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Abstract: The oxidative addition of H2 to IrBr(CO)(dppe) (2) (dppe = l,2-bis(diphenylphosphino)ethane) yields a kinetic 
dihydride species, 3, which then isomerizes to a more stable isomer, 4. This isomerization of 3 to 4 has been studied kinetically 
as a function of initial H2 pressure. Two pathways are operative at ambient temperature. The first is a reductive elimina-
tion/oxidative addition sequence which is first order in complex, while the second is a bimolecular pathway involving dihydride 
transfer from 3 to 2 to produce 4 and regenerate 2. The dihydride transfer pathway is second order in complex and becomes 
the dominant isomerization mechanism when less than 1 equiv of H2 relative to 2 has been added to the system. All of the 
kinetic data have been fit to a complete rate law which leads to a bimolecular rate constant for dihydride transfer of 3.5 X 
10~3 M"1 s"1. Below -20 0C, the dihydride transfer pathway for isomerization is the only one operating. 

The oxidative addition of H2 to d8 metal complexes has been 
extensively studied over the past 20 years because of its relevance 
to H2 activation in homogeneous hydrogenation and hydro-
formylation.1'2 One of the most thoroughly investigated systems 
in this context is Vaska's complex, ?/-a«s-IrCl(CO)(PPh3)2 (1), 
which reacts with H2 according to eq 1.3 On the basis of kinetic 
arid mechanistic studies,3"5 H2 oxidative addition is generally 
viewed as a concerted process with a triangular MH2 transition 
state leading to a cis dihydride product. 

L CO 

X L 

1 

(1) 

Recently we began investigating the oxidative addition chem
istry of the related set of cis phosphine complexes IrX(CO)(dppe), 
2, and have discovered that its concerted addition reactions proceed 
under kinetic control.6,7 With complexes 2, the oxidative addition 
of H2 can follow two possible pathways, i and ii, as shown in eq 
2, leading to different diastereomers, 3 and 4, respectively, for 

(2) 
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the concerted process. Pathway i corresponds to H2 approach to 
the square-planar complex with the molecular axis of H2 parallel 
to P-Ir-CO as shown in A. The concerted oxidative addition along 
i takes place with a bending of the trans P-Ir-CO axis so that 
one hydride of the product becomes trans to CO and the other 
trans to P. Pathway ii corresponds to approach with the H2 

f Present address: Chemistry Division, Research Department, Naval 
Weapons Center, China Lake, CA 93555. 

molecular axis parallel to P-Ir-X, as shown in B, and addition 
occurs with bending of the P-Ir-X axis. 

While two diastereomers thus exist for concerted H2 oxidative 
addition to IrX(CO)(dppe), we have found that for X = Cl, Br, 
I, H, and CN the initial oxidative addition takes place diaster-
eoselectively along pathway i.6 The reaction with H2 in solution 
is essentially complete within 1 min under an atmosphere of H2, 
forming isomer 3 to >99%. That the reaction proceeds under 
kinetic control is illustrated by the fact that for X = Cl, Br, and 
I, the initially formed diastereomer slowly equilibrates with the 
more stable diastereomer corresponding to oxidative addition along 
pathway ii. On the basis of the variation of X, a steric basis for 
the diastereoselectivity of H2 oxidative addition was ruled out, 
leaving ligand electronic effects as the controlling factor in the 
diastereoselection process. 

The isomerization of the kinetic isomer 3 to the thermodyhamic 
isomer 4 for X = Br was also examined by us in detail.63 On the 
basis of the observation that 3 rapidly forms 3-d2 when placed 
under D2, it was determined that the initial oxidative addition is 
rapid and reversible, occurring much faster than isomerization. 
The isomerization in acetone under H2 follows clean first-order 
kinetics with an observed rate constant, kobsi, at 55 0C of 1.85 
X 10"4 s"1, corresponding to a half-life of 62 min. At 25 0C the 
half-life of the kinetic isomer 3 is about 35 h. Two possible 
mechanisms for isomerization appeared consistent with the kinetic 
data. The first was an intramolecular rearrangement while the 
second corresponded to a reductive elimination/oxidative addition 
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sequence with the formation of 2 as an intermediate. We favored 
this latter pathway, i.e., 3 «=* 2 + H2 - • 4, principally because 
reductive elimination of H2 from 3 occurs much more rapidly than 
isomerization. 

