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Abstract

The interactions of the Ir�H···H�X type (X=O, N) were studied theoretically in models of the neutral complex
[Ir(H)3(PPh3)(C5H4NHR] and the two cationic derivatives cis-[IrH(OH)(PMe)4][PF6] and [IrH2(CO)(PPh3)2(pzH�N)][BF4]. The
geometries were optimized using both RHF and MP2 calculations and an analysis of the charge density was carried out with the
atom in molecules (AIM) procedure. The conclusion was that a hydrogen bond between the hydride and the protonic hydrogen
is found only in the neutral complex. In the cationic species, the counterion is determining in order to get a good agreement
between the optimized and the X-ray determined structures, and the short H···H distance is a consequence. The only hydrogen
bonds appear to be formed between hydrogen atoms and fluorine atoms of the anion. © 2000 Elsevier Science S.A. All rights
reserved.
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1. Introduction

In recent years, a new type of hydrogen bond, called
the dihydrogen bond by Crabtree et al. [1], was found
to be present in many structures of organometallic
hydride complexes. There is a short H···H distance,
between a metal hydride and a proton bound to an
electronegative atom, in a M�H···H�X arrangement.
The first example, cis-[IrH(OH)(PMe)4][PF6], was pub-
lished in 1986 [2a] and a neutron diffraction structural
study appeared a few years later, showing a short
O�H···H�Ir distance of 2.40(1) A, and an Ir�O�H angle
of 104.4(7)° [2b]. The same O�H···H�Ir group was
detected by NMR, with an estimated H···H distance of
1.8 A, , in the complex [Ir(H)2L%(PPh3)2][SbF6], where L%
is the iminol form of quinoline-8-acetamide (the hydro-
gen atoms were not located in the structure) [3]. The
related N�H···H�Ir arrangement was found in a related
complex of 2-aminopyridine (L), [Ir(H)3(PPh3)2L] [4]
and more examples from other authors followed [5].
Attempts at obtaining an intermolecular hydrogen

bond of the same kind were successful [6], the first
example being observed in the product of cocrystalliza-
tion of ReH5(PPh3)3 with indole. A neutron diffraction
structure showed that two of the hydrides were interact-
ing with the N�H bond of the indole (H···H distances
1.75 and 2.25 A, ) [6a]. After the initial novelties, much
work in the field followed, including reviews [7], and
works containing structural analyses based on data
from the Cambridge Crystallographic Data Base (CSD)
[8] were published [9]. Theoretical studies were per-
formed in order to understand the nature of these weak
hydrogen bonds, based on several types of methods
[4b,6a,e,f,7a,b,9b,10–12]. In a previous work, we ana-
lyzed both inter [10] and intramolecular hydrogen
bonds [11] involving the M�H bond, taking the struc-
tures from the CSD, and performed theoretical calcula-
tions. Although most of the complexes exhibiting short
intramolecular H···H contacts analyzed are cationic,
some are neutral, and a comparative analysis could be
made, leading us to the conclusions that the counterion
plays a major role in determining the structure of the
cation and there was no unambiguous evidence about
the existence of a hydrogen bond. In this work, we go
back to the relevant compounds [2,6,11,13], perform
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RHF and MP2 calculations [14], more reliable for the
study of weak interactions where dispersion forces may
be important [15], and analyze the results using the
formalism of AIM (atoms in molecules) [16].

2. Results and discussion

2.1. Structures and models

In our previous study of hydrogen bonds of the type
M�H···H�X [11], we analyzed, in detail, the bonding on
models for two cationic complexes, cis-[IrH(OH)-
(PMe)4][PF6] [2], and [IrH2(CO)(PPh3)2(pzH�N)][BF4]-
[C6H5Me] [13], and compared it with the results of a
study of [Ir(H)3(PPh3)2(C5H4NHR)] [4b]. The DFT cal-
culations [17] were performed with the ADF program
[18] and a good agreement between experimental and
calculated geometry was found. In this work, we want
to use the AIM formalism to interpret the bonds be-
tween atoms, and the available programs [19] require
the use of Gaussian functions, rather than the Slater
type used in ADF. Therefore, the geometries of the three
complexes were again optimized, both at the HF and
MP2 level, using GAMES-US [20] and different basis sets.
The technical details about the calculations are given in
Section 4. In Fig. 1, we show the two compounds for
which a structure is available, containing the cationic
complexes, and the MP2 optimized geometry of three
models used in the calculations, where phosphines were
modeled by PH3 and the aminopyridine in the neutral
complex by NHCH2NH2.

