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t Actal CarbonTIs as Catalysis for the Wa~er Gas Shift Recctio~ 

An important discovery during the previous proiect perlod 2"6 was the observation that 

simple mononu,:lear metal carbonyis, specifically M(COi 6 .~ = Cr, Mo, and W) and Fe(CO) s, 

were at : i re  catalysts for the water ~-os shift reaction (equation 2). In fact, the h-;gh ~ct;v~:.-y 

of these simple and inexpensive catelyst systems at temperatures around 150°C makes s~ch 

systems of considerable interest for hydrogen production. During the present .oroiect period 

C O + H 2 0  ., ;~ COz+H2 ~) 

we have improved the accuracy and convenience of our gas chromatcx3raph;c ar~ !Xt."ca 1 

technique: by the installation oF on automated chromatographic date s~tem. We have 

;nvestigated the catalyst system derived from treatment oF Fe(CO) 5 vtith o bose .th~.droxide, 

carbonate, or formate) in greatest detail and have observed the followlng effects of the 

indicated variebles on this reaction: 
(I) Solvent: Experiments ~rsing vorious methanol/wc~ter solvent m~xtures and pot~_sslum hydro;.:,de 

i i  . . . . . .  

as the bose indicate that an approximately 3:1 methanol/water solvent mlxture gives the m~.×.m:.~. 

rote of hydrogen production. 
~) Tempereture: A series of runs in the temperature range 1200C to 1600C using the optimum 

3:1 metlmnol/water solvent mixture indicates an activation energy of ca. 29 kcal/mole. 

3) Baslcity: If the initial hydroxide concentration is greater than 0.1 Mt rea"tion oF hydroxi~. 

with CO to give formate occurs in preference to the water gas shift reaction. However, -~s the 

hydroxide concentration falls to ca. 0.1 Mw this reaction ceases and the water gas shift reaction 

(equation 2) begins. The latter mode of reaction dominates until all reaction ceases at o .oN o. c 

approximately 7. The watergas shift reaction is catalytic in base, howevert in that the moles oF 

H 2 produced far exceed the moles of base initially, introduced into the system. Presumably the 

CO 2 produced |n the I'I2Fe~30)4/HFe(CO),~'/Fe(CO)~ system over the pH range in which tF..o" 

water g~s shift reaction occurs is HFe(CO)4- suggesting that HFe(CO)4- is the catalytically 

active species in these mixtures. 
(4) Base Counterion: Using bases containing an alkaline-earth metal ¢ounterion (.Ca COH½ o: 

Ba(OH) 2) ;n 3:1 methanol/water leads to a reaction rate about 10%that of corresponding reacfio, - 

using 9 base with an alkali metal counterion (e.g. KOH). Furthermore, the reaction stops 

completely after a relatively short time with a final pH of approximately 5. Tbis is no doubt 

a consequence of the insolubility of divalent metal carbonates (~ .e. CaCO~ or Ba,..O3, in the 

aqueous methanol reaction medium wh;ch removes base irreversibly from the reaction solution 

by the following equation: 

M 2+ + 20  H- + CO 2 > MCO 3 ¢ + H20 (3) 

Removal oF base according to this process results in cessation of the reaction after a short. Hme. 

g . t 



~ J  

'5"~ C,~.: pressure: The rate o~ the r~acHon is independent of the CO presaure, at ice:: :~ ~:. 

pressure range 7 to 30 a.h-nospheres and using potassium hydroxide or sodium carbonate as the 

base. This suggests that reaction with CO is not involved in the rate-determlnlng step ot: the 
reaction mechanism. 

Recently we have begun a slml far detai led investigation of the W(CO)6/~ase system 

as o caralyst For the water gas ~.~ift reaction (equaHon 2) in order to oss~:, t~e effects on t,~e 
above observation of chonglng the central metal atom to one having signff;cantly different 

chemistry. In these studies the role oF the solvent system is more pronounced due to the 

relative insolubility of W(CO) 6. Nevertheless, W(CO)~ generates rather active catalyst 

systems whose detailed features currently are being investigated. 

