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of LDH for Heck reaction was evaluated. Owing to the largely enhanced accessibility for reactant molecules
resulting from the nature of high inner surface area of LDHs, these palladium-bearing nanosheets showed
excellent efficiency in Heck reactions in a wide range of substrate molecules. The presence of Mg, Al and
OH~ ions in the LDH-lamellas favors control the size growth of the in situ formed Pd(0) species implanted
in the LDH layer matrixes, helping to prevent the formed Pd(0) from extraction from the lamellas followed
by Pd-black formation. Moreover, the Pd sites and basic sites on the brucite-like nanosheets are combined
atamolecular level and interact with each other closely because of the co-precipitation method employed;
so the basic sites on the LDH monolayers might function as basic ligands. This new catalyst, delaminated
MgPdAI-LDH, was characterized by XRD, TEM, HRTEM and EDX analysis.
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1. Introduction

Layered double hydroxides (LDHs), an important family of
inorganic-layered materials, have found wide applications as cat-
alysts, catalyst precursors or supports, adsorption, nanocomposite
and drug delivery [1-5]. Because of the glue effect of amorphous
LDH materials [6], conventionally synthesized LDH are usually
heavily aggregated into a secondly particle size of 1-10 pm [7].
There are hundreds of thousands of sheet-like LDH nanocrystal-
lites in each aggregate [8,9]. To take full advantage of LDH materials
in catalysis or biomedical applications, it is necessary to disperse
LDH aggregates into individual sheet-like nanocrystallites in a sta-
ble colloidal solution. Several methods for obtaining colloidal LDH
have been developed, including disaggregation of the secondly
LDH particles into mono-dispersed LDH nanoparticles through
hydrothermal post-treatment to the as-prepared LDHs [8-11], sep-
arate nucleation and aging steps (SNAS) [7,12,13] and treatment
with certain solvents to delaminate LDH into single lamellas. For
instance, the surfactant-intercalated LDH could be delaminated by
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non-polar solvents [14-17]. On the other hand, the pristine stacking
structure of NO3~- or glycinate (Gly~)-intercalated LDH could also
be delaminated into single lamellas (with a thickness 0f 0.8-1.3 nm)
by interaction of certain polar solvents such as derivates of for-
mamide [18-26]. Delaminating layered materials is of tremendous
practical importance in applications due to the largely enhanced
accessibility of their inner surface. Layered double hydroxides are
layered materials constituted by a stacking of positive hydroxy-
lated layers [M;_x2*M,3*(OH), |** separated by interlayered anionic
species and water molecules [Ay;,,"~-mH;0]*". The high charge
density of layers make the delamination of LDHs somehow more
difficult compared with smectite clay minerals, but the rich chem-
istry of brucite-like layers will render its delaminated forms more
promising as multifunctional materials. For example, catalytically
active LDH ultrathin sheet might be obtained from delaminating
LDHs that contains active sites. As a consequence of its struc-
ture, the delaminated LDH phase would reach a theoretical specific
surface area of 1000 m?2/g. Actually, applications of delaminated
layered materials rather than LDHs have been developed previously
[27-31]. However, the practical application of delaminated LDH is
still in its infancy, despite that the strategies for delaminations of
LDHs have been relatively well-documented and well-established
[14-26] since the first case of the LDH delamination by use of sur-
factant was reported in 2000 [14]. As a newly developed phase
of LDH, we anticipate that the catalysis of delaminated or nano-
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Scheme 1. Differences among the conventional MgPdAI-LDH, delaminated MgPdAl-
LDH and LDH-supported Pd catalysts.

sized LDHs will be an important trend in the LDH chemistry
[32,33].