In Table 1, we give the relevant distances and angles
obtained from the HF and the MP2 calculation for the
three compounds. In order to avoid repetition, we shall
include the results obtained in the absence of the coun-
terion for cis-[IrH(OH)(PH)4][PF6] only. The agreement
between the calculated and experimental values is not
so good as that obtained in the previous work (see also
Table 1) [11], especially in what concerns the HF re-
sults, but the main trends are observed. The reason may
be the lower quality of the basis sets, which are compat-
ible with our resources when running MP2 calculations.
HF gives too long distances for Ir�P and H···H dis-
tances. Ir�H bonds are shorter. The influence of the
counterion in determining the structure of the cation is
clearly shown for 2, the H···H distance being the most
affected, as well as the H�Ir�O angle. They come closer
to the experimental value.

The binding energies were calculated for the two
cationic species with the geometry shown in Fig. 1 and
with either the O�H group (2) or the pyrazole ring (3)
rotated 180°, as shown in Fig. 2 for [IrH2(CO)-
(PPh3)2(pzH�N)][BF4] (3).

The energy differences are high (11.0 kcal mol−1 in
2, 12.5 kcal mol−1 in 3), although the electrostatic
contribution should be almost the same (the ions are
positioned at the same distance), reflecting mainly the
changes in hydrogen bonds, and emphasizing the extra
stabilization provided by the anion. For 2, the O�H···F
bonds disappear, and for 3 the N�H···F interaction is
replaced by a weaker C�H···F interaction in the less
favored conformation. This rotation also destroys the

Fig. 1. Experimental geometries of the two compounds cis-[IrH(OH)(PMe)4][PF6] (top, left), [IrH2(CO)(PPh3)2(pzH�N)][BF4](top, right), and
calculated geometries of the three models [Ir(H)3(PH3)(NHCH2NH2)] (1), cis-[IrH(OH)(PH)4][PF6] (2), and [IrH2(CO)(PPh3)2(pzH�N)][BF4] (3)
(from MP2 optimization).
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Table 1
Relevant geometrical parameters from HF and MP2 calculations for [Ir(H)3(PH3)(NHCH2NH2)] (1), cis-[IrH(OH)(PH)4]+ (2+), cis-
[IrH(OH)(PH)4][PF6] (2), and [IrH2(CO)(PPh3)2(pzH�N)][BF4] (3) (distances/A, , angles/°)

Ir�H a X�H Ir�P b H···H H�Ir�X Pax�Ir�Pax Ir�X�H

1.702 1.002 2.3731 1.929HF – 170.8 –
1.614
1.684
1.710 1.030 2.331 1.818MP2 – 171.7 –
1.619
1.691
1.596 0.952 2.431 2.717HF 93.82+ 163.6 119.7

2.563
2.459

MP2 1.620 0.987 2.386 2.603 92.2 163.0 111.3
2.482
2.389

DFT c 1.580 0.964 2.285 2.470 90.5 180.0 d 108.5
2.361
2.263

HF2 1.588 0.955 2.425 2.543 89.1 158.6 116.8
2.560
2.449

MP2 1.619 0.991 2.382 2.484 89.1 157.1 109.2
2.473
2.379

DFT c 1.572 0.969 2.281 2.361 88.3 157.5 106.8
2.332
2.243

1.610 0.922 2.336 2.365Experiment 86 160 105
2.364
2.352

1.610 1.012 2.408 2.053HF –3 160.3 –
1.605
1.667 1.044 2.385 2.059MP2 – 159.3 –
1.615

DFT c 1.583 1.043 2.268 2.107 164.1
1.561
1.654 0.951 2.324 2.007 – 160 –Experiment
1.663 2.336

a The first value refers to the hydride near H�X.
b The first value refers to the axial phosphines.
c From Ref. [11].
d Fixed angle.

