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ABSTRACT 

Previous studies on hydroformylat ion of methyl 
oleate with rhodium and tr iphenylphosphine or tri- 
phenylphosphite have led to a laboratory process for 
r e c y c l i n g  the precious metal catalyst. Another  
catalyst recycling process has now been studied as the 
basis for converting commercially available oleic acid 
into the enol ether of methyl formylstearate.  The 
process involves one-step esterification-acetalation of 
formylstearic acid made by hydroformylat ing oleic 
acid with rhodium and triphenylphosphine.  Esterifi- 
cation-acetalation is done in a recycling system with 
methanol, an acid-exchange resin for catalysis, and 
molecular sieves to remove water from the reaction 
mixture. The dimethyl acetal methyl ester formed 
from formylstearic acid is thermally cracked and 
distilled in one pot  to produce the enol ether, methyl 
methoxymethylenes teara te .  The soluble rhodium 
catalyst in the distillation residue is combined with 
the insoluble catalyst from fil tration and recycled for 
h y d r o f o r m y l a t i o n .  The product  methoxymethyl-  
enestearate is a versatile and stable derivative for 
various potential  industrial applications. 

I NTRODUCTION 

Hydroformyla t ion  of methyl  oleate with Rh-Ph3P 
catalyst (1) produces a potential ly important  industrial 
chemical (2), methyl 9(10)-formylstearate (Fig. 1, Ila). 
Reactions of this intermediate,  investigated at the Northern 
Laboratory,  include acetalation to different acetal esters 
(3), oxidation to carboxystearate (4), hydrogenation to 
hydroxymethyls teara te  (5,6), and reductive alkylat ion to 
C-19 amino acids (7). Applications for the various deriva- 
tives of IIa or their polymers include plasticizers for poly- 
vinyl chloride (3,6,8), modifying agents for polyamides 

1presented at the  AOCS meeting, Cincinnati,  September  1975. 
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(7,9), bonded stationary phases for chromatography (10), 
and other uses currently being investigated. 

Frankel reported (1,11) that the supported Rh catalyst 
recovered by filtration of the solid support  and that the 
soluble Rh in the distillation residue were active and could 
be recycled. Subsequently, Friedrich et el. (12) developed a 
laboratory batch process and estimated processing costs at 
13 cents/lb to produce distilled formyl ester IIa from 
methyl oleate with recycled Rh catalyst. In their procedure, 
methyl oleate is required for hydroformylat ion because the 
product  is separated from the catalyst by distillation 
(PhO)aP is substituted for Ph3P as a ligand because it is 
cheaper. However, their substi tution results in a less selec- 
tive catalyst (presence of C-7 to C-12 positional isomers; 
Frankel and Thomas, unpublished work). 

This paper deals with a study aimed at developing a 
hydroformylat ion process for oleic acid, a cheaper, more 
readily available starting material than methyl oleate. How- 
ever, the product must be distillable to recover the catalyst 
and should be in a form more easily distilled than formyl 
acid II (Fig. 1). Formyl  ester IIa is lower boiling, but esteri- 
fication also causes partial acetalation. The acetal ester III 
and its enol ether IV are also easily distillable, are not 
decarbonylated,  are more stable than IIa, and are suitable 
intermediates for synthesis. Therefore, a one-step esterifica- 
tion-acetalation was developed to convert the formyl acid II 
to acetal ester III or enol ether IV. 

EXPERIMENTAL PROCEDURES 

Materials and Methods 

Commercial oteic acid (Hercules Pamolyn 100; 96% by 
gas-liquid chromatography [GLC])  was used as purchased. 
Commercial catalyst and reagents were 5% Rh :A120  3 
( E n g e l h a r d  Industries, Newark, NJ); PhaP , (PhO)aP, 
(Ph3P)3RhC1 , and RhC13 (Strem Chemicals, Inc., Danvers, 
MA; CH(OCH3) 3 (98%; Aldrich Chemical Co., Inc., Mil- 
waukee, WI); and Linde 3A molecular sieves, 1/16 in. 
pellets, (Ventron Corp., Danvers, MA). The cation exchange 
resins, AG50W-X4 (200-400 mesh, H + form; Bio-Rad 
Laboratories,  Richmond, CA) and Amberlyst  15 (bead-type 
10-50 mesh, H + form; Rohm and Haas Co., Philadelphia, 
PA), were treated before use as described below. 

