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TECHNICAL REPORT 

Contract No, DE-AC02-83ERI3133 

P r o j e c t  Title 

"Catalytic Hydrogenation of Carbon Monoxide" 

Abstract 

The p r inc ipa l  ob jec t ive  of  t h i s  p rog ram is to l ea rn  how to uti l ize the  un ique  
properties of  Rhodium porphyrins in achieving catalytic hydrogenation of carbon 
monoxide at mild conditions., Rhodium porphyrins react with H 2 and CO at 
pressures less than one atmosphere to produce the first intermediate in the 
h y d r o g e n a t i o n  of CO and p r o v i d e  a rea l i s t ic  o p p o r t u n i t y  to pa r t i c ipa t e  in the  
catalytic hydrogenation of CO at low gas pressures. Several catalytic schemes are 
proposed which take advantage of the unique reactivity of Rhodium porphyrins 
coupled  with the  a l d e h y d e - l i k e  c h a r a c t e r  of the metallo fo rmyl  in te rmedia te .  
Multifun~tional catalysts that utilize rhodium porphyrins and a second catalyst 
known to promote the hydrogenation of aldehydes are particularly promising 
c a n d i d a t e s  f o r  ach iev ing  low p r e s s u r e  h y d r o g e n a t i o n  of  CO. So lven t  e f fec t s  will 
be exp lo red  as one means fo r  t u n i n g  the  the rmodynamic  and  kinet ic  pa r ame te r s  
fo r  opt imum ca ta ly t ic  behavior .  Comparat ive  s tud ies  a r e  u sed  in i den t i fy ing  the  
essential features required to obtain a catalyst system based on metallo 
macrocyc les .  
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Research Progress Report 

The p r inc ipa l  f o c u s  of  t h i s  p r o j e c t  is to  ga in  i n s i g h t  in to  t h e  s e q u e n c e  of  
e v e n t s  t ha t  occur  in the  metal c a t a l y s e d  h y d r o g e n a t i o n  of c a r b o n  monoxide a n d  
t o  use  th is  in fo rmat ion  in  des ign ing  e f f e c t i v e  c a t a l y s t  sys tems .  

Metal catalysed hydrogenation of carbon monoxide is considered to occur 
through a series of organometallic intermediates including a metallo formyl 
(M-CHO) and hydroxymethyl (M-CH2OH) species. Subsequent CC insertion 
reactions, carbonyl reduction and elimination reactions result in organic 
products. One possible scheme for produGtion of glycol aldehyde, ethylene glycol 
and methanol is given by equations 1-9. 

1) M-M + H2 $2 M H 

Z) MH+ CO ~- M-CHO 

3) MCHO + H2 ~ MH + CH20 

4) MH + cHzo ?- M-c~2 o s  

5) MCH20H ÷ CO ~ M-C(O)OH20H 

S) M(C(O) OH2OH)+H 2 ~- M-CH(OH)CH2OH 

7) MCH(OH)CH20H -~ MH + OH(O)OH20H) 

8) MCH(OH)CH2 OH + MH * M-M + (CH2OH)2 

9) MCH20H + MH -~ M-M + CHsOH 

Previous studies from this laboratory have demonstrated that rhodium 
porphyr.ln dimers 'activate dihydrogen to form meta[lo hydrides that insert 
carbon monoxide to produce metalloformy] complexes at equilibrium conditions 
(steps I and 2). Present investigations are focused on the following issues. 

I) hydrogen reduction of the metalloformyl and acyl complexes and 
subsequent formation of metallo ~-hydrox.yalkyl intermediates (steps 3," 4, 
6) 

2) chain lengthening by CO" insertion reactions (step 5) 

3) reductive elimination reactions that produce organic products (step 7-9) 

4) 

5) 

photo promoted production of H2CO and CH30H 

design, synthesis, and evaluation of new metallo catalyst materials 

i) R2 reduction of a metallo formyl ..~.' 
:i 

A major focus of our current work is in exploring the hydrogen reduction 
of metaUo formyl and related acyl species (reactions 3 and 5) (M-CHO÷~I'~ * 
MCH2OH). The purpose of this work is to discover a low energy pathway for 

..'. 
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the reaction M 2 + 3 H2+2CO -~ 2 MCK2OH. The thermodynamic ~easibi[ity of this 
reaction for the case of rhodium porphyrins has been clearly demonstrated by 
the reaction of the metallo hydrides with formaldehyde, 

