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a Unité de Recherche de Physico-Chimie Moléculaire, Institut Préparatoire des Etudes Scientifiques et Techniques (IPEST), Boite Postale 51,

2070 La Marsa, Tunisia
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Abstract

Dinitrogen ruthenium complexes were theoretically studied by means of DFT technique. Several isomers of RuH2(N2)(PH3)2,

RuH2(N2)2(PH3)2 and RuH2(H2)(N2)(PH3)2 were studied. Calculations of relative energies, geometrical parameters, vibrational

frequencies and natural orbital bond analysis were performed. It is shown that the most stable isomer for each series is characterized

by a trans position of the phosphines with the dinitrogen ligand trans to one hydride. As usually observed, the dinitrogen moiety

adopts an end-on bonding mode and is weakly elongated from free N2 (generally not �/1%). As shown by NBO analysis, such a

bonding mode involves s-donation of about 0.2 electron from the lone pair orbital of the ruthenium-bound nitrogen toward

ruthenium and back-donation of roughly 0.2 electron from the 4d occupied orbital of ruthenium to the two pg� dinitrogen orbitals.
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1. Introduction

The coordination of dinitrogen on a metal centre

continues to attract a lot of interest as models for

nitrogenase, to achieve ammonia production, or to form

metal-nitrido compounds for material science [1]. Since

the discovery in 1965 of the first dinitrogen complex

[Ru(N2)(NH3)5]2� [2], dinitrogen compounds of nearly

each transition element have been prepared [3�/5].

Among the various bonding modes of N2 to a metal

centre, the terminal end-on type is predominant. The

majority of dinitrogen compounds displays a dinitrogen

moiety (:/1.12 Å) that is not significantly elongated

from free N2 (1.097 Å), and dinitrogen can be con-

sidered as weakly activated. End-on bonding can be

described similarly for N2 and CO, by involving both s-

donation from the N2 moiety to the metal and p back-

bonding from the metal to the two orthogonal N2 p*-

orbitals.

It is noteworthy that dinitrogen complexes also play a

role in the chemistry of dihydrogen complexes as a tool

for the prediction of the stability of the dihydrogen

coordination [6,7]. The measurements of nNN and

electrochemical potentials are indicators of p basicity

of the binding site in M(N2)Ln complexes. It is generally

admitted that a value of nNN greater than 2060 cm�1

will be in favour of the formation of a dihydrogen

complex whereas lower values will indicate the forma-

tion of a dihydride as a result of oxidative addition.

Some of us have extensively studied the properties of

the thermally stable bis(dihydrogen) complex RuH2-

(H2)2(PCy3)2 [8]. Theoretical studies have shown that

the bis(dihydrogen) complex has three isomeric struc-

tures within an energy range of only 2 kcal mol�1 in

agreement with the high fluxionality of this molecule [9].

The geometry of the lowest energy isomer corresponds
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to the structure recently determined by X-ray analysis

[10]. The analogous bis(dinitrogen) complex RuH2(N2)2-

(PCy3)2 was synthesized and characterized by IR and

NMR data, but could not be isolated [11]. In the case of
the triisopropylphosphine analogue, the reaction of

dinitrogen with RuH2(H2)2(PiPr3)2, leads to the forma-

tion of a dinuclear complex {RuH2(N2)(PiPr3)2}2(m-N2)

which was isolated and characterized by X-ray [12]. In

solution, an equilibrium mixture of the dimer and the

mononuclear species RuH2(N2)2(PiPr3)2 was detected by

NMR.

We now report a theoretical study of several isomers
resulting from the coordination of dinitrogen on the

ruthenium fragment RuH2(PH3)2. Three series of iso-

mers i.e., RuH2(N2)(PH3)2, RuH2(N2)2(PH3)2 and Ru-

H2(H2)(N2)(PH3)2 have been investigated, allowing a

comparison between dihydrogen and dinitrogen fixa-

tion.

2. Computational details

The theoretical treatment of the different systems

included in this work was performed by using the DFT/

B3LYP approach implemented in the GAUSSIAN98 series

of programs [13]. The B3LYP hybrid functional [14] has

been found to be quite reliable in describing potential

energy surfaces (PES) and binding energies in ruthenium

complexes [8c,9,15].
For ruthenium, the core electrons were represented by

a relativistic small-core pseudo-potential determined

according to the Durand�/Barthelat method [16]. The

16 electrons corresponding to the 4s, 4p, 4d, and 5s

atomic orbitals were described by a (7s, 6p, 6d) primitive

set of Gaussian functions contracted to (5s, 5p, 3d).

Standard pseudo-potentials developed in Toulouse were

used to describe the atomic cores of nitrogen and
phosphorus [17]. A double-zeta plus polarization va-

lence basis set was employed for each atom (d-type

function exponents were 0.95 and 0.45, respectively).