Palladium is one of the most important catalysis elements in
modern organic synthesis [34]. The combinations of Pd and LDH
or calcinated derivatives of LDH [35,36] were usually achieved by
two representative methods. The first is that incipient wetness
impregnation of LDH or its calcined derivatives with the solution
containing palladium (Scheme 1b) [37-43]. The second is to intro-
duce palladium directly into the host brucite-like layers through
the co-precipitation method to form a ternary-component LDH (the
left of Scheme 1a)[44,45], occasionally followed by further calcina-
tion [46]. As for the former method, it is not fully reproducible and
may give rise to some dishomogeneity of the metal distribution on
the surface [47,48]. Although the co-precipitation methods usually
lead to a homogeneous distribution of palladium in the brucite-like
layers [49], a large fraction of the Pd sites is useless because of the
lack of accessibility to the inner surface of LDHs. Both types of cata-
lyst were also reported by us previously, i.e., the catalytically active
Cu?*-containing LDH [50] and LDH-supported Pd catalyst [39]. The
aim of this study is to make a further improvement to the LDH-
related catalyst. To make full use of the catalytic sites and lower
the catalyst loading, we develop herein a novel catalyst based on
delaminated MgPdAI-LDH in which the total surface of catalytic
site-bearing compound will be rendered accessible to reactants
(the right of Scheme 1a). Scheme 1 expresses the major differ-
ences among the bulky MgPdAI-LDH, MgAIl-LDH-supported Pd and
the delaminated MgPdAI-LDH catalysts. As a new LDH-related Pd
catalyst and a newly developed phase of LDH, delaminated LDH
differs from the conventional LDH in many respects. If bulky LDH
particles were seen as a “books”, the delaminated LDH could be
seen as single “leaves”. Compared with the stacking “books”, the
area of accessible surface for these mono-dispersed single “leaves”
will be largely increased. In our case, the catalytically active sites
were incorporated into the single “leaves” rather than supported
onto a “book” (i.e., conventional LDH-supported catalyst). Whereas
the dispersions of bulky LDH are turbid solid/liquid two-phase sys-
tem, and the delaminated LDHs are transparent colloidal solutions
(Fig. 1). The delaminated LDH could be seen as semi-heterogeneous
(or semi-homogeneous) catalytic system.

MgPdAI-LDH single lamellas were obtained herein from
the delamination of glycinate-intercalated ternary-component
MgPdAI-LDH in formamide according to the reported methods
[18,26]. Delaminating LDHs by certain solvents will result in trans-
parent colloidal solutions that is constituted of so-called single

Addition of FA

Fig. 1. MgPdAI-LDH-Gly was dispersed ultrasonically in DMF (a) and MgPdAl-
LDH-Gly dispersed in DMF followed by further addition of FA (b).

LDH-lamellas usually 0.8-1.3 nm in thickness [20,21]. The catalytic
aspects of these bifunctional single brucite-like sheets that con-
tain basic sites and Pd sites were investigated subsequently. Owing
to the colloidal nature of the dispersion of MgPdAI-LDH ultrathin
sheets, a catalyst with high performance for Heck reaction was
obtained as expected. The “Heck reaction” [51,52], one of the most
powerful C—C bond forming reactions in modern chemistry [53], is
usually a Pd-catalyzed C—C coupling between aryl or vinyl halides
and triflates with alkenes. As regards to the pre-catalysts of Heck
reaction, much attentions have been paid to the ligated Pd, molecu-
lar PA(II), Pd(OH); [54,55] and cluster Pd(0); Pd(1I)-doped colloidal
nano-sized particles as pre-catalysts are rarely reported however.

2. Experimental

The chemicals used were of reagent grade or higher purity.
Deionised water was used throughout the experiments. Palladium
nitrate was purchased from Shanghai Reagent Co. Ltd. and used
without further purification.

