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Highly selective isomerization-hydroformylation of 2-butene was achieved with the presence of Rh(acac)(CO)2
and a phosphoramidite bidentate ligand which bearing 2,2'-dihydroxy-1,1’-binaphthyl backbone and N-indolyl
substitute. The molar ratio of n- to isovaleraldehyde (217) is distinctly higher than the reported systems. NMR
and IR revealed that the five-coordinate HRh(ligand)(CO)2 was an equatorial-equatorial configuration which

contributed to the n-selectivity of valeraldehyde. The strong n-acceptor ability of ligand was suggested to play a
key role in fast isomerization of 2-butene. Hydrolysis and oxidation experiments demonstrated that the ligand
was water- and air-stable. Cyclic voltammetry measurement confirmed that this phosphoramidite ligand is more
difficult to be oxidized, compared with the phosphine, phosphinite and phosphite ligands. Inspiringly, recycling
experiments showed the catalytic system could work for at least 7 runs with unchanged selectivity.

1. Introduction

Hydroformylation (oxo0) is one of the most important reactions in
industrial. Various aldehydes and alcohols, which are important in-
termediates for the synthesis of bulk chemicals, such as detergents,
cosmetics, air fresheners, plasticizers, and food additives, are produced
by this highly atom-economical process [1,2]. The most representative
rhodium catalyzed plants are the homogeneous low-pressure oxo pro-
cess (LPO) and the biphasic Ruhrchemie/Rhone-Poulenc process
(RCH/RP) based on a water soluble catalyst [3,4]. Compared with
biphasic process, rhodium-catalyzed homogeneous hydroformylation
has the advantages of high activity and selectivity for aldehydes under
mild conditions. Raffinate-2, which consists of 1-butene, most prefer-
entially 2-butene and small amount of butane, is widely used in
hydroformylation, not only for the cheap and extensive C4 feedstock
[5], but also for the production of n-valeraldehyde. Recently there has
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been an increasing demand in the production of alternative plasticizer
alcohols due to environmental concern about current products. As an
important fungible plasticizer alcohol, 2-propylheptanol could be syn-
thesized by the aldol condensation of n-valeraldehyde and the subse-
quent hydrogenation of the condensation product [6,7]. During the
hydroformylation of Raffinate-2, n- and isovaleraldehydes are produced
and the production of n-valeraldehyde is more desirable due to better
physical properties of the resulting plasticizers. As demonstrated in
Scheme 1, direct hydroformylation of 2-butene may yield to iso-
valeraldehyde product (reaction a). Hoechst Company developed a new
method for the hydroformylation of mixed butene, in which two
different catalytic systems are combined to produce n-valeraldehyde
[8]. The first catalytic system allows 2-butene isomerization to 1-butene
and the second one catalyzes the hydroformylation of 1-butene to yield
n-valeraldehyde. To obtain n-valeraldehyde from 2-butene in one cat-
alytic system, an ideal catalyst has to catalyze the competitive
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Scheme 1. Isomerization-hydroformylation of 2-butene
valeraldehyde.
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isomerization of 2-butene to 1-butene (reaction b) and then predomi-
nantly convert 1-butene to n-valeraldehyde (reaction c) rather than
isovaleraldehyde, which is quite essential to the industrial utilization of
Raffinate-2.

