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Palladium-Catalyzed Isomerization and Hydroformylation of Olefins
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Abstract: The palladium-catalyzed hydroformylation of 1-octene has been studied
in the presence of different phosphines and acid cocatalysts. The best results are

achieved in the presence of in situ-generated palladium complexes with bidentate
phosphines. It is demonstrated that the acid concentration is a crucial factor for
obtaining high linear selectivity. A novel optimized catalyst based on an arylheter-
oarylphosphine has been applied for hydroformylation of different aliphatic and
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aromatic olefins. Good activity and excellent selectivity towards the linear alde-

hydes is achieved.

Hydroformylation consists of the addition of a formyl
group and a hydrogen atom to an unsaturated carbon-—
carbon bond.!"! This reaction was discovered accidentally by
Otto Roelen at Ruhrchemie in Germany nearly 70 years
ago.”! Since then, hydroformylations have been widely ap-
plied in organic synthesis, for example, natural product syn-
thesis,”! and stereoselective synthesis.m In addition, various
processes for fine and bulk chemicals have been devel-
oped.P! With respect to industry, the hydroformylation of
olefins has witnessed continuous growth since its discovery:
Recently, the production capacity of aliphatic aldehydes
reached >8x10° tons.!) Hence, in terms of scale, hydrofor-
mylation is the largest applied homogeneously catalyzed re-
action and the most important industrial process for the pro-
duction of aldehydes. The resulting products are easily con-
verted into many secondary products, such as alcohols,
which are further converted to detergents and plasticizer
esters.

Typically, industrial hydroformylation processes are per-
formed at medium to high pressure (20-100 bar) of synthesis
gas (carbon monoxide/hydrogen) at temperatures between
100-140°C in the presence of rhodium or cobalt carbonyl
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complexes. While the first generation of hydroformylation
catalysts was based on simple [Co,(CO)], later on phos-
phine-modified catalysts were introduced. Since the 1970s
rhodium became the metal of choice for the hydroformyla-
tion of lower aliphatic olefins. Indeed, the first ligand-modi-
fied rhodium-based processes came on stream in 1974 (Cela-
nese) and 1976 (UCC), in which triphenylphosphine was ap-
plied as ligand and propene as substrate. In 1984, the
Ruhrchemie-Rhone Poulenc process was introduced,”
which makes use of a biphasic solvent system with water as
the catalyst phase.®! Here, in general, the catalyst can be
easily isolated by phase separation.

Despite the significant industrial interest in hydroformyla-
tion reactions, comparatively little work has been done with
catalysts based on metals other than rhodium or cobalt. In
fact, there is a general belief that the hydroformylation ac-
tivity of transition-metal carbonyl complexes follow the
order shown in Scheme 1.

Rh >>Co>>1Ir,Ru>0s >Pt>Pd > Fe > Ni

Scheme 1. Hydroformylation activity of metal carbonyls.

Notably, this order of reactivity has been established
under a special set of reaction conditions for unmodified
metal carbonyl complexes. Hence, by introduction of ligands
and cocatalysts the activity of a given metal complex should
be significantly altered. Indeed, Drent and co-workers dem-
onstrated that palladium(II) diphosphine complexes in the
presence of weakly or non-coordinating counterions are rel-
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atively active in the hydroformylation of olefins. Notably, by
variation of the ligand, anion, and solvent, the course of the
reaction can be controlled to give alcohols, aldehydes, ke-
tones, or oligoketones. For example, by using non-coordinat-
ing anions and arylphosphine ligands primarily (oligo)ke-
tones are produced, while increasing the ligand basicity or
anion coordination strength shifted the product selectivity
towards aldehydes and alcohols.”

