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Abstract: Alkyl acrylates have been hydroformylat-
ed to the linear aldehydes with high regioselectivity
(linear/branch>99/1) and extraordinarily high aver-
age turnover frequencies (up to 5400 h�1) by using a
rhodium complex with a tetraphosphorus ligand.
This protocol is in sharp contrast to the most of
other processes that favor production of the
branched aldehyde (typically>95% branched for
most Rh-catalyzed reaction systems). The high turn-
over number achieved by this new catalytic system
is also remarkable considering the less reactive
character of alkyl acrylates to the hydroformylation
reaction conditions.
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Hydroformylation of alkenes represents a highly at-
tractive method to prepare aldehydes and alcohols,
and is one of the most important reactions in industry
catalyzed by homogeneous catalysts. Production of al-
dehyde is estimated at over 9 million tons per year.[1]

Many efforts have been devoted to the development
of systems with improved regioselectivity toward the
formation of the industrially important linear alde-
hydes. Both phosphine- and phosphite-based systems
giving high regioselectivities to linear aldehydes for
the hydroformylation of terminal and internal alkenes
have been reported.[2] Recently, there has been in-
creased interest in the regioselective hydroformyla-
tion of ready available functionalized alkenes.[3] One
such cheap, useful feedstock is alkyl acrylate.[4] Hy-
droformylation of alkyl acrylate produces 1,3- and
1,4-bifunctional compounds, which can be further
converted into synthetically useful intermediates such
as malonic acid, 1,4-dicarboxylic acid derivatives and
butyrolactones.[5]

The hydroformylation of alkyl acrylate has three
distinct characters. Firstly, alkyl acrylate is less reac-
tive to H2/CO compared to terminal alkenes.[6] The
lower rate was ascribed to be a result of the formation
of thermodynamically stable five- or six-membered
rings through the coordination of carbonyl group to
the metal center (See Scheme 1 for the formation of

complexes V and VI). Thus, the rate-determining step
has been suggested to be the dissociation of the che-
lated carbonyl group to afford a coordinatively unsa-
turated species that is active towards the oxidative ad-
dition of H2.

[7] In this context, high temperature
(150 8C) and/or high pressure (100 bar) are often re-
quired to achieve high turnover.[8] Recently, signifi-
cant progresses have been made to carry out the pro-
cess under mild conditions, such as using an organo-
aquo biphasic system[6b] or supported aqueous phase
catalyst[7b] or in supercritical CO2.

[9] Secondly, hydro-
formylation of alkyl acrylate with the rhodium com-
plex generally gives the branched aldehyde with few
exceptions[10] (For typical results catalyzed by an Rh
complex with P ligands, see Scheme 2).[11] It is highly
desirable to develop a process that gives linear alde-

Scheme 1. Coodination of a carbonyl group to the rhodium.
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hydes as the major product with high efficiency due
to the wide application of 1,4-bifunctional compounds
in organic synthesis.[5] Thirdly, the hydroformylation
process is usually accompanied with significant
amounts of hydrogenation product.[6c,12] Thorough
tuning of the reaction condition can suppress the for-
mation of the hydrogenation product in some degree.

We have recently developed a protocol for the
highly regioselective isomerization-hydroformylation
of internal alkenes to linear aldehydes catalyzed by
an Rh complex with a tetraphosphorus ligand
(Figure 1).[13] This very selective catalytic system was
not tested for alkyl acrylate in our initial study, but it
occurred to us that this catalytic system might allow a
regioselective hydroformylation of alkyl acrylates to
linear aldehydes. In this paper, we report the first
highly regioselective and rapid hydroformylation of
alkyl acrylates to the linear aldehydes in the presence
of Rh ACHTUNGTRENNUNG(acac)(CO)2 and the tetraphosphorus ligand L.

The hydroformylation of n-butyl acrylate with the
tetraphosphine ligand L was first investigated
(Table 1). The reaction was conducted in toluene and
decane was used as an internal standard. The rhodium
catalyst was prepared in situ by mixing the tetraphos-
phine ligand L with Rh ACHTUNGTRENNUNG(acac)(CO)2. The substrate to
catalyst ratio was 10,000 and the catalyst concentra-
tion was 0.17 mM. The reaction was terminated after
1 h. To our surprise, the RhACHTUNGTRENNUNG(acac)(CO)2-tetraphosph-
rus systems smoothly catalyzed the hydroformylation
of n-butyl acrylate, and the linear aldehyde was ob-
tained as the main product with a very high turnoverFigure 1. Ligand used in this study.

