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Abstract

Molybdenum and tungsten dinitrogen complexes with trans nitrile groups are of significant interest to synthetic nitrogen fixation
as they can be protonated to the corresponding N,H, complexes with retention of the trans ligand. This is in contrast to their
bis(dinitrogen) counterparts where one N, group is exchanged by a ligand X deriving from the acid used for protonation (X = Hal
HSO, ™ etc.). Here the first crystal structure of a tungsten(0) dinitrogen nitrile complex having a P4 ligand set is presented. The
electronic and vibrational properties of this and analogous N, and N,H, systems with trans nitrile ligands are investigated using IR
and Raman spectroscopies coupled to DFT calculations. Force constants are evaluated from experimental frequencies and isotope
shifts by the QCA—-NCA procedure developed earlier [N. Lehnert, F. Tuczek, Inorg. Chem. 38 (1999) 1659]. The resulting electronic
structure descriptions are compared with those obtained earlier for the bis(dinitrogen) and trans fluoro N,H, complexes,
respectively [N. Lehnert, F. Tuczek, Inorg. Chem. 38 (1999) 1671]. Importantly, the N, ligand is found to be activated to a higher
degree in the trans nitrilo as compared with the corresponding bis(dinitrogen) system. On the other hand, the N,H, ligand is less
activated in the trans nitrilo than in the analogous trans fluoro complexes. Further, bonding of the nitrile group becomes labile at
the N,H, stage of N, reduction. These results are interpreted based on the electronic donor/acceptor properties of the respective
trans ligands, and the consequences regarding the reactivity of these systems towards further protonation and their potential use for
synthetic nitrogen fixation are discussed.
© 2002 Published by Elsevier Science B.V.
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1. Introduction protein. It is believed that N, is bound and reduced to

NHj; at the iron—-molybdenum cofactor (FeMoco), a

A synthetic route to nitrogen fixation under ambient
conditions is one of the classic goals of bioinorganic,
metal-organic and coordination chemistry. This requires
a detailed knowledge of the specific conditions for the
activation and reduction of dinitrogen. It has been
demonstrated that information relevant to this subject
can be obtained from the investigation of well-defined
model complexes that are able to bind and reduce N, [1].
In nature nitrogen fixation is mediated by the enzyme
nitrogenase [2] which is composed of two components,
the iron- (Fe-) and the molybdenum—iron (MoFe-)
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unique Fe;MoSy cluster present in the MoFe protein.
One possible coordination geometry of N, to the
FeMoco involves the end-on terminal coordination [3]
which also exists in simple mononuclear Mo/W-N,
complexes of the type [M(N,)»(P4)], where M =W or
Mo and P is one phosphorus donor of mono- or
bidentate phosphine ligands. Remarkably, these systems
can be protonated in a stepwise manner leading to well-
defined intermediates [4]. The hypothesis has been put
forward that protonation of N, in nitrogenase proceeds
in a similar manner as in these low molecular-weight
complexes [5]. In this sense they can be considered as
functional models for the end-on terminal reduction and
protonation pathway of nitrogenase.
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The bis(dinitrogen) complexes of Mo and W react
with mineral acids to give ‘diazenido(-)> (NNH ),
‘hydrazido(2-)’ (NNH,* ") and ‘hydrazidium’
(NNH;7) compounds which in the case of bidentate
phosphine coligands have been structurally and spectro-
scopically characterized [4]. After the splitting of the N—
N bond, nitrido-, imido- and amido species have been
identified [6]. Our research involves the detailed spectro-
scopic and quantum-chemical characterization of these
complex-bound intermediates as well as the study of the
proton and electron transfer steps involved in their
interconversion in order to further explore the physico-
chemical conditions under which a catalytic cycle based
on such systems could actually work [1a,7].

An ideal metal complex for the homogeneous cata-
lysis of nitrogen fixation should provide a framework
for the binding and reduction of N, that stays more or
less intact during the entire catalytic cycle. From this
perspective, one of the serious drawbacks of the men-
tioned Mo/W bis(dinitrogen) systems is the exchange of
one N, group in the very first protonation step against a
ligand X (Hal~, HSO4  etc.). This strongly affects the
electronic structure of the metal complex mediating the
transformation of N, to NH;. From the viewpoint of
catalysis, it also corresponds to a loss of 50% of bound
substrate. In the cases reported so far, X is either
identical with the conjugated base of the mineral acid
employed in the protonation (e.g. HSO4 ), or X is a
Lewis base being contained in the conjugated base of
that acid (e.g. F~ in BF;7). The ligand exchange
obviously represents an unwanted kinetic barrier to
the metal-centered reduction and protonation of N,
and therefore systems are desirable which avoid this
process.