The clean first-order kinetics for the isomerization, however, 
were observed only in acetone solvent, and under an excess of 
hydrogen. When the reaction was studied in benzene, the isom
erization proceeded much more rapidly with an apparent half-life 
of ca. 2 h at 25 0C, although the kinetics were not found to be 
reproducible.6" The isomerization of 3 to 4 was also found to be 
inhibited by [TBA]Br and accelerated by added AgBF4 in benzene 
and by added O2 in acetone. Perhaps most puzzling was the 
observation that isomerization proceeded more rapidly in rigorously 
deoxygenated acetone when less H2 was present. Since the pro
posed reductive elimination/oxidative addition sequence for 
isomerization possessed no kinetic dependence on H2, our ob
servation suggested that another mechanism for isomerization 
existed. We have therefore reinvestigated the isomerization of 
the kinetic isomer 3 to the thermodynamic isomer 4 as a function 
of H2 pressure. 

In this paper we describe in detail that investigation, including 
the observation that a second isomerization mechanism involving 
dihydride transfer between metal centers competes with the 
first-order isomerization mechanism at ambient temperature and 
is the sole mechanism operating at temperatures below -20 0C. 

Experimental Section 
All kinetic experiments were carried out in resealable 5-mm NMR 

tubes fitted with a Teflon valve purchased from Trillium Glass. H2 was 
used as received (Air Products C.P., 99.3%), and acetone-d6 (Aldrich 
Gold Label) was distilled from 4A moelcular sieves. 1H NMR spectra 
were recorded on a Bruker WH-400 spectrometer at 400.13 MHz. The 
temperature of the probe was regulated with a Bruker BVT-1000 tem
perature control unit. 

The complex IrBr(CO) (dppe) was synthesized following the procedure 
previously reported.6b 

General Procedure for Sample Preparation. A stock solution of 
IrBr(CO)(dppe) (9.55 X 10-3 M, 0.033 g of complex in 5 mL solvent) 
was prepared in acetone-</6 and stored under N2 in a drybox. For each 
experiment, 0.50 ± 0.02 mL of the stock solution was transferred to the 
NMR tube which was then connected to a high vacuum line containing 
an H2 inlet. After 3 freeze-pump-thaw degas cycles, the solution was 
maintained at 0 0C in an ice bath while the sample was placed under the 
desired pressure of H2 by opening the valve at the top of the NMR tube. 
The sample was then shaken thoroughly to ensure mixing of H2 and 
placed in the thermostated probe of the NMR spectrometer. The total 
volume of the NMR tube was determined to be 2.00 ± 0.05 mL with a 
solution volume for each run of 0.50 ± 0.05 mL. 

Results and Discussion 
The kinetics of the isomerization reaction of the cis dihydrides 

of formula IrH2Br(CO)(dppe) has been studied over a wide range 
of H2 pressures, from 12 to 670 mm of added H2. The reactions 
were monitored by 1H NMR spectroscopy, using the integrals of 
the hydride resonance of isomers 3 and 4 to determine the relative 
amounts of each isomer present. Through comparison of the 
integral of the entire hydride region to the integral of the entire 
methylene region, the amount of unreacted IrBr(CO) (dppe) was 
determined. For each NMR tube experiment, 0.5 mL of a 9.55 
X 10"3 M stock solution of IrBr(CO)(dppe), prepared and stored 
under nitrogen, was used. 