Rhodium Hydroformy|atlon Cata lysts 

Certain rhodium compounds are known to be active catalysts for the hydroformy|ation 

of olefins (e.g. equation 4 in the case of ethylene). 7"8"9" 10 The currently accepted 

mechani~Jn for such hydroformylat[on reactions can be summarized by the following 

C~H4 + CO + 112 ..... > C2H~C(O)H (4) 

series of equations for the hydroformylation of ethylene with a rhodium catalyst (Sa-Sh): 

HRh(CO) 4 ~- . . . . . .  ~ HRh(CO~ + CO 

H.~(cob + C2H,~.- ~" HRhrCO~(C:2H4) 
HP, h (C0)3 (C2H4) ~ - - -  -~ C2HsRh ~ o ~  
C2HsRh(CO) 3 + CO_ "C2HsRh(CO) 4 
C2H~Rh (CO) 4 - C2HsCORb (CO) 3 

C~HsCO Rh (COb + H2 ~ C2H~CO e.h (CO~F~ 
C2HsCO~(CO)a~ > C2HsC(O)H + HP~:O)3 
HRh(CO)3 + CO~------ HRh (CO) 4 

(So) 
(Sb) 

(5c) 

(Se) 

(Sh) 

in on attempt to obtain more direct evidence for some oF ~hese intermediates we have now 

investigated reactions of a variety of rhodium complexes with 1-1-1 CO/C2H,v/H2 mixtures in 
our high pressure infrared cel l .  

Diverse rhodium (I) carbonyl derivatives including [ P,h (C0)2Ci]2, C5HsNRh (C0)2C1 , 

[CH3CC)2Rh(CO)2]2, and CsH702Rh(CO}2 were found in the high pressure infrared cell to 
generate systems that cataiyse the hydroFormylation of ethylene under mild conditions (e.g. 

35°C and 20 to 100 atmospheres total pressure). More interestingly, in seve~l such systems, 
the infrared v (CO) frequencies (2115 w, 2037 s, 2019 s cm. "1) assigned to an unstable 

RP, h (CO) 4 rhodium aikyl were found. TEe assignments of these frequencies were based on 
analogy with the reported 11 1, (CO) frequencies oF an analogous coERit compound CH3Co~'0)4 

~105 we 2036 m, 2019 vs cm - 1 ) .  This is the first direct evidence tLor ti~ existence of rhodium 
a Ikyls of the type RRh (C0)4, apparently a very unstable class of compo0nds. Unfortunately, 

e: 
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?~¢~r~d spectroscopy does not provide information on the exact alkyl group ottac, c ~. .... 

rhodium in the RRh (CO) 4 derivative.- However, the similarity in the positions of the i-(C0" 

frequencies in this RRh(CO) 4 derivative to those listed above for t/'.e CH~Co(C014 model 

compound suggests that the electronic properties of the R .qrcup in the RRh ~.-c,'~ 4 de~;vativ~, 

must be fairly close to those of the methyl g:oup. It therefore is highly likely that :his 

unknown RRh (CO) 4 derivative Ts CzHsRh(CO)4, which is involved in steps 5ci and 5e of the 

h~lrofarmylation mechanism. This work is an interesting application of the use of infrared 

spectroscopy at elevated pressures to detect metal carbonyl intermediates unstable at 

atmospheric pressureas was suggeste~; in our original research proposal .3 

Our studies in the high pressure infrared cell on the hydroformylation of ethylene by 

various rhodium complexes using a 1:1:1 CO/C2H4/H2 mixture indicated that diverse rhodium (11 

complexes are active hydroformylation catalysts under mild conditions but that rhodium 

complexes containing the metal in other formal oxidation states such as 0 (; . e .  Rh4(CO)12) 
or +2 (; .e. rhodium(ll) acetate) were inactive catalysts under similar conditions. The results 