2.1. Preparation of delaminated MgPdAI-LDH

The starting glycinate-intercalated MgPdAI-LDH  with
(Mg+Pd)/Al=3.0 (MgPdAI-LDH-Gly) was prepared by co-
precipitation. The synthesis was carried out at constant
temperature (65°C) and pH (10.5+0.1) under nitrogen atmo-
sphere. Prior to use, all deionised water was boiled while nitrogen
was bubbled through in order to remove carbon dioxide. All
sodium hydroxide used was pre-treated with Ba(OH), to remove
the unavoidable carbonate. During synthesis two aqueous solutions
A and B (A: 30mL solution containing 2.5 mmol Pd(NO3),-2H,0,
47.5mmol Mg(NO3),-6H,0 and 16.7 mmol Al(NOs3);-9H,0; B:
50 mL 3 M pre-treated NaOH) were added to the vigorously stirred
mother solution (initially containing 100mL 3M H;NCH,COO-,
balanced by Na*) at constant pH and temperature in a water bath.
Reactant A was added at a constant flow of 0.5 mLmin~1, while the
basic solution B was added under control to ensure a constant pH
(pH meter). During the reaction process, light brown slurry was
formed because of the presence of Pd2*. To ensure a homogeneous
distribution of the M(II) and M(III) cations within the brucite-like
layers, strict pH control is needed. The reaction was carried out in
a nitrogen atmosphere to avoid adsorption of CO,. For the purpose
of getting a well-crystallized LDH, the mixture was further aged
at 65°C for 5h after the completion of the reaction. Then the
precipitated product was separated from the solution by centrifu-
gation and washed several times by repeated centrifuging and
replacement of the CO,-free washing water in sealed containers
to remove ions as completely as possible. Because the presence of
water in LDH favors delamination actions [18], the wet LDH after
washing was just dried gently at room temperature under nitrogen
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flow. The resulting light brown solid was designated as MgPdAl-
LDH-Gly. In the present work we obtained totally 10 g gently dried
MgPdAI-LDH-Gly, which was stored in an air-tight container for
further delamination. Delamination of MgPdAI-LDH-Gly were
carried out in N,N-dimethylformamide (DMF), formamide (FA) and
the mixture of FA and DMF (with molar ratio of 1:1), respectively.
Dispersions of MgPdAI-LDH-Gly in these solvents were prepared
at concentrations of 1 g/L. To facilitate the exfoliation, an ultrasonic
or shaking treatment to these dispersions was necessary.

2.2. Instruments employed

The X-ray diffraction (XRD) was performed using a Rigaku
D/max-rA rotating anode X-ray diffract meter equipped with a Cu
Ko tube and Ni filter (A =0.1542 nm). The scan speed was 3°/min at
40kV and 30 mA. Transmission electron microscopy (TEM) images
were obtained by a JEM-200CX transmission electron micro-
scope with an accelerating voltage of 160 kV. High-resolution TEM
(HRTEM) observations and energy-disperse X-ray spectroscopy
were performed on a JEM-2010HR (JEOL) electron microscope
operated at 200kV and equipped with an energy-disperse X-ray
spectrometer. Because of high boiling point of solvents, sample-
supported copper grids were vacuum dried at 80°C for 4 h before
TEM observations.

All NMR spectra were recorded on Bruker Avance Digital
(400 MHz for 'HNMR, 100 MHz for 13C NMR) spectrometers; chem-
ical shifts are expressed in § units relative to TMS signal as internal
reference. Mass spectra were recorded on a HP5989B mass spec-
trometers.

2.3. Optimization of reaction conditions for the Heck reaction

To evaluate catalytic activity of different exfoliated MgPdAl-
LDH-Gly toward Heck reaction, we chose three-solvent systems for
the purpose of comparison, they were DMF, FA and the mixture of
DMF and FA. A typical procedure was as follows: 10 mmol of bro-
mobenzene, 12 mmol of styrene, 15 mmol of NaOAc, 0.5 mL of water
and 10 mL dispersion of MgPdAI-LDH-Gly (dispersed in one of the
three solvents mentioned above at concentration of 1 mg/mL) were
added in a 25 mL flask with a reflux condenser, followed by four
times degassing under a vacuum pump and flushing with nitro-
gen. The mixture was stirred and heated at 130°C for 4 h, and then
cooled to room temperature, extracted with ethyl ether (3x 10 mL),
and washed with brine (3 x 25 mL). The combined organic layer was
separated, dried over MgSOy4, and then the conversion was deter-
mined by gas chromatography (HP-1102) equipped with a 30m
capillary column (CEC-1). The injector and FID detector were set
at 250 and 260 °C, respectively. The temperature program was set
at aninitial temperature of 100 °C, and a final temperature of 240°C
with a heating rate of 20 °C/min.

