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Abstract

The rhodium(l) complexesis{Rh(CO)(amine}](PFs) (amine = pyridine, 2-picoline, 3-picoline, 4-picoline, 3,5-lutidine or 2,6-lutidine)
dissolved in methanol under carbon monoxide atmosphere are effective catalysts for the hydroesterification and hydroformylation—acetalization
of 1-hexene. In the presence of these soluble complexes, 1-hexene, CO and methanol give methyl-heptanoate and 1,1-dimethoxy-heptane
as major products, and minor amounts of heptanal. The acetal product comes from the nucleophilic addition reaction of the methanol with
the formed heptanal. Gaseous by-productsdhid CQ) from the catalysis of the water—gas shift reaction (WGSR) are also observed. The
reaction products distribution depends on the nature of the coordinated amine to the rhodium center. The effects of the reaction variables
such as CO pressure, temperature, catalyst concentration, 1-hexene/Rh molar ratio and reaction medium, were also examined. These data al
discussed in terms of catalytic cycles, and it is concluded that common Rh—H catalytic species are involved.
© 2005 Published by Elsevier B.V.
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1. Introduction Recently, some examples of Reppe synthesis promoted by
homogeneous and immaobilized rhodiyB+-6], cobalt[7],

Itis well known the synthesis of oxygenated organic prod- water soluble-palladiuri8] and rutheniunf9] catalysts and
ucts by reaction of an olefinic substrate with CO and water acetal formation under hydroformylation conditions in the
or alcohols (Z=-0H or —OR, Eg.(1)) in the presence of presence of alcoho[40,11]have been reported.
transition metal complexes to give carboxylic acids (hydro-  The naphtha, which constitutes a stream extracted from
carboxylation reaction) or their esters (hydroesterification crude oil, is formed by combinations 0§6Cg saturated and
reaction), respectivelfd]. This type of Reppe synthesis has unsaturated hydrocarbons. The light naphtha is used princi-
received considerable attention and itis the subject of arecentpally for the formulation of gasoline. The olefin contentin the
review|[2]: naphtha is ca. 43.5942] and it must be less than 6% in vol-

ume, according to the standard regulation. Higher amounts of
RHC=CH; + CO + ZH — RH;C-CHC(=0)-Z 1) these compounds in the gasoline induces chemical reactions
in the combustion motors of the vehicles at high working tem-
peratures, giving solid particles, which can block the injector
* Corresponding author. Tel.: +58 212 6051225; fax: +58 212 4818723, and the valve system of the motor, therefore diminishing its
E-mail addressapardey@strix.ciens.ucv.ve (A.J. Pardey). efficiency.

1381-1169/$ — see front matter © 2005 Published by Elsevier B.V.
doi:10.1016/j.molcata.2005.06.015



206 A.J. Pardey et al. / Journal of Molecular Catalysis A: Chemical 239 (2005) 205-214

A heterogeneous catalytic hydrogenation process is and purity (two strong bands in thgcoy region at 2095 and
employed to reduce the olefin content of the naphtha to 2020 cnt1). These complexes will be referred as Rh(amine)
saturated hydrocarbons. However, this process has some limeomplexes.
itations, which are associated with the high consumption  Gas samples analyses from catalysis and kinetics runs
of the expensive bl and production of low octane con- were performed as described in detail previoudl§] on
tent gasoline. Further, with the objective of increasing the a Hewlett-Packard 5890 Series Il programmable (Chem-
octane content in the gasoline for improved emissions qual- Station) gas chromatograph fitted with a thermal conduc-
ity, diverse oxygenated additives like methght-butylether tivity detector. The column employed was Carbosieve-B
or -tert-ammilmethylether commonly are added in commer- (80—-100 mesh) obtained from Hewlett-Packard and using
cial gasoline. the He/lb mixture as the carrier gas. Analyses of lig-

The Reppe reaction catalyzed by transition metal com- uid phase were done on a Hewlett-Packard 5890 Series
plexes could be in principle applied for improving the low Il programmable gas chromatograph fitted with a HP-1
stream refinery (LSR). That process could increase the octangmethyl silicone gum, 50 mx 0.323 mmx 0.17um) column
content of the gasoline by allowing in situ transformation of and flame ionization detector, and using He as the carrier
the olefins already present in this type of oil in oxygenated gas. A Varian Chrompack 3800 programmable gas chromato-
compounds with high aggregated value, likes esters, alde-graph fitted with a CP-Sil-8-CB (phenyldimethylpolysilox-
hydes, and acetals, among others. Additionally this could be ane) (30 mx 0.250 mm) column and a Varian Chrompack,
carried outin one step avoiding the expensive catalytic hydro- Saturn 2000 mass selective detector were used to confirm the
genation. identity of the organic reaction products at the end of each

Soluble cationic carbonylrhodium(l) complexes of pyri- run. Also the organic products were separated by column
dine and related ligands have demonstrated their ability to chromatography and analyzed ¥} and'H NMR in a Jeol
be applied as catalysts for the WGER], carbonylation of Eclipse 270 NMR spectrometer.
methano[14], reduction of nitrobenzeri@5] and oligomer-
ization of CO/ethylend16]. However, to the best of our 2.2. Catalyst testing
knowledge, a detailed study of the kinetics and mechanisms
of soluble metal rhodium complexes on the catalytic hydroes-  Catalytic runs were carried out in all-glass reactor vessels
terification and hydroformylation—acetalization of olefins has consisting of a 100 mL round bottom flask connected to an
not yet been reported. “O” ring sealed joint to a two-way Rotoflow Teflon stopcock

