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A B S T R A C T  �9 

Cationic rhodium(I) complexes of the type [NBD Rh L 2 ]+[CIO4]- 
(NBD = norbornadiene and L -- diphenylphosphinoethane or tri- 
phenylphosphine) have been studied as catalysts for the hydrogena- 
tion of soybean oil. These catalysts give a good yield of products 
with c/s-configuration. Indeed, hydrogenation could be performed 
under mild conditions (30 C, 1 arm hydrogen pressure) to an iodine 
value of 80 with not more than 12% of trans monoenes and only 5% 
coniugated isomers formed. The results obtained are interpreted 
on the basis of the equilibrium H 2 RhI~ #HRhL n + H +. By the addi- 
tion of acid (HOO 4 ) the bishydrido form of the catalyst could be 
studied. With this system only small amounts of trans monoenes 
were formed and no other trans isomers could be detected. By the 
addition of a base such as triethylamine, the monohydridic form of 
the catalyst could be studied. In contrast to the bishydrido com- 
plex, this system gave large amounts of trans monoenes, together 
wi th  cis-trans and  trans-trans forms of the 18:2 acid. With both 
forms of the catalyst system, conjugated isomers were formed. 

I N T R O D U C T I O N  

One consequence of interrupting the hydrogenation of  veg- 
etable oils before reaching completely saturated fat ty  acids 
is the formation of t r a n s  and other isomeric acids. In indus- 
trial operations these side reactions can in part  be con- 
trolled and limited by reaction conditions such as tempera- 
ture, pressure, agitating speed and the amount  of catalyst 
(1). Certain additives can also be used to decrease the for- 
mation of t r a n s  acids (2). The recent discussion on the 
effects of t r a n s  acids on human health (3,4) has intitiated a 
new interest in finding methods for producing hydrogen- 
ated fats with a low content  of t r a n s  acids. To reach this 
goal, coordination catalysts seem useful, as one can influ- 
ence their activity in various ways by changing their consti- 
tution. Nishiguchi and coworkers (5,6) have examined vari- 
ous transition metal complexes as catalysts for hydrogen 
transfer reactions from different hydrogen donors to ole- 
finic bonds. Good results were achieved with Rue12 (PPh3)3 
or RuH 2 (PPh3)a with isopropanol as the hydrogen source. 
With indolene as hydrogen source, on the other hand, 
PdC12 or (NHa)2PdCI4 proved to be the best catalysts. 

Another  type of coordination catalyst with unique c is -  

producing properties is arene chromium tricarbonyl. This 
catalyst has been investigated in great detail by Frankel et 
al. (7,8,9,10). A common feature of RuH2(PPh3)4 and 
arene chromium tricarbonyl is that  in both cases a bis- 
hydrido complex,  MH2, takes part  in the reaction. Fragale 
et al. (11) have used different Ir and Rh complexes as cata- 
lysts and tried to correlate the catalytic activity and selec- 
tivity to the number of phosphine ligands coordinated to the 
metal. They found that  for Rh complexes the phosphine rich 
catalysts were highly active and produced the highest 
amount  of t r a n s  isomers. RhCI(PPh3)3 was an exception,  
as this complex produced the lowest t r a n s  content  although 
it gave the highest hydrogenation rate. 

I t  may be of some interest in this connection that  in 
heterogeneous catalysis, changes in process variables that 
increase the hydrogen concentration decrease the formation 
of  t r a n s  isomers (12). An increase in hydrogen concentra- 

tion will presumably lead to a situation M -  M -  M or 
H H 
I I 

- M -  M -  M, where the surface of the heterogeneous 
catalyst resembles a bishydrido coordination compound 

/ H  
L n M 

~U" 

As a consequence of the above observations we started 
to study other coordination catalysts known to form dihy- 
drides. An interesting example of such complexes is the 
cationic rhodium(1) complex NBD Rh+(phosphine)2, where 
NBD = norbornadiene. This and similar complexes have 
been thoroughly investigated by Schrock and Osborn (13, 
14,15) as hydrogenation catalysts for other substrates but  
n o t - t o  our knowledge- fo r  fat ty oils. Among the advan- 
tages of this system one can mention that  the catalyst is 
active at low temperatures(30 C) and low hydrogen pressure 
(1 atm). It is also possible to heterogenize this type of com- 
plex by incorporating the phosphine ligand into polymeric 
matrices, either organic, as polystyrene (16), or inorganic, 
as silica. As the complex is cationic it  ought, in theory,  to 
be possible to use ion exchangers like zeolites for the same 
purpose. The possibility of heterogenizing the catalyst is 
important  for industrial applications of  the catalyst. 