In this respect, it is noteworthy that Mo/W-N,
complexes with trans-nitrile groups have been shown
to be protonable on the N, ligand without ligand
exchange. Studies on their reactivity, [8] their electro-
chemical [9] and NMR spectroscopic [10] properties
have been performed earlier. Electrochemical oxidation
potentials have been correlated with trends from N-N
and C—N stretching frequencies [9]. In addition, nitriles
have been used to attach Mo/W-N, complexes to
electrodes for the electrosynthesis of ammonia [11]. In
this study, we compare Mo/W —dinitrogen and -hydra-
zido(2-) systems with trans nitrile ligands to their
bis(dinitrogen) and trans fluoro counterparts, respec-
tively, which we have investigated earlier [7]. In parti-
cular, spectroscopy coupled to quantum-chemical
calculations (DFT) is employed in order to quantita-
tively describe the bonding and activation of the N, and
N,H, groups in these systems.

The results of IR and Raman spectroscopic investiga-
tions are evaluated with a quantum-chemistry assisted
normal coordinate analysis (QCA—NCA) which in
conjunction with the DFT calculations allows to obtain

detailed insight into the electronic structure of these
intermediates. Since the DFT calculations require struc-
tural input, a crystal structure determination of the
trans nitrilo dinitrogen complex [W(N,)(NCEt)(dppe),]
has been carried out. This represents the first crystal-
lographic information available for this class of com-
pounds. The consequences of the bonding descriptions
of the N, and N,H, intermediates with frans nitrile
ligands with respect to the design of a catalyst for N,
reduction and protonation are discussed.

2. Experimental

2.1. Synthesis, isotopic substitution and sample
preparation

The dinitrogen complexes of tungsten (I, III, V) as
well as the protonated species (II, IV) with the dppe
(dppe = bis(diphenylphosphino)ethane) ligand were pre-
pared following literature procedures [8,12] with slight
variations. The nitrile group was introduced by irradia-
tion of a solution of the bis(dinitrogen) complex with a
100 W tungsten lamp in the presence of an excess of the
respective nitrile. For protonation, degassed sulfuric
acid (96%) was used. Protonation with HBF, was found
to lead to decomposition of the nitrile—N, complexes.
All protonated species could be deprotonated to the
corresponding dinitrogen complexes with triethylamine.
The N isotopomer of W(15N2)2(dppe)2, Ob, was
synthesized using '"N,. The "N labeled compounds
W(°N,)(NCEt)(dppe),, Ib, [W('*N,H,)(NCEt)(dppe),]-
(HSO,),, ITb, W('*N,)(NCPr") (dppe),, IIIb, [W(*°N,-
H,)(NCPr™)(dppe)-J(HSO4),, IVb, and W('’N,)-
(NCPh)(dppe)>, Vb, were prepared from the >N sub-
stituted complex Ob. Because the compounds are air
sensitive, syntheses were performed using the Schlenk-
technique. The dinitrogen—nitrile systems I and III
exchange nitrile against dinitrogen within weeks in the
solid state. In solution, the exchange is much faster.
Sample preparation for vibrational spectroscopy was
carried out in a glovebox. All liquid reagents and
solvents were dried under argon or dinitrogen gas,
with the exception of sulfuric acid which was degassed
by treatment in an ultrasonic bath.

W(N,),(dppe), (0), obtained as orange solid in 50%
yield. Anal. Calc. for C5oHygN4P,W: C, 60.2; H, 4.7; N,
5.4. Found: C, 59.1; H, 4.6; N, 5.3%.

W(IN,)(NCETt)(dppe), (I), obtained as dark red solid in
60% yield. Anal. Calc. for CssHs3N3P4W: C, 62.1; H,
5.0; N, 3.9. Found: C, 61.9; H, 4.9; N, 3.8%.

