
C
i

G
C
a

b

c

a

A
R
R
A
A

K
R
1
H
H
W

1

o
t
l

R

g
s
r

H
u
h
p

a

1
d

Journal of Molecular Catalysis A: Chemical 291 (2008) 49–56

Contents lists available at ScienceDirect

Journal of Molecular Catalysis A: Chemical

journa l homepage: www.e lsev ier .com/ locate /molcata

arbonylation of 1-hexene catalyzed by cis-[Rh(CO)2(amine)2](PF6) complexes
n aqueous tetrabutylammonium hydrogensulfate solutions
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a b s t r a c t

In aqueous solution of tetrabutylammonium hydrogensulfate (N(C4H9)4HSO4), rhodium complexes
like cis-[Rh(CO)2(amine)2](PF6) (amine = pyridine, 4-picoline, 3-picoline, 2-picoline, 3,5-lutidine or 2,6-
lutidine) promote the carbonylation of 1-hexene to heptanoic acid and heptanal under carbon monoxide
atmosphere. Gaseous by-products (H2 and CO2) from the catalysis of the water–gas shift reaction (WGSR)
are also observed. The catalytic activities for heptanoic acid and heptanal production depend on the nature
of the coordinate amine to the rhodium center for [Rh] = 1 × 10−4 mol, [1-hexene] = 0.05 mol, 40 mL of
water (2.2 mol); 2.4 g of N(C4H9)4HSO4 (5.6 wt.%), S/C = 500, P(CO) = 22 atm at 150 ◦C. Analyses of kinetic
-Hexene
ydrocarboxylation
ydroformylation
ater–gas shift reaction

results for the Rh/4-picoline system (one of the more active and the most stable catalyst among tested)
towards the carbonylation reaction for the organic products formation show a nonlinear dependence on
total rhodium concentration and on N(C4H9)4HSO4 amount in the range of studies. The last result sug-
gested that the salty medium stabilize the ionic Rh catalytic species formed under the reaction conditions,
therefore enhancing the reactivity. The increase in P(CO) is accompanied by improvement in the catalytic
activities of oxygenated products, then reaches a maximum and starts decreasing at higher P(CO). These
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data are discussed in term

. Introduction

The synthesis of oxygenated organic products by reaction of an
lefinic substrate with CO and water (Eq. (1)) in the presence of
ransition metal complexes to give carboxylic acids (hydrocarboxy-
ation reaction) is well known [1,2].

HC = CH2 + CO + H2O → RH2C–CH2C( O)–OH (1)

Some examples of carbonylation reactions promoted by homo-
eneous and immobilized rhodium [3–5], cobalt [6] and water
oluble–palladium complexes [7] under CO/H2O have been
eported.

A soluble ruthenium(II) complex fac-[Ru(CO)2(H2O)3(C(O)C2
5)][CF3SO3] using wet tetrabutylammonium hydrogensulfate salt
nder CO have demonstrated its applicability as catalyst for
ydrocarboxylation and hydrocarbonylation of ethylene to pro-
ionic acid and to diethyl ketone and propanal, respectively [8].

∗ Corresponding authors. Fax: +58 212 6051225.
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atalytic cycles bearing a common Rh–H catalytic species.
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s well, soluble cationic carbonylrhodium(I) complexes of pyri-
ine and related ligands catalyzed the hydroformylation and
ligomerization of CO/ethylene in aqueous tetrabutylammonium
ydrogensulfate solutions [9]. It has been stated that the salty
edium stabilize the catalytic species formed under the reaction

onditions.
Continuing our work on carbonylrhodium(I) complexes of

yridine and related ligands dissolved in the salty medium of tetra-
utylammonium hydrogensulfate, we report here the influence of
he nature of the coordinated pyridine ligand as well as the effect of
ariations in reaction parameters on catalytic hydrocarboxylation
nd hydroformylation of 1-hexene in CO/water by these rhodium(I)
omplexes and the mechanistic implications.

. Experimental
.1. Materials and instrumentation

Pyridine (py), methyl pyridines (2-picoline (2-pic), 3-picoline
3-pic), and 4-picoline (4-pic)) and dimethyl pyridines (3,5-lutidine
3,5-lut) and 2,6-lutidine (2,6-lut)) were obtained from Aldrich

http://www.sciencedirect.com/science/journal/13811169
mailto:marisol.ortega@ciens.ucv.ve
mailto:alvaro.pardey@ciens.ucv.ve
dx.doi.org/10.1016/j.molcata.2008.05.008
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Table 1
Carbonylation of 1-hexene in aqueous tetrabutylammonium hydrogensulfate catalyzed by the cis-[Rh(CO)2(amine)2](PF6) complexesa

Amine (pKa)b [Heptanoic acid]c (mol × 10−4) [Heptanal]c (mol × 10−4) TF(heptanoic acid)c (yield %; selectivity %) TF(heptanal)c (yield %; selectivity %)