Also from the viewpoint of basic research this rhodium 
complex is interesting. Schrock and Osborn (13) have estab- 
lished that the catalyst under hydrogen exists in an equi- 
librium between mono- and dihydridic species (Eq. [I]) .  

-rg 
LnRh+H2 ~ LnRhH [I] 

As can be seen from Eq. I, catalysis by both monohydr ido 
and bishydrido complexes can be studied using the same 
metal  and the same set of ligands only varying the pH. In 
this respect the system is rather unique (15). 

This study was undertaken in order to gain some infor- 
mation on whether bishydrido complexes are important  in 
the selective hydrogenation of polyunsaturated fats to c is -  

unsaturated products.  

E X P E R I M E N T A L  PROCEDURE 

Chemicals 

All solvents used were of  analytical grade quality and used 
without  further purification. Refined soybean oil was a 
gift from AB Karlshamns Oljefabriker, Karlshamn, and used 
as received. Rh NBD C12 was purchased (Strem Chemical); 
Rh(NBD)acac, [Rh NBD(PPh3)2] +[C104]- and [Rh 
NBD(diphos)]+[CIO4]-were prepared according to re- 
ported methods (17). NBD = norbornadiene,  acac = acetyl- 
acetonate,  disphos = (C6 Hs)2 P-CH2-CH2"P(C6 Hs)2. We 
have found that  if oxidizing agents (peroxide in tetrahydro- 
furane [THF] or hydroperoxides in soybean oil) are present 
the catalyst will be easily oxidized and destroyed. 
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Hydrogenations 

The hydrogenation experiments were perfomed with the 
same type of apparatus and experimental procedure that 
was used in Ref. 13. For all the experiments, the results 
of which are given in the figures, we have used the follow- 
ing experimental conditions: temperature 32 C, total pres- 
sure 1 atm (no correction for vapor pressure of solvent 
was made), 1.0 ml soybean oil, acetone as solvent to a 
total volume of 10.0 ml, and catalyst concentration 7.2 
mM. Perchlorid acid HCIO4 or triethylamine NEt3 was 
added as acetone solutions. The concentration of these 
additives are given in the figures. Samples were withdrawn 
and 1.0 ml n-hexane was added. These solutions were then 
passed through an Al203-column in order to remove the 
dissolved catalyst. The solvent was evaporated from the 
samples with nitrogen at room temperature. Methylations 
of the samples were done using sodium methoxide as cata- 
lyst. 

Analysis 

The gas liquid chromatography (GLC) procedure was sim- 
ilar to that used earlier to separate cis and trans isomers 
(18,19): methylated samples were analyzed using an OV 
275 (15% on P AW-DMCS 70/80) column (600 cm x 1/8 
in.) (Chrompack, Holland). The column temperature was 
210 C, and the injector and detector temperature was 250 
C. The flow rate of the carrier gas, nitrogen, was 20 ml/min. 
The gas chromatograms were evaluated by a peak triangula- 
tion procedure. 

To check the trans content derived at on GLC analysis, 
some selected samples were subjected to infrared analysis 
of the t rans -con ten t  (20). As the method (20) is not appli- 
cable to samples containing large amounts of conjugated 
esters we have preferred to use the tran~-values found by 
GLC analysis when presenting the results (Figs. 2-4 and 
Table I). Because of the small amount of oil in each sam- 
ple, the procedure in Ref. 20 was not followed exactly. 
Instead of weighing the oil to be analyzed, we have mea- 
sured the absorption intensity of the C = O stretching 
vibration to determine the amount of oil in the CS2-solu- 
tion. This method proved to give an accuracy reasonably 
comparable to that of the GLC analysis. 

