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Figure 4. Qualitative relationship between the metal d orbitals 
in a tbp coordination compound and in pseudo tbp structure 
where one of the equatorial ligands is a six-electron-donor aromatic 
ring (the diagram is identical for ring = arene, Cp (shown), or 
cyclobutadiene). 

a tbp complex is drastically changed when a six-electron 
donor such as Cp or an arene occupies one equatorial 
position. Looking at these two limiting geometries as tbp 
and sp is geometrically reasonable but electronically un- 
acceptable. One of the two orbitals that is responsible for 
making the equatorial positions in the tbp structure better 

for A acceptors (xy)  is sequestered by the A interaction with 
the organic ring and so is another orbital ( y z )  (see Figure 
4, left and middle diagrams). Upon proper reorientation 
of the axes, the right-hand diagram is obtained, which 
presents the same relative ordering of the ideal four-legged 
piano stool, as expected. 

Figure 4 allows one to rationalize (on the basis of the 
better a-donation properties of the z2 orbital) why, in a 
18-electron structure with two trans A donors and two trans 
K acceptors, the A donors will prefer the positions with the 
smaller B (pseudoaxial position in the tbp description) and 
the A acceptors will prefer the positions with the larger 8, 
whereas the reverse is true for 17-electron and low-spin 
16-electron complexes, but it failes to explain why a A acid 
will have a larger B value when trans to another A acid with 
respect to when it is trans to another non-A-acidic ligand 
within the same structure, as for instance in MoCp- 
(C,F,)(CO),. A more in-depth analysis of the electronic 
structure seems to be necessary to explain this effect. 
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The kinetic product from protonation of [ (p-H)Ru3(p-CO) (CO)lo]- with CF3S03H is (p-H)Ru3(p- 
COH)(CO)lo. This product rearranges to  H(~-H)RU~(CO)~ ,  within 20 s at 25 "C. Alternatively, H(p- 
H)Ru3(CO)11 is the only product formed by protonation with CF3C02H. Products were characterized by 
'H NMR spectroscopy at low temperatures and by FT-IR spectroscopy at ambient temperature. H(p- 
H ) R u ~ ( C O ) ~ ~  is isostructural with the Os analogue, having one bridging and one terminal hydride ligand; 
these hydrides undergo exchange on the NMR time scale (AG* = 51.9 kJ/mol at 236 K). H(p-H)Ru3(CO)11 
decomposes rapidly (k(298 K) = (1.27 f 0.19) X s-') to R u ~ ( C O ) ~ ~  and hydrogen. Activation parameters 
(AH* = 124 (6) kJ/mol, AS* = 136 (20) J/(K mol)) and the deuterium kinetic isotope effect ( k H / k D  = 1.12 
(0.09) at 298 K) were determined by using stopped-flow FT-IR spectroscopy. 

Introduction 
Transition-metal complexes of the hydroxycarbyne lig- 

and (COH), although generally unstable with respect to 
the tautomeric hydrido carbonyl complexes, are possible 
intermediates in carbon monoxide reduction.' Complexes 
of doubly bridging,2 triply bridging,3 and quadruply 

(1) Nicholas, K. M. Organometallics 1982, 1 ,  1713. 
(2) Hodali, H. A.; Shriver, D. F. Inorg. Chem. 1979, 18, 1236. 
(3) (a) Fachinetti, G. J. Chem. Soc., Chem. Commun. 1979,397. (b) 

Adams, H.-N.; Fachinetti, G.; Strahle, J. Angew. Chem., Int. Ed. Engl. 
1981, 20, 125. 

bridging4 COH ligands are known, in all cases formed by 
0-protonation of metal carbonyl anions. 

0-Protonation of a carbonyl ligand was first reported 
in 1978, when (p-H)Fe3(p-COH)(CO)lo was identified by 
NMR spectroscopy as the product from anhydrous pro- 
tonation of [(p-H)Fe3(p-C0)(CO),,]- at low  temperature^.^ 
Protonation of the analogous osmium anion at room tem- 
perature forms the unusual cluster H(p-H)Os3(CO)11, 

(4) Whitmire, K. H.; Shriver, D. F. J. Am. Chem. SOC. 1981, 103,6754. 
(5) Hodali, H. A.; Shriver, D. F.; Ammlung, C. A. J. Am. Chem. SOC. 

1978. 100, 5239. 

0276-7333/90/2309-1900$02.50/0 @ 1990 American Chemical Society 



O-Protonation of the (p-N)Ru3(p-CO)(CO),, Anion 

containing both bridging and terminal hydrides, but low- 
temperature protonation with DS03F gives (p-H)Os3(p- 
COD)(C0)l,.6 Protonations of [ ( ~ - H ) R u ~ ( ~ - C O ) ( C O ) ~ ~ ] -  
at  room temperature give R u ~ ( C O ) ' ~ ~  or [ H R U ~ ( C O ) ~ ~ ] - . ~  

In 1980 one of us reported in a preliminary communi- 
cation that the kinetic product of protonation of [ (p-H)- 
RU~(~-CO)(CO)~~] -  is (p-H)Ru3(p-C0H)(CO),, but that this 
cluster rearranges rapidly to H ( ~ - H ) R u ~ ( C O ) ~ ~ ,  charac- 
terizations of both products relying on 'H NMR spec- 
troscopy a t  low temperature; the latter product decom- 
poses at  room temperature, forming hydrogen and Ru3- 
(C0),2.9 Recently, a study of the deuterium kinetic isotope 
effect for the rearrangement of ( ~ - H ) R U ~ ( ~ - C O H ) ( C O ) ~ ,  
to H(~-H)RU~(CO),~,  followed by NMR spectroscopy at  low 
temperature, has been reported.6 Since H(~-H)RU,(CO)~~ 
is one of the few examples of clusters containing terminal 
hydride ligands and since it has been suggested as a pos- 
sible intermediate in water-gas shift catalysis,' we were 
interested in its reactivity for reductive elimination of 
hydrogen. In this paper we report the full details of the 
protonation reaction, including characterization of the 
unstable products for the first time by FT-IR spectroscopy 
and measurements of the kinetics for the conversion of 
H( I I -H)Ru~(CO)~~  to R u ~ ( C O ) ~ ~ .  