General Procedures 

Hydroformylat ions with Rh catalysts were performed, as 
described earlier (12), with 900 g of oleic acid under condi- 
tions given in Table I. Catalyst from distillation residues 
and supports was recovered essentially as before (12). 
Analytical  methods were described elsewhere (3,8). The 
ion-exchange resins AG50W-X4 and Amberlyst  15 were 
washed repeatedly with hot  CH3OH until the filtrates were 
no longer colored and then dried in vacuo at 105 C. 
Amberlyst  15 was also treated with hot, concentrated 
H2SO 4 (13). 

Small-Scale Esterification-Acetalation 

A CH3OH solution of  crude formyl acid II (100-g ali- 
quot) was refluxed in a three-necked flask fi t ted with a N 2 
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T A B L E  I 

Process  H y d r o f o r m y l a t i o n  of  Oleic Acid  

H y d r o f o r m y l a t i o n  c o n d i t i o n s  
Percen t  f o r m y l  

acid II c 

Process Ca ta lys t  T ime  Uptake  By By 
cyclea  Ca ta lys t  s y s t e m  b vet (g) T e m p  (C) Press (psi)  (hr)  (psi) GLC d AV e 

Process r un  1 

Firs t  Co m met  cial:  
5% R h : A 1 2 0  3 + Ph3P 9.0 120-123 800-950  4,4 2535  98.6  --- 

Second  ARC + Ph3P 8.6 125-130 850-950  3.5 2730  --- 99 .6  
Th i rd  ARC + Ph3P 8.4 125-130 700-950  4.0 2685 93.7 100 

Process r un  2 

Firs t  A R C  f + (PhO)3P  9.0 120-124 700-950  1.8 2555  96.5 97.7 
Second  ARC + (PhO)3P  10.4 120-124 700-950  5.5 2 5 6 0  96.6  96.9 
Th i rd  ARC + (PhO)3P  14.9 125-126 790-950  1.8g ca. 95g 3.2 --- 

ac f .  Figure  2. 

b p h 3 P  = t r i p h e n y l p h o s p h i n e  (4.5 g); (PhO)3P  = t r i p h e n y l p h o s p h i t e  (9.0 g); A R C  ~ ac t iva t ed  Rh ca ta lys t  ( e l .  
Fig. 2, s tep  5). 

cc f .  Figure  1. Crude f o r m y l  acid II was  o b t a i n e d  in 100% yie ld  in every cycle  b u t  cycle  3 of  run  2. 

dAl l  samples  were  m e t h y l a t e d  ( C H 2 N 2 )  and  ana lyzed  as f o r m y l  es ter  IIa (Fig.  1). GLC = gas- l iquid  ch romatog-  
raphy .  

eAV = acid value.  
f C o m m e r c i a l  5% R h : A 1 2 0  3 was  roas ted  before  use; as in  Figure  2, s tep  5. 

gca .  60 psig u p t a k e  occu r r ed  in first 47 min.  

T A B L E  II 

Es t e r i f i ca t i on -Ace ta l a t i on  of  Crude 9 ( l O ) - F o r m y l s t e a r i c  Acid  w i t h  Mineral  Ac ids  or Ac id  E x c h a n g e  Res ins  

Run 

Cata lys t  

(%, w / w  oil)  

Reac t ion  cond i t i ons  ~ GLC Analys i s  (%)b 
Medium a (ml /g)  T e m p e r a t u r e  Hours  MEE MFS DMA Tota l  

(~rude 
Acid  value y ie ld  
as % FSA c (%)d 

Mineral  acids 
1 HC1(2)  

2 H2SO4(2 )  
3 H2SO4(7  ) 

4 H2SO4(7  ) 
5 H2SO4(0 .5 )  

Ca ta ly t i c  res ins  
6 A G s 0 W - X 4 ( 3 5 )  

C H 3 O H : T M O F ( 2 : 0 . 8  ) A m b i e n t  2 2.0 0 .6  95 .3  97.9 - -  f 
A m b i e n t ,  4 0.8 0.9 90.0 91.7 0.2 e 93 .8  