For hydrogen, a standard (4s) primitive basis contracted

to (2s) was used. A p-type polarization function

(exponent 0.90) was added for the hydrogen atoms

directly bound to ruthenium.

The geometries of the different species under con-
sideration were optimized using analytic gradient. The

harmonic vibrational frequencies of the different sta-

tionary points of the PES have been calculated at the

same level of theory in order to identify the local minima

as well as to estimate the corresponding zero point

vibrational energy (ZPE). The transition state was

confirmed by frequency calculations and intrinsic reac-

tion coordinate (IRC) calculations. Binding energies
were also calculated by using MPn perturbative methods

and the more accurate CCSD(T) method using the

DFT/B3LYP optimized geometries. The nature of

dinitrogen bonding was analyzed using natural bond

orbital NBO calculations [18].

3. Results and discussion

Three series of isomers RuH2(N2)(PH3)2, RuH2(N2)2-

(PH3)2 and RuH2(H2)(N2)(PH3)2 resulting from the

coordination of N2 to the ruthenium fragment

RuH2(PH3)2 have been studied (see Scheme 1). We

will first describe the geometries of the different

optimized isomers with their relative energies. The
discussion will be followed by a thermodynamic analysis

and a NBO study.

3.1. The mono(dinitrogen) complex RuH2(N2)(PH3)2

We can consider the mono(dinitrogen) complex

RuH2(N2)(PH3)2 (1) as a distorted octahedron where
the ligands (two hydrides, two phosphines and the

dinitrogen ligand) are placed on five vertices among

the six available. RuH2(N2)(PH3)2 is a 16-electron

species with a vacant site remaining in the pseudo-

octahedral environment around the ruthenium atom

(see Equation 1 in Scheme 1). The different isomers were

denoted with respect to the relative position of the

phosphines: T for trans and C for cis . They are depicted
in Fig. 1. In isomers where phosphines are trans to each

other, two possibilities can occur, depending on the

position of the two hydrides: the corresponding isomer

will be noted 1Ta for a cis position and 1Tb for a trans

position. In the case where the two phosphines are cis to

each other, the dinitrogen ligand can occupy three

different positions: trans to a phosphine, a hydride or

a vacant site. The corresponding isomers will be noted
1Ca, 1Cb and 1Cc, respectively.

All these isomers were optimized by means of the

DFT/B3LYP method. As expected, optimization of 1Tb

could not be obtained, the process leading to 1Ta. This

is the result of the unfavourable trans position of the

two strong s-donor hydrides. The other four isomers

1Ta, 1Ca, 1Cb, 1Cc have been identified as local minima

on the singlet PES. Optimized values of selected
geometrical parameters are listed in Table 1. In all

isomers, Ru, N1 and N2 are nearly in line, the Ru�/N1�/

Scheme 1.
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N2 angle being roughly equal to 1808. This geometry

indicates that the N2 ligand adopts an end-on bonding

mode which is the most commonly encountered in

dinitrogen compounds. All attempts to optimize a

side-on structure have failed.

The relative energies as well as corrections of zero

point energy (ZPE) and thermal enthalpy are gathered

in Table 2. Whatever the thermodynamic variable we

consider, 1Ta is the most stable isomer. For isomers of

type 1C, 1Ca is only 2.9 kcal mol�1 less stable than 1Ta.

The two other isomers, 1Cb and 1Cc, are calculated to

be higher in energy.

In the most stable isomer (1Ta), the vacant site is
trans to one hydride and the N�/N distance of 1.152 Å is

the longest observed in this series. It is lengthened by

4.0% compared to the bond length in free N2 (1.108 Å)

calculated at the same level of theory. Similar but less

important elongation has been observed for isomers

1Ca, 1Cb and 1Cc for which the N�/N bond lengths are

roughly around 1.12 Å. This testifies of a weak

activation of the N2 ligand by the complexation process.
It is interesting to note a good correlation between the

position of the vacant site and the corresponding

shortening of the Ru�/X bond distance trans to this

vacant site. Indeed, Ru�/H1 distance reduces from

1.638Å (1Cc) to 1.599Å (1Ca), Ru�/N1 from 2.206Å

(1Ca) to 2.166Å (1Cc) and Ru�/P1 from 2.394Å (1Ca) to

2.192Å (1Cb).

While comparing the relative energies and the geome-
trical parameters, we can conclude that the dinitrogen

ligand prefers a trans position to a hydride, whereas the

position trans to the vacant site is energetically un-

favourable.

3.2. The bis(dinitrogen) complex RuH2(N2)2(PH3)2

The bis(dinitrogen) complex RuH2(N2)2(PH3)2 (2)

results from two successive coordination of N2 to the

RuH2(PH3)2 fragment (see Equation 2 in Scheme 1).

