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Kinetic deuterium isotope effects have been observed on the axial-radial carbonyl exchange process at 
hydride-bridged metal atoms in H&-H)OS,(CO)~& (L = P(C6H&, CN-t-Bu) and GL-H)RU~(CO),&~-C,-~-BU) 
by variable-termperatwe 'H and '3c NMR techniques. In &-H)ZOs&CO)10 this effect is not observed. Kinetic 
deuterium isotope effects have also been measured directly on the site exchange of the magnetically 
inequivalent hydrides in (p-H)2Ru3(CO)e(p3-CH=C-t-B~)2+, for the mono- and dideuterio derivatives by 
*H and 2H NMR. The meaning of these isotope effects for the particular ligand migrations involved is 
discussed. 

Introduction 
Although there have been many studies on the ligand 

mobility of bridging hydrides and carbonyl groups in p- 
hydrido metal clusters, relationships between the migra- 
tions of these two ligands have not been clearly delineated. 
For instance, in cases where axial-radial exchange of 
carbonyl groups is observed at  metal atoms bridged by a 
hydride the relationship between motion of the carbonyl 
ligands and the hydride has not been elucidated. We have 
previously observed that barriers to axial-radial carbonyl 
site exchange are 12-20 kJ  higher a t  the hydride-bridged 
edge of the metal triangle in (p-H)M3(CO)g(p3-L) systems 
(M = Ru, Os; L = 2- or 3-carbon organic 
However, since there is only one hydride in these systems, 
its motion cannot be directly observed by NMR techniques 
and we cannot determine whether hydride motion is ac- 
tually required for carbonyl site exchange at  hydride- 
bridged metal atoms. In cases where there are two dif- 
ferent hydride ligands (e.g., H(p-H)Os3(CO)loL) we have 
observed that hydride motion can be directly linked to 
carbonyl group site exchange at a given metal atom.4 In 
addition, we recently reported the observation of an ap- 
parent deuterium isotope effect on formation of two di- 
cationic dihydrido products from the reaction of the 
phosphine-substituted organometal cluster (p-H)Ru3- 
(CO)B(p3-C2-t-Bu)P(C6H5)3 with sulfuric acid.5 These 
results were interpreted in terms of a significant (tEH/tED 
= 1.5) deuterium kinetic isotope effect on the p-hydride 
migrations involved in the proposed reaction mechanism. 
Deuterium kinetic isotope effects on p-hydride migrations 
have not previously been measured in polyhydrido clusters. 
The determination of kinetic isotope effects on ligand 
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migrations may prove to be a valuable tool in under- 
standing the relationships between ligand dynamics and 
reactivity of polynuclear metal clusters as our initial 
findings s ~ g g e s t . ~  We have therefore undertaken a study 
of deuterium kinetic isotope effects in both reactive and 
nonreactive metal clusters containing p-hydride ligands. 
We report here our initial findings on the measurement 
of the deuterium kinetic isotope effects on ligand migra- 
tions in the deuterated analogs of H(~-H)OS~(CO)~& (L 

H)RuB(CO)~(CLB-C~-~-BU) (IV), and (p-H),Ru3(CO)&- 
CH=C-~-BU)~+ (V) as determined by W, 'H, and 2H NMR 
techniques. 