Herein, we report the development of new palladium-
based catalyst systems that enable the hydroformylation of
different terminal and internal olefins in good selectivity
and activity. Based on our previous work in hydroformyla-
tions and hydroaminomethylations with phosphine-modified
rhodium catalysts,'!! we became interested in similar reac-
tions with palladium catalysts. For some years we have also
been involved in the development of novel ligands for palla-
dium catalysts for various applications. For example, we de-

Table 1. Pd-catalyzed hydroformylation of 1-octene. Variation of ligand.

veloped palladacycles,"” adamantyldialkylphosphines,™ car-
bene ligands," and 2-phosphino-N-arylindoles and -pyr-
roles,"”! as well as 2-phosphino-N-arylimidazoles."®! Notably,
the latter phosphines are conveniently synthesized by selec-
tive mono- or double-metalation. Thus, a variety of such li-
gands is easily available and can be efficiently prepared in a
modular synthesis. Here, we describe for the first time the
use of N-arylheteroarylphosphines in palladium-catalyzed
hydroformylations.

Initial catalytic experiments were performed with 1-
octene as a model olefin in the presence of 0.2 mol% [Pd-
(acac),] and 0.5 mol% of 2-(dicyclohexylphosphino)-1-(2-
(dicyclohexylphosphino)naphthalen-1-yl)-1H-pyrrole at
100°C (Table 1, entry 3). This ligand was prepared in a
straightforward manner from N-naphthylpyrrole in one
step.'”! As demonstrated by the previous work of Drent and
co-workers, the addition of acid as cocatalysts is required

Pd /L, H+ o
SN TR I VAN N2 N2
X 40bar CO/M, 1:1 Z
Entry Ligand® L/Pd Conv. Aldehyde n iso iso-Oct- Entry Ligand® L/Pd Conv. Aldehyde n iso iso-Oct-
[%]  [%]™ enes [%]  [%]™ enes
[%] [%]
7\
N~ PPh,
1 25 95 13 64 36 42 gle PPh, 4 74 18 86 14 41
Ph,P” " Pph,
. PPh,
2led] 25 99 56 75 25 26 10 PPh 4 63 9 79 21 38
2
@_PCyZ
) N PtBu,
3tel 4 93 2 74 26 36 11 @C 4 59 0 e
OOk
(\}—PCy2 /N\ PCy,
4l i 4 94 4 76 24 40 12 © 10 9 26 70 30 51
PCy,
| [ D,
5 O O 25 23 1 - - 6 13 sil 5 30 2 76 24 16
O -
PPh,  PPh,
0 [V ey,
. PPh, N
6 I 98 41 80 20 38 14 /o\© 5 17 2 79 21 10
v, M-
NP PN
7 / 25 13 0 ) 15 10 39 2 81 19 19
oy
Puive
N 47 8 77 13 26 16 PPh, s 13 1 - - 3

8 4
o~

[a] Reaction conditions: 100°C, 16 h, 5.1 mmol 1-octene, 0.2 mol % [Pd(acac),], 0.8 mol % p-toluenesulfonic acid, 2 mL diglyme. [b] The yield is deter-
mined by GC. [c] Aldol products are observed as side products. [d] Trifluoroacetic acid is used.
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for hydroformylation activity."”! Hence, the testing was car-
ried out in the presence of 0.8 mol % p-toluenesulfonic acid
as cocatalyst. Unfortunately, under these conditions signifi-
cant amounts of internal olefins (68%) are produced as
main products. Apparently, the in situ-generated palladium
hydride complex isomerizes 1-octene much faster than cata-
lyzing the the desired hydroformylation reaction. Indeed,
even by stirring 1-octene at room temperature in the pres-
ence of the catalyst system without any hydrogen pressure
fast isomerization reactions took place!

As shown in Figure 1 already after five minutes less than
10% of the terminal olefin remained in the reaction mix-
ture. After 1 hour, 1-octene is almost equilibrated to a mix-
ture of internal octenes. Clearly, this observation implies
that there is no difference for active palladium catalysts
using pure terminal olefins or olefin mixtures."™

|-0-1-oclene & 4-octene 3-octene lfrans-2-octene —¥— cis-2-octene
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Figure 1. Isomerization of 1-octene with [Pd(acac),]/L/p-TsOH; Pd/L/p-
TsOH=1:4:4.

