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A B S T R A C T

Rh-catalyzed hydroformylation of butadiene to adipaldehyde is a promising alternative route for producing
valuable C6 compounds such as adipic acid and hexamethylenediamine. Fundamental insights into reaction
pathways, aimed at enhancing adipaldehyde yield, were obtained from temporal concentration profiles and in
situ ReactIR studies of butadiene hydroformylation on Rh complexes at 80 °C and 14 bar syngas (molar CO/
H2=1) pressure in a batch reactor. Specifically, the effects of operating conditions and eight commercially
available ligands on activity and selectivity were systematically investigated. It was found that the adipaldehyde
selectivity is independent of the ligand/Rh ratio, rhodium concentration, butadiene concentration and syngas
pressure, but significantly dependent on the type of ligand used. For example, while the DIOP ligand provided an
adipaldehyde yield of ∼40% with butadiene as a substrate, the 6-DPPon ligand gave a maximum adipaldehyde
yield of ∼93% with 4-pentenal as substrate. Furthermore, the adipaldehyde selectivity correlates well with the
natural bite angle of the various ligands. ReactIR studies suggest that the preferential formation of the stable
rhodium η3-crotyl complex with the various Rh complexes may be the main reason for the low adipaldehyde
selectivity.

1. Introduction

Adipaldehyde is an attractive precursor for synthesizing C6 com-
pounds such as adipic acid and hexamethylenediamine, important in-
dustrial monomers for the production of polyamides (e.g., Nylon-6,6),
polyesters and polyurethanes [1,2]. The current commercial process for
adipic acid manufacture is based on multistep oxidation of cyclohexane
using nitric acid as the oxidant. The over oxidation of cyclohexane and
release of large amounts of N2O emissions are major environmental
problems associated with the conventional technology [3]. Hexam-
ethylenediamine is mainly produced by Ni-catalyzed hydrocyanation
and subsequent hydrogenation, but it requires handling of relatively
expensive and extremely toxic HCN gas. However, adipaldehyde as a
starting material provides a promising alternative route for the pro-
duction of adipic acid by oxidation and hexamethylenediamine by re-
ductive amination (Scheme 1).

The selective hydroformylation of butadiene is an atom economical
process for producing adipaldehyde [4–15]. With increased availability
of inexpensive natural gas liquids, the use of butadiene as the feedstock
is receiving renewed interest. Among homogeneous catalysts [16–19],
transition-metal-complexes are the most reported for butadiene

hydroformylation to adipaldehyde. The use of either Co/monopho-
sphine [10] or Rh/monophosphine catalysts [6,9] requires severe re-
action conditions (120−175 °C, 200−300 bar), resulting in complex
aldehyde products with low C6-dialdehyde selectivity (< 20%). Rho-
dium/diphosphine catalysts provide better selectivities and activities
under mild conditions (p< 20 bar, T < 100 °C) [4,7,8,11]. Ohgomori
et al. [4] reported 37% adipaldehyde selectivity with a catalyst com-
posed of Rh and the commercially available DIOP ligand. Smith et al.
[5] reported a higher adipaldehyde selectivity of 50% with congeners of
the bisphosphine triptyphos as ligands. By using the concept of iso-
merizing hydroformylation, Mormul et al. achieved 73% selectivity
toward adipaldehyde bis-acetal derivative [20]. However, the adi-
paldehyde yield (50 %) is still low for practical viability.

Compared to terminal mono-alkene, conjugated dienes as substrates
are very resistant to hydroformylation and show atypical reaction be-
havior resulting in much slower reaction rates and lower regioselec-
tivity [21]. Even though the hydroformylation of several conjugated
dienes (such as butadiene [22], isoprene [23], 1,3-pentadiene [24] and
myrcene [25,26]) has been reported, systematic investigations of the
correlation between phosphine structure and catalytic performance are
rare. Previous literature on the subject of butadiene hydroformylation
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typically reports product selectivity at the end of fixed-time batch runs
lasting several hours. Given that butadiene conversion to adipaldehyde
requires two sequential hydroformylation steps with various competing
reactions (Scheme 2), temporal product evolution profiles are needed to
better discern the relative contributions of the two steps toward adi-
paldehyde yield. In this work, we measured product evolution profiles
by periodic sampling to monitor the reaction progress. This allowed us
to systematically investigate the effects of reaction parameters and li-
gands on the two hydroformylation steps. We found that for butadiene
hydroformylation with a given ligand, the adipaldehyde selectivity was
independent of the ligand/Rh ratio, Rh concentration, substrate con-
centration and syngas pressure. Rh/DIOP catalyst provided the best 4-
pentenal selectivity (48%) at short reaction times (i.e., low butadiene
conversion), and 40% adipaldehyde selectivity at the end of a run. In
contrast, for 4-pentenal hydroformylation, the 6-DPPon ligand per-
formed much better than the DIOP ligand, providing nearly 93% adi-
paldehyde selectivity. These insights provide new leads for catalyst
selection and process optimization aimed at maximizing adipaldehyde
selectivity.