12 with Rh4(CO)12 were init ial ly somewhat difficult to reconcile with earlier reported observations_ 

that Rh4(C0)12 is an active hydroFormylatian catalyst for 1-heptene and related liquid 

substituted olefins. In order to c lar i~ this inconsistency reactions of Rh4(C0)12 were in- 

vestigated in n-tetradecane solution using CO/CzH4/H2 mixtures where the ratio of CO: to the 

other gases was varied within a wide range. The results from these experiments are summarized 

in Table 2. These experiments showed that the maximum rate of hydroformylation was obtained 

with aCO/CzH4/H 2 ratio of 0 .2 /1 .0 /1 .0 .  Gas mixtures appreciably richer or poorer ;n CO 

led to far slower reaction rates. These data indicate that carbon monoxide, although a 

necessary reactant for the hydroformylation reaction, is also a catalyst poison possibly by 

diverting one of the 16-electron intermediates in the catalytic cycle 5a-Sh to an inactive 

18-electron intermediate by CO addition to the "free" coordination site of the 16-electron 

intermediate. 

Other observations suggest that this CO catalyst poisoning involves diversion of the 

HRh(CO) 3 intermediate required for step 5b to HRh(CO) 4 (e.g. step 5~). However, HRh(CO~.,~ 

is unstable with respect to. Rh4(CO)I2 , since both of the equilibria below (6a and 6b} ile 

predominantly to the right under our reaction conditions in accord with earlier high pressure 

infrared spectroscopic work by Whyman. 13 Thus treatment of Rh.4(C0)12 with o 1:1 C2H~.H z 

2 H (CO)4 : eh2(CO)e + H2 (6a) 
2 ehz(co)e ;-- ; e 4(coh2 + 4 c o  (eb) 

mixture in the absence of CO at 35°C and 50 atmospheres results in gradual disappearance o ~. 
the i~4(C0)12 bridging v ~ O )  frequency at 1818 cm. "1 ,with the production of a new species 

exhibiting/,(CO) frequencies at 2075w and 2026s cm. -1 . This species (conveniently 
designated as Compound X) persists in n-tetradecane solution upon release of the CzH4/H2 
pressure. Solutions containing compound X, as shown by comparison of the v(CO) spectra, 



~ TABLE 2 

EFFECT OF THE COMPOSITION OF THE CO/CzH4/H z MIXTURE ON THE HYDRO- 

FOP.MYL~TIGN OF ETHYLENE CATALYZED BY Rh4(CC'.'~ 

C O/C.¢H4/H Z Ratios 
1.0/1.0/1.0 none 

0,4/1.0/1.0 none 

0.3/ I  .0/1.0 slow 

0.2/1.0/1.0 fa t 
0.1/1.0/1.0 slow 

Production of Proplonaldehyde L~" ~C~ 1 ~ ~.m. I 

a) Temperature 37°C, solvent n-tetradecane, partial pressures of C:~H 4 and H z each 12 

atmospheres. 
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have also been obtained on the prepamtlve scale by reaction oF Rh4(CC))12 with CzH4/H z 
under pressure at room temperature in an autoclave in pentane solution. A solution of 

compound X catalyzes the hydroFormylatlon of ethylene uslnga 1:1:1 CC~.C:H4/H: mlxture 
under conditions where Rhx(CO~12 is ineffective Qs a catalyst. Furthenrnore, treatmel~t or" 

compound X with CO alone results in the regeneration of Rh4(C0)12. 
Our current hypothesis is that compound X is HRh(CO)3(C2H4), a proposed intermediate 

in the hydroformylation reaction ( i .e. steps 5b and 5c~. This idea is supported by the 

following observations: 
(1) Its high activity as a hydroformylatlon catalyst asJnoted above. 
(2) Its Formation From Rh4(CO)12/C2H~/H 2 under mild conditions, possibly by the 

reaction 

P~4(CC))12 + 4 C2H 4 -i- 2 H2 ~ 4 HP, h(CO)3(C2H 4) (7) 
(3) Its reaction with CC) to give Rhz,(CC))12 possibly through the Following reaction 

(4) 

sequence: 

HRh(CO)3(C2H 4) + CO ." .~ HRh ~::::0)4 + C2H 4 (8) 

2 HP, b(CO) 4 ) Rhz(CO)8 + H 2 (6o) 

2 R}12((~0) 8 3 Rh4(C0)12 + 4 CO (6b) 
The pal'tem of its v(CC)) frequencies is consistent with o trigonal b;pyramidal stnjcture ! 

for HRh(C::O~(C2H 4) ~alculated for v(CO) frequencies: A 1 (weal< IR) + E (strong IR))." 