Results and Discussion 
(A) Kinetic Isotope Effects on Carbonyl Migrations 

in H ( ~ - H ) O S ~ ( C O ) , ~ L  and (p-H)20s3(CO)lo. Our pre- 
vious work on the ligand dynamics of H(M-H)OS~(CO)~& 
(L = P(C,&)3, I)4 established a direct link between 
bridge-terminal exchange of the hydride ligands and ax- 
ial-radial site exchange of two carbonyl ligands, COA and 
COB, on the osmium atom bearing the terminal hydride 
(Figure 1). Since the relationship between hydride and 
carbonyl site exchange is well understood in this system, 
it seemed a good starting point for our investigations on 
deuterium kinetic isotope effects. The 13C NMR of D(p- 
D)OS~(CO)~$(C~HS)~ at -36, -25, and +32 OC clearly shows 
a kinetic isotope effect on the averaging of COA with COB 
when compared visually with its protic analogue at all three 
temperatures (Figure 1). The peaks between A and B 
( f i i e  1) are due to the nonexchanging equatorial carbonyl 
groups C and G whose chemical shift is o b s e ~ e d  to change 
with temperat~re.~ The simulated 13C NMR spectra give 
a value of kH/kD = 1.5 h0.1 at  all three temperatures. It 
is difficult to imagine any other process besides simple 
hydride bridge opening coupled with in-plane rotation of 
COA and COB to close the hydride bridge on the opposite 
face of the metal triangle that would explain the observed 
isotope effect. An estimate of the maximum isotope effect 
on p-hydride bridge opening can be obtained from the 
known values of the infrared stretching frequencies for the 
p-hydride in H ( ~ - H ) O S ~ ( C O ) ~ ~ L  and D ( ~ - D ) O S ~ ( C O ) ~ ~ L . ~  

= P(CeH&, I; CEN-t-Bu, II), (p-H)20~3(C0)10 (III), (p- 
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H ~ o S ~ ~ c o ~ ~ ~ ~ ~ ( c ~ ~ ~ ~ ~ ~  D20S,(Co)io(P(C6H,13) - - 

3250 

0.1 

Obr. Calc. Obr. Calc .  

Figure 1. Observed and calculated variable-temperature 13C NMR spectra of the carbonyl region of H(~-H)Os,(CO),$(C,H,), (left) 
and D ( ~ - D ) O S ~ ( C O ) ~ $ ( C ~ H ~ ) ~  (right) in CD2C12 at 20.1 MHz. 

II ! CJJk. 
-A 

Figure 2. Variabletemperature 'H NMR of the tert-butyl methyl 
resonances of cis- plus trans-H(JL-H)Oe3(CO)lo(CN-t-Bu) (upper) 
and D(~-D)OS,(CO),~(CN-~-BU) (lower) in CD2C12 at 500 MHz. 

The calculated value for the primary isotope is kH/kD = 
2.7. That this value is larger than the observed value is 
not surprising in view of the expected nonlinearity of the 
transition state.' In addition, the slight broadening of the 
13C NMR resonances observed for D(~-D)OS~(CO)~,,P- 
(C6H5)3 in the low-temperature limit, which is probably 
caused by incompletely relaxed quadruple coupling could 
contribute to the diminution of the observed k H / k D  value. 
This was taken into account in the line-shape analysis 
however, by assigning a shorter intrinsic T2 to the deu- 
terated species. Shapley and Keister recently suggested 
exchange of COA with COB and HA with HB in these sys- 
tems could take place via a doubly H-bridged transition 
stateas The isotope effects reported here do not distin- 
guish between this transition state and one having two 
terminal hydrides. 

We have also measured the variable-temperature 'H 
NMR spectra of H(~-H)OS~(CO)~~(CN-~-BU)  and D(p- 

(6) J. R. Shapley, J. B. Keister, M. R. Churchill, and G. DeBoer, J. 

(7) F. H. Weetheimer, Chem. Rev., 61, 265 (1961). 
(8) 3. B. Keister and J. R. Shapley, Znorg. Chem., 21, 3304 (1982). 

Am. Chem. SOC., 97 (1978). 

L 

L 
Figure 3. Variable-temperature 13C NMR of the carbonyl region 
of (pH)20s3(CO)lo (left) and (JL-D)20s3(CO)lo (right) in CD3C6D6 
at 20.1 MHz. 

D)OS~(CO)~,(CN-~-BU). The solid-state structure of this 
adduct has the isocyanide in an axial position trans to the 
terminal hydride? In solution both the cis and trans 
isomers exist and are interconverted by the same bridge- 
terminal hydride exchange observed for the phosphine 
a d d u ~ t s . ~ ? ~  At 500 MHz the two Bu-t-methyl resonances 
for the cis and trans isomers are partially resolved at -60 
"C (6 1.58 and 1.49 (relative intensity = 3.6:l in CD2C12) 
for both the deuterated and protic samples (Figure 2). As 
the temperature is increased, a definite difference in the 
rate of averaging of the two signals between the deuterated 
and protic samples is seen with the deuterated sample 
averaging distinctly more slowly. Unfortunately, due to 
the instability of this adduct in solution? the appearance 
of impurity peaks prevented a detailed line-shape analysis 
for this system. We feel, however, that the experiments 
do demonstrate the generality of the kinetic isotope effeds 
in the D(JPD)OS,(CO),& class in at least a qualitative sense 
and that our more quantitative results for the phosphine 

(9) R. D. Adama and N. M. Golemkki, Znorg. Chem., 18,1909 (1979). 
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adduct are not due to anomalous effects arising from in- 
teraction of the deuterium with the carbonyl ligands. 

