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Abstract: The exchange coupling 7HH in 0sH3X(PH3>2 (X = Cl and I) has been calculated by determining the 
eigenstates resulting from the coupling between the internal rotation and vibration modes, which correspond to the 
pairwise hydrogen exchange. The potential has been calculated by core potential ab initio methods at the RHF/MP2 
level. The height of the barrier for exchange of two adjacent hydrogen atoms has been calculated to be 12.9 kcahnol - 1 

(X = Cl) and 14.6 kcahnol - 1 (X = I). The ratio between the calculated exchange coupling constants for X = Cl 
and X = I is found to be in good agreement with the experimental ratio though shifted up in temperature. The 
temperature dependence of 7HH is calculated to be exponential, which is the typical behavior for such a coupling 
constant. 

Abnormally large and temperature-dependent JHH coupling 
constants have been observed in some transition metal 
trihydrides1-4 and a pentahydride.4 It has been suggested that 
this phenomenon arises from a quantum mechanical exchange 
of a pair of hydrides. Two models have been proposed,5-8 and 
several theoretical calculations have been performed.9-12 In 
particular, Jarid et a/.11,12 have explicitly calculated 7HH for 
CpIrLH3+ (L = PH3 and CO) by combining an ab initio 
potential energy surface with a tunneling model. 

We present a study of OsH3X(PH3)2 (X = Cl and I) where 
exchange coupling has recently been observed with JHH = 920 
Hz (X = Cl) and 280 Hz (X = I) at 173 K.4 We have calculated 
7HH resulting from the coupling between the internal rotation 
and vibrational modes obtained from the ab initio calculated 
data. Temperature dependence has been computed from a 
Boltzmann distribution. To our knowledge, for the first time 
in the study of exchange coupling, the symmetry under 
permutation of the two identical particules (H) is explicitly 
incorporated in the determination of the nuclear wave functions. 
This knowledge is necessary for the understanding of the nuclear 
spin transitions. 
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0sH3X(PH3)2 (X = Cl and I) have been fully optimized with 
relativistic (for Os) core potential13-15 ab initio calculations at 
the RHF/MP2 level using Gaussian 9216 with large basis sets.17 

The optimized structure is a minimum for Cl and I (Figure la).18 

The metal, the hydride atoms, and X are located in the plane II 
with the phosphine ligands almost perpendicular to it. The Ha— 
Os-Hb angles of 56.9° (Cl) and 57.5° (I) are in excellent 
agreement with the experimental values.4 

The pairwise site exchange mechanism has been represented 
by an out-of-plane twist of two adjacent hydrogen atoms, e.g. 
Ha and Hb. This choice is guided by the lower frequency for 
the out-of-plane twist of the hydrides (450 cm - 1) compared to 
the in-plane scissor motion (900 cm - 1) that brings Ha and Hb 
together. The optimized transition state found for such a site 
exchange corresponds to a structure with the Ha—Os-Hb plane 
perpendicular to the plane II, which still contains H0, Os, and 
X (Figure lb). The H a - O s - H b angle has decreased to 51.5° 
(Cl) and 50.4° (I), which leads to a corresponding decrease of 
the H a - H b distance from 1.509 A (Cl) and 1.524 A (I) (ground 
state) to 1.381 A (Cl) and 1.350 A (I). Hc remains far from Ha 

and Hb. Notably, no H2 complex lying either in the II plane or 
perpendicular to it was found as a minimum or a saddle point 
on the potential energy surface. Thus, in these Os complexes, 
facile site exchange between hydrides can occur without the 
necessary formation of an H - H bond. It is important to note 
that the site exchange for hydrides involves simultaneously a 
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eigenvalues. For the transition state, the hessian including all variables 
but <p has only positive eigenvalues. 
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Figure 1. MP2-optimized structure for OsH3Cl(PHj)2: (a) ground state, (b) transition state. 

rotation and a vibration movement. In this respect, our model 
differs from that of a simple rotor as discussed and rejected by 
Limbach.8 

The transition state for Cl is calculated to be 12.9 kcahmol-1 

above the minimum, while that for I is calculated to be higher 
(14.6 kcahnol -1), which is in agreement with the faster rate of 
site exchange in the case of Cl (experimental AH* = 8 
kcahnol - 1 for Cl19 and 8.8 kcahnol - 1 for I4). Single-point 
calculations (Cl) at the MP4SDQ,20 QCISD(T),21 and CCSD-
(T)22 levels give comparable energies (14.0, 14.4, and 14.3 
kcal-mol-1, respectively). 

