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• P ro j ec t  Title 

"Cata lyt ic  Hydrogena t i on  of Carbon Monoxide" 

Abstract 

This project is focused on developing strategies to accomplish the 
hydrogenation of carbon monoxide to produce organic oxygenates at mild 
conditions. Our approaches to this issue are based upon the recognition that 
rhodium maorocycles have unusually favorable thermodynamic values for 
producing a series of metallo intermediates implicated in the catalytic 
hydrogenation of CO. Thermodynamic and kinetic-mechanistic studies are used in 
constructing energy profiles for metal promoted conversion of H2 and CO to 
o x y g e n a t e s ,  and.  these  schemes  a re  used  in g u i d i n g  the  des ign  of new 
metal lospecies  t h a t  could improve  the  t he rmodynamic  and  kinet ic  f a c t o r s  fo r  
individual steps in the. ~ overall process, Variation of the electronic and steric 
effects associated with the ligand arrays along with the influences of the reaction 
medium provide the chemical tools for tuning these factors. We have successfully 
used this general approach to establish thermodynamic criteria for metal promoted 
reductive coupling of carbon monoxide, which resulted in our recent observation 
that rhodium porphyrins can accomplish this important reaction. Current studies 
arv directed toward the use of. non-macrodyclic ligand comple~es that emulate the 
favorable thermodynamic features associated with rhodium macro~ycles, but that 
also manifest improved reaction kinetics. 
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Research P rog re s s  Report 

The pr incipal  focus of this p r o j e c t  is to develop s t r a t eg i e s  to accomplish 

catalyt ic  h~,drogenation of carbon monoxide a t  mild condit ions.  Initial motivation 

for this program came from the obse rva t i on  that  rhodium oc tae thy lporphyr in  

dimer, [(OEP)Rh]2, reacts with h y d r o g e n  and carbon monoxide,.  

(PH 2 + Pco < 1 atm) to produce l a rge  equi l ibr ium concent ra t ions  o f  a metallo 

foray] complex, (OEP)Rh-CHO. (equations I, 2). 

i) (OEP)Rh-Rh(OEP) + H 2 ~ 2(OEP)Rh-H 
2) (0EP)Rh-H + CO e~- (OEP)Rh-CI{O 

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

hydroxymethyl complex, (OEP)R.h-OH2OH, (equation 3). 

3) (0EP)Rh-H + CH20 ~ (0EP)Rh-CH20H 

Metalloformyl and hydroxymethyl species are implicated as the first two 

organometallic intermediates in the formation of organic oxygena tes  from H2 and 

CO. Formation of large equilibrium concent ra t ions  of these  organometallic 

in termedia tes  (reactions t-3)  i l lus t ra tes  the  potential  importance of these  

materials in at taining hydrogenat ion of CO at  mild condi t ions .  These  reactions 

have now been expanded to-a se r ies  of po rphy r in  and phtha locyanine  ligand 

systems.  

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

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

metallohydride and formyl complexes (equations 4 and 5). This system provides 

(4) [(TblTAA)Rh]2 + M2 e~- 2(TMTAA)Rh-H 

(5) ~ (TMTAA)Rh-H + CO ~ (TMTAA)Rh-CHO 

the first successful extension of this type of reactivity beyond the rhodium 

porphyrin system, and it now seems evident that a large class of rhodium 
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complexes with conventional maorocycle and chelating ligand arrays may 

be effective in promo~.ing the initial steps in the hydrogenation of CO. Ligand 

arrays are now being selected that can produce open cis coordination sites 

which permit conventional reaction pathways and thus more favorable kinetic 

factors. 

A new direction for this program hus been to examine possible reaction 

pathways to form C-C bonded species from CO. One of the pathways considered 

for selective formation of i.wo carbon organic molecules involves the initial 

reductive couplin~ of CO (equation S) and subsequent reaction with hydrogen to 

yield organic products. This is an attractive route to provide selectivity, 

(6) 2M + 2C0 ~ M-C(O)-C(O)-M 

but this type of reductive coupling for CO is unprecedented in organome%allic 

chemistry. 