In sharp contrast to the results reported here for H(p- 
H)OS~(CO)~& we observe no deuterium kinetic isotope 
effect on the rate of exchange of the magnetically in- 
equivalent carbonyl groups COA and COB on the hy- 
dride-bridged metal atoms in (p-D)z0s3(C0)10 when com- 
pared with (p-H)z0s3(C0)10 (Figure 3). Line-shape 
analysis gives a value of kH/kD = 1.0. Indeed, these car- 
bonyl groups on (~-D) ,OS~(CO)~~ appear to average slightly 
faster than those on (p-Hz)20s3(C0)10. This is due to a 
significant isotope effect on the chemical shift of COB (the 
unique carbonyl group that is in the plane of the metal 
triangle) of 6 Hz (0.3 ppm) to higher field making the 
chemical shift difference between this carbonyl group and 
the other two carbonyl groups on the hydride-bridged 
metal atoms smaller. Two general mechanisms are con- 
sistent with these results. First, intramolecular carbonyl 
exchange involving a simple pinwheel rotation and not 
involving any motion of the hydride bridges. On the other 
hand, intermolecular exchange of CO to produce small 
amounts of H ( ~ - H ) O S ~ ( C O ) ~ ~  that is known to be under- 
going rapid intra- and intermolecular exchange at  these 
temperatures could account for these observations.6J0 The 
fact that coupling between the exchanging carbonyl groups 
and the hydride ligands is lost a t  the high-temperature 
limit and that (p-H)zOs3(CO)lo begins to decompose in this 
temperature range ($110 "C) also suggests that intermo- 
lecular exchange may be promoting the intermolecular site 
exchange processes observed. In any case, the absence of 
a kinetic isotope effect on carbonyl migration in (p -  
H)z0s3(CO)lo strongly suggests that bridging hydride 
motion is not involved in the rate-determining step and 
lends support to the idea that kinetic isotope effects can 
be used to differentiate mechanisms of carbonyl averaging 
in metal clusters. Furthermore, these results indicate that 
the higher barrier to carbonyl site exchange at  the coor- 
dinately unsaturated centers of (p-H)z0s3(CO)lo when 
compared with the saturated H(p-H)20s3(CO)loL is due 
to a more rigid (i.e., nonmoving) metal hydrogen frame- 
work. It seems unlikely therefore that this same bonding 
framework would allow carbonyl site exchange at much 
lower activation energies in the more crowded transition- 
state structure "(p-H)zOs3(CO)l&" as suggested by Keister 
and Shapley.8 The evidence to date therefore seems to 
support the bis terminal-geminal hydride as the most 
likely transition state.6 

(B) Deuterium Kinetic Isotope Effects on Carbonyl 
Migrations in (p-H)Ru3(C0),(p3-Cz-t-Bu). In order to 
investigate the link between hydride motion and carbonyl 
site exchange in (p-H)M3(C0),G3-C2-t-Bu) (IV) complexes 
we synthesized (p-D)Ru3(C0),(p3-C2-t-Bu) (IV') by neu- 
tralization of the corresponding anion with CF3COOD (eq 
1) and compared their variable-temperature 13C NMR in 
the temperatule range of +26 to +60 "C. A comparison 
of the variable-temperature 13C NMR of (p-H)Ru(CO)g- 
(p,-C,-t-Bu) and ( ~ - D ) R U ~ ( C O ) ~ ( ~ & ~ - ~ - B U )  is shown in 
Figure 4 and reveals that the axial-radial carbonyl ex- 
change is distinctly slower in (p-D)Ru3(C0),(p3-C2-t-Bu) 
than in (p-H)Ru(CO),(p3-C2-t-Bu). A line-shape analysis 
of the spectra gave a kH/kD = 2 at  all four temperatures. 
The value of kH/kD can only be considered approximate 

Rosenberg et al. 