Pyridine (5.27) 14 10 46 (2.9; 58) 31 (2.1; 42)
3-Picoline (5.52) 20 11 70 (4.2; 64) 35 (2.3; 36)
2-Picoline (5.97) 16 18 55 (3.3; 47) 64 (3.8; 53)
4-Picoline (6.00) 25 38 90 (5.2; 40) 139 (7.9; 60)
3,5-Lutidine (6.63) 34 7 131 (7.1; 83) 26 (1.5; 17)
2,6-Lutidine (6.75) 21 45 73 (4.4; 32) 161 (9.4; 68)
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a [Rh] = 1 × 10−4 mol, 1-hexene = 6.1 mL (0.05 mol), 1-hexene/Rh = 500, 40 mL of w
b From Ref. [13].
c TF(product) = [(mol of product)/((mol of Rh) × (rt))] × 24 h, where (rt) = reaction

nd distilled over KOH. Water was doubly distilled. All gas
ixtures He/H2 (91.4%/8.6%, v/v), CO/CH4 (95.8%/4.2%, v/v) and

O/CH4/CO2/H2 (84.8%/5.1%/5.3%/4.8%, v/v) were purchased from
OC gases and were used as received. The complexes of the type cis-
Rh(CO)2(amine)2](PF6) (amine = 4-pic, 3-pic, 2-pic, py, 3,5-lut or
,6-lut) were synthesized and characterized as reported by Denise
nd Pannetier [10] and their IR spectra in chloroform demon-
trated their identity and purity (two strong bands in the �(CO)
egion at 2095 and 2020 cm−1). These complexes will be referred
s Rh(amine)2 complexes.

Gas samples analyses from catalysis and kinetics runs were per-
ormed as described in detail previously [11] on a Hewlett-Packard
890 Series II programmable (ChemStation) gas chromatograph fit-
ed with a thermal conductivity detector. The column employed
as Carbosieve-B (80–100 mesh) obtained from Hewlett-Packard

nd using the He/H2 mixture as the carrier gas. Analyses of liq-
id phase were done on a Buck Scientific 910 programmable
as chromatograph fitted with a HP-1 (methyl silicone gum,
0 m × 0.323 mm × 0.17 �m) column and flame ionization detector,
nd using He as the carrier gas.

A Varian Chrompack 3800 programmable gas chromato-
raph fitted with a CP-Sil-8-CB (phenyldimethylpolysiloxane)
30 m × 0.250 mm) column using He as the carrier gas and

Varian Chrompack, Saturn 2000 mass selective detector
ere used to confirm the identity of the organic reaction

roducts at the end of each run. Also the organic products were
eparated by column chromatography and analyzed by 13C and 1H
MR in a Jeol Eclipse 270 NMR spectrometer.

.2. Catalyst testing

Catalytic runs were carried out in a 250 mL mechanically
tirred stainless steel Parr autoclave charged with a given

mount ((1–30) × 10−5 mol) of the cis-[Rh(CO)2(amine)2](PF6)
omplex, variable amounts of 1-hexene (1.2–6.1 mL), 40 mL of
ater, variable amounts of tetrabutylammonium hydrogensul-

ate salt (2.4 (5.6 wt.%)–26.8 g (67 wt.%)) and pressurized with
O/CH4 (22–57 atm) at 110–170 ◦C. The autoclave was placed in a

3

o
o

2.2 mol); 2.4 g of N(C4H9)4HSO4 (5.6 wt.%), P(CO) = 22 atm at 150 ◦C for 7 h.

in hours. Experimental uncertainty <10%.

emperature-controlled heating device at typically 150 ± 1 ◦C and
echanically stirred (rpm = 650) for 7 h. These pressures and tem-

eratures were chosen as an average from previously reported
ystems [11]. The CH4 was used as internal standard to allow cal-
ulation of absolute quantities of CO consumed and H2 and CO2
roduced. In addition, calibration curves were prepared period-

cally for CO, CH4, H2, and CO2, and analyzing known mixtures
hecked their validities. Moreover, liquid samples were removed
nd analyzed by GC and GC–MS. Peak position of various reac-
ion products were compared and matched with the retention
imes of authentic samples. The amounts of organic products were
etermined by using the response factor method for gas chromato-
raphic analyses [12].

. Results and discussion

.1. General aspects

The Rh(amine)2 catalysts were investigated as precursors for the
atalytic reactions of 1-hexene/CO in aqueous solution of tetrabuty-
ammonium hydrogensulfate. These catalytic systems are known to
e active for 1-hexene hydrocarboxylation Eq. (2) and hydroformy-

ation Eq. (3), and the water–gas shift reaction (WGSR), Eq. (4). Also,
races (∼1%) of products coming from isomerization of 1-hexene
nder catalysis conditions were observed.

(2)

(3)

O + H2O � CO2 + H2 (4)

The relative extent of the competing catalytic reactions (Eqs.
2)–(4)) can be established by comparing the amounts of the prod-
cts. The results are shown in Tables 1 and 2. Further control
xperiments show that activity toward the WGSR and the carbony-
ation of 1-hexene under CO was not observed when the mixture of
n aqueous solution of tetrabutylammonium hydrogensulfate with
-hexene was tested under similar experimental conditions in the
bsence of any of these Rh(amine)2 catalysts.
.2. Hydrocarboxylation and hydroformylation catalysis

Table 1 summarizes the results of the catalytic carbonylation
f 1-hexene by the Rh(amine)2 complexes dissolved in aque-
us solution of tetrabutylammonium hydrogensulfate under CO
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Table 2
WGSR in aqueous tetrabutylammonium hydrogensulfate catalyzed by the cis-[Rh(CO)2(amine)2](PF6) complexesa

