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Project Title 

"Catalytic Hydrogenation of Carbon Monoxide" 

Abstract 

The principle objective of this proEr:am is to learn how to utilize the unique 
properties of rhodium porphyrins and related metallo" species in achieving 
catalytic hydrogenation of carbon ~onoxide at mild conditions. Rhodium 
porphyrins react with H2 and CO at pressures less than one atmosphere to 
produce a metalloformyl complex which is a primary intermediate in the 
hydrogenation of CO. Several catalytic schemes are proposed which take 
advantage of the unique reactivity of rhodium porphyrins coupled with the 
aldehyde like character of the metaUoformyl intermediate. Multifunctional catalysts 
that utilize rhodium porphyrins and a second catalyst known to promote the 
hydrogenat.ion of aldehydes are particularly promising candidates for achieving 
low pressure hydrogenation of CO. Solvent effects are being explored as one 
means of:tuning the thermodynamic and kinetic parameters for optimum catalytic 
behavior. Results from studies of the rhodium porphyrin system provide a guide 
in :designinE new materials :'that retain the favorable thermodynamic factors but 
that ,have improved reaction kinetics. Comparative studies utilizing variation of 
the ligand array and central metal (Co,Rh,Ir) are being used to optimize tlie 
desired catalyst behavior. 
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Research progress Report 

The principal focus of this project is to develop strategies to accomplish 

catalytic"hydrogenation of carbon monoxide at mild conditions. Initial motivation 

for this program came from the observation that rhodium octaethylporphyrin 
t 

dimer, [(OEP)Rh]2, reacts ~ith hydrogen and carbon monoxide, 

(Prim + CO < 1 arm.) to produce large equilibrium concentrations of a mvta]lo 

formyl complex, (OEP)Rh-CHO. (equations 1, 2}. .. 

1) {0EP)Rh-Rh(OEP) + H2 ~ 2(0EP)Rh-H "" 
2) (0EP)Rh-H + C0 ~ 2(0EP)Rh-CH0 

The metaUo .hydride, (OEP)Rh-H, also reacts with formaldehyde to form a 

hydroxymethyl complex, (QEP)Rh-CH2OH, (equation 3). 

3) (0EP)Rh-H + CH20 ~ (OEP)Rh-CH2 OH 

Metallo formyl and hydroxymethy_l~sP9~!es=ai'e=i~ iicated as the first two 

organornetallic intermediates in the formation of organic oxygenates from l{ 2 and 

~-.CO. Formation of large equilibrium concentration of these organometallic 

intermediates (reactions 1-3) illustrates the potential importance of these 

materials in attaining hydrogenati.on of CO at mild conditions. 

A model scheme for metal complex catalyzed hydrogenation of CO %0 organic 

products (CH3OK, (CH2OK)2) is given by reaction steps 1-8. 

1. M-M + H2 ~ 2 M-H 

• 2. M-H , + CO e~- M-CHO 

3. M-CH0 + H2 ~e- M-H + CH20 

4. M-H + CH20 ~--- M-CH20H 

5.--M-CH20H ÷ M-H ~ M-M + CH30H 

6. M-CH20H ÷ CO ~--- M-C(O)CH2OH 

7. M-C(0)CH20H + H2 ~ M-CH(OM)CH20H 

8. M-CH(OH)CH20H + M-H -e M-M + (CH2OH)2 
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This scheme is used in gu{ding and focusing our studies on the most 

important intermediate steps in the hydrogenation of carbon monoxide. Each ot  

the steps 1-8 has been observed as either a thermal or photoprocess for the 

rhodium porphyrin system. Reactions I, 2, 4, 5 and 8, occur by thermal routes 

(T < B0"C) while reactions 3, 6 and 7 occur ~y photolytic pathways (x > 350 nm). 

• ;) 
The rhodium porphyrin catalysed photopromoted formation Of CH20 and CH3OH 

from !42 and  CO a r e  i l t u s t r a t ed  in  f i g u r e s  1 and  2. 

t~CO + 2 

A 

k p 13 
H;~---- '-~_ CHaOH 

'; A 

ehCO[e)('~C,O) 
"/ " %'L_ 

c,:)o H.,,.,, 

'Zs'"'" ';~ .... 3!5" ' "~'.o .... ~'.~" 
~ .  PFr~ 

FiLbert l. ~A k ~  speclra aT rhodiUn octeethy~porphyrin 
species in c@ 6 under ~4 2 end 13C0. 