(10) We have measured the variabletemperature 13C NMR of Hz- 
OS&O)~~  in the range of -80 to +30 OC. Dynamic behavior similar to 
I and I1 is observed below -30 O C ,  but above this temperature a different 
process seta in which simultaneously averages all carbonyl groups at the 
hydride-bridged osmium atoms. We currently are investigating how the 
variation in the free CO pressure and cluster concentration affects the 
rate of this process. 

IV 

Y 

IV' 

since the line-shape analysis was complicated by overlap 
with the coalesced signal from the axial and radial carbonyl 
groups CO(D) and CO(E) on Ru(3) (Figure 4). It is clear, 
however, that the kinetic deuterium isotope effect is 
measureable and is similar in magnitude to those observed 
for the H ( ~ - H ) O S ~ ( C O ) ~ ~ L  systems. 

The site exchange of carbonyl groups at  the hydride- 
bridged metal atoms in (p-H)M3(CO),(p3-L) systems must 
involve some motion of the hydride bridge and two pos- 
sibilities for this motion exist: (1) opening of the hydride 
bridge to a terminal hydride on alternate sides; (2) a 
transition from k- to p3-hydride bonding where the hy- 
dride moves from an edge-bridging to a face-bridging mode 
allowing a C3 rotation of the carbonyl groups. We cannot 
differentiate between these alternatives a t  the present 
time. The IR stretching frequencies vary as M-H > N ~ -  
M-H > p3-M-H,'0 which would seem to favor the latter. 

(C) Deuterium Kinetic Isotope Effects in (p -  
H)zRu3(CO)g(p3-HC=C-t -Bu)~+. We felt an accurate 
assessment of the size of the deuterium isotope effect on 
a hydride exchange process could be obtained by direct 
observation of hydride exchange in a dihydrido cluster. A 
good candidate for this study is the dication (P-H)~RU~- 
(CO)g(p3-HC=C-t-Bu)2+ which has structure Va or Vb 
based on 'H and I3C NMR data.5 With (p-H)Ru(CO),- 
(p,-C,-t-Bu) or (p-D)Ru3(CO),(p3-CZ-t-Bu) as a starting 
material, we could selectively make the HH, HD, and DD 
complexes. (p-H)zRu3(CO)g(p3-CH==C-t-Bu)2+ undergoes 

Va Vb 

a reversible intramolecular hydride site exchange that 
results in a coalescence of the two hydride resonances (at 
6 -14.3 and -15.1) at  +57 "C (G*320K = 62.7 kJ/mol-'). 
Solutions of (~-H)(~-D)RU~(CO),[DC=CC(CH~)~]~+ and 
(P-D)~RU~( CO), [ D C 4 C  (CH,),] 2+ were prepared by dis- 
solving (~-H)Ru~(CO)~(CL~-C~-~-B~) or (p-D)Ru3(CO)g(p3- 
C2-t-Bu) in D2S04. The variable-temperature lH NMR 
for (p-H)2R~3(CO)g(p3-CH=C-t-Bu)z+ and (p-H)(p-D)- 
R U ~ ( C O ) ~ [ D C ~ ( C H ~ ) ~ ] ~ +  were measured at  200 MHz in 
the temperature range of +25 to +57 "C. The 2D NMR 
spectrum of (p-D)2R~3(CO)g[DC=CC(CH3)3]2+ was mea- 
sured in the same temperature range at 77 MHz (500 MHz 
for 'H NMR) since the lower resonance frequency of 
deuterium required a higher field to get below coalescence 
at room temperature. Simulated lH and 2D NMR spectra 
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C O O  CO(D,E)COCB,C) CO(A) COCQE)CO(B,C) 

Figure 4. Observed and calculated variable-temperature 13C NMR spectra of the carbonyl region of ( ~ . H ) R U ~ ( C O ) ~ ( ~ ~ - C ~ - ~ - B U )  (left) 
and (~-D)RU~(CO)~(~~-C~-~-BU) in CDC13 at 25.1 MHz. 

