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A study delineating the major meehan£stic features if the HCoCCO) 4 

catalyzed carbon monoxide hydrogenation is reported. A reaction path 

involving hydrogen miBratlon to a coordinated carbonyl to 81ve a formyl 

complex, followed by additional hydrogen m~grations to yield a coordi- 

nated formaldehyde ~_omplex~ appears to fit the data best. The primary 

reaction products-methanol~ methyl formate, and ethylene glycol-are 

formed as a result of hydrogen miEratlon to oxygen or carbon in 

(2h-H2CO)CoH{CO) 5 to form hydroxymethyl or methoxy groups. 
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I. ZNTEODUCTIO~ 

Homogeneous catalytic hydrogenation of carbon monoxideby 

mononuclear transition metal complex esI'2'3"4 to form oxygenated products is 

now well established. Products which we have observed in the cobalt 

carbonyl hydride catalyzed reaction 1'2 at pressures below 375 arm. and 

temperatures below 230°0 are methanol and higher alcohols up to C 5, their 

formate esters, acetaldehyde, propionaldehyde, ethylene glycol, and its 

mono- and di-formate esters, water and carbon dioxide. We have'also ob- 

servedtrace amounts (negligible in our calculations) of methane and 

acetate esters. Larger fractions of acetate esters havebeen reported 4 

for the cobaltcarbonyl-catalyzed system under conditions 5 which lead to 

higher conversions than in the work reported here, in which iD[total pro- 

ducts is seldom exceeded. Still other products which have been reported 4"6 

are glycerol and other polyhydroxyllc alcohols and 1,2- and 1,3-propylene 

glycols. We suspect there arise because of the more severe reaction c0n- 

ditlons described in those reports. Despite the variety of soluble metal com- 

plexes (based on the metals Mn, Fe, Co, Ni, Ru, Rh, Pd, Os, It, and Pt) 7 re- 

ported (1--4) to lead to carbon monoxfde hydrogenation, in each case which we 

regard as primary reaction products in the HCo(CO) 4 system-methanol, methyl 

formate, and ethylene glycol- have been obtained. The presence or absence of 

additional products may be rationalized on the basis of whether the complex in 

question can catalyze secondary reactions such as the alcohol homologatlon 

reaction. The primary formation of the same three compounds may he true even 

where the active catalyst is strongly suspected to be a.metai cluster complex. 8 

For these reasons, we believe that the thorough observations we havemade on 

the HCo(CO)4 catalyzed carbon monoxide hydrogenation are relevant to these 

other catalyst systems. (Less clear is the relationship between these systems 

and the hydrocarbon £ormingcluster catalysts 9 reported by 'Muettertles.) 
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We have proposed a mechanism 2 for £he cobalt carbonyl hydride cata- 

lyzed hydrogenation summarized as follows: 

~Co(CO)4~  (co)3co cRo (l)  

(C0)3Co CHO + H 2 ÷ (C0)3 H Co(2h-CH2 O) (2) 

(CO)3HCo(2h,CH20) f~t (C0)3,4C ° CH20 H fast CH30 H + C2H4(0H) z (3) 

(co)3,CoC2h_C~201 ; ~ t  (C0)3.4C o OCH) f,+~t cH3o2s (4). 

The secondary products form v£u the r o u t e :  

CH30H HC°_~(CO)4 higher alcohols, ROH (5) 

CH30:zO~ + ~OH ÷ ~02CH + CH30H (6) 
This mechanism was shown to be conslstent 2 with the following observations : 

(a) t h e  products  a r e  t h e  same as those  we o b t a i n e d  by HCo(CO) 4 c a t a l y z e d  

hydrogenation of the  formaldehyde precursors, parafor=aldehyde and s-tri- 

oxane, which likely react ~u t he  complex (ll). (b) The rate law is d(Z Prod- 

ucts)/dt = k(2)[HCo(CO)4]PH2 . (c) The activation parameters in benzene solu- 

tion are 8H* % 40keel mol, AS* ~ 0 Gibbs mo1-1. (d) The rates are increased 

(~z changes in 8S*) only by a factor of ~ 20 in the solvent series heptane < 

benzene < p-dioxane < 84% p-dioxane + 16% water < 2,2,2-trifluorosthanol at 

200°C. (e) Synthetic studies, partlfularly those of Roper, "I0 demonstrate the 

rearrangement of Os(2h-CH20)(CO)2(P¢3) 2 at 75 a to Os (CHO)H(CO)2(P#3)2, thus 

establlshlng a reaction pathway connecting formyl and formaldehyde com- 

plexes. 