Table 1. Optimization of reaction conditions for the hydroformylation of butyl acrylate.[a]

Entry Rh/L T [oC] CO/H2 [atm] Conv. [%][b] h [%][c] Aldehyde
l:b[d] TOF[e]

1 1:1 100 5/5 64 12.6 >99 4.8 � 103

2 1:2 100 5/5 57 5.3 >99 4.9 � 103

3 1:3 100 5/5 62 6.6 >99 5.1 � 103

4 1:4 100 5/5 63 5.4 >99 5.4 � 103

5 1:5 100 5/5 64 5.7 >99 5.4 � 103

6 1:4 100 10/10 62 4.6 >99 4.6 � 103

7 1:4 100 20/20 68 5.2 >99 3.4 � 103

8 1:4 100 30/30 85 5.9 >99 1.3 � 103

9 1:4 60 5/5 13 2.1 >99 9.8 � 102

10 1:4 80 5/5 25 1.4 >99 2.2 � 103

11f) 1:4 100 5/5 30 2.4 >99 2.7 � 103

[a] S/C= 10,000, [Rh]=0.17 mM, time= 1 h, toluene as solvent, decane as internal standard.
[b] Conversion of the n-butyl acrlate, determined on the basis of GC, polymetric products account for the product balance.
[c] Percentage of hydrogenated product in all products.
[d] Linear/branched ratio, analyzed by proton NMR.
[e] Average turnover frequency, determined based on GC, reaction time= 1 h.
[f] THF used as solvent.

Scheme 2. Typical results for rhodium-catalyzed hydrofor-
mylation of methyl alkylates.
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frequency. No branched aldehydes were formed
under these reaction conditions. A slight increase of
turnover frequency was observed when the ratio of
ligand to Rh complex was increased from 1:1 to 5:1
(entries 1–5). The effects of CO/H2 pressure were
tested, too. At high CO/H2 pressure, the consumption
of starting material greatly increased, however the
formation of the linear aldehyde decreased due to the
formation of polymetric products (entries 4, 6–8). Fi-
nally, the effects of reaction temperature on the hy-
droformylation reaction were also investigated (en-
tries 4, 9 and 10). The reaction rate was greatly im-
proved when the reaction temperature increased from
60 8C to 100 8C. The reaction can also be carried out
in THF, albeit with lower activity (entry 11).

We then applied the optimized reaction conditions
(100 8C, CO/H2 =5/5 atm, ligand/metal=4) to the hy-
droformylation of other alkyl acrylates in toluene.
The reactions were also carried out for 1 h and the re-
sults are summarized in Table 2. In all cases, only the
linear aldehydes were observed, which is in sharp con-
trast with the literature reports that the hydroformyla-
tion of acrylates usually affords branched aldehydes
as the dominant product. Much more significantly, the
turnover frequency still remains at a high level. For
comparison, the bisphosphorus ligand was prepared[14]

and employed in the hydroformylation of n-butyl ac-
rylate under identical reaction conditions (Table 2,
entry 4). The bisphosphorus ligand was found also to
show high regioselectivity for linear aldehyde and a
high turnover frequency was observed.

Currently, the mechanism of the linear regioselec-
tivity for the hydroformylation of the alkyl acrylates
is still unclear. From our results, it seemed that a
ligand with larger natural bite angle and electron-
withdrawing moieties was preferred for the formation
of the linear aldehyde. Further studies are required to

reconcile these results. As for the high turnover fre-
quency, one possibility is that the 9-membered P-Rh-
P ring might inhibit the formation of another 5- or 6-
membered carbonyl coordinated ring due to the steric
repulsion.

In summary, we have shown that the hydroformyla-
tion of alkyl acrylates can be achieved with essentially
high regioselectivity (linear selectivity is up to 99:1)
and extraordinarily high average turnover frequencies
(up to 5400 h�1) by using a tetraphosphorus-based Rh
catalyst. This protocol is complementary to other pro-
cesses catalyzed by rhodium complexes that produce
mainly branched aldehydes. Further ligands, applica-
tions and mechanism studies are now under investiga-
tion and will be reported in due course.

Experimental Section

General Procedure for the Regioselective
Hydroformylation of n-Butyl Acrylate with Ligand L

A 10-mL vial with a magnetic stirring bar was charged with
ligand L (4 mmol, 3.6 mg) and Rh ACHTUNGTRENNUNG(acac)(CO)2 (1 mmol,
0.1 mL of 10 mM solution in toluene). The mixture was
stirred for 5 min, n-butyl acrylate (10 mmol, 1.43 mL) was
then added, followed by decane (0.1 mL) as internal stan-
dard and toluene (4.36 mL). The reaction mixture was trans-
ferred to an autoclave. The autoclave was purged with nitro-
gen three times and subsequently charged with CO (5 atm)
and H2 (5 atm). The autoclave was then heated to 100 8C
and the pressure was set to 10 atm. After 1 h, the autoclave
was cooled in ice/water, and the pressure was carefully re-
leased in a well-ventilated hood. The reaction mixture was
immediately analyzed by GC and 1H NMR to determine the
conversion and regioselectivity.
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