The six vertices of the octahedral environment around

the ruthenium atom are all occupied. Five isomers have

been examined and their DFT/B3LYP optimized geo-

metries are shown in Fig. 2. We have adopted the same
numbering as above. 2Ta and 2Tb have the phosphines

in trans position whereas they are in cis position in 2Ca,

2Cb and 2Cc. In the ‘a’ series, (2Ta and 2Ca), the two

dinitrogen ligands as well as the two hydrides are in cis

position. In the ‘b’ series (2Tb and 2Cb), the two N2

ligands are in trans position while the two hydrides are

in trans position in 2Tb and cis in 2Cb. In 2Cc, the two

dinitrogen ligands are in cis position and the two
hydrides are in trans position.

As already mentioned, it is well known that the trans

position of two hydrides is unfavourable. We have

Fig. 1. DFT/B3LYP-optimized geometries of RuH2(N2)(PH3)2 iso-

mers (1).

Table 1

Selected optimized geometrical parameters a for the four isomers of

RuH2(N2)(PH3)2 calculated at the DFT/B3LYP level of theory

1Ta (Cs ) 1Ca (C1) 1Cb (C1) 1Cc (C1)

Ru�/H1 1.666 1.599 1.624 1.638

Ru�/H2 1.651 1.639 1.617 1.634

Ru�/N1 2.311 2.206 2.060 2.166

N1�/N2 1.152 1.123 1.121 1.123

Ru�/P1 2.386 2.394 2.192 2.398

Ru�/P2 2.386 2.327 2.389 2.396

P1�/Ru�/P2 157.3 85.9 101.0 98.5

H1�/Ru�/H2 85.5 91.0 82.4 85.4

H1�/Ru�/P1 81.5 89.5 79.8 86.0

H2�/Ru�/P1 86.1 175.2 81.9 166.4

H1�/Ru�/P2 81.5 85.8 167.6 166.4

H2�/Ru�/P2 86.1 79.3 85.5 86.0

H1�/Ru�/N1 178.7 88.9 90.7 86.2

H2�/Ru�/N1 91.4 86.4 172.6 86.2

N1�/Ru�/P1 98.4 95.6 99.7 96.6

N1�/Ru�/P2 98.4 165.0 101.2 96.6

Ru�/N1�/N2 177.8 178.4 177.5 178.1

a Distances are in angstrom (Å) and angles in degrees (8).

Table 2

DFT/B3LYP relative energies (kcal mol�1) of RuH2(N2)(PH3)2

isomers

Isomer DE DE�/ZPE DH 8 DG 8

1Ta 0.0 0.0 0.0 0.0

1Ca 3.0 2.9 2.9 2.9

1Cb 9.6 9.7 9.6 9.6

1Cc 18.8 18.6 18.6 18.4
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however included 2Tb and 2Cc in our calculations in

order to verify that this statement remains true in the

case of bis(dinitrogen) complex.

Optimized values of selected geometrical parameters

for the five isomers are reported in Table 3. Isomers 2Ta

and 2Cb have C2v symmetry whereas isomers 2Tb and

2Ca have no symmetry. The relative energies as well as

corrections of ZPE and thermal enthalpy are given in

Table 4. Even after corrections, we can note that the

three isomers 2Ta, 2Ca and 2Cb are close in energy, but

not strictly degenerated. 2Ta appears to be the most

stable of the series. As for the mono(dinitrogen)

complexes, the trans position of the two phosphines is

preferred. Isomer 2Ta is calculated to be lower than 2Ca

by 3.3 kcal mol�1. Isomer 2Cb containing two dinitro-

gen trans to each other is 6.4 kcal mol �1 above 2Ta. As

expected, isomer 2Tb and 2Cc are less stable than their

homologues 2Ta and 2Ca by about 15 and 13 kcal

mol�1, respectively. This confirms that a trans position

of the two hydrides is not favourable.

