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In addition, the 13C NMR chemical shifts of the odd carbons are 
affected by close dipoles and downfield shifted by polar solvents. 
C13 is a very sensitive carbon (to dipoles and charge delocalization), 
and its 13C chemical shift in bovine rhodopsin (168.9 ppm)18 is 
closely mimicked in model compounds17 adopting positive-negative 
charge separation in the Schiff base vicinity (reflected in a red-
shifted absorption maximum) and measured in polar solvents 
(trifluoroethanol). The chemical shifts of other odd-numbered 
carbons (C11,141.6; C9,148.5; and C7132.3)18 are closely mim
icked as well in model compounds, by weakening of the electro
static interaction in the Schiff base vicinity, however, through 
introduction of a relatively nonpolar (chloroform) solvent. Thus, 
it is tempting to suggest that in bovine rhodopsin a weak elec
trostatic interaction prevails between the positively charged Schiff 
base linkage and its counterion red shifting the absorption max
imum. A relatively polar environment prevails around the C13-N 
retinal moiety, formed by bound water and/or by protein residues. 
The negatively charged counterion, which might be close to C13, 
can be a part of this environment and induces r-electron delo
calization due to its large distance from the positively charged 
Schiff base linkage. A nonpolar environment prevails in the 
vicinity of the other section of the retinal chromophore (especially 
around the C5-C9 moiety).7 
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Oxidative addition and its reverse, reductive elimination, are 
two of the most elementary transformations in organometallic 
chemistry.' In particular, the oxidative addition of dihydrogen 
represents an important step in many catalytic hydrogenation and 
hydroformylation processes,2 and a knowledge of the factors that 
influence metal-hydrogen bond dissociation energies (BDEs) 
would provide key information central to understanding, and 
predicting, reactivity pathways.34 Unfortunately, relatively .few 
metal-hydrogen BDEs have been reported in the literature, in part 
due to the difficulty of such measurements. Here we report kinetic 
and thermodynamic studies of the reversible oxidative addition 
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Scheme I. Proposed Mechanism for Oxidative Addition of H2 to 
W(PMe3)4I2 
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of dihydrogen to six-coordinate /ra«j-W(PMe3)4I2, which have 
allowed both (i) the determination of the W-H BDE in W-
(PMe3)4H2I2 and (ii) the elucidation of the mechanism of the 
oxidative addition/reductive elimination transformation. 

Sattelberger was the first to report the oxidative addition of 
H2 to six-coordinate complexes of the type M(PR3)4C12 (M = Nb, 
Ta).5 Sharp subsequently extended this method for the synthesis 
of the tungsten analogue W(PMe3)4H2Cl2.

6 Although W-
(PMe3)4H2Cl2 has been reported to be thermally stable to reductive 
elimination of dihydrogen,6 we have found that the iodide analogue 
W(PMe3J4H2I2

7 undergoes facile reductive elimination of H2 at 
60 0C to give fra/w-W(PMe3)4I2.

8 The molecular structures of 
both six- and eight-coordinate iodide complexes trans- W(PMe3)4I2 
and W(PMe3)4H2I2 have been determined by X-ray diffraction.' 

Significantly, under 1 atm of H2, trans-W(PMe3J4I2 and 
W(PMe3)4H2I2 exist in equilibrium (eq 1) with comparable 
concentrations so that the equilibrium constant (K) can readily 
be measured by using 1H NMR spectroscopy. The temperature 

W(PMe3)J2 + H2 s=i W(PMe3J4H2I2 (D 
dependence of the equilibrium constant has established the values 
of AZf0 = -19.7 (6) kcal mol"1 and AS0 = -45 (2) eu for the 
oxidative addition reaction. Since we may define AZf0 = Z)(H-H) 
- 2D(W-H) for this reaction,10 a value of 62.0 (6) kcal mol"1 is 
obtained for the average W-H BDE in W(PMe3J4H2I2." W-H 
BDEs have previously been reported for only a few complexes, 
for which a range of 64-73 kcal mol"1 has been observed.12 

