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Summary: The structure of the dihydrogen complexes
[ReH2(H2)(CO)L3]+ (L ) PPhMe2, PMe3, PH3) has been
a matter of some controversy. DFT calculations carried
out for [ReH2(H2)(CO)(PMe3)3]+ in this work established
that the most stable structure has the dihydrogen and
carbonyl ligands in the axial sites of the pentagonal-
bipyramidal geometry.

Experimental elucidation of the structure of poly-
hydrides has always been challenging. Accurate location
of metal-bonded hydrogen atoms by XRD is problematic,
and some polyhydride complexes are thermally unstable
and difficult to crystallize. In solution, NMR spectros-
copy is often unable to establish the molecular sym-
metry or connectivities because hydride chemical shifts
and couplings can be averaged by rapid ligand exchange.
A particularly controversial polyhydride system, [ReH4-
(CO)L3]+A- (L ) PPhMe2, A- ) BF4

-; L ) PMe3, A- )
CF3CO2

-), was prepared in the beginning of the 1990s
by low-temperature protonation of ReH3(CO)L3 in CD2-
Cl2.1,2 In solution, the [ReH4(CO)L3]+ complexes form
equilibrium mixtures of tetrahydrido (1) and dihydrido-
dihydrogen (2) isomers, which could not be crystallized
and characterized by XRD. On the basis of the VT NMR
data, the structure of 1 has been agreed to be dodeca-
hedral, as shown in Chart 1. Unfortunately, NMR
spectroscopy could not unambiguously establish the
structure of 2 and only indicated that the nonclassical
isomer should have Cs symmetry with two phosphorus
ligands and two hydrides in one plane. The reasonable
molecular geometries 2a and 2b were assigned by the
experimental chemists.1,2 Subsequent computational
work3 (with L ) PH3) rejected 2a as a high-energy
nonstationary point on the energy surface and (without
considering 2b) suggested that isomer 2 could have the
structure 2c.

Recent theoretical advances coupled with the rapid
development of computer technology have transformed
computational chemistry into a reliable technique for
structural determination of transition-metal complexes.4
Full incorporation of the electronic and steric effects of
trialkylphosphines is now possible, which is essential
to correct modeling of the experimental reality.5 This
prompted us to reinvestigate all isomers shown in Chart

1 for [ReH2(H2)(CO)(PMe3)3]+ by employing DFT calcu-
lations with good-quality basis sets and without con-
straints.

To generate realistic models of complexes 1 and 2 for
geometry optimizations, we first considered the crystal
structures of two related rhenium compounds: [ReH4-
(PPhMe2)4]+ and [ReH2(CO)(PMe3)4]+, shown in Figure
1.2a,6 In the tetrahydride, replacing all phenyls by
methyl groups and substituting a carbonyl for one
phosphine afforded the starting geometry for 1 (with the
four hydrides placed in the idealized positions to com-
plete the dodecahedron). Starting geometries for 2a and
2b were derived from [ReH2(CO)(PMe3)4]+ by substitut-
ing H2 for PMe3, labeled in Figure 1 as P4 and P1,
respectively. An appropriate model for 2c was obtained
from 1 by shortening the distance between the two H
atoms in the P-Re-CO plane.

A series of preliminary calculations were carried out
for the dihydride [ReH2(CO)(PMe3)4]+ to evaluate the
performance of three DFT methods, as well as the effect
of the chosen basis sets bs1 and bs2 (see the Experi-
mental Section for details). The X-ray crystallographic
and computational results for [ReH2(CO)(PMe3)4]+ are
presented in Table 1 and show a good agreement for
all bond angles, regardless of the computational method
used. The Re-P distances were best predicted at the
mPW1PW91 level, which overestimated the distances
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Figure 1. Crystal structures of [ReH4(PPhMe2)4]+ and
[ReH2(CO)(PMe3)4]+ reconstructed from the coordinates
reported in refs 6 and 2a. All nonmetal hydrogen atoms
are omitted for clarity. Hydrides were not located in the
tetrahydride.

