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Separation and Characterization of Ru2Os(CO) 12 and RuOs 2 (CO) 12.

Experiments Pertaining to the Mechanism of

the Cluster Catalyzed Water Gas Shif t  Reaction

Sir:

While enriching H2FeRu3(CO) 13 for a DNMR study~ by stirri ng

the cluster under an atmosphere of 13C0, we observed that a substantia l

amount of Ru3( CO) 12 was formed . Gas chromatographic and mass spectral

analysis of the gases above the reaction mixture showed the presence of

H2, and infrared spectroscopy confirmed the formation of Fe(CO) 5. The

overall reaction shown in eq. 1 was thus indicated.

H2FeRu3(C0 ) 13 + 4C0 -
~~ Ru3(CO) 12 + Fe(CO )5 + H2 (1)

Suspecting that this might be a general reaction , we subsequently exami ned

the reactivi ty of several other tetranuclear mi xed-metal clus ters wi th CO.

We report herein that reactions of this type afford a novel synthetic

method for separating Ru2Os(CO) 12 and RuOs 2(CO) 12, and we discuss the

mechanisti c impl icati ons of reaction 1 for the cluster catalyzed2
~

4 water

gas shift reaction.

• Johnson , Lewis and coworkers 5 have reported that Ru2Os (C0) 12 and

RuOs2(CO) 12 can be prepared by pyrolysis of an equimolar mixture of

• 
Ru3(CO ) 12 and 0s 3(CO) 12 for 90 h at 175° C in xylene under a CO atmosphere.

In our hands , this reaction produced a 1:2:2:1 mi xture of Ru3 , Ru2Os— ,

RuOs2-, and 0s3(CO).,2.
6’7 We, and others ,8 have found that this mixture

of trimers is inseparable by nonflal chromatography and fractional

crystallization techniques .9 However , the mi xed-meta l clusters H2FeRu2-
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2

Os (C0) 13 and H2FeRuOs2(CO) 13 can be synthes ized from thi s tr imer mi xture

and they are readily separated by chromatography on silica gel .6’7

Reactions analogous to that in eq. 1 then afford a method for obtaining

pure Ru2Os (C0)12 and RuOs2(C0)12.

• 

A CH2C12 solution of pure H2FeRu2Os(C0)13 was allowe d to sti r at room

temperature under a CO atmosphere for 16 days. Chromatography of this

solution on s ilica gel yielded unreacted H2FeRu2Os(C0)13 and yellow

Ru2Os(C0) 12 (<5% yield) as the only detectable products. Fe(C0)5 was

presumably formed in this reaction but was lost during solvent evaporation

prior to chromatography . The analogous reaction of H2FeRuOs2(CO )13 with

CO is not detectab le at room temperature but proceeds s l owly at 50°C to

give isolab le quantities of RuOs2(CO ) 12 after 24 days. Thus , although

• Ru2Os(C0) 12 and RuOs 2(C0)12 cannot be di rectly se parated , they can be

-

~~ : isolate d pure by f irst synthes i zing and separa ting the tetranuclear

clusters and then reacti ng these separately wi th CO.

The Ru2Os(CO)12 and RuOs 2(CO )12 trimers have been chara cter ized by
• their infrared and mass spectra and Ru2Os(C0)12 by its 

13C NMR spectrum.

Parent ions at 732 and 822 mass units with the correc t isoto pi c distr ib ution

were respecti vely observed in the mass spectra1 and each cluster showed

fragments attributable to loss of 12 carbonyl ligands. The infrared spectra

- 
. 

are show n i n Figure 1 along wi th the spectra of Ru3(C0) 12 and 0s3(C0)12 for

comparison. The overall similarity of the spectra indicates that the mi xed

metal tr imers have the ex pected structures 1 and 2 analogous to Ru3(CO) 12
and 0s3(CO) 12. 
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• The 13C NMR spectrum of Ru2Os(CO)12
1° at 25° C shows a sharp s ing l e t

at 192.2 ppm , indicative of rapidly exchangi ng carbony l ligands . Ru3(CO)12
(25°C) and 0s3(CO)12 (156°C) show corresponding singlets at 198.0 and

• 178.1 ppm.11 A 2:1 weighting of the chemical shifts of Ru 3(C0)12 and

0s3(C0)12 gives a calculated value of 191.4 ppm for Ru2Os(CO)12. The

excellen t agreement between the calculated (191.4) and experimentally

observed (192.2) shifts illustrates the feasilibity of using such additive

relationships within an isostructural series . The exchange process of

Ru2Os(C0)12 can be slowed at low temperatures, and these results will be

• discussed in detail in a separate paper.