RESULTS A N D  DISCUSSION 

The first complex that we tested for the catalytic hydrogen- 
ation of soybean oil was the triphenylphosphinecomplex 
NBD Rh+(PPh3)2CIOs The activity of this complex is very 
low. This observation stands in contrast to the findings of 
Fragale et al. (11), who used similar complexes, e.g., COD 
Rh(PPh3)~ BPh~ (COD - cyclooctadiene), to catalyze the 
hydrogenation of  soybean oil. The main difference between 
these two complexes is the anion,' since neither COD nor 
NBD are present in the active species. Schrock and Osborn 
(17) have, however, pointed out that such complexes with 
the tetraphenylborate anion have a "complicated solution 
behavior." In acetone solution, they claim (17), COD 
Rh(PPh3)~ BPh4 is converted to the two species Rh(COD)- 
BPh4 and Rh(PPh3)2BPh4, where one of the phenyl 
groups of the anion is coordinated to the metal atom via 
~r-bonding. It is therefore not surprising that the BPh4 and 
C10~ systems give different results. 

We believe that the low rate we have found is caused by 
the formation of  the complex Rh(diene)2PPh~. This 
diolefin complex reacts presumably only very slowly with 
H2 or perhaps not at all. No attempts have been made, 
however, to isolate the diolefin complex or to identify it in 
solution by spectroscopic methods. The explanation sug- 
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FIG.  1. Rate o f  react ion in hydrogenat ion  o f  soybean  oil  (1 .0  ml)  
catalyzed by NBD Rh diphos + CIOs (7.2 raM) in ace tone  so lut ion .  
Total volume 10.0 ml. Temperature 32.0 C. Key: Lx = no addit ives;  
o = NEt  3 added [NEt  31 = 2 mM; o = NEt  3 added [NEt  3 ] = 10 mM; 
o = HCIO 4 added [ H C I O  4 ] = 21 mM. 

gested above is put forward by analogy, as it is known from 
the work of Schrock and Osborn (15) that 1-3-butadiene 

�9 + 

reacts to form Rh(dlene)2 PPh3, which adds hydrogen very 
slowly. 

To prevent the formation of strong diolefin complexes 
Schrock and Osborn (15) have suggested the use of chelate 
forming ligands instead of monodentate ones. A drastic 
change in catalytic activity (about 10 times increase) was 
actually noted by us when [NBD Rh diphos]+[CIO4]-was 
used instead of the triphenylphosphine complex. We have 
therefore concentrated our study on this complex. 

In order to compare the effect on the product distribu- 
tion of the action of mono- and bishydrido catalysts a 
series of hydrogenation experiments was done at varying 
acidity. Perchloric acid was used to shift the equilibrium 
(Eq. I) towards the bishydrido side and triethylamine was 
used to shift it towards the monohydrido side. The results 
of these experiments are shown in Figures 1-4. 
P r o d u c t  d is tr ibut ion .  As stated in the introduction, the 
purpose of this study was to find out if the degree of for- 
mation of  trans- and other isomers was dependent on the 
ratio between mono- and bishydrido catalysts. To discuss 
our results we refer to Figs. 2-4 and Table I. For the sake 
of clarity these figures have been divided into two parts. 
Part B represents the undesired products such as trans 18:1, 
nonconjugated cis-trans and trans-trans 18:2, and conju- 
gated isomers. (In a separate test using a column separating 
conjugated from nonconjugated isomers but not differen- 
tiating cis and trans,  we found one peak corresponding to 
18:2 nonconjugated, the content of which was equal to 
the sum of the components designated as 18:2 trans-trans, 
18:2 cis-trans and 18:2(cis-cis) in Fig. 4.) One notices that 
the product distribution curves for acid addition (Fig. 3) 
are about identical to those of the system with no addi- 
tions (Fig. 2). This must mean that all rate parameters are 
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changed to about equal degree-even if they are much 
smaller for the acid addition case (Fig. 1). This in turn, 
must mean that the same active intermediate is operating in 
both cases but  that its concentration for some reason is 
decreased when acid is added. (The reason for the decreased 
rate  will be discussed together with the catalytic activity 
in the following section.) 