Phosphorus ligands modified rhodium catalyst usually allows good
activity and selectivity in hydroformylation, and the steric as well as the
electronic properties of ligand are always the key issues. Casey et al.
examined the steric effects of different ligands and concluded that a
wide bite angle between bidentate ligand (i.e., BISBI) and rhodium
would improve the n-selectivity through the formation of equatorial-
equatorial (ee) coordination in which the ligand occupied the two
equatorial positions of the rhodium complex [9,10]. Similar to the
backbone of BISBI, 2,2'-dimethyl-1,1’-binaphthalene [11], 2,2'-dihy-
droxy-1,1’-biphenyl [12] and 2,2'-dihydroxy-1,1’-binaphthyl [13] were
proved to be suitable backbone of phosphorus ligands to achieve ee
configuration of rhodium-ligand complex. Furthermore, xanthene and it
derivatives [14] as well as some spiroketal-based chemicals [15] were
also good backbones. Hydroformylation of 2-butene with the presence of
spiroketal-based diphosphite ligands could obtain the n/i ratio (n- to iso-
valeraldehyde) of 34.5. It is also reported that the rhodium catalysts
modified with strong m-acceptor ligands could achieve higher activity
and n-selectivity compared to those with c-donor ligands, since the
lower basicity of the ligand could facilitate olefin coordination to
rhodium [16-18]. In 2001, Beller group successfully applied
electron-deficient NAPHOS-type diphosphines to rhodium-catalyzed
homogeneous hydroformylation of 2-butene, the n/i was 95:5 and the
TOF was up to 900 h~! [19]. Later, similarly strongly electron-deficient
sulfonated ligand BINAS was utilized in a water-organic biphasic system
in the isomerization-hydroformylation of internal olefins and the n/i
ratio could reach 49 in the hydroformylation of 2-butene [20]. More
recently, some new techniques were developed in continuous C4
hydroformylation industrially such as supporting ligands on ionic liquid
phase (SILP) [21] or applying porous organic copolymer phosphine
ligand [22]. High TOF could be obtained with moderate n-selectivity by
these methods.

As mentioned above, these catalytic systems have achieved some
outstanding developments, there still remain some problems prior to
more efficient industrialization, such as the cost and the stability of the
ligand in terms of hydrolysis and oxidation, which are quite crucial for
their industrial application to the hydroformylation of Raffinate-2.
Phosphine ligands show good resistance to hydrolysis but they are
sensitive to oxygen. Phosphites with P-O bonds exhibit high resistance to
oxidation owing to the absence of P-C bond, however, they are sensitive
to moisture. P-N bond might be more stable to moisture than P-O bond.
Herein, we reported an efficient and low-cost 2-butene isomerization-
hydroformylation system with a readily accessible, water- and air-
stable diphosphoramidite ligand bearing 2,2'-dihydroxy-1,1'-
binaphthyl skeleton and indolyl substituent. The linear selectivity to-
wards valeraldehyde was up to 99.6% with the aldehyde yield above
93.4%. The stability and the reusability of the catalyst were further
explored.
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2. Experimental
2.1. General reagents and instruments

2-butene (95%, mixture of cis and trans) and ligand BISBI (L5, Fig. 1)
was supplied by Chengdu Xinhuayuan Technology Co., Ltd. Rh(acac)
(CO), (acac = acetylacetone) [23], ligand L1-L4 and L6-L8 were pre-
pared according to literatures [12,24-29]. HoO2 (30%), toluene and
xylene were supplied by Chengdu Chron Chemicals Co., Ltd and tetra-
hydrofuran was purchased from Tianjin Guangfu Fine Chemical
Research Institute. The solvents were purified by standard methods.
NMR was performed on Bruker AVANCE III HD-400 MHz spectrometer.
1H NMR was reported with TMS as an internal standard. Sp{'H} NMR
was reported with HsPO4 as an external reference. High-resolution mass
spectra were recorded on a SHIMADZU LCMS-IT-TOF mass spectrom-
eter. FTIR spectra were recorded on an IR Tracer-100 spectrometer. Gas
chromatography was analyzed on PANNA A91 (KB-1, 30 m x 0.25 mm
% 0.50 pm, FID). Cyclic voltammetry measurements were performed on
electrochemical workstation (CHI760E), the working electrode is a Pt
plate, counter electrode is a carbon rod and the reference electrode is
Ag/AgCl.