2. Experimental

2.1. Materials

(CO)2Rh(acac) and phosphine ligands L1-L8 were purchased from
commercial suppliers and stored in an argon atmosphere in a glovebox
before usage. Butadiene (chemically pure) and syngas (99.99% purity,
molar H2/CO ratio of 1:1) were supplied by Matheson in cylinders. The
toluene solvent (anhydrous, 99.8%) was purchased from Alfa Aesar and
stored under an atmosphere of argon.

2.2. General procedure for hydroformylation experiments

The butadiene hydroformylation experiments were carried out in a
50mL Parr reactor equipped with a six-port valve for periodic sampling
of reactor contents (see Fig. S1 for a schematic of the unit). (CO)2Rh
(acac) (10 mg, 0.039 mmol) and ligand (0.116 mmol) were dissolved in
13 mL toluene, and 0.1 mL decane was added as an internal standard.
After purging the mixture with Ar (high purity) thrice, the reactor was
heated to 80 °C, and then 0.5 mL pure butadiene (metered with an ISCO
pump at −6 °C/∼12 bar) was charged into the reactor followed by 2
mL of toluene from a HPLC pump. Once the reactor temperature sta-
bilized at a predetermined value, syngas (molar CO/H2= 1) was
charged into the reactor from an external reservoir to the desired re-
actor pressure. Following this step, the stirrer was promptly started and
set at 1000 rpm to initiate the hydroformylation reaction. Samples from
the liquid phase were collected by a six-port valve equipped with a
50 μL sample loop which was flushed thrice with N2. The first sample
that typically showed the maximum 4-pentenal selectivity was collected
immediately (< 1 min) after syngas was charged into the reactor and
the stirring was commenced. The concentrations of the various re-
actants and products in the reaction mixture were analyzed by GC/FID
analysis. The continuous decrease in the external reservoir pressure
following reaction initiation is due to syngas consumption and was
monitored on a LabVIEW® data acquisition and control system. The
overall carbon balance was estimated based on end-of-run analysis of
the hydroformylation products in the liquid phase. To get an accurate
estimate of butadiene remaining in the reactor following a batch run,
the reactor was sufficiently cooled (to −20 °C) to totally condense the
butadiene prior to sampling the liquid phase.

The chemoselectivity is defined as moles of aldehydes formed re-
lative to moles of total products formed.

= ×Chemoselectivity (%)
n(aldehydes formed)

n(total products)
100

(1)

The regioselectivity (n/i) is defined as the molar ratio of linear
dialdehyde (adipaldehyde) to branched dialdehydes (2-methylpenta-
nedial) in the products.

=n iRegioselectivity( / )
n(adipaldehyde)

n(2-methylpentanedial) (2)

Turnover frequency is estimated from the slope of the linear portion
of the products’ concentration vs time plots (Fig. S3) as follows.

Scheme 1. Butadiene as building block for commodity chemicals.

Scheme 2. Overall reaction stoichiometry for formation of adipaldehyde and
other byproducts from butadiene hydroformylation.
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=

×

−TOF (h )
n(total products)

n(Rh) time
1

(3)

The carbon balance for the hydroformylation of either butadiene or
pent-4-enal is estimated as follows

=

+

+

Carbon balance
nC(aldehydes butadiene or 4-pentenal)

nC(CO) [nC(butadiene or 4-pentenal)]
product

feed (4)

=

×

nC(CO) [n(syngas consumption from

reservoir)-n(hydrogenation products)] 0.5 (5)

Clearly, the C balance will be 100% for total chemoselectivity to
aldehydes. Any deviation is attributed to the formation of hydrogena-
tion products. Details of carbon balance estimation for three temporal
runs are shown in Tables S1-S3.

2.3. GC method

Gas chromatographic analysis was performed using an Agilent
Technologies 7890A GC system equipped with a 30 m×320
μm×0.25 μm HP-5 column. The He flow rate was kept at 0.8 std mL/
min. The column temperature was initially held at 35 °C for 8 min, then
ramped at 20 °C /min to 90 °C and held for 3 min. This was followed by
another ramp of 30 °C /min to 200 °C, where the temperature was held
for 5min. Details of calibration for quantifying the product species may
be found in the Supplementary Materials (Table S4).

