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Abstract

The hydroformylation of hexene-1is carried outin the biphasic system with RhCI(CO)(TRPAPRTS= P(CgHz-m-SO3
Na)3), TPPTS and CTAB (cetyltrimethylammonium bromide). The rhodium catalyst concentration in interface has a drastic
effect on reaction rate, and additional salts make reaction rate decrease obviously because they influence the distribution of
catalyst in the biphasic system. Inorganic salts also have influence on the turnover frequency in the orddétTOF
TOF(M?*) < TOF(M*) (M™ is a metal cation with a charge @fn). However, additional inorganic salts do not change the
regioselectivity obviously in this hydroformylation. © 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction poor reaction rates. In order to improve the reac-
tion rate of hydroformylation of higher olefins in
Because of the easy separation and recycling of the biphasic system, several methods are studied.
costly water-soluble organometallic catalysts from One approach involves using amphiphilic additives
products, the development of aqueous/organic bipha-or ligands, but further difficulties in catalyst recy-
sic catalysis has been attracting increasing attentioncling and product separation often occlir5-20}
since 19731-13]. In spite of success in the biphasic Another approach involves adding quaternary ammo-
propene hydroformylation catalysi$4], the applica- nium or phosphonium salts that act as solubilizing
tion of trisodium salt of trign-sulfonphenyl)-phosphine  agents in watej6,7,20-27] In the presence of surfac-
(TPPTS) and HRh(CO)(TPPT&SYo hydroformyla- tants, such as CTAB (cetyltrimethylammonium bro-
tion of higher olefins is still limited owing to the  mide), water-soluble catalyst and ligand might show
higher activity, better regioselectivity and much lower
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biphasic hydroformylation. On one hand, reaction ac- CO (99.99% pure) were purchased from Chengdu
tivity and regioselectivity increase with the increase Institute of Organic Chemistry in Chinese Academy
of ionic strength while a surfactive phosphine being of Science and deoxygenated in prior. Distilled
capable of forming micelles is used in the biphasic water was freshly redistilled using known proce-
hydroformylation system because the highly ionic dures and degassed by argon before use. Hexene-1
strength can stabilize the complex HRh(CO)(TPRTS) (Sigma, >97.0% pure), methylcyclohexane (MCH,
in water. On the other hand, the size and charge of Acros, >99.9% pure), CTAB, NzS5Q4, NiSO;,
cation also play important roles in determining the FeSQ, Fe(SO)3, Cra(SOy)2 were obtained com-
steric structure of catalytic intermediate that might mercially as analytic grade and used without further
contribute to the diverse influence on the regioselec- purification.
tivity of product. For example, the addition of cations
such as Lf, Nat and C$ can improve the product 2.2. Hydroformylation procedure
regioselectivity compared with that without addi-
tional salt, but additional A" is detrimental to the The reaction was carried out in a 100 ml stain-
regioselectivity. less steel autoclave equipped with a pressure gauge,
We have investigated the influence of a series of a magnetic stirrer and temperature controlled heat-
inorganic salts on the hydroformylation of hexane-1 ing. All the reactions and manipulations were carried
catalyzed by RhCI(CO)(TPPTS)TPPTS-CTAB in  out under nitrogen or argon. In a typical hydro-
the biphasic catalytic systerf82—-34] The results formylation reaction, an organic layer (5.0 ml MCH
reveal that not only the ionic strength, the size and and 5.0 ml hexene-1) and an aqueous layer (30.0ml
charge suggested by Hanson and coworkers in Refs.spolution with 0.354 mmol/l in RhCI(CO)(TPPTS)
[17,30,31] but also solubilization promoted by in- and 10.62 mmol/l in TPPTS) were charged into the
troducing of inorganic salts greatly influences the autoclave. Rhodium to hexene-1 ratio was 1:3800.
conversion of hexene-1 hydroformylation in this Amounts of CTAB, NaSQ, and other salts were
biphasic catalysis. We have found these cations and adjusted on the necessary basis. The contents were
anions make reaction rate drop with different de- flushed several times with argon followed by CQ/H
grees as follows: (1) Na> K+ ~ Lit > zn?t > (volume ratio, 1:1) and heated to the desired tem-
Mgt > Ca&t > Ni%t > Fé¢t > St > Cu?t > perature under stirring. After attaining the tem-
Fet > AT > cr¥t; (2) SO > HPOy™ > perature (90C), the autoclave was pressured with
EDTA®>" > I~ > HCO3~ > Br~ > B4O7% > CO/H, to the desired level (1.5MPa). To maintain
Cl™ > $04% > $03*” > CO3?~ > SOz a constant pressure in the reactor, CoMas fed
In this paper, it is reported at the first time that ad- through a constant pressure regulator. After reac-
ditional metal sulfates affect the biphasic hydroformy- tion time (2h), reaction was terminated by cool-
lation rate of hexene-1 because catalyst concentrationing the reactor in an ice-water bath. Then C@/H
in interface has changed correspondingly. We believe was released.
this result would give some new and interesting in-
formation and ideas to the studies about the mech- 2.3, Analysis and characterization
anism of the biphasic catalytic system catalyzed by