The Ru�/N1�/N2 and Ru�/N3�/N4 angles are very

flat. All the isomers can be described as dihydride

complexes with two end-on dinitrogen ligands. On the

other hand, the N�/N distance has nearly the same value

of 1.12 Å for all isomers. This distance can be compared

with that calculated in the mono(dinitrogen) complex

RuH2(N2)(PH3)2. It is roughly equal to the value in the

1C series but slightly shorter than in the trans isomer

1Ta, indicating a weak activation of the dinitrogen

ligands.
Since isomers 2Ta and 2Ca are very close in energy,

we have calculated the energy of the isomerization

barrier. We have optimized the geometry of the transi-

tion structure denoted TSTC connecting these two

isomers. Only one imaginary frequency has been found

(213i cm�1). Compared to 2Ta and 2Ca, the geometry

of TSTC is characterized by a strong shortening of the

H1�/H2 distance from about 2.15 to 0.92 Å whereas the

H1�/Ru�/H2 angle decreases from 82.88 to 31.28. This

geometry is compatible with the formation of a dihy-

drogen complex [6�/10]. Note that as expected, the P1�/

Ru�/P2 angle in TSTC is 126.78 which is an intermediate

value between those in 2Ta and 2Ca. The value of the

isomerization barrier is 31.1 kcal mol�1 (Fig. 3), thus

sufficiently high to render difficult the isomerization

process. We have verified that TSTC is the true transi-

tion state by calculating the variation of the electronic

energy versus the IRC over the isomerization path. The

potential energy profile along the mass-weighted stee-

pest-descent isomerization path is shown in Fig. 4. The

transition state is characterized by the existence of a flat

domain instead of a pick as it is usually observed. This

Fig. 2. DFT/B3LYP-optimized geometries of RuH2(N2)2(PH3)2 isomers (2).
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domain is relative to the formation of a dihydrogen

molecule in the Ru-complex as a result of a geometrical
rearrangement of the two hydrides.

3.3. The mixed (dihydrogen)(dinitrogen) complex

RuH2(H2)(N2)(PH3)2

Five isomers of RuH2(H2)(N2)(PH3)2 (3) (see Equa-

tion 3 in Scheme 1) have been optimized at the DFT/

B3LYP level. They are shown in Fig. 5. The main

geometrical parameters as well as the relative energies,

standard enthalpies and free energies are gathered in
Tables 5 and 6, respectively. Isomers of T type with the

phosphines in trans position are of Cs symmetry

whereas isomers of C type with the phosphines in cis

position have no symmetry. The only difference between

the two isomers 3Ta and 3Tb is the position of the H2

ligand with respect to the symmetry plane. In the

former, H2 is located in the symmetry plane whereas

in the latter H2 is perpendicular to this plane. Isomers of

C type differ by the position of the H2 ligand which can

be located trans to one phosphine (3Ca), trans to one

hydride (3Cb) or trans to the dinitrogen ligand (3Cc).

All the isomers are very close in energy within a range

of 6 kcal mol�1. As in the case of RuH2(N2)(PH3)2 and

RuH2(N2)2(PH3)2 complexes, isomers of T type with

trans phosphines are more stable than the C ones.

Isomers 3Ta and 3Tb corresponding to two different

positions of H2 with respect to the symmetry plane are

quasi-degenerated. For isomer 3Ta, the two hydrides

and the two ligands H2 and N2 are located in the

symmetry plane. Dinitrogen is end-on with a lengthen-

ing of 1% compared to free N2 while dihydrogen is h2-

coordinated with a lengthening of 11.3% compared to

free H2. This increase of the H�/H bond length under

complexation is quite comparable to that calculated in

RuH2(H2)2(PH3)2 (12.5%) [9], indicating a small influ-

ence of the substitution of one dihydrogen by a

dinitrogen on the activation of the other H2.

In the C type isomers, the N�/N bond length remains

of the same order as in 3Ta. On the contrary, the H2

Table 3

Selected optimized geometrical parameters a for RuH2(N2)2(PH3)2 isomers and for TSTC calculated at the DFT/B3LYP level of theory

2Ta (C2v ) TSTC (C1) 2Ca (C1) 2Cb (C2v ) 2Cc (Cs ) 2Tb (C1)