Experimental Section 
Chemicals. [NEt4] [ (p-H)Ru3(r-CO)(CO),o] was prepared by 

a published method;loe [NEt3D] [ ( ~ - D ) R u ~ ( ~ - C O ) ( C O ) ~ ~ ]  was 
prepared by the same method by using D20 (Aldrich, 99.8 atom 
% D). Trifluoroacetic acid (the deuterium content for the acid 
used in the determination of the kinetic isotope effect was 99 atom 
% D) and trifluoromethanesulfonic acid were obtained from 
Aldrich and were used as received. Unless otherwise specified, 
all solvents were used as received. 

Infrared Spectrum of H(~-H)RU~(CO),~.  Low-temperature 
infrared spectra were recorded by using a Beckman 4250 spec- 
trophotometer equipped with a Beckman RIIC Model VLT-2 
variable-temperature accessory. A solution of [NEt4] [ (r-H)- 
Ru3(p-CO)(CO)J (19 mg, 0.026 mmol) in dichloromethane (1 mL) 
was cooled with a dry ice-acetone bath under a nitrogen atmo- 
sphere. Then trifluoromethanesulfonic acid (5 mL) was added, 
and the solution was stirred. The solvent was removed by vacuum 
transfer, with the temperature still maintained at  -77 "C. Then 
pentane (3 mL) was added under a nitrogen atmosphere. The 
resulting red-orange solution was sampled by using a syringe and 
then quickly transferring the sample to the infrared cell, which 
had previously been cooled to -40 "C. Spectra were recorded, 
and the the cell was slowly warmed to 25 "C, with periodic re- 
cording of spectral changes. IR (pentane, -40 "C): 2089 w, 2079 
m ( R U ~ ( C O ) ~ ~ ) ,  2064 vs (H(c(-H)Ru~(CO)~~ + R u ~ ( C O ) ~ ~ ) ,  2054 s, 
2027 s (H(c( -H)Ru~(CO)~~ + RuB(CO)12), 2013 w br ( R u ~ ( C O ) ~ ~ ) ,  
2000 w br, 1973 w, 1966 w cm-'. The IR spectrum of the solution 
at 25 "C was mainly that of R u ~ ( C O ) ~ ~  IR (pentane, 25 "C): 2077 
m, 2061 vs, 2030 s, 2013 m cm-'. 

The spectrum was also obtained at  room temperature by using 
stopped-flow FT-IR spectroscopy. When dichloromethane so- 
lutions of [NEt,] [ (p-H)Ru3(r-CO)(CO)J (2 mM) and CF3COzH 
(26 mM) were mixed, the spectrum of H ( ~ - H ) R u ~ ( C O ) ~ ~  was 
obtained (Figure 39: 2127 (vw), 2087 (m), 2065 (vs), 2051 (s), 2028 
(m), 2020 (m), 1994 (m) cm-'. 
NMR Spectra of H(P-H)RU~(CO)~~. 'H spectra were recorded 

on a JEOL FX-90 instrument. In each case the NMR tube was 

Organometallics, Vol. 9, No. 6, 1990 1901 

prepared by loading [NEtd] [ ( ~ - H ) R u ~ ( ~ - C O ) ( C O ) ~ ~ ]  (ca. 40 mg) 
into the tube in a drybox and capping the tube with a rubber 
septum. Solvent was added via syringe. Then a spectrum was 
recorded a t  a probe temperature of ca. -65 "C. The tube was 
removed, the acid was added via a microliter syringe, and the tube 
was immediately replaced in the probe. 'H NMR (CF3S03H, 
MeOH-d,, 223 K): -11.93 (br, 1 H), -18.74 (br, 1 H) ppm. 'H 

H) ppm; J = 1.7 Hz. 
Determination of the Yield of R u ~ ( C O ) ~ ~  from the De- 

composition of H(p-H)Ru3(CO),, under CO. To a sample of 
[NEt4][(p-H)Ru3(CO),,] (93.2 mg, 0.146 mmol) under a CO at- 
mosphere in a Schlenk flask was added methanol (freshly distilled, 
10 mL). This solution was cooled with use of a dry ice-acetone 
bath, and then 12 mL of a 1.4 X M solution of trifluoro- 
methanesulfonic acid in methanol was added via an addition 
funnel. The solution was stirred for a few minutes and was then 
warmed to room temperature. As the solution warmed over a ca. 
10-min period, the color of the solution changed from deep red 
to brown-yellow and a yellow precipitate formed. The final so- 
lution was yellow. The solvent was reduced in volume by vacuum 
transfer. The solid residue was collected on a tared frit and washed 
with methanol. The solid was identified by its IR spectrum as 
Ru3(CO),, (73.2 mg, 87.8%). The filtrate was evaporated to 
dryness. The residue was purified by using thin-layer chroma- 
tography on silica with hexane as eluent; extraction of the single 
yellow band yielded 6.6 mg (7.9%) of Ru3(CO),2 (total recovery 
95.7%). 