Our earl/est suggestion I that formyl radlcalmay be produced t~za 

hydrogen atom transfer radical pair mechanlsmwas excluded 2 on'the basis 

that it did not fit the observed kinetic orders. This "report describes 



additional experiments which further characterize the HCo(CO) 4 catalyzed 
! 

CO hydrogenation reaction, elaborates further o n  the produce-determining 

steps, and makes comparisons of our results with those of others which 

have appeared since our last report, 

II. EXPERIMENTAL 

Pressure reactions were conducted in an Autoclave Engineers 300 

ml stainless steel Hagnedrlve autoclave from which liquid samples could 

be taken without interruption of a reaction. In each case the catalyst 

was added as Co2(C0) 8- Because sampling and conversion of carbon monoxide 

and hydrogen to liquid products perturbed the initial gas phase pressure 

and composition, makeup gases were added to restore the nominal composi- 

tion and pressure after each sampling. Removal of liquid samples also cause 

decreases in catalyst concentration owing to vaporization of HCo(C0) 4 into 

the in.zreased head space in the reactor. Cobaltcarbonyl hydride concentra- 

' "" "" r" " " " each sample and the variable, tions were measured tlt imetrlcallyll~ ~n 
t 

y - ~: [HCo(CO)4]dt , was used as the abscissa in rate plots to allow for 

O 
decreases. Rate constants were determined 5y plotting the sums of the molar 

concentrations of products, excluding H20 and C02, (ZP) 12 ~s. Y. These 

plots are linear; division of their slopes by the prevailing values of 

13 
PH gave second-order rate constants. Concentration measurements were made 

at room temperature and are not corrected for liquid expansion at reaction 

conditions. Additional experimental techniques were given in previous 

1,2 
reports. 

llI. RESULTS 
i,, L* 

primary and Secondary Reactlonj Products . 

Fir.ure 1 shows a typical product distribution plot for cobalt car- 

bonyl hydride catalyzed hydrogen reduction of carbon monoxide in dioxane 

solution. As was stated earlier, we belleve that methanol, methyl formate 

/q 
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and ethylene glycol are primary reaction products formed from a common 

(CO)3HCo(2h-CH20). As such, these materials should early intermediate, 

be ~O~ed in constant relative amounts. This is not evident from Fig. i 

because secondary reactions occur. Methanol is further converted to 

higher alcohols uda the well known homologation' reaction 14 and reaches a 

steady state concentration ~here its rate of homologation equals its pro- 

duction l-ate (Fig. i). The observation of strong upward curvature of the 

plots for the formation of the higher alcohols suggests that their, rates 

of production are dependent on the accumulation of the next lower alcohol. 

That this is the case in CK30H homologation is shown in Fig. 2. This 

figure shows that the homologation of methanol dissolved in dioxane is first- 

order in CH30H concentration under CO hydrogenation conditions. The major re- 

action products were ethanol and higher alcohols, with small amounts of inter- 

mediate aldehydes also observed. A second observation that can be from Fig. 1 

is the ratio of the concentration of each formate ester to its correspoudi~g 

alcohol remains relatively constant with time. O~e possibility considered was 

that the alcohols and formate esters are In equilibrium with carbon monoxide: 

R0H + "CO ~ _ _  R02~ (7) 

This equilibrium is known to be catalyzed by bases. 15 However, no evidence 

for the reaction was observed when a dioxane solution of CH302CH was subject- 

ed to cobalt carbonyl hydride under CO hydrogenation conditions. Rapid 

methanol formation, as expected from reversal of eqn. (7), was not observed; 

rather, it was formed at its normal rate ~{a CO hydrogenation. Ethanol 

formation ~ homologation was also normal. Ethyl fo~ate, however, was 

formed at much higher than normal ratio to ethanol. This result suggested 

that the observations regarding higher alcohols and their formates could he 

accountecl for by transesterlficatlon reactions, e.g., 
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+ ROH@R02C~~ + C~30H (8) CH3OzCH 

The existence of the equilibrium was confirmed. The measured value of the 

4 
equilibrium constant, K~ for R = Et at 200°C was ~ 0.8. Keim e# ~Z. 

have suggested that C2HhO2CH is formed by reaction of CzH50H with a formyl 

intermediate, (CO)nCO HCO. Wa cannot rule out the possibility that this 

pathway is operative to some minor extent, but we conc1~ude that transester~- 

fIcation does occur rapidly under our reaction conditions and adequately 

accounts for the results. 