Ru�/H1 1.634 1.695 1.634 1.620 1.700 1.687

Ru�/H2 1.634 1.715 1.622 1.620 1.687 1.702

Ru�/N1 2.019 1.996 1.963 1.971 2.013 1.969

Ru�/N3 2.019 2.097 2.018 1.971 2.013 1.969

H1�/H2 2.165 0.915 2.149 2.131 3.386 3.389

N1�/N2 1.124 1.121 1.123 1.119 1.118 1.120

N3�/N4 1.124 1.122 1.124 1.119 1.118 1.120

Ru�/P1 2.322 2.330 2.329 2.415 2.300 2.337

Ru�/P2 2.322 2.335 2.406 2.415 2.300 2.337

P1�/Ru�/P2 157.4 126.7 96.8 103.8 91.0 175.1

H1�/Ru�/H2 82.8 31.2 82.9 82.3 176.0 179.9

H1�/Ru�/P1 82.2 84.7 82.0 87.0 86.9 92.5

H2�/Ru�/P1 82.2 86.5 80.2 169.2 90.5 87.6

H1�/Ru�/P2 82.2 78.1 86.6 87.0 86.9 92.4

H2�/Ru�/P2 82.2 101.7 169.7 169.2 90.5 87.6

H1�/Ru�/N1 174.0 158.6 86.6 86.0 91.7 89.9

H1�/Ru�/N3 90.0 108.9 174.2 86.0 91.7 90.2

H2�/Ru�/N1 174.0 168.1 86.3 86.0 90.9 90.2

H2�/Ru�/N3 90.0 81.9 91.0 86.0 90.9 90.2

N1�/Ru�/P1 97.0 88.8 163.2 93.3 89.9 90.0

N3�/Ru�/P1 97.0 89.8 94.3 93.3 178.3 90.1

N1�/Ru�/P2 97.0 123.3 96.4 93.3 178.3 90.0

N3�/Ru�/P2 97.0 109.8 99.2 93.3 89.9 90.0

N1�/Ru�/N3 98.0 91.4 96.6 169.3 89.1 179.6

Ru�/N1�/N2 179.4 176.9 175.4 178.0 179.9 179.6

Ru�/N3�/N4 179.4 179.2 177.6 178.0 179.9 179.5

a Distances are in angstrom (Å) and angles in degrees (8).

Table 4

DFT/B3LYP relative energies (kcal mol�1) of RuH2(N2)2(PH3)2

isomers

Isomer DE DE�/ZPE DH 8 DG 8

2Ta 0.0 0.0 0.0 0.0

2Tb 16.1 15.3 15.2 14.8

2Ca 3.6 3.3 3.3 3.0

2Cb 6.8 6.4 6.4 6.5

2Cc 16.8 16.1 15.9 15.8

TSTC 32.2 30.9 31.1 29.9
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ligand undergoes a more important lengthening, essen-

tially for 3Cb (15.6%) and 3Cc (17.9%).

3.4. Vibrational frequencies

We have mentioned in Section 1 that the complex

RuH2(N2)2(PCy3)2 was only characterized in solution by

NMR and IR data [11]. In the absence of an X-ray

determination, a comparison between IR experimental

data and theoretical calculations can be performed, as

the degree of activation of the N�/N bond can be

estimated not only by the N�/N bond lengthening but

also by the decrease of the nNN stretching modes. We

have reported in Table 7 the frequencies of vibration for

several normal modes of all the isomers.

Our B3LYP calculated value for the free N2 stretching

wave number is only 5.5% different from the experi-

mental one. Comparatively to N2 calculated value (2459

cm�1), the value decreases more in the mono(dinitro-

gen) molecule (2284 cm�1 in 1Ta) than in the bis-

dinitrogen one (2303, 2324 cm�1 in 2Ta). This is in

perfect agreement with the longer bond in the former

molecule (1.152 Å) than in the latter (1.124 Å). Con-

cerning the bis(dinitrogen) complex, it is remarkable

that little change is observed for the calculated values of

the different isomers (:/2300 and 2325 cm�1). They can

be compared to the two experimental nNN values of 2126

and 2163 cm�1. Although the calculated data are

systematically higher than experiment, the qualitative

trends are remarkably similar. However, a comparison

Fig. 3. Schematic energy profile for the isomerization process between the 2Ta and 2Ca isomers of RuH2(N2)2(PH3)2.

Fig. 4. DFT/B3LYP potential energy along the reaction path for the

2Ta/2Ca isomerization process.
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of the intensities of the bands found in the experimental

spectrum with the calculated values tends to favour

isomer 2Ta as the best model. It should be noted that

these values might not represent pure bonding modes

Fig. 5. DFT/B3LYP-optimized geometries of RuH2(H2)(N2)(PH3)2 isomers (3).

Table 5

Selected optimized geometrical parameters a for RuH2(H2)(N2)(PH3)2 isomers calculated at the DFT/B3LYP level of theory

3Ta (Cs ) 3Tb (Cs ) 3Ca (C1) 3Cb (C1) 3Cc (C1)

