hydroarylation of styrene with aniline.



Scheme 4. Gram-scale reaction of styrene with aniline.

Fig. 10. Recycle test of USY for the hydroarylation of styrene and aniline.
(Conditions: styrene 1.0 mmol, aniline 1.2 mmol, USY 40 mg, 160 �C, 12 h, argon
atmosphere, 500 rpm/min.)
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exit in the pore, thus exhibiting good shape-selectivity. Utilizing
Py-IR, it could be proved that Lewis acid promoted Hofmann-
Martius rearrangement of hydroamination products toward
hydroarylation products, resulting in high selectivity for hydroary-
lation products. It can be inferred that the weak acid sites of zeolite
play a key role in forming hydroarylation products by NH3-TPD.
Importantly, the catalyst could be reused at least 10 times without
apparent deactivation. This work may provide an important insight
in development of heterogeneous catalyst for alkene
hydroarylation.
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