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Trans-RhCIl(CO)(TPPTS), [TPPTS, trisodium salt of tri-(m-sulfophenyl)-phosphine]
and TPPTS ligands have been cointercalated into zinc—aluminum-layered double
hydroxides (ZnAl-LDHs) by in situ complexation, and the catalytic performances of the
resulting materials for 1-hexene hydroformylation have been investigated. The interca-
lated materials were characterized by means of XRD, FTIR, ICP, and *'P MAS NMR.
The rhodium complex and TPPTS ligands coexist in the interlayer galleries of LDH
(denoted as RhP>-P-Zn,AlI-LDH, where n denotes as the molar ratio Zn/Al), with an
interlayer spacing of ca. 1.58 nm. Compared with the catalytic properties of the corre-
sponding water-oil biphasic catalyst under similar reaction conditions, RhP,-P-Zn;Al-
LDH showed better reusability and activity. Furthermore, compared with a related
material prepared by ion exchange, the RhP,-P-Zn;Al-LDH showed better activity and
selectivity towards aldehyde. The influence of the Zn/Al molar ratio in RhP,-P-Zn,Al-
LDH has also been studied, and it was found that higher selectivity to aldehydes and
lower activity were obtained with increasing Zn/Al molar ratio. © 2007 American Insti-
tute of Chemical Engineers AIChE J, 53: 2916-2924, 2007
Keywords: trans-RhCIl(CO)(TPPTS),, layered double hydroxide, intercalation, hydro-

formylation, in situ complexation

Introduction

Hydroformylation, the addition of synthesis gas (CO and
H,) to alkenes, is one of the most important syngas-related
reactions.! The hydroformylation reaction was first discov-
ered using a heterogeneous Fischer-Tropsch catalyst.2 As one
of the mildest and cleanest methods to produce aldehydes, it
is widely applied in the petrochemical industry. All current
commercial processes are based on homogeneous catalysts,
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mostly using rhodium. Over the past few decades, however,
development and application of immobilized homogeneous
catalysts have been attracting widespread interest,> since
such catalysts can combine the high activity and selectivity
of homogeneous catalysts with the long lifetime and ease of
separation of heterogeneous catalysts.® A large number of
papers and patents concerning alkene hydroformylation cata-
lyzed by rhodium or other noble metal complexes supported
on silica or other oxide supports have been published’® and,
moreover, the encapsulation of such complexes in micropo-
rous and mesoporous supports,9 construction through a
“ship-in-the-bottle” process in zeolites,'” and entrapment in
sol-gel structures'' or “host-guest” structures'? have also

AIChE Journal



been studied. It has been reported that some of these cata-
lysts are highly effective hydroformylation catalysts.

Layered double hydroxides (LDHs) are a class of synthetic
anionic clays whose structure is based on brucite (Mg(OH),)-
like layers in which some of the divalent cations have
been replaced by trivalent ions giving positively-charged
sheets.'” "> This charge is balanced by intercalation of
anions in the hydrated interlayer regions. LDHs can be repre-
sented by the general formula [M{' _ MM™(OH),** (A"),,.y
H,O. The identities of the di- and trivalent cations (M and
M™, respectively) and the interlayer anion (A"") together with
the value of the stoichiometric coefficient (x) may be varied
over a wide range, giving rise to a large class of isostructural
materials. These layered solids have received considerable
attention because of their many practical applications, includ-
ing as nanocomposite materials,'® functional materials,!” and
catalysts.'>'®!? One attractive feature of such materials is that
they serve as a template for the formation of supramolecular
structures,”® and many new species can be assembled by reac-
tion of guest compounds in the LDH matrices.'>!” There have
been some reports of intercalation of transition metal com-
plexes in LDHs giving materials with expanded interlayer
spacing, which have shown good catalytic activity. Examples
include dioxomolybdenum (VI) complexes,?! cobalt (II) mac-
rocylic complexes,22 and manganese (III) complexes of Schiff
base ligands.>® In other cases, catalytic activity was observed
with no expansion of interlayer spacing, suggesting that the
catalytically active anion was adsorbed on edge sites as in the
case of WO,Z'® or PdCl1, >4