Isomerization under 670 mm of Hydrogen. The kinetic results 
of the isomerization of 3 to 4 under 670 mm of added H2 reveal 
that the reaction proceeds by a clean first-order process. At 28 
0C, the half-life for isomerization is 30 h, and the corresponding 
&ot>sd is 6.42 XlO-6S"1. A plot of In [3] vs. time is linear, as shown 
in Figure 1, essentially confirming the earlier results of Johnson 
and Eisenberg.6a As discussed in the introduction, the isomeri
zation mechanism favored by us previously was a reductive 
elimination/oxidative addition sequence shown as eq 3 based on 
the fact that the initial oxidative addition was found to be fast 
and reversible. The rate law for this mechanism, given as eq 4, 
depends only on the concentration of the kinetic dihydride 3 and 
shows no dependence on hydrogen pressure. Since the initial 
oxidative addition is highly stereoselective, AL1 is much greater 
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Figure 1. First-order plot for the isomerization of IrH2Br(CO)(dppe) 
under 670 mm of added H2. 
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Figure 2. First-order plot for the isomerization of IrH2Br(CO) (dppe) 
under 200 mm of added H2. 

than Ic2 and the rate law (eq 4) corresponds to that of a system 
with an equilibrium preceding the rate-determining step. 
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Isomerization under 200-450 mm of Hydrogen. The kinetics 
of isomerization for three experimental runs under 200, 300, and 
450 mm of added H2 were found to be approximately first order. 
That is, plots of In [3] vs. time are linear for at least 2 half-lives, 
although they show a slight deviation from linearity at early 
reaction times. This deviation is most evident at the lowest of 
these pressures of H2 as shown in Figure 2. A more significant, 
and initially more puzzling, aspect of the kinetic runs under these 
pressures was that the rate of isomerization was observed to be 
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Table I. Kinetic Data for the Isomerization of 3 to 4 under High H2 
Pressure 

pressure of 
H2, mm 

200 
300 
450 
670 

total equiv 
of added H2" 

3.36 
5.03 
7.55 

11.24 

equiv of 
H2 in solnfc 

1.07 
1.11 
1.18 
1.27 

lst-order rate 
constant (XlO6), s"1 

11.32 
7.70 
6.87 
6.42 

"Calculated from P0(H2) Kgas/.Rr(9.55 X 10"3 M)V50, where Kgas and 
K80J are the volumes of the gas and solution phases, respectively, of the 
NMR tube and 9.55 X 10"3 M is the concentration of the starting 
iridium complex in solution. 'Based on the measured concentrations of 
H2, 3, and total dppe species as described in the text. The value shown 
is given by 
[3])/[3]. 

the expression ([H2] + [3])/([2] + [3])) ~ ([H2] + 

1 
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Figure 3. Second-order plot, l/[IrT] vs. time, for the isomerization of 
IrH2Br(CO) (dppe) under 22 mm of added H2. 

faster as the pressure of added H2 was lowered, as shown in Table 
I. This variation in rate with H2 pressure was inconsistent with 
the reductive elimination/oxidative addition sequence of (3) and 
its rate law, (4), which shows no [H2] dependence. A plot of feobsd 

vs. 1/[H2] suggested that a second isomerization pathway was 
operating in addition to (3), while showing that the inverse de
pendence of [H2] for this pathway was not strictly linear. 

Isomerization under Low Pressures of Hydrogen. Four ex
perimental runs were carried out under 12, 22, 29, and 41 mm 
of added H2, all of which correspond to amounts of added hy
drogen less than 1 equiv of starting complex, IrBr(CO)(dppe). 
These reactions proceeded much more quickly than those under 
higher pressures of H2—typically, isomerizations were complete 
in less than 15 h. Attempts were made to fit the data to a 
first-order equation, but plots of In [3] vs. time showed significant 
deviations from linearity. Clearly, the isomerization path which 
was predominant at low pressures of H2 did not follow first-order 
kinetics. 

A second-order treatment of these experimental data was more 
successful in that plots of 1/[Irx] vs. time were linear, where Ir7 

represents the sum of unreacted and unisomerized iridium com
plexes, 2 + 3. A plot of these data for the run under 22 mm of 
added H2 is shown in Figure 3. Contrary to expectations, the 
data in Table II show that the observed second-order rate constant, 
ôbsd. decreases with decreasing [H2], but a plot of kobsi vs. [H2] 

was found to be distinctly nonlinear. Surprisingly, a linear cor
relation was obtained when a plot of kobsi vs. 1 / [H2] was con
structed as shown in Figure 4. The origin of this linear depen
dence on 1/[H2] will become apparent below. 

