
A normal equilibrium isotope effect for oxidative addition of H2 to
(g6-anthracene)Mo(PMe3)3{

Guang Zhu, Kevin E. Janak and Gerard Parkin*

Received (in Berkeley, CA, USA) 20th March 2006, Accepted 10th April 2006

First published as an Advance Article on the web 5th May 2006

DOI: 10.1039/b604159k

Oxidative addition of H2 and D2 to the anthracene complex

(g6-AnH)Mo(PMe3)3 giving (g4-AnH)Mo(PMe3)3X2 (X = H,

D) is characterized by a normal equilibrium isotope effect

(KH/KD > 1) at temperatures close to ambient; calculations on

(g4-AnH)Mo(PH3)3H2 indicate that this is a consequence of

relatively low energy Mo–H vibrational modes.

The influence of deuterium substitution on the spectroscopic

properties and reactivity of a molecule provides a powerful means

to establish details concerned with both molecular structures and

reaction mechanisms. In particular, kinetic isotope effects are

routinely used to afford insight into the nature of a transition state

for the rate determining step of a reaction.1 For multistep

reactions, however, the kinetic isotope effect is a composite of

the isotope effects for all forward and reverse steps up to, and

including, the rate determining step. As a consequence, a

knowledge of equilibrium isotope effects (EIEs) is essential for

interpreting kinetic isotope effects associated with multistep

reactions.2 The oxidative addition of dihydrogen to a metal center

plays an important role in many processes involving H2 and is

generally characterized by an inverse value,1,3,4 e.g. 0.43 at 25 uC
for [Rh(bpy)2]

+.3e Recently, however, we demonstrated that the

EIE for oxidative addition of H2 to Ir(PMe2Ph)2(CO)Cl exhibits

an interesting transition from an inverse value to a normal value at

high temperature (>90 uC).5 In this paper, we (i) report an example

of oxidative addition of dihydrogen for which the EIE is normal at

close to ambient temperature and (ii) explain why the normal/

inverse EIE transition temperature is a sensitive function of the

system.

We have recently reported that the anthracene complex (g6-

AnH)Mo(PMe3)3 (AnH = anthracene) undergoes reversible

oxidative addition of H2 at room temperature to give (g4-

AnH)Mo(PMe3)3H2 (Scheme 1).6 This observation is noteworthy

in view of the fact that the benzene and naphthalene counterparts

are inert to H2 under similar conditions.

Although the influence of substituents on the oxidative addition

of dihydrogen has not been widely investigated, several studies

point to the fact that substituents may exert interesting effects. For

example, the exothermicity of oxidative addition of H2 to trans-

M(PMe3)4X2 (M = Mo, W; X = F, Cl, Br, I) increases in the

sequence I , Br , Cl , F,7 whereas that for trans-

Ir(PPh3)2(CO)X exhibits the opposite trend.8,9 Correspondingly,

since the exothermicity of the oxidative addition of H2 is dictated

by the strength of the M–H bonds that are formed, it is evident

that the influence of a substituent on M–H bond dissociation

energies (BDEs) is also critically dependent on the system. A

knowledge of metal–hydrogen BDEs is central to understanding

and predicting reaction pathways involving H2, but such values are

rather limited.10,11 For this reason, we sought to determine the

Mo–H BDE for (g4-AnH)Mo(PMe3)3H2 via the temperature

dependence of the equilibrium constant (K) for oxidative addition

of H2 to (g6-AnH)Mo(PMe3)3 (Table 1). Thus, measurement of

K over the temperature range 30–90 uC allows determination of

DH = 213.9(2) kcal mol21,12 from which a value of 59.1 kcal

mol21 may be obtained for the average Mo–H BDE via the

relationship DH = D(H–H) 2 2D(Mo–H).13 Although an

extensive series of Mo–H BDEs does not exist, the values that

have been reported previously are in the range #60–70 kcal

mol21.14 It is, therefore, evident that the average Mo–H BDE in

(g4-AnH)Mo(PMe3)3H2 is relatively low, a result that is in accord

with the observation that reductive elimination of H2 is facile.

In addition to measuring the Mo–H BDE, we have also

determined the EIE for oxidative addition of H2 and D2 to (g6-

AnH)Mo(PMe3)3. Most interestingly, and in contrast to previous

reports pertaining to the EIE for oxidative addition of H2 and D2

to a single metal center,16 the EIE for oxidative addition of H2 and

D2 to (g6-AnH)Mo(PMe3)3 is normal over virtually the entire

temperature range (30–90 uC) measured (Table 1). Despite the

prevalence of inverse EIEs for oxidative addition and coordination
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Scheme 1

Table 1 Equilibrium constant and EIE data for oxidative addition of
H2 and D2 to (g6-AnH)Mo(PMe3)3