Chart 1
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by 0.041 Å on average, exceeding the experimental
crystallographic error (3σ ) 0.018 Å). The calculated
Re-C and C-O distances are also longer than the
crystallographic values, although the differences of 0.09
and 0.07 Å are within 3σ ) 0.09 Å and statistically may
not be meaningful. It should be noted that the distances
calculated for [ReH2(CO)(PMe3)4]+ are close to those in
the dihydride of a very similar overall structure, ReH2-
(CO)(SiPh3)(PPhMe2)3, where Re-C ) 1.88(1) Å and
C-O ) 1.16(1) Å.7 Table 1 shows a negligible effect of
the basis sets bs1 and bs2. It has been suggested that
the mPW1PW91 functional is superior in describing
weak interactions (which is important in the case of H2
coordination); it also better represents the energies
compared to the widely used B3LYP functional.8 There-
fore, in this work, the mPW1PW91/bs1 approach was

used for all geometry optimizations and frequency
calculations on [ReH4(CO)(PMe3)3]+. Isomers 1-3 were
additionally optimized at the mPW1PW91/bs2 level
without frequency calculations, and their electronic
energies were calculated at the mPW1PW91/bs3 level,
as described in the Experimental Section.

Main computational results of this work, presented
in Figure 2 and Table 2, show that the dihydrogen
complex 2b and tetrahydride 1 are the two most stable
species among the isomers of [ReH4(CO)(PMe3)3]+.
Theoretically, 1 lies 1.5 kcal/mol higher than 2b;
however, in solution, 1 is known to be ca. 1 kcal/mol
more stable than the nonclassical isomer.2 In addressing
this minor inconsistency, it should be remembered that
energy differences within 3 kcal/mol in DFT calculations
should certainly be treated very cautiously,4,5,9 particu-
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hofen, M.; Wagener, T. M.; Frenking, G. In Computational Organo-
metallic Chemistry; Cundari, T. R., Ed.; Marcel Dekker: Basel,
Switzerland, 2001.

Table 1. Selected Experimental and Calculated Bond Distances and Anglesa for [ReH2(CO)(PMe3)4]+

method Re-Pav Re-C C-O P1-Re-P4 P2-Re-P3 P3-Re-P4 P1-Re-P2 P1-Re-C P3-Re-C P4-Re-C

B3LYP/bs2b 2.510 1.93 1.17 98.1 91.9 134.5 92.1 179.3 88.5 81.3
B3PW91/bs2 2.477 1.92 1.17 98.2 92.5 133.8 92.3 179.2 88.6 81.1
mPW1PW91/bs2 2.466 1.92 1.17 98.2 92.2 134.1 92.1 179.2 88.7 81.1
mPW1PW91/bs1c 2.470 1.90 1.17 98.6 93.0 133.8 92.1 179.4 88.5 80.9
X-ray 2.425(6) 1.81(3) 1.24(3) 99.4(2) 91.6(2) 132.7(2) 91.3(2) 177.6(8) 91.1(8) 78.8(7)

a Bond distances are given in angstroms and bond angles in degrees. b Basis set bs2: SDD + ECP (Re), 6-31G(p) (hydrides), 6-31G(d)
(all other atoms). c Basis set bs1: LANL2DZ (with ECP’s for Re and P, augmented with single polarization functions on CO and all atoms
bonded to Re).

Figure 2. Theoretical structures of [ReH4(CO)(PMe3)3]+ optimized at the mPW1PW91/bs1 level for TS(2b) and TS(1/2c)
and at the mPW1PW91/bs2 level for isomers 1-3. All nonmetal hydrogen atoms are omitted for clarity. All energies are
relative to that of 2b and were calculated at the mPW1PW91/bs3 level.
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larly when solvent, ion-pairing effects, or entropy effects
are not taken into consideration.

Dihydrogen complex 2b in Figure 2 has a short H3-
H4 bond of 0.85 Å, in agreement with the 0.86 Å value
calculated10 from the experimental 1JHD constant of 33.6
Hz.2a The H2 ligand of 2b is trans to the carbonyl and
is significantly removed from the metal center (Re-H3
) 1.83 Å vs Re-H1 ) 1.69 Å), which is consistent with
the thermal instability of 2 and its facile decomposition
by H2 loss. The structure 2b has the three most bulky
ligands in the pentagonal plane of the bipyramidal
geometry. This feature makes its low energy counter-
intuitive and may explain why such an isomer was not
considered by the experimental chemists for [ReH2(H2)-
(CO)(PPhMe2)3]+ and by the theoreticians for [ReH2(H2)-
(CO)(PH3)3]+. Unfortunately, the process of establishing
a nontrivial structure by NMR spectroscopic and theo-
retical means is often guided by intuition and as such
may not be all-inclusive.