2.2. Hydroformylation and recycle procedures

The homogeneous hydroformylation was carried out in a 25 mL
stainless steel autoclave with a pressure gage, a magnetic stirrer and a
thermocouple. Typically, the precursor Rh(acac)(CO), (0.008 g, 0.031
mmol), the ligand (in the P/Rh molar ratio of 5), the internal standard
dodecane (100 pL, 0.0753 g) and the solvent toluene or xylene (8 mL)
were loaded into the autoclave, and then 2-butene (1.8 g, 32 mmol) was
transferred into the autoclave at low temperature using Schlenk tech-
nique. After being filled with definite constant pressure of syngas and
heated to the desired temperature, the autoclave was vigorously stirred.
When the reaction completed, the autoclave was cooled down and
carefully vented. The reaction mixture was analyzed by GC immediately
using internal standard method.

The recycling runs were similar to typical hydroformylation pro-
cedure. After each run completed, the reaction mixture was collected
and analyzed by GC. Then the liquid mixture was removed by a rotary
evaporator, and the solid residue, including the catalyst and ligand, was
dissolved by another portion of solvent and transferred into the same
autoclave for the next run.

2.3. Stability test of ligands

The hydrolysis and oxidation experiments were performed in a 15
mL flask. For hydrolysis, ligand L2 (0.1 mmol, 81 mg) was dissolved in
toluene (2 mL) and then H,O (1 mL) was added and stirred at 80 °C for
24 h. For oxidation experiments, L2 (0.1 mmol, 81 mg) was stirred with
toluene (2 mL) at 80 °C for 24 h under O, balloon, or L2 was stirred with
toluene and 30% H202 (1 mL) at 80 °C for 2 h. After hydrolysis and
oxidation reactions, the solvents were removed and the residue was
analyzed by 3P NMR and HRMS. In addition, cyclic voltammetry
measurements were also used to analyze the ligand stability.

3. Result and discussion
3.1. Influence of different ligands

Due to the goal of achieving more linear valeraldehyde, different
types of diphosphorus ligands (Fig. 1) based on 2,2’-dihydroxy-1,1'-
biphenyl or 2,2'-dihydroxy-1,1’-(+)binaphthyl backbone, which the
phosphorus atoms linked to can bear moderate bite angle with rhodium,
were explored in the isomerization-hydroformylation of 2-butene with
the presence of catalyst precursor Rh(acac)(CO),, and the results were
shown in Table 1. It can be seen that except phosphine ligand BISBI (L5)
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Fig 1. Structure of ligands L1-L8.

and phosphinite L6, the other ligands (including phosphoramidite and
phosphite) with strong electron-withdrawing groups achieved good
selectivity to n-valeraldehyde (Table 1, entry 1-4 and entry 7-8), and
the highest molar ratio of n- to isovaleraldehyde (n/i) was obtained as
40.9 with a good valeraldehyde yield of 61.6% (Table 1, entry 2) when
phosphoramidite ligand L2 was used. The phosphite ligands L7 and L8
achieved moderate activity of 23.3% and 31.0%. The regioselectivity
follows the trend L2 > L7 > L6 > L5, which correlates to the t-acceptor
properties of these ligands [30]. Because ligand with strong n-acceptor
property would facilitate the isomerization of 2-butene to 1-butene.
Ligand L2 showed excellent results in terms of activity and regiose-
lectivity, therefore, it was selected for the following reaction conditions

exploration.

3.2. Optimization of hydroformylation conditions with L2

Since the hydroformylation results highly rely on the reaction con-
ditions, the influence of P/Rh ratio, temperature, reaction time and
pressure were evaluated. As demonstrated in Table 2, in the absence of
ligand, the non-modified rhodium catalyst yielded only 4.7% of alde-
hydes and the n/i ratio was only 0.61 (Table 2, entry 1). This situation
was greatly improved when L2 was added. However, increasing the P/
Rh ratio from 5 to 15, the yield slightly decreased (entry 2-4) and
sharply dropped to 17.6% when the P/Rh ratio came to 20. The
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Table 1
Rh-catalyzed hydroformylation of 2-butene with different ligands®.