It is well known that the influence of ligands on hydrofor-
mylation reactions is crucial. Thus, we examined the effect
of several mono- and bidentate phosphorus-containing li-
gands on the model reaction (Table 1). Among the various
phosphines tested for this reaction, 1,3-bis(diphenylphosphi-
no)propane (DPPP) gave the best product yield. This obser-
vation is in accordance with the work of Drent and co-work-
ers, who showed the superiority of DPPP in combination
with trifluoroacetic acid.'” However, the combination of
[Pd(acac),] and several other bidentate ligands are also able
to catalyze the hydroformylation of octene (Table 1, en-
tries 1-11). Applying biaryl-type ligands such as BINAP
(2,2"-bis(diphenylphosphino)-1,1’-binaphthyl) or heteroary-
larylphosphines a higher selectivity towards the linear prod-
ucts is obtained. Advantageously, hydroformylation pro-
ceeds in the presence of p-toluenesulfonic acid instead of
trifluoroacetic acid or trifluoromethanesulfonic acid. Except
for triphenylphosphine and 2,2’-bis(di-tert-butylphosphino)-
N-phenylpyrrole (Table 1, entries 7 and 16), all other ligands
led to moderate to high conversion and significant amounts
of isomerized octenes were obtained.
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Apparently, there is no clear trend between steric hin-
drance and basicity of the ligand and isomerization activity.
Interestingly, 2-dicyclohexyl-phosphinopyrrole also showed
some hydroformylation activity (Table 1, entry 12). Howev-
er, in accordance with the previous work, other monoden-
tate phosphines such as PnBu; or Buchwald-type ligands
gave no aldehyde products.

Next, the catalyst performance of the [Pd(acac),]/2-(dicy-
clohexyl-phosphino)-1-(2-(dicyclohexylphosphino)naphtha-
len-1-yl)-1H-pyrrole catalyst was studied in more detail
(Table 2). The pressure of synthesis gas had a significant in-
fluence on the product yield. While at 20 bar only 10% of
aldehydes are observed (Table 2, entry 5), the product yield
rose to 74 % at 100 bar (Table 2, entry 9).

Table 2. Palladium-catalyzed hydroformylation of 1-octene: Variation of
reaction conditions.!

Pd/L, H+ o
AV VS COM, 14 P VAN NFa N
Entry T P Conv. Product n iso iso-Oct-
[°C] [bar] [%] [%]™ enes
[%]
1 80 40 98 24 70 30 68
20l 90 40 98 36 74 26 56
3l 100 40 99 33 73 27 62
4Ll 120 40 99 14 71 29 71
5 100 20 100 10 76 24 61
6l 100 40 98 46 81 19 38
7t 100 60 100 61 77 23 31
8lel 100 80 99 72 81 19 23
9lel 100 100 100 74 76 24 16
101 100 40 97 37 76 24 59
11leel 100 40 99 59 80 20 23
1210 100 40 99 47 73 27 28
134 100 40 53 20 68 32 27

[a] Reactions were carried out at 100°C for 16 h with 5.1 mmol 1-octene
as substrate, 0.2 mol% [Pd(acac),], 0.8 mol% L, , L=2-(dicyclohexyl-
phosphino)-1-(2-(dicyclohexylphosphino)naphthalen-1-yl)-1H-pyrrole

0.8 mol% p-toluenesulfonic acid, and 2 mL diglyme. [b] The yield was
determined by GC. [c] Aldol products are observed as side products.
[d] Solvent: methanol; main product: methyl ester. [e] Solvent: THF.
[£] Solvent: toluene. [g] Solvent: water; main product: carboxylic acid.

Variation of the temperature demonstrated that above
100°C aldol side reactions led to product decomposition
(Table 2, entry 4). Using protic solvents such as methanol or
water gave the corresponding ester and carboxylic acid
products (Table 2, entries 12 and 13). Except for the experi-
ment with water, in all cases high conversion is observed
and isomerized octenes are produced. Noteworthy, the var-
iation of temperature, pressure, or solvent has relatively
little influence on the regioselectivity of the carbonylation
step. On the other hand, the addition of acid is crucial for
the activity and regioselectivity of the palladium catalyst
(Table 3). Without any acidic cocatalyst present, no conver-
sion took place (Table 3, entry8). Also the addition of
Lewis acids, for example, ZnCl, or FeCl;, and other typical
Bronstedt acids such as HCI did not promote hydroformyla-
tion reactions (Table 3, entries 9-12). However, in the pres-
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Table 3. Influence of acid in the palladium-catalyzed hydroformylation.!

