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S t e r i c  E f f e c t s  on t h e  Synthesis,  S t ruc tu re ,  R e a c t i v i t y  and S e l e c t i v i t y  
of t-Phosphine R h o d i m  Complex H y d r o f o r n y l a t i o n  C a t a l y s t s  

A l e x i s  A. Oswald, Dan E. Hendriksen, Rodney V. Kastrup9 K a r l  I r i k u r a ,  
Edmund J. Mozeleski d&.ddA,* 
Exxon Research & Eng inepr ing  Co. and Exxon Chemicals Co. 
Annandale, New Jersey, U.S.A. 08801 

Bu lky  t r i v a l e n t  phosphorus l i gands  o f  t r a n s t t i o n  metal  complexes 
were o f t e n  observed t o  a f f e c t  c a t a l y s t  a c t i v i t y  and s e l e c t i v i t y .  I n  t h e  
area o f  t h e  low pressure  hyd ro fo rmy la t i on  o f  a - o l e f i n s  I n  t h e  presence of 
rhodium complexes, P r u e t t  and Smith observed e a r l y  (1) t h a t  t h e  use o f  
bu l ky  o r t h o - s u b s t i t u t e d  phosph i te  e s t e r  l i g a n d s  leads  t o  a decrease o f  t h e  
r a t i o  o f  s t r a i g h t  cha in  versus branched aldehyde produc ts  ( n / i  r a t i o ) .  

More r e c e n t l y  van Leeuwen and Roobek have shown (2)  t h a t  rhodium complexes 
o f  such bu lky  l i gands  a r e  much more a c t i v e  c a t a l y s t s  than t h e  much s tud ied  
triphenylphosphine-rhodium c a t a l y s t  system, i n  t h e  hyd ro fo rmy la t i on  o f  
l i n e a r  i n t e r n a l  and branched te rm ina l  o l e f l n s .  They suggested t h a t  f o r  
s t e r i c  reasons on ly  two bu lky  l i g a n d s  cou ld  be coo rd ina ted  t o  t h e  same 
rhodium i n  such complexes and t h a t  such l i gands  cou ld  i nc rease  t h e  
c o o r d i n a t i v e  unsa tu ra t i on  o f  rhodium, thus  l e a d i n g  t o  a h i g h e r  
r e a c t i v i t y .  Indeed a number o f  c o o r d i n a t i v e l y  unsa tu ra ted  rhodium carbonyl  
complexes o f  bu lky  t r i a l k y l p h o s p h i n e  l i g a n d s  were descr ibed by Otsuka and 
coworkers ( 3 )  and by Freeman and Young (4 ) .  

I n  s p i t e  o f  t h e  numerous s t u d i e s  w i t h  bu l ky  phosphorus l i g a n d s  i n  
rhodium complex ca ta l yzed  hyd ro fo rmy la t i on  rega rd ing  t h e i r  e f f e c t  on 
r e a c t i v i t y  and s e l e c t i v i t y ,  t h e r e  i s  no known sys temat i c  study c o r r e l a t i n g  
c a t a l y s t  s t r u c t u r e  and p r o p e r t i e s  under H2/C0 pressure,  1 .e. s imu la ted  
r e a c t i o n  cond i t i ons .  I n  t h e  present  work such a s tudy  o f  s t e r i c  e f f e c t s  
was c a r r i e d  ou t  w i t h  v a r i o u s l y  branched a1 ky ld ipheny lphosph ine  l igands .  
Numerous a l k y l d i a r y l p h o s p h i n e  rhodium carbony l  h y d r i d e  based 
hydroformyl a t i o n  c a t a l y s t  systems were i n v e s t i g a t e d  a t  Exxon (5,6). I n  t h e  
f o l l o w i n g ,  complexes o f  s t r u c t u r a l l y  s imp le  l i g a n d s  w i l l  be d iscussed where 
s t e r i c  e f f e c t s  cou ld  be c l e a r l y  d i s t i ngu ished .  Overa l l  t h e  p resen t  study 
e s t a b l i s h e d  t h a t  b ranch ing  on t h e  a- o r  6- carbon o f  t h e  a l k y l  groups has a 
major e f f e c t  on t h e  s t r u c t u r e  and e q u i l i b r i a  o f  t h e  rhodium complexes 
formed under H2/C0 pressure. The hyd ro fo rmy la t i on  a c t i v i t y  and s e l e c t i v i t y  
i n  t u r n  were found t o  depend on the  c a t a l y s t  complex s t r u c t u r e  and 
e q u i l i b r i a .  For t h e  genera t ion  o f  a c t i v e  c a t a l y s t  species, t h e  r a t e  o f  t h e  
r e v e r s i b l e  d i s s o c i a t i o n  o f  phosphine o r  CO l i gands  t o  generate 
c o o r d i n a t i v e l y  unsatura ted  complexes i s  p a r t i c u l a r l y  impor tan t .  