15

Temperature/uC KH/M21 KD/M21 EIE

30 1.59(5) 6 104 1.60(6) 6 104 0.99(1)
40 8.2(4) 6 103 8.0(5) 6 103 1.03(2)
50 4.1(3) 6 103 3.8(3) 6 103 1.07(3)
60 2.2(2) 6 103 2.0(2) 6 103 1.13(5)
70 1.2(1) 6 103 1.0(1) 6 103 1.20(4)
80 6.5(9) 6 102 5.1(6) 6 102 1.27(8)
90 3.5(7) 6 102 2.8(7) 6 102 1.25(9)
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of H2 and D2, however, we have recently demonstrated that

oxidative addition to Ir(PMe2Ph)2(CO)Cl exhibits a temperature

dependent transition from inverse to normal at ca. 90 uC.5 A

temperature dependent transition between inverse and normal

EIEs is unexpected since it is normally considered that an EIE

would exponentially approach unity as the temperature is

increased.17 The unusual behavior for Ir(PMe2Ph)2(CO)Cl has,

nevertheless, been rationalized by calculations on the simpler

system Ir(PH3)2(CO)Cl, which demonstrate that the EIE does not

vary monotonically with temperature, but exhibits a maximum:

the EIE is 0 at 0 K, increases to a maximum value of 1.15 at 867 K,

and then decreases to unity at infinite temperature.5 This unusual

behavior is explained by competition between the enthalpy (ZPE)

and entropy (SYM?MMI?EXC) components of the EIE.18 Thus,

at low temperatures the ZPE enthalpy component dominates and

the EIE is inverse,19 while at high temperatures the

[SYM?MMI?EXC]20 entropy component dominates and the EIE

is normal.21 Despite this rationalization of a normal EIE for

oxidative addition of dihydrogen, it is evident that the EIE for

oxidative addition to (g6-AnH)Mo(PMe3)3 is unique in the sense

that it is normal at temperatures close to ambient.

Since the form of the temperature dependence (i.e. a transition

from inverse to normal with a maximum) predicted for

Ir(PH3)2(CO)Cl is likely to be general, an important issue resides

with the factors that influence the transition temperature, since this

is critical for predicting whether a particular system will exhibit a

normal or inverse EIE. Therefore, in an effort to establish the

factors that influence the transition temperature, we have

performed calculations on (g4-AnH)Mo(PH3)3H2 (Fig. 1).

Significantly, the calculated transition temperature for oxidative

addition to (g6-AnH)Mo(PH3)3 is 223 K lower than that for

Ir(PH3)2(CO)Cl, as illustrated in Fig. 2. This result is in accord

with the experimental observation that the onset of a normal EIE

for oxidative addition to (g6-AnH)Mo(PMe3)3 occurs at a

significantly lower temperature than that for Ir(PMe2Ph)2-

(CO)Cl. For further comparison, the calculated temperature

dependence of the EIE for oxidative addition of dihydrogen to

several other molecules is also illustrated in Fig. 2, thereby

indicating that the transition temperature spans a range of 377 K

for these systems. Consideration of the temperature dependence of

the ZPE and combined [SYM?MMI?EXC] components indicates

that it is the ZPE term that exhibits the greater sensitivity and is the

major component in determining the variation in transition

temperature. Since the ZPE term is an exponential function of

the combined differences between vibrational frequencies (nH and

nD) for each mode within the isotopologues, the transition

temperature correlates with S(nH 2 nD), as illustrated in Fig. 3.

While this sum is for all vibrational frequencies, the two largest

components are the M–H(D) stretches and thus the transition

temperature is more likely to be reached at an experimentally

accessible temperature for molecules with low M–H(D) stretching

frequencies.22 In accord with this notion, the M–H stretches for

(g4-AnH)Mo(PH3)3H2 (1863 cm21 and 1755 cm21) are of

significantly lower energy than those of Ir(PH3)2(CO)ClH2

(2241 cm21 and 2043 cm21).23

Primary isotope effects are often rationalized in terms of ZPE

arguments using the concept that deuterium prefers to be located

in the highest frequency oscillator.24 In this regard, the normal

isotope effect for oxidative addition of H2 to (g6-AnH)Mo(PH3)3

could simply be interpreted to be a consequence of the sum of the

two Mo–H stretching frequencies of (g4-AnH)Mo(PH3)3H2 being

lower than that of the H–H stretching frequency. Such an analysis,

however, would be incorrect because the ZPE term actually favors

an inverse EIE at all temperatures and the occurrence of a normal

EIE is purely a consequence of the [SYM?MMI?EXC] (entropy)

term. The important feature of (g4-AnH)Mo(PH3)3H2 which

results in a normal EIE at relatively low temperatures is that the

M–H vibrational modes are of low energy and cause the ZPE term

to have a relatively large exponent such that it approaches unity

more quickly than for molecules with high energy modes.23 Thus,

the [SYM?MMI?EXC] term is able to dominate the EIE at a

relatively low temperature, thereby resulting in a normal EIE.25

Fig. 1 Calculated overall EIE as a function of temperature for oxidative

addition of H2 and D2 to (g6-AnH)Mo(PH3)3 expressed in terms of SYM,

MMI, EXC, and ZPE components.

Fig. 2 Variation of the inverse-to-normal EIE transition temperature for

oxidative addition of H2 and D2 to various metal centers.

Fig. 3 Correlation of the inverse to normal EIE transition temperature

with S(nH 2 nD).
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In summary, measurement of the temperature dependence of

the equilibrium constant for the oxidative addition of H2 to

(g6-AnH)Mo(PMe3)3 has enabled the average Mo–H BDE of

59.1 kcal mol21 for (g4-AnH)Mo(PMe3)3H2 to be determined. In

contrast to the majority of related systems, the EIE for oxidative

addition of H2 and D2 is normal at ambient temperature. As such,

the study serves to emphasize that, for reactions involving small

molecules such as H2, the nature of an isotope effect (i.e. normal

versus inverse) may be highly system and temperature dependent.
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research.
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