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Introduction

Metal clusters have been shown to undergo a wide variety of fluxional

processes in which carbonyls, hydrides, and even the metals themselves

undergo rearrangement. Mixed-metal clusters are ideally suited for

* studies of the fluxional processes of clusters because of the low symmetry

which is inherent within their metal framework. In such clusters, the

majority of ligands are in chemically non-equivalent positions and are thus

distinguishable by NMR spectroscopy.2  Furthermore, a homologous series of

mixed-metal clusters allows one to study the effects of metal substitution

on the fluxional processes and their activation parameters.

In a preliminary communication we reported the results of a C NMR

study of H2FeRu3 (CO)I 3 and H2FeRuOs2 (CO)13 in which three distinct fluxional

processes were observed, with the highest activation process involving a

subtle rearrangement of the metal framework of each cluster.3 The full

details of the IH NMR spectra of these two clusters are described herein

along with the IH and 13C NMR spectra of H2FeRu2Os(CO)1 3 . This last

cluster completes the series and allows an assessment of the effect of

progressive substitution of Os for Ru within the series.

C/

. .. *.
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Experimental

H2FeRu3 (CO)13, H2FeRu2Os(CO)I3, and H2FeRuOs2 (CO)13 were prepared by

published procedures.4  Enrichment of each of these compounds was accomplished

by stirring hexane solutions of each under an atmosphere of 90% enriched

CO (Stohler Isotope Co.). Exact enrichment conditions varied: 70%

enrichment of H2FeRu3(CO)13 after stirring at 45-50*C for 140 h; 60%

enrichment of H2FeRu 2Os(CO)13 after stirring at 25
0C for 380 h; 40%

enrichment of H2FeRuOs 2 (CO)13 after stirring at 25°C for 181 h. The

approximate percent enrichment was determined by mass spectrometry.

NMR spectra were recorded using 10 mm NMR tubes containing %3 mL of

sample solution. Each tube was thoroughly degassed using freeze-pump-thaw

techniques and then sealed under vacuum. Samples used for the 13C NMR

studies contained [Cr(acac)3] (0.05 M) as a shiftless relaxation agent.

The lock substance in each case was deuterated solvent. Spectra were

recorded on a JEOL PS-100 FT NMR spectrometer equipped with a Nicolet 1080

computer for analysis. Heteronuclear decoupling was accomplished using a

broad band noise decoupler. All reported IH and 13C chemical shifts are

relative to TMS. Line shape analyses were conducted on the Pennsylvania

State University's IBM 370 computer utilizing the program DNMR3. 5  Infrared

spectra were recorded on a Perkin Elmer 580 grating infrared spectro-

photometer, and variable temperature IR spectra were recorded using an

infrared cell manufactured by Harrick Scientific Corporation.

if
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Results

PP--I The trimetallic clusters H2FeRu 2Os(CO)1 3 and H2FeRuOs2(CO)13 each

exists in the two isomeric forms shown ir Figure 1. These will hereafter

be denoted by their C1 and Cs symmetry labels. The isomers of each

cluster have not been separated, and indeed the 1H NMR spectra discussed

below show that the isomers readily interconvert

at laboratory temperatures. Analysis of the bridging carbonyl region of

the IR spectrum of each of the trimetallic clusters shows that at 250C

in hexane solution, the C1 isomer of H2FeRu2Os(CO) 13 is in greater

abundance than the C5 isomer whereas for H2FeRuOs2 (CO)13 the isomers are

of about equal concentration.4'6  Infrared spectroscopy also shows that

the Cs Z C1 equilibrium of H2FeRuOs 2(CO)13 shifts to the left upon cooling.

We would ideally like to compare the values obtained at different

temperatures for the equilibrium concentrations of the two isomers using

IR and 1H NMR spectroscopy. However, the resolution of the IR spectra and the

necessity of using different solvents for the two studies7 coupled with

the likely solvent dependence of the C5 Z C1 equilibrium has prevented us

from obtaining meaningful results.