Ru�/H1 1.618 1.620 1.625 1.614 1.625

Ru�/H2 1.618 1.617 1.619 1.629 1.623

Ru�/H3 1.835 1.823 1.819 1.763 1.725

Ru�/H4 1.794 1.823 1.789 1.721 1.687

H3�/H4 0.845 0.839 0.856 0.877 0.895

Ru�/N1 2.070 2.063 2.008 2.074 1.987

N1�/N2 1.119 1.120 1.118 1.119 1.119

Ru�/P1 2.313 2.310 2.286 2.379 2.397

Ru�/P2 2.313 2.310 2.390 2.292 2.390

P1�/Ru�/P2 161.6 155.6 96.5 96.5 104.5

H1�/Ru�/H2 82.3 86.3 86.6 83.6 83.5

H3�/Ru�/H4 26.9 26.6 27.4 29.1 30.4

H1�/Ru�/P1 82.8 81.8 80.7 86.3 86.6

H1�/Ru�/P2 82.8 81.8 166.5 83.3 168.9

H2�/Ru�/P1 83.4 80.5 83.3 174.4 169.9

H2�/Ru�/P2 83.4 80.5 85.1 79.6 85.4

H3�/Ru�/P1 97.2 85.7 97.2 83.8 87.5

H3�/Ru�/P2 97.2 112.0 88.7 170.6 83.9

H4�/Ru�/P1 93.7 112.0 93.8 112.5 98.9

H4�/Ru�/P2 93.7 85.7 116.0 147.1 108.0

N1�/Ru�/P1 96.2 90.7 165.1 99.1 94.2

Ru�/N1�/N2 176.7 178.3 177.0 178.4 178.5

a Distances are in angstrom (Å) and angles in degrees (8).
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and in addition, that PH3 has been used as a model of

PCy3.

3.5. Thermodynamic analysis

3.5.1. Binding energies

We have calculated successive bonding energies of N2

on the RuH2(PH3)2 fragment. We will call DrE the

energy difference associated with the equations 1 and 2
shown in Scheme 1. ZPE, thermal enthalpies (DrH8) and

Gibbs free energies (DrG8) corresponding to equations

(1) and (2) at the standard conditions (298.15 K and 1

atm) were obtained from the vibrational frequency

calculations for 1Ta and 2Ta. Results are summarized

in Table 8.

The DFT/B3LYP DrE energy for the coordination of

one dinitrogen molecule on the RuH2(PH3)2 fragment is

19.8 kcal mol�1. For the second N2 coordination, the

DrE value is slightly lower by 3 kcal mol�1. The DrH8
values present the same tendency. It should be noted

that these values should be corrected from the effect of

basis set superposition errors. We have previously

observed a small reduction of binding energy values

using such corrections in the case of bis(silane) com-

plexes [19,20]. These binding energies of N2 can be

compared with those calculated for H2 coordinated to

the same metallic fragment using the same theoretical

procedure (DrE values of 17.6 kcal mol�1 for the

complexation of the first H2 and 18.1 kcal mol�1 for

the second) [19]. We can conclude that the dinitrogen

ligand in the most stable isomers is not more strongly

bound than dihydrogen. This is consistent with the fact

that the preparation of RuH2(N2)2(PR3)2 by displace-

ment of molecular H2 from RuH2(H2)2(PR3)2 is easily

reversible.

In order to testify the quality of our calculation

method (DFT/B3LYP), we have also calculated the DrE

binding energies using different methods at the B3LYP-

optimized geometry (see Table 8). We intend to compare

our results assuming that the values calculated with the

sophisticated CCSD(T) method can be considered as the

most accurate. Compared to CCSD(T), the Hartree-

Fock method which does not take into account the

electronic correlation energy, leads to greatly under-

estimated values. On the contrary, methods which

include a perturbative treatment of the electronic

correlation such as MP2 or MP4SDQ can lead to

overestimated values. This emphasises the necessity of

a more accurate treatment of the electronic correlation

in order to get some reasonable values. We can see that,

in the case of the complexation of the first N2 ligand, the

use of the B3LYP density functional gives values

comparable to those obtained by the CCSD(T) method.

Table 6

DFT/B3LYP relative energies (kcal mol�1) of RuH2(N2)(H2)(PH3)2

isomers

Isomer DE DE�/ZPE DH 8 DG 8

3Ta 0.0 0.0 0.0 0.0

3Tb 0.6 0.5 0.6 0.2

3Ca 2.1 2.3 2.1 2.4

3Cb 2.3 2.3 2.2 2.3

3Cc 6.2 5.7 5.9 5.3

Table 7

DFT/B3LYP calculated nNN wavenumbers (cm�1) and infrared

intensities (km mol�1) for the N�/N stretching modes in

RuH2(N2)(PH3)2, RuH2(N2)2(PH3)2 and RuH2(H2)(N2)(PH3)2

Compound Isomer Symmetry nNN Intensity

RuH2(N2)(PH3)2 1Ta a 2284 433

1Ca a 2297 502

1Cb a 2296 437

1Cc a 2264 429

RuH2(N2)2(PH3)2 2Ta b2 2303 450

a1 2324 275

2Tb a 2289 780

a 2317 0

2Ca a 2311 373

a 2331 378

2Cb b1 2299 775

a1 2326 59

2Cc aƒ 2307 305

a? 2330 384

Exp. a 2126 s

2163 m

RuH2(H2)(N2)(PH3)2 3Ta a? 2318 327

3Tb a? 2308 373

3Ca a 2322 417

3Cb a 2314 374

3Cc a 2319 316

N2 Calc. sg 2459 49

Exp. 2331

a For RuH2(N2)2(PCy3)2 see Ref. [11].