We thus conclude that an isomerization mechanism which is 
second order in complex predominates under low pressures of H2 

and possesses an inverse [H2] dependence. 
Mechanism for the Second-Order Isomerization Pathway. 

Under conditions in which less than 1 equiv of H2 is added to the 

Table H. Kinetic Data for the Isomerization of 3 to 4 under Low H2 
Pressure 

initial press 
of H2, mm 

12 
22 
29 
41 

initial ratio 
of l3] /IrT] ' 

0.43 
0.61 
0.76 
0.92 

2nd-order rate 
constant (XlO3), M -1 s"1 

3.52 
6.63 
7.42 
8.23 

" Based on the measured concentrations of 3 and total dppe species 
as described in the text. 

6.0 

kobs . 

« 10 

10,0 

P0(H2) 
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Figure 4. Plot of the observed second-order rate constants, koM vs. 
1/P0(Hi) for the isomerization of IrH2Br(CO) (dppe) with less than 1 
equiv of added H2. 

reaction system, both IrBr(CO) (dppe) and the kinetic isomer of 
IrH2Br(CO)(dppe), 3, are present in observable concentrations. 
We propose a bimolecular mechanism involving these two species 
to explain the isomerization process under these conditions. This 
mechanism, which is consistent with the kinetic data, involves 
dihydride transfer between Ir species via a binuclear intermediate, 
5, as shown in eq 5. 

B^hpJ 
C 
O 

OC, 

Nr^ 
Br D -

O 
P C 

P
N I / H \ l / B r 

I r Ir 

Br P 

(5) 

H x l / P 

^Ir^ 

OO 

D OC" I " P - " Br > 
B r 2 
4 

The proposal of a dihydride-bridged binuclear intermediate has 
precedents in other, closely related studies. In the investigation 
of the stereoselective oxidative addition to H2 to various Ir(I) 
complexes of type 2, Johnson and Eisenberg described chemistry 
involving the reactive intermediate IrH(CO) (dppe) generated by 
dehydrohalogenation of IrH2Br(CO)(dppe), 4.6a When the re
action was carried out with the base DBU (1,8-diazabicyclo-
[5.4.0]undec-7-ene) under H2, the products were the trihydride 
IrH3(CO)(dppe), 6, and the kinetic dihydride 3, as shown in eq 
6. Use of D2 showed that whereas most of 6 corresponding to 
6-d2 formed by the oxidative addition of D2 to IrH(CO)(dppe), 
an amount of undeuteriated 6 roughly equivalent to the amount 
of 3-d2 was produced via a different pathway. Since the ther
modynamic dihydride 4 does not reductively eliminate H2 on the 
time scale of the experiment, the formation of IrBr(CO)(dppe) 
which gives 3-d2 upon reaction with D2 was proposed to occur by 
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Figure 5. Second-order plot, l/[IrT] vs. time, for the isomerization of 
IrH2Br(CO) (dppe) under 120 mm of added H2. 

direct dihydride transfer from IrH2Br(CO) (dppe) to IrH-
(CO)(dppe) through a bridged intermediate with concomitant 
formation of IrH3(CO)(dppe). 

0(T I 

n n 
' P > DBU H N J / P > ' H \ I / P ^ 

(6) 

Br 
4 

C 
0 

C 
O 

6 (85%) 3 (15%) 
In an earlier report, Drouin and Harrod8 proposed a di-

hydride-bridged dimer species in their attempts to convert the 
monodentate phosphine complex IrH3(CO)(P(/7-ClC6H5)3)2, 7, 
to the unsaturated complex IrH(CO)(P(p-ClC6H5)3)2, 8. When 
the trihydride 7 was placed under a stream of nitrogen to displace 
H2 ,1H NMR evidence revealed the occurrence of an equilibrium 
proposed to involve 9 as shown in eq 7. 