2.4. In situ ReactIR experiments

Reactions for in situ infrared spectroscopic analysis were performed
in Mettler Toledo ReactIR 15. The reactor schematic is essentially si-
milar to the one shown in Fig. S1 with the stirred reactor unit being
replaced by another unit fitted with a ReactIR probe. Approximately, 77
mg (0.29 mmol) (CO)2Rh(acac) was dissolved in 13 mL toluene in an
autoclave reactor. The solution was heated to 80 °C at a stirrer speed of
1000 rpm. Once the temperature reached 80 °C, the reactor was pres-
surized with 7 bar syngas and the measurement was started with 2
scans at 1min intervals. After allowing 1 h for formation of the catalyst
precursor, 0.5 mL butadiene and 2 mL toluene were introduced into the
reactor by a HPLC pump. Syngas consumption from an external re-
servoir was monitored on a LabVIEW® data acquisition and control
system.

3. Results and discussion

3.1. Temporal product evolution profiles

Fig. 1 shows the temporal syngas consumption and product se-
lectivity profiles during butadiene hydroformylation using Rh/DIOP
complex as a catalyst. As shown in Scheme 2, the first hydroformylation
step rapidly produces 4-pentenal (1) and trans/cis-3-pentenal (2+ 3).
The maximum 4-pentenal selectivity being approximately 48%. During
the first 100min, the 4-pentenal selectivity decays steadily and is
completely consumed. The adipaldehyde (7) selectivity rises during this
period reaching approximately 40% and remains fairly constant for the
remaining duration of the batch run. Beyond 100min, the 3-pentenal
was further hydroformylated to 2-ethylbutanedial (5) and 2-methyl-
pentanedial (6), resulting in a lower n/i ratio. Simultaneously, the 3-
pentenal was isomerized to conjugated 2-pentenal, which is rapidly
transformed into pentanal (4) by hydrogenation. At longer reaction
times, pentanal and 2-methylpentanedial were the main products. Bu-
tadiene conversion to adipaldehyde requires the following two steps to
occur preferentially: (i) butadiene (conjugated alkene) hydroformyla-
tion to monoaldehyde 4-pentenal via 1,2-addition; and (ii) 4-pentenal
(terminal alkene) hydroformylation to adipaldehyde. In order to im-
prove the overall selectivity of the desired adipaldehdye, we sought to

systematically investigate the effects of reaction operating conditions
and ligand on each of the sequential hydroformylation steps (i) and (ii).

3.2. Reaction parameter effects

The effects of the ligand/Rh ratio, rhodium concentration, buta-
diene concentration and syngas pressure are summarized in Table 1.
Details of the syngas consumption profiles and temporal selectivity
profiles corresponding to the various operating conditions are pre-
sented in the Supplementary Materials (Fig. S4 and Fig. S5). DIOP/Rh
ratios were varied from 1–3 (entries 1–3, Table 1). At a molar [DIOP/
Rh]= 1, the butadiene hydroformylation rate was lower compared to
higher ratios (1.5–3). Temporal concentration profiles reveal that 3-
pentenal (2+ 3) was apparently transformed to pentanal (4) and 2-
methylpentanedial (6) beyond 80min (Fig. S5). This could be due to
degradation of the phosphine ligand [21,27], resulting in the formation
of different phosphines with lower selectivity toward adipaldehyde. In
the presence of excess DIOP ligand (entries 2 and 3, Table 1), both the
hydrogenation and hydroformylation reactions involving 3-pentenal
were suppressed, resulting in an increased adipaldehyde selectivity of
40%, which is consistent with literature values [4]. Increasing the
(CO)2Rh(acac) concentration from 0.024 to 0.08mmol (entries 5 and 4,
Table 1) enhances the rate (See also Fig. S4). At higher (CO)2Rh(acac)
concentration (entry 4, Table 1), the maximum 4-pentenal selectivity
was slightly increased to 48%. The higher (CO)2Rh(acac) concentration
also increases pentanal (4) and 2-methylpentanedial (6) formation, but
the adipaldehyde selectivity (37 %) remains relatively constant. Simi-
larly, the adipaldehyde selectivity was unaffected with increase in ei-
ther the butadiene concentration from 1.1 to 11.4 mmol (entries 6 and
7, Table 1) or the syngas pressure from 7 to 24 bar (entries 8 and 9,
Table 1). It is noteworthy however that, at lower butadiene con-
centration and syngas pressure (entries 7 and 9), the initial 4-pentenal
selectivity was more than 60 %. However, end-of-run analysis showed
that 3-pentenal was the main product in all cases and the overall adi-
paldehyde selectivity was ∼40 %. The higher 4-pentenal selectivities
(62–65 %) are caused by the formation of stable rhodium η3-crotyl
complex which does not favor 3-pentenal formation at low butadiene
conversion. Importantly, the adipaldehyde selectivity is more or less
independent of the ligand/Rh ratio, Rh concentration, butadiene con-
centration and syngas pressure.

