
MOLECULAR PHYSICS, 2002, VOL. 100, NO. 4, 385±395

Assessing isomeric structures of pincer-ligated ruthenium and
osmium polyhydrides using density functional calculations
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DFT calculations on a [N(SiH2CH2PH2)2 ]MH3 model (M ˆ Ru and Os) of experimentally
known compounds show that the three H have di� erent bonding modes for Ru (H ‡ H2) and
for Os (three independent H). Calculation shows that the Ru(H)(H2) compound adds H2 to
give an RuH(H2)2 substructure; the Os(H)3 species adds H2 to give the Os(H)3(H2) substruc-
ture. The impact of these intramolecular redox processes on bond lengths is discussed, as are
attempts to provide an improved computational model of P(alkyl)n without the introduction
of additional alkyl atoms.

1. Introduction

We are in the process of synthesis and characteriza-
tion of seemingly analogous compounds [N(SiMe2CH2-

PCy2)2]MHn, where Cy ˆ cyclohexyl, M ˆ Ru and Os

and n ˆ 3 and 5. These molecules are of interest for

their potential to hydrogenate small molecule C/E

double or triple bonds (e.g. ole®ns, alkynes, ketones).

Our earlier studies [1] have established the ability of a

lone pair on the ¬ atom of a ligand, such as halide or
alkoxides, to donate to an otherwise empty orbital on

the metal. The molecules under study here have an

amide nitrogen (A), and thus exemplify a case where

only one lone pair is involved and can provide tem-

porary stability to an unsaturated, and thus highly re-

active, species. We have already synthesized

[N(SiMe2CH2PCy2)2]RuH3, and we are interested in
anticipating how the osmium analogue might compare,

prior to carrying out the experimental study.

Transition metal polyhydride complexes, species

LnMHm, where m ¶ 2, remain challenging to charac-

terize structurally. It was shown [2] that two H ligands

can have a bond between them; intact (even if
`stretched’) H2 can bind to a metal. One parameter di� -

cult to establish experimentally is the H±H distance, as

well as the judgment as to whether that distance (e.g. as
long as 1.3 AÊ ; cf. 0.72 AÊ in free H2) indicates some H±H

bonding, or none at all. In particular, neither vibrational

spectroscopy nor X-ray di� raction answers the question
reliably. A second di� culty in establishing the equiva-

lence or non-equivalence of H ligands in a polyhydride

species is the fact that the barrier to H site exchange is
normally very low, and thus NMR spectra often fail to

re¯ect the true lower symmetry of the ground state geo-
metric structure; rapid hydride site exchange leads to a

time-averaged single signal even when the H ligands do

not occupy symmetry-related positions. This is precisely
the situation for [N(SiMe2CH2PCy2)2]RuH3, where 1H

NMR studies are confused by dynamically-averaged

spectra at the lowest available temperature.
The evaluation of these polyhydride complexes, and

their assignment as (H)2 or (H2) species, is also among

the most challenging computational problems. Owing to
the ¯atness of the dihydrogen±dihydride potential

energy surface in many cases, small errors introduced
in the calculations of energies for these species can

have large e� ects on the optimized geometries of the

studied complexes [3]. Changes in the computational

model or method employed likewise can change the
optimized structure (compare, for example, the use of

MP2 versus BLYPÐthe former which overestimates
and the latter which underestimates the dihydrogen±

metal interaction) [4]. However, the ability of available

density functional theory (DFT) software [5] to optimize
geometry of a given chemical formula, and thus to eval-

uate the relative energies of suggested alternative struc-
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tures, can have special importance when used in con-
junction with experimental data. For the particular
case at hand, `structures’ include not only geometric
isomers (e.g. cis versus trans), but also the redox iso-
meric alternatives B1 and B2.

Lp
n‡2…H†2 versus LpMn…H2†
B1 B2

Computational studies have added to experimental
understanding of a variety of Ru and Os polyhydride
species, in particular the MXYL 0(PR3)2 class of com-
pounds. In general, both experimental and computa-
tional studies of polyhydride complexes of Ru have
shown that in these cases, a dihydrogen (H2) structure
is preferred over the alternative dihydride (H)2 redox
isomer [6]; the trend is reversed for the more reducing
Os metal centre [7].

Much of the previous computational work with Ru
and Os complexes has focused on non-chelating, bispho-
sphine complexes; in the present work we seek to
examine computationally the e� ect of a pincer ligand
on the nature of group 8 polyhydride complexes. The
group of Fryzuk has pioneered [8] the ligand class
(R2PCH2SiMe2)2N

¡, which is attractive to us because
it provides an opportunity to incorporate steric bulk (via
R) and an anionic, p-donor ligand (amide N) in a ruthe-
nium (and osmium) complex analogous to the widely-
studied, 16-valence electron RuXYL 0(PR3)2. We will
also consider other structures for the (PNP)MH3 type
species; as the work of Fryzuk has shown, an additional
alternative structure for a hydride complex containing
an amide ligand C is the amine isomer, D.