for (p-H)2R~3(CO)g(p3-CH=C-t-B~)2+, (p-H)(p-D)Ru3- 
(CO)g[DC=CC(CH3)3]2+, and (p-D)2Ru3(CO)S[DC=CC- 
(CH3)3]2' were calculated at  or near coalescence. The 
observed and calculated spectra are shown in Figure 5. 

the deuterium isotope effect to be roughly additive. A 
single step concerted process would give multiplicative 
isotope effect ratios and a two-step process (where kH = 
kHb) would be expected to give additive isotope effects lor 
hydride site exchange. These two alternatives cannot be 
differentiated on the basis of these data. The situation 
where one hydride migrates much faster than the other 
is ruled out by these results. We have not been able to 
assign the infrared stretching frequencies for the p-hy- 
drides and the p-deuterides in ( ~ - H ) R u ( C O ) ~ ( ~ ~ - C ~ - ~ - B U )  
and (p-H)2R~3(CO)S(p3-CH=C-t-B~)2+. With use of 
known values of the metal hydrogen stretching frequencies 
for related p-hydrido species in the literature, a predicted 
value of kH/kD = 2-3.5 is obtained for the primary deu- 
terium isotope effectel' 

The variable-temperature 13C NMR spectrum of (p- 
H)2Ru3(C0)s(p3-CH=C-t-Bu)2+ and (p-D)2R~3(CO)S- 
[DC=CC(CH3)3]2+ have also been examined from +26 to 
+67 "C. Six sharp resonances at 6 188.1,187.7,184.2,183.1, 
182.1, and 181.3 (relative intensity = 1:1:2:2:2:1) at 26 "C 
are observed for (p-H)2Ru3(CO)s(p3-CH=C-t-Bu)2+. The 
13C NMR of (p-D)2Ru3(CO)9[DC=CC(CH3)3]2+ at  26 "C 
shows considerable broadening of all these resonances 
except the one at  6 183.1. As the temperature of (p- 
H)2R~3(CO)g(p3-CB=C-t-Bu)2+ is increased to +67 "C, 
where hydride site exchange is rapid on the NMR time 
scale, averaging of the two most downfield resonances 
(which are assigned to two of the axial carbonyls12) and 

The ratios Of kHH/kHD e 1.44 and kHH/kDD = 1.80 reveal 

averaging of several of the upfield resonances (radial 
carbonyls) is observed to give five sharp resonances at 6 
187.9, 183.6, 183.1, 183.0 and 181.6 (relative intensity = 
2:2:1:2:2). The observed changes in the 13C NMR spectra 
can be understood in terms of the introduction of a C,, 
symmetry plane that can be the result of either hydride 
migration around the cluster for structure Vb or of hydride 
migration around the cluster coupled with an oscillatory 
motion of the organic ligand pivoting at  one of the ace- 
tylenic carbons for Va. The averaging of these carbonyls 
is observed to be slower for (P-D)~RU~(CO)~[DC=CC- 
(CH3)3]2+ as expected since introduction of the CZu plane 
directly depends on hydride migration rates for both Va 
and Vb. Averaging of radial with axial carbonyl groups 
is not observed in the temperature range examined, and 
hydride site exchange is rapid with respect to this process 
in (p-H)2R~3(CO)S(p3-CH=C-t-Bu)2+. It  appears that in 
(~-H),RU,(CO)~(~~-CH=C-~-BU)~+ motion of the two 
bridging hydride ligands is apparently independent of 
carbonyl axial-radial site exchange, an observation which 
is in sharp contrast with the results obtained for H(p- 

(CO)g(p3-C2-t-B~). This may be due to the fact that there 
are two hydride bridges in (p-H)2R~3(C0)s(p3-CH=C-t- 
B u ) ~ +  that open one at  a time with their motion coupled 
only to the movement of the organic ligand, leaving two 
of three metals always bridged. 

Conclusions 
We have documented here four examples of a deuterium 

kinetic isotope effect on various ligand migrations. These 
results lend support to the mechanism proposed to explain 
the deuterium kinetic isotope effect observed in the re- 

H)Osa(CO)& (L = P(CeH5)3, CEN-t-Bu) and (p-H)Ru,- 

(11) H. D. Kaesz in 'Transition Metal Hydrides", R. Bau, Ed., Am- 
erican Chemical Society, Washington, D.C., 1900 Ado. Chem. Ser. No. 
167. 