Determination of the Gas Composition from the Decom- 
position of H(p-H)Ru3(CO),,. Solid [NEt4] [(p-H)Ru3(p- 
CO)(CO),,] (recrystallized from methanol; 311.1 mg, 0.4189 mmol) 
was placed in a reaction tube equipped with a Teflon vacuum 
stopcock and stirbar. A solution of trifluoroacetic acid (39 c(L, 
0.51 mmol) in methanol (10 mL, freshly distilled) was degassed 
on the vacuum line by using three freeze-pump-thaw cycles and 
was then vacuum-transferred into the reaction vessel. After it 
was thawed, the solution changed from purple-red to red-brown 
and gas was evolved. The noncondensible gas was collected by 
Toepler pump in a section of the vacuum line of known volume 
(64 mmHg, 303 K, 0.0899 L; gas yield 0.304 mmol). A sample 
of the gas was isolated and submitted for mass spectrometric 
analysis to the Mass Spectrometry Laboratory at  Pennsylvania 
State University; the gas composition was determined to be 88% 
hydrogen and 12% carbon monoxide (yield of hydrogen 64%). 

The solution remaining after decomposition was filtered under 
an inert atmosphere. The orange solid that was collected was 
washed with methanol and dichloromethane and was identified 
as R u ~ ( C O ) ~ ~  (195.7 mg). The brown filtrate was evaporated to 
dryness, and the residue was dissolved in dichloromethane and 
was purified by thin-layer chromatography on silica with di- 
chloromethane-hexane mixtures as eluents. Fractions were 
identified by IR spectroscopy: band 1, 4.1 mg, Ru3(C0)12 + 
H4R~4(C0)12; band 2, 9.9 mg, RU~(CO)~ ,  + H~Ru,(CO) ,~  Ad- 
ditional RU~(CO)~ ,  and H4R~4(C0)12 (12.4 mg) were recovered 
from the portion of the residue that remained after extraction 
with dichloromethane. 

Variable-Temperature 'H NMR Spectra. A sample was 
prepared by using [NEt,] [ (r-H)Ru3(p(-CO)(CO),,1 (31 mg, 0.042 
mmol) in dry dichloromethane-d, and then adding trifluoroacetic 
acid (3.4 mL, 0.051 mmol). The tube was immediately placed 
into the cold probe. Spectra were recorded at 216, 226.4, 231.0, 
236.0, and 254.9 K, all temperatures being measured by the 
method of van Geet." At higher temperatures the resonances 
were too broad to be observed. Rate constanta at each temperature 
were determined by comparison of the experimental spectra with 
spectra calculated by using the program D N M R ~ . , ~  Free energies 
of activation were calculated at  each temperature (226.4 K, k = 

NMR (CDZC12, CF~COZH, 216 K): -11.79 (d, 1 H), -18.55 (d, 1 

(6) Pribich, D. C.; Rosenberg, E. Organometallics 1988, 7, 1741. 
(7) Ungermann, C.; Landis, V.; Moya, S. A.; Cohen, H.; Walker, H.; 

Pearson, R., G.; Rinker, R. G.; Ford, P. C. J. Am. Chem. SOC. 1979,101, 
5922. 

(8) Jackson, P. F.; Johnson, B. F. G.; Lewis, J.; McPartlin, M.; Nelson, 
W. J.  H. J.  Chem. SOC., Chem. Commun. 1979,735. 

(9) Keister, J. B. J.  Organomet. Chem. 1980, 190, C36. 
(IO) (a) Keister, J. B.; Payne, M. W.; Muscatella, M. J. Organo- 

metallics 1983,2, 219. (b) Johnson, B. F. G.; Lewis, J.; Raithby, P. R.; 
Suss, G. J. Chem. SOC., Dalton Trans. 1979, 1356. 

(11) (a) Van Geet, A. L. Anal. Chem. 1968,40,2227. (b) van Geet, A. 
L. Anal. Chem. 1970,42,679. 

(12) Kleir, D. A.; Binsch, G. DMR3: A Computer Program for the 
Calculation of Complex Exchange-Broadened NMR Spectra. Modified 
Version for Spin Systems Exhibiting Magnetic Equivalence of Symmetry; 
Program 165; Quantum Chemistry Program Exchange; Indiana Univer- 
sity, Bloomington, IN (modified version by D. C. Roe (Du Pont Central 
Research) for use on a VAX computer and locally modified for use with 
DI-3000 graphics). 
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Table I. First-Order Rate Constants for Hydrogen Elimination 
from H(r-H)Ru,(CO),, 

303.2 1.83 3.1 (0.5)" 298.0 5.2 1.24 (0.04)" 
300.2 2.6 1.71 (0.03)" 298.0 1.3 1.37 (0.05)"*' 
298.0 1.3 1.20 (0.09)" 298.0 1.3 1.22 (0.05)"r.d 
298.0 2.6 1.13 ( 0 . l O ) O  291.5 1.83 0.50 (0.07)" 
298.0 2.6 0.90 (0.14)b 273.2 0 0.011 (0.002)b.' 

" Solutions were saturated with carbon monoxide. *Solutions were 
saturated with nitrogen. 'These values were obtained from experi- 
menta on the same day with use of identically prepared solutions. 
dDeuterium labeled. eDetermined by using 'H NMR spectroscopy for 
detection. 