RhCI(CO)(TPPTS}-TPPTS-CTAB. The analysis of liquid samples was carried out using
a gas chromatograph (HP1890Il) equipped with an
SE-30 column (30 mx 0.25 mmx 0.1 pm) and a flame
ionization detector (FID). The reaction activity and
regioselectivity were expressed as the average turnover
frequency and regioselectivity as follows:

2. Experimental
2.1. General

TPPTS was prepared by the reported met[2%] TOF(h™)
and the procedure for preparing RhCI(CO)(TPRTS) no. of moles of heptaldehyde

was described elsewhej27]. Hz (99.99% pure) and " no. of moles of rhodium catalyst time (h)
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 100%— no. of moles of linear-heptaldehyde 00%

Regioelectivity(%) =
g oo [+b no. of moles of linear-and branched-heptaldehyées

Then organic and water phases were separated after

taking. out the interface phase (2.0 ml, i.ncluding 1.0.n"_|l Table 1, rhodium in interface (Rherfacd is accumu-
organic phase and 1.0 ml water phase just near their in-|ated with the addition of CTAB, at the same time TOF
terface). The moles of rhodium catalysts in three parts a|so increases obviously, but rhodium in both water

(Rhorg, Rhaqu, Rhinterfacd were determinated by ICP  (Rh,q,) and organic phase (Blg) decreases.
(Jarrel-Ash Division ICAP 900(N-M)). The percent-

age of rhodium in every part was calculated as: 3.2. Effect of NapSO4 on the hydroformylation

Rheau g4 _ Rhteqy 100% i -
Rhtotal( 0) = RPaqu+ Rhimeracet Riorg X 0 It is found that both hydroformylation rate and
regioselectivity might change obviously with addi-
Rhinterface((y)_ Rhinterface 100% tional inorganic salt§32,33] As shown inTable 2
Rhow  Rhagu+ Rhinterface+ RMorg X 0 with increasing concentration of N&QO,;, both
TOF and RhyterfacdRhiotal decrease. However, obvi-
Rhorg (%) = Rhorg % 100% ously percentage of rhodium catalyst in water phase
Rhiotal Rhagu+ Rhinterface+ Rhorg (Rhagq/Rhyota) rises correspondingly. These results
suggest that effects of N&O; on TOF and Rfateriace
are consistent. The regioselectivity does not change
3. Results obviously in this system although it is reported

that inorganic salts have some effect on selectivity
3.1. Effect of CTAB on the hydroformylation [17,30,31]
Effects of surfactants on the reaction rate of hydro- 3.3. Effect of different inorganic salts on the
formylation of olefins in the biphasic catalytic system hydroformylation
were investigated carefully in literatufe9]. CTAB
was found to be the most suitable surfactant to increase Recently, Hanson and coworke[$7,30,31] and