This active intermediate is probably the diene complex 
" A "  formed by coordination of linoleic acid to Rh + diphos 
(Fig. 5). From this intermediate no dependence on acid 
addition would be expected. Such a dependence would be 
found, however, if either H2Rh§ or HRhdiphos 
were the dominating species in solution. From A the reac- 
tion can proceed in two ways, either a reaction with H2 
which leads to saturation of one of the double bonds, or 
conjugation via an allylic rearrangement of the Rh + diene 
diphos complex prior to reaction with H2. The concentra- 
tion of conjugated isomers reaches a maximum of 16% at 

an iodine value of 110, whereafter it decreases (Figs. 2 and 
3). The presence of such relatively large amounts of con- 
jugated isomers in the reaction mixture means probably 
that unconjugated diene can substitute the conjugated 
isomer bound in species B. This in its turn means that the 
complex binding ability of the nonconjugated isomer does 
not  differ much from that of the conjugated isomer. In this 
respect the diene present in soybean oil behaves differently 
from what has been found for other nonconjugated dienes, 
e.g., 1,4-cyclohexadiene (15). The conjugated isomer 
formed from 1,4-cyclohexadiene is only liberated after 
reaction with either H2, leading to the monomer, or a 
phosphin, which leads to substitution. 

One notices further from Figures 2 and 3 that the con- 
centration of trans 18:1 begins to rise when the concentra- 
tion of the conjugated acids starts to decrease. This prob- 
ably means that the trans 18:1 to the main part originates 
from the conjugated isomers, either trans-cis or trans-trans. 
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FIG. 2. Composit ion of  the hydrogenated soybean oil at different 
iodine values. No additives. Condit ions as in Figure 1. The 18:3 
c o m p o n e n t  in the starting mix ture  was converted so rapidly that 
it was n o t  possible to detect. 
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FIG. 3. Composit ion of  the hydrogenated soybean oil at different 
iodine values (HC]O 4 added) [HCIO4]  = 21 mM. Conditions as in 
Figure 1. 
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From the simplified reaction scheme given in Figure 5 
one can say that in order to avoid formation of conjugated 
isomers the rate of reaction with H 2 (K~) must be much 
higher than the rate of conjugation (K2). This might be 
possible to achieve by using a bulky ligand which by steric 
influence makes the allylic rearrangement more difficult. 

The reaction possibilities depicted in Figure 5 corre- 
spond to the path C described by Osborn et al. (15), i.e., 
olefin coordination before reaction with H 2. If, however, 
the equilibrium MH~ ~ MH + H + is shifted strongly 
towards the left side no further change in product  distri- 
bution on addition of acid can be observed. Therefore, 
the presence of the dihydride route (path B) cannot be 
excluded.  

In the scheme given by Schrock and Osborn the only 
way to convert the system to the monohydride is to shift 
the equilibrium M+H2 ~ MH + H +. The drastic change of 
the product  distribution pattern found upon adding the 
base to the solution (Fig. 4) indicates a conversion of the 
system to the monohydride.  Thus, only small amounts of 
the dihydride exists in solution. The trans 18:1 acid reaches 
values close to 50% and the hydrogenation proceeds to the 
saturated acid 18:0. Also the formation of nonconjugated 
cis-trans 18:1 and trans-trans 18:2 can be noted. This 
pattern has all the characteristics of a single M-H at tack on 
an isolated olefin bond. We suggest that  the action of the 
base (tr iethylamine) is two-fold: (a) A shift of equilibrium 
1 towards the right side to form the L n RhH complex. (b) 
Blocking some of the coordination sites of the metal atom. 
This second effect will be discussed more when dealing with 
the catalytic activity. 
Catalytic activity.  The highest activity was obtained (Fig. 1) 
when the complex was used without additives. The addition 
of HC104 to the system results in a lowering of the activity. 
Thus the addit ion of acid (HC104) causes a decrease of the 
overall reaction rate but retains the product  distribution 
pattern. This is in contrast to the reports of Osborn et al. 
(13). They found a distinct difference in the production of 
isomers parallel to that  of the rate decrease on addition of 
HC104. This effect was found for monoenes, however, (13). 
For  dienes no pronounced variation in either reaction rate 
or product  pat tern was found on acid addition (15). The 
decrease in rate of hydrogenation that  we have found in 
this investigation (Fig. 1) is probably caused by a decrease 
in the concentration of species A (Fig. 5). Actually at 
higher acid concentration the rate is lowered even more. 
One way by which the concentration of species A can be 
decreased is by oxidation of Rh(1) to Rh(l l l ) .  It  is possible 
that  the oxidizing acid (HC104) could produce hydro- 
peroxides or perhaps more likely epoxides from the unsatu- 
rated acids originally present in the soybean oil. These 
products can act as catalyst poisons or perhaps even oxidize 
Rh(I) to Rh(IlI)  and destroy the active intermediate.  This 
explanation is put  forward on the basis of hydrogenation 
experiments done with oxidized oils: Oils with peroxide 
values of 4 were not  hydrogenated with the present system. 

