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Abstract 

The therrnolysis of trans-lrL2(CO)Cl(H)(C6H5) ( l a ;  L=P( i -P r )3 ;  H trans to CO) produces benzene and the Vaska-type complex 
IrL2(CO)CI. A mechanistic study of the reaction has shown that l a  reversibly loses CO at 120 °C (as evidenced by the incorporation of 
~3CO) and isomerizes to the previously unreported l b  (H trans to CI). It was found that l b  is the complex primarily responsible for the 
formation of benzene upon thermolysis under CO atmosphere; direct loss of benzene from l a  was determined to be, at most, a minor pathway. 
Benzaldehyde was also formed as a product of thermolysis of l a  under CO atmosphere. The first-order rate constant for benzene elimination 
in the absence of CO was found to be 8.5 × 10-  5 s - t The presence of only 5 Torr CO results in a decrease to 2.0 × 10-  5 s -  ~, but little further 
inhibition is observed above 5 Tort  CO. Added dihydrogen ( 100 Tort) was found to effect a novel catalysis of benzene elimination from l a  
in the absence of CO atmosphere; it is suggested that trace amounts of dihydrogen, present in solutions of la ,  are responsible for the enhanced 
rate of elimination in the absence of CO. The thermolysis of l-d6 in toluene was found to proceed without any toluene incorporation, implying 
that arene loss is irreversible. © 1998 Elsevier Science S.A. 
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1. Introduct ion 

In 1968 Jack Halpern noted that ' 'the development of suc- 
cessful approaches to the activation of C-H bonds ... consti- 
tutes one of the most important and challenging problems in 
[homogeneous catalysis]" [1]. It was not until 1982 that 
the first examples of intermolecular alkane C-H bond addi- 
tion were observed [ 2,3 ]. However, in the intervening years, 
and through to the present date, kinetics of the reverse reac- 
tion, C-H bond elimination, have been carefully studied by 
Halpern and others. Though one goal of such studies is to 
elucidate an understanding of C-H bond addition, it should 
not be overlooked that C-H bond elimination itself is a step 
in many important currently practiced catalytic processes. 

Halpern' s work led to the conclusions that C-H elimination 
was typically a kinetically facile process and thus the relative 
scarcity of examples of C-H addition was the result of ther- 
modynamic rather than kinetic barriers [4]. Subsequent 
kinetic studies of C-H addition reactions have supported this 
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conclusion. Many such studies revealed a rate-determining 
step (either thermo- or photochemical) in which a coordi- 
nation site is opened, followed by C-H addition which was 
inferred to be rapid. In other work the addition process has 
been monitored directly and is found to be extremely facile, 
occurring at temperatures as low as 12 K [5--8]. 

Notwithstanding the above, many examples are known in 
which C-H bond elimination is not kinetically facile. Elimi- 
nation of C-H bonds, as well as other non-polar addenda such 
as C-C bonds or even H2, often appears to require prior ligand 
loss [9]. In particular, a significant kinetic barrier to direct 
addition/elimination where the adduct has a six-coordinate 
d 6 configuration is well known [9] and has been well 
explained theoretically [ 10]. The kinetic barrier to addition/ 
elimination involving the corresponding five-coordinate d 6 

complexes, by contrast, has been shown to be very small 
[ 11 ]. Accordingly, ligand loss from the six-.coordinate com- 
plexes is generally presumed to be directly followed by facile 
elimination from the five-coordinate intermediate. 

The phenyl hydride complex IrL2(CO)CIPhH (L =P(i -  
Pr)3) was reported several years ago by Werner et al. [ 12]. 
We observed that this complex slowly decomposes to give 
the very stable Vaska-type complex IrL2(CO)CI. In this 
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paper, we report on kinetic studies of this decomposition 
reaction which yield several unanticipated results. 