In our previous work, the intercalation of trans-RhCI1(CO)
(TPPTS), [TPPTS: trisodium salt of tri-(m-sulfophenyl)-
phosphine, P(m-C¢H4SO3Na);] into zinc—aluminum-layered
double hydroxides (ZnAl-LDHs) was performed by the
method of ion-exchange, and the resulting composite mate-
rial was structurally characterized.”> To the best of our
knowledge, except for this work,” there has been only one
other reported attempt to immobilize a water soluble phos-
phine transition metal complex on an LDH viz. reaction of
cis-Pd(TPPTS),Cl, and MgAI-CI-LDH afforded a material
with unchanged interlayer spacing, indicating that the palla-
dium complex was immobilized on the edge of the crystalli-
tes.?® At the start of the work reported here, we studied the
catalytic performance of trans-RhCI(CO)(TPPTS), interca-
lated LDH in hydroformylation, but found that its catalytic
properties were somewhat disappointing. As a result, the aim
of this work is to prepare heterogenized rhodium complex
catalysts based on composites of trans-RhCI(CO)(TPPTS),
and intercalated ZnAl-LDHs with improved catalytic per-
formance in hydroformylation. In particular, trans-
RhCI(CO)(TPPTS), has been intercalated into ZnAl-LDHs in
the presence of free TPPTS as the cointercalated component
(to give materials denoted as RhP,-P-Zn,Al-LDH, n = 2, 3,
and 4) by a method of in situ complexation. The catalytic
performance of the new cointercalated material was com-
pared with that of the corresponding biphasic catalyst system
under similar reaction conditions, in which trans-
RhCI(CO)(TPPTS), and TPPTS were untethered, and frans-
RhCI(CO)(TPPTS), intercalated ZnAl-LDH prepared via
ion-exchange. Therefore, this work provides a new Rh-phos-
phine complex-inorganic layered material with prospective
application.

AIChE Journal November 2007 Vol. 53, No. 11

Published on behalf of the AIChE

Experimental Section
Catalyst preparation

Synthesis of Trans-RhCI(CO)(TPPTS),. TPPTS was pre-
pared according to a standard literature procedure.27 Trans-
RhCI(CO)(TPPTS), was prepared as a pale yellow powder
according to the procedure described in a Chinese patent®>?®
and characterized by microanalysis; found (calculated) wt.%:
P 4.67 (4.76), S 15.04 (14.74), Rh 7.58 (7.91); P/Rh 1.9
(2.0), S/P 2.9 (3.0).

Preparation of Trans-RhCI(CO)(TPPTS), Intercalated
ZnAl-LDHs. lon-Exchange Method. The precursor [Zn;Al
(OH)g](NO3)-4H,0, (denoted as NO3z-Zn3zAl-LDH) was syn-
thesized by a literature procedure.29 Intercalation of trans-
RhCI(CO) (TPPTS), into LDH was carried out by the
method of ion-exchange as reported previously.”> The sample
is denoted as RhP,-Zn;Al-LDH.

In Situ Complexation Method. A TPPTS preintercalated
ZnAl-LDH precursor (denoted as TPPTS-Zn;Al-LDH) was
first prepared by the method of ion exchange, in which a
mixture of the precursor NO;-Zn3Al-LDH (5.00 g, 1.80
mmol) and an aqueous solution of TPPTS (1.02 g, 1.80
mmol) was heated at 80°C under a nitrogen atmosphere for
72 h. A solution of RhCl3-3H,0 (0.02 g, 6.90 X 102 mmol)
in pure ethanol (10 ml) was held at 78°C under a carbon
monoxide atmosphere for 50 min. A suspension of TPPTS-
Zn3Al-LDH (1.00 g, 0.42 mmol) in distilled, deionized water
(5 ml) was then added dropwise quickly. The mixture was
held at 78°C for 40 min, after which pure ethanol was added
to cool the mixture. The resulting precipitate was separated,
washed with pure ethanol, and dried in vacuo at 60°C. The
product is denoted as RhP,-P-Zn;Al-LDH. Other intercalates
with different Zn/Al molar ratios were obtained by the same
method (denoted as RhP,-P-Zn,Al-LDH and RhP,-P-Zn4Al-
LDH, respectively). It was found that the color of the com-
posite material changed from white in the case of the precur-
sor (TPPTS-Zn,Al-LDH, n = 2, 3, 4) to pale yellow in the
cases of the resulting RhP,-P-Zn,AI-LDH (n = 2, 3, 4), indi-
cating the formation of the Rh-phosphine complex via in situ
complexation.

Characterization

XRD measurements were performed on a Rigaku XRD-
6000 diffractometer, using Cu K, radiation (A = 0.154 nm)
at 40 kV, 30 mA, a scanning rate of 0.02 °/s, in the 20 range
3° to 70°.

FTIR spectra were recorded using a Bruker Vector22 spec-
trophotometer in the range 4000—400 em~ ! with 2 em ™! re-
solution. The standard KBr disk method (1 mg of sample in
100 mg of KBr) was used.