Rh porphyrin (H) +: H2CO ~ Rh porphyrin (CH2OH) 

Our strategy for accomplishing i~he H 2 reduction of the coordinated formyl 
group is to use a second metallo species that functions as a hydrogen transfer 
catalyst. We have prepared a series of bimetallic complexes that have a 
metal-metal bond between a rhodium porphyrin and a second metallo species with 
smaller steric requirements, 

per Rh - M" M" =00(00)4, Mn (00)5, Re(COB, 
Fe (00) 2 Cp, Ru(CO) 2 Cp, Me(CO)sO P 

The following s e t  of  r e a c t i o n s  i l l u s t r a t e s  the  b e h a v i o r  t ha t  we a r e  s e a r c h i n g  for.  

a) per Rh - M" + H2 ~ per Rh(K) + M'-H 

b) pe r  Rh(H)'+ CO $ p e r  Rh(CHO) 

c) per Rh (CHO) +M" H ~ per Rh-M" + CH20 

d) per Rh(H~ + H2CO ~- per Rb(CH2OH) 

We are currently in the process of evaluating the reactivity of per Rh-M" 
compounds with H 2 and CO. 

One spec i f ic  example i s  OEP Rh-Co(C0) 4 which  r e a c t s  r e v e r s i b l y  wi th  CO a n d  t{ 2 
(PT=lat.) to produce the precursors to the hydroxymethyl complex. 

OEPRh - 0o(00) 4 + H 2 + CO ~ OEPRh(CH0) + H Co (CO) 4 

The other bimetallic complexes have similar reactivity and these systems will be 
e~aluated at elevated pressures and temperatures (P<100 at.; T<Ib0"C). 

. . . .  The c u r r e n t  f o c u s  of  t h i s  w o r k  is on t h e  r e a c t i v i t y  of  OEP Rh-Ru(CO)2Cp 
• b e c a u s e  H Ru (00) 6 Cp is known to be a n  e f f e c t i v e  c a t a l y s t  for  the  H2 r e d u c t i o n  

of  a l d e h y d e s  to a lcohols .  I f  s u c c e s s f u l ,  t h i s  s t u d y  will r e s u l t  in  f o r m a t i o n  o f  the 
f i r s t  h y d r o x y m e t h y l  complex p r e p a r e d  f rom H 2, CO a n d  a me.tal complex.  

We a re  p r e s e n t l y  e x t e n d i n g  the  bimetal l ic  mate r ia l s  to inc lude  e a r l y  
t r a n s i t i o n  meta ls  (Zr, Hi) a n d  p o s t  t r a n s i t i o n  s e r i e s  meta ls  (In, TI, ' a n ) .  

2) Carbon  monoxide i n s e r t i o n  (cha in  l e n g t h e n i n g )  

One means of '  p r o d u c i n g  two c a r b o n  a n d  . l a r g e r  o r g a n i c  molecules  o p e r a t e s  
t h r o u g h  CO i n s e r t i o n  r e a c t i o n s  ( r eac t idn  5). 

MCCH2OH) + CO M(C(O)CH2OH) : 
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This type of reaction has been demonstrated to occur for Rhodium porphyrln 
a lky ls .  

RhOEP(CH3) + CO ~ RhOEP(CO)CH3 

This reaction is currently being evaluated for RhOEP(CH2OH) in order to obtain 
the p r e c u r s o r  to g lyco la ldehyde .  

3) Reductive elimination reactions 

Uni and bi molecular elimination reactions are needed to produce organic 
products from the organometallic intermediates {reactions 7-9). Both types of 
eliminations have been demonstrated for Rhodium porphyrin organometallic 
molecules. 

unimolecular  
RhOEP(CH2CH3) -~ RhOEP(H) ÷ CH2 = CH2 

RhOEP (CH2OH) -~ RhOEP(H) + CH2-- 0 

bi, molecular  
- b y  

RhOEP (CH3) + RhOEP(H) ----~ (RhOEP)2 + CH4 
hv 

RhOEP(CH2OH ) + RhOEP(H) ~ (RhOEP)2 + CH3OH 
The bi molecular elimination of CH 4, and CHsOH demonstrates the feasibility 
of producing alcohols and aldehydes from rhodium porphyrin catalyst 
systems. 