Entry Ligand n/i’ Aldehyde (%)°
1 L1 14.7 51.5
2 L2 40.9 61.6
3 L3 16.5 54.1
4 L4 21.3 38.2
5 L5 0.5 229
6 L6 1.1 14.8
7 L7 17.0 23.3
8 L8 20.1 31.0

# Reaction conditions: [Rh] = 410 ppm, 2-butene (1.8 g), P/Rh = 5, S/C
(Molar ratio of substrate to catalyst) = 1040, 10 bar syngas constant pressure,
Py2/Pco = 1/1, 70 °C, 2 h, xylene (8.0 mL) as the solvent, dodecane (100 uL,
0.0753 g) as the internal standard.

b Molar ratio of n- to iso-valeraldehyde, determined by GC.

¢ The yield of all aldehydes, determined by GC.

Table 2
Rh/L2 catalyzed isomerization-hydroformylation of 2-butene under different
conditions.”

Entry P/Rh T(°C) P (bar) tth) n/i° Yield (%)°
1 0 70 10 2 0.61 4.7
2 5 70 10 2 40.9 61.6
3 10 70 10 2 42.8 54.9
4 15 70 10 2 35.5 46.9
5 20 70 10 2 35.5 17.6
6 5 50 10 2 33.2 10.8
7 5 60 10 2 38.4 13.0
8 5 80 10 2 38.2 68.1
9 5 90 10 2 21.9 89.5
10 5 100 10 2 5.8 80.1
11 5 70 10 4 43.2 64.7
12 5 70 10 6 44.8 92.7
13 5 70 2.5 2 34.5 45.4
14 5 70 5 2 50.6 49.8
15 5 70 7.5 2 57.0 46.0
16 5 70 10 2 40.9 61.6
17 5 70 15 2 35.5 42.9
18 5 70 20 2 31.4 29.5
19 5 70 25 2 18.8 26.0

@ [Rh] = 410 ppm, 2-butene (1.8 g), S/C = 1040, Py2/Pco = 1/1, xylene (8.0
mL), dodecane (100 uL, 0.0753 g).
b¢ see Table 1.

selectivity did not change too much. It can be explained by that the high
concentration of ligand around the metal would inhibit the coordination
of olefin to metal and led to low activity. The temperature had a sig-
nificant impact on the selectivity and the activity. The yield of aldehyde
increased from 10.8% to 89.5% when the temperature varied from 50 to
90 °C (entry 2, 6-9), but decreased to 80.1% at 100 °C (entry 10). The
selectivity slightly changed from 50 to 80 °C but had a great decline over
90 °C, which indicated that the isomerization-hydroformylation of 2-
butene could get better results under 70-80 °C with the presence of
ligand L2 and Rh(acac)(CO),. Compared with ligand L2, NAPHOS [19],
Ding’s spiroketal-based diphosphite ligands [15] and our previous work
[31] could also achieve good n-selectivity but require higher tempera-
ture at 100-120 °C. Probably because a certain high temperature would
favor the -H elimination of branched Rh-alkyl species [32] which leads
to the isomerization of 2-butene to 1-butene. Upon heating at 70 °C for 6
h, an excellent valeraldehyde yield of 92.7% with the n/i ratio of 44.8
could be obtained (entry 12).

The total syngas pressure was also a key parameter in the hydro-
formylation of 2-butene. Under low pressure (below 7.5 bar), the
regioselectivity was slightly improved as the pressure increased from 2.5
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to 7.5 bar (Table 2, entry 13-15), and the best one was found at 7.5 bar,
where the n/i ratio was 57.0. However, the n/i ratio and the yield of
aldehyde decreased as the pressure increased from 10 to 25 bar (entry
16-19).