Amine (pKa)b [H2] (mol × 10−4) [CO2] (total) (mol × 10−4) [CO2] (WGSR)c (mol × 10−4) TF(H2)d TF(CO2)d

Pyridine (5.27) 11 20 11 36 36
3-Picoline (5.52) 13 21 13 42 46
2-Picoline (5.97) 12 33 12 39 42
4-Picoline (6.00) 15 53 15 49 53
3,5-Lutidine (6.63) 14 25 14 44 51
2,6-Lutidine (6.75) 13 62 15 40 54
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[Rh] = 1 × 10 mol, 1-hexene = 6.1 mL (0.05 mol), 1-hexene/Rh = 500, 40 mL of w
b From Ref. [13].
c [CO2](WGSR) = [CO2](total) − [CO2](hydroformylation).
d TF(gas) = [(mol of gas)/((mol of Rh) × (rt))] × 24 h, where (rt) = reaction time in h

tmosphere. 1H NMR, GC and GC–MS analyses of the liquid
hases allowed identifying heptanoic acid and heptanal as prod-
cts coming from the 1-hexene hydrocarboxylation Eq. (2) and
ydroformylation Eq. (3), respectively.

The reactivity toward heptanoic acid formation for this
h(amine)2 system proved also to be dependent on the nature of
he heterocyclic nitrogen ligand coordinated to the rhodium center,
or example the TF(heptanoic acid) (24 h−1) values for these car-
onyl rhodium complexes followed the order: 3,5-lut (131) > 4-pic
90) > 2,6-lut (73) > 3-pic (70) > 2-pic (55) > py (46) under the same
atalytic conditions. The results show the positive effect of amine
asicity on the formation of the heptanoic acid (thermodynamic
roduct), which increases with pKa augmentation of the amine

igand in absence of steric effect (present in the 2-picoline and 2,6-
utidine); namely, 3,5-lut displays the highest activity. However,
eaction rates decreased markedly with increasing steric hindrance
f the coordinated amine as shown by the lower activity of 2-
icoline and in a lesser extent by the 2,6-lutidine. These results
uggest a critical steric parameter, which can be viewed as the
ffect of competition for binding to the catalytic center, which is
ore affected by steric constraints than by electronic effects. Even

hat the TF(heptanal)/(24 h)−1 values follow, in general, a similar
endency to the above described product, namely: 2,6-lut (161) > 4-
ic (139) > 2-pic (64) > 3-pic (35) > py (31) > 3,5-lut (26), the steric
onstraints contrary to the observed for the heptanoic acid have
mall influence on the yield of the heptanal (kinetics product). The
bserved low TF(heptanal) (24 h)−1 value for 3,5-lut lies on the
igh selectivity (83%) towards heptanoic acid production by this
h(3,5-lut)2 catalytic system.

Further the total yield of the principal products (heptanoic acid
nd heptanal) and their selectivity also depends on the nature of
he amine ligand. For example, the 1-hexene conversion values fol-
ow the order: 2,6-lut (13.8%) > 4-pic (13.1%) > 3,5-lut (8.6%) > 2-pic
7.1%) > 3-pic (6.5%) > py (5.0%), being the Rh(2,6-lut)2 and Rh(4-
ic)2 the most catalytic active systems towards carbonylation.
urther, both Rh(2,6-lut)2 and Rh(4-pic)2 catalytic systems show
preferential selectivity towards the heptanal product, contrary to

he observed for the Rh(3,5-lut)2 catalytic system, which it shows
higher selectivity towards the heptanoic acid.

.3. WGSR catalysis

The relationship between WGSR and olefin carbonylation
atalysis under CO/H2O by transition metal complexes has
een illustrated in the scientific literature [14]. All of these
h(amine)2/aq. N(C4H9)4HSO4 systems, are also active for the catal-

sis of the WGSR under the conditions required for the catalytic
arbonylation of 1-hexene. GC analyses of the gas phase of the cat-
lytic runs allowed the identification of H2 and CO2 as sole gaseous
roducts. The H2 and certain amount of CO2 come from the WGSR.
nother portion of the CO2 produced comes from the catalytic

T
i

h
i

2.2 mol); 2.4 g of N(C4H9)4HSO4 (5.6 wt.%), P(CO) = 22 atm at 150 C for 7 h.

Experimental uncertainty <10%.

ydroformylation of 1-hexene under CO/H2O, Eq. (3) and the total
O2 mass balances both, Eqs. (3) and (4).

Additionally, a control experiment shows no WGSR activity
n the absence of any of soluble Rh(amine)2 compounds under
imilar reaction conditions. The results described in Table 2
how that TF(H2) values are almost similar, suggesting that the
ature of the amine does not control WGSR rates in these
ystems. Similar results were observed in the catalytic hydroes-
erification and hydroformylation–acetalization of 1-hexene by cis-
Rh(CO)2(amine)2](PF6) (amine = pyridine, 2-picoline, 3-picoline,
-picoline, 3,5-lutidine or 2,6-lutidine) complexes dissolved in
ethanol under carbon monoxide atmosphere [11].
However, a different tendency was observed in the catalysis

f the WGSR by cis-[Rh(CO)2(amine)2](PF6) complexes dissolved
n 80% aqueous pyridine or substituted pyridines. For example
he TF(H2) decreased from 80 (24 h)−1 for the 4-picoline sys-
em to 1 (24 h)−1 for the 2,6-lutidine system under the following
atalytic conditions: [Rh] = 10 mM, 10 mL of 80% aqueous amine
nder P(CO) = 0.9 atm at 100 ◦C. In those Rh(amine)2/aqueous
mine systems the steric factor controls the rate of H2 formation
15].