A major p a r t  o f  t h e  present  work was c a r r i e d  ou t  w i t h  n-, 5 - ,  1- 
and t -buty ld iphenylphosphine l igands .  Neopentyl-  and neophyl-  (2,2- 
methy lpheny lp ropy l - )  d iphenylphosphines were o f  another l i g a n d  t y p e  
i n v e s t i g a t e d  i n  d e t a i l .  As rhodium complex c a t a l y s t  p resu rso rs  rhodium 

RCH=CH2 + CO + H2 - RCH2CH2CHO + RCH(CH3)CHO 
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d icarbony l  ace ty lace tona te  and te t ra rhod ium dodecacarbonyl were used. 
React ions o f  these precursors  w i t h  t r i pheny lphosph ine  and H2/C0 were 
descr ibed i n  t h e  l i t e r a t u r e  (7). 

T r ipheny lphosph ine  rhodium carbonyl  ace ty lace tonate ,  de r i ved  from 
t r i pheny lphosph ine  and rhodium d i ca rbony l  acetylacetonate,was repo r ted  as a 
hyd ro fo rmy la t i on  c a t a l y s t  by Janecko, Trzec iak  and Z io lkowsk i  (8). I n  our 
work we found t h a t ,  i n  t h e  presence o f  excess phosphine, 
a1 k y l  d i a r y 1  phosphine rhodium carbonyl  ace ty lace tona tes  fo rm bis-phosphine 
complexes which then reac t  w i t h  H and H /co t o  Produce ace ty lace tona te  
f r e e  c a t a l y s t  complexes. Booth, E lse ,  F?elds and Haszeldine d iscovered 
t h a t ,  when te t ra rhod ium dodecacarbonyl i s  reac ted  wi th equ iva len t  and 
excess t r i p h e n y l  phosphine under C O B  t r i pheny lphosph ine  rhodium carbonyl  
dimers a re  formed (9).  These dimers were s u c c e s s f u l l y  used as 1-alkene 
hyd ro fo rmy la t i on  c a t a l y s t s  a t  7OoC under 120 atm H2/C0 pressure. Also,  t h e  
b is ( t r ipheny1phosph ine)  rhodium d icarbony l  dimer was conver ted  t o  t h e  
corresponding hyd r ide  hyd ro fo rmy la t i on  c a t a l y s t  by atmospheric hydrogen. 
Depending on t h e  s t e r i c  h indrance s i m i l a r  r e a c t i o n s  o f  
a l ky ld ia ry lphosph ines  were found i n  t h e  p resen t  study. 

I n  general ,  t h e  syn thes i s  o f  a l k y l d i a r y l p h o s p h i n e  rhodium 
complexes s t a r t e d  w i t h  to luene  s o l u t i o n s  o f  AcacRh(C0)2 o r  Rh4(C0)12 hav ing  
concent ra t ions  equ iva len t  t o  0.4% Rh. These s o l u t i o n s  were then reac ted  
w i t h  va ry ing  amounts o f  t h e  a p p r f g r i a t e  phosphine l i g a n d  t y p i c a l l y  t o  
p rov ide  a 9/1 P/Rh r a t i o  and then CO and Hp i n  t h e  2 t o  35 atm pressure  
range. A l l  t h e  exper iments were c a r r i e d  o u t  i n  t h i c k  w a l l  NMR t es o f  
10 mn ou ts ide  diameter, equipped wi th Te f lon  screw valves. %P and "C NMR 
spectra were ob ta ined most ly  a t  -3OOC us ing  a JEOL FX 909 m u l t i n u c l e a r  NMR 
spectrometer. The rhodium complex s t r u c t u r e s ,  u i l i b r  , and d i s s o c i a t i o n  
ra tes  were p r i m a r i l y  cha rac te r i zed  i n  terms o f  "P and "C chemical s h i f t s ,  
Rh-P and P-C coup l i nq  constants,  and l i n e  broadening. 

The reac t i ons  s t u d i e d  a re  o u t l i n e d  w i t h  bo th  bu l ky  and non-bulky 
phosphines i n  t h e  fo l l ow ing .  