2.4. Spectroscopic characterization of lb  

2. Experimental 

2.1. General procedures 

All solvents were either freshly distilled under vacuum 
from NaK alloy, or purchased anhydrous from Aldrich and 
stored under nitrogen. All samples were stored and prepared 
under nitrogen in a Vacuum Atmospheres Dry-Lab glove 
box. UV-Vis spectra were obtained using a Varian DMS 
100S spectrophotometer. ~H, 3~p and ~3C NMR spectra were 
obtained using a Varian XL-400 NMR spectrometer. IR spec- 
tra were obtained with a Mattson Genesis Series FI'-IR spec- 
trophotometer. Irradiations were conducted using a 200 W 
Hg-arc Oriel lamp, and the proper wavelengths were achieved 
using filters obtained from FJ Gray. IrL2(CO)CI(H) (C6I"15), 
l a  [ 1211, and IrL2(N2)CI [ 13] were prepared as previously 
reported. 

2.2. The preparation of lrL2CI(H)(CtHs) (2) 

A 30 ml sample of 10 mM IrL2(N2)CI [ 13] in benzene 
was placed in a 75 ml ampoule under nitrogen. The sample 
was then irradiated (A > 330 nm) for periods of 10-15 rain, 
followed by thermolysis at 50 °C for 15-30 min until the 
reaction was complete by 31p NMR spectroscopy (the solu- 
tion turns from yellow to orange-red). The yield by 31p NMR 
was above 95%. Recrystallization from hexanes gave the 
product as a dark orange-red product. Samples of 2-d6 were 
prepared as above using C6D 6 as the solvent. 

2.3. 7he thermolysis of lrL2(CO)CI(H)(C6Hs) (la) 

A 25 ml sample of 0.5 mM la  in toluene was placed in a 
1 cm cuvette cell fitted with an air-tight Teflon seal and with 
an adaptor allowing connection to a high vacuum line to 
permit the addition of gases. The samples were then placed 
under the desired atmosphere and the reaction was conducted 
in a GC oven maintained at 120 °C, followed by analysis at 
room temperature. The reaction was monitored by UV-Vis 
spectroscopy, by following the growth of the bands due to 
IrL2 (CO)CI at 379.1 and 431.8 nm. The data were then fitted 
exponentially using SigmaPlot (Jandel Scientific) to obtain 
rate constants for the formation oflrL2(CO)Cl. The reaction 
was also monitored by IH and 31p NMR spectroscopy by 
preparing a 0.6 ml sample of 20 mM la  in ds-toluene in a J. 
Young resealable NMR tube. The sample was then heated at 
120 °(2 in a GC oven and IH and 3~p NMR spectra were 
obtained at room temperature. Under these conditions, a new 
organometallic species was observed to grow. This species 
was assigned as l b  on the basis of its ~H, 3Jp and 13C NMR 
spectra (see below). Benzaldehyde formation was also 
observed by 1H NMR spectroscopy. 

Thermolysis of a 0.6 ml sample of 20 mM la  in ds-toluene 
for 10 h under CO results in the steady state formation of 
10% lb  (conducting the reaction under ~3CO results in for- 
mation of lb-13C). ~H, 31p and 13C NMR spectroscopy allows 
for an unequivocal assignment of the structure of lb  based 
on its full spectroscopic characterization. 

IH NMR: 8.87 (d, Jn-H = 7.2 HZ, 1 H),  7.70 (d, JH-n = 7.5 
HZ, 1 H), 6.7-6.8 (m, 3 H), 2.13 (m, 6 H, P(CHMeE)3), 
1.0-1.2 (36 H, P(CHMez)3, overlaps with l a ) ,  - 17.95 (t, 
JH-P = 12.6 Hz, JH-c = 4.3 Hz; cf. 49.4 Hz for l a ) .  31p NMR: 
7.94 (s). 13C NMR: 177.7 (m, CO). IR (toluene): 
Vco = 1999 cm-~: 

2.5. Measurement of the rate of CO loss from la 

A 2 ml sample of 20 mM 2 in toluene was placed under 
100 Torr of ~3CO in a 75 mi ampoule to generate la-13C. The 
excess t3CO was then removed in vacuo, followed by the 
addition of 800 Torr of CO. The sample was then placed in 
a GC oven at 120 °(2, and the exchange followed by IR 
spectroscopy by monitoring the growth of l a  ( Vco= 1978 
c m -  1) and lb  (Vco = 1999 cm - ~). The rate of CO exchange 
was obtained with an exponential data fit, yielding a rate 
constant of 4.78 × l0 -4 S- I. 