It will also be shown that the nature of each complex
(i.e. dihydrogen or dihydride ligands) is stable with
respect to the computational model chosen.

2. Computational model
The computational model chosen for the N[SiMe2-

CH2P(cyclohexyl)2]¡1
2 ligand is N[SiH2CH2PH2]¡1

2 .
This should faithfully represent the geometric (ring) con-
straint within a tridentate ligand, as well as the electron
withdrawing character of two silicons on N. Past studies
of PH3 as a model of P(alkyl)3 have shown that � H±P±H

is smaller than � C±P±C. This signi®cantly in¯uences the
hybridization at phosphorus, and thus the electron
donor power of that phosphorus atom. Koren and
Davidson [9] have suggested that one way to compen-
sate for this PH3 defect (versus P(alkyl)3) and to better
model P(alkyl)3, may be to constrain all H±P±H angles
in PH3 to the C±P±C values in a relevant P(alkyl)3. We
will investigate here expanding the single H±P±H angle
in each arm of N(SiH2CH2PH2)¡1

2 from its re®ned value
of ¹978 from DFT calculations to the C±P±C value of
101.98 in the experimentally-characterized N[SiMe2-
CH2P(cyclohexyl)2]RuH(PCy3) [10]. These results will
be further compared here with geometry optimized
methyl-substituted PNP complexes, using N(SiH2CH2-
PMe2)¡1

2 as the model ligand.

3. Results and discussion
3.1. (PNP)RuHL

The structure of [N(SiMe2CH2PCy2)2]RuH(PCy3) (1)
has been determined by X-ray di� raction [10]. Consis-
tent with the structure determination problem laid out in

} 1 of this paper, the hydride ligand was not detected in
experimental X-ray-derived electron density maps using
¡1608C data. Geometry optimization of this compound
with DFT calculations was undertaken to locate the
hydride as well as evaluate the computational model
chosen (namely, N[SiH2CH2PH2]

¡1
2 ). The geometry

optimized structure (®gure 1) for the model species
[N(SiH2CH2PH2)2]RuH(PH3) is compared to the
experimental data in table 1. The agreement is satisfac-
tory, with a 0.03AÊ or less deviation in most bond dis-
tances. The hydride ligand location from the
computational study (2) shows it to have neither a

square-pyramidal ( � N±Ru±H too large), nor a trigonal
bipyramidal structure ( � H±Ru±P too small), and the
result, with an experimental N±Ru±P angle of 158.58,
can be best described as the Y geometry rationalized
by orbital symmetry arguments [11] as yielding optimal
N (lone pair) ! Ru p-donation.

3.2. (PNP)RuHn

3.2.1. Sensitivity to the functional employed
For both n ˆ 3 (3) and n ˆ 5 (4), comparison of the

ruthenium structures for (a) B3PW91 and (b) B3LYP
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functionals shows (table 2) di� erences of 0.005 to
0.04 AÊ . In no case was the nature of the compound
(i.e. which redox isomer was located as an energy mini-
mum) dependent on the particular functional employed.
While it is important to establish these di� erences, rarely
will an experimentalist rely on values to within 0.04 AÊ ,
except in a comparative computational study, where
trends should then be better represented than are abso-
lute values.

3.2.2. In¯uence of the number of H ligands on the
P2Si2NM substructure

Structural parameter changes on going to (PNP)MH5

from (PNP)MH3 are instructive (®gure 2). Bond length
changes are due to contributions from higher coordina-
tion number (lengthening the distances), and from elec-
tronic e� ects. The latter include a decrease in N!M

p-donation in the (PNP)MH5 complex due to the 18-
electron count (versus 16 e¡ for the unsaturated

(PNP)RuH3 species). The M±P distances should vary
to a lesser extent as there are no p e� ects for the phos-
phines; these M±P bonds lengthen by only 0.01±0.02 AÊ

for both metals and for either functional. These changes
are very small compared to the N±M lengthening on
going to (PNP)MH5, which is (table 3) 0.09 AÊ for Ru
and 0.14 AÊ for the more reducing Os. The suggestion
that N±M multiple bond character is diminished in
forming (PNP)MH5 from (PNP)MH3 is further sup-
ported by the (modest) pyramidalization at N in the
saturated H5 species; the sum of angles at N decreases
from 358.38 to 354.58 for Ru and from 359.78 to 354.38
for Os. Finally, the N±Si bond shortens by 0.018±
0.032AÊ on going to the MH5 species from the MH3,
consistent with some modest increase in N (lone
pair) ! Si p donation when this lone pair is no longer
donating to the metal.