Table 8

Predicted binding energies (kcal mol�1) of N2 calculated with different

methods at the DFT/B3LYP optimized geometries

Eq. 1 Eq. 2

DrE HF �/2.6 �/4.5

MP2 �/25.6 �/24.7

MP3 �/11.1 �/11.8

MP4SDQ �/23.4 �/23.4

CCSD �/16.2 �/16.6

CCSD(T) �/19.5 �/19.2

DFT/B3LYP �/19.8 �/16.8

DrE�/ZPE DFT/B3LYP �/17.3 �/14.4

DrH 8 DFT/B3LYP �/18.0 �/14.9
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However, whereas the CCSD(T) method deals with a

binding energy for the second ligand nearly equal to the

one of the first ligand, the DFT/B3LYP value for the

second ligand is slightly weaker. Nevertheless, the DFT/
B3LYP method appears to be the best one for estimat-

ing the binding energies.

3.5.2. Substitution reactions on RuH2(H2)2(PH3)2

Experimental studies have shown that dihydrogen

substitution by dinitrogen is achieved by bubbling

dinitrogen to a pentane suspension of RuH2(H2)2-

(PCy3)2. The bis(dinitrogen) complex RuH2(N2)2(PCy3)2

was characterized by NMR and IR data [11]. The

reaction is reversible since it is possible to regenerate

the initial complex under a dihydrogen atmosphere.

Intuitively, we cannot eliminate the possibility to have a
complex that contains both H2 and N2 ligands. We have

thus calculated the energy differences corresponding to

the substitution of one and two dihydrogen ligands by

one and two dinitrogen within the model complex

RuH2(H2)2(PH3)2. The reactions are described in

Scheme 2 and the thermodynamic quantities are gath-

ered in Table 9. As shown by the DrG8 values, all close

to zero, the three reactions are reversible. This is in
complete agreement with the experimental observations.

3.6. NBO analysis

The NBO analysis allows the evaluation of the

various electron transfers occurring between the metal

and the dinitrogen ligand in the complexes. We have

reported in Table 10 the natural charges q , the Wiberg

bond indices W and the natural orbital occupancies for

the most stable isomers of RuH2(N2)(PH3)2 (1Ta),

RuH2(N2)2(PH3)2 (2Ta) and RuH2(H2)(N2)(PH3)2

(3Ta) as well as for free N2.
An evaluation of the charge of the N2 ligand can be

easily obtained by summing the two individual charges

on both nitrogen atoms. It occurs that the values are all

close to zero (�/0.08 for 1Ta, �/0.14 for 2Ta and �/0.03

for 3Ta), showing that no noticeable global charge

transfer between N2 and the ruthenium fragment occurs

under complexation.

Analyzing the Ru�/H Wiberg bond indices for the
three complexes, we note that the same value (�/0.65)

has been obtained except for the Ru�/H2 bond of the

mono(dinitrogen) complex (1Ta) in which this hydride is

trans to the vacant site. In that case, the bond index is

higher for Ru�/H2 than for Ru�/H1 (0.86 versus 0.65).

This observation is confirmed by the shortness of the

Ru�/H2 bond (1.651Å) compared to the Ru�/H1 bond

(1.666Å) (see Table 1). The Wiberg index of the N2 bond

is reduced in the three complexes, with a decrease of

approximately 0.20 compared to free N2 (bond index of

3 corresponding to a triple bond). This is in agreement

with the very short elongation of the N�/N bond

observed in the complexes relatively to free N2.

We have represented in Fig. 6 the orbital diagram

showing the interactions between the metallic fragment

RuH2(PH3)2 and dinitrogen. End-on bonding can be

commonly described as the result of two electron

transfers. First this binding mode involves a s-donation

from the N2 2sg orbital to the LUMO orbital 8a?* of

RuH2(PH3)2. On the other hand, the three highest

occupied orbitals of the metallic fragment (5aƒ, 6aƒScheme 2.

Table 9

Thermodynamic data (kcal mol�1) for the substitution of dihydrogen

by dinitrogen in RuH2(H2)2(PH3)2 calculated at the DFT/B3LYP level

of theory

DrE DrE�/ZPE DrH 8 DrG 8

Eq. (4) a 0.3 �/0.1 �/0.6 0.6

Eq. (5) a �/0.8 �/1.3 �/1.8 0.1

Eq. (6) a �/0.6 �/1.4 �/2.4 0.7

a See Scheme 2.