Continuing our work oncis-[Rh(CO)(amine)](PFs) attached to the vacuum line. In a typical run, a given amount
complexes, we report here the influence of the nature of of the catalyst (5 10~°>mol), 0.4 mL (3x 10-3mol) of 1-
the coordinated amine as well as the effect of variations hexene and 10 mL of methanol (0.24 mol) were added to
in reaction parameters on catalytic hydroesterification and the glass reactor vessel, and then the mixture was degassed
hydroformylation—acetalization of 1-hexene in methanol by by three freeze—pump-thaw cycles. The reaction vessel was
these rhodium(l) complexes and the mechanistic implica- charged with CO/CH mixture at the desired CO patrtial
tions. Furthermore, typical naphtha contains about 33% of pressure (0.7 atm at 2&, but 0.9 atm at 100C), and then
1-hexene among the other olefins and for that reason it wassuspended for 5h in a circulating thermostated glycerol oil
used as a model molecule in this study. bath set at 100C. The specified temperature was main-

tained at+0.5°C by continuously stirring the oil bath, as
well as the reaction mixture with Teflon-coated magnetic

2. Experimental stirring bars. At the end of the reaction time gas samples
(1.0mL) were taken by means of gas tight syringes from
2.1. Materials and instrumentation the gaseous phase above the mixture and analyzed by GC.

The CH; was used as internal standard to allow calcula-

Pyridine (py), methyl pyridines (2-picoline (2-pic), 3- tion of absolute quantities of CO consumed ang a&hd
picoline (3-pic), and 4-picoline (4-pic)) and dimethyl CO, produced. In addition, calibration curves were pre-
pyridines (3,5-lutidine (3,5-lut) and 2,6-lutidine (2,6-lut)) pared periodically for CO, Cij H,, and CQ, and analyzing
were obtained from Aldrich and distilled over KOH. known mixtures checked their validities. Moreover, liquid
Methanol, ethanol and 1-hexene (Aldrich) were distilled samples were removed and analyzed by GC and GC-MS.
prior to use. Water was doubly distilled. All gas mixtures Peak position of various reaction products were compared
He/H; (91.4%/8.6%, v/v), CO/Ck (95.8%/4.2%, v/v) and  and matched with the retention times of authentic samples.
CO/CHy/COy/H2 (84.8%/5.1%/5.3%/4.8%, viv) were pur- The amounts of organic products were determined by using
chased from BOC Gases and were used as received. The conthe response factor method for gas chromatographic analyses
plexes of the typeis-[Rh(CO)(amine}](PFs) (amine = 4- [19].
pic, 3-pic, 2-pic, py, 3,5-lut or 2,6-lut) were synthesized and  Catalytic runs under supra-atmospheric pressures were
characterized as reported by Denise and Pannéff¢rand carried out in a 150mL mechanically stirred stain-
their IR spectra in chloroform demonstrated their identity less steel Parr autoclave charged with a given amount
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((1-30)x 10> mol) of thecis-[Rh(CO)(4-pic)](PFes) com- CHs—(CH2)3—CH=CHz + 2CO+ H»0

plex, variable amounts of 1-hexene, 10 mL of methanol and  Rh(amine) _ e

pressurized with CO (15-55atm at 1U0). The autoclave CHy~(CHy)s~CEO)H + CO, (3)
was placed in a temperature-controlled heating device at typ- ,

. o . . . . Rh(amine)

ically 100+ 1°C and mechanically stirred for a given time. co4+H,0 = CO,+H» 4
These pressures and temperatures were chosen as an aver-

age from previously reported systef@®]. At the end of the

reaction time gas and liquid samples were taken and ana-CHz—(CH2)s—C(=O)H + 2ROH

Ig/;gdcbyMGSC. Identity of those products was also confirmed  _, CHs—(CH2)5—C(OR}H + H,0 (5)

3.2. Hydroesterification and
3. Results and discussion hydroformylation—acetalization catalysis

3.1. General aspects Table 1summarizes the results of the catalytic hydroes-
terification and hydroformylation—acetalization of 1-hexene
The Rh(amineg) catalysts were investigated as precursors by the Rh(amine) complexes dissolved in methanol under
for the catalytic reactions of 1-hexene/CO with methanol. CO atmosphere!H NMR, GC and GC-MS analyses of
These catalytic systems are known to be active for 1-hexenethe liquid phases identified methyl-heptanoate, heptanal and
hydroesterification (Eq2)) and hydroformylation (E((3)), 1,1-dimethoxy-heptane coming from the 1-hexene hydroes-
the WGSR (Eq(4)) and the acetalization of the formed hep- terification in methanol (Eq2)), hydroformylation (Eq(3)),
tanal with alcohols (Eq5)). Also, traces{1%) of products and the addition reaction between methanol and the formed
coming from isomerization of 1-hexene under catalysis con- heptanal (Eq(5)), respectivelyj22].
ditions were observed. Control experiments in the absence of any of the sol-
The relative extent of the competing catalytic reac- uble catalysts showed formation of 1,1-dimethoxy-heptane
tions can be established by comparing the amounts of thewhen a 1.0mL sample of heptanal is placed in contact
products. The results are shown Table 1 Further con- with 10 mL of methanol undeP(CO)=0.9 atm at 100C
trol experiments show that activity toward the hydroes- by 4 h. The heptanal conversion under the above-described
terification and the hydroformylation—acetalization of 1- conditions is 21%. AccordinglyTable 1does not record
hexene under CO was not observed when the mixture ofthe TF of acetal production due to its stoichiometric for-
methanol with 1-hexene was tested under similar experi- mation. However, in presence of the soluble Rh(4-pic)
mental conditions in the absence of any of these Rh(amine) complex ([Rh]=0.022 g (% 10~° mol)) catalysis formation
catalysts. of 1,1-dimethoxy-heptane is observed when a 1.0 mL sam-
On the other hand, 1-hexene was adopted as a model subple of heptanal (% 10~3mol) is placed in contact with
strate because it represents ca. 33% of the olefin fraction on10 mL of methanol undeP(CO)=0.9atm at 100C for
typical naphtha: 4h. The heptanal conversion under the above-described
conditions slightly increases from 21 to 36%. However,
attempts to measure the catalytic impact on the produc-