3P MAS NMR spectra were recorded on a Bruker
AV300 spectrometer operating at a frequency of 121.497
MHz for *'P at a spinning rate of —8000 Hz with a 10 s
pulse delay.

Elemental analysis was performed by ICP emission spec-
troscopy on a Shimadzu ICPS-7500 instrument using solu-
tions prepared by dissolving the samples in dilute HCI.

Thermogravimetric analysis and differential thermal analy-
sis (TG/DTA) were measured in air using a PCT-1A thermal
analysis system with a heating rate of 10°C/min.
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Figure 1. Powder XRD patterns of (a) NO3-Zn3Al-LDH,
(b) RhP,-ZnsAl-LDH, (c) TPPTS-Zn,Al-LDH,
(d) RhP>-P-Zn,AI-LDH, (e) RhP,-P-Zn3AI-LDH,
and (f) RhP,-P-Zn,Al-LDH.

Catalytic testing

Hydroformylation of 1-hexene was conducted under 1.6
MPa of an equimolar CO and H, mixture at 100°C in a
stainless steel autoclave with a magnetic stirrer. The rho-
dium-containing catalyst (Rh/l-hexene = 4.0 X 10~%), 1-
hexene (1.5 ml), toluene (3 ml), and triethylamine (0.05 ml)
were first transferred to the autoclave. The reaction system
was purged with the CO + H, mixture and subsequently
charged to the working pressure. When a reaction cycle was
completed, the reactor was allowed to cool to room tempera-
ture and depressurized. The solid catalyst was reclaimed in a
sealed tube by centrifugal separation for 3 min and the cycle
repeated. The products of hydroformylation were analyzed
by GC-MS using a Shimadzu 2010 instrument.

Results and Discussion
Structure of the catalysts and their precursors

The powder XRD patterns of NO;-Zn;Al-LDH and the
intercalated materials produced by the method of ion-

exchange and in situ complexation with different Zn/Al
molar ratios are shown in Figure 1, The basal spacing and
lattice parameters are listed in Table 1. In each case, the
reflections can be indexed to a hexagonal lattice with R-3m
rhombohedral symmetry, commonly used**>' for the descrip-
tion of LDH structures. However, as is often the case,32 sev-
eral of the (hkl) reflections disappear or broaden in the sam-
ples prepared by the method of both ion-exchange and in
situ complexation. The NO3-Zn;Al-LDH precursor has an
XRD pattern (Figure la) similar to those reported previ-
ously,33 with a basal spacing (dpp3) of 0.88 nm (Table 1). Af-
ter reaction with trans-RhCI(CO)(TPPTS), by the method of
ion exchange, the basal reflection in the XRD pattern of
RhP,-Zn;Al-LDH (Figure 1b) was observed at 4.96°, corre-
sponding to an expanded basal spacing of 1.78 nm (Table 1).
The XRD pattern of the precursor TPPTS-Zn;Al-LDH
(Figure 1c) indicates that the material has a basal spacing of
1.63 nm. After the in situ complexation reaction however,
the 003 reflections of RhP,-P-Zn,Al-LDH, RhP,-P-Zn;Al-
LDH, and RhP,-P-Zn,Al-LDH appear at 5.60, 5.64, and
5.66°, with the corresponding basal spacings (dyy3) of 1.57,
1.58 and 1.56 nm, respectively, representing a contraction of
the interlayer distance compared with the precursor. This is
rather interesting and is consistent with the occurrence of a
chemical reaction and the reorientation of the interlayer
guests. A significant decrease in the reflection intensity as
well as increase in the peak width at half height were
observed as the Zn/Al ratio in RhP,-P-Zn, Al-LDH increased
from n = 1.9 to 2.6 to 3.9 (Figures 1d—f). A small amount
of an impurity phase was also found in RhP,-P-Zn,Al-LDH.
The basal spacing of the material prepared by ion-exchange
is much larger than that of the materials prepared by in situ
complexation (1.78 and 1.56-1.58 nm, respectively), which
suggests that different spatial orientation of the interlayer
anions are involved. This will be further discussed in the *'P
MAS NMR section below.