2.6. The thermolysis of lrL2(CO)CI(D)(CaDs) (la-dn) 

A 0.7 ml sample of 20 mM 1a-d6 in toluene was placed in 
a resealable J. Young NMR tube, along with a capillary of 
d6-acetone containing 2.4 mM of P(OPh)3 as an internal 
phosphorus standard. The NMR tube was then placed in a 
GC oven at 90 °C for 12 h and then at 120 °C for 12 h, and 
the reaction monitored by 3~p NMR and ~H NMR spectros- 
copy. No incorporation of the toluene to form IrLz(CO)- 
CI (H)  (C8H7) was observed. 

2. Z The thermolysis of lrL2CI(D)(C6Ds) (2-(t6) 

A 0.7 ml sample of 20 mM 2-d6 in toluene was placed ill 
a resealable J. Young NMR tube, along with a capillary of 
d6-acetone containing 2.4 mM of P(OPh)3 as an internal 
phosphorus standard. The NMR tube was then placed in a 
GC oven at 90 °C for 2 h at which time no toluene incorpo- 
ration was observed. The sample was then heated at 120 °C 
for 2 h, and the reaction monitored by 31p and JH NMR 
spectroscopy. Small peaks attributable to the incorporation 
of the toluene to form IrL2CI(H)(CsHT) were observed; 
however, the decomposition of 2-d~ was the major reaction 
observed. 
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3. Results  and  d i scuss ion  

3. I. Preparation of lrL2CI(H)(C6Hs) (2) 

The reaction of [Ir(COE)2C1] 2 and L in refluxing ben- 
zene, as reported by Werner et al. [ 12], yields a 2:1 mixture 
of 2 and IrL2CI(H)2, which must then be separated by 
repeated recrystallizations. In an attempt to obtain a better 
yield of 2 (without the concurrent formation of the dihydride 
complex), we have investigated the photochemistry of 
IrL2CI (N2) in benzene. Photochemical dinitrogen loss fol- 
lowed by the C-H activation of benzene might be expected 
to give 2 in high yield. This was found to be the case, with 
yields of 2 greater than 95% (with less than 2% dihydride 
formation). We are also currently examining the synthetic 
utility of IrL2CI(N2) for the generation of hydrocarbyl 
hydrides that have not been previously synthesized. 
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Fig. 2. Rate of reaction (1) (formation of IrL2(CO)C1) vs. Pco (0.5 mM 
la in toluene, at 120 °C). 

3.2. The thermolysis of lrL2(CO)Cl(H)(C6Hs) (la) 

Thermolysis of l a  under argon atmosphere results in clean 
elimination of benzene, forming IrL2C1 (CO) as the sole irid- 
ium-containing product, as evidenced by JH and 31p NIV[R 
spectroscopy (Eq. ( 1 ) ): 

pipr 3 PiPr 3 

CI - - ' - ' ~ I r ' ~  Cl I t - - C O  + ~.f-..--.)~'~ 

P~Pr3 P~Pta 

(1) 

In preliminary kinetic: runs, UV-Vis spectroscopy was 
used to monitor the growth of the product peaks at 431.8 and 
379.1 nm ( la  is a colorless species, and does not significantly 
absorb at these wavelengths; see Fig. 1 for a typical reaction 
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Fig. 1. Thermolysis  of  l a  (0.5 m M in toluene) at 120 °C, 5 Tort CO. Lines 
represent best fit to a first-order exponential equation (k = 2.0 × 10 -5  s -  l ). 

profile). The presence of added P(i-Pr) 3 (5 mM) and CI- 
( 10 mM KCI/0.1 M 18-crown-6) did not inhibit the rate of 
reaction (1). By contrast, CO atmosphere exerted a strong 
inhibitory effect (see Fig. 2), implying a pathway for ben- 
zene loss which proceeds via reversible loss of CO. However, 
the plot of rate versus Pco in Fig. 2 shows a non-zero asymp- 
totic rate (about 1.7 × 10-3 s -  1 ) suggesting the concomitant 
existence of a slower, direct, benzene loss pathway. These 
conclusions are most simply accommodated as outlined in 
Scheme 1. We will separately discuss the two pathways 
below. 