2.4. Recycling of the delaminated MgPdAI-LDH catalyst

In the recycling test, 0.5 g 400 mesh silica were used to capture
theinsitu formed Pd(0) species in the initial run of reaction between
bromobenzene and styrene. After completion of the first run, lightly
grey silica was obtained by filtering and washing with acetone and
applied to the next run.

2.5. General procedure for the Heck reaction

After the initial optimization studies with bromobenzene and
styrene, we conducted the reaction a wide variety of aryl halides
with styrene in the presence of the new catalyst system. Typi-
cally, 1 mL FA-delaminated MgPdAl-LDH-Gly (the concentration of

MgPdAI-LDH-Gly depends on the reactions needed, 1 mg MgPdAl-
LDH-Gly contains 2.5 x 10~7 mol Pd) was diluted by 6 mL DMF and
0.5 mL H;0. Then 5 mmol aryl halides, 6 mmol styrene (for multi-
halides, styrene should be doubled or trebled) and 6 mmol NaOAc
were added. The mixture was stirred at 130°C for 4-20h, then
cooled to room temperature, extracted with ethyl ether (3x 10 mL),
and washed with brine (3x 25 mL). The combined organic layer was
separated, dried over MgSQy4, and evaporated to give the product.
The residue, if necessary, was purified by column chromatography
orrecrystallized to give the corresponding products. All of the prod-
ucts were characterized by 'H NMR, 13C NMR and MS spectroscopy.

3. Results and discussion

3.1. Optimization of synthesis parameters and delamination of
nanocrystal MgPdAI-LDH-Gly into nanosheets

The starting glycinate-intercalated MgPdAI-LDH with
(Mg+Pd)/Al=3.0 (MgPdAI-LDH-Gly) was prepared by co-
precipitation. Although palladium(ll) has a tendency to show
square planar rather than octahedral coordination, it has been pre-
viously suggested that small amounts of octahedral palladium(II)
with an atomic ratio no more than 5% can still be incorporated into
the LDH layers by co-precipitation method [42,49]. To avoid for-
mation of other phases, we chose 0.95/0.05/0.33 as Mg2*/Pd2* AI3*
atomic ratio for the starting solution. Delamination testings of
MgPdAI-LDH-Gly were carried out in N,N-dimethylformamide
(DMF) and formamide (FA) [18], respectively. Treatment of
MgPdAI-LDH-Gly with FA at room temperature yielded a light
brown transparent colloidal solution, and no sediment was
observed upon standing, indicating that total delamination of
MgPdAI-LDH-Gly took place in FA; and once delaminated, the
single lamellas of LDH were solvated and thus stabilized by FA. In
contrast, even the ultrasonic treatment with the DMF dispersion of
MgPdAI-LDH-Gly just resulted in a turbid solution, suggesting that
MgPdAI-LDH-Gly could not be delaminated completely in single
solvent of DMF. Interestingly, further addition of formamide into
this turbid dispersion just followed by hand shaking, the turbid
dispersion turned into a transparent colloidal solution immediately
(Fig. 1). Owing to the colloidal nature of the LDH mono-lamellas,
dispersion (b) might act as a much better catalyst in Heck reaction
than dispersion (a). The easy delamination of MgPdAI-LDH-Gly
pre-dispersed by DMF also suggested the pre-swell took place
in DMF before adding FA into. This swelling effect might result
from the incorporation of the solvents into the interlayers [16,25].
For the purpose of catalysis, the swollen LDH layers with enough
enlarged basal spacing may provide reactants with free access to
the inner surface of brucite-like sheets.