C H 3 O H : T M O F ( 2 : 0 . 8  ) A m b i e n t  4 2.5 2 .4  91 .6  96.5 0.2 e 100 
C H 3 O H : T M O F ( 2 : 0 . 8  ) A m b i e n t  2 1.7 1.7 87.8 91.2 - -  f 

A m b i e n t  4 0.7 1.5 91 .3  93.5 0.3 e 93.7 
CH3OH(2 .5  ) R e f l u x  2 1.5 8.4 84 .3  94.2 0.1 e 84.9 
C H 3 O H ; C H C 1 3 ( 2 : 1 . 7  ) Azeo t rop i cg  

d i s t i l l a t ion  9 2.8 14.5 81 .3  98 .6  1.6 e 87.4 

CH3OH(2 .5  ) Re f lux  2 11.8 29 .4  52.3 93.5 --- f 
Re f lux  4 6,4 28.7 61.8 96.9 --- f 

4.9 13.8 75 .4  93 .8  5.6 95 .4  

CH3OH(2 .5  ) Re f lux  4 3.3 27.9 65.9 97.1 --- f 
35,9 20 .8  40 .4  97.1 1.0 102 

CH3OH(3 .5  ) Re f lux  4 1.6 20.7 74 .6  96.9 17 f 
Re f lux  6 1,7 22 .0  73.2 96.9 10 f 

46,9 15.0 35.1 96,2 1.7 98.2 

7 Recyc l ed  
AG50W-X4(35 )  

8 A m b e r l y s t  15 
(35)  

Resins  and  mo lecu l a r  sieves 3A 

9 R e c y c l e d  
AGSOW-X4(20)  CH3OH(3 .5  ) 

10 Recyc l ed  
AGSOW-X4(20)  CH3OH(3 .5  ) 

11 R e c y c l e d  
AGSOW-X4(20)  CH3OH(3 .5  ) 

A m b i e n t  5 2.7 14.2 77 .4  94 ,3  --- f 
14.9 11.1 67.3 93 ,3  37 94 .4  

Re f lux  1 15.2 20.2 62.5 97.9 --  f 
Re f lux  2 5.9 16.7 69.5 91 ,8  --- f 

19.8 16.6 59 .3  95.7 12 98.5 

Ref lux  3 8.2 17.8 68.7 94 .7  --- f 
69.4 19.0 8.1 96.5 1.6 99 .8  

aTMOF = t r i m e t h y l  o r t h o f o r m a t e .  
bc f .F igure  1. MEE = m e t h y l  eno l  e ther  IV;  MFS = m e t h y l  f o r m y l s t e a r a t e  I Ia ;  DMA = d i m e t h y l  ace ta l  I I I ;  GLC = gas- l iquid c h r o m a t o g r a p h y .  

(Because of  d i f ferences  b e t w e e n  h y d r o f o r m y l a t i o n  runs ,  t h e  t heo re t i ca l  pe rcen t  DMA was:  w i t h  mine ra l  acids ,  90 .7 ;  w i t h  ca t a ly t i c  resins,  91 .9 ;  
and  w i t h  resins and  sieves~ 95.3.)  

cCf. Figure 1 ~ FSA = f o r m y l s t e a r i c  acid II.  

dBased on GLC and cor rec ted  for percen tage  of  eno l  e the r  IV and  a l d e h y d e  l i e  no t  conve r t ed  to  ace ta l  I I I _  

eRuns  w i t h  minera l  acid ca ta lys t s  were neu t r a l i zed  w i t h  aqueous  ea rbona t e  so lu t ions  and w a s h e d  w i t h  w a t e r  be fore  the p r o d u c t  was i so la ted .  

fP roduc t  was n o t  i so la ted .  Ana lyses  were  made  on  samples  of  the  r eac t ion  s o l u t i o n .  

gTernary  a z e o t r o p e  (BP 52.6  C): 4% H 2 0 ,  81% CHC13,  15% C H 3 O H  (14) .  
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FIG. 2. Process flow diagram (cf. Fig. 1). 

capillary, mechanical stirrer, and Friedrich condenser and 
connected to a bubbler (Table II). For reactions using 
molecular sieves (125 g), a glass column (2.1 cm outside 
diameter x 51 cm) with a Teflon stopcock was employed. 
After reaction, the air-dried molecular sieves were trans- 
ferred to an evaporating dish and regenerated in a vacuum 
oven. 