Pd/L, H+ o
AV N COM, 111 P N \GFa N
Entry Acid Conv. Aldehyde n iso iso-Oct- P
(%] [%]™ enes [bar]
(%]
1kl 10% TsOH 99 10 54 46 45 40
2Ll 1.2% TsOH 99 42 72 28 36 40
3Ll 0.8% TsOH 98 46 81 19 38 40
4Ll 0.4% TsOH 98 54 81 19 39 40
5 0.2% TsOH 99 51 86 14 40 40
6 0.1% TsOH 98 53 89 11 46 40
7 0.075% TsOH 48 33 95 5 15 40
8 - 0o - - - - 40
9 0.8% HBF, 74 <5 - - 64 60
10 0.8% HCl 2 <5 - - 2 60
11 0.8% ZnCl, 62 <5 - - 60 60
12 0.8% FeCl;6H,0 15 <5 - - 17 60
13 0.8% TFA 8 53 85 15 26 60
14 0.1% TsOH 99 74 9 10 22 80
159 0.8% TsOH 100 68 81 19 22 80
169 0.8% MsOHU 100 57 74 26 21 80
179 0.8% DsOH! 100 46 65 35 22 80
189 0.8% CamOH!' 100 62 73 27 18 80
19 0.8% TfOH!! 97 - - - 3 80

[a] Reactions were carried out at 100°C for 16 h with 5.1 mmol 1-octene
as substrate, 0.2 mol% [Pd(acac),], 0.8 mol% L, , L=2-(dicyclohexyl-
phosphino)-1-(2-(dicyclohexylphosphino)naphthalen-1-yl)-1H-pyrrole,

0.8 mol % p-toluenesulfonic acid and 2 mL diglyme. [b] The yield was de-
termined by GC. [c] Aldol products are observed as side products.
[d] MsOH =Methanesulfonic acid. [e] DsOH =Dodecylsulfonic acid.
[f] CamOH = Camphersulfonic acid. [g] TfOH = Trifluoromethanesulfonic
acid.

ence of different sulfonic acids the desired reaction took
place. Noteworthy, the concentration of p-toluenesulfonic
acid has a major influence on the regioselectivity of the hy-
droformylation! For example, in the presence of 0.075
mol% TsOH the nf/iso ratio is 95:5, while applying 10
mol % of acid nonanal and 2-methyloctanal are obtained in
a ratio of 54:46 (Table 3, entries 1 and 7). We explain this in-
fluence by increased isomerization reactions at higher acid
concentration. The resulting internal olefins led to lower se-
lectivity compared to 1-octene. Indeed, using a technical
mixture of octenes gave 23 % aldehydes with an n/iso ratio
of 68:32. It is notable that no hydroformylation is observed
in the presence of the phosphonium salt of the respective
ligand. Hence, we conclude that under the reaction condi-
tions applied, not all of the ligand is protonated.

Finally, we investigated the generality of our novel cata-
lyst system. As demonstrated in Table 4, different aromatic
and aliphatic olefins are hydroformylated with good to ex-
cellent selectivity towards the linear isomer. Most notably,
N-vinylphthalimide gave the corresponding aldehyde in
95% yield with high regioselectivity (98:2). To the best of
our knowledge this is the highest linear selectivity so far re-
ported for this substrate. In addition, other substrates, which
typically form the branched aldehyde, for example, styrene,
gave selectively the linear aldehyde. With respect to reactiv-
ity, cyclic olefins are challenging substrates that are known
to be quite stable. Nevertheless, cyclooctenecarbaldehyde is
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Table 4. Palladium-catalyzed hydroformylation: Different substrates®!