3.2.3. Redox isomer preferences for (PNP)MH3 spe-
cies

An exploration of the potential energy surface shows
only one energy minimum for each (PNP)MH3 species.
For M ˆ Ru, this is the hydride/dihydrogen form E,
while for M ˆ Os, this is the trihydride form F. No

Ru(H)3 minimum is found and no OsH(H2) minimum
is found. This preference for di� erent structures is con-
sistent with the greater reducing power of Os (versus
Ru) leading to Os(IV) versus Ru(II) ground states.
Adoption of di� erent ground state structures is still a
remarkable `violation’ of traditional periodic table
trends: identical structures for isoelectronic species.
Moreover, while it is a truism that Os is more reducing
than Ru, the fact that Ru and Os lie on opposite sides of
the (H)2 versus (H2) forms could not have been pre-
dicted. This ability to distinguish the nature of the H
ligands is a particular strength of the computational
approach. Such an analysis can often not be carried
out experimentally; for example, in this case, the hydride
resonances at ¯ ¡ 15:03ppm in [N(SiMe2CH2PCy2)2]RuH3

could not be decoalesced even at low temperature.
The Ru species is calculated to have a H±H distance

of 0.95 AÊ (table 4, ®gure 2), lengthened considerably
from the value calculated in free H2 (0.74 AÊ ), due to
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Table 1. Comparison of calculated and experimental
structure of (PNP)RuH(PR3).

Species (PNP)RuH(PH3) (PNP)RuH(PCy3)
Origin Calculation Experimental

Structure # 2 1

Functional B3PW91 N/AÐaveraged

Ru±N 2.118 2.15

N±Si 1.734 1.71

Si±C 1.876 1.87
C±P 1.850 1.83

P-Ru 2.326 2.37

Ru±PR3 2.275 2.24
Ru±H 1.562 N/A

N±Ru±H 113.0 N/A

N±Ru±PR3 164.2 158.5

Figure 1. Geometry optimized structure of (PNP)RuH(PH3)
(see table 1 for parameters).
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Table 2. Comparison of B3PW91 and B3LYP optimized geometries and energies.

Species (PNP)RuH3 (PNP)RuH3 (PNP)RuH5 (PN P)RuH5

Structure # 3 3 4 4

Functional B3PW91 B3LYP B3PW91 B3LYP

H1±H2 1.806 1.848 1.950 1.979

H2±H3 0.955 0.913 0.918 0.886

H4±H5 N/A N/A 0.808 0.791
Ru±H1 1.560 1.567 1.585 1.587

Ru±H2 1.676 1.701 1.674 1.698

Ru±H3 1.665 1.690 1.700 1.725
Ru±H4 N/A N/A 1.885 1.937

Ru±H5 N/A N/A 1.885 1.937

A±P±A (a ˆ C; H) 96.9 97.0 97.1 97.2
Ru±N: 2.087 2.111 2.178 2.203

N±Si: 1.738 1.737 1.720 1.720

Ru±P: 2.330 2.356 2.340 2.366

Calculated energies for the reaction:
…PNP†RuH3 ‡ H2 ¡! …PNP†RuH5

B3PW91 without ZPE: 73.92 kcalmol¡1

B3PW91 with ZPE: 0.38 kcalmol¡1

B3PW91 with BSSE: 73.08 kcalmol¡1

B3LYP without ZPE: 71.99 kcalmol¡1

B3LYP with ZPE: 1.96 kcalmol¡1
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Figure 2. Geometry optimized structure of (PNP)M(H)n (see tables 4 and 5 for parameters).



back donation into s¤(H±H) enhanced by the p-donor
amide ligand trans to itself. RuH bond lengths to H2

hydrogens are ¹0.1 AÊ longer than to Ru±H (1.66 AÊ

versus 1.56 AÊ ), consistent with neutron di� raction struc-
tural data on MH(H2) compounds [12].

Optimization of the Os species shows no H±H
bonding, with the cis-H±Os±H angles 57.58 and the
(non-bonded) H±H separations at 1.55 AÊ (table 5,
®gure 2). The cause of this small � H±M±H has been
traced earlier [13] to (a) the avoidance of two hydrides

being mutually trans and (b) the rehybridization of an
Os dp orbital to make it p-bond more e� ectively with the
amide nitrogen lone pair.