Geometry optimizations toward 2a resulted in two
different structures. The mono(dihydrogen) product (2a
in Figure 2) was obtained when the initial model had
the H2-H3 bond eclipsing the P1-C axis. When the
calculation was started with the H2-H3 ligand in the
H1-Re-H4 plane, it converged to the d6 octahedral bis-
(dihydrogen) complex [Re(H2)2(CO)(PMe3)3]+ (3). Obvi-

ously, 2a is the least likely isomer of [ReH2(H2)(CO)-
(PMe3)3]+, since it lies 13.6 kcal/mol higher than 1. This
is in agreement with the previous MP2 calculations,3
where the corresponding structure of [ReH2(H2)(CO)-
(PH3)3]+ was located 12.1 kcal/mol above the tetra-
hydride isomer. It can be noted that if complex 2a had
formed as a kinetic product of the protonation of ReH3-
(CO)(PMe3)3, it should have spontaneously isomerized
into the lower energy bis(dihydrogen) structure 3 upon
rotation of the H2 ligand.

Finally, the structure 2c was calculated and found
to be 1.5 kcal/mol less stable than 1, which is consistent
with the small 0.2 kcal/mol gap between the corre-
sponding isomers of [ReH4(CO)(PH3)3]+ and [ReH2(H2)-
(CO)(PH3)3]+, optimized at the MP2 level.3 Figure 2 also
shows a transition structure connecting 1 and 2c, TS-
(1/2c), which lies 2.2 kcal/mol above 1. From the
previous MP2 calculations, the energy of TS(1/2c) (with
L ) PH3) was estimated as 4 kcal/mol.3 Given the very
low energy barrier, structures 1 and 2c should exist in
a rapid equilibrium on the NMR time scale in solution.
The experimental observation of three resonances in the
hydride region of the low-temperature 1H NMR spectra
of 1 and 2 is, therefore, incompatible with the structural
interpretation of [ReH2(H2)(CO)(PMe3)3]+ as 2c.

Thus far, the computational results have strongly
suggested that structure 2b most likely corresponds to
that of [ReH2(H2)(CO)(PMe3)3]+ in solution.11 We thought
we should also try to explain how this dihydrogen
complex could be highly fluxional in both 1H and 31P
NMR spectra, where the exchange occurred at the same
rate, apparently implying a common mechanism. A
transition structure for this exchange (TS(2b) in Figure
3) was calculated and found to lie 9.9 kcal/mol higher
than 2b, in an excellent agreement with the experimen-
tal value for the exchange barrier, ∆Gq ) 8.6-8.7 kcal/
mol.2 The optimized TS(2b) has an overall Cs-symmetric
geometry derived from 2b by cleaving the H3-H4 bond
and making H1 and H4 equidistant from the H2-H3-
P2 plane. When TS(2b) was distorted toward the
product and optimized in search of a minimum, the
calculation converged to 2b′. Inspection of 2b and 2b′
in Figure 3 shows that the two molecules are isostruc-
tural and are related by ligand exchange. Particularly,
H1 is a hydride and H4 is in the coordinated dihydrogen

(10) Maltby, P. A.; Schlaf, M.; Steinbeck, M.; Lough, A. J.; Morris,
R. H.; Klooster, W. T.; Koetzle, T. F.; Srivastava, R. C. J. Am. Chem.
Soc. 1996, 118, 5396.

(11) Following a reviewer’s suggestion, we also optimized an isomer
of [ReH2(H2)(CO)(PMe3)3]+ (2d) containing the H2 ligand trans to PMe3
in the axial sites of the bipyramidal geometry. The energy of 2d,
calculated at the mPW1PW91/bs2 level, is 12.9 kcal/mol relative to
that of 2b. Full computational details and a figure showing the
structure of 2d have been included in the Supporting Information.

