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Summary: DFT (B3LYP) calculations demonstrate that
the equilibrium isotope effects (EIEs) for coordination
and oxidative addition of H2 to [W(CO)5] do not exhibit
a simple exponential variation with temperature; rather,
the EIEs exhibit a maximum, with the EIEs being
inverse (<1) at low temperature and normal (>1) at high
temperature. At each temperature, the EIE for coordina-
tion of dihydrogen is less than that for oxidative addi-
tion, such that the EIE for the interconversion of
W(CO)5(η2-H2) is normal, with deuterium favoring the
nonclassical (dihydrogen) site at all temperatures.

One of the most fundamental concepts in organome-
tallic chemistry is that the interaction between a
transition metal and dihydrogen may be represented by
a continuum of structures, with extremes that are
represented as dihydrogen [M(η2-H2)] and dihydride
[MH2] complexes (Scheme 1).1 Regardless of the precise
nature of the interaction between the metal center and
dihydrogen, the equilibrium isotope effects (EIEs) that
have been reported for binding H2 are almost invariably
inverse, i.e. KH/KD < 1, such that D2 interacts more
favorably than H2.2-5 However, we have recently re-
ported that the situation is more complex than originally
appreciated.6 In this paper, we pursue further details
of the interaction of dihydrogen with a metal center by
determining the temperature dependence of the EIEs
for (i) the coordination of dihydrogen and (ii) the
interconversion of dihydrogen and dihydride complexes.

Closely following the synthesis of the first dihydrogen
complexes, M(CO)3(PR3)2(η2-H2) (M ) Mo, W; R ) Pri,

Cy),7 the pentacarbonyl counterparts M(CO)5(η2-H2) (M
) Cr, Mo, W) were generated and spectroscopically
characterized at low temperature in both liquid xenon
solution8 and argon matrices.9,10 In view of their sim-
plicity, M(CO)5(η2-H2) and M(CO)5H2 derivatives are
particularly attractive for computational studies11 to
evaluate the EIEs pertaining to the interactions of
dihydrogen with a transition-metal center. Therefore,
we have performed DFT (B3LYP) calculations12 on the
tungsten complexes W(CO)5(η2-H2) and W(CO)5H2 to
determine the EIEs for (i) coordination of H2, (ii)
oxidative addition of H2, and (iii) interconversion of
W(CO)5(η2-H2) and W(CO)5H2.

Equilibrium isotope effects are typically computed by
using the expression EIE ) KH/KD ) SYM‚MMI‚EXC‚
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ZPE, where SYM is the symmetry factor, MMI is the
mass-moment of inertia term, EXC is the excitation
term, and ZPE is the zero point energy term.13,14

Application of this expression requires knowledge of
both the structures and vibrational frequencies of the
reactant molecules. The geometry-optimized structures
of W(CO)5(η2-H2) and W(CO)5H2 are illustrated in
Figure 1.15,16

The temperature dependence of the EIE for coordina-
tion of H2 to form the dihydrogen complex W(CO)5(η2-
H2) is illustrated in Figure 2. In accord with the
experimental reports of inverse EIEs for coordination
of H2 in other systems, the EIE for coordination of H2
to [W(CO)5] is likewise calculated to be inverse at
ambient temperature.17 However, at high temperature,
the EIE is calculated to become normal.18 The temper-

ature dependence of the EIE for oxidative addition of
H2 exhibits a profile similar to that for coordination of
H2 (Figure 3), with the notable difference that the
transition from an inverse to a normal EIE occurs at a
much lower temperature (170 K) than that for coordina-
tion (580 K).19 As illustrated for coordination of H2 in
Figure 2, the existence of maxima in the temperature
dependencies of the EIEs for the interaction of H2 is a
result of the temperature dependencies of the ZPE and
EXC terms opposing each other since the SYM and MMI
terms are temperature independent.20 Furthermore,
examination of the temperature dependencies of the
ZPE (enthalpy) and combined [SYM‚MMI‚EXC] (en-
tropy) terms demonstrates that it is the ZPE term which
causes the EIE to be inverse at low temperature. The
inverse ZPE term is a consequence of the fact that
association with H2 (be it forming either a dihydrogen
or a dihydride complex) creates five new isotopically
sensitive vibrations (derived from the rotational and
translational degrees of freedom of the H2 molecule) of
sufficient energy that isotopic substitution results in a
greater ZPE change for the adduct than for H2.2-4a

Although W(CO)5(η2-H2) has been studied by IR
spectroscopy,8 the complete set of isotope-sensitive
vibrational frequencies are not known. Experimental
vibrational data are, nevertheless, available for both
W(CO)3(PCy3)2(η2-H2) and W(CO)3(PCy3)2(η2-D2),4a which
thereby allows for the temperature dependence of the
EIE for coordination of H2 and D2 to [W(CO)3(PCy3)2]
to be predicted. Thus, employing the experimentally
determined vibrational frequencies for W(CO)3(PCy3)2-
(η2-H2) and W(CO)3(PCy3)2(η2-D2), the EIE is predicted
to pass from an inverse value21 at ambient temperature
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optimization.11b
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of hydrogen from Cr(CO)5(η2-H2) (kH/kD ) 2.5/0.5 ) 5.0), assuming that
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however, the temperature dependence and the notion of a maximum
for the EIE was not discussed (Torres, L.; Gelabert, R.; Moreno, M.;
Lluch, J. M. J. Phys. Chem. A 2000, 104, 7898-7905). On the basis of
the reported ZPE terms (0.323 and 0.505, respectively), we predict that
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Bigeleisen, J. J. Am. Chem. Soc. 1992, 114, 6436-6445.