The FTIR spectra of TPPTS, trans-RhCI(CO)(TPPTS),,
and their intercalates in the LDHs are shown in Figure 2.
The spectra of TPPTS and trans-RhCI(CO)(TPPTS), (Figures
2a and b) are similar to those reported in the literature.** In
the case of the intercalated materials, the broad bands at
around 3443 cm™ ' (Figures 2c—g) can be attributed to O—H
stretching vibrations of surface and interlayer water mole-
cules,”® which are found at lower frequency in LDHs com-
pared with the O—H stretching vibrations of free water at
3600 cm ™~ '.*> This suggests the presence of hydrogen bond-
ing between interlayer water and the guest anions as well as
the layer hydroxide groups. The bands at 1196, 1040, and
628 cm ' of TPPTS (Figure 2a) and trans-RhCI1(CO)
(TPPTS), (Figure 2b) can be attributed to the stretching

Table 1. XRD Data and Lattice Parameters of NO;-Zn3;Al-LDH and the Intercalated Materials

NO3-Z[13 Rth-an, TPPTS —Zn3 Rth-P-an Rth—P—Zn3 Rth-P-ZH4

Al-LDH Al-LDH Al-LDH Al-LDH Al-LDH Al-LDH
dooz/mm 0.88 1.78 1.63 1.57 1.58 1.56
dpoe/mm 0.44 0.90 0.80 0.78 0.79 0.79
dopo/nm 0.26 0.46 0.53 0.52 0.52 0.53
dyp/nm 0.15 0.15 0.15 0.15 0.15 0.15
Lattice parameter a/nm 0.30 0.30 0.30 0.30 0.30 0.30
Lattice parameter ¢/nm 2.64 5.34 4.89 4.71 4.74 4.68
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Figure 2. FTIR spectra of (a) TPPTS, (b) trans-
RhCI(CO)(TPPTS),, (c) RhP»-ZnzAl-LDH, (d)
TPPTS-ZnzAl-LDH, (e) RhP»-P-Zn,Al-LDH, (f)
RhP,-P-Zn;AlI-LDH, and (g) RhP,-P-Zn,Al-
LDH.

vibrations Vs, Vs, and Vi, respectively. After intercalation
into the LDH host, these three bands move to lower fre-
quency, being observed at 1184, 1036, and 615 cm ' (Fig-
ures 2c—g), respectively. It is known that the coordination of
the oxygen atom in the sulfonate group decreases the force
constant in the S—O bond and accordingly results in a shift
of the S—O vibration band to lower frequency®®; this has
been previously reported in the FTIR spectra of the interca-
lates of naphthalene-2,6-disulfonate’”* and 9,10-anthraqui-
none-1,2-dihydroxy-3-sulfonate (Alizarin red S anion) in
LDHs.>® Therefore, it can be concluded that the observed
shift of these bands results from the interaction between the
oxygen atom in the sulfonate group of the interlayer trans-
RhCI(CO)(TPPTS), or TPPTS and the host lattice. The vco
stretching vibration of the pristine frans-RhCI(CO)(TPPTS),
(Figure 2b) appears at 1977 cm™ !, while this band in RhP,-
Zn;Al-LDH (Figure 2c) and RhP,-Zn,Al-LDH (Figures 2e—g)
was observed at 1996 and 1990 cm™ ', respectively, represent-
ing shifts of 19 and 13 em~ ! to higher frequency compared
with the free complex. The frequencies of all the other main
absorption bands of RhP,-Zn3;Al-LDH (Figure 2c) and RhP,-P-
Zn,Al-LDH (Figures 2e—g), such as the bands centered at 1466
and 1400 cm ™' corresponding to phenyl ring vibrations and at
797 and 690 cm ™' attributed to C—H out-of-plane bending
vibrations of phenyl rings, closely resemble those in the spectra
of both free trans-RhCI(CO)(TPPTS), (Figure 2b) and TPPTS
(Figure 2a). These data confirm that trans-RhCI(CO)(TPPTS),
can be intercalated between the layers of LDHs by both ion-
exchange and in situ complexation methods.