(7) 

Recently Jones and Maguire described the direct intermolecular 
transfer of H2 between a rhenium complex and IrBr(CO)(dppe).9 

Treatment of (774-C5H6)Re(PPh3)2H3, 10, with 1 equiv of IrBr-
(CO)(dppe), 2, resulted in the formation of (775-C5H5)Re(PPh3)2H2 

and the thermodynamic dihydride isomer of IrH2Br(CO)(dppe), 
4, as shown in eq 8. If the reaction had proceeded by elimination 
of H2 from 10 followed by H2 oxidative addition of 2, then the 
kinetic isomer 3 would have been formed. A control experiment 
ruled out this possibility, and the results thus strongly support the 
notion that the reaction between 10 and 2 goes via a dihydride-
bridged binuclear intermediate. 
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Rate Law for the Bimolecular Isomerization Pathway. The rate 
law for the bimolecular isomerization mechanism shown above 
in eq 5 is derived as follows beginning with 

(8) Drouin, M.; Harrod, J. F. Inorg. Chem. 1983, 22, 999. 
(9) Jones, W. D.; Maguire, J. A. /. Am. Chem. Soc. 1985, 107, 4544. 

rate via bimolecular path = fc3[3][2] (9) 

The concentration of 2 and 3 are related by an equilibrium 
constant expression where [H2] corresponds to the concentration 
of dissolved H2. Therefore 

[3] * 

[2] [H2 
~ *, " K« 

and 

[3]=tfe q[2][H2] 

(10) 

( H ) 

Substituting for [3] into eq 9 yields 

rate via bimolecular path = M^eq[2]2[H2] 

We next express the rate in terms of [Irx] corresponding to the 
sum of unreacted and unisomerized Ir species, [2] + [3]: 

(12) 

[Irx] = [2] + [3] = [2](1 + Keq[H2}) 

[IrT] 
T21 — 
L"J (1 + A N [ H 2 ] ) 

(13) 

(14) 

Upon substitution of this expression for [2] into eq 12 we obtain 

M^[Ir7]2IH2] 
rate via bimolecular path = (15) 

( 1 + A ^ [ H 2 ] ) 2 

The [H2] dependence in rate expression (15) is complex, but 
it is evident that the value of AT 1̂[H2] determines the observed 
hydrogen dependence of the "second-order" or bimolecular 
pathway. Two limiting regimes can be envisioned, which are as 
follows: (a) For 1 » ^ [ H 2 ] , the bimolecular rate = 3̂AT6,,-
[Ir1]2 [H2]. In this limit, the hydrogen concentration is extremely 
low, and the rate is proportional to [H2]. (b) For ATcq[H2] » 1, 
the bimolecular rate = IC3KO1[IT1]

2/[H2]- When the hydrogen 
concentration is higher, the bimolecular rate becomes proportional 
to 1/[H2]. 

The fact that the observed second-order rate constant for 
isomerization shows an inverse [H2] dependence, as illustrated 
by the data in Table II and the plot of Figure 4, indicates that 
even at the low H2 pressures used in the present isomerization 
study, AT^[H2] » 1. 

Isomerization under an Intermediate Pressure of H2. For an 
examination of the isomerization in between the high and low H2 

pressure regimes, an experiment was carried out under 120 mm 
of added H2. On the basis of 1H NMR integrations of the kinetic 
dihydride 3 and dissolved H2, this initial pressure of H2 corresponds 
to 1.03 equiv OfH2 in solution. As in the high H2 pressure regime, 
no IrBr(CO)(dppe) is observed in solution. The reaction is half 
complete in 13.5 h, and surprisingly the best fit of the kinetic data 
is obtained when the reaction is treated as a second-order, bi
molecular process. That is, a reasonably straight line results from 
a plot of 1/[Irx] vs. time, Figure 5, where [Irx] in this case 
represents the concentration of the kinetic dihydride 3. 