(12) S. Aime and L. Milone, h o g .  N u l .  Magn. Reson. Spectrosc. 11, 
183 (1977). 
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T ( O C )  

Rosenberg et al. 

(CDC13, CDzClz, and CD3C&) and acids (95% H804 and D804) 
were used as purchased without further purification. 

Spectra. 13C NMR were obtained on a JEOL PFT-100 and 
IBM-NRBO spectrometers operating in the Fourier transform 
mode using samples that were approximately 15-30% enriched 
with 13C0 by exchange with 0.5 atm of 90% 13C0 at 70-100 "C. 
Cr(a~ac)~ (0.05 M) was used as a relaxation agent for the CDCl,, 
CDzClz, and CD3C6D5 solutions. The viscosity of the HzSO4 
solutions of V and V" was sufficient to shorten the relaxation time 
of the carbonyl groups so that good 13C NMR spectra could be 
obtained. 

'H NMR were obtained on Varian XL-200 and Bruker WP500 
spectrometers operating in the Fourier transform mode. DzS04 
(10% by volume) was added to the HzS04 samples as a field 
frequency lock. 

2D NMR were measured on a Bruker-WP500, at 77 MHz op- 
erating in the Fourier transform mode. The deuterium resonances 
due to the deuterides in V" were considerably broadened at 26 
"C compared to the same resonances in V as expected from its 
lower resonant frequency. However, the deuterium lines would 
also be expected to be intrinsically broader due to the smaller 
T values for deuterium compared with Tz for protons. The line 
wi&h of the deuterium resonance of the hydride in IV' at 26 "C 
was measured to be 4.0 Hz in CDC13, and this was taken as the 
value for the resonances in V" at the low-temperature limit in 
DzSO4 that could not be obtained experimentally. No field fre- 
quency lock was used in the 2H NMR experiments, but spec- 
trometer drift was negligible during the 5-10-min spectrum ac- 
cumulation time. 

Temperature was measured to 10.5 OC by a small thermometer 
in a sample tube containing the same solvent and was checked 
before and after each run. 

Line-Shape Analysis. Simulation of the variable-temperature 
of 'H, %, and '9c NMR spectra were performed by using a version 
of DNMR-4 by Gerhard Binsch modified by Bushweiler. Since 
DNMR-4 could not accommodate the AzBzCzDzE system IV with 
the required two independent seta of rate constants, only the 
carbonyl ligands on the hydride-bridged metal atoms of IV, Ru(1) 
and Ru(2), were included in the simulation. The axial-radial 
exchange at Ru(3) was simulated independently, but the con- 
tribution of this process and the higher energy intermetallic 
exchange to the observed line shapes was not included and the 
resulting rate constants can only be considered approximate. Rate 
constants reported here for the 'H and 2H NMR spectrum sim- 
ulations can be taken as *5% as this was the lower limit for 
producing observable changes in the calculated spectra near 
coalescence (55-57 "C). 

Preparation of DRU~(CO)~[~-C=CC(C€I~)~] (IV'). To 500 
mg (0.5 mol) of [ (C6H~),As]+[Ru3(CO)~(p3-Cz-~-Bu)]~1s in 2.0 mL 
of CDzClz at ambient temperature under nitrogen atmosphere 
was added 1.0 mL of CF3COOD, dropwise. The solution was 
evaporated to dryness under vacuum, and the residue was ex- 
tracted with hot heptane (3 X 5 mL). The heptane solution was 
cooled to -20 "C to yield 300 mg (90%) of IV' that was >95% 
deuterated as determined by 'H NMR (a small residual hydride 
resonance was observed and integrated). 

Preparation of Solutions of [XzRu,(CO),(p3-Cz-t -Bu)I2+ 
(X = H or D). A 20-30-mg (0.06-0.1-"01) sample of XRu3- 
(CO)g[p3-C=CC(CH8)3](X = H or D) was dissolved in 0.5 mL of 
XzS04 (X = H or D) in an NMR tube over a period of 1-2 h to 
give pale yellow solutions that were stable in air for several weeks 
as evidenced by their 'H NMR. The solutions become progres- 
sively brown and more viscous after this period even under ni- 
trogen atmosphere. No H for D exchange was observed after 
dissolution of IV in DzSO4 or IV' in HzSO4. 