Some researches demonstrated that the partial pressure of hydrogen
(Py2) and carbon monoxide (P¢p) had a prominent impact, not only on
the B-H elimination but also on the carbonyl insertion [33-35]. Fig. 2
showed the n/i ratio and the yields of aldehydes when the ratio of
Py5/Pco varied from 1/4 to 4/1 with the presence of Rh(acac)(CO), and
ligand L2 (Rh/L2 for short). It is not difficult to figure out that the
isomerization-hydroformylation of 2-butene had poor regioselectivity
and activity when Pp2/Pco was 1/4 (Fig. 2a, 2b). On the contrary, when
the Ppy/Pco ratio ascended to 4/1, the regioselectivity increased
dramatically (Fig. 2c, 2d). Representatively, n/i ratio was up to 217 as
the partial pressure of hydrogen and CO was 10 bar and 2.5 bar,
respectively, which was higher than the reported catalytic systems.
Landis demonstrated that regioselectivity of styrene hydroformylation
might depend on CO pressure at very low pressure [33,35,36], while for
the isomerization-hydroformylation of 2-butene, the tendency was that
the partial pressure of hydrogen made more contribution to the regio-
selectivity. Hydroformylation of internal olefin is slower than isomeri-
zation and hydroformylation of terminal olefin [37], it is reasonable to
infer that the partial pressure of hydrogen would influence the regio-
selectivity via the isomerization of 2-butene. Under high syngas pressure
or high partial pressure of CO, low regioselectivity was probably caused
by that carbonyl insertion was more competitive than f-H elimination
[19], and low yield of aldehydes was likely due to that the excess CO
would somehow inhibit the coordination of olefin to Rh center.

3.3. Catalyst characterization studies

The coordination mode of phosphorus ligands to the rhodium center
is quite important to the regioselectivity of hydroformylation. A
bidentate ligand can coordinate with rhodium in equatorial-equatorial
(ee) or equatorial-axial (ea) configuration at the resting state of five-
coordinate HRh(L)(CO). In this study, to clarify the configuration of
HRh(L2)(CO),, Rh(acac)(CO), and L2 were mixed in the molar ratio of
1/1 and stirred in tol-dg under 10 bar of syngas (Py2/Pco = 1/1) for 1 h
at 80 °C, and after the syngas was released, the mixture was analyzed by
NMR and IR characterization immediately. SIp{IH} NMR showed a
broad doublet at 137.0 ppm and the corresponding hydride resonance
was observed as a broad peak at —10.6 ppm in ‘H NMR (Fig. 3b), the
Jrhp (226.8 Hz) coupling constant and the chemical shifts of P and H are
close to those for the ee configuration of its analogue HRh(L4)(CO),
[32]. While it is unable to determine Jyp and Jygrn coupling constants
since the resonance is a broad signal, and the Jpp is undetected which
probably hints that the two phosphorus atoms are equivalent. IR spec-
trum could give complementary evidence for the coordination of HRh
(L2)(CO),, where the CO vibration were observed at 2068 and 2018
em ™! (Fig. 4), which were quite close to the signals in ee configuration
(2075-1970 cm’l) [32,38]. Combining with the NMR results above, it is
believed that the two phosphorus atom of L2 is dominantly coordinated
with Rh at ee configuration, which is the preferred isomer to achieve
linear product. When increasing Pp2/Pco to 4/1, the major configuration
was also in an ee fashion.

3.4. Stability testing of ligand L2

Excellent catalysis results were gained with the presence of Rh/L2, in
order to probe if the Rh/L2 catalyst could be long-time used to catalyze
the isomerization-hydroformylation of 2-butene in industrial, the recy-
cling of catalyst was performed. Mild reaction conditions such as 80 °C
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|

{/ |
mmnmmmww " p s i

r r

70 160 150 140 130 120 110 85
Chemical Shift (ppm)

Fig. 3. 3'P{'H} and 'H NMR of HRh(L2)(CO),.