Variation O f Primary Reaction Prodqcts with Reaction Conditions 

If ~he only secondary reactions of ~mportance are homologation 

and trausesEerification~ the amounts of the primary reactio~ products 

and __C2H4(OH) 2 should be calculable based on the stoichio- CH3OH, CH302CH, 

metrics of these reactions. Such a calculation might allow observation 

of the behavior of the primary reaction produces wiEhout the complica£ions 

created by these secondary reactions. The estimated amounts of these pri- 

mary materials, [CH3OH] p, [CH302CH]p , and [C2H4(OH)2] p which would be oh- 

served in the absence of secondary reactions were calculated as foll~gs : 

[CH30H]p, = [CH3OH] + [higher alcohols ] (9) 

+ [aldehydes] - [HOC2H402CH] - 

2 [cz~4(02~) z] - [cF3~20~c~] z6 

[CH302CH]p = [CH302CH ] + [higher formate esters] (10) 

• +~ [ H O C ~ 0 2 ~ ]  .+ 2 [C2~4(02c.)2] 
+ [cz~2oz~]  16 

[C2H4(0H)2]p = [C2H4(0H)2 ] + [HOC2H402CH ] + [C2}[4(02CH)2] (11) 

/q 



-6- 

A plot of these quantities in Fig. 3 sh~s their linear variation with ZP, 

their sum, which is also linear in Y. ~his linear variation should in 

fact be observed only if the products in question are primary and their 

rates of formation do not depend on the concentration of an intermediate 

reaction produc~ which builds up in the course of reaction. The slopes of 

such plots represent the fraction of primary products; they are tabulated 

f(CH30H, f(CH3020H), and f<C2H4(OH)2) for a variety of reaction conditions in as 

Table I. TheZ~ relative ratios should reflect inherent tendencies toward 

branching in the reaction scheme and should be influenced only by reaction 

conditions, consistent with our mechanistic scheme (eqns. !-6). Further 

confirmation of these considerations was obtained when the reaction was 

conducted under conditions which suppressed homoloEat~on. The concentra- 

tions of the observed primary products themselves (as distinguished from 

the values calculated with eqns. 9-11) then varied linearly with Y. Such 

a situation is shown in Fig. 4, where added PBu 3 inhibited the homologation 

reaction. We must emphasize that eqns. 9-11 use the approximation that ail 

of the formate esters arise by nransesterification of the initially formed 

CH302CH with hither alcohols. We have observed minor amounts of formate 

esters when CH3OHis homoloEated in dloyn::z solutiqn. We suspect that these 

formate esters are produced when acetaiSeh>le and other intermediate alde- 

hydes are hydrogenated. 17 However, the amounts of formate esters produced 

were small relative to amounts produced by carbon monoxide hydrogenation 

and would lead (if signlflcant) to upward curvature of the f(CH302CH) plot in', 

Fig. 3. These equations also neglect any additional amounts of formate 

e," Zers which may arise through hydrogenatlon of glycolaldehyde (a species 

which we have Implicated 2 in ethylene glycol formation)J 
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A secoudary reaction which has also been neglected in ~eveloplng 

eqn. 9-11 is hydrolysis of formate esters by the water which is produced in 

the homologation of alcohols. Apparently any formic acid which is produced 

in ~his reaction is further catalytically converted to H 2 and C02 .2 Hydro- 
.... 