M�H···H�X arrangement. A calculation performed in
the isolated cation 3+, where only this interaction was
present, shows that the energy increases by 0.9 kcal
mol−1 only; a much smaller value than those given
above.

For the neutral complex, the N�H···H�Ir arrange-
ment can be broken by rotating the N�H group 90°
out-of-plane, as already done in the original paper [4b].
In our conditions, this value, which is a crude estimate,
was calculated, without further optimization as 29.6
kcal mol−1, compared with 14.42 kcal mol−1 in Ref.
[4b] (where a geometry optimization was performed).

These equilibrium geometries were used in subse-
quent calculations. The effect of the basis set was
checked on the neutral complex and with RHF calcula-
tions, as the size is smaller (no counterion). The best

approach was then taken for the study of 2 and 3.
However, the size prevents using the larger and better
basis sets with MP2 (see Section 4 for more details).

Fig. 2. The geometry of [IrH2(CO)(PPh3)2(pzH�N)][BF4] (3) avoiding
any interaction between N�H and the BF4

− anion.
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Fig. 3. Gradient of the charge density, 9r, for [Ir(H)3(PH3)-
(NHCH2NH2)] in the Ir�H···H�N plane.

positive for closed shell interactions, such as hydrogen
bonds. Nuclei attract the charge density so that maxima
of r are found there. A bond corresponds to a saddle
point (the bond critical point), where 9r becomes zero:
a maximum only in one plane of space, and is found
joining two trajectories of maximum r along the space,
towards the nuclei [16].

The plot of the gradient of the charge density 9r in
the plane of the Ir�H···H�N interaction is given in Fig.
3 (HF calculation). The numbering is as shown in Fig.
1.

There are critical bonds between each set of two
atoms defining a covalent bond and another one be-
tween the hydride H9 and the NH(12). We show, in
Table 2, the features of the most relevant critical points,
namely for the hydrogen bond, H9···H12, and for the
N�H bonds (N�H12, involved in the hydrogen bond
and N�H13).

The values of r show that there is a much larger
charge density in the covalent bonds (two orders of
magnitude) than in the hydrogen bond. The laplacian is
positive for the hydrogen bond and negative for the two
covalent bonds. This method allows the identification
of the bond. The comparison between the last two rows
in Table 2 shows that the two formerly identical N�H
bonds of the complex become different because the
hydrogen in one of them is involved in the hydrogen
bond. There is less charge density in this bond
(N�H12).

Another way of looking at the bonds is shown in Fig.
4, where a map of the laplacian of the charge density
92r in the Ir�H···H�N plane is plotted. The regions of
charge concentration (solid lines) can be taken as ana-
logues of the electron pairs in a Lewis structure.

The covalent bonds are found along the direction of
maximum charge density, joining the nuclei, as can be
checked by looking not only at the N�H bonds dis-
cussed above, but also at the others (N�C, N�Ir, Ir�H),
in agreement with the values of 92r from Table 2. The
H2···H9 hydrogen bond has a different appearance (the
critical point in the laplacian is given by the star in the
plot), as it corresponds to a minimum of the charge
density in a region of charge depletion (positive 92r).

Table 2 also contains the characteristics of bonds
critical points calculated with MP2. The differences are
small, the trends being exactly the same. The plots
corresponding to those of Figs. 3 and 4 are also very
similar. For this reason, and considering the inherent
difficulties, only HF calculations were used in the later
analysis of the cationic species.

2.3. The AIM approach — cis-[IrH(OH)(PH)4][PF6]
(2) and [IrH2(CO)(PPh3)2(pzH�N)][BF4] (3)

The plot of the gradient of the charge density 9r in
the plane of the Ir�H···H�X interaction is given in Fig.