CHa~(CHy)5~CH=CH, + CO+ CH3OH tion of these acetals by the others Rh complexes were not

Rh(ami

RN(@MIN - Hy—(CHp)s—C(=0)OCHs (2)  made.
Table 1
WGSR, hydroesterification and hydroformylation—acetalization of 1-hexene in methanol, catalyzedisyfRECO),(amine}](PFs) complexed
Amine (pKg)° [CO7] (total) TF(CO)®  [H2] TF(Hy)® [MH]d TF(MH)®d [Heptanal] [1,1-DMH]4

(mol x 1079) total (mol x 167-9) (mol x 1079) (molx 107%)  (molx 1075)

Pyridine (5.27) 14.2 17 4.9 6 5.6 7 0.2 7.5
3-Picoline (5.52) 16.7 20 4.4 5 7.3 9 0.2 10.8
2-Picoline (5.97) 10.8 13 45 5 5.0 6 0.2 5.0
4-Picoline (6.00) 12.5 15 4.8 5 11.8 14 0.2 7.5
3,5-Lutidine (6.63) 14.2 17 4.4 5 13.0 16 0.2 8.4
2,6-Lutidine (6.75) 11.7 14 5.3 7 17.2 21 0.2 5.0

a [Rh]= (5 x 10~>mol), [1-hexene] =0.4 mL (X 10-3 mol), 1-hexene/Rh = 64, 10 mL (0.24 mol) of metharR(CO) = 0.9 atm at 100C for 4 h.
b From Ref[21].

¢ TF(product) =[(mol of product/mol of Rhy (rt)] x 24 h, where (rt) = reaction time in hours. Experimental uncertainty < 10%.

d MH = methyl-heptanoate; DMH = dimethoxy-heptane.
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The results in methanol show that TF(methyl-heptano- catalytic hydroesterification/hydroformylation—acetalization
ate)/24h (TF(MH)/24 h) values depend on the nature of of 1-hexene. Even though reagents and solvents used were
the coordinated amine and decrease in the following order: pre-dried, formation of water occurred via acetal formation
2,6-lut > 3,5-lut > 4-pic > 3-pic > py > 2-pic. Accordingly, the  (Eqg. (5)). GC analyses of the gas phase of the catalytic runs
catalytic hydroesterification of 1-hexene by Rh(amirogim- allowed the identification of Hland CQ as sole gaseous
plexes is influenced principally by the basic nature of the products. The Kand certain amount of Crome from the
amine. Thus, the Rh(2,6-lutidinedystem is the most active. = WGSR. Another portion of the COproduced comes from
The reverse order observed in the case of the Rh(2-pisr the catalytic hydroformylation of 1-hexene under C@MH
tem is due to the steric hindrance factor which overwhelms (Eq.(3)) and the total C@mass balances both (E¢8) and
the electronic one. It is interesting to see on the Rh(2,6-lut) (4)).
system that the steric hindrance factor does not overwhelm Further, a control experiment shows no WGSR activity
the electronic factor even though the 2,6-lutidine amine is in the absence of any of soluble Rh(amineatalysts under
the most sterically hindered of all of the amines tested in this similar reaction conditions. The results in methanol show
work. that TF(H) values are low and almost similar, suggesting

However, the steric factor seems to control the observedthat the nature of the amine does not control WGSR rates in
tendency on the catalytic hydroformylation—acetalization of these systems. A different trend was observed in the cataly-
1-hexene by these Rh(amiae)ystems. sis of the WGSR byis-[Rh(CO)(amine}](PFs) dissolved

Based on the amounts of methyl-heptanoate, heptanal andn 80% aqueous pyridine or substituted pyridines. For exam-
1,1-dimethoxy-heptane formeddble J) it can be observed ple the TF(H}) decreased from 4-picoline (80) to 2,6-lutidine
that the hydroesterification of 1-hexene is more favored than (1) under the following catalysts conditions: [Rh] =10 mM,
hydroformylation—acetalization reactions by a factor rang- 10mL of 80% aqueous amine undB{CO)=0.9atm at
ing from 1.5- to 3.3-fold for the more basic amines, namely: 100°C. In those Rh(amingjagqueous amine systems the
3,5-lut (60% vyield of ester), 4-pic (61% vyield of ester) and steric factor controls the rate of,Hand CQ formation
2,6-lut (77% yield of ester). However, the opposite tendency [13].
is observed when the amines are the less basic pyridine: (42%
yield of ester) and 3-pic (40% yield of ester); being the 2-pic 3.4. Kinetics studies
(49% vyield of ester) in the borderline. The yields of ester,
aldehyde and acetal were calculated based on GC data and The following kinetics studies were made using the Rh(4-
by considering the total yields of the above three oxygenatedpic), system despite the Rh(2,6-lpitjvas the most active
products equal to 100%. These results suggested that the eledor the hydroesterification reaction. The reason lies in the
tronic factor induced by the methyl groups of the coordinated better stability of thecis-[Rh(CO)(4-pic)](PFs) complex
amine influences the rate of these two competing reactions,in comparison t@is-[Rh(CO)(2,6-lutp](PFs), which tends
hydroesterification versus hydroformylation—acetalization. to decompose in relatively short times on air. Therefore, for

the purpose of kinetics studies we would rather work with one
3.3. WGSR catalysis of the more highly active and more robust complex, namely
cis-[Rh(CO)(4-pick](PFe).

Since the early work of Reppe, the relationship between  Forthe Rh(4-pic) system the effects of varying the carbon
WGSR and olefin hydroesterification/nydroformylation with monoxide pressur®(CO), the temperatur€, the rhodium
CO/H,0O in alkaline solution has been recognif28]. All of concentration [Rh], and the 1-hexene/Rh molar ratio S/C on
these Rh(amin@)so|ub|e Comp|exe5, are also active for the WGSR, hydroesteriﬁcation and hydrOformylation—acetaliza-
catalysis of the WGSR under the conditions required for the tion of 1-hexene in methanol were explored.