3.2.1. The pathway inhibited by ~utded CO 
The indirect pathway depicted in Scheme 1 involves 

reversible loss of CO followed by loss of benzene. As noted 
above, reductive eliminations (or oxidative additions) pro- 
ceeding via ligand loss are very well precedented [9]. In this 
case, somewhat unusually, the putative intermediate resulting 
from ligand loss, namely, IrL2C1PhH (2), is an isolable com- 
plex [ 12] ; this permits more rigorous testing of the proposed 
mechanism. 

Heating a solution of 2 in toluene-d6 only results in very 
slow disappearance of 2 (5 X 10-5 s - 1 ) with IrL2CIH 2 being 
the only major product observed. No significant benzene/ 
toluene-d 6 exchange is detected by either 31p or 1H NMR. 
Qualitatively, the failure of 2 to undergo arene exchange 
argues against the mechanism of Scheme 1; it might be 
counter-argued, however, that the benzene-loss product, 
IrL2Ci, undergoes decomposition to IrL2C1H2 rather than 
arene exchange. In that context, we can at least consider the 
decomposition rate, 5 × 10 -5 s-J,  as a conservative upper 
limit for the rate of benzene loss from 2 at 120 °C. 

The equilibrium (or steady-state) concentration of 2 in 
solutions of la  is very small; 2 is not detectable by either 3~p 
or IH NMR in a solution of 1 at 120 °C (or lower). Indeed, 
solutions of 1 under argon do not appear any different from 
solutions under 1 atm CO which would strongly diminish any 
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Scheme 1. Mechanism for benzene loss from 1 consistent with preliminary, data. 

small equilibrium concentration of  2. In combination with 
this low concentration of  2, the very low rate constant for 
benzene loss from 2 (below 5 X 10 -s  s - l )  is inconsistent 
with the mechanism indicated in Scheme 1; i.e., the value of 
kz(2) is much too small to permit the pathway in Scheme I 
to account for the observed rate ( 8 . 5 × 1 0  - s  s -~ (1) )  
observed for reaction ( 1 ) in the absence of  added CO. 

Although the pathway of  Scheme 1 thus appeared incon- 
sistent with the observed kinetics, the fact of CO inhibition 
still strongly argued for a CO-loss pathway. In order to test 
the proposal of  reversible loss of  CO from la,  la-13C was 
synthesized by the addition of  ~3CO to a solution of 2. The 
sample of  la-X3C was then placed under 800 Torr of  ~2CO. 
No exchange was observed at room temperature as monitored 
by IR spectroscopy. At 120 °C, however, CO exchange was 
Ihcile and the exchange rate was determined to be 4.8 × 10- 4 
s - 1 (see Fig. 3). 

The following three observations appeared incongruent: 
(i) the reaction was inhibited by CO, (ii) CO loss was suf- 
ficiently fast to be an initial reaction step, but (iii) the pre- 
sumed product of  CO loss, 2, was apparently not a kinetically 
competent intermediate. We considered that the conditions 
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Fig. 3. Growth of 1a-12CO from thermolysis of la-~3CO under 800 Torr 
2CO" 

involved in the decomposition o f l  were subtly different from 
those used to determine the rate of  benzene loss from 2. We 
noted that solutions of 1 inevitably contain some of  the dih- 
ydride IrLz(CO)C1H2. At high temperattu'e this dihydride 
would lose H 2 (Eq. (5) ) .  H2 is known to react with 2 to give 
IrL2CIH2 and benzene (Eq. (3) ) .  IrL2CIH2 would then react 
with CO to regenerate IrLz(CO)CIH2 ( E q  (4 ) ) ,  followed 
by Eq. (5),  thereby completing a cycle in which H z catalyzed 
reaction (1). 