The Complete Rate Law. The kinetic results described above 
indicate that both isomerization mechanisms operate to differing 
extents over the range of H2 pressures examined. For a system 
with parallel reaction paths, the complete rate expression is given 
by the sum of the component rate laws. For the isomerization 
of IrH2Br(CO)(dppe), the complete rate expression is given by 
eq 16 in which there are terms to account for both the first- and 
second-order components. If eq 16 is correct, then it should be 
possible to fit the experimental data to this equation. 

observed rate = 
-d[3] _ ^[3J M^q[IrxP[H2] 

~ d T " ~~K^ + (1 + ^ [ H 2 ] ) 2 (16) 

In order to do this, we analyze the kinetic data in terms of initial 
rates corresponding to (-d[3]/dOWt since this will give a rate value 
in M-S-' for each run, unbiased by our perception of whether it 
is primarily in the first-order or second-order regime. In the initial 
rate limit, the value of [Irx] corresponding to [2] + [3] is the same 
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Table III. Initial Rate Data for the Isomerization of 3 to 4 for all H2 Pressures 

P0(H2), mm 
12 
22 
29 
41 

120 
200 
300 
450 
670 

[H2]s0|n 
(XlO2), M 

1.02 
2.47 
4.49 

11.1 
48.9 
81.5 

122.0 
183.0 
272.0 

[H2]/(I + Ka1[H2])
2 

(XlO7), M 

61.1 
86.2 
88.1 
66.6 
22.7 
14.4 
9.87 
6.70 
4.56 

[3] (XlO3), M 

4.10 
5.83 
7.26 
8.79 
9.55 
9.55 
9.55 
9.55 
9.55 

initial rate 
(XlO8), M-s"1 

42.0 
59.8 
53.7 
47.5 
18.0 
14.4 
9.6 
6.6 
6.1 

reduced rate 
(XlO8), M-s"1 

39.7 
56.7 
49.7 
42.7 
12.7 
9.1 
4.4 
1.4 
0.9 

for each experiment (9.55 X 10"3 M), whereas the kinetic isomer 
concentration, [3], is measured throughout the course of each run. 
Initial rates for all kinetic runs were determined by fitting the 
experimental data ([3] vs. time) to a fifth-order polynomial and 
extrapolating to t —>• 0. This allows us to ignore the concentration 
of the thermodynamic isomer 4. As seen in Table III, the initial 
rate first increases with increasing [H2] and then turns over, 
decreasing as [H2] continues to increase. This is consistent with 
the functional dependence of [H2] in eq 16 and its two limiting 
cases described above. 

The concentration of H2 in solution, [H2], for each experiment 
is calculated with use of the material balance expression, eq 17, 
where Po(H2) is the initial added pressure of H2 in atmospheres, 
Kga8 is the volume above the solution in the NMR tube (1.5 ± 
0.05 mL), and K80, is the solution volume (0.5 mL): 

Po(H2) Kgas P(H2)V* 

RT RT 
+ [H2]K801+[3] K801 (17) 

The total amount of added hydrogen, P0(H2)KgS8//??", is dis
tributed as the amount in solution, [H2] K801, the amount above 
the solution, P(H2) Vm/R T, and the amount which is consumed 
to make dihydride, [3] K801. Substitutions are made for P(H2) with 
use of a modified form of Henry's law (i.e., P(H2) = [H2] /Kh) 
and for [3] recalling the equilibrium of eq 11: 

P0(H2) Kga8 [H2]K gas 

RT RTKh 
+ [H2]K501 + K^[I] [H2] K801 (18) 

Substituting [Irx] 
to 

[3] for [2] in (18) and solving for [H2] leads 

[H2] = 
Po(H2) Kg a s / i?r 

(Vm/RTKh) + K801 + K801K^[Ir7] - [3]) 
(19) 

Values for P0(H2) are known for each experiment, and a value 
for Henry's constant, ATh, was determined experimentally to be 
3.16 X 10"3 M/atm by measuring [H2] in acetone-rf6 with 1H 
NMR spectroscopy as a function of P0(H2). Thus the concen
tration of hydrogen in solution is determined for each kinetic run. 

A slight rearrangement of eq 16 yields an expression for a 
"reduced rate", eq 20, equivalent to subtracting out the contri
bution of the first-order component from the observed initial rate. 

reduced rate = 

observed initial rate • 
k2[3] _ M^[Ir7P[H2] 

*«. " (1 + K=JH2])
2 

(20) 

A plot of reduced rate vs. ([H2]/(l + K1^[H2])2) should give 
a straight line with a slope = ^3K60JIr7-]

2. As shown in Figure 
6, the experimental data fit the derived function reasonably well 
with two clusters of data points corresponding to the two pressure 
regimes studied, one with more than 1 equiv of added H2 and the 
other with less than 1 equiv. The fit of the line indicates that the 
derived equation accurately describes the behavior of the system. 
The data which are plotted, as well as values for P0(H2), [3], and 
[H2], are given in Table III. 