Table 2

The effects of the carbon monoxide pressure variation on WGSR, hydroesterification and hydroformylation—acetalization of 1-hexene in nalymetbl, ca
by thecis-[Rh(CO)(4-pic)](PFs) compleX

P(CO)  [COg] (total) TF(CO)P  [H2] TF(H2)P [MH]¢ TF(MH)P-€ [Heptanal] [1,1-DMH]4
(atm) (x10-° mol) total (x10~5mol) (x10~5mol) (x10~5mol) (x10~5mol)
15 192.1 231 44.3 55 23.1 27 2.2 149.0
25 198.0 238 61.1 73 44.0 53 8.8 124.3
35 215.0 258 74.3 89 41.2 49 8.0 134.8
45 256.2 307 92.0 110 28.9 35 31 163.4
55 292.3 351 101.6 122 21.1 25 0.8 193.0

a [Rh]=0.022 g (5x 10~°mol), [1-hexene] = 0.4 mL (% 10~3 mol), 1-hexene/Rh =64, 10 mL (0.24 mol) of methariok 100°C for 4 h.
b TF(product) = [(mol of product/mol of Rh} rt] x 24 h, where rt=reaction time in hours. Experimental uncertainty < 10%.

¢ MH =methyl-heptanoate.

4 DMH = dimethoxy-heptane.
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Fig. 1. A plot of TF(product)/24h vsP(CO): (¢#) hydrogen and W) — 34 | Ea2=9 kJ/mol-K
methyl heptanoate. Reaction conditions: [Rh]=0.022 g (®~° mol), [1- ’

hexene]=0.4mL (& 10-3mol), 1-hexene/Rh=64, 10mL (0.24 mol) of 3.2 ‘ ' '

methanol,T=100°C for 4 h. Lines drawn for illustrative purpose only. 24 25 26 27
1000/T(K)

3.4.1. Effect of the carbon monoxide pressure Fig. 2. The Arrhenius plot for hydroesterification catalysis. Reaction con-
The effect of varying the CO pressure for the Rh(4-pic) ditions: [Rh]=0.022g (5 10-5mol), [1-hexene] = 0.4 mL (X 10~3 mol),
system in methanol is summarizedTable 2 Fig. 1shows L hexene/Rh=64,10mL (0.24mol) of methar(CO) = 25 atm for 4.
the plot of TF(MH)/24 h values versud(CO). As can be
inferred fromTable 2and Fig. 1, increase inP(CO) from
15 atm is accompanied by improvement in the TF(MH)/24 h
value, th'en reaches a maximum%CO)': 25atm and starts  yate= k1k, P(CO)[Rhjot @
decreasing aP(CO) >35atm. These findings indicate that
the catalytic activity does not follow a linear dependence on where [Rhjo=[Rh]" + [Rh—COJ" andk; includes the solu-
P(CO) in the range of 15-55 atm and suggest the formation of bility of CO in the medium and, the [solvent]. The above
a less-active rhodium carbonyl species toward the hydroes-expression, Eq(.7) can be reduced to
terification reaction, at high CO pressure.
On the other hand, the total amounts of products com- TF(product)= k1k2 P(CO) (8)

ing from the hydroformylation—acetalization reaction starts \\nhere product=H, COp, heptanal or 1,1-dimethoxy-
increasing steadily in the 25-55 atm range at A0Qindi- heptane.

cating that this reaction is first order R{(CO) in the study For this kinetics model plots of TF(product) vers(€0)
range. Accordingly, while the hydroesterification reaction gnou1d be linear with slopes &fkp and zero intercept. For
is disfavored at highP(CO), the opposite occurs with the  gyample, the TF(1) plot versusP(CO) is linear with nearly
hydroformylation-acetalization reaction. a zero intercept value as predicted by E8). Further, by

The plot of TF(t) values versus P(CO) for  piotting In TF(Hy) versus IFP(CO) a slope with a value ca. 1
[Rh]=5x 10~>mol at 100°C shown inFig. 1 is almost s ghserved.

linear, indicating that the reaction is first order in [CO] at
this temperature in the 15-55 atm range. Based on the first

rder in 1COT w ; ible mechanism in that th 3.4.2. Effect of the temperature
order [ ] we stggest a possibie mechanis € To determine the activation parameters for the WGSR,
rate-limiting step K») is preceded by coordination of CO,

TF(H2)/24 h values for the Rh(4-pig)system were mea-

The WGSR and hydroformylation—acetalization rate law for
such behavior would be

€.g- sured at various temperatures in the 100-<X20range

ky k2.HoO (Table 3. Fig. 2 displays the In TF(MH)/24 h values ver-
[Rh]* + CO—[Rh—COJ*"#="products (6)  sus 1T plot for [Rh]=5x 10~5mol, [1-hexene]=0.4mL
Table 3

The effect of the temperature variation on WGSR, hydroesterification and hydroformylation—acetalization of 1-hexene in methanol, catalyzed by the
[Rh(CO)(4-pic)](PFs) complex

T(°C) [CO;] (total) TFCO)P  [Ho] TF(H2)P [MH] ¢ TF(MH)P-€ [Heptanal] [1,1-DMH]4
(x10-° mol) total (x10-° mol) (x107° mol) (x10-° mol) (x10~5mol)
100 143.0 172 46.3 55 38.2 46 22.3 74.0
110 172.1 207 53.0 64 42.0 50 15.1 103.0
120 195.0 234 61.2 73 44.0 53 9.0 123.1
130 213.3 256 775 92 51.2 61 24.3 108.0
140 230.0 276 97.0 117 57.1 69 48.0 82.2

a [Rh]=0.022 g (5x 10~>mol), [1-hexene] = 0.4 mL (X% 10~3mol), 1-hexene/Rh =64, 10 mL (0.24 mol) of methamR{ICO) = 25 atm for 4 h.
b TF(product) = [(mol of product/mol of Rh} rt] x 24 h, where rt=reaction time in hours. Experimental uncertainty < 10%.