reaction rate and regioselectivity of the hydroformy-
lation catalyzed by RhCI(CO)(TPPTSIPPTS.
Both hydroformylation activity and regioselectivity
increased with increasing quantity of CTAB before
their maximum values reached as showTable 1
However, effect of CTAB on the distribution of cat-

our group[32,33] have investigated the effect of inor-
ganic salts on the biphasic catalytic system. In order to
find a rule about the effect of different cations on this
biphasic hydroformylation, effects of N80y, NiSOy,
FeSQ, Fe(SOy)3 and Cp(SO4)3 on TOF and regios-
electivity are studied and listed rable 3 With equal

alyst in this biphasic system has not been investigated concentration of cations, effects of these inorganic

up to date. Effects of CTAB on TOF and the distribu-
tion of rhodium are also studied carefully. As listed in

Table 1
Effect of CTAB on the distribution of rhodium and T®F

salts are in the order: TAM3T) < TOFM2t) <
TOF(M™T). The same order is also obtained for the

Entry ~ CTAB (x10 *mol)  Rhaq/Rhotai (%)  RhnerfacdRMotal (%) Rhog/Rhow (%) TOF (MY 1/ +b) (%)
1 0 >99.5 0.4 <0.1 146 54.5

2 46 91.1 42 47 538 80.0

3 9.20 78.0 8.5 135 838 80.8

4 11.4 71.9 27.9 0.2 970 81.1

5 15.0 71.4 28.2 0.4 970 81.1

aReaction conditions: [Rh], 3.5410~* mol/l; [hexene-1], 4.0 mol/l; [MCH], 3.92 mol/lVi,0:ViMcH+hexenery = 3:1; [TPPTS]:[Rh],
30:1; Vh,:Vco = 1:1, temperature, 9@C; P = 1.5 MPa; reaction time, 2 h.
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Table 2
Effect of NSO, on the distribution of rhodium and TOF

Entry N&SO; (x10~1 molll) Rhgq/Rhotal (%) Rhnterfacd Rhtotal (%) Rhprg/Rhyotar (%) TOF (1) /(1 +b) (%)

1 0 71.9 27.9 0.2 970 81.1
2 2.0 80.2 19.6 0.2 935 81.5
3 8.0 88.9 10.8 0.3 870 81.5
4 16.0 93.6 6.1 0.3 755 81.8

aReaction conditions are the same asTable 1except [CTAB]= 1.14 x 10~3mol/l.

Table 3

Effect of different salts on the distribution of rhodium and TOF (other conditions are the sameTaklén?

Entry M, (SQy),? Rhgqu/Rhotal (%) RhnterfacdRhotal (%0) Rhprg/Rhyotar (%) TOF (1) /(I +b) (%)
1 NSOy 71.9 27.9 0.2 970 81.8

2 NiSOy 88.2 8.6 3.2 850 815

3 FeSQ 91.9 6.0 2.1 718 83.1

4 Fe(SOy)s 98.7 1.0 0.3 2901 80.0

5 Cr(SOy)3 98.5 1.3 0.2 269 80.8

a[M™+] = 1.78 x 10-3 mol/l.

1000 100
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800 4 P A 80
— 6004 Le0 =
|-C | :
= = TOF =
O 4004 —40 3
= | s |/(1+b) =
200+ L 20
0 . , y . . , . , . 0
0 60 120 180 240 300

R h‘rnterface (X1 O'Bmole)

Fig. 1. The effect of Rferface 0N TOF and regioselectivity.

change in RiterfacdRhotal. The regioselectivity also  ever, regioselectivity does not change obviously ex-
hardly changes as a whole except that the addition of cept that the regioselectivity without added CTAB is
FeSQ is favorable for regioselectivity but A(SOy)3 very low.

and Fe(SOy)3 are unfavorable.