Figure 3 shows the 3P MAS NMR spectra of pristine
TPPTS (Figure 3a), trans-RhCI(CO)(TPPTS), (Figure 3b),
the ion-exchange product RhP,-Zn;Al-LDH (Figure 3c), the
TPPTS intercalated LDH precursor TPPTS-Zn;Al-LDH
(Figure 3d), and the in situ complexation product RhP,-P-
Zn3;Al-LDH (Figure 3e). The spectra of the pristine TPPTS
(Figure 3a) and trans-RhCI(CO)(TPPTS), (Figure 3b) show
resonances at —5.5 and 32.3 ppm, respectively, which com-
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pare well with the literature values of —5.2 ppm for TPPTS
and 32.5 ppm for frans-RhCI(CO)(TPPTS),."** In the case
of RhP,-Zn;Al-LDH obtained by ion-exchange (Figure 3c),
the broad signal at about 30.5 ppm can be assigned to the
trans-RhCI(CO)(TPPTS), in the interlayer galleries of the
LDHs. Comparison of Figures 3a and d indicates that the 3p
resonance shifts from —5.5 ppm for free TPPTS (Figure 3a)
to —20.2 ppm for its intercalated composite with LDH
(Figure 3d). To determine whether this remarkable shift is in-
dicative of decomposition of TPPTS during the intercalation
process, a sample of TPPTS-Zn;Al-LDH was subsequently
stirred with an aqueous solution of sodium carbonate heated
at 40°C under a nitrogen atmosphere for 24 h. Since carbon-
ate anions have a very strong affinity for LDH layers and
would be expected to displace the interlayer guest anions in
TPPTS-Zn;Al-LDH. After filtration of the mixture, the >'P
NMR spectrum of the filtrate showed an intense peak at —5.9
ppm, characteristic of TPPTS, together with a weak peak at
34.0 ppm, which is indicative of a small amount of TPPTS
oxide, with no peak in the region around —20 ppm. Since the
TPPTS was recovered essentially unchanged, the large differ-
ence in TPPTS chemical shift before and after intercalation
is therefore a result of the host-guest interactions in the inter-
calate, rather than decomposition. The additional weak reso-
nance at —7.2 ppm in Figure 3d may be attributed to a small
amount of TPPTS adsorbed on the surface of LDH. As for
the intercalated material RhP,-P-Zn;Al-LDH obtained by in
situ complexation (Figure 3e), in addition to the two resonan-
ces at —20.6 and —7.2 ppm corresponding to intercalated and
surface adsorbed TPPTS, respectively, another resonance was
observed at 24.0 ppm, which can be assigned to the chemical
shift of trans-RhCI(CO)(TPPTS),. This indicates that trans-
RhCI(CO)(TPPTS), is formed in the interlayer gallery of the
precursor LDH (TPPTS-Zn;Al-LDH) via in situ complexa-
tion, resulting in cointercalation of residual TPPTS and the
rhodium complex. The difference between the 3P chemical
shifts of the in situ complexation product (24.0 ppm) and the
ion-exchange product (30.5 ppm) is indicative of different

©
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ppm 100 50 0 -50 -100

Figure 3. 3'P MAS NMR spectra of (a) TPPTS, (b) trans-
RhCI(CO)(TPPTS),, (c) RhP,-ZnsAl-LDH, (d)
TPPTS-Zn;Al-LDH, and (e) RhP,-P-ZnzAl-LDH.
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Table 2. Key Elemental Molar Ratios in Trans-RhCl(CO)(TPPTS), and the Intercalated Materials

Trans-RhCl RhP,-Zn; TPPTS-Zn; RhP,-P-Zn, RhP,-P-Zn; RhP,-P-Zn,
Sample (CO)(TPPTS), Al-LDH Al-LDH Al-LDH Al-LDH Al-LDH
Molar ratio Zn/Al — 2.4 2.6 1.9 2.6 3.9
Molar ratio P/Rh 1.9 1.9 - 7.8 7.8 7.3
Rh (w/w) (%) 7.58 3.44 - 0.90 0.48 0.60

interlayer micro-environments of the phosphorus atom in the
two complex-LDH composites, which can be related to the
different spatial orientations of the interlayer anions. This is
in consistent with the results of XRD, in which two different
dpoz values were obtained.

On the basis of elemental analysis data, key elemental
molar ratios in frans-RhCI(CO)(TPPTS), and the intercalated
materials are listed in Table 2. It can be seen that the Zn/Al
molar ratios of the intercalated materials are close to the
value expected. The P/Rh molar ratio of RhP,-Zn;Al-LDH
prepared by ion-exchange is the same as that of pristine
trans-RhCI(CO)(TPPTS),, while this value in RhP,-P-Zn,Al-
LDH prepared by in-situ complexation is much higher. This
is in accordance with the cointercalation of TPPTS and
trans-RhCI(CO)(TPPTS),, which has been demonstrated by
3lp MAS NMR. The P/Rh molar ratios in RhP,-P-Zn,Al-
LDH are close to each other. The Rh loading in RhP,-
Zn;Al-LDH is much higher than that in RhP,-P-Zn, Al-LDH,
as a result of the presence of cointercalated TPPTS in the
case of RhP,-P-Zn,Al-LDH. The difference in Rh content of
the samples prepared by in situ complexation will be dis-
cussed in the next section.