9.0

100 105 110 1

Chemical Shift (ppm)



S. Tang et al.

400

380

360
T %
340
320
2018
300 L L
2100 2050 2000 1950
-1
cm

Fig. 4. Carbonyl stretching absorption of HRh(L2)(CO),.

and 10 bar constant pressure (Pg2/Pco = 1/1) were chosen. To our
delight, extremely high selectivity of n-valeraldyhyde was obtained
(more than 99%) and it could be almost maintained for 7 runs, in other
words, the Rh/L2 catalyst could work well for beyond 40 h (Fig. 5).
Yields of the aldehydes slightly decreased during the 1-6 runs and
maintained about 80% while dropped to 62.7% at the 7™ run. However,
dramatic changes appeared at the 8% run, in which the yield of alde-
hydes increased from 62.7% to 98.8% and kept steady in the latter oth
and 10™ run, while the selectivity definitely dropped to 59.0% and kept
going down at the following runs.

Considering that the ligand L2 has the risk of oxidation,
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decomposition or hydrolysis during the recycling operation, which
might be responsible for the decline of the selectivity and aldehyde
yield. In order to probe the exact reason, hydrolysis and oxidation ex-
periments were performed on ligand L2, and the reaction mixture along
with the hydroformylation residue after 1%, 7%, 8% and 10" runs were
collected for 31P{lH} NMR and HRMS characterization. In CDCls, ligand
L2 showed a singlet at 104.6 ppm (Fig. 6a). After stirring with H,O at
80 °C for 24 h (Fig. 6b), the chemical shift was not changed compared
with L2 which revealed that ligand L2 may be water-stable. For oxida-
tion experiments, oxygen and hydrogen peroxide were selected as the
oxidants. After heating L2 at 80 °C under Oy balloon for 24 h, the
chemical shift was maintained at 104.6 ppm (Fig. 6¢), which hinted that
phosphoramidite (III) L2, (L2 (III) for short) was hardly oxidized in O, at
80 °C. However, heating L2 in HoO; at the same temperature within 2 h,
the singlet signal at 104.6 ppm (Fig. 6d) disappeared while another
resonance at —11.9 ppm was observed, which could be assigned to
phosphoramide (V) species (L2 (V) for short), and this assumption was
proved via mass spectra (SI). In the hydroformylation recycling runs,
ligand 1.2 was not oxidized after 1% run since only the chemical shift of
104.6 ppm was observed (Fig. 6e). As mentioned in Fig. 5, the selectivity
was extremely high and was kept for 7 runs, but the activity was grad-
ually falling during the former 7 runs. The resonances were found at
104.6 ppm and —11.9 ppm after the 7 runs, which revealed that L2 (III)
partially transformed into L2 (V) species during the recycling process,
probably due to the products separation via distillation at high tem-
perature for more than 110 °C. Due to the oxidation of L2 (III), there was
alarge decrease from 6" run to 7% run and when L2 (III) was completely
oxidized, the yield increased from 7% run to 8™ run.

As a matter of fact, the coordination ability of L2 (III) is stronger than
that of L2 (V). During the former 7 runs, L2 (III) chelating to Rh was
dominant and was favorable for the formation of n-valeraldehyde. The
selectivity to n-valeraldyhyde fell sharply during 8™ -10™ runs, since L2
(III) completely transformed to L2 (V) after 8™ run (Fig. 6g-6h). But

100 99.6 999 999 999 99.9

84.