3.2.4. Redox isomer preferences for (PNP)MH5 spe-
cies

Calculations on the MH5 species also reveal metal-
dependent di� erences. For Ru, the ground state struc-
ture is the H(H2)2 isomer (table 4), and the H2 trans to N
has a longer H±H distance (0.92 AÊ ) than that trans to

hydride (0.80 AÊ ), consistent with di� erential back dona-
tion into each of the s¤(H±H) caused by the trans
ligand, H or N. The Ru±H(hydride) distance (1.58 AÊ )
is shorter than those to H2, and a shorter H±H distance

(to H4 and H5), 0.80 AÊ , correlates with a longer Ru±H
distance, 1.88 AÊ (cf. ¹1.68 AÊ to H2 and H3). Increased
back donation to H2 shortens those Ru±H distances.
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Table 3. Comparison of bond lengths and pyramidization, based on B3PW91 functionals.

Species (PNP)RuH(PH3) (PNP)RuH3 (PNP)RuH5 (PNP)OsH3 (PNP)OsH5

Structure # 2 3 4 5 6

M±N 2.118 2.087 2.178 2.062 2.205
N±Si 1.733 1.738 1.720 1.755 1.723

M±P 2.326 2.330 2.340 2.316 2.337

Sum of angles around N 352.8 358.3 354.5 359.7 354.3

Table 4. Comparison of structural parameters of (PNP)RuHn (constrained and unconstrained angle calculations; all are with the
B3PW91 functional).

Species (PNP)RuH3 (PNP-Me)RuH3 (PNP-CA)RuH3 (PNP-CA2)RuH5

H1±H2 1.806 1.789 1.805 1.803

H2±H3 0.955 0.988 0.958 0.964

H4±H5 N/A N/A N/A N/A
Ru±H1 1.560 1.563 1.561 1.561

Ru±H2 1.676 1.664 1.675 1.673

Ru±H3 1.665 1.652 1.664 1.661
Ru±H4 N/A N/A N/A N/A

Ru±H5 N/A N/A N/A N/A

A±P±A (aˆ C, H) 96.9 101.5 101.9 113.0

Ru±N: 2.087 2.088 2.088 2.088

N±Si: 1.738 1.735 1.737 1.735
Ru±P: 2.330 2.344 2.331 2.341

Species (PNP)RuH5 (PNP-Me)RuH5 (PNP-CA)RuH5

H1±H2 1.950 1.942 1.949

H2±H3 0.918 0.933 0.920
H4±H5 0.808 0.817 0.809

Ru±H1 1.585 1.590 1.586
Ru±H2 1.674 1.665 1.673

Ru±H3 1.700 1.692 1.699

Ru±H4 1.885 1.859 1.882
Ru±H5 1.885 1.859 1.882

A±P±A (aˆ C, H) 97.1 101.6 101.9

Ru±N: 2.178 2.179 2.178

N±Si: 1.720 1.717 1.720
Ru±P: 2.340 2.355 2.344
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The two H2 molecules are orthogonal, which is a

symptom of their interacting with di� erent dp orbitals
for back donation. Here, as in (PNP)RuH(H2), the H2

trans to amide adopts a rotational conformation which

allows it to p-accept from the metal d orbital which is

destabilized by interaction with the amide nitrogen pp

orbital (G). This rotational conformation also minimizes

steric contact of H2±H3 with the bulky phosphine, and
bene®ts from a stabilizing `cis-e� ect’ [14] interaction

with H1. The orientation and H±H bond distances in
this (PNP)RuH5 species are nearly identical with the
optimized geometry at Ru(PH3)2ClH(H2)2, which has
H±H distances of 0.95 AÊ and 0.82AÊ (cis and trans to
the hydride, respectively) [6].

The ground state structure for (PNP)OsH5 is found
(table 5) to be (H)3(H2), unlike the Ru congener. This is
the `obvious’ product of addition of H2 to the Os(H)3

species. In sum, the reducing power of osmium is not
su� cient to make Os(VI), Os(H)5, the ground state
structure. In this case, Ru and Os exist as di� erent
redox isomers.

4. Binding energies
The reaction energy for binding H2 to (PNP)MH3

(equation (1)) was calculated for each M.

…PNP†RuH…H2† ‡ H2 ! …PNP†RuH…H2†2: …1†

The value for Ru without ZPE correction is
¡3:9 kcal mol¡1 at B3PW91; with ZPE correction
included, this value becomes ‡0:4. Analysis of the zero
point energy of each contributing species shows the rela-
tively large ZPE correction to ¢E can be attributed to
the ZPE for (PNP)RuH(H2) due to the `soft’ vibrational
nature of these Ru±H and H±H bonds. With the ZPE
correction included, this system is essentially non-
bonding. The entropy change will also make H2 binding
even less favourable, except at low temperature. These
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Table 5. Comparison of structural parameters of (PNP)OsHn (constrained and unconstrained angle calculations; all are with the
B3PW91 functional).