• 0£IR1 '-Co 
H 

(5) The substitution of CO ir~ HRh (CO) 4 with the weaker w-acceptor ethylene should make 

HRh(CO)3(CzH 4) more stable in accord w|th the abil ity td detect but not isolate 

HRh ~CO~(C2H 4) as noted above. 

This type of evidence for the formulation of Compound X as H~ (CO) 3 (C2H 4) is not particularly 
convlncing. Accordingly, we are in the process of investigating the reactions oF the other 

M4(CO)Iz derivatives (M = Co and Ir) with C2H4/H2 mixtures hoplng to obtain analogous 
HM(CO)3(C2H 4) (M = Co and Ir) derivatives which might be stable enough to isolate and 

therefore to chamcterlze by more convincing chemical and spectroscopic methods. 
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Additions of Carbon Monoxide to Metal-Metal Tr|p|e Bends 

We have now cccnpleted our study of the addition of CO to the metai-meta! tr~ple 

bonded der~vatlves [ (CH3)sCsM(CO)z] 2 (11: M - Cr, Mo, and W) to give the corresponding 

metal-metal single bonded derivatives-[(CH3)sCsM(CO)3] 2 (ILL" M = Cr, h~o, and W)as 
summarized in the following equation: 

0 0 

I I cky.A - 

I I  I l l  

Studies of thls reaction in the high pressure infrared cell indicate that the ease oF CO addition 

.'n n-tetradecane solution to the metal-metal triple band in the anai~jous compounds Ii 

= Cr, Mo, and W) increases in the sequence Cr~#V~o.  This is the first time that such 

a comparison between analogous 3d, 4ci, and 5d transition metals has been passible. 

Furthermore, these carbonylations (equation 8) have all been carried out on the preparative 

stale leading to the isolation of the three metal-metal slngle bonded [ (CH3)sCsM(CO)3] z, 

derivatives (~ - Cr, Mo, and W) in the solid state. The chromium derlv~tive 

[ (CHs)sCsCr(CO)3]2, which was obtained for the first time, is the least stable of these cornpo~r~ 
and is red-purple in contrast to the green [CsHsCr(CO)3~I 2. 



xa  • :, - .~.. c..':~nmun;cct'on by Rothke and Fede 4 reporting that cobalt ccrboT, y" d=-r. -; . . . .  . 

were active ~-.atalysts for the synthesis of methanol, ethanol, and propanol from carbon 

monoxide and hydrogen. Accordingly, we have begun a systerr, atic study of: selected metal 

carbonyl derivatives as catalysts for the synthesis of alcohols from carbon monoxide and 

hydrogen uslnrj the following, two techniques: 

~'1 ') Se|ecte¢~ metq| ca'rbon~,-| derivotives were heated up to ca. 200°C in n-tetradecane 

~oJution under 200 atmospheres of o 1 :I J'~CO mixture in OUr high pressure in~rared cel~. 3 

infrared spectra were fallen per~odZcally in order to deten'nine the rneta! ccrbonyJ spgcTes 

present at a given temperature. This provides a method For establlshing what types of metal 

carbonyl species are present under conditions resembiling those used in the actual ,'.atolytic 

react;on. This is important since it establishes which metal carbonyl precursors lead to 

different cqtoJ~flc systems under a given set of reaction conditions. 