¢ MH =methyl-heptanoate.

d DMH = dimethoxy-heptane.
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Table 4
The effect of the Rh concentration variation on WGSR, hydroesterification and hydroformylation—acetalization of 1-hexene in methanol, gatht/zed b
cis-[Rh(CO)(4-pic)](PFs) complexX

[Rh] [CO;] (total) TF(COy)P [H2] TF(Hy)P [MH] ¢ TF(MH)b-¢ [Heptanal] [1,1-DMH]4
(x10~5mol) (x10~5mol) total (x10~5mol) (x10-° mol) (x105mol)  (x10->mol)
1 62.0 74 36.9 220 15.2 91 16.0 10.1
5 281.2 337 172.1 206 64.0 76 67.2 452
10 498.3 598 282.0 170 97.2 59 120.3 69.0
20 818.9 983 490.2 147 161.0 48 213.0 118.4
30 1040.0 1248 670.4 132 188.0 38 213.1 137.0

a [1-Hexene] = (0.1-3.7) mL ((0.8-3910-3) mol), S/C =100, 10 mL (0.24 mol) of methan&(CO) = 25 atm at 100C for 4 h.
b TF(product) = [(mol of product/mol of Rhy rt] x 24 h, where rt=reaction time in hours. Experimental uncertainty < 10%.
¢ MH =methyl-heptanoate.

d DMH = dimethoxy-heptane.

(3x103mol), 1-hexene/Rh=64, 10mL (0.24mol) of forms having different nuclearity (mononuclear and polynu-
methanol,P(CO)=25atm for 4h. The Arrhenius plot of clear). This suggestion is strongly supported by the FT-IR
In TF(MH)/(24 b~ 1) values versus T/was nonlinear in the ~ and X-ray data reported for the soluble Rh(pW}GSR cat-
100-140C range, giving segmented curves. The appar- alysts system, which show the presence of rhodium species
ent activation energies obtained from the slopes of the With different nuclearity (mononuclear and polynuclear) and
two segments are 9kJ/molK at temperatures <I2@nd  oxidation state ((I) and<l)). The Rh¢-I) specie comes

16 kJ/mol K at temperatures >120. On the other hand, the ~ from the reduction otis-[Rh(CO)(py).]* by CO/H,O to
apparent activation energies obtained from the slopes of theCOz and [(py2H][Rhs5(CO)3(py)2] complex, which was
two segments for the hydrogen production are 18 kJ/mol K structurally characterizef26]. Hence, a catalytic cycle for

at temperatures <12€ and 32kJ/molK at temperatures the WGSR was proposed wheeés-[Rh(COk(py)2]* and
>120°C. Arrhenius plots that are segmented indicate a [Rhs(COxs(py)2]” are the active specieR7]. Further,
change in the rate-limiting step between competitive reac- mechanistic studies for WGSR catalyzed by Rh(amine)
tions [24]. Other factors such as variation of the oxidation complexes dissolved in aqueous amine suggestanucleophilic
state of catalytic active species may be responsible for cur-attack by water on the coordinated CO, assisted by free pyri-

vatures in Arrhenius plot25]. dine. This yields hydroxycarbonyl Rh specie and protonated
As shown inTable 3 varying the temperature from 100 amine as a fundamental stg[8]. The negative charge of
to 140°C, increases the production 0HCO, and methyl-  the anionic polynuclear complex-() increases the energy

heptanoate and decreases the production of 1,1-dimethoxy-f this step and diminishes the catalytic activity.
heptane aT >120°C. Similar tendencies for WGSR results _
were observed for the [Rh(cod)(4-pif(PFes) (cod=1,5- 3.4.4. Effect of the 1-hexene/Rh molar ratio

cyclooctadiene) immobilized on poly(4-vinylpyridine) in The effect of varying the 1-hexene/Rh molar ratio
carbon monoxide atmosphere (1bar) on the 1002£80 ©on the 64-500 range for the Rh(4-picjatalytic system
range under continuous-flow conditiofs]. under the condition described Table 5was studied. The
TF(MH) increases from 67 (241) at [1-hexene] = 0.4 mL
3.4.3. Effect of the Rh concentration (3 x 10~3mol), reaching a maximum value of 76 (2%

Catalytic runs were carried out for a series of different at [L-hexene]=0.6mL (4.5 10~>mol) and then decreases
rhodium concentrations over the range (1-8@0~°mol to 48 (24 ') at [1-hexene] =3.0mL (25 10~3mol). The
(Table 4. A typical run involved determination of TF/24 h as
a function of [Rh] at [methanol] = 10 mL, 1-hexene/Rh =100 260

under P(CO)=25atm at 140C (under this temperature, 200 -
the production of methyl-heptanoate reaches the highest e
value (Table 3. The amount of 1-hexene was varied from P
0.1mL (0.8x 10-3mol) at [Rh]=1x 10~°mol to 3.7mL 100 - ——H2
(30x 103 mol) at [Rh] = 30x 10~° mol in order to keep the 50 - ‘\'\;\.\- g
ratio [1-hexene]/[Rh] =100 in all run§éble 4. Fig. 3shows —_—
the plot of TF(MH)/24 h and TF(k)/24 h values versus [Rh]. 0 ' ‘ ' ‘

An increase in [Rh] from (1 to 10) 10~°mol resulted g e <9 o 40
in a decrease in both TF(MH)/24h and TK{i24 h, fol- [Rh] (10°) mol
o for 75 A gl f THamcath v 510 b nd

methyl heptanoate. Reaction conditions: [1-hexeno]=0.1-3.7 mL

both reactions in the [Rh] (1_—3&)10_5 mol range, and  ((0.8-30)x 10-3mol), S/C=100, 10mL (0.24mol) of methanol,
suggest that the active species may be present in severab(CO)=25atm at 100C for 4 h. Lines drawn for illustrative purpose only.