3.3. Ligand effects

A series of commercially available bidentate phosphine and phos-
phite ligands L1-L8 (Fig. 2) were tested for butadiene hydroformyla-
tion. The reaction was carried out at 80 °C and 14 bar syngas with molar
[CO/H2] ratio of 1 using 0.04 mmol (CO)2Rh(acac) with molar [P/Rh]
ratio of 6. The product selectivities and TOF are summarized in Table 2.
The syngas consumption profiles and temporal selectivity profiles ob-
tained with the eight ligands are provided in the Supplementary Ma-
terials (Fig. S6 and Fig. S7). In general, monoaldehydes (4-pentenal and
3-pentenal) were the primary intermediate products. At the end of 260
min batch run, the 4-pentenal was totally consumed to form adi-
paldehyde.

The observed selectivities vary dramatically depending on the li-
gand used. The bis(diphenylphosphino) alkane ligands L1-L3, show
progressively increasing 4-pentenal selectivity (from 14–39%) and
adipaldehyde selectivity (from 1–30%). Ligands L3-L5 (Fig. 2), which
are reported to be effective for butadiene hydroformylation [4,7], show
high initial 4-pentenal selectivity (39–46 %) as well as high adipalde-
hyde selectivity (30–39%). For ligands L7 and L8, the maximum 4-
pentenal selectivity decreased. At the end of the 260 min run, 3-pen-
tenal was the major product with selectivity ranging from 73–82%. The
adipaldehyde selectivities were correspondingly much lower (7 % and
16 %). Ligand L6, which can display typical bidentate ligand behavior
by self-assembly through hydrogen bonding [28], showed moderate
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selectivity towards 4-pentenal (24 %) and adipaldehyde (22 %). The
maximum 4-pentenal selectivity followed an identical order: DPPE <
DPPP < DPPB < DIOP>6-DPPon > Xantphos > Biphephos. DIOP
(L5) provided the best selectivity toward 4-pentenal (46 %) and adi-
paldehyde (39 %) as well as the highest activity (TOF).

3.4. 4-pentenal hydroformylation

The foregoing results prompted us to investigate ligand effects on 4-
pentenal hydroformylation as well. Ligands L1-L8 were tested at 80 °C

and syngas (molar [H2/CO]= 1) pressure of 14 bar using 0.02 mmol
(CO)2Rh(acac) with molar [P/Rh] ratio of 6. The results are shown in
Table 3. The major products were adipaldehyde (7) and branched 2-
methylpentanedial (6) followed by 3-pentenal (2+3) and pentanal
(4).

For ligands L1 and L2, the adipaldehyde selectivity ranged from
37–46 %, and branched 2-methylpentanedial (6) was the favored pro-
duct. Ligands L3-L5 showed progressively higher selectivity (84–91 %)
towards the linear dialdehyde with moderate increases in the reaction
rate. In sharp contrast to butadiene hydroformylation, the L6-L8 ligands

Fig. 1. Typical temporal profiles of syngas consumption and selectivity during butadiene hydroformylation with Rh/DIOP complex at 80 °C. Reaction conditions: 5.7
mmol butadiene, 0.04 mmol (CO)2Rh(acac), molar [DIOP/Rh] ratio= 3, syngas pressure =14 bar; molar [H2/CO] ratio= 1, 15 mL toluene, 1000 rpm.

Table 1
Hydroformylation of butadiene catalyzed by (CO)2Rh(acac) with DIOP. Reaction conditions: 0.04 mmol (CO)2Rh(acac), molar [H2/CO] ratio= 1, 15 mL toluene, 80
°C, 260 min, 1000 rpm.