.4. Kinetics studies

The following kinetics studies were made using the Rh(4-
ic)2 system despite the Rh(2,6-lut)2 is the most active for the
arbonylation reaction. The reason lies in the better stability
f the cis-[Rh(CO)2(4-pic)2](PF6) complex in comparison to cis-
Rh(CO)2(2,6-lut)2](PF6), which tends to decompose in relatively
hort times on air.

For the Rh(4-pic)2 system the effects of varying the carbon
onoxide pressure, the temperature, rhodium concentration, the

-hexene/Rh molar ratio and the tetrabutylammonium hydrogen-
ulfate amount on WGSR and carbonylation of 1-hexene were
tudied.

.4.1. Effect of the carbon monoxide pressure
The effect of varying the CO pressure for the Rh(4-pic)2 system

s summarized in Table 3. Fig. 1 shows the plot of TF(heptanoic
cid)/24 h, TF(heptanal)/24 h and TF(H2)/24 h values vs. P(CO).
s can be inferred from Table 3 and Fig. 1, increase in P(CO)

rom 22 atm is accompanied by improvement in the TF(heptanoic
cid)/24 h value, then reaches a maximum at P(CO) = 38 atm and
tarts decreasing at P(CO) ≥ 47 atm. Also, the TF(heptanal)/24 h
alues increase from 22 to 30 atm of CO and then decreas-
ng at P(CO) > 38 atm. However, for the competitive WGSR, the

F(H2)/24 h values increase almost linear (from 35 to 88 (24 h)−1)
n the carbon monoxide 22–57 (atm) range.

Accordingly, while the carbonylation reaction is disfavored at
igh P(CO), the opposite occurs with WGS reaction. These findings

ndicate that the catalytic activity for the carbonylation reaction
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Table 3
The effects of the carbon monoxide pressure variation on WGSR and carbonylation of 1-hexene in aqueous tetrabutylammonium hydrogensulfate catalyzed by the cis-
[Rh(CO)2(4-picoline)2](PF6) complexa

P(CO) (atm) [CO2] (mol × 10−4) [H2] (mol × 10−4) TF(H2)b [HA]c

(mol × 10−4)
TF(HA)b,c (yield
%; selectivity %)

[Heptanal] (mol × 10−4) TF(heptanal)b (yield %;
selectivity %)

22 54 10 35 26 91 (18.4; 37) 44 154 (10.9; 63)
30 65 13 46 28 97 (22.2; 34) 53 186 (11.7; 66)
38 67 15 53 33 118 (21.3; 40) 51 179 (13.8; 60)
47 65 21 74 30 105 (18.0; 40) 43 151 (12.6; 60)
57 68 25 88 29 101 (16.7; 42) 40 141 (12.1; 58)

a [Rh] = 1 × 10−4 mol, 1-hexene = 6.1 mL (0.05 mol), 1-hexene/Rh = 500, 40 mL of water (2.2 mol); 2.4 g of N(C4H9)4HSO4 (5.6 wt.%), at 150 ◦C for 7 h.
b TF(product) = [(mol of product)/(mol of Rh) × (rt)] × 24 h, where (rt) = reaction time in hours. Experimental uncertainty <10%.
c HA: heptanoic acid.

Fig. 1. A plot of TF(product)/24 h vs. P(CO): heptanal (�), heptanoic acid (�) and
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ydrogen (�). Reaction conditions: [Rh] = 1 × 10−4 mol, 1-hexene = 6.1 mL (0.05 mol),
-hexene/Rh = 500, 40 mL of water (2.2 mol); 2.4 g of N(C4H9)4HSO4 (5.6 wt.%), at
50 ◦C for 7 h. Lines drawn for illustrative purpose only.

oes not follow a linear dependence on P(CO) in the range of
2–57 atm and suggest the formation of a less-active rhodium car-
onyl species toward this type of reaction, at high CO pressure or
eversible addition of CO before the rate determining for organic
roducts formation.

The plot of TF(H2) values vs. P(CO) shown in Fig. 1, is almost
inear, indicating that the reaction is first order in [CO] in the
2–57 atm range. Based on the first order in [CO] we suggest a pos-
ible mechanism for the WGSR where the rate-limiting step (k2) is
receded by coordination of CO, e.g.

Rh]+ + CO
k1−→[Rh–CO]+k2,H2O−→ products (5)

The WGSR rate law for such behavior would be:
ate = k1k2P(CO)[Rh]tot (6)

here [Rh]tot = [Rh]+ + [Rh–CO]+ and k1 includes the solubility of CO
n the medium and k2 the [solvent]. The above expression, Eq. (6)

3

1

able 4
he effects of the temperature (T) variation on WGSR and carbonylation of 1-hexene in
icoline)2](PF6) complexa