Species (PNP)OsH3 (PNP-Me)OsH3 (PNP-CA)OsH3

H1±H2 1.555 1.598 1.588

H2±H3 1.585 1.574 1.556
H4±H5 N/A N/A N/A

Os±H1 1.603 1.600 1.568

Os±H2 1.653 1.655 1.653
Os±H3 1.598 1.603 1.603

Os±H4 N/A N/A N/A

Os±H5 N/A N/A N/A
A±P±A (aˆ C, H) 97.3 101.8 101.9

Os±N: 2.062 2.050 2.062

N±Si: 1.755 1.753 1.754
Os±P: 2.316 2.330 2.319

Species (PNP)OsH3 (PNP-Me)OsH3 (PNP-CA)OsH3 (PNP-CA2)OsH5

H1±H2 1.758 1.754 1.749 1.748

H2±H3 1.492 1.514 1.495 1.506
H4±H5 0.862 0.884 0.865 0.872

Os±H1 1.623 1.628 1.623 1.625

Os±H2 1.609 1.611 1.610 1.610
Os±H3 1.633 1.623 1.633 1.633

Os±H4 1.812 1.787 1.808 1.800

Os±H5 1.812 1.787 1.808 1.800
A±P±A (aˆ C, H) 97.9 102.2 101.9 113.0

Os±N: 2.205 2.205 2.206 2.206

N±Si: 1.723 1.720 1.722 1.721
Os±P: 2.337 2.352 2.340 2.348
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results are consistent with the experimental observation
of a major mole fraction of [N(SiMe2CH2PCy2)2]RuH5

only at ¡908C under 1 atm H2. This low a� nity for H2

also explains why unsaturated [N(SiMe2CH2PCy2)2]-
RuH(H2) is experimentally obtained during solvent
removal in vacuum.

Osmium is generally more reluctant to be unsatu-
rated; hence, the reaction energy for equation (2)
might be expected to be exothermic.

…PNP†Os…H†3 ‡ H2 ! …PNP†Os…H†3…H2†: …2†

In fact, the calculated value (without ZPE) is
¡4:2 kcal mol¡1; with ZPE correction this value
becomes 0.4 kcal mol¡1, with the larger than usual
ZPE correction due again to `soft’ Os±H and H±H
vibrations. There is thus no real signi®cant metal e� ect
on these energetics.

BSSE corrections of ‡0:8 and ‡0:9 kcal mol¡1 to ¢E
(without ZPE) for Ru and Os respectively, yield BSSE-
corrected ¢E of ¡3:1 and ¡3:3 kcal mol¡1 for
equations (1) and (2). This correction does not yield
di� erent qualitative results than already discussed.

5. Alternative models of phosphorus substituents
We have examined the sensitivity of the calculated

structures to one aspect of the model chosen for the
molecular composition: the use of H, rather than
alkyl, on phosphorus. While modelling P(alkyl)3 by
PH3 has been conventional, the fact that the H±P±H
angle in PH3 is signi®cantly smaller than that in
P(alkyl)3 is cause for concern. In particular, the implied
change in the composition (and energy) of the lone pair
in PR3 as the angle R±P±R changes could signi®cantly
in¯uence metal±ligand structural features. In a thesis,
Koren has suggested [9] an intriguing economical com-
promise: calculating PR3 with a PH3 model, but with
� H±P±H constrained to the experimental value of � C±P±
C (`CA’, for constrained angle). This change can thus be
used for checking the stability of the calculations with
respect to the model employed.

To explore this proposal, and in an (alkyl)PH2 con-
text, we have assessed otherwise comparable calcula-
tions of several species of interest here. We anticipate
that the H±H distance in a dihydrogen ligand, because it
is in general strongly in¯uenced by changes in ligand
substituents, will sensitively re¯ect the consequences of
alternative modelling of the phosphine substituents.
Bending � H±M±H is generally a very `soft’ parameter
and this angle should thus be sensitive to the model
chosen. In particular, better donation by the phosphine
should be re¯ected in greater electron transfer into the
s¤(H±H) orbital, and thus lengthening of the H±H dis-
tance in any dihydrogen ligand. A useful alternative
criterion of model quality, the relative energy of

M(H)2 and M(H2) redox isomers, is not possible here
since in both the Ru and Os case, one of these two is not
a minimum on the PES.

Comparison (table 4) of (PNP)RuH3 with (PNP±
CA)RuH3, which has both � H±P±H angles in
N[SiH2CH2PH2]

¡1
2 constrained to the experimental

� C±P±C value found [10] when phosphorus carries two
bulky cyclohexyl substituents (101.98), causes changes in
bond distances that are negligibly small: 0.003 AÊ . Even
the Ru±P distance change is within this limit. The angle-
dependent changes for the trihydride Os(H)3 species
(table 5) are comparably small, as they are also for the
Os(H)3(H2) species. Since a great deal of study has been
made of species where the PR2 arm contains two tBu
groups [15], we have surveyed the experimental angles
(tBu)C±P±C(tBu) available in the literature; these are in
the narrow range 110±1188. We therefore repeated our
PH2 model calculations with the H±P±H angle con-
strained to 1138 (PNP±CA2). This greater angle con-
straint also makes no signi®cant di� erence in metal±
ligand bonding to either the RuH(H2) species (table 4)
or the Os(H)3(H2) species (table 5).