We have recentl~' observed that oc~aethylporphyrin rhodium (II) dimer, 

[(OEP)Rh] 2 reacts with CO in toluvns to produce three CO eontain~nE species in 

equilibrium (equation 7-9). Terminal CO adduct formation yields a mono CO 

adduct, [(OEP)Rh]zCO, I, and insertion of CO into the Rh-Rh bond gives a 

(7) [(OEP)Rh]2 + CO~[(.OEP)Rh]2C O AII{=-I0~'I kcal mol -I 

AS)=-26z4 cal K -I mol -I 

(8~ [(OEP)Rh] 2 + CO ~ (OEP)Rh-C(O)-Rh(OEP) AH~=-I2±2 kcal mol -I 

~S~=-31~5 cal E -I me] -I 

(9) [(OEP)Rh] 2 + 2C0 ~ (OEP)Rh-C(O)-C(O)-Rh(OEP) ~H;=-21~2 kcal mol -] 

~S~=-62z5 cal K -I mol -I 

a dirhodium ketone, (OEP)Rh-C(O)-Rh(OEP), 2, and a species assigned as the 
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p r o d u c t  of  double  CO inse r t i on ,  {OBP)Rh-C(O)-O(O)-Rh(OEP),  3. Tha p r o p o s e d  1, 2 

d iony l  complex,  3, o c c u r s  as  a s i g n i f i c an t  f r a c t i o n  of  t h e  CO containing s p e c i e s  

on ly  a t  r e l a t i v e l y  high CO p r e s s u r e s  .and lower  ~ e m p e r t u r e s  (Pco>  10 aim, T. < 

280K). 

Thermodynamic  s t u d i e s  of  r e a c t i o n s  7-9 i n d i c a t e  t h a t  t h e  ex ten t  of 

c o n v e r s i o n  to the r e d u c t i v e l y  coup led  CO product"  (Pco ~ 1 atm, T ~ 298K) 

(equation 9) is limited by the presence of the monocarbonyl species I, 2, in 

equilibrium with 3, (equations I0, II) as well as the energy associated with 

d~ssoci~tin~ the Rh-Rh bond. 

(lo) 1 + co ~ 3 

(II) 2 + CO ~----.3 ~ 
,, 

Our n e x t  goal was Lo d e s i g n  a new l igand  s y s t e m  t h a t  would inh ib i t  ~,-~i:' 

Rh-I~h b o n d  formation and  the  m o n o c a r b o n y l  s p e c i e s  a n d  y e t  not s e r i o u s l y  

i n t e r f e r e  wi th  the  r e q u i r e d  s t r o n g  Rh-C bond ing .  We d e s i g n e d  and p r e p a r e d  

t e t r a x y l y l p o r p h y r i n  (TXP) a s  o u r  ini t ia l  e f f o r t  to a c h i e v e  t he se  e f f ec t s .  • 

Molecular  s t r u c t u r . " o f  TXP 

Rhodium L e t r a x y l y l p o r p h y r i n  is found  to reac t  wi th  c a r b o n  monoxide (Pco : 650 
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torr ,  T = 295K) to p roduce  the reduct ive  coupl ing  produc t ,  

(TXP)Rh-O(O)-O(O)Rh(TXP), as the exclusive CO containing species (equation 12) 

(!2) 2(TXP)Rh + Z O0 ~ (TXP)Rh-C(O)-C(O)-Rh(TXP) 
:t 

Observation of two CO stretching .f:..~qu.~ncics at 1778 arLd 17G7 om -I which shift 

to 1738 and 1727cm-lin Lhe 130 derivative are indicative of a non planar dionyl 

unit, A survey- of potential reduction reactions of this d-diketone species is in 

progress .  

Observation of reaction 12 verifies our general thermodynamic analysis of CO 

reducLiv~ coupling to form dio~lyl species, An implication of this .analysis is that 

metallospecies that have M-C bond energies greater than -44 kcal reel -I, when 

properly designed to inhibit M-M bond formation, have the capacity to promote 

CO reducfive coupling. Although our observation that rhodium porphyrins 

reductively couple CO to dionyl species is unprecedented, it appears probable 

that many new complexes can be designed to fullfill the thermodynamic criterea 

to form d-diketone species. Incorporation of a O0 reduotive coupling step into a 

catalytic cycle has become a new major objective for this research program. 