5 s-l, AG' = 51.9 kJ/mol; 231.0 K, k = 8 s-l, AG' = 52.1 kJ/mol; 
236.0 K, k = 16 s-l, AG' = 51.9 kK/mol; 254.9 K, k = 103 s-', AG' 
= 52.3 kJ/mol. Least-squares determination of the slope and 
intercept of the Eyring plot for these data gave AH' = 49 (f6) 
kJ/mol (11.8 (f1.5) kcal/mol) and AS' = -12 (f26) J / (K mol) 
(-3 (f6) eu) at the 95% confidence limit and with use of Student's 
t values. 

Kinetics of Hydrogen Elimination by 'H NMR Spec- 
troscopy. To a solution of [NE~,~[(~-H)RU~G-CO)(CO)~~~ (33 
mg, 0.044 mmol) and an internal standard (either (p-H)Ru3(p- 
COMe)(CO)lo or (p-H)Os3G-CNMeCH2Ph)(CO)lo (fa. 30 mg)) 
in dichloromethane-dz was added trifluoroacetic acid (3.5 mL, 
0.045 mmol). The tube was immediately placed in the NMR probe 
at  -80 OC, and the spectrum was recorded. Then the tube was 
removed and was placed in an ice bath. At 20-30-min intervals 
over a 4-h period the tube was removed and the spectrum recorded 
at  -80 "C. The total time for the reaction in the ice bath was 
220 min. A plot of In (integral of H ( ~ - H ) R u ~ ( C O ) ~ ~  vs standard) 
vs time yielded the rate constant of (1.11 f 0.17) X lo-' SI. 

FT-IR Spectroscopy. The rate measurements and associated 
IR spectra were carried out with use of a prototype FT-IR 
stopped-flow cell developed by J.M., in collaboration with Hi-Tech 
Scientific Ltd. (Brunel Road, Salisbury, Wiltshire, England SP2 
2PU) and Specac Analytical Accessories Ltd. (Unit 3, Lagoon 
Road, St. Mary Cray, Orpington, Kent, England BR5 3QX). The 
design is based upon that of the Hi-Tech SFA-11 rapid kinetics 
accessory, with the place of the UV-visible spectrometer mixing 
cell being taken by an IR mixing cell. The dead time for the mixer, 
with normal hand-push, is estimated as 20-30 ms. The cell 
windows are made of ZnSe, and in these experiments the path 
length of 1 mm was set by PTFE gaskets.24 A more complete 
description of the cell and its operation is in preparation. 

FT-IR measurements were conducted on a Nicolet 7199 
spectrometer, at a resolution of 4 cm-l. A series of macros, written 
with use of the Nicolet FT-IR control instructions, were used to 
collect data a various frequencies and to process and plot the 
spectra. All spectra were collected at  the rate of 0.42 s per 
spectrum; the slower reactions allowed CAT operation, with 10 
scans per reading. 

The temperature of the Nicolet FT-IR machine's cell com- 
partment was found to be between 27 and 30 "C. The temperature 
of the IR cell itself was thermostated at  temperatures between 
18 and 30 OC to within 10.3 OC. 

Kinetics of Hydrogen Elimination from H ( ~ - H ) R u ~ ( C O ) ~ ~  
by FT-IR Spectroscopy. Solutions of [NEt4] [ (p-H)Ru3(p- 
CO)(CO)lo] (2 X M) and of trifluoroacetic acid (2.56 X 
10-z-1.05 X lo-' M) in dichloromethane (distilled from calcium 
hydride under nitrogen and saturated with carbon monoxide) were 
prepared. Kinetics were determined by using stopped-flow 
methods, with detection by lW-IR spectroscopy, described above, 
and monitoring the decrease of the absorption at 2087 cm-l due 
to H(p-H)Ru3(CO)ll. Rate constants were determined by com- 
puter-calculated (program KINPLOT, written by Dr. R. Rusczcyk, 
formerly of the University at  Buffalo) least-squares determination 
of the slope of the plot of In (absorbance) vs time. Three or four 
determinations were made for each set of conditions. The rate 
constants (Table I) are reported as the mean for each set with 
error limits as the larger of the standard deviation (n - 1) or the 
95% confidence limit for the least precise measurement of the 
set. 

Figure 1. IR spectra during the protonation of [NEt4][(p-H)- 
R u ~ ( ~ - C O ) ( C O ) ~ ~ J  with CF3C02H. 

I I I I I I 

2100 2000 1900 

c m-l  
Figure 2. IR spectra of (i) ( ~ - H ) R u ~ ( ~ - C O H ) ( C O ) ~ ~  and (ii) 
( ~ - H ) R U ~ ( ~ - C O M ~ ) ( C O ) , ~ .  