TF(product)/24 h
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Table 5
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The effect of the 1-hexene/Rh molar ratio (S/C) variation on WGSR, hydroesterification and hydroformylation—acetalization of 1-hexene incatihaeol

by thecis-[Rh(CO)(4-pic)](PFs) compleX

S/C molar [CO7] (total) TF(CO)®  [Ha] TF(Hp)P [MH] ¢ TF(MH)P¢ [Heptanal]  [1,1-DMH]¢

ratio (x10~5mol) total (x107° mol) (x10~5mol) (x10"5mol) (x10-°mol)
64 230.0 276 97.3 117 56.1 67 48.3 82.0

100 281.0 337 172.0 206 63.0 76 67.2 45.3

250 375.4 451 245.0 294 52.0 62 65.0 60.4

500 432.2 519 299.2 359 40.2 48 60.1 75.1

a [Rh]=0.022g (5x 10~°mol), [1-hexene]=0.4 mL (X 10-3mol) to 3.0 mL (25x 10~3mol), 10 mL (0.24 mol) of methanoR(CO) = 25 atm at 140C

for 4 h.

b TF(product) = [(mol of product/mol of Rh} rt] x 24 h, where rt=reaction time in hours. Experimental uncertainty < 10%.

¢ MH =methyl-heptanoate.
d DMH = dimethoxy-heptane.

400
£=
b
% 300
o —e—H2
.g 200
2] —a— MH
2 100
fra e — 5
-

G T T 1
0 200 400 600

1-hexene/Rh

Fig. 4. A plot of TF(product)/24h vs. 1-hexene/Rh molar ratio:
(#) hydrogen and M) methyl heptanoate. Reaction conditions:
[Rh]=0.022g (5x 10 °mol), [1-hexene]=0.4mL (X 10 3mol) to
3.0mL (25x 10~3 mol), 10 mL (0.24 mol) of methanoR(CO) = 25 atm at
140°C for 4 h. Lines drawn for illustrative purpose only.

plot of TF(MH)/24 h values versus 1-hexene/Rh molar ratio
shown inFig. 4 indicates a reversible addition of 1-hexene
to rhodium center on the 1-hexene/Rh (64-400) molar
ratio range. On the other hand, at S/C=500 molar ratio

cisTRh(CO), 1

e
co /

[Rh(CO)(H) I

the hydroformylation—acetalization reaction is more favored
than hydroesterification. Contrary to what is expected, the
WGSR is favored at high 1-hexene concentration. Maybe,
the observed reversible coordination of 1-hexene to Rh cen-
ter at high olefin concentration switches the reaction to the
WGSR side (se&cheme L

3.4.5. Effect of the reaction medium

The catalytic hydroesterification and hydroformyla-
tion—acetalization of 1-hexene by Rh(4-pisystem was also
carried out in methanol/water, ethanol, and ethanol/water
mixtures {Table §. Under the following reaction con-
ditions: [Rh]=0.022g (5 10-°mol), [1-hexene]=0.4 mL
(3x 10~3mol), 1-hexene/Rh=64; 10mL of ethanol or
10mL of ethanol/water 8/2 (v/v), undd?(CO)=0.9 atm
at 100°C for 4h. The GC and GC—mass analyses of the
liquid phase runs allowed the identification and quantifica-
tion of ethyl-heptanoate, heptanal and 1,1-diethoxy-heptane,

, coming from 1-hexene hydroesterification, hydroformylation

H20

o

[Rh(CO)(CO,H]

e /C’

H,C7CH(CH,),CH,

[Rh(COXH)]
& )

H,C=CH(CH,),CH,
-17

e heptanal co, (3)

(f)

[Rh(CO)CgH, 3)]—"' R h-C-CGH13)(CO)]
(6 (™)
CO

[Rh(COyH)] HS=CHCHCt H C..CH(CHZ):,CH

ester

coero / \ CH,OH

H,CCH(CH,),CH,

[RR(COXH)
5)

(f

R h'c'csHm)(C 0)] <——=————— [Rh(CO)CeH,3)]
) M ©
co

Scheme 1. Proposed mechanism.
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Table 6
The effect of the reaction medium variation on WGSR, hydroesterification and hydroformylation—acetalization of 1-hexene, catalyzes[Bh{O ), (4-
pic)2](PFs) complex

Reaction medium [Cé] (total) TF(CO)P [H2] TF(H2)®  [MH]® TE(MH)>¢  [Heptanal] [1,1-DMH]?
(x107° mol) total (x10-° mol) (x107° mol) (x105mol)  (x10~5mol)
Methanol 125 15 4.8 5 11.8 14 0.2 7.5
Ethanol 12.5 19 5.2 6 7.5 9 25 22
Methanol/water (8/2) 11.0 28 4.0 5 7.5 9 2.3 4.5
Ethanol/water (8/2) 25.6 45 5.8 7 6.1 7 7.9 115

a [Rh]=0.022 g (5x 10~°mol), [1-hexene] = 0.4 mL (% 10-3 mol), 1-hexene/Rh = 64; 10 mL of solvent syste®(CO) 0.9 atm at 100C for 4 h.
b TF(product) = [mol of product/mol of Rh} rt] x 24 h, where rt=reaction time in hours. Experimental uncertainty < 10%.

¢ MH =methyl-heptanoate.