3.4. Effect of Rhipserface 0N the hydroformylation 4, Discussion

As shown inFig. 1, the increase in Rferfaceresults In this biphasic hydroformylation of hexene-1, mass
in increase in TOF. TOF leveled off at 970hwhen transfer velocity between water and organic phases is
Rhinterfaceis about 12 x 108 mol. With further accu- a very important limiting factor to the reaction acti-

mulation of Rbwerface TOF scarcely changes. How-  vity. It is well known that RhCI(CO)(TPPTS)could
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Fig. 2. A possible mode of the interaction between CTAB cations and catalyst anions:[RACICO)[P(CsHa-m-SO37)3]2].

dissociate easily as follows:
RhCI(CO)[P(CgH4-m-SO3Na)3]2
— RhCI(CO)[P(CgH4-m-SO37)3]2 + 6Nat (1)

The hexavalent anion, Rh@O)[P(CgHg-m-
SQO37)3]2, would disperse almost homogeneously in

the water phase. In contrast, the reactant hexene-1

would dissolve homogeneously in organic phase. So
coordination of hexene-1 with rhodium, which is the
key step in the hydroformylation cycle, would be dif-
ficult and both reactivity (TOF) and regioselectivity
would be very low. In order to increase the reaction
rate of hexene-1 hydroformylation, as mentioned in
Section 1 one method is adding surfactant into the
biphasic system. In this biphasic catalytic system, it
has been found that CTAB is the best surfactant to
promote the hydroformylation af-olefin [29] selec-
tively. When surfactant CTAB was introduced in the
reaction system, CTAB would dissociate as follows:

C16H33N T (CHg)3Br-
— Ci6H3sNT (CHg3)3 + Br- 2

Because of the amphiphilicity of {gH33NT(CHa)a,
most of GgHsasNT(CHz)s would form micelles

Rhinterfacd Rheotal Would increase with the increase in
the amount of added CTAB. Furthermore, increase in
Rhinterfacd Rhiotal Would promote the coordination of
substrate to rhodium and catalytic activity would in-
crease correspondingly. The above phenomena could
be summarized ifrig. 2

However, upon addition to this reaction system,
NaySOs would dissociate into Na and SQ2~ in
the aqueous phase. It would cause the equilibrium in
Eq. (1)to transfer to RhCI(CO)(TPPTSand led the
decrease of attractability betweengBizsNt(CHs)s
and rhodium catalyst. Therefore both jRéace and
catalytic activity decrease with increasing concentra-
tion of NapSOy.

Derived from the intrinsic difference in affini-
ties of different metal cations to the sulfonic an-
ion group (-SQ&;7) in TPPTS, every metal cation
causes RberfacdRhota) t0 decrease to a very dif-
ferent degree. The results iMable 3 agree with
the postulate that trivalent metal cation %) has
stronger affinity[24] to —SG~ group than bivalent
(M?+) one, and bivalent cation than monovalent one
(M™).

In summary, in this biphasic hydroformylation
catalyzed by RhCI(CO)(TPPT&STPPTS—CTAB,

and exist in the interface phase between water andthe addition of inorganic salts do not have ob-

organic phase$29] which is beneficial to the re-

gioselectivity. Therefore the regioselectivity obvi-
ously increases when CTAB is added. In those
micelles, surfactant cation could draw catalyst an-
ion RhCKCO)[P(CgH4-m-SO37)3]2 due to their

intensive electrostatic interactions. As a result, cat-
alyst anions are enriched in the interface, and

vious effects on the regioselectivity. This result
is different from that obtained by Rh(I)/P§€as
(CH2),,CsHa(p-SOsNa)lz (m = 3, 6), which might
partly be due to P[gH4(CHy),,CsHs(p-SOsNa)]3
having the characters of TPPTS (water-solubility) and
CTAB (amphiphilicity) both. Further studies on these
differences are in progress.
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5. Conclusions

Effect of additional inorganic salt on TOF in this
biphasic system catalyzed by RhCI(CO)(TPPFS)
TPPTS-CTAB is due to the change of catalyst con-
centration in interface. Rberface as well as TOF, is
greatly influenced by different additional inorganic
salts and their concentration. However, the regiose-
lectivity does not change obviously with the kind of
inorganic salts and their concentration.
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