Entry DIOP/Rh Butadiene, mmol P, bar Maximum 4-pentenal selectivity, % End-of-run selectivities, % TOFc h−1

2+ 3 4 6 7

1 1.0 5.7 14 47 19 24 14 31 87
2 1.5 5.7 14 47 43 8 8 39 122
3 3.0 5.7 14 46 45 6 7 39 121
4a 1.5 5.7 14 48 33 13 10 37 115
5b 5.0 5.7 14 44 50 4 6 38 121
6 3.0 11.4 14 48 45 6 7 40 176
7 3.0 1.1 14 65 42 7 7 37 29
8 3.0 5.7 24 45 47 4 7 39 123
9 3.0 5.7 7 62 43 8 7 38 52

a 0.08mmol (CO)2Rh(acac).
b 0.024mmol (CO)2Rh(acac).
c Estimated using Eq. (3)].

Fig. 2. Ligands tested in the hydroformylation of butadiene or 4-pentenal.
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displayed much higher adipaldehyde selectivities (87–93 %) during 4-
pentenal hydroformylation. The 6-DPPon ligand (L6) showed the best
adipaldehyde selectivity (93 %) while the Biphephos ligand (L8) pro-
vided remarkably high reaction rate with a n/i ratio of 87. In sharp
contrast, ligand L8 showed a rather low activity for butadiene hydro-
formylation (Table 2). The n/i ratio observed with various ligands for 4-
pentenal hydroformylation ranked as follows: DPPE < DPPP <
DPPB < DIOP<6-DPPon < Xantphos < Biphephos.

The foregoing results reveal markedly different dependence on the
various ligands tested, and suggest that the activity and selectivity to-
wards the desired products result from the two sequential hydro-
formylation steps, viz., butadiene to 4-pentenal and 4-pentenal to adi-
paldehyde. As inferred from Table 3, the adipaldehyde selectivities
correlate well with natural bite angle of the ligands. The DPPE (L1) and
DPPP (L2) ligands with bite angles near 85° [29] showed the lowest
selectivities towards the desired products for both the hydroformylation
steps (Tables 2 and 3), thereby resulting in the lowest adipaldehyde
selectivity. In contrast, for the first hydroformylation step, the DPPE
ligand favors 3-pentenal [4,7] which is readily transformed to pentanal
and the branched dialdehyde via hydrogenation and hydroformylation,
respectively, in the second step (Tables 2 and 3). van Leeuwen et al.
also reported high pentanal selectivity (90%) when using rhodium with
DPPE ligand [7]. While the L6 and L8 ligands [28,30,31] with large bite
angles ranging from 111-120° [32,33] are highly selective (87–93 %)
towards the linear dialdehyde during 4-pentenal hydroformylation
(Table 3), the maximum 4-pentenal selectivity when using butadiene as
a feed is quite low (11–24 %). In comparison, the L3-L5 ligands with
similar bite angle near 100° [29] provided higher 4-pentenal selectivity
for the first step compared with other ligands (Table 2) but moderate
adipaldehyde selectivity for the second step (Table 3). Thus, L3-L5
provide the best combination of selectivities towards the desired pro-
ducts from the two steps resulting in the highest overall selectivity to-
wards adipaldehyde.

Ohgomori et al. also reported that diphosphine ligands with natural
bite angle of 102-113° provided 37% adipaldehyde selectivity from
butadiene hydroformylation [4]. Smith et al. reported increased adi-
paldehyde selectivity (50%) during butadiene hydroformylation with
Rh complexes using chelating bisphosphate ligands [5]. To better
characterize the structures of transient intermediate species, Ir analogs
of the Rh complexes were investigated with bite angles of the ee and ea-
coordinated isomers being 105.5° and 99.0°, respectively [38]. Based on
our results and those reported in the literature, it follows that when
employing Rh catalysts with a single ligand for butadiene hydro-
formylation, the natural bite angle should be close to 100° in order to
maximize adipaldehyde selectivity. The fact that the 4-pentenal hy-
droformylation requires a different ligand to maximize adipaldehyde
selectivity provides the motivation to develop a clear understanding of
how the ligand structure affects the first hydroformylation step in se-
lectively forming 4-pentenal.