(2) Catalytic reactions were carried out in an autoclave at 200Oc and --~00 atmospheres of 

a 1:1 H2/'CO mExture. Samples were periodically withdrawn over o period of one wee(< and 

analyzed by'gas chromatography, p-Dioxane was used as a solvent in accord with the work 

of Rathke and Feder. 4 

Our experiments of thls type are summarized in Table 1. The highlights of ihese results 

up to the present time can be summarized as follows: 

(!) Cobalt Derlvotives 

The cobalt complexes which have been inve~;gated up to the present time fail into two 

categories- (a) Complexes which form an equilibrium HCo~CO)4/Co2(CO) ~ .-n~xture under :he 
I 

reaction cond;t;ons ces shown by infrared spectroscopy (e.g. CH3CCo3(CO) 9 and (C6Hs)2C2Co:,- 
t • 

~C))6) produce essentla Ily the some mixture of methanol, ethanol, proponol, methyl formate, 
I 

and ethyl Formate as the Co2(C0) 8 catalyst precursor of Rathke and Feder4; (b) Complexes 

which decompose to c~rbonyl-free species under the reaction conditions (e.g. [CH3N(PF2~Z~- 

Co2 (CO) ~ and (CH~S~Co (C0)4) are inactive as catalysts for the hydrogenation of carbon 
~f 

monoxide. 

(2) Ruthenium Derivatives 

The ruthenium cluster Ru3(CO)I2 forms Ru(CC~') 5 o:s'the major product under the reaction ¢on- 

ditions as shown by infrared spectroscopy. This ruthenium system is s;gnlficant|y more active 

than the active cobalt system for the production of methanol from carbon monoxide and hydroge." 

but is inactive for the production of higher alcohols such as ethanol and ;soproponol. 

We plan to continue work of this type during the next project period as discussed in deta:i 

in our research proposal. 



'r,,t~L=. .. l, ,'..'t',AL','" ;.,'" F(:i' .1!~.'" ~" ~1','O.¢.~.." ':';: , "  . '  ~'.~=: C.',RBC!,'J MO'I~OXIDE TC ALCOHOLS 

Catalyst 
Precursor Temp. 

Metal Complexes formed by . a 
reaction with 200 arm 1:1 CO/H~ 

Products 

Co~ (CO)/ HCo(CO) 4 

MeCCa3 (CO)~ 200°C Co 2 (CO) O 

PhICICo2(CO) 6 180°C HCo(CO)4/Cos(CO) ~ 

(PhP}2Co4(CO)10 >195°C HCo (C0)4/C02 (CO) 0 

[MeN(PF~)~] 3Co2(CO} ~ 160°C dec .f 

rOrganlc Products Formed b£ lhe calalyzed ,eaclion of 200 ohm: 
CO/H/h i  dloxat~e solul~on u . . . . . . . . . . . .  

mmoles/l|l e, Temp. 

182 °C 

P,oduc~ lrmnoles) c 

MeOH, MeOCOH, EIOH, E'U.; 7.:II 
PrOH 

5.5 200°(3 MoO 1t(,'13.5), MeOCO II ~, 8) 
EtOH (16.4~, EtOCOH (2.01 
PrOH ~10.0) 

5.4 173°C MeOH, MeOCOH, EIOH, EeC)C'"~I~, 
PtOH 

3.3 -- 9o°c MeOH, MeOCOH, EtOH, EtOCOH, 
PIOH 

.~200°C no rec~:tlon 

Me3SnCo(CO) ~ >180°C dec .f ~200°C no reaction 

C.~F;~o (C0}4 ,'4150(3 HCo(CO),I/Co2 (CO) e g 
+ C3F;,C HO (?) 

Ru3 (C0)12 >90°C Ru (CO) 5 1.5 180°C MeOH (481, MeOCOH (4,4) 

(a~ Unless otherwise Indicated these species were identlfled from theft v(CO) frequencies in specha taken in the high pressure Infrared cell 
under the Indicated conditlon~ using n-tetradecane as the solvent, 

~b) These reactions were carded out In an autoclave under the Indicated condltton.~. L1quld ~mple~::,ere ,emoved peHodlcally at 60°C and 
analyzed by gas chromatography. • .... 