(◦C) [CO2] (mol × 10−4) [H2] (mol × 10−4) TF(H2)b [HA]c (mol × 10−

110 26 3 11 12
130 48 5 18 18
140 57 9 32 22
150 54 10 36 26
170 47 25 90 21

a [Rh] = 1 × 10−4 mol, 1-hexene = 6.1 mL (0.05 mol), 1-hexene/Rh = 500, 40 mL of water (
b TF(product) = [(mol of product)/(mol of Rh) × (rt)] × 24 h, where (rt) = reaction time in
c HA: heptanoic acid.
ig. 2. A plot of aldehyde/acid molar ratio vs. P(CO). Reaction conditions:
Rh] = 1 × 10−4 mol, 1-hexene = 6.1 mL (0.05 mol), 1-hexene/Rh = 500, 40 mL of water
2.2 mol); 2.4 g of N(C4H9)4HSO4 (5.6 wt.%), at 150 ◦C for 7 h. Line drawn for illustra-
ive purpose only.

an be reduced to:

F(H2) = k1k2P(CO) (7)

For this kinetics model plots of TF(H2) vs. P(CO) should be linear
ith slopes of k1k2 and zero intercept. For example, the TF(H2) plot

s. P(CO) is linear with nearly a zero intercept value as predicted by
q. (7). Further, by plotting Ln TF(H2) versus Ln P(CO) a slope with
value ca. 1 is observed.

Further, the selectivity between the organic products changes
ith the increase of the P(CO) in the 22–57 atm range

Fig. 2), namely the aldehyde/acid molar ratio increase from
.69 (P(CO) = 22 atm) to 1.89 (P(CO) = 30 atm) reaching its max-
mum value at this CO pressure, then decreasing from 1.55
P(CO) = 38 atm) to 1.37 (P(CO) = 57 atm), indicating that formation
f the heptanoic acid (thermodynamic product) is favorable at CO
.4.2. Effect of the temperature
As shown in Table 4, varying the temperature from 110 to

50 ◦C, increases the production of heptanoic acid and for T = 170 ◦C

aqueous tetrabutylammonium hydrogensulfate catalyzed by the cis-[Rh(CO)2(4-

4) TF(HA)b,c (yield
%; selectivity %)

[heptanal] (mol × 10−4) TF(heptanal)b (yield %;
selectivity %)

42 (5.0; 36) 21 73 (8.8; 64)
64 (7.5; 30) 42 150 (17.6; 70)
78 (9.2; 32) 47 167 (19.7; 68)
91 (10.9; 37) 44 154 (18.4; 63)
77 (8.8; 48) 23 85 (9.6: 52)

2.2 mol); 2.4 g of N(C4H9)4HSO4 (5.6 wt.%), P(CO) = 22 atm for 7 h.
hours. Experimental uncertainty <10%.
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Fig. 3. The Arrhenius plot for heptanal (�), heptanoic acid (�) and hydrogen (�)
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Fig. 4. A plot of TF(product)/24 h vs. 1-hexene/Rh molar ratio: heptanal (�) and
heptanoic acid (�). Reaction conditions: [Rh] = 1 × 10−4 mol, 1-hexene = 1.2–6.1 mL
(0.01–0.05 mol), 40 mL of water (2.2 mol); 2.4 g of N(C4H9)4HSO4 (5.6 wt.%),
P(CO) = 22 atm 150 ◦C for 7 h. Lines drawn for illustrative purpose only.
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roduction. Reaction conditions: [Rh] = 1 × 10−4 mol, 1-hexene = 6.1 mL (0.05 mol),
-hexene/Rh = 500, 40 mL of water (2.2 mol); 2.4 g of N(C4H9)4HSO4 (5.6 wt.%),
(CO) = 22 atm for 7 h.

ecreases its production. On the other hand, heptanal formation
ncreases from 110 to 140 ◦C and then decreasing its production. The
roduction of H2 increases almost linear in the 110–170 ◦C range.

To determine the activation parameters for the WGSR and car-
onylation reaction, the TF(product)/24 h values for the Rh(4-pic)2
ystem were measured at various temperatures in the 100–170 ◦C
ange (Table 4) under P(CO) = 22 atm. This pressure was chosen for
ecurity reason. Fig. 3 displays the Ln TF(product)/24 h values vs.
000/T plot for [Rh] = 1 × 10−4 mol, [1-hexene] = 6.1 mL (0.05 mol),
-hexene/Rh = 500, for 7 h. The Arrhenius plot for the H2 produc-
ion is linear in the 100–170 ◦C range with an apparent activation
nergy of 37 kJ/mol K. Further, the apparent activation energies
btained from the slope of the heptanal and heptanoic acid pro-
uction reaction are 16 and 26 kJ/mol K, respectively, indicating that
ydroformylation is kinetically favorable over hydrocarboxylation.
t high temperatures the catalysis of the WGSR by this Rh(4-pic)2 is

avorable. Accordingly, the WGSR starts competing at a high exten-
ion with the carbonylation reactions causing a decrease of the
rganic products.

.4.3. Effect of the 1-hexene/Rh molar ratio
The effect of varying the 1-hexene concentration on the

1–5) × 10−2 mol range for the Rh(4-pic)2 catalytic system is sum-
arized in Table 5 and shown in Fig. 4. The TF(HA) increases

rom 51 (24 h−1) ([1-hexene] = 1 × 10−2 mol) and reaches a satu-
ation point of about 91 (24 h−1) at higher 1-hexene/Rh molar
atio. Additionally, the TF(heptanal) increases from 61 (24 h−1)
1-hexene/Rh = 150), reaching a maximum value of 154 (24 h−1)
t 1-hexene/Rh = 240 and then decreases to 139 (24 h−1) at 1-
exene/Rh = 500 indicative of a reversible addition of 1-hexene to

hodium center on the 1-hexene/Rh (100–500) molar ratio range.
ig. 4 shows the plot of TF(product)/24 h vs. [1-hexene]/Rh molar
atio under 22 atm of CO at 150 ◦C and allows to visualize better this
ehavior.