IH NMR Spectra. The variable temperature IH NMR spectra of

H2FeRu2Os(CO)13 and H2FeRuOs2 (CO)13 are shown in Figures 2 and 3. In the

low temperature limiting spectrum each cluster shows a singlet and a pair

of doublets. The singlet is attributed to the two equivalent hydrogens of

the Cs isomer while the pair of doublets are assigned to the two
nonequivalent hydrogens of the C1 isomer. Pertinent IH NMR spectral

parameters for the limiting spectra are given in Table I. The average magnitude

of the chemical shift (negative) for the H2FeRu 3(CO)1 3 , H2FeRu 2Os(CO)13 , and

H2FeRuOs2 (CO)13 series increases as the Os content of the cluster increases,

and for each
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of the C1 isomers we attribute the upfield doublet to the hydride which

bridges the M-M bond with the greatest Os content. Indeed, the data given

in Table I are fully consistent with the chemical shift ordering:

6 ,H.. > 6 -H.. > 6 H
Ru--Ru Ru- Os Os-.Os

As the temperature is raised, the resonances in the spectra of each

cluster broaden as the hydrogens begin to exchange positions, coalesce,

and finally sharpen to a singlet at the high-temperature limit, Figures 2

and 3. The variable temperature spectra were computer-simulated using

the model shown in Scheme 1 for H2FeRu 2Os(CO)13.

(Scheme 1 here)

It was necessary to include both processes shown in Scheme 1 which involve

isomerization (k2 ) and exchange of the two hydrogens of the C1 isomer (kl).

Computer simulation using a single rate parameter (k), which might

represent either of the processes shown in Scheme 1 or a constant ratio

of the two processes, did not give a satisfactory fit to the experimental

spectra. The kinetic parameters which were derived from the lineshape

analyses are given in Table I, and a comparison of the calculated and

experimental spectra of H2FeRuOs 2(CO)13 is shown in Figure 3. For

both H2FeRu2Os(CO)13 and H2FeRuOs2 (CO)13, the 1H NMR spectra indicate that

the isomerization process occurs with a lower activation energy than

does hydrogen exchange localized on the C1 isomer.
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The lineshape analysis requires a knowledge of the relative concen-

trations of the C1 and Cs isomers at each temperature. These values were

obtained by integration of spectra measured at temperatures below exchange

followed by extrapolation to higher temperatures. The Cs $ C1 equilibrium was

observed to shift to the left upon cooling each cluster, in complete accord

with the IR results mentioned above, and the AH and AS values obtained from

measurement of the equilibrium constants at various temperatures are included

in Table I.

Solubility problems prevented measurement of the spectra of H2FeRu 2-

Os(CO) 13 in the same solvent over the entire temperature range; CDC1 3 was

employed above -80C whereas an acetone-d 6/CHCl 2F mixture was used at lower

temperatures. Slight differences in the chemical shifts were noted in

the two different solvents, and we were thus unable to model the exchange

processes of this cluster over the entire temperature range. The AGt values

listed in Table I were obtained by simulating only the three lowest-

temperature spectra and the rate constants obtained at -150C were used for

the AG calculation.

Low-Temperature Limitinq 13C NMR Spectra. The low-temperature limiting

13C NMR spectra for H2FeRu3(CO)13, H2FeRu2Os(CO)13, and H2FeRuOs 2(CO)13

are shown in Figure 4. Figure 1 gives the labeling schemes used for assigning

the observed resonances to specific carbonyls.

H2FeRu3(CO)I3 and H2FeRuOs 2(CO) 1 3. The resonances in the low-temperature

limiting spectra of H2FeRu3(CO)13 and H2FeRuOs 2(CO) 13 were assigned earlier

in ref. 3 and the detailed rationale need not be repeated here. The specific

assignments are summarized in Table II. Basically, three important factors

were considered in developing these assignments. First, carbonyl ligands

which are located trans to the hydride ligands show stronger 13C- H coupling
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than do carbonyls cis to the hydrides. Comparison of the 13C and 13C{I H

spectra thus allows a determination of which resonances are due to CO's

trans to the hydrides and which are not. Second, it was found that the

terminal carbonyls bound to different metals group together in characteristic

chemical shift regions. The chemical shift decreases relative to TMS upon

descending the triad: Fe (204-211 ppm) > Ru (184-189 ppm) > Os (168-177 ppm).