80

60

40

20

82, 82,

[ ield of aldehydes (%)
- Selectivity of linear aldehyde (%)

999 99.9 988 979
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62,
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runs

Fig. 5. Recycling tests: [Rh] = 328 ppm, P/Rh = 5, toluene (30 mL) as the solvent, 80 °C, 6 h, 10 bar constant pressure (Py2/Pco = 1/1), dodecane as internal
standard. Mass of 2-butene for each run: 1) 6.0 g, 2) 5.4 g, 3) 4.8 g,4) 45g,5)6.0g,6) 4.8¢g,7) 48¢g,8)7.2g,9)6.3g,4h,10)6.0g, 4 h.
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d) H,O, oxidation

¢) O, oxidation

b) Hydrolysis

a) L2
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Fig. 6. Stacked *'P{'"H}NMR spectra of L2, and the reaction residue after hydrolysis, oxidation experiments and the 1st, 7th, 8th and 10th hydroformylation runs.

much to our surprise, high activity could also be obtained after the 8™
run which was probably due to the coordination of L2 (V) to rhodium via
oxygen [39,40]. To understand the different catalytic performance of
Rh/L2 (III) and Rh/L2 (V), their hydroformylation samples were
continuously taken out from the autoclave at different time and
analyzed by GC. The results revealed that in the presence of Rh/L2 (III),
the n/i ratio was high all the time and 2-butene conversion to n-valer-
aldehyde was the major process (Fig. 7a). It is probably that the strong
n-accepting bidentate ligand L2 (III) coordinates with Rh in an ee HRh
(L2)(CO); configuration, which allows fast isomerization of 2-butene to
1-butene and facilitates the hydroformylation of 1-butene to proceed
immediately once 1-butene is formed [26]. Interestingly, in Rh/L2 (V)
system, the n/i ratio was rather low in all time and remained constant
and the n- and i-aldehyde formation rate was close (Fig. 7b). The yield of
all aldehydes was beyond 90% in 4 h, which was in consistent with the
good aldehyde yields at 8 -10™ runs when L2 (III) has changed into L2
).

To further confirm the stability of phosphoramidite ligand L2, cyclic
voltammetry measurement was performed in tetrahydrofuran at room
temperature, with 0.1 M t-BusNBF4 as the supporting electrolyte. For
comparison, the profiles of L5, L6 and L7 were also recorded which

represent phosphine, phosphinite, and phosphite respectively. Accord-
ing to the electricity peaks in Fig. 8, the oxidation potential of L5, L6 and
L7 located at around 1.07 V, 1.28 V and 1.65 V, respectively. The
oxidation potential of L2 was not observed from —1.4 V to +2.62 V
versus Ag/AgCl. It may be explained that ligand L2 is hard to be oxidized
under this condition. The oxidation possibility might follow the ten-
dency L5 > L6 > L7 > L2, which is consistent with the c-donor ability
[30]. Combined with the above NMR analyses (Fig. 6), it is shown that
the phosphoramidite ligand L2 exhibits good resistance to water and
oxygen and has better stability than other ligands.

4. Conclusion

In conclusion, different types of ligands, including phosphine,
phosphinite, phosphite and phosphoramidite were applied to Rh-
catalyzed isomerization-hydroformylation of 2-butene. An easily-
accessible phosphoramidite ligand L2 demonstrated the best selec-
tivity (beyond 99%) towards n-valeraldehyde as well as superior activity
under mild conditions (80 °C, 10 bar). Further investigation of [HRhL2
(CO).] showed that ligand L2 coordinate in an equatorial-equatorial (ee)
fashion to the trigonal bipyramidal rhodium, which seems to be the
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Fig. 7. The distribution of substrate and products with time: a) L2 (III), 2-
butene (4.8 g), 5 h; b) L2 (V), 2-butene (6.0 g), 4 h. Reaction conditions:
80 °C, 10 bar, [Rh] = 328 ppm, P/Rh = 5, tol (30 mL) as solvent, dodecane as
internal standard.

preferred isomer to achieve high linearity in hydroformylation. Hydro-
lysis and oxidation experiments as well as electrochemical investigation
proved that ligand L2 was stable to water and air but sensitive to strong
oxidants. L2 modified rhodium could be recycled for 7 runs and L2 (III)
had the risk of transforming into L2 (V) due to distillation separation at
high temperature which might be solved in industrial process. Anyhow,
these results might offer some references to promising industrialization
of Raffinate-2.
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