When mineral acid was used, it was neutralized with 
dilute NaHCO 3 before isolation and analysis by GLC of the 
crude product. After removal  of CH3OH with a rotary 
evaporator, the liquid residue was washed, dried with 
MgSO4, and filtered. When ion-exchange resin was used, the 
reaction mixture was only filtered and CH3OH was 
removed with rotary evaporator. The washed resin was 
dried at 105 C in vacuo before reuse. 

Process Investigations 
Esterification-acetalation, Step II {Fig. 2): A 3-liter glass 

resin kettle was connected to a microbellows pump (1 in. 
diameter s.s. bellows; max. recommended rate, 6 liters/hr; 
Research Appliance Co., Gibsonia, PA) and a column for 
molecular sieves (Fig. 3). This column was constructed 
from two stainless-steel pipe sections to permit dis- 
assembling after the reaction. It was reassembled with a 
U-tube to fit inside an oven to regenerate the molecular 
sieves. The loosely packed molecular sieves were supported 
on a plug of glass wool over wire cloth at the bottom of 
each column section. Glass tubing was attached between 
sidearms on the column to monitor the liquid level during 
the reaction. This tubing could be removed and the side- 
arms plugged with screw caps before regeneration of the 
molecular sieves in situ at 320 C. For autqmation purposes, 
liquid level sensors could be attached to the sight tubes and 
used to operate both the pump and a solenoid valve (in 
place of the stopcock). Two gas dispersion tubes were alter- 
nately switched between the pump and N 2 line to aid filtra- 
tion and circulation of solution to the column. 

The reaction system was purged with N2, and 2 liters of 
CH3OH were added to the kettle containing 100 g of dry 
resin. The column containing 1270 g of dry molecular 

Overflow 

ir 
3A 

Pump Glass Resin Kettle 

FIG. 3. Process esterification-aeetalation apparatus. 

sieves was filled with ca. 500 ml CHaOH pumped from the 
kettle, drained, and refilled several times. Crude formyl acid 
II (992 g) was transferred to the kettle with CH3OH (150 
ml total) and this mixture was stirred mechanically. A slight 
increase in the solution temperature was observed. The 
column was allowed to drain while the reaction was heated 
to reflux (ca. 45 rain). Then, with a slow, constant stream 
of liquid flowing from the column, solution was pumped to 
the column intermittently so that the liquid meniscus was 
kept between the sight levels above the molecular sieves. 
The column was drained after 4.5 hr. Removal of solvent 
from a sample left a liquid residue with an acid value of 
14.3 (8.0% as acid II). Additional CH3OH (500 ml) was 
added to the kettle after filling the column from the kettle. 
The reaction mixture was again stirred and refluxed, and 
the column was slowly drained and refilled. After refluxing 
had resumed, the liquid level in the column was maintained 
as before by intermittent  pumping and controlled drainage. 
After the reaction mixture was refluxed an additional 2 hr, 
the column was allowed to drain completely and the reac- 
tion mixture was cooled. A sample of the residue gave an 
acid value of 5.2 (2.9% as acid II). The product solution 
was then pumped from the kettle to a storage bottle, and 
the column was washed 4 times with 500-ml portions 
CHaOH. Each column wash was drained into the kettle and 
stirred for 5 min before pumping it to another storage 
bottle. CHaOH was removed on a rotary evaporator at 
65-70 C under reduced pressure to obtain 1117 g of crude 
ester acetal III from both the product solution and column 
wash. 

Resin in the kettle was dried for recycling by evacuating 
and heating the contents at I05-110C.  Molecular sieves 
were regenerated in situ by heating the column at 320 C 
with dry N 2 flowing slowly through the column to a dry-ice 
trap until no further liquid was collected (ca. 6 hr). 