• lysis is not usually significant. This is demonstrated by ~he good material 

balance between water observed in the reaction and the stoichiometric amounts 
° 

of water calculated from production of higher alcohols, their esters and 

methane with only water as the by-product. This calculated amount is denoted 

as the oxygendeficit. The equality is presented in Pig. 5. However, hydroly- 

sis does become a significant factor when large amounts of water (>I0 times 

that normally produced in the reaction) are added to the solvent. As oh- 

served in Table I, expt. 8, no formate esters were then obtained and eqn. I0 

cannot, of course, give any estimate of the amoun~ of GH302CH actually pro- 

duced in the reaction. With these limitations in mindwe regard the F 

values shown in Table I as reasonable estimates of the fractions of primary 

products formed in the reaction. It is essential to emphasize the distlne- 

.tlsn between these quantities and the amounts of these materials which are 

4 
observed in the reaction. Yor example, Keim~t.GZ., have measured the 

v a r i a t i o n  o f  the observed amounts of  CH30H, CH302CH, and C2H4(OH) 2 i n  the 
% 

cobalt carbonyl hydride catalyzed system under avariety of reactlon con- : 

dillon. In cases where extensive secondary reactions occur, observed quantities 

wouldbe only indirectly related to the amounts of primary products formed in 

the:reaction. - 

IV. DISCUSSION 

One significant observation that can be made from Table I is that 

f(CH302CH ) does not vary appreciablywheu the hydrogen pressure is varied au 

., • , • . 

t~ 
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constant CO pressure . This observation is based, on the paired experiments 1 

and 2, 3 and 4, 9 and i0 in both 1,4-dioxane aud 2,2,2-trifluoroethanol solu- 

tion. In each pair increase of the hydrogen pressure, at relatively constant 

CO pressure, causes f(CH302CH) to remain nearly constant, f(CH3OH) to decrease 

sharply, and f(C2H4(O}I) 2) to show a corresponding increase. ~e take this as 

reasonable evidence that CH30H and C2H4(OH) 2 are formed from one intermediate and 

CH302CH from a different intermediate. In our reac=ion scheme~ eq.ns. 3 

and 4, the ethylene glycol and methanol forming intermediate is a hydroxy- 

methyl complex, (CO)3,4CoCH2OH(I) and the CH302CH forming intermediate is 

metho:~y complex, (CO)3,4Co0CH3('n')~ 18 For ,-his r,,as~, we ~:a~'~ f'(C~:30~) + 

f(CH2H4(0H)2 as ameasure of the relative fraction of I and f(CH362CH ") as a 
,. 

• measure of the relative fraction of II which have been converted to pro- 

ducts. For measurements ~n 2,2,2-trlfluoroethanol (expts. 9,10,11) the 

2 at vat- ratio f(CH302CH)'/f(CH3OH) + f(C2H4(OH) 4) is nearly proportional to PCO 

ious HCo(CO) 4 concentrations and hydrogen pressures. A somewhat lower CO 

pressure dependence is observed for measurements in 1,4-dioxane. This CO 

dependence may arise by CO addition and "insertion" steps necessary to con- 

vert (CO) 3CoH(2h-CH2 O) to methyl formate : 
• (co)  3coc  ( o ) o c s  3' 

o r  
. ..,st " .~' O""~CO (C0)4CoOCH3 C0~.(C0)4CoC(O)OCK3~ + C~3OC(0)H. 

(C0)3~°~" "-~=2 ")~--" 

" Dombek 19 has shown that a hydroxymethyl ester complex analogous to I, 

(CO)5~CH2OR (R = COC(CH3)3), is converted to the corresponding methanol 

and glycol esters, CH3OR. . and HOC2H40R 20 when treated wlth H 2 and CO a~ 

75-I00°C. He has found that for this complex, higher h~ogen pressures favor 

the formation of glycol ester relative to methyl ester. This behavior is 

in agreement with our observatlon, mentioned previously, that Increasing 

the hydrogen pressure (at constant CO pressure) results in an increase in 
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f(CzH4(OH)2 ) and a corresponding decrease in f(CH3OK). Because this hydrogen 

dependence does not effect the branch leading to methyl formate, we sus- 

pect that the path (eqn. 3) leading to 7_ from (CO)3Coll(2h-CH20) is ,ot. 

~eversihle. Dombek 19 did not measure the effect of CO on the branching 

ratios of the methyl and glycol esters, but did observe that addition of 

a de carbonylation reagent~ (CH3)3NO, favored formation o f  the /ethyl ester. 

This is in agreement with our observation (see Table I, expts. 3 and 5) 

tha~ decreasing CO pressure increases f(CH3OH)/f(C2H4(OH)2)- Roth an~ Orchin 21 

hlveshown that HCo(CO) 4 converts formaldehyde stoichiometrically to gly- 

colalaehyde (a prec~:rsor to ethylene glycol) at 0 ° and 1 atm. CO pressure. 