4 DMH = dimethoxy-heptane.

and nucleophilic addition reaction between ethanol and the  Second, the C®turnover frequencies in the presence of
formed heptanal, respectively (s&able §. Also the system 1-hexene for the Rh(amingkystems are greater than the
in sole ethanol, ethanol/water or methanol/water catalyzed WGSR activity for the same system in the absence of 1-
the WGSR. These results are almost similar to those observechexene. Presumably in the former systems a reactive Rh—H
for the Rh(4-pic)/methanol system described above under intermediate is intercepted prior tooHormation by reac-
similar reaction conditions. Accordingly, for the hydroesteri- tion with 1-hexene to generate arhodium—olefin intermediate.
fication of 1-hexene by the Rh(4-pjctomplex in contact = Under WGSR conditions the latter would expect to react fur-
with methanol or ethanol, the carbon chain length of the ther to give the observed organic products.
aliphatic alcohols has little influence on the reaction rate  Third, the studies of the variation of [Rh] also suggest the
in accordance with earlier repoift838—30] Analyses of the  occurrence of mono—polynuclear equilibrium between active
effects of varying the nature of coordinated amine on the rhodium species having different nuclearity, under the cat-
catalytic hydroesterification of 1-hexene in methanol/water, alytic conditions.
ethanol and ethanol/water mixtures are in progress. Fourth, a blank experiment using#LO (synthesis
Further, the catalytic hydroesterification of 1-hexene gas) as an alternative to CO/8 was carried out in
in methanol was reproduced under optimal conditions order to examine the possibility that moleculag ktom-
(as determined fronTables 2-5e.g. [Rh]=1x 10°mol, ing from the WGSR) in presence of CO and 1-hexene
10mL (0.24mol) of methanol, 1-hexene/Rh=100 and forms heptanal under the catalytic conditions described in
P(CO)=25atm at 140C for 4h) furnishing the highest Tables 1-5 Therefore, a mixture of 0.022 g ¢510~°mol)
TF(MH) value, ca. 91 (24hh). No attempts were made to  of cis-[Rh(COX(4-pic)](PFs), 1.24 mL (1x 102 mol) of 1-
recycle the catalyst under these conditions due to formationhexene and 10 mL of pre-dried 2-ethoxyethanol was added to
of some insoluble material after liquid phase removal by dis- a 150 mL glass reactor vessel, and then was degassed by three
tillation. freeze—pump—-thaw cycles. The reaction vessel was charged
with a CO/H mixture P(H2)=0.9 andP(total) = 1.8 atm)
at 100°C for 5h. GC and GC—mass analyses of the liquid
3.5. Mechanistic considerations phase revealed the presence of 2-hexene and 3-hexene as the
only organic products which come from the catalytic isomer-
Scheme 1llustrates a proposed mechanism forthe WGSR ization of 1-hexene. Heptanal was not formed or detected in
and the hydroformylation and hydroesterification reaction of the reaction mixture. Consequently, the Rh(4-pigystem
1-hexene by the highly and stable Rh(4-pisystem. The  does not catalyze the hydroformylation—acetalization of 1-
evaluation of the mechanism fopHC Oy, methyl-heptanoate  hexene to heptanal or 1,1-dimethoxy-heptane under GO/H
and heptanal formation by this catalytic system under CO with these reaction conditions. This result strong suggests that
shows a few key features. the H, formed under CO/LO system does not further react
First, the rhodium(l) cis[Rh(CO)(amine}](PFs) with 1-hexene. On the other hand, pre-dried 2-ethoxyethanol
(amine = 4-picoline or pyridine) complexes in 80% aqueous was used as medium system because it does not dehydrate
amine, under 0.9 atm of CO at 100, catalyzed the water  under the reaction conditions described above.
gas shift reaction. Proposed mechanisms for these systems Given the above, the reaction mechanism depicted in
involve the formation of rhodium hydride intermediates, Scheme lis proposed for WGSR, hydroesterification and
which were confirmed by in sitdtH NMR spectroscopic  hydroformylation of 1-hexene catalyzed by mononuclear
studieg[13]. Further, FT-IR and X-ray studig24], showed cationic Rh(l) species. Iischeme lthe amine ligands of
the presence of mononuclear cationic Rh(l) and polynuclear the intermediate rhodium are omitted for clarity. Three con-
anionic carbonyl Rh{1) compounds as reaction intermedi- nected cycles account for the observed products. In cycle
ates in the WGSR, which probably are formed in the present (A), the formation of H via WGSR implies a nucleophilic
system. attack by HO on the coordinated CO of compléxo yield
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a hydroxycarbonylation complex [Rh(CO)(GB)] (2) and The overall reaction for products formation is (E§3)):
H* (step a). Elimination of C®from the former complex

gives the hydride [Rh(CO)H] compleR (step b), which ~ 2CHz—(CHz)3—CH=CH; +4CO + CH30H + 2H,0
upon protonation by H (step c) forms the dihydride com- . .

plex [Rh(CO)(H)]* (4). Reductive elimination of bl (step = 2C0z+Hz+ CHa~{(CHo)s~C(O)OCH:

d) assisted by CO coordination regenerates the starting + CHz—(CHz)s—C(O)H (13)
[Rh(COY]* complexl and closes the WGSR cycle.