R® 3
)\ Pd/L, H+ R
Y T T o X
RY 1 aobarcom, 11 R 0
R R?
Entry Substrate Product Conv. Yield nliso

6] (%]

0
@_ﬂ 96 88l 85:15

89 89 >99:1

)(wo - 53 >99:1
O_.
oo 0T

&}Q
&y
v

OQQ O
J

6
. 9
/
7 LN);@ g 100 >959 982
o [e]
8 P N e N 72 81:19

[a] Reactions were carried out at 100°C with 60 bar of synthesis gas for 16 h
with 5.1 mmol as substrate, 0.2 mol % [Pd(acac),], 0.8 mol% L, L=2-(dicy-
clohexyl-phosphino)-1-(2-(dicyclohexylphosphino)naphthalen-1-yl)-1 H-pyr-
role 0.8 mol% p-toluenesulfonic acid and 2 mL diglyme. [b] The yield was
determined by GC. [c] Side product: phenylpropanol (8 %), n/iso="78:22.
[d] Yield and selectivity determined by NMR spectroscopy. [e] 80 bar syn-
thesis gas.

obtained in 57 % yield, and even cyclohexene gave the re-
spective aldehyde without further optimization of the reac-
tion conditions.

So far, most work on hydroformylation catalysts has fo-
cused on rhodium- or cobalt-based catalysts. Here, we intro-
duce a novel palladium catalyst system based on bidentate
2,2’-heteroarylarylphosphines and p-TsOH. By applying op-
timal conditions, good to excellent regioselectivity is ob-
tained for the hydroformylation of aliphatic and aromatic
olefins. It is shown that a low acid concentration is crucial
for obtaining high degrees of the linear isomer. Hence, by
carefully controlling the reaction conditions Pd complexes
constitute a promising class for selective hydroformylations
and should be considered more often as catalysts for this im-
portant transformation.

Experimental Section

General procedure: A glass vial was charged under argon with palladium
acetylacetonate (10.2 umol), ligand (40.8 umol), and diglyme (1 mL).
After the catalyst had been generated in situ by stirring, a solution of di-
glyme and 1-octene (1 mL, 5.1 mmol) containing p-toluenesulfonic acid
(4.1 pmol) was added. The glass vial was moved into an autoclave. After
flushing with nitrogen the autoclave was pressurized with synthesis gas

Chem. Eur. J. 2009, 15, 6383 -6388
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and heated to 100°C. The reaction was carried out for 16 h; then, the
pressure was released and isooctane (internal standard) was added to the
solution. The yield was measured by GC. Product characterization was
done by comparison with authentic samples and HR-MS.
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J=7Hz, J=1Hz, 1H), 7.7 (td, J=8 Hz, J=1Hz, 1H), 7.2 (d, /= [18] For selected examples of isomerization-hydroformylation reactions,
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8 Hz, 1H), 6.9 (dd, /=4 Hz, J=1Hz, 1H), 6.7 (t, /=4 Hz, 1H,), 2.6
(m, 1H,), 2.4 (quint, J=2.5Hz, 1H,), 2.35-1.0 ppm (m, 40H);
BCNMR (75 MHz, CDCLy): 6=144.7 (s), 144.4 (s), 133.7 (s), 132.9
(dd, Jpc=3.3Hz, Jpc=1.5Hz), 131.6 (s), 128.8 (d, Jpc=2.8 Hz),
128.4 (s), 127.6 (s), 127.4 (s), 126.9 (s), 126.5 (s), 124.9 (s), 115.8
(brs), 108.3 (s), 37.4 (d, Jpc=16.3 Hz), 35.7 (d, Jpc=9.2 Hz), 34.7 (d,
Jpc=9.8 Hz), 34.0 (d, Jpc=13.6 Hz), 32.2 (d, Jpc=15Hz), 31.3 (d,
Jee=15Hz), 31.1 (s), 30.9 (s), 30.8 (d, Jpc=4.5Hz), 30.3 (d, Jpc=
13.5Hz), 30.2 (d, Jpc=6.4 Hz), 29.6 (Jpc=6.5Hz), 29.0 (d, Jpc=
8.3 Hz), 27.9-27.1 (m), 26.7 (d, Jpc=7.4 Hz), 26.4 ppm (d, Jpc=
5Hz); MS (70 eV, EI): m/z (%): 584 (0.9) ([M—1]%), 502 (100), 420
(3), 388 (6.9), 305 (4.8), 254 (4.9), 222 (46.4), 197(2.3), 115 (6.9), 67
(11), 55 (13); HR-MS: caled: 584.35695 for C;Hs;,N,P, [M—1]";
found: 584.357226.
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