T

t
[

able 5
he effects of the 1-hexene/Rh molar ratio variation (S/C) on WGSR and carbonylation
is-[Rh(CO)2(4-picoline)2](PF6) complexa

/C [CO2] (mol × 10−4) [H2] (mol × 10−4) TF(H2)b [HA]c (mol × 10−

150 19 2 7 14
40 54 10 35 26
70 51 12 42 26
00 53 12 42 25

a [Rh] = 1 × 10−4 mol, 1-hexene = 1.2–6.1 mL (0.01–0.05 mol), 40 mL of water (2.2 mol); 2
b TF(product) = [(mol of product)/(mol of Rh) × (rt)] × 24 h, where (rt) = reaction time in
c HA: heptanoic acid.
ig. 5. A plot of TF(product)/24 h vs. [Rh]: heptanal (�), heptanoic acid (�) and
ydrogen (�). Reaction conditions: 1-hexene = (0.3–9.0) mL, 1-hexene/Rh = 240,
0 mL of water (2.2 mol); 2.4 g of N(C4H9)4HSO4 (5.6 wt.%), P(CO) = 30 atm at 150 ◦C
or 7 h. Lines drawn for illustrative purpose only.

.4.4. Effect of the Rh concentration
Catalytic runs were carried out for a series of different

hodium concentrations over the range (1–30) × 10−5 mol (Table 6).
typical run involved determination of TF/24 h as a function

f [Rh] in 5.6% aqueous tetrabutylammonium hydrogensulfate,
1-hexene]/Rh = 240 under P(CO) = 30 atm at 150 ◦C (under this
emperature, the 1-hexene conversion to carbonyl products reaches
he highest value of 29.3% (Table 4)). The amount of 1-hexene
as varied from 0.3 mL (2.4 × 10−3 mol) at [Rh] = 1 × 10−5 mol to
.0 mL (72 × 10−3 mol) at [Rh] = 30 × 10−5 mol in order to keep the
olar ratio 1-hexene/Rh = 240 in all runs. Fig. 5 shows the plot of
F(product)/24 h vs. [Rh].
An increase in [Rh] from 1 × 10−5 mol further increased

he TF(product)/24 h values, reaching a maximum at
Rh] = 10 × 10−5 mol. The activity toward H2, heptanoic acid

of 1-hexene in aqueous tetrabutylammonium hydrogensulfate catalyzed by the

4) TF(HA)b,c (yield
%; selectivity %)

[Heptanal] (mol × 10−4) TF(heptanal)b (yield
%; selectivity %)

51 (5.9; 45) 17 61 (7.1; 55)
91 (10.9; 37) 44 154 (18.4; 63)
91 (10.9; 39) 40 142 (16.7; 61)
90 (10.9; 40) 38 139 (15.9; 60)

.4 g of N(C4H9)4HSO4 (5.6 wt.%), P(CO) = 22 atm 150 ◦C for 7 h.
hours. Experimental uncertainty <10%.
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Table 6
The effects of the rhodium concentration variation ([Rh]) on WGSR and carbonylation of 1-hexene in aqueous tetrabutylammonium hydrogensulfate catalyzed by the
cis-[Rh(CO)2(4-picoline)2](PF6) complexa

[Rh] (mol × 10−5) [CO2] (mol × 10−4) [H2] (mol × 10−4) TF(H2)b [HA]c (mol × 10−4) TF(HA)b,c (yield
%; selectivity %)

[Heptanal] (mol × 10−4) TF(heptanal)b (yield %;
selectivity %)

1 19 2 7 10 35 (40.0; 40) 15 53 (60.0; 60)
5 57 6 21 23 81 (19.1; 32) 48 168 (40.0; 68)

10 65 13 46 28 97 (11.7; 35) 53 186 (22.1; 65)
20 34 3 11 15 53 (3.1; 33) 31 109 (6.5; 67)
30 20 2 7 9 32 (1.3; 32) 19 67 (2.6; 68)

a 1-Hexene = (0.3–9.0) mL, 1-hexene/Rh = 240, 40 mL of water (2.2 mol); 2.4 g of N(C4H9)4HSO4 (5.6 wt.%), P(CO) = 30 atm at 150 ◦C for 7 h.
b TF(product) = [(mol of product)/(mol of Rh) × (rt)] × 24 h, where (rt) = reaction time in hours. Experimental uncertainty <10%.
c HA: heptanoic acid.
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ig. 6. A plot of TF(product)/24 h vs. [N(C4H9)4HSO4]: heptanal (�), heptanoic acid
�) and hydrogen (�). Reaction conditions: [Rh] = 1 × 10−4 mol, 1-hexene = 3 mL
0.024 mol), 40 mL of water (2.2 mol); 1-hexene/Rh = 240, P(CO) = 22 atm at 150 ◦C
or 7 h. Lines drawn for illustrative purpose only.

nd heptanal production starts decreasing at [Rh] > 10 × 10−5 mol.
hese findings indicate that catalyst activity does not follow a
inear dependence on [Rh] in the range of ((1–30) × 10−5 mol) and
uggest the intervention of less-active polynuclear species [16].