IrL2 (CO) C1PhH -~ IrLzC1PhH + CO 

H2 + IrLzCIPhH ~ IrL2C1H2 + Phil  

IrLzC1Hz + CO --~ IrLz (CO) C1H2 

IrL2(CO) C1H2 -~ IrL2 ( C O )  C] q-- H2 

(2) 

(3) 

(4) 

(5) 

IrL2 (CO) C1PhH ~ IrL2 (CO) C1 + Phil  ( 1 ) 

Indeed, added Hz was found to catalyze Eq. (1) ;  data are 
shown in Table l. Presumably H2 reacts with 2 and not 
directly with the 18-electron complex 1, in accord with 
Eqs. ( 2 ) - ( 5 ) .  

We may interpret the occurrence of  a Hz-catalyzed elimi- 
nation pathway as follows. The intrinsic kinetic barrier to 
elimination from 1 is very high. Elimination of  benzene from 
2, by contrast, probably has a very low intrinsic kinetic barrier 
but a high thermodynamic barrier. The key to this pathway 
is the facile substitution of  Phil  by H: (a known reaction) 

Table 1 
Rate of reaction ( 1 ) under varying pressures of Hz and (20" 

Pco (Ton') PH~ (Torr) Rate ( 10 -4 s- 1 ) 

0 0 085 
0 100 34 
5 0 0.20 
5 100 2.1 
5 400 2.0 
5 800 1.9 

a Conditions: 0.5 mM la in toluene, at 120 °C (monilored by UV-Vis 
spectrosopy). 
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Scheme 2. Primary mechanism of benzene loss operative under CO atmosphere. 

[12]. In other words, benzene elimination from the 'H2 
adduct' of 2 is much more kinetically facile than elimination 
from the CO adduct of 2, IrL2(CO)C1PhH (indeed, we do 
not know if the 'H2 adduct' even has a finite lifetime). Essen- 
tially, a H2-for-CO substitution gives a species (possibly, but 
not necessarily I r (V))  which does not possess the kinetic 
stability of the d 6 octahedral carbonyl, 1. Following benzene 
loss, the re-addition of CO gives a different d e octahedral 
complex, the dihydride IrL2(CO)CIH2; however, the H2 
elimination is kinetically much more facile than benzene 
elimination, even though the former is thermodynamically 
much less favorable. 

3.2.2. The pathway not inhibited by added CO 

Samples of l a  heated at 120 °C under 1 arm CO, monitored 
by ~H and 3~p NMR spectroscopy, clearly show the growth 
of a new species, lb,  that reaches a maximum steady state 
concentration of 15% of total complex concentration after 8 
h, and then decreases in concentration upon further heating, 
yielding only IrL2CI(CO) at the completion of the reaction. 
Additionally, close monitoring of the growth of IrL2C1 (CO) 
shows an initial lag period (Fig. 4), and the greatest rate of 
growth coincides with the time of maximum concentration 
of lb. This behavior is consistent with and strongly suppor- 
tive of the intermediacy of lb  in the reaction ,of l a  to give 
IrL2CI(CO). Full spectroscopic analysis of l b  (~H, 3~p, ~3 C 
NMR, IR; see Section2) has enabled its definitive assignment 
as the isomer of l a  (H rrans to CO) in which the hydride is 
trans to the chloride (Sc, heme 2). Most notable is the change 
in the chemical shift of the hydride from la  (6 - 7.4) to lb  
(6 - 18.0). Such an upfield shift is indicative of the change 
in position from trans to CO in la  to trans to C1 in lb. The 
~3C-H (hydride) coupling constants of the ~3CO enriched 
species also strongly support these assignments. ( la, 49.4 Hz; 
lb,  4.3 Hz). 

The data graphed in Fig. 4 were fit (using: least-squares 
analysis) to the simple mechanism shown in Scheme 2. A 
best fit was obtained using k3=1 .74×10  -5 s -~ and 
k 4 = 7.47 X 10 -5 s~ t as the rate constants for isomerization 
and reductive eliminat:lon, respectively. Note that Scheme 2 
does not include direct elimination of benzene from la. Qual- 
itatively this is consistent with the induction period observed 
before there is growth of benzene or IrL2(CO)CI. Quantita- 
tively, when an additional variable is added, namely, a rate 
constant for direct benzene elimination from l a  (ks), no 
statistically significant improvement in the fit is obtained. 
The best fit is found for a value ofk~ = 1.5 × 10 -6 s-~ which 
is statistically insignificant and obviously much smaller than 
the rate of elimination from lb.  