Bulky Phosphine Non-Bulky Phosphine 

AcacRh(CO)(PR,), ( R3P) R h (C 0l2 H A=Rh(COWq2 m IT - 
I "21 R3p 
It t 

[(R' P Rh(CO)H] 
3 4, 

It should be no ted  t h a t  t-alkyldiphenylphosphines and 
neoal ky ld ipheny lphosph ines  a re  regarded as d e f i n i t e l y  b u l k y  w h i l e  n- 
a1 ky ld ipheny l  phosphines c e r t a i n l y  a r e  not.  I so -  and sec. 
a1 ky ld ipheny lphosph ines  a re  i n t e r m e d i a t e  and as such e x h i b i t  i n te rmed ia te  
complexing behav io r  as exp la ined i n  t h e  fo l l ow ing .  
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The r e a c t i o n s  o f  AcacRh(C0) w i t h  excess phosphine r e s u l t e d  i n  
bis-phosphine rhodium carbonyl  a ty?acetonates  ( I  and 11) which were 
i s o t o p i c a l l y  enr iched under 2 atm '' CO. Wi th  t h e  excep t ion  o f  t h e  h i g h l y  
bu l ky  phosphine complexes these ace ty lace tona tes  were r e a d i l y  reac ted  w i t h  
H a t  ambient c o n d i t i o n s  o r  under p ressure  t o  s e l e c t i v e l y  fo rm t r i s -  
pgosphine rhodium carbonyl  hydr ides  ( I V ) .  The l a t t e r  r e v e r s i b i l y  r e a c t  
w i t h  CO t o  g i v e  bis-phosphine rhodium d i ca rbony l  hydr ides  ( V )  which can 
a l s o  be formed w i t h  t h e  h i g h l y  b u l k y  t - b u t y l -  and 
neoal ky ld ipheny l  phosphines under H2/CO pressure,  apparen t l y  v i a  a 
c o o r d i n a t i v e l y  unsatura ted  carbonyl  h y d r i d e  (111). The e q u i l i b r i a  between 
t h e  mono- and d icarbony l  hyd r ide  complexes ( I V  and V )  depend on t h e  
bu lk iness  and the  excess concen t ra t i on  o f  t h e  phosphine l i g a n d  and t h e  CO 
p a r t i a l  pressure.  

Under H /CO, t h e  d icarbony l  hydr ides  (111) a r e  a l s o  i n  v a r i a b l e  
e q u i l i b r i a  w i t h  r%odium carbonyl  d imers ( V I  and V I I ) .  I n  t h e  presence o f  
excess phosphine, non-bul ky  phosphines p a r t i c u l a r l y  dimethylphenylphosphine 
form bis-phosphine rhodium d i ca rbony l  dimers ( V I I ) .  The h i g h l y  b u l k y  t- 
a l k y l -  and neoalkyldiphenylphosphines g i v e  monophosphine rhodium 
t r i c a r b o n y l  dimers ( V I ) .  Rhodium carbonyl  d imer fo rma t ion  i s  f r e q u e n t l y  
i n h i b i t e d  by t h e  s t e r i c  bu l k  o f  t h e  phosphine l i gand .  Secondary and 
isobutyldiphenylphosphines most l y  fo rm bis-phosphine rhodium carbony l  
hyd r ides  ( V )  r a t h e r  than bis-phosphine rhodium d i ca rbony l  d imers ( V I I ) .  
S i m i l a r l y  t -buty ld iphenylphosphine leads  t o  hyd r ide  ( V )  r a t h e r  than rhodium 
t r i c a r b o n y l  dimer ( V I I )  fo rmat ion .  

S t a r t i n g  w i t h  te t ra rhod ium dodecacarbonyl and excess phosphine i n  
to luene  s o l u t i o n  t h e  dimers a re  produced a t  f i r s t .  However, i n  case o f  t h e  
a-branched sec-butyldiphenylphosphine and t-butyldiphenylphosphine 
s i g n i f i c a n t  amounts o f  t h e  d icarbony l  hydr ides  are  a l s o  formed on s tand ing  
probab ly  v i a  hydrogen a b s t r a c t i o n  f rom toluene. 

The c a t a l y t i c  a c t i v i t y  o f  t h e  a l k y l d i a r y l p h o s p h i n e  rhodium 
carbonyl  complexes s tud ied  was q u a l i t a t i v e l y  c o r r e l a t e d  w i t h  t h e i r  s t e r i c  
crowding. S t e r i c  crowding r e s u l t s  i n  t h e  r a t e  enhancement o f  t h e  
d i s s o c i a t i o n  o f  phosphine and/or CO l i gands ,  which cou ld  be determined by 
NMR. L igand d i s s o c i a t i o n  leads  t o  h i g h l y  r e a c t i v e ,  c o o r d i n a t i v e l y  
unsa tu ra ted  species which i n i t i a t e  t h e  c a t a l y t i c  c y c l e  o f  hyd ro fo rmy la t i on  
(6, 10). Thus t h e  concen t ra t i on  o f  c o o r d i n a t i v e l y  unsatura ted  species can 
be c o r r e l a t e d  w i t h  c a t a l y s t  e f fec t i veness .  The c o o r d i n a t i v e l y  unsa tu ra ted  
species c o n t a i n i n g  a bu l ky  phosphine l i g a n d  and o n l y  one such l i g a n d  p e r  
rhodium ( V I I I )  i s  more r e a c t i v e  toward  i n t e r n a l  o l e f i n s  bu t  l e s s  s e l e c t i v e  
i n  a - o l e f i n  hyd ro fo rmy la t i on  t h e  t r a n s -  bis-phosphine complex spec ies  
(Type 111) f rom complexes o f  non-bulky l igands .  