Reaction of this type of clus ter with CO has been extended to

H2RU4(CO)13
)2 ~~~~~~~~~~~ HCoRu2Os(CO)13

)3 and HCoRuOs2(CO)13.
13

The reactivity is very dependent on the metals present. At room temperature

H2FeRu3(CO)13, H2FeRu2Os(CO)13, and H2FeRuOs2(CO)13 react slowly over a period

of several days, whereas the reaction is complete within minutes for H2Ru4(CO)13,

HCoRu3(CO)13, HCoRu2Os(CO)13, and HCoRuOs2(CO)13
)4 The reaction rate

increases with increasing temperature and , for example , 90% of H2FeRu3(CO)13
Is converted to products after 90 h at 70°C. The rate of reaction Is

also solvent dependent. When conducted In a 15/1 mixture of 2-ethoxyethanol

~ 

•



.., --—-
~~~~~~~~~~

—- 
~~~~~~~ -•—.-~~~~ ~~~~~~~~~~~~~~~ - . 

•.~~~~~~~~~~~~~~~~~ -~~~~~~~-~~~~~~~ -- -

4

and water , the polar solvent system used in the catalytic studies

di scussed below ,2’3 the rate of the H2FeRu3(CO)13 reacti on at 70°C increased

at least 8-fold.15 The intimate detai ls of thi s reaction remain obscure.

However, the absence of Fe containing trimers and the lack of Ru-Os

scrambling during formation of Ru2Os(C0)12 and RuOs2(CO)12 from H2FeRu2-

Os(CO)13 an d H2FeRuOs2(CO)13, respectively, indicates that this portion

of the cluster remains intact throughout the conversion.16

• Several carbonyl clusters have been demonstrated to catalyze the water

• gas shi ft reaction ,2 4  and tetranuclear clusters have been implicated as

key intermediates. Ford and coworkers2’3 have shown that the catalyst

r solutions prepared from Ru3(CO)12 and OW contain predominately [H3Ru4(CO)123

and [HRu4(C0)13J . The most active catalyst which Ford descri bed was

prepared from an Fe(CO)5/Ru3(CO)12 m ixture in al kal ine solu ti on , and infrared

evidence indicated the formation of H2FeRu3(CO)13 under these conditions .

Subsequent experiments showed that the same hi gh activity could be obtained

by direct use of H2FeRu3(C0)13 as the catalyst.
3 The observations reported

herein combined with our previous synthetic studies6’7 suggest a reasonabl e

mechanism for the H2FeRu3(CO)13 catalyzed water gas shift reaction , Scheme I.

Scheme I

H2FeRu3(C0)13 + 4C0~~~~Ru3(CO)12 + Fe(CO)5 + H2

t42OW I I
I I 120W
1’—2H20 J -[FeRu3(CO)13 J + 3C0 ~ Fe(CO)4

2 
+ H20 + CO2

Net Reaction: CO + Il2O— ~ H 2 + CO 2

— ---- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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• Fe(CO )5 is known to react with hydroxide to produce CO2 and either Fe ( CO) 4
2

• or HFe(CO )4 ,  depending on pH.4’17 ’18 We previously showed6’7 that

Fe(CO)4
2 reacts rapidly with Ru3(CO)12 to produce the apparent intermediate

FeRu 3(CO)13
2 which gives H2FeRu 3(CO)13 upon protonation. This particular -

•

reaction is quite rapid , giving an inriediate color change upon combination

of the reactants at room temperature and is essentially complete within 1 h.

[HFe(CO)41 also reacts wi th Ru3(CO)12, albeit at a rate slower than

[Fe(C0)41
2 to yield HFeRu3(CO)13 .~

9 The observation3 of H2FeRu3(C0)13 in

the Fe(CO)5/Ru3(CO)12 catalyst solutions indicates that FeRu3(CO)13
2 and

HFeRu3(CO)13 are sufficiently strong bases to abstract H~ from water.
2°

Indeed , i n the proposed mechan ism one of the key functions of the cluster

system is to provide a means for abstraction of hydrogen from water. Reaction

of H2FeRu 3(CO)13 wi th CO subsequently liberates H2 and produces Fe(CO)5
and Ru3(CO)12. The relatively slow rate of the reaction of H2FeRu3(CO)13
with CO suggests that this may be the rate limiting step in the overall

catalytic cycle.

• The strong experimental evidence which we have obtained for the various

steps in the above mechani sm does not of course precl ude other mechan i sms

• from operating. One of the key factors governing any mechanism is the

solution pH. In the catalytic cycle discussed above , the solut i on must

-

• 
be basi c enough to allow the Fe(CO)5 -

~ Fe(CO)4
2 (or HFe(CO)41 reaction

to occur yet sufficiently acidic to allow protonation of FeRu3(CO)13
2

(or HFeRu3(CO )13 ).
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• Figure Capti on

Figure 1. Infrared spectra of Ru3(CO)12, Ru 2Os(CO)12, RuOs2(CO)12 and

Os 3 (CO) 12 in hexane solution.
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