Cracking and distillation: Crude acetal III  from e_sterifi- 
cation-acetalation of acid II was heated to 150-180 C at 1-2 
mm for 1.5 hr, and the generated CH3OH was collected in 
two dry-ice traps. Completion of the cracking was deter- 
mined by GLC (<0.5% acetal III) and the wt of CHaOH 
collected. 
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T A B L E  I I I  

Process S tudy  y i e l d s  and Analyses a 

First:Catalyst, Rh-Ph 3Pb 
Second  :Ca ta lys t ,  

Rh-(PhO) 3PC 

Process run  cycle No.  1 No. 2 No.  3 No.  1 No. 2 

Crude DMA (I I l )  d 
Yie ld  (%)e 101 99.8  97 .4  99.1 98 .9  
Acid  value 1.7 1.0 6.3 3.0 6.1 
GLC analysis :  d 

MEE (%) 10.2 28 .3  5.2 33.8 17.5 
MFS (%) 21.7 7.5 9 .4  13.1 14.7 
DMA (%) 60.4  59.2 83.1 50.9 65.5 
Total 92 .3  95.0 97.7 97 .8  97.7 

Crude MEE (IV) d 
Yie ld  (%)e 99 .7  101 99.8  100 99 .8  
GLC analysis :  d 

MEE (%) 82.8  86 .4  --- 87 .4  83.2 
MFS (%) 11.4 7.6 --- 10.3 13.6 
DMA (%) 1.6 1.1 --- 0.2 0.2 
Total  95 .8  95.1 --- 97 .9  97 .0  

Dis t i l l a t ion  : 
Res idue  (g) 52.5 48.5 46 .4  39.7 83 .4  
Dis t i l la te  (g) 993 .6  1008.4  967 .6  1005 .4  953 .9  
Volat i les  (g) 2.0 --- 14.2 4.9 3.4 
Recovery  (%) 97 .4  97 .8  99 .4  98 .8  99 .6  

Main f rac t ion :  
Dis t i l led  @ C / m m  160-2/  153-8/  126-63/  148-66 /  151-66/  

0.1 0 .004  0.3-0.1 0.15 0.1 
Wt (g) 751 .8  973 .6  905.5  874.9  869 .8  
Ac id  value 6.8 --- < 7 9.0 7.2 

GLC analys is :  d 
MEE (%) 85.5 88.2 90.9 88.9 83.9 
MFS (%) 12.4 6.7 6.9 9.6 12.3 
DMA (%) 0.0 0.2 0.0 0.0 0 .3  
Total 97.9  95.1 97.8 98.5 96.5 

a c f .  Figures  1 , 2 ,  and  Table  I. 
b T r i p h e n y l  phosph ine  (4.5 g added  at  s tar t  o f  each cycle) .  C o m m e r c i a l  5% R h : A 1 2 0  3 

(9.0 g) was used for the first c y c l e ; s u b s e q u e n t  cycles ,  r ecyc led  ca ta lys t  (cf.  Table  I).  

eTr ipheny l  phosph i t e  (9.0 g at  s ta r t  of  each  eycle) .  First  cycle used  ac t i va t ed  ( roas ted)  
5% R h : A 1 2 0  3 (9.0 g); s u b s e q u e n t  cycle ,  r ecyc led  ca ta lys t . .  

d M E E  = enol  e ther  IV;  MFS = fo r rny ls tea ra te  I l a ;  DMA = d i m e t h y l  ace ta l  I I I ;  GLC = 
gas- l iquid c h r o m a t o g r a p h y .  

eCa leu la ted  f r o m  GLC analyses .  

Crude enol ether IV from cracking of crude acetal III 
was distilled until  the pot temperature reached 265 C at 0.2 
mm. Analyses and distillation data are given in Table III. 
For catalyst reactivation, the pot residue was combined 
with the insoluble catalyst fraction collected by filtration in 
step 1 (Fig. 2). 

RESULTS AND DISCUSSION 

One-Step Esterification-Acetalation (Fig. 1) 
Conversion of 9(10)-formylstearic acid (II) to its methyl 

acetal ester (III) can occur either by pathway a-d or by 
pathway b-c. Since both esterification by pathway a or c 
and acetalation by pathway b or d are catalyzed by acid, 
are reversible, and generate water, they should be driven to 
completion by removal of water. Acetalation is faster than 
esterification and is favored by lower temperature (15,16). 
On the one hand, acetal acid IIb will form quickly at room 
temperature and its concentration will increase until  
equilibrium is established. On the other hand, formyl ester 
IIa will form relatively slowly unless the reaction tempera- 
ture is raised. Therefore, efficient conversion of formyl acid 
II to its acetal ester III requires external heating, a strong 
acid catalyst, and an efficient dehydrating agent. 