The in¯uence of `turning on’ the electronic in¯uence
of alkyl substituents is tested by doing an unconstrained
calculation with two CH3 groups on each P, changing
the model ligand to N[SiH2CH2PMe2]¡1

2 (table 4).
Because this model adopts essentially the same � C±P±
C as the constrained � H±P±H (compare 101.58 to
101.98), a comparison of these two is especially informa-
tive of electronic e� ects. It shows bond length changes in
the RuH(H2) species of less than 0.01 AÊ (which are
larger than those obtained by constraining � H±P±H to
101.98), except for the H2±H3 distance which shortens
by 0.03 AÊ . In this case, at least, modelling with the full
methyl group (but not merely with a constrained � H±P±
H) gives a somewhat modi®ed result from the uncon-
strained (N(SiH2CH2PH2)2)MH3; however, even in the
calculations done with the PNP±Me model, the struc-
ture remains stable at a RuH(H2) geometry.

The same comparisons on the saturated
(PNP)RuH(H2)2 species yield comparable conclusions.
The largest change by constraining � H±P±H to 101.98 is
0.003AÊ , and the supposedly sensitive H±H distances in
both H2 ligands change by even less. The constrained
N[SiH2CH2PH2]

¡1
2 (PNP±CA) and the freely optimized

N[SiH2CH2PMe2]
¡1
2 (PNP±Me) examples di� er by less

than 0.02 AÊ , and the bonded H±H distances di� er by less
than 0.013 AÊ (table 4). Qualitatively, each structure is
stable to changes in the model, remaining (PNP)-
Ru(H)(H2)2.

In sum, none of the above `improvements’ in model
chosen have changed the calculated optimized structure
to a degree that would lead an experimentalist to prefer
it above the others. Alternatively said, the answer to the

Isomeric structures in pincer-ligated Ru and Os polyhydrides 391



question `dihydride or dihydrogen?’ is not altered by
truer representation of the substituents in these test
cases.

All three computational models of (PNP)OsH3 give,
practically speaking, the same structure, even with a 48
increase in � substituent±P±substituent. In particular, no
H±H distance moves signi®cantly away from the trihy-
dride form (i.e. no H±H bond forms) and even the Os±P
distance changes by less than 0.01 AÊ . Similarly, no qua-
litative shift away from the (PNP)Os(H)3(H2) structure
is found, when constraining the � H±P±H angle or in
doing an unconstrained N[SiH2CH2PMe2]

¡1
2 (PNP±

Me) optimization. Further constraining the � H±P±H
value to 113.08, the average experimental value for
(tBu)C±P±C(tBu) angles from the literature survey,
show that the structural results (table 5) are remarkably
robust even to this large PH2 angle change, with no
change in bond angles or distances larger than those
previously cited in this section.

6. Is a structure with one H on nitrogen energetically
viable?

We have also considered a structure where one H is
on the nitrogen and two are on Ru; this (PNP±
H)Ru(H)2 structure represents an isomer of
(PNP)RuH(H2). It is well known that a dihydrogen
ligand can exhibit Brùnsted acid behaviour, and an
amide ligand is subject to protonation (and thus an
Ru±NR2 bond is subject to protolytic cleavage). One
additional aspect of the structure envisioned in H is
the possibility that an amine hydrogen can be su� -

ciently acidic that it hydrogen bonds to a hydride

ligand on Ru. Searches of the PES beginning from a

non-bonded N±Ru distance but with the amine proton
within hydrogen bonding distance of the hydride on Ru,

and also independently from a Ru-coordinated amine

where the N±H vector points away from Ru, produced

the same minimum, whose structure is shown in ®gure 3.

The angles around N sum to 351.48, indicating very little

pyramidal character (table 6). Noteworthy is the fact
that the N±H vector points towards the hydride H2

(but the H1±H2 distance, 2.17 AÊ , is too long for a

hydrogen bond) [16], and the NH bond is oriented so
that it might suggest some donation to Ru (the H1±N±
Ru±H2 dihedral angle is 0.08). However, the Ru±N dis-

tance (2.53 AÊ ) and the Ru±H1 distance (2.26 AÊ ) are too
long to suggest signi®cant bonding between these atoms.
For example, the calculated Ru±N (amide) distances
described in tables 1±5 range from 2.08 to 2.20 AÊ in

complexes containing a well de®ned Ru±amide bond.
For further comparison, the Rh±C distance to an
agostic arene C±H in Rh(CO)[C6R3H(CH2PtBu2)2]‡
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Figure 3. Geometry optimized structure of (PNP±H)MH2

(see table 6 for structural parameters).