.4.5. Effect of the tetrabutylammonium hydrogensulfate amount
A remarkable result related to the heptanoic acid and heptanal

ormations catalyzed by the Rh(4-pic)2 system is observed when
he concentration of the (CH3(CH2)3)4NHSO4 salt was increased
rom 2.4 g (5.6 wt.%) to 80.0 g (67.0 wt.%) at 1-hexene/Rh = 240

olar ratio under 22 atm of CO at 150 ◦C. The 1-hexene/Rh = 240
olar ratio chosen in this study resulted the optimum value (see

bove) among studied. The total conversion of 1-hexene increases
rom 29.3% for [salt] = 5.6 wt.%, reaching a maximum value of 81.7
or [salt] = 46.0 wt.% and decrease to 63.8% for [salt] = 67.0 wt.% due
o the observed diminution of the solubility of 1-hexene at high

oncentration of the (CH3(CH2)3)4NHSO4 salt.

As observed in Table 7 and Fig. 6, the TF(heptanal)/24 h and
F(heptanoic acid)/24 h reach the highest values of 514 (yield of
0.9% and selectivity ca. 67% at 1-hexene total conversion of 81.7% in
h) and 176 (24 h)−1 (yield of 20.8% and selectivity ca. 33%), respec-

3

t
b

able 7
he effects of the tetrabutylammonium hydrogensulfate concentration ([salt]) variat
icoline)2](PF6) complexa

Salt] (wt.%) [CO2] (mol × 10−4) [H2] (mol × 10−4) TF(H2)b [HA]c (mol × 10−

0.0 41 7 24 22
5.6 54 10 35 26
6.0 121 21 76 40
6.0 198 45 162 50
7.0 182 50 180 15

a [Rh] = 1 × 10−4 mol, 1-hexene = 3 mL (0.024 mol), 40 mL of water (2.2 mol); 1-hexene/R
b TF(product) = [(mol of product)/(mol of Rh) × (rt)] × 24 h, where (rt) = reaction time in
c HA: heptanoic acid.
ig. 7. A plot of aldehyde/acid molar ratio vs. [salt] ([N(C4H9)4HSO4]). Reaction con-
itions: [Rh] = 1 × 10−4 mol, 1-hexene = 3 mL (0.024 mol), 40 mL of water (2.2 mol);
-hexene/Rh = 240, P(CO) = 22 atm at 150 ◦C for 7 h. Line drawn for illustrative pur-
ose only.

ively, at 46.0 wt.% of tetrabutylammonium hydrogensulfate. On the
ther hand, the TF(H2)/24 h increases from 35 ([salt] = 5.6 wt.%) to
80 ([salt] = 67.0 wt.%). These results suggest that the salty medium
tabilizes the ionic Rh catalytic species formed under the reaction
onditions, therefore enhancing the reactivity. Further, as shown
n Fig. 7 the selectivity towards hydroformylation is favored over
ydrocarboxylation on the 5.6–67.0 wt.% concentration range of
CH3(CH2)3)4NHSO4. Discussion of this behavior is described in
ection 3.5.

Furthermore, the highest TF(heptanoic acid) = 169, TF(heptanal)
573 and TF(H2) = 182 (24 h)−1 values were achieved under
ptimal conditions, e.g., [Rh] = 1 × 10−4 mol, 1-hexene = 3 mL, 1-
exene/Rh = 240, 40 mL of water (2.2 mol); 55.2 g of N(C4H9)4HSO4
46 wt.%) and P(CO) = 38 atm at 150 ◦C for 7 h.
.5. Mechanistic considerations

Scheme 1 illustrates a proposed mechanism for the WGSR and
he hydrocarboxylation and hydroformylation reaction of 1-hexene
y Rh(4-pic)2 system. The evaluation of the mechanism for H2,

ion on WGSR and carbonylation of 1-hexene catalyzed by the cis-[Rh(CO)2(4-

4) TF(HA)b,c (yield %;
selectivity %)

[Heptanal] (mol × 10−4) TF(heptanal)b (yield %;
selectivity %)

77 (9.2; 40) 33 115 (13.8; 60)
91 (10.9; 45) 44 154 (18.4; 55)

139 (16.7; 37) 98 344 (40.8; 63)
176 (20.8; 33) 146 514 (60.9; 67)
62 (6.3; 41) 138 484 (57.5; 59)

h = 240, P(CO) = 22 atm at 150 ◦C for 7 h.
hours. Experimental uncertainty <10%.
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Scheme 1. Pro

O2, heptanoic acid and heptanal formation by this catalytic system
nder CO shows some key features:

First, previously has been reported that rhodium(I) cis-
Rh(CO)2(amine)2](PF6) (amine = 4-picoline or pyridine) com-
lexes in 80% aqueous amine, under 0.9 atm of CO at 100 ◦C,
atalyzed the water gas shift reaction. Proposed mechanisms for
hese systems involve the formation of rhodium hydride intermedi-
tes, which were confirmed by in situ 1H NMR spectroscopic studies
15].