Although catalytic formation of organic molecules from H 2 and CO has not 
yet been observed at mild conditions, results from this program are establishing 
criteria and aiding in the development of new strategies to attain this goal. 

,-J. 

4) Photo promoted production of H2CO and CH30H 

When s solution of [Rh(OEP)}2 in contact with H2 and CO (PCO + P"2 < I 

atm) is irradiated (~. > 300 nm) observable quantities of H2CO are produced 
( f igure  1). 

Photo  ass  l s t ed  ca ta ly t ic  fo rma t ion  of  CH30H is found  to occu r  a t  s l igh t ly  
e l eva ted  t e m p e r a t u r e s  ( f igure  2). #q d 
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Figure 1 Figure "2 

5) Design,  s y n t h e s i s  and e v a l u a t i o n  of  new metallo c a t a l y s t  mater ia ls  
I 

We h a v e  p r e p a r e d  a s e r i e s  of  macrocycle  and m u l t i d e n t a t e  l igands  

and-evaluation of several of the desired rhodium complexes is in progress. 

Hs~¢sOj 

II ~1 " " -  ' 3 

I 1 = 1 ~ { 1 1 1  

RhCSaZe.) 

Results from this exploratory work have already determined LhaL L}m 

aromatic ~ system of the macrocyc[e (porphyrin) is not essential. One of our 

s tud i e s  has u t i l i zed  the. TMTAA macrocycle .  Both the p o r p h y r i n  a n d  TMTAA 

ligand s y s t e m s  a r e  teLradenate  N4 macrocyc le  tha t  coord ina te  in the  feral  of 

d ian ions  with metal  ions.  While the  p o r p h y r i n  dianion is a p l a n a r  ~ - e l e c t r o n  

aromatic species, the TMTAA diet=ion is:.a 16 tr-elect, ron ;srsl,i;Jt.cnnalic: sp¢-;cic,'s whh:h 

si~nifi¢'an~ly d e v i a t e s  from planariLy by  ro t a t i on  about  t h ,  N-C b o n d s  oF 

a - p h e n y l e n e d i a m i n e  por t ion  of the macrocyc le .  The TMTAA , , a c r o c y c l e  is found Lo 

form a meta l -meta l  bonded  , .hodium complex {Rh(TM'FAA)]2 which h a s  r e a c t i v i t y  
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patterns that olbsely paraUel those of the rhodium porphyrin systems. The 

Rh-Rh bonded macrocycle complex {Rh(TMTAA)}2 accomplishes the desired 

reactivity with H 2 and CO to produce metallohydride and formyl complexes. 

{Rh(TMTAA)) 2 + H 2 ~ 2Rh(TMTAA)(H) 

Rh(TMTAA)(H) + CO ~ Rh(TMTAA){'CHO) 

This sys t em p r o v i d e s  the  f i r s t  success fu l  ex t ens ion  o f  this  t y p e  .of r e a c t i v i t y  

beyond the rhodium porphyrin complexes. 

Similarity of the organometallic chemistry of Rh(TMTAA) and Rh(porphyrin) 

complexes indicates that the conjugation and planarlty of Lhe porphyrin 

macrocycle are not essential aspects of the unusual organometaHic reactivity of 
, . . . . , '. 

the rhodium center. It now seems evident that a large class of rhodium 

complexes with conventional macrocyole and chelating ligand arrays may be 

effective in promoting the initial steps in the hydrogenation of CO. Systematic 

variation of ligand steric and electronic factors can now be used in tuning 

theromodynamic factors such as M-M, M-H and M-C bond energies. Ligand arrays 

can  also be se lec ted  to  produ.c.e open cis coord ina t ion  s i t e s  tha t  permit  

conven t iona l  reac t ion  p a t h w a y s  for  oxidative addi t ion ,  r educ t i ve  elimination and  

CO inse r t ion  react ions,  wh ich  a r e  e f fec t ive ly  exc luded  to  rhodium p o r p h y r i n  
\: 

reac t ions .  Resul ts  f r o m ' t h i s  p rogram provide  optimism tha t  new metallo complexes  

can  be  des igned  to p r o d u c e  ca ta ly t i c  h y d r o g e n a t i o n  of  ca rbon  monoxide a t  mild 

' condi t ions .  

, ~ .,.,..'. • . . . . . . . . . .  , , ",, . . 
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