Third, for H2FeRuOs2(CO)13 it was necessary to rely on information gained

from its IH NMR spectrum which showed the Cs isomer to be more abundant

J than the Cl isomer; thus the more intense resonances in the 13C NMR spectra

are assigned to the carbonyls on the Cs isomer.

H2FeRu2Os(CO)13. The assignment of the resonances in the 13C NMR

spectrum of H2FeRu2Os(CO)1 3 is not as unambiguous as that for H2FeRuOs 2(CO) 13,

primarily because neither the C nor the C1 isomer is dominant at low

temperature and we cannot argue on the basis of relative intensity.

Furthermore, the peak widths are broader in the 13C{ IH} spectra of H2FeRu2-

Os(CO)13 , Figure 5, making the comparison of the 13C and 13C{ IH} spectra

difficult. The increased broadening is likely due to increased 13C-13C

coupling since the H2FeRu2Os(CO)13 cluster was enriched to 60% 13CO

compared to 40% enrichment for H2FeRuOs2(CO) 13.

As with H2FeRu 3(CO)I 3 and H2FeRuOs2(CO) 13, the carbonyl resonances in

H2FeRu 2Os(CO)13 are grouped by metal, with the Os carbonyls in the 170-177

ppm range, the Ru carbonyls in the 185-193 ppm range, and the Fe carbonyls

above 204 ppm. The resonances at 227, 232, and 213 ppm are respectively

assigned to the bridging carbonyls a, i, and 1. These assignments are

made primarily by a comparison to the spectra of H2FeRu3(CO)1 3 and

H2FeRuOs2 (CO)13: carbonyls a (227 ppm) of the Cs isomer of H2FeRu2Os(CO)13

both bridge Fe-Ru bonds and hence are in similar chemical environments as a
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in H2FeRu3(CO)13 (229 ppm); carbonyl i of H2FeRu2Os(CO)1 3 (232 ppm) and

i of H2FeRuOs2(CO)13 (229 ppm) also both bridge Fe-Ru bonds and hence have

similar chemical shifts; carbonyl 1 of H2FeRu 2Os(CO)13 (213 ppm) and j of

H2FeRuOs2 (CO)13 (211 ppm) both bridge Fe-Os bonds. As with the terminal

carbonyls, the bridging carbonyls that are associated with Os occur

upfield of those associated with only Fe or Ru.

Resonances attributed to the terminal Fe carbonyls of H2FeRu2Os(CO)13

(b, c, k, 1) are at 211 and 204 ppm. These resonances cannot be specifically

assigned but each is apparently the sum of two accidentally equivalent

resonances, one from each isomer. Their chemical shifts compare well to

those of H2FeRu3 (CO)1 3 (211 and 203 ppm) and H2FeRuOs2 (CO)1 3 (Cs , 211 and

204 ppm; Cl, 210 and 201 ppm).

Five non-equivalent carbonyls are bound to Os in the two isomers

(C s , d and e; C1, p, q, and t) and four resonances are clearly observed

in the 170-177 ppm range. The large resonance at 173 ppm apparently arises

from two signals. The peak at 174 ppm is the only one obviously affected by
1H coupling, indicating it is either e on the Cs isomer Or t, on the C1

isomer. At -200C, before the onset of isomerization, this is one of the

three remaining Os carbonyl resonances, Figure 5. On the basis of the

exchange processes that occur in H2FeRu3(CO)1 3 and H2FeRuOs2(CO)13 (vide

infra) these three carbonyls would be d and e on the Cs isomer and t on

the C1 isomer. It is also apparent that at this temperature the 174 ppm

resonance has increased in intensity relative to the other Os carbonyls.

Recalling that the Cs  C1 equilibrium shifts to the right with increasing

temperature, this carbonyl must be bound to the Cl isomer and is therefore

attributed to carbonyl t. At this temperature, the 170 and 173 ppm resonances

show a 1:2 intensity ratio and are assigned to carbonyls d and e, respectively.
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The second peak at 173 ppm and the peak at 177 ppm must be assigned to

carbonyls p and q.

We are unable to definitively assign the resonances due the Ru bound

carbonyls. However, five resonances remain in the Ru carbonyl region in

the -20'C spectrum, Figure 5, and based on the fluxional processes

discussed below, these should correspond to carbonyls h on the Cs isomer

and o, r, s, and u, on the C1 isomer. Of these five resonances, the peak

at 188 ppm decreases in intensity relative to the others as the temperature

is raised, indicating that it is due to carbonyl h on the Cs isomer.