Figure 3. Schematic depiction of the dynamic process operating in 2b and resulting in the simultaneous chemical shift
exchange in the 31P and 1H NMR spectra of [ReH2(H2)(CO)(PMe3)3]+.

Table 2. Selected Bond Distances and Anglesa for
the Theoretical Structures in Figure 2

distance/
angle 1 2a 2b 2c 3 TS(2b) TS(1/2c)

H-H 0.94 0.85 0.91 0.88 1.09
0.91

H1‚‚‚H2 1.82 2.00 1.49 b 1.63
Re-H1 1.68 1.68 1.69 1.66 1.79 1.67 1.66
Re-H2 1.68 1.72 1.69 1.66 1.79 1.68 1.66
Re-H3 1.69 1.73 1.83 1.79 1.76 1.66 1.73
Re-H4 1.68 1.68 1.84 1.79 1.76 1.67 1.72
Re-P1 2.467 2.484 2.407 2.470 2.491 2.427 2.478
Re-P2 2.456 2.486 2.478 2.466 2.434 2.487 2.466
Re-P3 2.455 2.488 2.479 2.465 2.438 2.428 2.464
Re-C 1.975 1.947 1.922 1.949 1.945 1.982 1.933

P1-Re-P2 95.5 97.5 132.3 94.4 96.7 107.8 94.8
P1-Re-P3 96.0 93.7 137.3 94.3 93.6 142.2 95.0
P2-Re-P3 149.4 90.5 90.5 160.6 94.4 109.1 156.6
P1-Re-C 151.3 175.3 89.1 166.0 173.2 90.4 162.1

a Bond distances are given in angstroms and angles in degrees.
b H‚‚‚H distances (Å) in TS(2b): H1‚‚‚H3 ) 1.96, H1‚‚‚H4 ) 1.84,
H3‚‚‚H2 ) 1.86, H3‚‚‚H4 ) 1.99 Å.
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in 2b, whereas in 2b′ it is the other way around: H1 is
in the dihydrogen and H4 is a hydride, and their 1H
chemical shifts are swapped. Simultaneously, the two
phosphine ligands P1 and P3 exchange their environ-
ments and, hence, the chemical shifts. In a similar way,
the exchange process shown in Figure 3 will also involve
H2/H3 and P1/P2 when the dihydrogen ligand is reori-
ented (by rotation) to lie along the Re-P3 bond.

Conclusions

Complex 2b is theoretically the most stable of the
isomers of [ReH2(H2)(CO)(PMe3)3]+, and its calculated
structure is believed to closely represent the molecular
geometry of this complex in solution. Facile intra-
molecular exchange of the metal-bonded hydrogen and
phosphorus atoms in [ReH2(H2)(CO)(PMe3)3]+ can pro-
ceed via the Cs-symmetric transition state TS(2b).

Experimental Section

The calculations were carried out on a dual 2.4 GHz Xeon
workstation with Gaussian 98 (revision A.11) and GaussView
(version 2) programs.12 All geometries were fully optimized
without symmetry or internal coordinate constraints using the
mPW1PW91 functional, which included modified Perdew-

Wang exchange and Perdew-Wang 91 correlation.13 Two basis
sets were employed for the geometry optimizations: bs1
included LANL2DZ augmented by single polarization functions
for CO and all metal-bonded atoms and associated with the
ECP’s for Re and P; bs2 included SDD (associated with an
ECP) for Re, 6-31G(p) for the hydrides, and 6-31G(d) for all
other atoms.14 All geometries were optimized at the
mPW1PW91/bs1 level, and the nature of the stationary points
was verified by frequency calculations, which were also used
to calculate ZPE without scaling. Synchronous transit-guided
quasi-Newton (STQN) methods15 QST3 and QST2 were used
to optimize transition states TS(2b) and TS(1/2c), respec-
tively. Motions corresponding to the single imaginary frequen-
cies were visually checked. Complexes 1-3 were also optimized
at the mPW1PW91/bs2 level, using the atomic coordinates and
force constants provided by the mPW1PW91/bs1 calculations.
All reported energies are ZPE-corrected and originate from
single-point mPW1PW91/bs3 calculations using the SDD +
ECP basis set for Re and the 6-31+G(d, p) basis set for all
other atoms.
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