Esterification-acetalation of crude formyl acid II in one 
step was investiagated first on a small scale to optimize 
conditions and reagents for a large-scale process. Conversion 
was most complete with mineral acid catalysts and with 
CH(OCH3) 3 as a water scavenger (Table II, runs 1-3). 
However, CH(OCH3) 3 would be too expensive for an 

economic process because it cannot be recycled. Azeotropic 
distillation was considered as an alternative means of re- 
moving the water. One of the several azeotropic mixtures 
reported (14) for CH3OH was tried (run 5), but the reac- 
tion was too slow and acetal conversion relatively low. A 
comparison of runs 2-4 suggests that an acceptable conver- 
sion of formyl acid II to its acetal ester III is possible with- 
out CH(OCH3) 3 if the reaction is refluxed >2  hr with a 
high concentration of H2SO 4. However, mineral acids 
would also be impractical for a process because of their 
corrosive nature and would require neutralization and 
washing steps which may inactivate and remove some solu- 
ble Rh catalyst. For these reasons, investigations were made 
with two strong acid exchange resins, which can be 
removed by filtration after the esterification-acetalation. 
The dry resins may also serve as drying agents, albeit inef- 
fectively at higher temperatures. Both resins could be 
recycled and catalyzed conversions of 94-97% if the reac- 
tion mixture was refluxed for 6 hr (c LTable II, runs 6-8). 
Although esterification was 90-99% complete after 4-6 hr 
of refluxing, conversions to the acetal with these resins was 
only ca. 80-85% complete (Table II, runs 6-8). For a 
process, complete acetalation was desirable but not essen- 
tial, whereas esterification was essential to permit distilla- 
tion of the product. 

Both ester (17,18) and acetal (19,20) conversions are 
reportedly improved by the use of either molecular sieves 
with strong acids or catalytic dehydrators, a synergetic 
combination of ion exchange resin and drying agent. 
Patwardhan and Dev (21) claimed that Amberlyst 15 with 
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FIG. 4. Esterification-acetalation of crude 9(10)-formylstearic 
acid with Amberlyst 15 resin in methanol. Solid lines indicate deter- 
minations by gas-liquid chromatography on methylated (CH2N2) 
samples; dashed line, determinations by acid values (calculated as 
percent formyl acid II). Dotted lines indicate that because of 
methylation, initial concentrations for the ester derivatives actually 
represent concentrations of their acids (of. Fig. 1). 

orthoformate is a superior catalytic resin for the prepara- 
tion of enol ethers and acetals. In view of these reports, a 
system combining catalytic resin and molecular sieves was 
examined. A portion of the reaction mixture was continu- 
ously filtered and circulated between a column of molec- 
ular sieves and the reaction kettle containing the resin. With 
this resin-sieves combination (Table II, runs 9-11), satis- 
factory esterification was achieved after 3 hr refluxing, but 
acetal conversion improved only slightly. This reaction 
system was considered the most suitable and was adopted 
for our process studies. 

Changes in composition of the reaction mixtures during 
esterification-acetalation were followed by acid values and 
by GLC analyses (Fig. 4). Acid values showed the progress 
of esterification, which is relatively slower and less sensitive 
to the generated water than acetalation. GLC data (after 
sample methylation with CH2N2) indicated initially rapid 
acetalation followed by a small decrease in acetal concen- 
tration due to hydrolysis by the increasing concentration of 
water (Fig. 2, pathways b and d). Because samples for GLC 
were methylated, the concentration of formyl ester IIa cor- 
responds initially to that of formyl acid II minus the acetal 
acid IIb as represented by t.he concentration of acetal ester 
III (Fig. 4). The contribution of acetal acid IIb appears to 
be relatively important in earlier stages of the reaction but 
becomes less important as the reaction progresses. Because 
no means were available for readily distinguishing between 
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x XTota I Dif~nctienaJ.~ I x - - 2  " ' = - -  