(c) The tamales o}' the Indicated products obtained after I week reactlo~ Hr,~r: are g~ven In ~r~ntf~e~.~. 
(d) This Information was taken from J. W, Rathke and H, M. Feder, J. Am. Chem. So~., 100, 3623 (1970). 
('e~ 11rose products were detected by Infrared spectroscopy of the solu:H-ons obtained ~tt~T'corry'--i.g oul the catalyHc reacllons, 

lhese compounds decomposed under thu hldlcoted conditions Io give carbonyl-f~ee prod jcls as i.c!ic(~ted by Ihe absence of ~,(CO) freq,,en,"~.s, 
) Sincu this cobalt precursor was shown to give HCo(COI,¢"CoI(CO) ~ imcier the reucllon ,:anti,llano, Ihe cololyti,: reo,:tlons were, not rut. 



~:.~ u!t;mcte a;rr of this research project is the discovery of fundamenta! c.~..~r " ~'. 

• ~,r,cn wil i  provide a b,.~sis for the substitution of coal for petro|eum as ¢mw mater:.oJ. ~lnce 

the carbon :.n coal can be conver~ed to carbon monoxide by the water gas reaction (equation 1 .~, 

the specific chemlst.~ [nvalved ;n this project, fo~usses on the basic chemistry behind tech- 

C ~ H~O . . . . . . . . .  -~ CO t H~ (1) 

no~oqy ~,.;n¢~ ,.a~})on motloxld~ o~ o :<,w rnelterlc~l. Du:;nq IhP l~-r;(xl • ow-rr~i l.y tl..;-. ;j~,x.~.e,-.~ 

report, various aspects of the fundamental chemistry of the'~ollowing reoctions of carbon 

monoxide were ~udiec~: 

(1) The manufacture of alcohols from carbon monoxide\Jand hydrogen: A~cohols con serve 

a~ clean fuels for.motor vehicles ("gasohol"). Furthermore, i f  coal-derived carbon monoxide 

can be substituted for petroleum as o row material for the manufacture of methanol, ethcnoJ, 

etc. ,  the scarce petroleum can be conserved for other purposes. 

2) The manufacture of hydrogen from carbon monoxide and water ("water gas shift reaction:'~.: 

Hydrogen is another cardidate for a clean fuel. Howe.ver, ; f  coal-derlved carbon monoxide car. 

be used to liberate the hydrogen from water, then the water gas shift reaction effectively 

represents a methad of getting a clean fuel From coal. 

f3) The manufacture of aldehydes from oleflns, carbon monoxide, and hydrogen (the 

hydroformylation react;on): This reaction ;s important ;n connection with the manufacture o~ 

organic chemicals and uses coal, rather than petroleum, as the source of the aldehyde carbon 

atom. 

Such fundamental chemistry could provide the basis for new and improved molecular cctciysts 

for the above reactions. In the case of both carbon monox;de hydrogenation and the water gas ski:" 

reaction t such catalysts might allow industrial processes to be carried out under much milder co:,-- 
ditlons than those required for the currently' used heterogeneous catalysts. 

Al l  of the three reactions listed above invoJve catalysis by framition metal complexes 

with metal carbonyls as reaction intermediates. Thereforew the high pressure infrared spectra- 

scqp;c techniques developed during the previous years of this project 1 t 2 are very s.ited to ~he 

~tudy of their fundamemal chemislry. 

The Manufacture of Alcohols from CaJbon Monoxide ~,,,,! II.~J~o~le- 

The ultimate objective of this research project as envisioned ;n the original resea.'ch 

proposal 3 was the development of new transit;on metal catalysts for the manufacture of hydro- 

rarbon fuels from carbon monoxide and hydrogen (F;scher-Tropsch reaction). Therefore any 

react;on involving metal carbonyl catalysts which leads to hydrocarbon derivatives is of 

potent;el interest to this work. In this connection an interesting report during the past year 
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"Th|~ report was prepared as an o~caunT of work s,~ortsared by the United S.'~tes ~over~rn~nt. 

Neither the United States ~or The United State Department oF Energy, n~r any oF their 

employees, nor any oF thai" cantra=tars, subcontractors, or their emplayees, makes any 

warranty, express or implied, or assumes any legal l iabil i ty or respons~b~|~ty for the accuracy, 

completeness, or usefulness of any information, apparatus, product, or process dls~losed, or 

represents that its use would not ~nff~nge pr~vately-owned r~ghts." 