Table 10

Selected natural charges q , Wiberg bond indices W , and natural

orbital occupancies of N2, RuH2(N2)(PH3)2 (1Ta), RuH2(N2)2(PH3)2

(2Ta) and RuH2(H2)(N2)(PH3)2 (3Ta) calculated at the DFT/B3LYP

level of theory

N2 1Ta 2Ta 3Ta

q (Ru) �/0.44 �/0.44 �/0.63

q (H1) 0.07 �/0.07 �/0.07

q (H2) �/0.14 �/0.07 �/0.04

q (H3) 0.07

q (H4) 0.04

q (N1) 0.0 �/0.09 �/0.07 �/0.06

q (N2) 0.0 0.01 �/0.07 0.03

q (P) 0.34 0.37 0.37

W (Ru�/H1) 0.65 0.65 0.63

W (Ru�/H2) 0.86 0.65 0.63

W (Ru�/N1) 0.45 0.39 0.39

W (H3�/H4) 0.71

W (N1�/N2) 3.02 2.76 2.80 2.80

s(H3�/H4) 1.78

Lp(N1) a 1.99 1.79 1.80 1.79

Lp(N2) a 1.99 1.98 1.98 1.98

s*(H3�/H4) 0.09

pg�(N1�/N2) 0.00 0.13 0.11 0.11

a Lp, lone pair. See Figs. 1, 2 and 5 for labeling of the atoms.

R. Ben Said et al. / Journal of Organometallic Chemistry 673 (2003) 56�/6664



and 7a?) are mainly 4d ruthenium orbitals. Two of them

are involved in a p back-bonding from the metal to the

N2 pg� orbitals. The relative values of these two transfers

can be deduced from the orbital occupancies in the NBO

description. In the three complexes 1Ta, 2Ta and 3Ta,

the N1 lone pair lost 0.20 electron with respect to free

dinitrogen, meanwhile the N2 lone pair remained un-

changed. The N2 pg� orbitals present a total occupancy

of 0.26 electron for 1Ta and 0.22 electron for 2Ta and

3Ta. This result which is coherent with a very small

global charge transfer indicates that back-bonding is of

the same order as s-donation. Similar analysis have

been reported on a series of iron [21] and tungsten [22]

carbonyl complexes.

The case of the mixed complex 3Ta allows comparing

the bonding nature of one dihydrogen and one dinitro-

gen coordinated to the same ruthenium atom. For the

h2-H2 bond, while the s-donation from the dihydrogen

s bond orbital to the RuH2(PH3)2 orbital involves also

0.22 electron, the back-bonding from the occupied 4d

orbital of Ru to the s* orbital of H2 concerns only 0.09

electron. In that case, s-donation is more important

with back-bonding occurring to a lesser degree. We have

shown that in 3Ta, the lengthening of H2 under

complexation is 11.3% greater than in free H2 whereas

only 1% lengthening of N2 versus free N2 is calculated.

This can be easily explained by the different nature of

the orbitals involved in the s-donation. In the case of

H2, a s-bonding orbital is involved, as opposed to a

mainly nonbonding orbital i.e., the 2sg orbital shown in

Fig. 6, for N2.

4. Conclusion

In this work, we have investigated the complexation

of dinitrogen on ruthenium atom. In all the isomers, the

dinitrogen is coordinated to the metal in an end-on

bonding mode. In the most stable isomers, the phos-
phines are in trans position while the dinitrogen

molecule is trans to one hydride. The dinitrogen bond

length elongation was found very short approximately

1%, for most of the calculated isomers (except for 1Ta

�/4%). It is noteworthy that for the bis(dinitrogen)

complex RuH2(N2)2(PH3)2, the most stable isomer 2Ta

has the same geometry as the one found for the

corresponding bis(dihydrogen) complex, both theoreti-
cally for RuH2(H2)2(PH3)2 [9] and experimentally for

RuH2(H2)2(PCy3)2 [10]. Moreover, the binding energies

of N2 are of the same order as the ones found for H2

coordination to the same metal fragment. The free

energy values corresponding to the substitution of H2

by N2 are close to zero. This is in agreement with the

reversible substitution of H2 by N2 in RuH2(H2)2(PCy3)2

as observed experimentally [11]. It is rather remarkable
that in these dinitrogen isomers, NBO analysis indicates

that back-donation plays about the same role as s-

donation, both effects being relatively weak. Data

Fig. 6. Orbital interaction diagram for the formation of RuH2(N2)(PH3)2 (1Ta).
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obtained on 3Ta allow a direct comparison between

dinitrogen and dihydrogen coordination. Coordination

of H2 with a h2-mode results in a noticeable elongation

of the H�/H bond, whereas a very small elongation is
associated to the end-on coordination mode of N2. In

the case of dinitrogen complexes, IR values better reflect

the electronic variation within the coordinated N2

ligand. It is noteworthy that in our ruthenium system,

the dinitrogen and dihydrogen species display similar

properties as also illustrated experimentally.
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