3.5. ReactIR experiments

We employed in-situ ReactIR to investigate intermediate products
formed during butadiene hydroformylation with DIOP/Rh catalysts
(Fig. 3). The full IR spectra and the carbonyl region are shown in the
Supplementary Materials (Fig. S8). The catalyst was prepared under 7
bar syngas from the precursors, 20 mmol/L (CO)2Rh(acac) and excess
of DIOP (molar [DIOP/Rh]=1.5) at 80 °C. The typical spectrum for the
hydrido dicabonyl complex (I) was observed as shown in Fig. 3. The
four carbonyl bands (at ∼v =2041, 1995, 1976 and 1950 cm−1) were
assigned to the two trigonal bipyramidal isomers with DIOP ligand in
an axial-equatorial position (ae) or in equatorial-equatorial position
(ee) (Fig. 3a) [34,35]. After allowing 1 h for the catalyst precursors and
syngas to react, butadiene was added, resulting in the immediate for-
mation of new bands (1947 cm-1) in the carbonyl region of the IR
spectrum. This band is assigned to the η3 crotyl complex (II) (Fig. 3b)
[36]. Upon consumption of butadiene, the complex (I) was regenerated
(Fig. 3c and 3d). The η3-crotyl complex is a precursor to 3-pentenal
formation, which is converted to either pentanal by hydrogenation or
the branched dialdehyde by hydroformylation. The preferential for-
mation of the stable rhodium η3-crotyl complex thus appears to be the
main reason for the relatively low adipaldehyde selectivity observed
during butadiene hydroformylation. Stable rhodium η3-crotyl com-
plexes are also observed when using other ligands as shown in Figure
S9. This explains why the adipaldehyde selectivity is more or less in-
dependent of the ligand/Rh ratio, Rh concentration, butadiene con-
centration and syngas pressure [37].

4. Conclusions

Temporal concentration profiles provide fresh insights into the ef-
fects of ligands and reaction parameters on adipaldehyde selectivity
during butadiene hydroformylation on using Rh catalysts. The major

Table 2
Ligand effects for butadiene hydroformylation. Reaction conditions: 5.7 mmol butadiene, 0.04 mmol (CO)2Rh(acac), molar [P/Rh]=6, syngas pressure =14 bar;
molar [H2/CO] ratio= 1, 15 mL toluene, 80 °C, 260 min, 1000 rpm.

Entry Ligand Natural bite angle, ° Maximum 4-pentenal selectivity, % End-of-run selectivities, % TOFa h−1

1 2+ 3 4 6 7 n/i

L1 DPPE 85 14 0 10 81 4 1 0.3 59
L2 DPPP 91 19 3 70 10 7 4 0.6 44
L3 DPPB 98 39 0 49 6 9 30 3.3 93
L4 DPPF 96 42 0 48 9 9 31 3.4 96
L5 DIOP 98 46 0 42 6 7 39 5.6 116
L6 6-DPPon – 24 0 43 25 6 22 3.7 34
L7 Xantphos 111 20 0 73 7 2 16 8.0 39
L8 Biphephos 120 11 6 82 5 0 7 – 10

a Estimated using Eq. (3).

Table 3
Ligand effects on 4-pentenal hydroformylation. Reaction conditions: 2 mmol 4-
pentenal, 0.02 mmol (CO)2Rh(acac), molar [P/Rh] ratio= 6, syngas pressure
= 14 bar; molar [H2/CO] ratio= 1, 15 mL toluene, 80 °C, 80 min, 1000 rpm.

Entry Ligand Natural bite,
°

End-of-run selectivity % TOFa h−1

2+ 3 4 6 7 n/i

L1 DPPE 85 3 0 45 37 0.8 68
L2 DPPP 91 0 0 53 46 0.9 20
L3 DPPB 98 0 0 16 84 5.3 105
L4 DPPF 96 0 0 12 88 7.3 78
L5 DIOP 98 0 0 9 91 10.1 198
L6 6-DPPon – 0 0 7 93 13.3 435
L7 Xantphos 111 1 2 3 92 30.7 130
L8 Biphephos 120 3 8 1 87 87.0 4546

a Estimated using Eq. (3).
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determinant of adipaldehyde selectivity during the two-step butadiene
hydroformylation appears to be the ligand structure. Of the eight bi-
phosphine ligands tested, the DIOP ligand was preferred for the first
hydroformylation step providing a maximum 4-pentenal selectivity of
approximately 48 %, while the 6-DPPon ligand showed the best per-
formance for the 4-pentenal hydroformylation step with adipaldehyde
selectivity exceeding 93 %. The observed selectivity trends are con-
sistent with previously reported correlations between ligand bite angles
and product selectivity during Rh-catalyzed hydroformylation of ole-
fins. Our finding that the two sequential butadiene hydroformylation
steps require different ligands to maximize adipaldehyde selectivity
suggests an opportunity to rationally design an optimum ligand that
simultaneously maximizes the linear aldehyde selectivity during both
steps.
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