The TG/DTA curves for RhP,-P-Zn;Al-LDH are shown in
Figure 4 to study the thermal stability of the new catalyst.
The thermal decomposition of RhP,-P-Zn;Al-LDH is charac-
terized by four steps (Figure 4): the first loss event (50—
150°C) corresponds to the dehydration of both the surface
and interlayer water molecules with an endothermic peak at
100°C in the DTA curve; the second event (150-285°C) is
due to the decomposition of the interlayer anions, and the
corresponding endothermic peak is observed at 275°C; the
third (285-460°C) is a consequence of dehydroxylation of
the brucite-like layers and continued decomposition of inter-
layer anions; the fourth stage (460-580°C) is attributed to
the further decomposition and combustion of interlayer mate-
rials with a strong exothermic peak at 540°C. The thermal
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Figure 4. TG/DTA curves of RhP,-P-Zn3Al-LDH.
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decomposition process of RhP,-P-Zn3;Al-LDH in this work is
similar to that of frans-RhCI(CO)(TPPTS), intercalated LDH
materials in our previous report®> except that the fourth loss
event extends to a higher temperature (580°C). This might be
related to the difference in both component and spatial orien-
tations of the interlayer anions.

Catalytic performance in hydroformylation of
1-hexene and catalysis mechanism

Figure 5 depicts the catalytic results for four consecutive
10 h reaction cycles for the three catalyst systems studied,
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Figure 5. Activity (A) and selectivity (B) of (a) RhP,-P-
ZnzAl-LDH,* (b) corresponding biphasic sys-
tem (RhP, and TPPTS),” and (c) RhP,-Zn;Al-
LDH catalyst* in hydroformylation* for 1-hex-
ene.

*Rh/l—he+xene =40 X 10_4; TOF: mol aldehyde-mol_'

Rh-h~'; *Reaction conditions: 1.5 ml of 1-hexene, 1.6 MPa,
100°C, H,/CO = 1, 10 h per cycle.
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viz. the system catalyzed by RhP,-P-Zn;Al-LDH prepared by
in situ complexation, the corresponding water-oil biphasic
catalytic system, and the one catalyzed by RhP,-Zn;Al-LDH
prepared by the ion-exchange method. The three catalyst sys-
tems were studied under similar reaction conditions, such as
temperature, pressure, solvent, stirring speed, and so on, for
the purpose of comparison of their catalytic performance.
Results of the total conversion of 1-hexene and the selectiv-
ity to aldehydes are presented. The difference between the
total conversion and conversion to aldehydes corresponds to
isomerisation products, mainly 2-hexene as discussed else-
where by Chuang and Pien.*!

The catalytic performance of RhP,-P-Zn3Al-LDH prepared
by the new method of in situ complexation, in which free
TPPTS ligands are cointercalated into LDH (P/Rh molar ra-
tio: 7.8), is shown in Figure 5a. In the four consecutive
cycles, the RhP,-P-Zn;Al-LDH catalyst displayed high selec-
tivity towards aldehydes of 70-80%, low selectivity for 2-
hexene of around 20-30%, and n/i-aldehyde ratios of 2.6—
3.0; moreover, the activity toward aldehyde formation of
RhP,-P-Zn;Al-LDH was rather high [Figure 5Aa, turnover
frequency (TOF) = 80-150 h™']. Based on the elemental
analysis data, the Rh loading for the sample of RhP,-P-
Zn3;Al-LDH after 4 cycles used is 0.44% (w/w). Compared
with the Rh content before use (0.48%, Table 2), the loss of
Rh in this catalyst after 4 cycles is 8.3%.

For comparative purposes, a mixture of trans-
RhCI(CO)(TPPTS), and TPPTS (with the same P/Rh molar
ratio as that in RhP,-P-Zn;Al-LDH) in a water-oil biphasic
catalytic system was also studied. Compared with hydrofor-
mylation over RhP,-P-Zn;Al-LDH, the catalyst in the water-
oil biphasic catalytic system exhibited lower total conversion
(10-26%). Furthermore, the value of TOF towards aldehyde
of around 20-25 h™! in this system was much lower than
that in the RhP,-P-Zn;Al-LDH system, although the value of
n/i-aldehyde ratio (3.5-5.7) was higher than that for RhP,-P-
Zn3Al-LDH.