0.020 ! I 

°~ 0.010 

0.00,5 

0.000 u I I 
50000 i00000 150000 

time (see) 
Fig. 4. Reaction profile of the thermolysis of l a  monitored by -~P NMR. 
Lines represent best fit to the data, yielding the rate constants shown in 
Scheme 2. 

Presumably, the isomerization proceeds via loss of CO 
from la, followed by re-addition at the site trans to phenyl. 
Since la  is prepared by addition of CO to 2 at ambient tem- 
perature, and CO exchange does not occur at ambient tem- 
perature, l a  is clearly the kinetically preferred CO-addition 
product. The relative rates of CO loss (4.8 X 10 - 4  S -  t; see 
above) and isomerization (l.74 × 10 -5 s -  ~) indicate a 
kinetic preference of about 30:1 for formation of l a  versus 
lb  upon addition of CO to 2 at 120 °C. The source of this 
selectivity is not obvious; this issue is currently being studied 
by ab initio computational methods. Note that the observed 
isomerization indicates that the thermodynamic difference 
between la  and lb  is much smaller than the kinetic 
preference. 

The 1H NMR spectra of the samples of 1 thermolyzed 
under CO revealed not only the: formation of benzene as the 
elimination product, but also benzaldehyde. The ben- 
zene:benzaldehyde ratio was 2.0:1 under 800 Torr CO and 
11:1 under 100 Torr. Growth of benzaldehyde, like growth 
of benzene, also had an initial lag period and a maximum rate 
of growth coincident with the maximum concentration of lb;  
this implies that formation of benzaldehyde, like formation 
of benzene, also proceeds via isomer lb  (Fig. 5). 

It is not obvious why benzene elimination proceeds pre- 
dominantly via isomer lb,  but neither is there any obvious 
reason a priori why this should not be the case. However, the 
observation that benzaidehyde also is apparently formed via 
lb  is considerably more surprising. The stereochemistry of 
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Fig. 5. Growth of benzene, benzaldehyde and Ib upon thermolysis of la. 

lb  does not allow CO insertion to occur (due to the t r a n s  

disposition of the CO and Ph groups). An alternative mech- 
anism might involve reversible HCI loss from lb  yielding 
IrL~(Ph) (CO),  which under CO atmosphere would rapidly 
insert CO [ 14] and eliminate benzaldehyde after re-addition 
of HCI  This hypothesis is currently under study as part of a 
mechanistic study of this carbonylation reaction. 

4. Conclusions 

We have elucidated two pathways for the elimination of 
benzene from a prototypical d 6 octahedral complex. We see 
no evidence for a direct elimination pathway. Our estimated 
upper limit for direct elimination, 1.5 × 10 -6  S-  l at 120 °C, 
corresponds to a rather high kinetic barrier, A G ~ >_ 34 kcal / 
mol. 

One pathway elucidated involves a novel catalysis by H~. 
We note here two implications. Firstly, it may be possible to 
use H2 to catalyze oxidative additions of C-H bonds or other 
substrates when such additions are thermodynamically favor- 
able. Secondly, one can envision pathways in which addenda 
other than Hz might act to induce elimination. In some cases 
these pathways might be easily overlooked, for example, if 
the C-H bonds of either ligand or solvent were to catalyze an 
elimination reaction. 

The second elimination pathway involves isomerization 
which presumably proceeds via reversible loss of CO. Thus, 
both pathways involve ligand loss, as is considered to be 

common for elimination from d 6 six-coordinate complexes. 
Neither pathway, however, involves direct elimination from 
the resulting five-coordinate intermediate. Thus we suggest 
that the many mechanistic observations which indicate that 
ligand loss is required for elimination/addition must be inter- 
preted cautiously. 
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