3.2. Characterizations

The XRD pattern of the as-prepared MgPdAI-LDH-Gly shows
that the sample was mainly a hydrotalcite-like structure (see
Supporting Information, Fig. S1a). The basal spacing for glycinate-
intercalated MgPdAI-LDH, around 0.8 nm, is consistent with the
reported data [56]. Compared with the starting MgPdAl-LDH-Gly,
the XRD pattern of the glue-like solid obtained from the centrifugal
treatment of FA dispersion shows the absence of sharp basal peaks
(Fig. S1b). This indicates that the host sheets were no longer in par-
allel with each other in constant distance, implying delamination
of the MgPdAI-LDH [18].

A typical TEM image of MgPdAI-LDH-Gly dispersed in ethanol
shows that the LDH nanocrystals were heavily aggregated (Fig. 2a);
single crystals of LDH were not observed in this original struc-
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Fig. 2. TEM images of the MgPdAI-LDH-Gly from (a) the ethanol dispersion and (b)
the FA dispersion (inset: HRTEM image of a single nanosheet, the scale bar is 5 nm).

ture of LDH [9]. However, the TEM image of the MgPdAI-LDH-Gly
dispersed in FA shows mono-dispersed thin sheets sized in
~11 nm (Fig. 2b). Compared with the stacking ones (Fig. 2a), these
nanosheets looks more fainted and uniform in contrast, which
is compatible with the ultrathin thickness of the delaminated
layers (0.7-1.3nm) [21]. Both lateral size and thickness of these
delamination-derived MgPdAI-LDH monolayers are in nanometer
range, which would greatly favor the catalytic application. The TEM
image also shows these nanosheets of LDH are not uniform in shape,
implying occurrence of some fracture of the LDH sheets during the
delamination. The HRTEM image of individual nanosheets (inset
of Fig. 2b) reveals ordered lattice fringes with fringe separation of
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Fig. 3. EDX analysis of individual MgPdAl brucite-like ultrathin sheet. The peaks of
Cu and C come from the copper grid and carbon film substrate, respectively (inset:
HRTEM image of a single nanosheet, the scale bar is 5nm).

about 0.310 nm. This larger cell parameter compared with the in-
plane structural parameter of MgAI-LDH crystals (a=0.306 nm) can
be attributed to the presence of the larger Pd%* in brucite-like layers
[42]. Furthermore, EDX analysis of these ultrathin sheets (Fig. 3) also
reveals homogeneous distribution of the constitute metals on indi-
vidual layers and the calculated Pd(II)/Mg(II)/Al ratios was 5/92/34,
which agrees well with that (5/95/33) of the starting solutions. This
result indicates Pd was exactly incorporated into the single lamellas
of LDH. In addition, the TEM image of the FA-dispersed MgAl-
LDH-Gly shows no obvious difference with that of FA-dispersed
MgPdAI-LDH-Gly (see Supporting Information, Fig. S2), implying
that the implantation of Pd has no impact on the delamination.

3.3. Catalytic performance of the delaminated MgPdAIl-LDH

In the present work, the catalytic activity of MgPdAI-LDH-Gly
was examined in the Heck coupling reaction. The coupling of bro-
mobenzene with styrene was chosen as a model reaction. Initially,
the catalytic performances of MgPdAI-LDH-Gly toward this reac-
tion were examined in solvents of DMF and FA, respectively, which
were performed at the same conditions and the same level of
palladium loading. DMF and FA dispersions of MgPdAIl-LDH-Gly
showed the low and moderate activities for the reaction between
bromobenzene and styrene, respectively (Table 1, Entries 1 and 2).
DMF is a commonly used solvent for organic reactions (including
Heck reactions) due to its high boiling point and good solubility
for a large scope of organic substances, but the MgPdAl-LDH-Gly