Comparison of the catalytic performance of RhP,-P-
Zn3;Al-LDH and the corresponding water-oil biphasic cata-
lytic system reveals three main points. First, trans-
RhCI(CO)(TPPTS), has a much higher activity when interca-
lated in an LDHs than in solution. For aldehyde formation
under identical reaction conditions, the value of TOF is
enhanced four to six times by immobilization between the
sheets of the positively charged LDH layers. The generally
accepted mechanism for hydroformylation proposed by
Evans et al.*? is shown in Scheme 1. The higher activity of
RhP,-P-Zn;Al-LDH may be ascribed to the basic nature of
LDHs, which facilitates the formation of a rhodium hydride
complex by removing the HCl formed (step 1 in Scheme
1A). It is also possible that the large positive electrical
potential experienced by HRh(CO)(TPPTS), in the interlayer
galleries may be responsible for the superior performance.
Similar observations have been reported for Heck arylation
catalyzed by LDH-Pd(TPPTS)z,26 oxidative bromination cata-
lyzed by LDH-WO,,'® and asymmetric dihydroxylation cata-
lyzed by LDH-0s04.* Secondly, it can be concluded that
the reusability of RhP,-P-Zn;Al-LDH is much better than the
corresponding water-oil biphasic system. This is because of
the little leaching of active species from the carrier because
of the strong electrostatic interaction between the oxygen
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Scheme 1. Mechanism for LDHs-HRh(CO)(TPPTS), cat-
alyzed hydroformylation of 1-hexene.

atoms in the sulfonate groups of the interlayer trans-
RhCI(CO)(TPPTS), and the host lattice, which has been con-
firmed by FTIR spectroscopy (Figure 2f). The activity of the
RhP,-P-Zn3;Al-LDH showed a statistically significant increase
on reuse, as seen in Figure SA. It is well-known that there is
an induction period during which the rhodium precursor
becomes an active l6-electron complex such as HRhCO
(TPPTS), or HRh(CO)o(TPPTS) under catalytic conditions,**
as shown in Scheme 1A. It is therefore possible that the
amount of active species derived from the tethered catalyst
precursor increases slowly with reaction time. Finally how-
ever, it must also be noted that the value of n/i aldehyde
ratio (3.5-5.7) for the water-oil biphasic system was higher
than that for RhP,-P-Zn;Al-LDH (2.6-3.0), so that the selec-
tivity of the water-oil biphasic system for n-aldehydes is bet-
ter than that of RhP,-P-Zn;Al-LDH. This may be rationalized
using the catalytic cycle (Scheme 1B), which has been taken
from the literature.*>*>™*7 The different ways of inserting an
alkene into a metal-hydrogen bond, as shown by Route
(2)—(3) and (2)—(3'), are called anti-Markovnikov and Mar-
kovnikov addition, respectively. The relative rates of these
two reactions are considered to be primarily determined by
the degree of steric crowding around the metal center. The
normal alkyl intermediate requires less space and is therefore
formed more easily than the branched one in the presence of
bulky ligands. Comparing HRhCO(TPPTS), with HRh(CO),
(TPPTS), the former favors high selectivity to n-aldehyde. In
the water-oil biphasic system, TPPTS is more mobile and
may be more available for coordination to Rh compared with
the RhP,-P-Zn;Al-LDH system, in spite of the P/Rh molar
ratios being the same in the two systems. Consequently, the
catalytically active species HRhCO(TPPTS), (Scheme 1A)
can form more readily than HRh(CO),(TPPTS) in the water-
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Figure 6. Conversion and turnover numbers of alde-
hyde formed as a function of reaction time
over RhP,-P-Zn;Al-LDH* catalyst in 1-hexene
hydroformylation.”

*Rh/1-hexene = 4.0 X 10_4; "Reaction conditions: 1.5 ml
of 1-hexene, 1.6 MPa, 100°C, H,/CO = 1.

oil biphasic system, and may be responsible for the higher n/
i ratios observed in this system.

As shown in Figure 5B, the sample of RhP,-Zn;Al-LDH
prepared by the method of ion-exchange exhibited low selec-
tivity for the hydroformylation of 1-hexene. Isomerization of
C=C bonds was predominant and the value of aldehyde n/i
ratio was a little lower than that for hydroformylation with
the RhP,-P-Zn;Al-LDH catalyst. The lower amount of
TPPTS in the RhP,-Zn;Al-LDH catalyst system compared
with that in RhP,-P-Zn3;Al-LDH should result in the forma-
tion of less HRhCO(TPPTS), and more HRh(CO),(TPPTS)
(steps 2 and 3 in Scheme 1A), which leads to lower selectiv-
ity towards both total aldehyde and n-aldehyde in the RhP,-
Zn3Al-LDH catalytic system, as discussed above. However,
it can be seen from Figure 5A that the sample of ion-
exchange (RhP,-Zn;Al-LDH) exhibited higher activity than
that of RhP,-P-Zn3AI-LDH prepared by in situ complexation.
The main reason is that the Rh loading in the former sample
is much higher than that of in the latter (3.44 and 0.48%,
respectively, Table 2).