The reaction coordinate for hydrogen site exchange has been 
represented by the dihedral angle <p between the H 3 -Os -Hb 
and FT planes. For each cp, the O s - X bond distance, the 
X—Os-P angle, and all variables involving the three hydride 
atoms have been optimized at the MP2 level. The corresponding 
energy curves V(<p) are shown in Figure 2. The symmetry of 
the potential is described by the expansion 

4 

V(<p) = ^V2ncos(2n<P) (D 

A fit up to n = 4 allowed us to accurately represent the ab 
initio data. The presence of high-order terms (n > 2) is a 
consequence of the flatness of the curve around the minima. 

Since the H3-Hb distance (r) varies significantly with <p, a 
Hamiltonian explicitly incorporating <p and r was used. This 
additional degree of freedom r was taken into account according 
to the reaction path Hamiltonian formulation of Miller.23 For 
each value of the reaction coordinate <p, the variation of the 
potential along the r coordinate is represented by quadratic ki-
(tp) and cubic terms fo. They allow for the representation of 
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Figure 2. MP2 energy curves E =fi/t>) for OsH3X(PH3)2 (X = Cl and 
I) (see text for definition of </>). 

the deformation of the H3-Hb distance in the vicinity of the 
locally optimized ^ ( 0 ) . The Hamiltonian resulting from the 
assumed planar rotor motion for H2 can be written:24 

1IMr ~ rtq(4>)]3 ~ - ^ i TT1 + VW (2) 
4 2fir dtp2-

where /A = ma/2 corresponds to the reduced mass of the 
hydrogen pair. The ^ (0 ) and r^icp) terms have been expanded 
in cos(2«0) up to first and third orders, respectively, while the 
averaged value 1Ii[ICi(O) + ki(nl2)\ has been used for £3. The 
basis set consisted of plane waves {e**} for <p and harmonic 
oscillator functions for r. The permutation symmetry has been 
taken into account by considering separately the even and odd 

(24)Eyring, H.; Walter, J.; Kimball, G. E. Quantum Chemistry; John 
Wiley & Sons: New York, 1967; pp 73-75. 
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k values. It should be noted that our model Hamiltonian 
explicitly correlates the out-of-plane motion of the two hydrides 
and that a full six-dimensional potential surface is necessary to 
confirm this hypothesis. 

Diagonalizing each symmetry block of the 5?"matrix pro
vides the corresponding eigenvalues and eigenvectors. Due to 
the double well nature of V(<p), levels come in pairs, symmetric 
(even k's) and antisymmetric (odd k's) with respect to permuta
tion. They are thus associated with singlet and triplet nuclear 
spin functions, respectively. Following the model of ZiIm,6,7 

the exchange coupling Jn is related to the splitting within a pair 
through 

j=Evm-Ef: idd (3) 

Going from n to n + 1, the sign of Jn alternates. The total 
exchange coupling JHH for a given temperature is evaluated 
using Boltzmann statistics: 

•'HH ~ 

Xj,exp(-§) 

?eXp(-|) 
(4) 

Only the T s observable on the NMR time scale have been kept 
for the summation. The proper cutoff point in the JHH sum is 
when Jn exceeds the inverse of the vibrational lifetime, i.e. 10 
cm -1.25 The absolute values of JHH as a function of temperature, 
calculated for Cl and I, are shown in Figure 3. 

Several important features of the experimental data are well-
reproduced although shifted up in temperature. First, even 
though the sign of Jn alternates, JHH has an exponential behavior 
above a threshold temperature as observed for Cp*IrLH3+ l and 
calculated for CpIrLH3

+ (L = PH3 and CO).12 

JHH(CI) is calculated to be much larger than JHH(I) (JHH(CI) 

= 950 Hz and JHH(I) = 70 Hz at T = 300 K). This shows that 
JHH is very sensitive to both the shape and height of V((j>). 
Actually, a simple scaling of the MP2 potential energy curve 
improves drastically the agreement with the experimental data. 
The transition state seems to be 2—3 kcal-mol-1 too high in 
energy in the calculations. Such a typical error on a barrier 
height is sufficient in that case to induce a 150 K shift on the 
temperature scale. JHH reaches a non-zero plateau at low 
temperature and falls to almost 0 Hz for a certain temperature 
range.26 This behavior has been observed recently by Heinekey 
in some iridium trihydrides.27 

(25) ZiIm, K. W, private communication. 
(26) This very small value of J results from the alternation of the sign 

ofJ„. 
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Figure 3. Calculated exchange coupling JHH as a function of 
temperature for OsH3X(PH3)2 (X = Cl and I). 

In conclusion, this work provides a calculation of JHH based 
on ab initio data consistent with a clear interpretation (in terms 
of permutation symmetry) of the nuclear wave function and 
accounting for many key experimental facts. Our model 
suggests that the exchange coupling in these 16-electron 
complexes has similar features to that of 18-electron trihydrides. 
Influence of an additional ligand to OsH3X(PH3)2 is under study. 
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