The very small values for the reduced rate at high [H2] indicate 
little contribution from the second-order pathway. From runs at 
the highest added H2 pressure, we estimate that kobsd is approx
imately k2/Keq and has a value of 5.5 X 10"6 s"1. Different values 
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Figure 6. Plot of the reduced rate defined in eq 20 vs. the function 
describing the [H2] dependence in the complete rate law. 

of the equilibrium constant, K^, were employed in plotting the 
data with the best trial-and-error fit obtained with use of 2.8 X 
104 M"1. On the basis of this value and the fact that the slope 
of the line in Figure 6 is k3Kn[IrT]2, we estimate the bimolecular 
rate constant for isomerization, kh to be 3.5 X 10"3 M"1 s~'. 

Low-Temperature Evidence of the Bimolecular Pathway. 
Further confirmation of the bimolecular mechanism for isomer
ization was demonstrated by a low-temperature experiment which 
showed that in the H2 deficient regime isomerization of 
IrH2Br(CO) (dppe) can occur even when the reductive elimina-
tion/oxidative addition path is completely shut down. In one 
NMR tube, a sample of the kinetic dihydride 3 was prepared by 
addition of 500 mm of H2 to IrBr(CO)(dppe) and kept below -50 
0C to prevent it from isomerizing. The excess H2 was removed 
by 2 freeze-pump-thaw cycles, and 200 mm of D2 were added. 
After shaking the sample to ensure mixing of D2, the tube was 
maintained at -23 0C for 24 h. A 1H NMR spectrum taken at 
-23 0C showed no isomerization to 4 and no incorporation of D2 

into 3 by integration of the hydride resonances relative to the 
methylene resonances. This confirmed that reductive elimination 
of H2 from IrH2Br(CO) (dppe) does not occur at -23 0C over a 
24-h period. A second NMR sample was prepared by adding 25 
mm of H2 (<1 equiv) to IrBr(CO)(dppe). After this sample was 
maintained at -23 0C for 24 h, a 1H NMR spectrum revealed 
that isomerization had occurred to the extent of 31%. This ex
periment thus confirmed that isomerization of 3 to 4 can occur 
independent of the reductive elimination of hydrogen from 
IrH2Br(CO)(dppe) by a bimolecular path. 

Stereoselectivity of Dihydride Transfer. In light of the ste
reoselective oxidative addition of H2 to IrBr(CO) (dppe) to give 
the kinetic isomer 3, it is interesting to consider why the dihydride 
transfer produces the thermodynamic isomer 4. That is, why does 
dihydride transfer to 2 proceed with opposite stereoselectivity to 
that of H2 oxidative addition? The answer must be electronic in 
nature since steric factors for the formation of the two isomers 
of IrH2Br(CO) (dppe) by dihydride transfer are similar. 

In H2 oxidative addition, there are two principal interactions 
between the d8 metal complex and the H2 molecule.10 The first 
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involves a donation from the ab(H2) orbital into a vacant acceptor 
orbital on the metal center of pz or Pz-d^ hybrid character, while 
the second is a back-bonding interaction in which electron density 
is transferred from a filled metal dT orbital into the a* orbital 
of H2. In addition to this synergic interaction, a repulsive 4-e" 
interaction between the filled <rb(H2) and dz2 orbitals has been 
invoked as a major contributor to the activation barrier in the H2 
oxidative addition process.100 

The stereoselectivity of H2 oxidative addition to 2 arises by a 
preferred bending of one set of trans ligands in 2 which become 
cis to each other and trans to the hydride ligands in the product, 
as shown in A. This preference relates to the 4-e" repulsive 
interaction between (xb(H2) and dz2. As H2 approaches the metal 
complex, one pair of trans ligands bends such that complex + 
substrate form a trigonal bipyramid as the transition state with 
the bending ligands and H2 occupying the TBP equatorial posi
tions. Preference for bending of the P-Ir-CO axis over the P-Ir-X 
axis in 2 (i.e., preference for A over B) occurs because this places 
the better ir-acid ligand, CO, in the equatorial plane where it can 
better stabilize the developing trigonal bipyramid through back-
bonding and withdrawal of electron density from dz2, thereby 
reducing the repulsive interaction. 