Table 6. Comparison of structural parameters of (PNO±H)-
MH2, using B3PW91 functionals.

Species (PNP-H)RuH2 (PNP-H)OsH2

H1±H2 2.170 2.465
H2±H3 2.084 2.355

M±H1 2.260 2.786

M±H2 1.564 1.590
M±H3 1.580 1.627

M±N 2.526 2.414

M±P 2.293 2.283
N±H 1.032 1.019

N±Si 1.765 1.781

H1±N±Ru 63.5 100.5
H2±Ru±H3 83.0 94.1

P±M±P 170.3 176.1

Sum of N angles: 351.4 344.7



is 2.27 AÊ [17]. Distances from Ru, Rh and Ir to the

coordinated nitrogen of HN(SiMe2CH2PR2)2 are in

the narrow range 2.34±2.38 AÊ for HN(Si-

Me2CH2PR2)2MX species [18]. All of these show

hydrogen bonding to an adjacent (i.e. syn) halide, with
a NH¢ ¢ ¢X distance of 0.2±0.5 AÊ shorter than the sum of

their van der Waals radii. Also suggestive of no

NH ! Ru donation in this calculated structure is the

N±H distance, 1.03AÊ , which is not signi®cantly length-

ened from that in the free amine.
To conclude, we suggest that the proximity of the N±

H bond to Ru in the calculated structure is caused by

ring constraints, especially the combination of a P±Ru±

P angle of nearly 1808 and the need of the N±H bond
not to eclipse Si±H bonds on both of its neighbours.

Signi®cantly, when the P±M±P angle decreases (to

116.998) in tetrahedral NiCl2[NH(SiMe2CH2PPh2)2]

[19], then the less-constrained nitrogen moves much
further away (N¢ ¢ ¢Ni = 4.04AÊ ) and there is no Ni±

HN interaction (Ni±H = 4.13 AÊ ). It is also signi®cant

that the DFT-calculated energy of the structure in table 6

is 11.35 kcal mol¡1 above the (PNP)RuH(H2) structure.

Apparently, the electron-rich character of Ru here
favours a structure with a p-acid ligand (H2) rather

than two hydrides and a non-donor N±H bond.

The osmium analogue with an amine ligand provides

some interesting points for comparison (®gure 3). Pre-
eminent among these is the fact that the (PNP±

H)Os(H)2 isomer is much more disfavoured compared

to the ground state structure: 21.7kcal mol¡1 higher

than the trihydride, (compared to 11.4 kcal mol¡1

higher for (PNP±H)Ru(H)2). The full set of structural
parameters, and their di� erences from the Ru case, sug-

gest some non-zero interaction in the Os case (table 6).

The amine nitrogen is more pyramidal (sum of angles

around N is 344.78) than for Ru, and the Os±H bond

trans to this N is longer (1.627 AÊ ) than for Ru (1.580 AÊ ).
The Os¢ ¢ ¢H(N) distance is longer (2.786 AÊ ) than for Ru

(2.263AÊ ) and the N±H bond is not lengthened (1.019 AÊ ).

The Os±N distance (2.41 AÊ ), however, is shorter than for

Ru (2.53 AÊ ) and the nitrogen lone pair points towards

Os (®gure 3). This Os±N distance approaches the
bonded M±NH(SiMe2CH2PR2)2 distances cited above

for Ru, Rh and Ir, and thus must be considered

bonding. The strong trans in¯uence of the hydride

does not favour the formation of an Os±N bond; thus,
this added interaction fails to lower ¢E between the

(PNP)Os(H)3 and the (PNP±H)Os(H)2 isomeric struc-

tures. The higher energy of the amine isomer of Os

compared to Ru is perhaps also partially explained by
the fact that these isomers for Os have di� erent metal

oxidation states, which is not true for Ru. Structurally,

however, the Ru±Os comparison shows Os to be more

Lewis acidic, interacting more strongly with the lone

pair on NH(SiH2CH2PH2)2.

Fundamentally, both (PNP±H)M(H)2 structures illus-

trate the previously shown preference for a 14-valence

electron d6 ML2(X)2 species to have a `saw-horse’, or

cis-divacant octahedral structure (I).