OBSERVE0 CALCULATED 

Figure 5. (a) Observed and calculated 'H NMR of the hydride 
region of (~-H)Ru~(CO),[HC--CC(CH&~]~+ at 200 MHz in HaO,. 
(b) Observed and calculated 'H NMR of the hydride region of 
(p-H)(p-D)Ru,(CO),[D~C(CHd,l2+ (V) at 200 MHz in D$O& 
(c) Observed and calculated ?D NMR of the deuteride region of 
(p-D)2R~3(CO)S[DC~CC(CH3)3]2+ in DzSO4 at 75 MHz. 

actions of (~-H)Ru~(CO),(~~-C,-~-BU)[P(C~H~)~] with 
H2S04.5 Furthermore, the absence of a kinetic isotope 
effect in (p-H)20s3(CO)lo suggests a significant variablity 
in metal-hydrogen bond strength and the role it may play 
in the ligand dynamics and the low-temperature reaction 
chemistry of hydridometal clusters. Although the size of 
the effect is small, it is measureable by direct observation 
of the hydride or deuteride nuclei as well as by 13C NMR 
and undoubtedly other NMR nuclei. The effects of 
quadrupolar nuclei on line shapes in site exchanging sys- 
tems has not been well investigated for metal deuterides, 
and therefore the km/ kDD value reported here is tentative. 
We are currently investigating the (p-H)ZM3(p3-S)(C0)9 
and (p-H)2M3(COg)(p3-L) systems (M = Ru, Os; p-X = H 
or D; p3-L = hydrocarbon ligand) to elucidate this point 
further. Finally, the kinetic isotope effects observed here 
define a new class of isotope effects in transition-metal 
chemistry that are distinct from the "inverse" or thermo- 
dynamic isotope effects observed in heavy atom-light atom 
hydrogen transfed3 and the larger kinetic isotope effects 
(kH/kD = 7-11) reported for proton transfers from mineral 
acids to metal carbonyl ~1usters. l~ Recognition of these 
three classes of isotope effects may provide a basis for 
understanding the relative rates of single-step processes 
in hydridometal cluster reactions. 

Experimetal Section 
Materials. Compounds I-IV and their deuterated analogues 

were prepared by published literature procedures.ss6 Solvents 

(13) J. R. Shapley and R. B. Calved, J. Am. Chem. Soc., 97, 907 

(14) M. J. Mays et al., J. Orgnnomet. Chem., 74, 449 (1974). 
(1978). 
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Complexes tr~ns-Pt(PMe~)~ClR, where R = (1-methylcyclobuty1)methyl (mcbm, l), (adamanty1)methyl 
(adm, 81, 4-methylpentyl-l,l-d2 (9), and 4-methyl-4-pentenyl (lo), and also PtCl(dmpe)(mcbm) [dmpe = 
1,2-bis(dimethylphosphino)ethane] (2) have been prepared. Pyrolysis of 1 or 2 at 140 "C yields 2- 
methyl-1,Cpentadiene (12) as the only organic product, and tran~-HPt(PMe~)~Cl (13) is isolated in high 
yield in the case of 1. Added PMe3 retards the pyrolysis of 1, leading to formation of [HPt(PMe3)3!C1 
(14) and exhibiting kinetics consistent with initial PMe3 dissociation. Decomposition of 8 requires heating 
at 240 "C for hours. Pyrolysis of 9 at 140 "C forms 13 and 4-methyl-1-pentene-l,l-d2 with very little 
rearrangement of the deuterium label. Treatment of 1 with Ag+ in acetone at -80 "C forms [trans-Pt- 
(PMed2(mcbm)(acetone)]+ (15) that rearranges above -40 "C to (C~~-P~(PM~~)~[~,~,~-~-(CH~)~C(M~)=CH~])+ 
(16) and above -10 "C to a mixture of [Pt(PMe3)2(2-4-q-2-methylpentenyl)]+ (17a) and [Pt(PMe3)2(1-3- 
q-2-methylpentenyl)]+ (17b), which is isolated as the PF, salt. Reaction of 1 with Ag+ in CD2C12 at -80 
"C leads within 30 min to direct formation of 16, representing an extremely mild C-C activation step. 
Reaction of 10 with Ag+ at -80 "C followed by warming to -20 "C also generates 16. In contrast, 8 and 
Ag+ from [Pt(PMe3)2(adm)(acetone)]+ which is isolable at ambient temperature. Mechanistic implications 
of these reactions are discussed. 