Under continuous-flow conditions it was possible to observe 
reactions in the cell within 20-30 ms of initiation of the reaction; 
thus, in Figure 2i, the spectrum shows ( ~ H ) R U ~ ( ~ - C O H ) ( C O ) ~ ~ ,  
formed from [NEt4] [ ( ~ - H ) R U ~ ( ~ - C O ) ( C O ) ~ ~ ]  and CF3SO3H in 
dichloromethane within this time scale. CF3S03H was the only 
acid we tried that provided complete conversion to (r-H)Ru3(p- 
COH)(CO),o. Unfortunately, this acid is not soluble in di- 
chloromethane, thus precluding quantitative measurements. 
However, protonation of [NEt4] [ ( ~ - H ) R U ~ ( ~ - C O ) ( C O ) ~ ~ ]  with 
CF3COzH occurred within 1 s of mixing, cleanly forming H(p- 
H ) R u ~ ( C O ) ~ ~ .  Figure 1 shows the buildup of H ( ~ - H ) R u ~ ( C O ) ~ ~  
from such a mixture. In the presence of CO the spectrum cleanly 
decays into that for Ru3(CO),,; in the absence of CO, peaks 
attributed to H4Ru,(C0)12 and H~RU, (CO)~~  are also noted, but 
the rate constant is the same within experimental error (Table 
I). No effect of acid concentration was noted on the hydrogen 
elimination reaction. The rate law for the reaction was found to 
be first-order for greater than 3 half-lives. 

Results and Discussion 
(p-H)Ru,(p-COH)(CO),,. Protonation of [(p-H)Ru3- 

(p-CO)(CO)lo]- (0.001 M) in dichloromethane solution with 
trifluoromethanesulfonic acid (0.01 M) gives as the  kinetic 
product (p-H)Ru,(p-COH) (CO),, within the  20-30 ms of 
mixing in the  stopped-flow apparatus. This  product was 
previously characterized by its IH NMR spectrum63 at 208 
K, which consists of singlets at -14.60 and +16.11 ppm (cf. 
( P - H ) F ~ ~ ( ~ - C O H ) ( C O ) ~ ~ , ~  -18.4 and +15.0 ppm, a n d  (p- 
H ) R U ~ ( ~ - C O M ~ ) ( C O ) ~ , , , ~ ~  hydride resonance -14.85 ppm). 
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c rn-l 
Figure 3. IR spectra of (i) H ( ~ H ) R u ~ ( C O ) ~ ~  and (ii) H(p-H)- 
OS~(C0)ll. 

Its IR spectrum, obtained by stopped-flow FT-IR spec- 
troscopy (Figure 2i: 2100 (w), 2058 (vs), 2050 (s), 2021 (vs), 
and 2000 (s, br) cm-l), is very similar to that of (p-H)- 
Ru3(p-COMe)(CO),, (Figure 2ii), suggesting that these are 
isostructural (Figure 5i). Attempts to obtain the 13C NMR 
spectrum of ( ~ - H ) R U ~ ( ~ - C O H ) ( C O ) ~ ~  were unsuccessful, 
due to the difficulty in obtaining a pure sample. 

rapidly rearranges to H ( ~ U - H ) R U ~ ( C O ) ~ ~  (tllz ca. 5 5). Al- 
ternatively, protonation of [ ( ~ - H ) R u ~ ( ~ - C O ) ( C O ) ~ ~ ] -  with 
CF3C02H cleanly forms H ( ~ - H ) R U ~ ( C O ) ~ , ,  without the 
formation of observable quantities of (p-H)Ru3(p- 
COH)(CO)lo (Figure 1). The IR spectrum of this unstable 
product (Figure 3i) was obtained under stopped-flow 
conditions in dichloromethane; the spectrum is very similar 
to that of H(p-H)0s3(CO),, (Figure 3ii), suggesting 
structural analogy (Figure 5ii). This product is charac- 
terized by its 'H NMR spectrum at 216 K, which consists 
of doublets at -11.98 and -18.74 ppm, assigned to terminal 
and bridging hydrides, respectively, with an interhydride 
coupling constant of 1.7 Hz; at higher temperatures the 
hydride resonances are broadened, and above 250 K the 
compound decomposes by loss of hydrogen, yielding largely 
R u ~ ( C O ) ~ ~  The 'H NMR spectrum is quite similar to that 
of the Os analogue (-10.25 and -19.96 ppm, J = 3.8 Hz).13 
Several attempts to record the 13C NMR spectrum were 
unsuccessful, due to the difficulty in obtaining a pure 
sample by protonation of the anion in the NMR tube at 
low temperature. 

Rate constants for exchange of the two hydride ligands 
of H(p-H)Ru3(CO),, were determined from line broadening 
near the slow-exchange limit. From the limited data 
available (four points), an Eyring plot provides values of 
AH* = 49 (k6) kJ/mol and AS* = -12 (f27) J / (K mol). 
The value of AG* at  236 K, 51.9 kJ/mol (estimated error 
limits *0.2 kJ/mol), is quite close to the value of AGS(240 
K) = 54.0 kJ/mol for hydride fluxionality in H(p-H)Os3- 

Mechanism for Isomerization of (p-H)Ru3(p- 
COH)(CO)lo to H ( ~ - H ) R u ~ ( C O ) ~ ~ .  Pribich and Rosen- 
berg6 have studied the kinetics of rearrangement of (p- 
H)RU~(~-COH)(CO)~~,  formed by protonation with HS03F 
in CDZClz, to H ( ~ - H ) R u ~ ( C O ) ~ ~ ,  using NMR spectroscopy. 

H(c( -H)Ru~(CO)~~.  At 298 K (p-H)Ru,(p-COH)(CO),o 

(C0)ll. 

(13) (a) Keister, J. B.; Shapley, J. R. Inorg. Chem. 1982,21,3304. (b) 
Aime, S.; Osella, D.; Milone, L.; Rosenberg, E. J.  Organomet. Chem. 1981, 
213, 207. (c) Deeming, A. J.; Hasso, S. J. Organomet. Chem. 1976,114, 
313. 
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Figure 4. IR spectra during the conversion of H(c(-H)Ru~(CO)~~ 
to RuS(CO)~P. 