• ^. Thermal Equil~briu~ {T : 3S3 E; PHz + Pl-~CO -- 600 tort). 
B. Products f r o :  photo2vsis o f  so lu t ion  A (X = 300 .~;  
t = 36 h; T = 353 }(). ~]3C~30H = 2.99 p.Dm; ~13~'P.30X : 50.2 

C 

i i{ocr}("c,e) 

:3C0 + Ha--~'aCXaO 
a~nx 

~=h[o[@(.) 

l(OLp~, 

~ ; J ; "  "~{  " "  " ~ 0 "  "m Im "m i ~ " " " '  " " " i I  0 ~ :  

~ l  9PC 

Fi~'ure 2. ~H ~.~ spec t r a  o f  r h o d i ~  o c t l e t l ~ ' l p o r ~ J r i n  
specie~ t~ r's~s under ~-  ~ d  13C0. 
A. Tbcsal E q u i l ~ b r i ~  (~=29B X; PH= + P]3CO = 600 t o r T ) .  
B. Products f r c~  photo lys i s  oT so lu t ion  A (~ "- 300 rim; 
t : 45 ©i=; T = 29@ E).  ~13CH20~ -- B.68 p ; : ;  3:=¢-Ti = 1TS P.:. 

PP=; J"C-~ = 140 Rz. 

17 ~S • 

OrganometaUic r e a c t i o n s  of rhodium p o r p h y r l n s  have u n u s u a l  the rmodynamic  

r /' and mechanistic featu es.ii',The unprecedenLed or~anometallic reactivty of rhodium 

p o r p h y r i n s  is  a c o n s e q u e n c e  of an u n u s u a l  s e t  of Rh-0(55-60 kcal)  and  Rh-H(~60 

kcaI) bond e n e r g i e s .  Near equ iva lence  of  t he  Rh-O and  Rh-H b o n d  e n e r g i e s  

p r o v i d e s  f a v o r a b l e  the rmodynamics  fo r  add i t i on  reac t ions  of (po r )Rh-H to C-O 

multiple bonds .  The  r ig id  p o r p h y r l n  mac rocyc le  eccup ies  the  f o u r  b i nd i ng  s i t e s  
a 

adjacement to the Rh-X (X=H,R) bond. and provides a barrier to the pathways 

uti l izing a cis coord ina t ion  site tha t  a r e  g e n e r a l l y  assoc ia ted  wi th  m i g r a t o r y  

,J; 
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insertion, oxidative addition, reductive eliminiation and P-H eliminations. As a 

consequence, many organometallic reactions for rhodium porphyrins proceed by 

bond homolysis or heterolysis, which are relativel.y high energy pathways. 

Many.: of the unusual organometa]1~c species produced by rhodium porphyrin 
;. 

• complexes are key intermediates in the formation and transformation of organic 
i 

compounds and "would have considerable utillty if the product forming 

' mechanisms were not inhibited by the coordination properties of the porphyrin 

l i gand .  Our p r ima ry  goal  fo r  nex t  y e a r  is to i d e n t i f y  complexes t h a t  m a n i f e s t  
. ~ i  - .  : " '  " 

f a v o r a b l e  the rmodynamic  f a c t o r s  to p r o d u c e  the d e s i r e d  r eac t ion  i n t e r m e d i a t e s :  

coupled with more favorable kinetic pathways to form organic :products. "The 
G 

initial approach is simply to choose ligands with. donor properties similar :to that 
L" 

of a porphyrin ligand, but that have adequate structural flexibility'to provide 

the opportunity for reaction mehanisms tliat utilize an open coordination site cis 

£o the M-H or M-C bonds. .. 

We have recently observed that. the Rh-Rh bonded macrocycle complex 
.: 

(Rh(TMTAA))2 accomplishes the desired reactivity with H2 and CO to produce 

: me t a I l ohyd r ide  and  f o r m y l  complexes.  I 

Rh(TMTAA)(H) + CO ~ Rh(TMTAA)(CHO) ,.,., 
¢) 

This system provides the first successful extension of LhL~:'type of reactivity 

b e y o n d  the  rhodium p o r p h y r i n  sys tem,  and  it now seems  e v i d e n t  t h a t  a l"-rge . 

"~class of rhod ium complexes with conven.t ional maorooyc l e  a n d  che l a t ing  l i gand  

arrays may be effective in promoting the initial steps in the hydrogenation of 
• 0 

CO, Ligand arrays are now being selected that can produce open cis 
• %. "~ 

coordination sites which permit convention~,:,reaction pathways and thus more 

favorable kinetic factors. 
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