Table 1 CatalystNO
NOA
Ph-Br + PhCH=CH, —— 00 pp—2Ph
Optimization of reaction conditions using the coupling of bromobenzene and styrene as model reaction? ’ ?
la 2 3a
Entry Catalyst mol% Pd Yields (%) TOF
1 10 mL DMF-dispersed MgPdAI-LDH-Gly” 0.025 42 420
2 10 mL FA-delaminated MgPdAI-LDH-Gly® 0.025 62 620
8 8 mL DMF-dispersed MgPdAIl-LDH-Gly + 2 mL FA¢ 0.025 100 1,000
4 1 mL FA-delaminated MgPdAI-LDH-Gly + 6 mL DMF4 0.0025 100 10,000
5 1 mL FA-delaminated MgPdAI-LDH-Gly + 6 mL NMP4 0.0025 100 10,000
6 Pd(II) supported on MgAI-LDH® 0.5 40 20
7 Delaminated MgAI-LDH-Gly* 0 0 0

2 All reactions were performed at 130°C for 4 h, 10 mmol of bromobenzene, 12 mmol of styrene, 0.5 mL H,0 and 1.6 g of NaOAc were used for all reactions.

b Dispersions of MgPdAI-LDH-Gly at concentration of 1 mg/mL.

¢ 8 mL DMF dispersion of 10 mg MgPdAI-LDH-Gly followed by addition of 2 mL pure FA.
4 1 mL FA-delaminated MgPdAI-LDH-Gly (1 mg/mL) diluted by 6 mL pure DMF or NMP.

¢ Catalysts dispersed in mixture of 1 mL FA, 6 mL DMF and 0.5 mL water.
f 2 mL FA-delaminated MgAI-LDH-Gly diluted by 8 mL pure DMF.
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crystals dispersed in DMF will exist as aggregated form as a result
of the limited delaminating ability of DMF, which led to the limited
accessibility to the inner surface of the MgPdAl-LDH. Although the
MgPdAI-LDH-Gly could be delaminated into mono-lamellas by FA
(Fig. 2b), the catalytic activity of FA-dispersed MgPdAI-LDH-Gly is
not as high as we expected (Entry 2). The limited solubility of FA led
to a binary-phase between reactants and FA which was used solely
as medium of delamination and reaction. Therefore, DMF and FA
are complementary each other in the solubility and the capability
of delamination; combination of using both solvents is necessary to
improve the catalytic performance of the MgPdAI-LDH nanosheets.

As expected, the catalytic performance of DMF-dispersed
MgPdAI-LDH-Gly exhibited much better activity when small
amount of FA was added (Table 1, Entry 3), indicating that the
access of reactant molecules to Pd sites was largely increased with
the delaminating effect of FA on MgPdAI-LDH-Gly. Because the
catalytic activity was improved with the increase of the accessi-
ble inner surface of LDH, the catalysis might be a heterogeneous
process occurring on the surface of colloidal LDH mono-lamellas
[35,43]. In the other word, the enhanced catalytic activity was well
correlated with the delamination of MgPdAI-LDH layers.

Inspired by such an interesting observation, we lowered the
Pd loading further. One millilitre of FA-delaminated MgPdAI-LDH
was diluted by 6 mL DMF. With improved solubility for the reac-
tant molecules, it was found that these colloidal ultrathin sheets of
MgPdAI-LDH (Fig. 1b) exhibited excellent catalytic activity toward
Heck reaction. The optimal amount of Pd could be reduced as
low as 0.0025%; the turnover number (TON, moles of substrate
converted/moles of Pd) and turnover frequency (TOF, TON per
hour) for the reaction between bromobenzene and styrene are
about 40,000 and 10,000 h~, respectively (Table 1, Entry 4). Ear-
lier reports suggest that metal colloids could be stabilized by some
solvents such as acetone [57], DMF [58], propylene carbonate [59]
and N-methylpyrrolidinone (NMP) [60]. In the present study, FA-
delaminated MgPdAI-LDH diluted by NMP was also tested for
catalysis, and the same activity as that of DMF was also obtained
(Entry 5, Table 1).

Pd(II) supported on MgAI-LDH [39] was also evaluated for its
catalytic activities for comparison with the delaminated MgPdAl-
LDH. As shown in Table 1 (Entry 6), the catalytic activity of this
catalyst for the same Heck reaction were much lower than that of
the delaminated MgPdAI-LDH. The TONs for Pd(Il)/MgAI-LDH were
80, in contrast with TON of 40,000 for the delaminated MgPdAl-
LDH. Conventional MgAI-LDH nanosheets without Pd implantation
did not yet show catalytic activity toward Heck reaction (Entry 7,
Table 1).