With a b u l  ky c i  s -che l  a ted  b i  s-phosphi ne 1 i gand 
Ph2PCH2C(CH3)2CH2PPh2, s t e r i c  crowding and c h e l a t e  s t a b i l i z a t i o n  l e d  t o  a 
r a p i d  bu t  s e l e c t i v e  CO d i s s o c i a t i o n  o f  t h e  d i ca rbony l  hyd r ide  ( V ) .  
However, as a r e s u l t  o f  t h e  c i s -  r a t h e r  than t rans -s te reochemis t r y  o f  t h e  
r e s u l t i n g  a c t i v e  species a l s o  l e a d  t o  a low n / i  r a t i o  o f  h y d r o f o r m y l a t i o n  
products.  

The c a t a l y t i c  a c t i v i t y  o f  rhodium carbonyl  hyd r ide  complexes ( I V  
and V )  i s  w e l l  known i n  low pressure  hydroformylat ion(6.10).  I n  t h e  
present  work, it was found t h a t  rhodium dimers, ( V I  and V I I )  a l s o  poszsss 
low pressure  hyd ro fo rmy la t i on  a c t i v i t y  a t  ambient temperature,  where t h e  
maintenance o f  t h e  dimer s t r u c t u r e  c o u l d  be f o l l o w e d  by NMR. S ince  dimer 
fo rma t ion  h i g h l y  depends on t h e  s t r u c t u r e  o f  t h e  bu lky  l i gand ,  l i g a n d  
m o d i f i c a t i o n  may l e a d  t o  more a c t i v e  and s t a b l e  c a t a l y s t s  o f  t h i s  type. 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
0
7
:
4
0
 
3
0
 
J
a
n
u
a
r
y
 
2
0
1
1



240 A . A .  OSWALD ET A L .  

L i t e r a t u r e  C i t e d  

1. Pruet t ,  R.L. and Smith, J. A,, Org. Chem. 5 327 (1969). 
2. Van Leeuwen, P. W. N. M. and Roobek, C. F., J. Organomet. 

Chem., 258, 343 (1983). 
3. (a)  Y o s m a ,  T.; Okano, T.; Ueda, Y. and Otsuka, S.; An. Chem. SOC. 103, 

3411 (1981), ACS Symp. Ser. No.152 79 (1981); (b) Yoshlda, T.; Thorn, D. 
L.; Okano, T.; Otsuka, S. a-rs, J. A.; J. Am. Chem. SOC. 102, 6451 
(1980). 

4. Freeman, M. A. and Young, 0. A., Inorg. Chem. 25, 1556 (1986). 
5. Oswald, A. A.; Jermansen, T. G.; Westner, A. A. and Huang, 1. D., Patent  

Cooperat ion Treaty (PCT) I n t e r n a t i o n a l  Patent P u b l i c a t i o n  No. W0/80/01690, 
August 21, 1980; B r i t i s h  Patent A p p l i c a t i o n  8,223,961, February 21, 1983; 
U.S. Patents 4,298,541 and 4,593,141. 

6. Oswald, A. A,; Hendriksen, 0. E.; Kastrup, R. V.; Merola, J. S.; 
Mozeleski, E. J. and Reisch, John C., P rep r in t s ,  Div. Fuel Chem., Am. 
Chem. SOC. Nat l .  Meeting, Sea t t l e ,  Washington, Spr ing 1983, 2 (2)  191. 

7. Dickson, R. S., Organometal l ic  Chemistry o f  Rhodium and I r i d ium,  pages 27 
t o  30, 94 t o  102 and 109 t o  112 Academic press, 1983, New York, New York. 

8. Janecko, H; Trzeciak, A. M. and Ziolkowski ,  J. J., J. Mol Cat. 26, 355 
[ 19843. 

9. Booth, B. L.; Else, M. L.; F ie lds ,  R. and Haszeldine, R. N., J. Organomet 
Chem., 27, 119 (1971). 

10. Oswald, A. A.; Hendrikson, 0. E.; Kastrup, R. V. and Merola, J. S., 
P rep r in t s  Div. Pet. Chem., Inc., Am. Chem., SOC. Nat l .  Meeting, Las 
Vegas, Nevada, Spr ing 1982, 27 (2)  292. 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
0
7
:
4
0
 
3
0
 
J
a
n
u
a
r
y
 
2
0
1
1