Cycle (B) describes the formation of methyl-heptanoate ~ Ed.(13)does notinclude the side product, 1,1-dimethoxy-
(ester) which comes from in situ methanolysis of the _heptane, which is principally formed in stoichiometric fash-
[Rh(CO)(acyl)] complex? (step h). The Rh-acyl complex 10n.
arises from coordination of 1-hexene to form the intermediate ~ Furthermore, the TF(MH) =14 (241) value, for the
complex5 (step e). Insertion of the olefin to the RHbond ~ “Rh(4-pic)” system, is higher than the TF(heptanal) =10.8
(step f)[31] gives [GH13Rh(CO)] 6). Thencis-migration (24 Y value, by afactor of 1.3. The calculated TF(heptanal)
of the GsH13 group so formed to [RRCO] moiety assisted ~ Value reported here is based on total amount of @&@med
by CO coordination (step g) gives the [Rh(CO)(acyl)] com- (TF(COz)iwot =15, Eqs(4) and (5) minus the amount of CO
plex 7. Formation of the hydride-rhodium compléand (Hz2) coming from the WGSR (TF(p) =5 (24 1)), keeping
production of methyl-heptanoate (step h) closes the catalyticthat CQ/Hz molar ratio is equal td according to Eq(5).
cycle (B). The results in Sectich2 show the production of ~ These results show, that the termination step by methanolysis
methyl-heptanoate as a function of thé,value of the coor-  Of 6 affording methyl-heptanoate (step h) is faster than the
dinated amine. The electron-donating methyl groups on the termination step by hydrogenolysis 6faffording heptanal
pyridine ring increase the nucleophilicity of the Rh center (step i), in spite of the fact that both products come from the
and favor the electrophilic attack by the acidic H of methanol same kind of intermediates, namely the Rh—acyl complexes
over the metal center and facilitates [Rh(CO)(HB) forma- 7 and7'. However, methanol is in a much higher concen-
tion. Simultaneously, the nucleophilic attack by the oxygen tration than water. Accordingly, the methanolysis reaction is
atom of CHO group of methanol over the electrophilic car- the rate determining step. Itis also well known that hydroes-
bonyl carbon of acyl ligand facilitates ester formation, hence terification of olefins is slower than hydroformylati¢h].

increasing the methanolysis reaction (step h). Analogous cycle may be proposed for the polynuclear com-
Cycle (C) describes the formation of heptanal which came Plexes.
from in situ hydrogenolysis of Rh—acyl compléx (step Experiments related to the catalytic reaction of the other

i). Hydrogenolysis of the Rh-acyl intermediate, which leads Olefins present in a typical naphtha, in particular cyclohex-
to heptanal formation, probably comes framra-hydrogen ~ €ne (11.4wt.%) and 2-methyl-2-pentene together with 2,3-
transfer from RhH species formed under conditions simi- dimethyl-1-butene (56.6 wt.%) by these Rh systems are in
lar to the WGSR (cycle A). Namely, nucleophilic attack by Progress.

OH™ on a coordinated carbonyl ligand of the [Rh(CO)(acyl)]

complex would afford the anionic rhodium hydroxycarbonyl

[Rh(COH)(acyl)]” complex and H, Eq.(9): 4. Conclusions

[Rh(CO)(acyl)] + H20 — [HRh(CO:H)(acyl)]” +H™(9) In this work we carried out the catalytic transforma-

tion of 1-hexene, which is present in about 33% among

Decarboxylation of rhodium hydroxycarbonyl intermedi-
4 y y 4 the olefins in the LSR, in oxygenated compounds (esters

ate would generate a rhodium hydride complex [HRh(acyl)]

and CQ (Eq. (10)): and aldehyde-acetals) under CO atmosphere. This approx-
' ' imation constitutes a promising work for a future industrial
[Rh(COH)(acyl)]” — [HRh(acyl)]” + CO (10) catalytic process for gasoline improving based on Reppe type

reaction. Methyl-heptanoate, heptanal and 1,1-dimethoxy-
Reductive elimination of hydride-acyl complex assisted neptane were synthesized by the hydroesterification and
by CO coordination affords heptanal and a coordinatively hydroformylation—acetalization of 1-hexene. The above reac-
unsaturated [Rh(CO)] complex according to Eq11). The  tions were catalyzed by solubtes-[Rh(CO)(amine)](PFe)
negative charge accumulation on the hydride—acyl complex complexes in methanol under carbon monoxide atmosphere.
favors the migration of coordinated H to RG bond[31]: Formation of 1,1-dimethoxy-heptane comes principally from
the nucleophilic addition reaction between methanol and cat-

[HRA(acy]” +CO — [Rh(CO)I" + heptanal (11) alytic formed heptanal. Further, these Rh(aminegtalytic
Protonation of the latter anionic complex by HEQ.(12)) systems are active for the WGSR under the hydroester-

would give the starting [Rh(CO)(H)] compl&to close cycle ification and hydroformylation—acetalization reaction con-

(C): ditions. The electronic factor of the coordinated amine

influences the rate. In particular, the Rh(2,6dusystem
[Rh(CO)]” +H" — [Rh(CO)(H)] (12)  shows to be the most active among the amine-catalysts
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tested toward the hydroesterification compared with the [6] A.J. Pardey, C. Longo, T. Funaioli, G. Fachinetti, Polyhedron 23
hydroformylation—acetalization reactions. The opposite is (2004) 1677. ' '
observed for the less basic pyridines. The increment of the [/ A- Cabrera, P. Sharma, J.L. Garcia, L. Velazco, F.J. Perez, J.L. Arias,

P(CO) favorsthe WGSR and hydroformylation—acetalization
activities but disfavors the hydroesterification reaction.

N. Rosas, J. Mol. Catal. A 118 (1997) 167.
[8] G. Verspui, J. Feiken, G. Papadogianaskis, R.A. Sheldon, J. Mol.
Catal. A 146 (1999) 299.

Based on temperature and Rh concentration dependence[9] A.J. Pardey, A.B. Rivas, C. Longo, T. Funaioli, G. Fachinetti, J.

and previous characterization studies, it can be suggested

Coord. Chem. 57 (2004) 871.

that the observed segmentation in the Arrhenius-type p|0t [10] P.W.N.M. van Leeuwen, C. Claver, Rodium Catalyzed Hydroformy-

is the result of the hydroesterification catalyzed by both

mononuclear and polynuclear carbonylrhodium complexes

of 4-picoline ligand, with different energy pathways.

Finally, a catalytic scheme for the production of KL O;,
methyl-heptanoate and heptanal bearing commorRtat-
alytic species is proposed.
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