Carbonyl Exchange Processes. H2 FeRu3 (CO)I3 . The variable temperature

3C NMR spectra of H2FeRu3 (CO)I3 were shown in Figure 1 of ref. 3 and the

corresponding spectral changes were discussed therein. Here we simply

summarize the main features of those results. As the temperature is raised

from the low-temperature limiting spectrum at -950C, resonances due to

carbonyls a, b, and c collapse, indicating the occurrence of bridge-terminal

interchange localized on Fe as the first process. Before these peaks

disappear completely, a second fluxional process begins at -650C and

averages resonances due to carbonyls a, b, c, d, and h. The most reasonable

mechanism that would average these carbonyls involves their movement in a

cyclic process about the Fe-Rul-Ru2 plane.

boO
b C

0OC/

ch **/ I
0aFe

RKIch RU3

Ru(

cd RU 2
--,h

0 du 0

C
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The final fluxional process begins at -450C and simultaneously

averages the three remaining carbonyls e, f, and I with a, b, c, d, and

h. We have proposed3 that this final exchange process occurs by a shift

in the metal framework in which the Fe atom moves closer to Ru3 and away

from Ru1 with a concomitant shift of the bridging carbonyls and one

bridging hydrogen. This generates a structure completely identical with the

initial structure but in which the Fe-Ru2-Ru3 triangle now possesses the

bridging carbonyls.

Fe Fe

, Ru3 RU

H H

U2 RU3

A cyclic process, identical with that described above, can now occur

around the Fe-Ru 2-Ru3 plane. A third equivalent shift would allow a

cyclic process around the Fe-Rul-Ru2 plane. These equivalent shifts and

the resultant cyclic movements will have the effect of averaging all the

carbonyls in the molecule. An alternate final exchange process, consistent

with the observed NMR changes, would involve localized scrambling on Ru3

coupled with a cyclic process around the RUl-Ru2-Ru3 triangle. Although

these two possible mechanisms cannot be distinguished for H2FeRu3(CO)13,

the NMR data discussed below for H2FeRuOs 2(CO) 13 unambiguously show that

the exchange in the latter cluster occurs by the intrametallic rearrangement

process.3

H2FeRuOs2 (CO)1 3. The variable temperature 13C NMR spectra of

H2FeRuOs 2(CO) 13 are shown in Figure 6. As the temperature is raised, three
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basic carbonyl exchange processes appear. As for H2FeRu3(CO)1 3, the bridging

and terminal Fe carbonyls exchange in the lowest temperature process.

These Fe carbonyl resonances are fully broadened by -400C in the CI isomer,

while those in Cs are not broadened until -20'C. The second process,

exactly analogous to that in H2FeRu3(CO)I3, averages carbonyls i-m, p, q,

and presumably n of C1 and carbonyls a-c, f, and q of Cs through a cyclic

movement of the carbonyls around the plane that originally contained

the bridging carbonyls. Again, C1 begins this process about 40' before Cs.

The third fluxional process can be rationalized as a shift in the

metal framework similar to that discussed above for H2FeRu 3(CO)1 3. In the

Cl isomer this process begins at 10
0C at which point the resonances due to

carbonyls o, s, and presumably r begin to average. The resonances of

carbonyls t and u do not collapse, but importantly they do become equivalent.

This is readily explained by a rearrangement of the metal framework and

associated ligands in which the Fe atom moves closer to Os2 and away from

OsI . This, in effect, generates the enantiomer of the first structure and

rdprtsunts ratemi-ztion procc;.

FFe
S OOs2

I I
Osl "Os 2

H H

U Ru

'The Fe-Ru-Os2 triangle now possesses the bridging carbonyls. A cyclic process

around this triangle averages o, s, and r with i, j, k, and 1. Coupling

of the intrametallic rearrangement with the cyclic processes has the net

effect of averaging carbonyls i-s. Carbonyls t and u, however, do not
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enter into this exchange. As illustrated in Scheme 2, this rearrangement

Scheme 2
Fe GO F

o C\- / -
C0 CN

OCo

Ru

has the effect of showing an average environment to t and u, and the

observation that t and u become equivalent provides strong support for

this mechanism.