The outstanding catalytic performance of delaminated MgPdAl-
LDH for Heck reaction can be attributed to the following factors.
Compared with the single Pd(II) salts, these colloidal LDH mono-
layers were bifunctional, i.e., they contained basic sites as well
as catalytically active palladium sites. On the other hand, differ-
ing from the conventionally supported Pd (Table 1, Entry 6), these
two kinds of sites on the brucite-like nanosheets were combined at
an atomic level because of the co-precipitation method employed
and present a synergic effect; so the basic sites on the MgPdAI-
LDH mono-lamellas might act as basic ligands. It was reported that
the basic supports for Pd or Pt favors activation of Ar-X bonds
[43,61-65]. The electron-rich environment derived from basic sites
of LDH layers would provide the requisite electron density on pal-
ladium to undergo oxidative addition of the in situ formed Pd(0)
with haloarene [66], which plays a key role in activation of C-X
bonds. It is worth noting that the Pd(II) was reduced to Pd(0) in situ
under the reaction condition employed [67]. These in situ formed
Pd(0) species implanted in the brucite-like layers were homoge-
neously separated from each other by the Mg, Al and OH~ on

the lamellas, hence the further growth of the formed Pd(0) nuclei
was effectively hindered and terminated at an early stage [68],
accounting for the highly catalytic efficiency [69]. Furthermore, the
pre-implantation of Pd(II) into LDH also helps to prevent the in situ
formed Pd(0) from extraction from the mono-lamellas followed by
Pd-black formation [70,71]. Although the mechanism of heteroge-
neously catalyzed Heck reactions still remains in debate [72,73], it
is commonly accepted that the Pd-black formation will lead to the
suppression of the catalytic process.

3.4. Tests of reusability for the delaminated MgPdAI-LDH

In our case, it is hard to recycle the catalyst by simple filtering
or centrifugation because of the ultrathin and ultra-small nature of
the delaminated LDH, and the ultra-low catalyst loading. Therefore,
400 mesh silica was used to capture the in situ formed Pd(0) species
during the initial catalytic reaction. Similar procedure for immobi-
lization of Pd(0) on silica was also previously reported [74]. After
completion of the first run, lightly grey silica were obtained by fil-
tering, then washed it and applied to the next run. As compared to
the initial run, this silica-captured Pd(0) showed a 90% loss in cat-
alytic activity (evaluated by TON and TOF), indicating that freshly
formed Pd(0) clusters might be the actual sites of catalysis. Reetz
and Lohmer also reported the similar loss of activity when Al,03
was applied to capture the PC-stabilized Pd(0) clusters [59]. The
freshly formed Pd(0) clusters have more defect sites, steps and kinks
compared with the recycled ones [75-78]. Of course, the decreased
activity may also be due to the partial breakage of the brucite-like
structure at the end of the initial run, which led to the inevitable
separation of the Pd sites from basic sites. Even so, the delaminated
MgPdAI-LDH can still be defined as a highly effective catalyst; a
conventional heterogeneous catalyst even with a 0.25% Pd loading
would have to be re-used 100 times to achieve the same TON as
the delaminated MgPdAI-LDH with a 0.0025% Pd loading (Table 1,
Entry 4).