W(N,H,)(NCEt)(dppe),(HSOy4), (II), obtained as
white solid in 60% yield. Anal. Calc. for
C55H57N3P48208W: C, 524, H, 46, N, 3.3. Found: C,
49.7; H, 4.5; N, 2.9%.
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W(N,)(NCPr")(dppe),(HSOy), (III), obtained as dark
red solid in 50% yield. Anal. Calc. for CsgHssN3P4sW: C,
62.9; H, 5.6; N, 3.8. Found: C, 58.7; H, 5.3; N, 3.0%.

W(N,H,)(NCPr")(dppe),(HSOy4), (IV), obtained as
light green solid in quantitative yield. Anal. Calc. for
Cs56HsoN3P4S,0gW: C, 52.3; H, 4.6; N, 3.3. Found: C,
52.3; H, 4.9; N, 3.0%.

W(N,)(NCPh)(dppe), (V), obtained as dark green
solid in 60% yield. Anal. Calc. for CsoH53N3P4W: C,
63.7; H, 4.8; N, 3.8. Found: C, 63.4; H, 4.5; N, 3.2%.

2.1.1. IR spectroscopy

MIR spectra were obtained from KBr pellets using a
Mattson Genesis Typ I spectrometer. FIR spectra were
obtained from RbI pellets using a Bruker IFS 66 FTIR
spectrometer. Both instruments were equipped with a
Cryogenics helium cryostat. The spectra were recorded
at 10 K and the resolution was set to 2 cm .

2.1.2. Raman spectroscopy

Raman spectra were obtained on a Bruker IFS 66/CS
NIR FT-Raman spectrometer at 270 K. The setup
involves a 350 mW NdAYAG-Laser with an excitation
wavelength of 1064 nm. The samples were pressed into
the groove of a holder which can be sealed with a glass
plate to ensure inert gas conditions.

2.1.3. X-ray structure analysis

Intensity data were collected using a STOE Imaging
Plate Diffraction System with Mo—Ka radiation. The
structure was solved with direct methods using SHELXs-
97 [13]. Refinement was done against F* using SHELXL-
97. All non-H atoms were refined anisotropically. In the
subsequent refinement, the H atoms were positioned
with idealized geometry and refined with isotropic
displacement parameters using a riding model. Further
information is contained in Table 1 and in the Supple-
mentary Material.

2.1.4. Normal coordinate analysis

Normal coordinate calculations were performed using
the QcPE computer program 576 by M.R. Peterson and
D.F. MclIntosh. It involves solution of the secular
equation GFL = AL by the diagonalization procedure
of Miyazawa. The calculations are based on a general
valence force field and the force constants are refined
using the non-linear optimization routine of the simplex
algorithm according to Nelder and Mead [14].

The QCA-NCA procedure [7d] is useful for the
treatment of large molecules. If the real molecule M is
too large to be handled completely with ab initio theory,
a simplification is necessary. In the case of the com-
plexes I and II, the substitution of the dppe ligands by
PH; and the usage of molybdenum instead of tungsten
leads to model complexes I and I7 (model M) which are
suitable for DFT calculations. Frequencies and force

Table 1
Crystallographic data for [W(N,)(NCEt)(dppe)-]

Chemical formula [W(Nz)(C3H5N)(C26H24P2)z]

Formula weight (g mol~1) 1063.73
Crystal colour red
Crystal system triclinic
Space group P

a (A) 10.2526 (7)
b (A) 10.7823 (9)
¢ (A) 23.438 (2)
o () 87.73 (1)
B ©) 88.90 (1)

7 () 64.96 (1)
v (A% 2345.6 (3)
Z 2

Dculc. (g Cm73) 1.506
F(000) 1076
20-Range (°) 4-52

hik/l Ranges —11/12, —13/13, —28/28
M (mm ™) 2.640

T (K) 150
Measured reflections 16915
Independant reflections 8477

Rin 0.0668
Refined parameters 569
Reflections with F, > 44 (F,) 6862

Ry [Fy > 40 (F,)] 0.0417
WR, (all data) 0.0942
Goodness-of-fit 1.002

Residual electron density (e A7) 1.564/—2.368

constants (matrix f) of model M have been calculated.
In order to remove artificial interactions and to allow an
easier handling, the H atoms of the PH; ligands were
removed and the models [W(N,)(NCCH;)(P)4] (I') and
[W(NNH,)(NCCH5)(P),]* " (II') were obtained. Trun-
cation of the matrix f leads to matrix f* which can be
divided into two parts: the force constants of the CH;—
C-N-W-N-N and the CH;—-C-N-W-N-NH, unit
(core), respectively, and the force constants of the WP,
unit (frame). Small non-diagonal elements were ne-
glected. The force constants of the C-N-W-N-N
and the C-N-W-N-NH, core were fit to the experi-
mental frequencies. The force constants of the frame
and those between core and frame were fixed at their
theoretical values. Thus only selected force constants
were refined in the QCA—NCA procedure.