Another  possible explanation is the effect that  arises 
from specific interaction of  protons on the more or less 
negatively charged carbon atoms n-bonded to the transition 
metal atom. Hence -and  because of the positive charge of 
this metal a tom-repu l s ion  takes place that decreases the 
stability of the species A. 

Even the addition of NEt3 to the system caused a de- 
creased activity, compared to the activity of the system 
without  additives (Fig. 1). This can be explained if one 
takes into account that  tr iethylamine is not  only a Brtnsted 
base that can shift the proton equilibrium (Eq. II), but  also 
a Lewis base that  can coordinate to the metal. By coordina- 
tion of NEt3 to the metal (Eq. 3), coordination sites on the 
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FIG. 4. Composit ion of the hydrogenated soybean oil at different 
iodine values NEt a added. [NEt 3 ] = 2 mM. Conditions as in Figure 
1. As in the experiment with no additives it was not  possible to 
detect  the 18:3 component .  

TABLE I 

Composit ion of the Hydrogenated Off at Some Selected Iodine 
Values. Data from the run without additives. 

18:0 c/s 18:1 t r a n s  18:1 c/s 18:2 conj isomers 
IV % % % % % 

100 4.8 48.2 4 .0 -  16.8 13.6 
80 6.8 61.2 10.4 5.2 4.8 
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IB) 

cis- cis diphos Rh+(COn118:2) 

18:2 V K~ conjugation 

conl 18:2 / ~ dtphos 

H~ 

diphos Rh+~ //~ c,s or trans 18:1 

dlphos Rh+(18:1 ) 

H~ 
Rh+(cis-cis18:2) - -  =' diphos Rh+ (cis 18:1) K~ 

(A) )kci s 

[ 

18:1 

diphos Rh + 

FIG. 5. Reaction scheme suggested for the hydrogenation of linoleic 
acid esters. 

catalyst  are b locked and the activity lowered:  

H 2 Rh diphos + + NEt3 ~ H Rh diphos + H+NEt3 [11] 

H 2 R h d i p h o s  + + x N E t 3  ~ H 2 R h ( d i p h o s ) ( N E t 3 ) ~  [III] 

The  suggested explanat ion is suppor ted  by the following: 
If  the concent ra t ion  of  added NEt3 is reduced,  and conse- 
quen t ly  less blocking of  rhod ium occurs, the catalyt ic 
activity as repor ted  in Figure 1 is increased. The number  
of  amine molecules  that  can add to the complex  (i.e. x 
in Eq. III) is most  probably greater  than one. Therefore ,  
i t  is quite  reasonable that  the blocking effect  (Eq. 11I) of  
NEt3 is more  concentrat ion-sensi t ive than the mere buffer- 
ing action (Eq. II). Fur ther  suppor t  to this in terpre ta t ion  
is the observat ion by Schrock and Osborn (13) that  aceto- 
nitrile is no t  a suitable solvent  because of  the fo rmat ion  of  
a strong complex .  H 2 Rh(PPh3)2 (NC'CH3)~' .  

The  mode l  of  hydrogena t ion  suggested in the present  
paper  conforms  to our  repor ted  observations and to those 
of  earlier investigators (13-15,17).  In order  to substantiate 

the reasoning, fur ther  work should include spectroscopic 
studies on the in teract ion of  p ro tons  with 1r-bonded metal-  
diene complexes  and on how ligand basicity and ligand 
bulkyness inf luence the reaction.  A s tudy using nonoxidiz-  
ing, noncoord ina t ing  acid, like HBFa ,  could also give valu- 
able informat ion.  
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