Table 2
Charge density r and 92r for some bond critical points of
[Ir(H)3(PH3)(NHCH2NH2)] (1)

Type of bond HF MP2

r 92r 92rr

0.0220.0410.016 0.044H9···H12
−2.111 −1.6750.344N�H12 0.313

0.357 −1.974N�H13 0.331 −1.640

Fig. 4. The laplacian of the charge density 92r in the Ir�H···H�N
plane of [Ir(H)3(PH3)(NHCH2NH2)]. Solid lines correspond to 92rB
0 (regions of charge concentration) and dashed lines to 92r\0
(regions of charge depletion).

2.2. The AIM approach — the neutral complex
[Ir(H)3(PH3)(NHCH2NH2)] (1)

The AIM approach [16] relies on an analysis of the
topological properties of the charge density r(r) and its
quality depends on the computational level chosen.
Both the gradient and the laplacian of the charge
density, 9r and 92r, respectively, can be analyzed and
provide complementary information on bonds. The
critical points of 9r give information about the exis-
tence of bonds, while the sign of 92r at that point
reflects the kind of interaction, namely the laplacian of
the charge density, 92r, is negative at the critical point
for covalent interactions (between open shells), and is
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5 (RHF calculation) for cis-[IrH(OH)(PH)4][PF6] (2)
and [IrH2(CO)(PPh3)2(pzH�N)][BF4] (3), respectively.

The most striking features of both plots is the ab-
sence of critical points between the hydrides and the
H�X hydrogen, respectively H14···H27 in 2, and
H16···H24 in 3. This suggests that there is apparently
no hydrogen bond. On the other hand, there are several
hydrogen bonds involving the fluorides of the counter-
ions, some expected, some unexpected. Before a de-
tailed analysis, we can look at the values of r and 92r

in Table 3 to help to identify the bonds, following the
ideas used above.

These results indicate that there are weak H···F hy-
drogen bonds in both compounds. While it is not
surprising to have them for the N�H···F or O�H···F
arrangement, it is unusual to see an Ir�H making not
only one, but two hydrogen bonds of the type Ir�H···F
in complex 2. Although the charges in the atoms were
not listed, the calculated charges fit the expected values,
namely hydrides (H14 in 2, H16 in 3) carry negative
charges (−0.080, −0.052), while the protonic hydro-
gens attached to N or O (H27 in 2, H24 in 3) are
positive (0.333, 0.421), and fluorine is always negative
(in all calculations; those involved in hydrogen bonds:
F7, −0.610; F11, −0.613; F11, −0.582, respectively
for 2 and 3). It can be thought that the position of the

PF6 anion was constrained, but that is the position it
occupies in the structure determined experimentally.
The other values given in Table 3 for the covalent
bonds are for mainly comparison of the charge density
(larger value) and its laplacian (negative).

3. Conclusions

The AIM method appears to be quite helpful for
identifying bonds and trying to understand them. Stud-
ies available in the literature deal with classic hydrogen
bonds, and are not easily comparable with our results
involving weaker bonds [16]. In the three compounds
studied, the conclusion is that a short H···H distance in
a M�H···H�X arrangement is not in itself a diagnostic
for a hydrogen bond, of the dihydrogen type. From our
calculation (see also Ref. [11]), there is a dihydrogen
bond in the neutral complex, but there appears to be no
hydrogen bond in the cationic species. The counterion
is determining for the final geometry and helps to
position the cation. The electrostatic interaction over-
comes any weak hydrogen bond that might be formed.
As this small sample studied consists of iridium deriva-
tives, the errors in calculations should be similar. Other
neutral complexes in the same conditions, for which the

Fig. 5. Gradient of the charge density, 9r, for cis-[IrH(OH)(PH)4][PF6] (2, left) and [IrH2(CO)(PPh3)2(pzH�N)][BF4] (3, right) in the Ir�H···H�X
plane.