7. Conclusions

Density functional theory calculations provide a good

method to determine selected structural and electronic

trends that would be di� cult or impossible to establish

experimentally. One such parameter is the location,
nature, and interaction of metal hydrogen ligands and

the e� ect on such structures of changing metals or donor

power of the phosphines. The geometry optimized struc-

tures for the Ru polyhydride cases showed preference

for a hydride±dihydrogen and hydride±bis-dihydrogen

structure for (PNP)RuH3 and (PNP)RuH5 complexes

respectively. Calculation with a better donor phosphine,
N[SiH2CH2PMe2]

¡1
2 (PNP±Me), did not qualitatively

change the nature of bonding of the hydrogen ligands.

Consistent with experiment, the addition of H2 to the

unsaturated (PNP)RuH3 complex is calculated to be

endothermic. The (PNP)RuH(H2)2 complex shows a
slight pyramidalization of nitrogen, the result of

increasing localization of the lone pair on nitrogen.

In contrast, (PNP)OsH3 is optimized to a trihydride

structure, consistent with previous experimental obser-

vations that Os is more reducing and so in general

favours polyhydride versus dihydrogen forms. Upon

addition of an additional p-acidic H2 ligand, a trihy-
dride±dihydrogen form for (PNP)OsH5 is seen to be

preferred.

The alternative (PNP)MH3 isomer, (PNP±H)M(H)2,

shows bond distances and degree of pyramidalization at

nitrogen characteristic of a non-zero bonding inter-

action between the amine N and the metal centre only

in (PNP±H)Os(H)2.
These tests show the relative stability of important

structural parameters to changes in the computational

model. In particular, never did the discontinuous change

from dihydride to dihydrogen occur on altering the

model compound. The approach of widening � H±P±H

to mimic more closely the C±P±C angle in an alkyl
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phosphine was shown to have no large structural con-
sequences. This study further shows that DFT success-
fully captures the greater reducing power of a 5d metal
compared to its 4d analogue. This is a subtle e� ect in
reality, and it is reassuring for future applications that
the results here calculate osmium to reduce H2 to two
H¡ when ruthenium does not, in (PNP)MH3 analogues.
This study augurs well that the yet experimentally unstu-
died species (PNP)OsH5 may indeed be (PNP)
Os(H)3(H2). It is also consistent with the current under-
standing of H2 complexes that the one H2 ligand in
(PNP)OsH5 is trans to hydride; N ! Os p donation is
anisotropic and thus more e� ectively reduces any H2

trans to itself.
It bears mention that our optimistic view of DFT

stated here applies to structural parameters. In particu-
lar, we cannot make any comparable promise for reac-
tion or isomerization energies, since these are not
available from experiment.

8. Computational details
All calculations were performed with the Gaussian 98

package [5]. Initial geometry optimizations of
(PNP)RuHn were performed with B3PW91 [20] and
B3LYP [21] functionals. No qualitative di� erence in
the nature of the redox isomer (dihydride versus dihy-
drogen) was seen, and all subsequent calculations were
performed at the B3PW91 level of theory. Basis sets
used included LANL2DZ for Ru, Os, P, and Si, 6-
31G* for C and N, and 6- 31G** for all hydrogens
[22]. The basis set LANL2DZ is the Los Alamos
National Laboratory ECP plus a double zeta valence
on Ru, Os, P and Si [23]; additional d polarization func-
tions [24] were added to phosphorus and silicon atoms
in all DFT calculations. All optimizations were per-
formed with C1 symmetry and minima were con®rmed
by analytical calculation of frequencies, which were also
used to compute zero point energy corrections without
scaling. BSSE corrections [25] were employed where
indicated for the reaction energy of H2 addition to
MH3 species.

The initial geometry of (PNP)RuH(PH3) was adapted
from a re®ned crystal structure of [N(SiMe2CH2PCy2)2]-
RuH(PCy3) with all silicon methyl and phosphorous
cyclohexyl groups replaced by hydrogen. Initial geome-
tries for the M±PNP core in the optimization of
(PNP)MHn species were taken from the optimized geo-
metry of the Ru±PNP core of (PNP)RuH(PH3). Several
starting structures were used in each metal±Hn case cor-
responding to di� erent H±H distances. Regardless of the
nature of the hydrogen ligands de®ned in the initial
geometry (hydride or dihydrogen) or their rotational
conformation, each starting structure converged to
that reported in tables 4 and 5. Optimizations of alter-

native MH3 isomers (namely (PNP±H)MH2) were
started from two geometries: one in which the amine
hydrogen was located perpendicular to the PNP±M
plane, in a position to interact with the apical hydride,
and the other in which the amine hydrogen was initially
located in the plane of the PNP±M core structure. In
both cases, the structures optimized to those reported in
table 6.

H±P±H constrained angle calculations were per-
formed by freezing the H±P±H angle to the desired
value and optimizing the remainder of the structure by
normal methods. Releasing of the constraints on
selected molecules caused a return to the starting geo-
metry, as discussed in the text.
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