To study the influence of reaction time on the performance
if the RhP,-P-Zn;Al-LDH catalyst in hydroformylation of 1-
hexene, the results at the end of four consecutive 2, 6, 10,
and 14-h cycles are compared in Figure 6. The system main-
tained hydroformylation activity throughout the 14-h reaction
time, as turnover of aldehyde increased continuously. It can
also be seen that the turnover of aldehyde for the third and
fourth cycles increased faster with reaction time than that in
the first two cycles. This indicates that the RhP,-P-Zn;Al-
LDH catalyst can maintain its activity unchanged during pro-
longed hydroformylation times. The experimental results con-
firm the high stability of the intercalated rhodium complex
and its ability to be effectively reused.

The Zn/Al molar ratio in RhP,-P-Zn,Al-LDH was also
varied and the catalytic behavior of the resulting composites
was studied (Figure 7). It is well known that electrostatic
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forces give rise to strong interactions between the interlayer
anions and the LDH host lattice. With the increase in Zn/Al
molar ratio of the host layers, the electron density of the host
lattices decreases and thus leads to a decrease in the concen-
tration of guest anions in the interlayer galleries. This is con-
firmed by comparison of RhP,-P-Zn,Al-LDH and RhP,-P-
Zn;Al-LDH, whose rhodium loadings are 0.90 and 0.48%,
respectively. As a result, the activity of the former is higher
than that of the latter, represented by the sharp decrease in
the conversion from 81 to 28% (as shown in Figure 7) as the
Zn/Al ratio increases from 1.9 to 2.6. However, as the Zn/Al
ratio increased from 2.6 to 3.9, the content of Rh increased
slightly (from 0.48 to 0.60%), and the conversion increased
from 28 to 35%. The slight increase in rthodium loading may
result from the low crystallinity of RhP,-P-Zn Al-LDH
[as shown by the XRD pattern (Figure 1f)], which favors
the adsorption of some rhodium complex on the surface of
the LDH.

As far as catalytic selectivity is concerned, it was found
that the selectivity towards both total aldehyde and n-alde-
hyde increased with increasing Zn/Al ratio of the samples
(Figure 7). This phenomenon can be explained as follows:
the lower the Zn/Al ratio, the higher the electron density of
the host layers, the higher the concentration of interlayer
anions, and thus the more severe the steric crowding. This
leads to fewer free ligands (TPPTS) being available near the
active species (HRhCO(TPPTS),). On increasing the Zn/Al
ratio, the content of the interlayer catalytic species decreases
and the steric crowding becomes less significant, and as a
result, more of the TPPTS ligands may be able to coordinate
to the rhodium centers. According to the catalytic mechanism
(Scheme 1A), the catalytically active species HRhCO
(TPPTS), (Scheme 1Al) is favored over HRh(CO),(TPPTS)
(Scheme 1A3) in the presence of large concentration of free
ligands, and the former species with its sterically crowded
environment around the metal center favors anti-Markovni-
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Figure 7. Conversion and selectivity as a function of
Zn/Al molar ratio of LDHs over RhP5-P-
Zn,Al-LDH* catalyst in 1-hexene hydro-
formylation.’
*Rh/1-hexene = 4.0 X 10_4, n = 2,3, and 4, fReaction

conditions: 1.5 ml of 1-hexene, 1.6 MPa, 100°C, H,/CO =
1, 6-h reaction time.
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kov addition. This leads to the observed increase in selectiv-
ity towards n-aldehyde on increasing the Zn/Al ratio.

Conclusions

Cointercalation of the Rh-complex #rans-RhCI(CO)
(TPPTS), and the ligand TPPTS into inorganic LDH hosts
was successfully accomplished by the method of in situ com-
plexation, and the catalytic performance of the resulting ma-
terial in the hydroformylation of alkenes has been investi-
gated. It was found that the new catalyst showed higher ac-
tivity towards aldehyde formation and better reusability
compared with the corresponding water-oil biphasic catalytic
system under similar reaction conditions. It is suggested that
the basic nature of the support, the large positive electrical
potential of the host LDHs, and the spatial orientation of
the intercalated guests (trans-RhCI(CO)(TPPTS), as well as
TPPTS) are responsible for the superior catalytic perform-
ance. Strong interactions occur between the LDH layers and
the active rhodium species on intercalation, resulting in the
good reusability. Furthermore, the catalyst prepared by the
method of in situ complexation (RhP,-P-Zn,Al-LDH) showed
much higher catalytic activity and selectivity towards alde-
hydes compared with that of an intercalated complex pre-
pared by ion exchange. It was found that increasing the Zn/
Al molar ratio in RhP,-P-Zn,Al-LDH led to lower activity
and higher selectivity to both total aldehyde and n-aldehyde,
which can be related to the content of Rh and the availability
of the free ligand, respectively.
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