The second effect of the intrametallic rearrangement in C1 occurs

when the Fe atom moves away from Ru and generates the Fe-Os1-OS2 triangle

with the bridging CO's. This movement results in isomerization to the Cs

isomer and is the final averaging process. It begins at 400C and results

in the averaging of all carbonyls on both isomers. Importantly, these 13C

NMR spectra clearly indicate that racemization occurs prior to isomerization

in the averaging of all carbonyls on both isomers.
H2FeRu2OsOl 3. The variable temperature 13C NMR spectra of

H2FeRu2Os(CO)13 are shown in Figure 5. As in H2FeRuOs2 (CO)13, the two

isomeric forms act separately in each of the exchange processes. At -700 C,

the Fe carbonyls a, b, and c have coalesced on the C isomer. The analogous

process on the C1 isomer occurs at -400 C. Since it was not possible to

definitively assign all the resonances in the low-temperature limiting

spectrum to specific carbonyls, it is difficult to unambiguously distinguish

the next processes to occur. However, the lack of changes in the Os-CO

region between -400C and -700C and the lack of appearance of an averaged
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Fe-CO resonance are consistent with exchange of the carbonyls in a cyclic

path around the Fe-Ru1-Ru2 face of the Cs isomer. Above -40*C, peaks due

to carbonyls m, n, and p coalesce with the Fe carbonyl resonances. This

process must involve the movement of carbonyls around the Fe-Ru-Os face

of the C1 isomer. At O°C, there begins a general decrease in intensity

of all resonances to give coalescence and what appears to be a single

resonance growing in at 193 ppm in the 70C spectrum.

.J
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Discussion

CO Exchange Mechanisms. Three distinctly different CO exchange

processes are resolved for these mixed-metal clusters. The

first process to occur at the lowest temperatures is exchange of the bridging

and terminal carbonyls bound to Fe. A reasonable mechanism for this

exchange is shown in Scheme 3 and involves opening of one of the carbonyl

Scheme 3

CO C dc0

Fe acF6 Fe

7 COk~ 0/ /

Ms M 1
H H

bridges, a subsequent trigonal twist of the resultant Fe(CO) 3 unit, and

finally reformation of the CO bridge. A consequence of this mechanism is that

the bridging CO's should decrease in intensity less rapidly than the

terminal CO's since the twist must occur twice in order for exchange of

both bridging CO's to occur. This suggestion is most strongly supported by

the H2FeRu3 (CO)I 3 spectra shown in Figure I of ref. 3. At -550C the

bridging CO resonance is clearly visible while the terminal CO resonances

have collapsed into the baseline.

The next exchange process to occur at slightly higher temperatures

involves migration of the carbonyls around the Fe-M-M triangle which
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possesses the bridging carbonyls. It seems reasonable to propose that the

intermediates in this cyclic movement are the tautomers which have the

semi-bridging carbonyls bound mainly to Ru or Os atoms instead of Fe

as indicated in Scheme 4. During the occurence of this process, the

hydrogens remain in their original positions. This is consistent with the

observed 1H NMR spectra of H2FeRu2Os(CO) 13 and H2FeRuOs2(CO)13 since

Scheme 4

Fe Fe f e.

HHH

M\ M

2 3

racemization, the net effect of hydrogen movement, does not occur in the temper-

ature range in which the 13C NMR spectra shows the cyclic fluxional processes.

A number of di- and polynuclear complexes have been shown to undergo

similar cyclic exchange processes. 8-12 Cotton and coworkers8 ,9 have suggested that

coplanarity is not a mandatory requirement for the ligands that participate

in such a process but only that the path be continuous and closed. This

requirement is certainly fulfilled in these clusters and furthermore the

crystal structure of H2FeRu3(CO) 13
13 does indicate that 7 of the 8 carbonyls

involved are indeed virtually coplanar. The only exception is one of the

terminal carbonyls attached to Fe, but by the time the cyclic process begins

to occur, this carbonyl is rapidly exchanging with the bridging CO's.