Investigation of the corresponding oxidative addition of D2 to 
franr-W(PMe3)4I2 reveals a substantial inverse equilibrium deu
terium isotope effect, with KH/KD = 0.63 (5) at 60 0C. The 
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Figure 1. Energy surface for oxidative addition of H2 to W(PMe3J4I2 at 
60 0C. Standard states of the components are 1 M, and energy values 
are in kilocalories/mole. 

temperature dependence of K0 reveals that the origin of the inverse 
equilibrium deuterium isotope effect is enthalpic in nature [AZP0 
= -21.6 (7) kcal mol"1, compared to A#°H • -19.7 (6) kcal 
mol"1], since the W-D bond is substantially stronger than the 
W-H bond [Z)(W-D) = 63.8 (7) kcal mol"1 versus Z)(W-H) « 
62.0 (6) kcal mol"1].11 Indeed, the small entropic difference [A5°D 
= -51 (3) eu versus A5°H • -45 (2) eu] actually attempts to 
counter the inverse nature of the equilibrium deuterium isotope 
effect.13 

It is important to emphasize that an inverse equilibrium deu
terium isotope effect for oxidative addition would not be predicted 
by consideration of the zero point energy differences associated 
with the observed W-H and W-D stretching frequencies alone.14 

Therefore, the inclusion of bending modes associated with the 
dihydride moiety is proposed to be responsible for an additional 
lowering of zero point energy for W(PMe3)4D2l2 with respect to 
W(PMe3J4H2I2.

15 

The mechanism of the oxidative addition/reductive elimination 
transformation has been investigated by kinetic studies. Inter
estingly, W(PMe3)4H2I2 is not obtained by the direct oxidative 
addition of H2 to six-coordinate /rans-W(PMe3)4I2. Specifically, 
the oxidative addition is strongly inhibited by addition of PMe3, 
so that a mechanism involving PMe3 dissociation and a five-co
ordinate [W(PMe3)3I2] intermediate is implied. Oxidative addition 
of H2 to [W(PMe3J3I2], followed by coordination of PMe3, gives 
W(PMe3J4H2I2, as summarized in Scheme I. A similar scheme 
has previously been proposed by Halpern for hydrogenation of 
Rh(PPh3J3Cl.16 As indicated by microscopic reversibility, the 
reductive elimination of H2 from W(PMe3J4H2I2 must also proceed 
via initial PMe3 dissociation. Accordingly, the reductive elimi
nation of H2 from W(PMe3J4H2I2 is also inhibited by addition 
of PMe3. A detailed study of the kinetics of the oxidative addition 
and reductive elimination transformations has allowed the free-
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629-630. (b) Halpern, J.; Okamoto, T.; Zakhariev, A. J. Mol. Catal. 1976, 
2, 65-68. (c) Halpern, J. Inorg. CMm. Acta 1981, 50, 11-19. 

energy surface illustrated in Figure 1 to be established.17 The 
primary kinetic deuterium isotope effect for oxidative addition 
of H2 is fc2(H)/fc2(D) s 1-2 (2)],18 whereas that for reductive 
elimination of H2 is estimated to be £_2(H)/&.2(D) *• 2." Hence, 
since the kinetic deuterium isotope effect for reductive elimination 
is substantially larger than that for oxidative addition, an inverse 
equilibrium deuterium isotope effect is obtained.2021 
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The resolvability and optical stability of medium-sized trans-
cycloalkenes has been of interest for 30 years.1"3 Molecular 
asymmetry of this type can be established because of steric in
hibition to internal rotation relative to the remainder of the ring 
of the (r-bonds flanking the (£)-alkene subunit. Although the 
structural implications of these factors are well understood, they 
have to our knowledge never been applied in a synthetic context. 
Our interest in the de novo acquisition of taxanes4 has led us to 
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