Second, the H2 turnover frequency in the presence of 1-hexene
or the Rh(4-pic)2 system (49 (24 h)−1) is lower than the WGSR
ctivity (141 (24 h)−1) for the same system in the absence of 1-
exene under reaction conditions given in Table 1. Presumably in
he former systems a reactive Rh–H intermediate is intercepted
rior to H2 formation by reaction with 1-hexene to generate a
hodium–olefin intermediate. Under CO/H2O conditions the latter
ould be expected to react further to give the observed organic
roducts.

Third, studies of the variation of [Rh] also suggest the occurrence
f active rhodium species having different nuclearity, under the
atalytic conditions.

Fourth, the CO concentrations studies showed a linear depen-
ence on [CO] for the WGSR and reversible addition of CO for the
arbonylation reactions. Also, the carbonylation reactions showed
reversible dependence with respect to [1-hexene].

Given the above, the reaction mechanism depicted in Scheme 1
s proposed for WGSR and hydrocarboxylation and hydroformyla-
ion of 1-hexene catalyzed by mononuclear cationic Rh(I) species.
n Scheme 1, the amine ligands of the intermediate rhodium are
mitted for clarity. Three connected cycles account for the observed
roducts. In cycle (A), the formation of H2 via WGSR implies a nucle-
philic attack by H2O on the coordinated CO of complex (1) to yield
hydroxycarbonylation complex [Rh(CO)(CO2H)] (2) and H+ (step

). Elimination of CO2 from the former complex gives the hydride
Rh(CO)(H)] complex (3) (step b), which upon protonation by H+

step c) forms the dihydride complex [Rh(CO)(H)2]+ (4). Reductive

limination of H2 (step d) assisted by CO coordination regener-
tes the starting cis-[Rh(CO)2]+ complex (1) and closes the WGSR
ycle.

Cycle (B) describes the formation of heptanoic acid which comes
rom in situ hydrolysis of the [Rh(CO)(acyl)] complex (7) (step h).

t
h
h
f
(

mechanism.

he Rh–acyl complex arises from the reversible coordination of 1-
exene to form the intermediate complex (5) (step e). Insertion
f the olefin to the Rh–H bond (step f) [31] gives [C6H13Rh(CO)]
6). Then cis-migration of the C6H13 group so formed to [Rh–CO]

oiety assisted by the reversible CO coordination (step g) gives
he [Rh(CO)(acyl)] complex (7). Formation of the hydride–rhodium
omplex (3) and production of heptanoic acid (step h) closes the
atalytic cycle (B). The Lewis-acid promoted migratory-insertions
f an alkyl group to a coordinated CO affording an acyl inter-
ediate has been reported [17]. In our systems the presence

f [(CH3(CH2)3)4N](HSO4) considered as a mild Lewis-acid [18]
hould accelerate the formation of this key intermediate, increas-
ng catalytic activity. Further, the results on Section 3.2 show the
roduction of carbonyl products as a function of the pKa value of
he coordinated amine. The electron-donating methyl groups on
he pyridine ring should favor metal ion protonation of (7) facili-
ating [Rh(CO)(H)] (3) formation. Simultaneously, the nucleophilic
ttack by an OH− group over the electrophilic carbonyl carbon of
cyl ligand facilitates heptanoic acid formation, hence increasing
he hydrolysis reaction (step h).

Cycle (C) describes the formation of heptanal which comes from
n situ hydrogenolysis of Rh–acyl complex (7′) (step i). Hydrogenoly-
is of the Rh–acyl intermediate, which leads to heptanal formation,
robably comes from intra-hydrogen transfer from Rh–H species
9] and/or by the H2, both formed via the WGSR (cycle A).

The overall reaction for products formation is (Eq. (8)):

2CH3–(CH2)3–CH CH2 + 4CO + 3H2O

→ 2CO2 + H2 + CH3–(CH2)5–C(O)OH + CH3–(CH2)5–C(O)H (8)

Furthermore, the TF(heptanal) = 139 (24 h)−1 value, for the
Rh(4-pic)2” system, is higher than the TF(heptanoic acid) = 90
24 h)−1 value, by a factor of 1.5 (Table 1). These results show, that

ermination step by hydrogenolysis of (6′) affording heptanal (step
′) is faster than termination step by hydrolysis of (6) affording
eptanoic acid (step i), in spite of the fact that both products come

rom the same kind of intermediates, namely the Rh–acyl complex
7 and 7′).
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. Conclusions

In this study, heptanoic acid and heptanal were synthesized by
hydrocarboxylation and hydroformylation of 1-hexene, respec-

ively. Both reactions were catalyzed by cis-[Rh(CO)2(amine)2](PF6)
omplexes in a salty medium of tetrabutylammonium hydrogen-
ulfate. The electronic and steric effects of the coordinate amine
an control all or some of these catalytic key steps.

It can be seen a remarkable increment on the organic products
ormation catalyzed by the Rh(4-pic)2 system when the concentra-
ion of the tetrabutylammonium hydrogensulfate salt increased.
he increment of the P(CO) favors the WGSR but disfavors the
arbonylation reaction at P(CO) > 38 atm. The increment of the Rh
ontent disfavors the WGSR and the carbonylation reaction sug-
esting the presence of active rhodium species having different
uclearity and activity. Our approach related to the use of salty
edium can constitute another alternative reaction media to hep-

anoic acid and heptanal synthesis.
Finally, a catalytic scheme for the production of H2, CO2, hep-

anoic acid and heptanal bearing common Rh–H catalytic species
s proposed.
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