" - . .. . ... ... ... .. . .. I - " ' ' - - --ail " l iI i "
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The third and final process to occur is one which involves a shift in

the metal framework and which accounts for racemization, isomerization and

total exchange of all the carbonyl ligands. This process and its implications

are best illustrated by consideration of the drawings in Scheme 5 which depict

the metal framework of H2FeRuOs 2(CO)13, the two bridging CO's and the two

bridging hydrides. The asymmetry of the cluster is grossly exaggerated for

clarity. The process basically involves movement of the iron away from one

metal and closer to another with a concomitant shift of the bridging carbonyls.

It also involves a slight elongation or compression of all the M-M bonds,

and it must be accompanied by a shift in position of one of the bridging

hydrides.

Referring to Scheme 5 and starting with the Cla enantiomer, if the

Fe moves away from OsI towards Os2 , it generates the Clb enantiomer. This

process leads to racemization since HB must also shift in the process.

Movement of Fe away from Ru in either of the C1 enantiomers and toward both

Os atoms leads to the Cs isomer and accounts for the isomerization process.

Each time the cluster rearranges, the carbonyls execute the cyclic process

about a different Fe-M-M face and hence involve different carbonyl ligands

in that process. The cyclic processes coupled with the framework rear-

rangement leads to total exchange of all the carbonyl ligands.

The 13C and 1H NMR spectra of H2FeRuOs2(CO)l3 indicate that two distinct

hydrogen migration processes occur for the C1 isomer. Only one of these

involves actual exchange of the two hydrogens on the C1 isomer, and, thus,

is the only one detected in the 1H NMR experiments.
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SCHEME 5
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The lower temperature, and hence lower activation energy, process

is that specifically depicted in Scheme 5 which involves migration of only

one hydrogen atom. The hydrogen which bridges the Ru-Os2 bond (HB) could

simply move across the Ru-OSl-0s2 triangle to bridge the Ru-Os1 bond. No

exchange occurs with HA which bridges the Os-Os bond and hence this

movement would not be detected in the H NMR spectrum. However, this process

does necessitate a concerted shift in the metal framework and is thus

detected by 13C NMR, and it, of course, does lead to racemization,

Scheme 2.

An estimate of AGt for this process can be obtained by careful

examination of the behavior of carbonyls t and u in the variable temperature

NMR spectrum, Figure 6. As shown in Scheme 2, carbonyls t and u become

equivalent during this exchange process, but they do not exchange with any

of the other carbonyls. This system can thus be treated as an isolated

two site exchange problem in which both sites are equally populated. A

reasonable estimate of AGt, obtained simply from the chemical shift

difference of carbonyls t and u (15 hz; 100 Mhz instrument) and their

coalesence temperature (10C), is 15 kcal/mole.

The second, higher-temperature, and hence higher-activation energy

process that is detectable by 1H NMR spectroscopy is that depicted in

Scheme 6.

hee6

FeFe Fe
\OOs

Ol61 L S

RubI

Ca &l1,
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In this process both hydrogens move through an intermediate in which

they are each terminally bound to the two Os atoms. This intermediate

could collapse as shown in Scheme 6 to give either Cla or Clb. Note

that this process must also be accompanied by a concomitant shift in the

metal framework. In this scheme, HA and HB exchange each time the framework shift

occurs. For H FeRuOs2(CQ) 13, AG4 f
o283 = 17.8 kcal/mole for this process,

compared to the AG4 83 value of 15 kcal/mole for the first process.
28

Effect of Variations in the Metal Framework. Although within the

series H2FeRu3 (CO)1 3 , H2FeRu2Os(CO)13 , and H2FeRuOs2 (CO)13 the exchange

processes are identical, the activation barrier for each process increases

as the osmium content of the cluster increases. We are not able to

unambiguously rationalize this trend but a similar increase in activation

energy in moving from Ru to Os has been noted for the series of monomeric

[M{P(OR)3}51 (M = Ru, Os) complexes studied by English and coworkers.
14

It is unlikely that the activation energy increase can be accounted for

solely on the basis of a size increase in the metal involved in the

fluxional process since Ru and Os probably have similar atomic radii in

these clusters. In Ru3(CO)12 and Os3(CO)12, for example, the metal atomic

radii are 1.43 A and 1.44 4, respectively. 15 On the other hand, Os certainly

possesses a greater amount of electron density than does Ru and this could

be the important factor in determining the activation energies.