(20) The combined [SYM‚MMI] term is equivalent to the product of
the translational and rotational partition function ratios of the products
and reactants, i.e. (Qtr

P)(Qrot
P)/(Qtr

R)(Qrot
R). This term is only strictly

temperature independent when T . Θrot, the rotational temperature.
However, this variation has no effect on the actual low-temperature
limit of the EIE.

(21) Experimental EIE ) 0.70 at 22 °C.4a

Figure 1. Geometry-optimized structures of W(CO)5(η2-
H2) and W(CO)5H2.

Figure 2. Calculated EIE as a function of temperature
for coordination of H2 and D2 to [W(CO)5].

Figure 3. Calculated EIE as a function of temperature
for oxidative addition of H2 and D2 to [W(CO)5] and for
oxidative cleavage of W(CO)5(η2-H2) to W(CO)5H2.
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to a normal value at high temperature, before returning
to unity at infinite temperature (Figure 4). The similar-
ity of the temperature dependence of the EIE for
coordination of H2/D2 to [W(CO)5] using calculated
frequencies to that for [W(CO)3(PCy3)2] using experi-
mental frequencies is significant, since it provides
support for the use of calculated frequencies in predict-
ing isotope effects and also suggests that the inverse-
normal transition may be general for dihydrogen com-
plexes.22

Another important aspect concerned with the EIEs
for formation of W(CO)5(η2-H2) and W(CO)5H2 pertains
to whether deuterium prefers to be located in the
classical (dihydride) site or nonclassical (dihydrogen)
site. This issue is of some interest because of contradic-
tory reports in the literature. For example, (i) experi-
mental studies on CpNb(CO)3(η2-H2)/CpNb(CO)3H2

23

and [Re(PR3)3(CO)(η2-H2)H2]+/[Re(PR3)3(CO)H4]+ (PR3
) PMe2Ph,24 PMe3

25) and calculations on W(CO)3(PH3)2-
(η2-H2)/W(CO)3(PH3)2H2

26 indicate that deuterium fa-
vors the nonclassical site, while (ii) experimental studies
on [TpIr(PMe3)(η2-H2)H]+27 and [Cp2W(η2-H2)H]+28 in-
dicate that deuterium favors the classical site. In this
regard, the EIE for conversion of W(CO)5(η2-H2) to
W(CO)5H2 is calculated to be normal at all tempera-
tures, thereby demonstrating that deuterium favors the
nonclassical site in this system (Figure 3).29

While it is evident that the normal EIEoc for conver-
sion of W(CO)5(η2-H2) to W(CO)5H2 is a direct result of
the fact that EIEoa > EIEcoord (since EIEoc ) EIEoa/
EIEcoord), more detailed examination indicates that the
EIE is dominated by the ZPE term. Thus, since W(CO)5-
(η2-H2) and W(CO)5H2 have the same number of isoto-
pically sensitive vibrations, the normal ZPE term results
purely from the fact that the ZPE associated with the
H-H fragment in W(CO)5(η2-H2) is greater than that
of the two W-H bonds in W(CO)5H2. Indeed, a normal
ZPE term would be predicted for this transformation
merely on the basis of the simple notion that deuterium
prefers to be located in the stronger bond, i.e. D-D
versus M-D.30 While there is a total of six isotopically
sensitive normal modes associated with a [MH2] moiety,
the single most important mode is that which corre-
sponds to the high-energy H-H stretch in W(CO)5(η2-
H2) (νH-H 3330 cm-1; νD-D 2366 cm-1) and which
becomes a low-energy symmetric bend in W(CO)5H2
(νHMH 784 cm-1; νDMD 600 cm-1): the ZPE differences
for these vibrations clearly favor deuterium residing in
the nonclassical site.

In addition to the use of deuterium, tritium has also
found applications in the NMR spectroscopic charac-
terization of dihydrogen and hydride complexes.31 There-
fore, we have calculated the corresponding EIEs for
tritium: i.e., KH/KT. For the interconversion of W(CO)5-
(η2-H2) and W(CO)5H2, KH/KT is greater than KH/KD at
all temperatures, such that tritium favors the nonclas-
sical site. This preference is in accord with the afore-
mentioned fact that the EIE is dominated by the ZPE
term. In contrast to the simple KH/KT > KH/KD relation-
ship for interconversion of W(CO)5(η2-H2) and W(CO)5H2,
coordination and oxidative addition of dihydrogen are
both characterized by regions in which KH/KT > KH/KD
and in which KH/KT < KH/KD. Specifically, KH/KT < KH/
KD at low temperature when the EIE is dominated by
the ZPE (enthalpy) term, and KH/KT > KH/KD at high
temperature when the EIE is dominated by the [SYM‚
MMI‚EXC] (entropy) term. A corollary of these observa-
tions is that the temperature dependence of KD/KT for
both coordination and oxidative addition of dihydrogen
exhibits inverse and normal regions, analogous to that
described above for KH/KD.
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Figure 4. Comparison of the calculated EIE for coordina-
tion of H2 and D2 to [W(CO)5] using computed frequencies
with that for W(CO)3(PCy3)2(η2-H2) using experimentally
determined frequencies.
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