They did nut observe methanol or methyl formate as products. The formation of 

only ethylene glycol is in agreement with our observation ~see Table I, expt. 

12) and that of others 4 that ethylene glycol formation is favored at lower 

temperatures. In Roth and 0rchin's work 21 the absence of methyl formate .fqr.~ 

matlon - also favored by low temperature - is not surprising in ~im~'of the 

previously mentioned strong GO pressure dependence.. Roth and Orchin 21 have 

also proposed I as an intermediate in this reactlon, 

Keim, Berger, and Schlupp 4 have suggested that CCO).~CoCH20Co(.CO) n 

may be the ethanol and ethylene glycol forming intermeaiate in the cobalt 

hydride catalyzed CO hydrogenation reaction. We 5elleve t~at we h~ve a dequ~te~. 

iy demonstrated that ethanol is formed mainly #£~ CH3OH homologation and i~-yiew 

of the preceeding discussion are satlsfiei with r as ut least the-~.ajor inter~ 

mediate in ethylene glycol formation. We have found no need" to invoke dicobalt 

inter~e~late species. 
l 
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Our view of the steps which determine the branching ratio of the pri- 

mary is summarized as follows'.. 

(C0)3Coll(2h_H2CO) ~ _ CO ,~..._Lt~CO)4CoC(0)OCH 3 + CH302CH 

 co>3coc(o)cK2o _ I {HOC(0)CH20R + C2H4(OH) 2} 

~30E 

Rate constants, k (2)', for the CO hydrogenation reaction are also 

tabulated in Table I. Those measured in l~4-dioxane solution at IS2"-C are 

in good agreement with the rate law dZP/dt = k (2) [HCo(CO),.]P. , however, 

those measured in 2,2,2-tr£fluoroethanol solution at 182 ° do show" a trend 

toward higher k (2) values with increasing HCo(CO) 4 concentration. We sus- 

pect than the cause of this may be increasing ionic dissociation" of, 

HCo(CO)4 as an acid in the more dilute solutions in the polar solvent. 

The room temperature dleleetric constant of 2,2,2-trlfluoroethanol is 26.7 

that of 1,4-dioxane is 2.2. 

Experiment 6, Table I shows that the HCo(CO) 4 catalyzed CO hydro- 

genation reaction has an inverse kinetic deuterium isotope effeet~ ~(2)/k~Z)'^ 

~0.7 at 182°C in 1,4-dioxane solution. This kinetic isotope effect shows 

that neff transfer of one hydrogen atom from a bond with low force constant 

(Co-H) to a bond with a much higher force constant (e.g., C-H) must take 

place in whatever sequence of steps which precedes and includes the transi- 

tion state as in eqns. 1 and 2. In~erestlngly, a deuterium isot6pe effect 
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of 0.76 + .05 at 183" has been reported for Fischer-Tropsch synthesis of 

hydrocarbons over a cobalt-thoria catalyst. 22 However, the relationship, 

if any, between the homogeneous reaction and the Fischer-Tropsch reaction" 

is far from clear. We are currentlyinvestigating the cobalt metal cata- 

I 

lyzed Fiseher-Tropsch reaction to determine if any relationship can be 

found. 
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FIGURE CAPTIONS 

Fig. i. Product distribution in the cobalt carbonylhydride catalyzed 

carbon monoxide hydrogenation in 1,4-dioxane solution at 182 ° • 

For reaction conditions see Table I, experiment 5. 

Fig. 2; 

Fig. 3. 

First-order rate plot for methanol homologation in 1,4-dioxane 

solution it 182°C; PH2, 113 arm.; Pco' 109 arm.; HCo(CO) 4, .042M. 

Calculated quantities of primary reaction products as a function 

of total products for carbon monoxide hydrogenation in 1,4-dioxane 

solution at 182 °. For resctlon conditions are Table I, experiment 

. 

Pig. 4. Product distribution in the tri-n-bu~yl phosphlna substituted 

cobalt carbonyl hydride catalyzed carbon monoxide hydrogenation. 

For reaction conditions see Table I, experiment 7. 

Fig. 5. Material balance on water production and water producinE reactions 

for data in 1,4-dioxane solution at 182°C, • 
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