In dihydride transfer, the interaction between the square planar 
Ir(I) complex and the MH2 substrate is not a synergic one. If 
one considers MH2 to approach the d8 complex in a symmetrical 
manner with equal Ir-H distances, there is no substrate orbital 
which corresponds to ab(H2). Hence, the 4-e" repulsive interaction 
does not exist, and the principal reason for addition along the 
P-Ir-CO axis is removed. In fact, the better dT donor orbital in 
IrBr(CO) (dppe) is the one oriented in the plane defined by P-
Ir-Br and the z axis, and it is in this plane that dihydride transfer 
occurs. While a detailed theoretical analysis of dihydride transfer 
remains to be done, we envision that the major orbital interaction 
takes place between a filled d, orbital of Ir(I) and the a* function 
of MH2 possessing the same symmetry. 

Conclusions 
The kinetic studies which we have described involving the 

isomerization of the dihydrides of IrH2Br(CO) (dppe) show that 
the reaction proceeds via two different mechanism. Both mech
anisms operate to differing extents throughout the range of H2 
concentrations examined, but two limiting regimes may be defined 
as greater than and less than 1 equiv of H2 relative to the un
saturated starting complex, IrBr(CO)(dppe). 

(10) (a) Saillard, J.-Y.; Hoffmann, R. J. Am. Chem. Soc. 1984,106, 2006. 
(b) Sevin, A. Nouv. J. Chim. 1981, 5, 233. (c) Dedieu, A.; Strich, A. lnorg. 
Chem. 1979,18, 2940. (d) Noell, J. O.; Hay, P. J. J. Am. Chem. Soc. 1982, 
104, 4578. 

In the presence of excess added hydrogen, the isomerization 
of 3 to 4 occurs primarily by the first-order reductive elimina
t ion/^ oxidative addition sequence shown in eq 3. The rate law 
for this mechanism shows no dependence on [H2]. However, the 
half-life for isomerization in this regime (P0(H2) > 200 mm) 
decreases with decreasing [H2], indicating that the other mech
anism which is H2 dependent also operates under these conditions. 

The reaction path which predominates under hydrogen deficient 
conditions involves direct dihydride transfer through a binuclear 
hydride-bridged species. This pathway is dependent on [H2], is 
second order with respect to complex, and follows the rate law 
shown in eq 15. 

Through the use of initial rates, the kinetic data have been 
accommodated into a single rate expression having first- and 
second-order components. The fit of the data to eq 20 yields an 
experimental value for the second-order dihydride transfer rate 
constant, Jt3, of 3.5 X 10"3 M"1 s"1. 

While the isomerization of 3 to 4 is thus established to follow 
two pathways, we note that these results do not explain the ac
celerated isomerizations which occur when AgBF4 is contacted 
with 3 in benzene or when O2 is added to the system in acetone. 
Additional mechanisms of isomerization, which have not been 
delineated, are thus possible and indeed followed, under those 
conditions. 

One of the most significant aspects of this study is that the Ir(I) 
species IrBr(CO)(dppe), 2, is capable of abstracting dihydrogen 
very effectively from a metal polyhydride complex by dihydride 
transfer. While the formation of stable binuclear hydride-bridged 
complexes is well known,11 the unusual feature about the present 
study is that the transfer of H2 from one metal center to the other 
is complete under mild conditions. Since the loss of H2 from 
polyhydride complexes to achieve coordinative unsaturation often 
requires forcing thermal or photochemical conditions, we think 
that an alternative approach based on the H2-abstracting ability 
of 2 might prove attractive. If, indeed, complex 2 does abstract 
H2 from other polyhydride substrates LnMH1, then dihydride 
transfer may become an effective method for preparing highly 
reactive, coordinatively unsaturated species, LnMH^2, for C-H 
bond activation studies. This approach is presently under in
vestigation. 
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