3.5. Reactivity of various aryl halides

After the initial optimization studies with bromobenzene and
styrene, we conducted the reactions of a wide variety of aryl
halides with styrene (Table 2) under this new catalytic system.
In all cases E isomers were obtained exclusively. The conver-
sion in the reactions depended on the nature of the halides
and their substituents. The best result was obtained in the reac-
tion with the highly reactive iodobenzene (Entry 13 of Table 2:
ca. 100,000 TON in 4h). A large variety of aryl bromides with
deactivated groups such as OH and OCH3; were also reactive in
this catalytic system. Interestingly, the sterically hindered 1,2-
dibromobenzene could be di-coupled with styrene in 88% yield.
Moreover, in the coupling of 1,4-dibromobenzene with styrene
at the molar ratio of 1 (1,4-dibromobenzene to styrene), the
expected 1-bromo-4-styrylbenzene was not obtained; but the di-
coupled product (1,4-di-styrylbenzene) was exclusively obtained
instead. Similar phenomena were also observed in the cases
of 1,3,5-tribromobenzene and 1-bromo-4-iodobenzene, indicating
that the in situ formed intermediate 1-bromo-4-styrylbenzene was
even more reactive than 1-bromo-4-iodobenzene and the equilib-
rium shifts to the formation of a more conjugated molecule. The
multi-coupling of multi-bromobenzene by styrene might be ther-
modynamically driven by forming higher conjugated molecules
which have lower total energy compared with their lowly conju-
gated counterparts.

As for the chlorobenzene, the coupling reaction afforded only
25% yield even at a higher loading of Pd and a longer reaction time
(20 h); some diphenyl was also found in the products because of the
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Table 2
Heck coupling of aryl halides with styrene catalyzed by delaminated MgPdAI-LDH-Gly under optimized conditions?
Ar-X + PhCH=CH Delaminated MgPdAI-LDH A_//‘Ph
2 Solvent NaOAc ¥
la~1p 2 3a~3k
Entry ArX Product mol%Pd  Yield%® Entry ArX Product mol%Pd  Yield%P
Br o O
Wl / @
Z
1 0.0025 100°¢ 9 Br O 0.005 88
1a 3a 1i 3h
. Br
2 0.0025 95 10 Br Br 0.0075 95
1b 3b .
1j 3i
H,CO @Br OCH3 @m -/ )
3 0.0025 98 11 0.05 25¢.d.e
1c 3c 1k 3a
OH@Br ) s OZNOC' ) v,
4 0.005 90 12 0.05 70d.¢
1d 3d 11 3e
onl e aleTaY;
5 0.0025 96 13 0.001 100¢
le 3e 1m 3a
Br OBr CI@I Cl O / O
6 0.005 94 14 0.001 98
1f 3f 1n 3j
v, O @, O
) O oY
7 0.005 96 15 I 0.0025 96
1
g 3f lo 3K
O—COrer 0 — o aY
8 0.0025 95 16 O Br 0.005 80

1h

3g

1p

3k

2 Reaction conditions: 5 mmol aryl halide, 6 mmol styrene, 6 mmol NaOAc, 1 mL FA-delaminated MgPdAl-LDH-Gly diluted by 6 mL DMF and 0.5 mL H,0, 130°C, 4 h.

b Yield of isolated product.

¢ Yields of product from GC analysis.
d 1 mL FA-delaminated MgPdAI-LDH-Gly diluted by 6 mL NMP.

¢ Reaction time: 20 h.
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homo-coupling between chlorobenzene. As expected, better results
were obtained in the presence of activated aryl halides such as 4-
bromonitrobenzene and 4-chloronitrobenzene (Table 2, Entries 5
and 12).

4. Conclusion

In summary, we provide herein a new alternative pre-catalyst
of palladium for Heck reaction. The semi-heterogeneous delami-
nated colloidal Mgg g5Pd.05Al4/3-LDH catalyst (ligand-free), which
catalyzed efficiently the coupling reaction of a variety of aryl halides
with styrene, was characterized by XRD, TEM, HRTEM and EDX anal-
ysis. These bifunctional LDH mono-lamellas contain basic sites and
catalytically active palladium sites which interact with each other
closely. And the benefit of site accessibility by delamination has
been shown catalytically. We demonstrated experimentally, for the
first time, that the catalytic activities and the extents of the delam-
ination of LDH are well correlated. This first attempt will open up
catalytic applications of the delaminated LDHs. More systematic
investigation on the catalytic aspects of the delaminated LDHs bear-
ing the transition metals other than Pd(II) will be further reported
by us.
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