Figure 5. Proposed structures for (i) (CL-H)RUI~(IL-COH)(CO)~~ 
and (ii) H(pH)Ru3(CO)11. 

They report a very large kinetic isotope effect of 47 at -40 
"C, with a rate constant of ca. 3 X lo-" s-l, These authors 
described the rearrangement as an intramolecular proton 
transfer from the carbonyl oxygen atom to the metal core. 

A large isotope effect has also been measured for the 
reverse process, proton migration from a metal core to a 
coordinated ligandaZ3 Isomerization of H ( ~ - H ) O S ~ ( C O ) ~ ~ -  
(CNMe) (isoelectronic and isostructural with H(p-H)- 
RU~(CO)~, )  to ( ~ - H ) O S ~ ( ~ - C N H M ~ ) ( C O ) ~ ~  (isoelectronic 
and isostructural with ( ~ - H ) R U ~ ( ~ - C O H ) ( C O ) ~ ~ )  displays 
a deuterium kinetic isotope effect of 27 a t  30 "C. The 
reaction is favored by coordinating solvents and is base- 
catalyzed. The fact that the isotope effect was reduced 
to a value close to 1 by the addition of a base catalyst was 
taken to indicate that separate intra- and intermolecular 
proton transfer mechanisms were operative in the unca- 
talyzed and base-catalyzed isomerizations, respectively. 

These isomerizations appear to be closely related to the 
much slower tautomerization of R U ~ ( ~ ~ - N O H ) ( C O ) ~  to 
( ~ - H ) R U ~ ( ~ - N O ) ( C ~ ) , ~ ,  reported by Gladfelter and co- 
w o r k e r ~ . ~ ~  Protonation of Ru3(NO)(CO),{ with CF3SO3H 
gives R U ~ ( ~ ~ - N O H ) ( C O ) ~ ~ ,  but weaker acids, such as 
CF3C02H, yield ( ~ - H ) R U ~ ( N O ) ( C O ) ~ ~ .  This study found 
anion-assisted isomerization, such that addition of PPN- 
[ CF3C02] caused immediate isomerization of Ru3(p3- 

The mechanism for rearrangement of (p-H)Ru3(p- 
COH)(CO)lo to H ( ~ - H ) R U ~ ( C O ) ~ ,  is therefore presumed 

NOH)(CO)lo to (cL-H)Ru~(NO)(CO)~~.  

(14) (a) Stevens, R. E.; Gladfelter, W. L. J. Am. Chem. SOC. 1982,104, 
6454. (b) Stevens, R. E.; Guettler, R. D.;Gladfelter, W. L. Inorg. Chem., 
submitted for publication. 
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to be an intramolecular proton transfer from oxygen to the 
metal core when HS03CF3 is used in the protonation but 
may involve base-catalyzed proton transfer when CF3C02H 
is used. Unfortunately, crossover experiments using iso- 
tope labeling are not feasible in this system. 

Kinetics for Reductive Elimination of Hydrogen. 
Near ambient temperature and in the presence of carbon 
monoxide, H ( ~ - H ) R u ~ ( C O ) ~ ~  decomposes cleanly to Ru3- 
(CO),, (97% isolated yield). Figure 4 shows the changes 
in the 2150-1900-cm-' region of the IR spectrum during 
this reaction. Under a nitrogen atmosphere H4Ru4(C0),, 
and H2Ru4(CO)13 are formed in addition to RU,(CO),~, and 
the gaseous products are hydrogen (64% yield) ana CO. 
The kinetics of conversion of H(p-H)Ru3(CO),, to Ru3(C- 
0)12 in dichloromethane solution were found to be first 
order in H(p-H)Ru,(CO),,, and the rate constant is inde- 
pendent of either CO concentration or the concentration 
of trifluoroacetic acid (Table I). The value of the first- 
order rate constant a t  298 K was (1.27 f 0.19) X s-l 
(from all measurements a t  298 K). Measurements of rate 
constants for D ( ~ - D ) R U ~ ( C O ) ~ ,  found kH/kD = 1.12 
(&0.09). The activation parameters, derived from all data, 
are AH* = 124 (6) kJ/mol (29.7 (1.4) kcal/mol) and A S *  
= 136 (20) J,/(K mol) (33 (5) eu). 

These results should be compared with the kinetics of 
hydrogen elimination from H(~-H)OS~(CO) ,~ . '~  The rate 
law is identical with that found here for the Ru analogue, 
but the activation parameters (A" = 93 kJ/mol; AS* = 
-35 J/(K mol)) and kinetic isotope effect (kH/kD = 1.8 (2)) 
are quite different. The mechanism proposed for the Os 
cluster involves rate-determining reductive elimination 
through a three-center transition state. 

The large positive AS*  value found for hydrogen elim- 
ination from H ( ~ - H ) R u ~ ( C O ) ~ ~  and the negative value 
reported for H ( ~ - H ) O S ~ ( C O ) ~ ~  might be taken to indicate 
different mechanisms for the two. However, mechanistic 
distinctions based upon comparisons of activation entro- 
pies are complicated by the larger error limits associated 
with the measurements, compared with the errors asso- 
ciated with the determinations of rate constants. This is 
of some concern, for the data from H(W-H)RU~(CO)~, since 
the values obtained for the activation parameters are 
strongly influenced by the measurement at  273 K, which 
is determined under different concentrations and by a 
method of monitoring different from those used for the 
higher temperature data. Since compensating errors are 
introduced in the values for a", it is not unreasonable 
to put more trust in comparisons of AG* values at the same 
temperature, if the extrapolations from the temperatures 
of experimental determinations are not too large. 