Introduction 
Formation and cleavage of carbon-carbon bonds me- 

diated by transition-metal complexes is a central subject 
of organometallic chemistry. The activation of saturated 
hydrocarbons by heterogeneous metal-based catalysta has 
been a common practice for many years now and can be 
achieved under remarkably mild conditions in some case8.I 
However, heterogeneous reactions generally are not par- 
ticularly mild, they are not very selective, and mechanistic 
details are not readily accessible. Homogeneous reactions 
hold the promise of being highly selective and of being 
amenable to testing for mechanistic information that may 
ultimately be valuable in helping to  understand surface 
reactions. 

In our search for homogeneous models for reactions 
which are components of hydrocarbon reformation, we 
have become particularly interested in possible carbon- 
carbon bond activation reactions. A priori, there are a 
number of C-C bond breaking/forming reactions that 
could participate in reformation such as a- or @-alkyl 
eliminations/insertions, a-y twofold C-H activation fol- 
lowed by rearrangement or reversible fragmentation of the 
resulting metallacyclobutanes, and direct bimolecular in- 
sertion of an unsaturated metal fragment into a saturated 

(1) A Ni f i  ie reported2 to catalyze the H/D exchange of propane 
with DQ at -47 OC, and heptane is hydrogenolyzed to smaller hydro- 
carbons by R,u catalysts at 88 0C.3 

(2) Kemball, C. Proc. R. SOC. London, Ser. A 1954, 223, 377-392. 
(3) Carter, J. L.; Cusumano, J. A.; Sinfelt, J. H. J.  Catal. 1971, 20, 

223-229. 

0276-733318412303-1795$01.50/0 

C-C bond, among others. We consider the last of these 
to be the least likely. Instead, we make the assumption 
that successful C-C activation will be a property of already 
metal-bound alkyl groups. We have chosen to focus ini- 
tially on 8-alkyl insertion/elimination chemistry (eq 1). 

M I R  M-R I + L (1) - - ii 
Since unsupported Pt is a modest reformation catalyst: 
and since the synthetic chemistry of Pt alkyls is relatively 
well worked-out, we have begun our investigation using this 
metal. In view of the fact that beta-alkyl eliminations are 
so rarely postulated, we have chosen to initially seek ex- 
amples of the reaction in that direction. 

There are two difficulties in particular that must be 
overcome to observe 8-alkyl elimination. One problem is 
the propensity for metal alkyls to undergo very facile 8-H 
eliminations, usually irreversibly. In a system which would 
be catalytically active, the 8-H elimination must necessarily 

(4) Evidence suggests that in commercial "platforming" the metal 
component serves mainly to C-H activate, while the C-C rearrangements 
are largely carbonium ion chemistry catalyzed by acidic sites on the 
s u p p ~ r t . ~  Nevertheless, pure Pt will much more slowly catalyze refor- 
matiom6 

(5) Sinfelt, J. H. In 'Catalysis: Science and Technology"; Anderson, 
J. R., Boudart, M., Eds.; Springer-Verlag: New York, 1981; Vol. 1, pp 
257-300. 

(6) (a) Clark, J. K. S.; Rooney, J. J. Adu. Catal. 1976,25,125-183. (b) 
Anderson, J. R.; Baker, B. G. In "Chemisorption and Reactions on 
Metallic Films"; Anderson, J. R., Ed.; Academic Press: New York, 1971; 
Vol. 11, pp 64-210. (c) Davis, S. C.; Klabunde, K. J. Chem. Reu. 1982,82, 
153-208. (d) Gault, F. G. Adu. Catal. 1981,30, 1-95. 
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