An interesting comparison can be made to the homonuclear

cluster H2Ru4(CO)1 3, 4, which is isostructural with the mixed-metal clusters

reported herein.16 The exchange processes which this cluster undergoes
17

have been found by Milone and coworkers to be quite similar to those of

the mixed-metal analogs. However, bridge-terminal interchange localized

on Ru1 is not the lowest temperature process in H2Ru4 (CO)13, but instead
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~Rul

Ru~< R/

3

the cyclic exchange of CO's around the RUl-RU2-Ru3 face occurs rapidly

even at -72°C. It was proposed that the lower activation barrier observed

for H2Ru4(CO)I3 compared to H2FeRu3(CO)I3 results from the increased

1 
37

stability of bridging carbonyls bound to first row metals. 17 This

proposal is further supported here. In Scheme 4 the intermediates 2 and 3

have one of the bridging carbonyls bridging either a Ru-Ru, Ru-Os, or

an Os-Os bond. The least favorable case would involve migration of the

CO's around the Fe-Os1-Os2 face of the Cs isomer of H2FeRuOs 2(CO)13.

Accordingly, we find this to have the highest activation barrier observed

for the cyclic process in any of the clusters. The energy difference between

the tautomers 1, 2, and 3 in Scheme 4 is least in the case where all the

metals are Ru and is greatest when one metal is Fe and the other two are Os.

Intrametallic Rearrangement. The last exchange process in H2FeRu3 (CO)13

and the last two processes in H2FeRuOs 2(CO) 13 and H2FeRu2Os(CO)1 3 involve

reorganization of the metal framework. The actual magnitude of the shifts

within the framework is relatively small, yet it still significantly
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contributes to the final averaging process. The metal framework of

II2FeRu 3(CO)1 3 is shown below with the average metal-metal bond distances

derived from the reported crystal structure.13 These values indicate that

the greatest change that would occur in any one bond length during the

rearrangement is 0.11 A. We tend to view the reorganization process as

more of a breathing motion of the metal framework, but one which has coupled

to it motions of the carbonyl and hydride ligands.

Fe - .70

2.62 .6R

2.9 __,R

2.80 Ru .91

It appears that intrametallic rearrangement processes are not at all

uncommon, as noted by Band and Muetterties1 in a recent review, but they

are still poorly understood. In our case we would particularly like to

understand how the various motions contribute to the overall rearrangement

process; for example, what percentage of the 15.6 kcal/mole activation

barrier for isomerization of H2FeRuOs2(CO)1 3 is due to reorganization of

the metal framework and what percentage is due to hydrogen migration? We

expect that such matters will be the subject of future publications from

this and other research groups.
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Figure Captions

Figure 1. Carbonyl labeling schemes for H2FeRu3(CO) 13 and the Cs

and Cl isomers of H2FeRu2Os(CO)13 and H2FeRuOs2 (CO)13.

Figure 2. 1H NMR spectra of H2FeRu 2Os(CO)13. Spectra at -41°C,

-35°C, and -15°C were recorded in an acetone-d6/CHC12F

solvent mixture while those above -15' were obtained in

CDC13 •

Figure 3. 1H NMR spectra of H2FeRuOs2 (CO)1 3 recorded in CDC1 3 solution.

Figure 4. Low-temperature limiting 13C NMR spectra of a) H2FeRu3 (CO)13

(-95°C), b) H2FeRu2Os(CO)13 (-90°C), and c) H2FeRuOs 2(CO)13

(-60 0C).

Figure 5. 13C NMR spectra of H2FeRu2Os(CO) 13. The resonances at

201.1 and 200.6 ppm which average to the 192.2 ppm resonance

and which are marked with an asterisk are due to

Ru2Os(CO) 12 impurity which arises from decomposition of

H2FeRu2Os(CO) 12 during the enrichment process. This was

confirmed by isolating Ru2Os(CO)12 and determining its

spectrum. The numbered resonances in the -900C spectrum

are attributed to carbonyls which cannot be distinguished:

(1) b, c, k, 1; (2) see text; (3) e, p, q.

Figure 6. 13C NMR spectra of H2FeRu~s2(CO) 13.
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