Three mechanisms for hydrogen elimination should be 
considered: (1) rate-determining intramolecular reductive 
elimination of hydrogen,16 (2) rate-determining CO dis- 
sociation, followed by bimolecular reductive elimination 
(such as that found for the reaction of H20s(CO),, yielding 
H~OS~(CO)~) ,"  and (3) a rate-determining intramolecular 
rearrangement, such as hydride migration or Ru-Ru bond 
cleavage. The large positive entropy of activation, sug- 
gestive of a dissociative mechanism, would seem incon- 
sistent with mechanism 3 but perhaps most consistent with 
(2) (cf. AS* = 85 J / (K mol) for CO dissociation from 
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(15) (a) Po& A.; Smith, R. Presented at  the XIIth International Con- 
ference on Organometallic Chemistry, Vienna, Austria, Sept 1985. (b) 
Poe, A. J. Private communication. 

(16) (a) Collman, J. P.; Hegedus, L. S.; Norton, J. R.; Finke, R. G .  
Principles and Applications of Organotransition Metal Chemistry; 
University Science Books: Mill Valley, CA, 1987; Chapter 5. (b) Noell, 
J. 0.; Hay, P. J. J.  Am. Chem. SOC. 1982,204,4578 and references therein. 

(17) Norton, J. R. Acc. Chem. Res. 1979, 12, 139. 

Table 11. Comparison of Activation Parameters for 
Hydrogen Replacement by CO in Cluster Systems 

AS', 
AH', J / ( K  AG'(298 

compd kJ/mol  mol) K), kJ/mol  
H(P-H)Ru~(CO)~~"  124 136 84 
H(~-H)os3(CO)ii~ 93 -35 104 

(pu-H),0s3(p3-COMe)(CO)gd 159 67 139 

"This work. bReference 15. Reference 19. dReference 20. 

(p-H)3Ru3(p3-COMe)(CO)gc 130 33 120 

A G  I 

T 
1 

T 
_L 

20 

19 

Figure 6. Free energy diagram relating (p-H)3M3(p3-COMe)(C0)9 
(lowest pair of structures), H(p-H)M3(CO)11 (middle structures), 
and the proposed transition state (highest free energy structures) 
for reductive elimination of hydrogen (M = Ru, Os). 

RU,(CO)~~'~).  The low value for kH/kD is more consistent 
with mechanism 2 than with (1) but is not definitive. We 
see no evidence for inhibition of the elimination by CO, 
but this cannot be taken to rule out (2). Crossover ex- 
periments are not feasible in this system. However, since 
no higher cluster products such as [HR~(CO) , J  (which 
is formed upon protonation with sulfuric acid at  room 
temperature9 are formed, it seems unlikely that a bimo- 
lecular mechanism involving elimination of hydrides of 
different molecules is occurring. 