90 ~ 155-170 C/ca. 30 mm = -~-165-180 C/2.0-0.5 m Ln-~ 

80 - 0 ~ - -  

7O 
~o.~. .a, . .~ Jkce~al E.stnt I 

5 ,UlS~ 
~,: '  Enel Ether----..~ |  " ~ o  ] 

a .~.o ~ fnrrnyl Ester ~"a  
20 - - - - |  A ~ A ~ Z ~ _ _  _z~__.,3.,_,.~ a ,~ 

lO - - Dlester 1+ Unresolved Acetot Este r )~ ,  - o - - _ _ e _ _ o _ _ o ~  t o, ~ �9 , T , , , , , , , , , , , ~ , ~  . ~ . .  
. - . ____  

O 1 2 3 4 5 6 7 8 9 lO 11 12 13 14 15 16 17 18 19 
Hours 

FIG. 5. Effects of temperature and pressure on the conversion of 
dimethyl acetal III to enol ether IV with soluble Rh catalyst (cf. 
Fig. 1). 

formyl acid and acetal acid, the percent acidity was calcu- 
lated as formyl acid. The difference in tool wts (312 vs. 
358) of these two compounds then results in a maximum 
error of ca. 15%. 

Although CH 2N 2 is known to react with many formyl 
groups (22), perhaps because of steric hindrance, no such 
reaction was noted here. No differences were apparent in 
the chromatograms of formyl ester, acetal ester, and enol 
ether treated with CH2N2 compared to those not treated 
with CH 2 N2. 

The sharp change in composition observed in the iso- 
lated product is due to additional esterification-acetalation 
and acetal cracking during solvent removal. For example, 
the percent composition of isolated product versus that of 
the final (6 hr) solution in Figure 4 was: ether ester IV, 
47.0 vs. 1.7; formyl ester IIa, 15.0 vs. 22.0; and acetal ester 
III, 34.5 vs. 73.2. In the absence of acid catalyst under 
anhydrous conditions at temperatures lower than ca. 70 C, 
no cracking is observed. Apparently the soluble Rh com- 
plex is sufficiently acidic to catalyze cracking and to es- 
terify further during solvent removal and distillation. 

Compositional changes were studied during distillation 
of crude acetal ester III. The combined effects of Rh cata- 
lyst, high temperature, and reduced pressure cause rapid 
cracking of crude dimethyl acetal III to enol ether IV (Fig. 
5). Because IV is stable and just as useful as III (3), cracking 
crude acetal was carried out subsequently before distillation 
to eliminate problems caused by CH3OH generation. 

H y d r o f o r  m y l a t i o n -  E s t e r i f i c a t i o n - A c e t a l a t i o n  

Previous work demonstrated that hydroformylated 
methyl oleate is not  acetalated in alcohol with nonchloride 
containing Rh-Ph3P catalysts (1). However, acetalation of 
steroid ketones was observed with (Ph3P) 3 RhC1 in CH3OH 
saturated with H 2 (23). Therefore, we determined whether 
oleic acid would undergo hydroformylation-esterification- 
acetalation in one step with Rh chloride catalysts. 

With  s y n t h e s i s  gas (H 2 + CO),  the complex 
(Ph3P)3RhC1 catalyzed partial acetalation of the formyl 
ester IIa (Table IV, run 12). The yield of acetal ester III 
from oleic acid was increased, however, if the hydroformy- 
lation was followed by a treatment with H 2 for 1-4 hr. 
Without the H 2 treatment, a mixture of RhC13 and Ph3P 
in a 1:3 molar ratio was just as effective as the correspond- 
ing complex (run 12 vs. run 14). This mixture was less 
effective in a 1 : 6 molar ratio but gave higher concentrations 
of acetal if H 2 treatment followed the hydroformylation 
(run 15). The most complete acetalations occurred in the 
presence of CH(OCH3)3, but in this case no improvement 
resulted from H 2 treatment. IR analyses indicated only 

partial esterification and that the product of run 15 with a 
high concentration of Ph3P was esterified the most. Small 
amounts of free hydroxyl group, evident in all samples, 
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TABLE IV 

Hydroformylation-Esterifieation-Acetalation of Olelc Acid a 

Run 

H 2 + CO c H2 d 
GLC analyses e (%) 