Table 3
Charge density r and 92r for some bond critical points of cis-[IrH(OH)(PH)4][PF6] (2) and [IrH2(CO)(PPh3)2(pzH�N)][BF4] (3)

cis-[IrH(OH)(PH)4][PF6] Bond [IrH2(CO)(PPh3)2(pzH�N)][BF4]Bond

92r 92rr r

0.380 −2.890 N3−H24 0.316 −2.247O1�H27
0.001 0.008H27···F7 H24···F11 0.030 0.119

H14···F7 0.002 0.009
H14···F11 0.002 0.010
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structure is available, are more difficult to model and
study [11,8]. We decided to keep two cationic species,
owing to very different H···H distances. While in the
Milstein derivative, cis-[IrH(OH)(PH)4][PF6], it is rela-
tively long and there might be a discussion about any
interaction, it goes to less than 2 A, in [IrH2(CO)-
(PPh3)2(pzH�N)][BF4] and this is well within the ac-
cepted range. These conclusions parallel those from our
earlier study and demonstrate the usefulness of the
AIM approach to interpret bonds.

4. Experimental

All quantum mechanical computations were effected
with the GAMESS-US program [20]. A small modification
of the original code was made to allow printing of the
natural orbitals (MP2) in a format suitable to be ana-
lyzed by the AIM programs.

The geometries were optimized at the RHF and MP2
with and without the presence of the counterion. A
symmetry plane defined by the atoms in the hydrogen
bond Ir�H···H�X (X=N, O) was considered. Besides
making the calculations faster, the AIM analysis be-
comes much easier to understand. The experimental
geometries were simplified by replacing the bulky
methyl and phenyl substituents of the phosphines by
hydrogen atoms, and C5H4NHR by NHCH2NH2. The
influence of the counterion was investigated by per-
forming the geometry optimizations in the presence of
the counterion, constrained to be fixed at the experi-
mental position. Effective core potentials (ecp) of Hay
and Wadt were used to describe iridium and phospho-
rus atoms in the ab initio geometry optimizations. For
the transition metal centers, the outermost core or-
bitals, which correspond to ns2np6 configurations, were
treated explicitly along with the nd, (n+1)s and (n+
1)p valence orbitals [21]. The Dunning–Hay double z

split valence basis set was used to describe hydrogen,
fluorine, oxygen, sulfur, carbon and nitrogen atoms
[22].

The atoms in molecules computations were effected
with the AIMPAC suite of programs [19]. It is well
known that the ecp basis provides a poor description of
the charge density and its associated properties. In
order to overcome these problems, the methodology
suggested by Frenking et al. was employed [23]. It
consists of adding the core orbitals determined from a
calculation with an all-electron basis set, while keeping
the valence orbitals of the ecp basis. In this work, the
simplest implementation consisting of adding the two
sets of orbitals without orthogonalization was em-
ployed. Preliminary computations where the core func-
tions were added to the basis set used for geometry
optimization produced wrong results, specially concern-
ing the identification of the charge depletion area in the

valence shell charge concentration of the protonic hy-
drogen. Instead of having a (3, −3) critical point in
92r, the Extreme program of AIMPAC found a (3, −1)
critical point. In order to solve this problem, larger
basis sets were used for C, N, O, F, B, and H: a
Dunning–Hay split valence basis set augmented by two
polarization and one diffuse functions, and a 6-311G
basis set augmented by one polarization and one diffuse
function. For Ir and P, the same basis set was used, but
the core functions were added, instead of having them
described by pseudopotentials, as in the geometry opti-
mizations. It was shown that both basis sets for light
elements produced identical results. Single point runs
were done at the RHF level with the RHF geometries.
The plots and results shown in this work were obtained
with the second set (6-311G). An AIM analysis was
also performed with MP2 calculations and the geome-
try obtained in the MP2 optimization. A different
methodology was used to introduce the core electrons.
A single point MP2 run was carried out for the MP2
optimized geometry of the neutral [Ir(H)3(PH3)(NH-
CH2NH2)] model, with the all-electron minimal basis
set of Huzinaga for Ir and P, and a 6-311G basis set
augmented by one polarization and one diffuse func-
tion for the other atoms [24].
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