On the other hand, the differences between the free 
energies of activation for the analogous pairs H(p-H)M,- 
(CO),, and (p-H)3M3(p3-COMe)(CO)g (Tab!e 11) suggest 
that there is a common mechanism for Ru and Os cluster 
pairs. Reductive elimination from (p-H),M,(p,-COMe)- 
(CO), (M = Ru,19 Osm) is proposed to occur through a 
three-center transition state involving a single metal cen- 
ter;21 this same mechanism has been proposed for H(p- 
H)Os3(CO)ll.15 Comparison of the pairs H(p-H)M,(CO),, 
and ( P - H ) ~ M ~ ( ~ ~ - C O M ~ ) ( C O ) ~  (M = Ru, Os) shows that 
in each case the free energy of activation for hydrogen 
elimination from a Ru cluster is 19-20 kJ/mol lower than 
for its Os analogue. These values are entirely as expected 
from the thermodynamic considerations. We have de- 

~~~ ~ 

(18) Poe, A.; Twigg, M. V. J. Chem. Soc.,balton Trans. 1974, 1860. 
(19) Bavaro, L. M.; Montangero, P.; Keister, J. B. J. Am. Chem. SOC. 

1983. 105. 4977. 
(20) Bavaro, L. M.; Keister, J. B. J. Organornet. Chern. 1985,287,357. 
(21) Anhaus, J.; Bajaj, H. C.; van Eldik, R.; Nevinger, L. R.; Keister, 

J .  B. Organometallics 1989, 8, 2903. 
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termined that the Os-H-Os bond energy is 17 kJ/mol 
greater than the Ru-H-Ru bond energy22 in the pair (p- 
H)3M3(p3-COMe)(C0)9. Furthermore, the free energy of 
activation for hydrogen elimination from H(p-H)M3(CO)11 
is 36 kJ/mol lower than the value for the corresponding 
(p-H)3M3(p3-COMe)(C0)9 for both Ru and Os pairs. Since 
the M-H-M bond has been estimated to be ca. 45 kJ/mol 
more stable than the combination of M-H and M-M 
bonds,* the lower free energies of activation for reductive 
elimination from H(C(-H)M,(CO)~~, compared with the 
corresponding values for (~-H),M,(P,-COM~)(CO)~, may 
be largely attributed to the relative ground-state energies 
(Figure 6). Terminal hydride ligands are kinetically and 
thermodynamically more reactive than are bridging hy- 
drides. 

(22) (a) Vites, J.; Fehlner, T. P. Organometallics 1984, 3, 491. (b) 
Keister, J. B.; Onyeso, C. C. 0. Organometallics 1988, 7, 2364. 

(23) (a) Rosenberg, E. Polyhedron 1989, 8, 383. (b) Rosenberg, E.; 
Ansyln, E.; Green, M.; Nicola, G. Unpublished results. 

(24) An initial description of the flow cell was given by: Kutz, H.; 
Leslie, A.; Maher, J. Presented a t  the 4th International Conference on 
Mechanisms of Reactions in Solution, Canterbury, England, July 1986. 

There still is no detailed understanding of the kinetics 
and thermodynamics of hydride reactivity in cluster sys- 
tems. Clearly, bridging hydrides are not always energet- 
ically more favorable than terminal hydrides, otherwise 
H2R~3(CO)11 should have a different structure than it does. 
The accumulation of additional quantitative data on hy- 
dride reactivity in clusters having a variety of hydride 
coordination modes is necessary to determine the rela- 
tionships between structure and reactivity. 
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The reaction of IrH(CO)(PPh,), with tetrafluoroethylene gives the hydride olefin complex IrH- 
(C2F4)(CO)(PPh3)2. Further reactions of IrH(C,F4)(CO)(PPh3), with a coordinating ligand L (L = C2F4, 
CO, C2H4) result in the insertion of the coordinated olefin into the iridium-hydrogen bond and formation 
of tetrafluoroethyl complexes, Ir(CF,CF,H)(L)(CO)(PPh,),. Thermal displacement of the ethylene ligand 
in Ir(CF2CF2H)(C2H4)(CO)(PPh3), gives the four-coordinate complex Ir(CF,CF,H)(CO)(PPh,),. The X-ray 
crystal structure of the dicarbonyl complex Ir(CF2CF,H)(CO)2(PPh3)2 is described. Ir(CF,CFZH)(CO),(PPh3), 
crystallizes in the triclinic space group P1 with a = 9.868 (5) A, b = 11.5727 (5) A, c = 17.083 (9) A, LY = 
103.9 (4)O, /3 = 94.14 (4)O, y = 113.09 (3)O, and 2 = 2 with d(ca1cd) = 1.699 g cm-, for a molecular weight 
of 873.83. The structure was refined to give R = 0.0400 and R, = 0.0407, and in contrast to the geometry 
displayed in solution, which has trans triphenylphosphines, has a cis arrangement of triphenylphosphine 
ligands. The Ir-CF2CF2H bond distance is 2.145 (8) A. 

Introduction 
The tetrafluoroethylene ligand has proved to be an ex- 

cellent precursor for a-bonded transition-metal fluoro- 
carbon complexes.' One possibility is the insertion of 
tetrafluoroethylene into a metal-ligand bond. This reac- 
tion has been demonstrated for several different types of 
ligands but is observed most frequently for the hydride 
ligand.2 Metal hydrides react with a large number of 

(1) (a) King, R. B.; Treichel, P. M.; Stone, F. G. A. Proc. Chem. SOC., 
London 1961, 69. (b) Treichel, P. M.; Morris, J. H.; Stone, F. G. A. J. 
Chem. SOC. A 1963,720. (c) Green, M. L. H.; Stear, A. N. Z. Naturforsch. 
1965,20B, 812. (d) Wilford, J. B.; Stone, F. G. A. Inorg. Chem. 1965,4, 
93. (e) Watterson, K. F.; Wilkinson, G. Chem. Ind. (London) 1959,991. 
(0 Hitchcock, P. B.; Mason, R. J. Chem. SOC., Chem. Commun. 1967,242. 
(g) Hunt, R. L.; Roundhill, D. M.; Wilkinson, G. J. Chem. SOC. A 1967, 
982. (h) Browning, J.; Cook, D. J.; Cundy, C. S.; Green, M.; Stone, F. G. 
A. J. Chem. Sac., Chem. Commun. 1968,929. 

(2) (a) Bond, A,; Green, M. J.  Chem. Soc., Dalton Trans. 1972, 763. 
(b) Baird, M. C.; Mague, J. T.; Osborn, J. A.; Wilkinson, G. J. Chem. SOC. 
A 1967, 1347. (c) Yagupsky, G.; Brown, C. K.; Wilkinson, G. J. Chem. 
SOC., Chem. Commun. 1969, 1244. (d) Yagupsky, G.; Brown, C. K.; 
Wilkinson, G. J. Chem. SOC. A 1970, 52. (e) Clark, H. C.; Puddephatt, 
R. J. Inorg. Chem. 1970, 9, 2670. 
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olefins and acetylenes, giving products that are a result of 
formal insertion of the olefin or acetylene into the met- 
al-hydride bonda3 

The reaction of hydride-carbonyl complexes with al- 
kenes has relevance to the intermediate species in tran- 
sition-metal-catalyzed hydroformylation,2c.d and the in- 
sertion of olefins into transition-metal-hydrogen bonds is 
an important step in a number of other catalytic processes, 
such as hydrogenation, oligomerization, and polymeriza- 
tion. The reaction of tetrafluoroethylene with rhodium 
hydrides has been shown to give a-bonded fluorocarbon 
complexes in a number of cases (eq 1 ) . 2 c s d  Rh- 

CF,H 

(3) (a) Torres, M. R.; Vegas, A.; Santos, A,; Ros, J .  J. Organomet. 
Chem. 1986, 309, 169. (b) Baddley, W. H.; Fraser, M. S. J. Am. Chem. 
SOC. 1969,91, 3661. 
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