Temp Time Time 
Catalyst b (C) (hr) (hr) MEE MFS DMA Di Total 

12 (Ph 3 P) 3RhC 1 120 1 0 2.9 38.4 30.1 8.0 79.4 f 
4 12.5  8 .4  69 .0  5.0 9 5 . 4  

13 (Ph3P) 3RhC1 110 5 0 2.4 56.7 35.9 3.1 98.1 
1 3.2 61.2 29.8 2.6 96.8 

14 RhCI 3 + Ph 3P(3)g 110 6 0 1.9 54.8 38.0 1.6 96.3 

15 RhC1 3 + Ph3P(6) h 120 4.5 0 3.2 65.6 25.8 0.6 95.2 
1 3.6 43.5 41.5 7.8 96.4 

16 RhCI 3 + Ph3P(3) + CH(OCH3)3 110 1 0 3.0 17.7 74.9 2.4 98.0 
2 4.5 19.2 72.4 2.3 98.4 

aHasteloy autoclave (300 ml): 50 g oleic acid + 66 g CH3OH. 
b0.5 mol % Rh catalyst. 
Clnitial pressure: 2000 psig (1:1 H 2 + CO). 
dAfter flushing out synthesis gas: 50-100 psig/75-80 C. 
eGas-liquid chromatographic analyses performed on methylated (CH2N2) samples. MFS = methylformylstearate; DMA = dimethyl acetal 

of MFS; MEE = enol ether from DMA; Di = diformylstearate or polar material. Also present : 1-3% stearate. 
fHydroformylation was incomplete; oleie acid is also present. 
gl.5 mol %(3 mol Ph3P/mol RhC13). 
h3.0 mol %(6 mol Ph3P/mol RhC13). 

indicated partial  hydrogenation of the formyl group. These 
Rh chloride catalysts were not  considered practical for our 
process because of (a) incomplete conversions obtained 
with oleic acid, (b) partial hydrogenation of aldehydic 
products,  and (c) corrosive effect on stainless-steel au to -  
claves from any HC1 generated. 

Process Investigations 
The feasibility of a process (Fig. 2) for preparing enol 

ether IV (Fig. 1) from oleic acid with recycled Rh catalyst 
was tested through three cycles. No loss in the activity of 
recycled Rh catalyst was apparent when Ph3P was the 
ligand (Table I, run 1). However, when (PhO)3P was sub- 
st i tuted for PhaP and Amberlyst  15 for AG50W-X4, the Rh 
catalyst became inactive after the second cycle (Table I, run 
2). Apparently,  Ph3P is a bet ter  ligand than (PhO)3P in 
stabilizing the soluble Rh complex during the different 
processing steps. A colored fore-run consisting of 63% 
PhOH by GLC was collected during distillations when 
(PhO)3P was used. The recovered, reactivated catalyst 
increased wt and changed its physical character (hard, 
metallic black chunks were present instead of the usual 
fine, gray powder).  These changes may be due to decompo- 
sition products from (PhO)3P reacting with the soluble Rh 
catalyst. 

The successful completion of run 1 under conditions 
given in Figure 2 and Table I is also confirmed by product  
yields and analyses in Table III. Overall material balance 
was good. Crude product  yields by GLC were >97%. Ester 
conversions for step 2 (Fig. 2) ranged from 96.5 to 99.5% 
according to acid values. Acetal conversions by GLC were 
all >80% and increased to >90% in the second and third 
cycles. In a typical  run, 900 g of oleic acid produced ca. 
1000 g of distilled enol ether IV as a clear, colorless liquid. 
A heart-cut (ca. 850 g) analyzed >85% enol e ther  IV and 
5-10% formyl ester IIa. 

The feasibility of a recycle, catalytic process to convert 
oleic acid to enol ether IV has been demonstrated.  Improve- 
ments in the process should be possible (a) by the use of 
more effective ligand-cocatalyst than Ph3P and (PhO)3P, 
(b) by engineering designs to minimize catalyst handling 
losses, and (c) by further refinements in procedure and 
techniques. The product ,  enol ether IV, is a valuable inter- 
mediate for the preparation of various acetal esters (3). 
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