2.1.5. DFT calculations

For the models 7 and /7 spin-restricted DFT calcula-
tions were performed using Becke’s three parameter
hybrid functional with the LYP correlation functional of
Lee, Yang and Parr. The LanL2DZ basis set was used
for the calculations. It applies Dunning/Huzinaga full
double zeta (D95) [15] basis functions on the first row
and Los Alamos effective core potentials plus DZ
functions on all other atoms [16]. Charges were analyzed
using the natural bond orbital (NBO) formalism [17].
All computational procedures were used as they are
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implemented in the GAUSSIAN-98 package [18]. Wave-
functions were plotted with the visualization program
MOLDEN [19]. The force constants in internal coordi-
nates were extracted from the GAUSSIAN output using
the program REDONG [20]. The structures of the models
I and IT are fully optimized. The MO scheme of the
NNH, ligand has been calculated as well using a fully
optimized structure [7e]. For all model complexes, W
has been substituted by Mo in order to simplify the
calculations.

3. Crystal structure determination

The crystal structure of W(N,)(NCEt)(dppe), (I, Fig.
1) represents the first structural characterization of a
tungsten(0) dinitrogen nitrile complex having a P4 ligand
set. The central tungsten atom is surrounded by one
dinitrogen, one propionitrile and two bidentate bis(pho-
sphine) ligands in a distorted octahedral geometry. The
nitrile ligand occupies an axial position trans to the
dinitrogen ligand. The N-W-N angle of 172.7 (2)°
deviates slightly from linearity. The N-N distance of
1.120 (7) A is somewhat longer than in free dinitrogen
(1.0975 A) [Ic]. The elongation of the N—N distance is
explained by back donation of electrons from the metal
non-bonding d orbitals into antibonding ©* orbitals of
dinitrogen. The two bis(phosphine) ligands are bound in
equatorial position. The P-W-P bite angle is 80.97 (2)
and 79.72 (5)°, respectively. The average P-W bond
distance is 2.430 (2) A. The average P—C bond distance
of 1.861 (6) A in the phosphine ligand of I is slightly
longer than in the uncomplexed ligand (1.821 and 1.818
A, respectively) [21]. The W—N distances are 1.982 (5) A
for dinitrogen and 2.110 (4) A for the nitrile nitrogen
atom. The C—N distance in the nitrile ligand is 1.146 (7)
A. Relevant bond distances and angles are listed in

Fig. 1. Crystal structure of [W(N,)(NCEt)(dppe),] (I) with labeling
and displacement ellipsoids drawn at the 50% probability level (the
hydrogen atoms are omitted for clarity).

Table 2
Comparison of selected experimental and calculated bond lengths and
angles for [W(N,)(NCEt)(dppe)-]

Experimental Calculated
Bond lengths (A)
N(1)-N(2) 1.120 (7) 1.170
N(1)-W(1) 1.982 (5) 1.993
W(1)-N(3) 2.110 (4) 2.098
W(1)-P(1-4) 2.419 (2) ~2.450 (2) ~2.49
N@3)-C(5) 1.146 (7) 1.189
C(5)—-C(6) 1.477 (8) 1.467
Bond angles (°)
N(1)-W(1)-N(3) 172.7 (2) 178.6
N(2)-N(1)-W(1) 176.5 (5) 177.7
N(3)-C(5)-C(6) 175.6 (6) 179.2
C(5)-N(3)-W(1) 1719 4) 179.1
P(2)-W(1)-P(1) 80.97 (5) 89.4
P(3)-W(1)-P4) 79.72 (5) 90.6

Table 2. Selected Crystallographic data are presented in
Table 1.

The N-N distance of 1.120 (7) A is of similar
magnitude compared with that in the structures of
[W(N»)2(dppe)>] (0) [22]. The W-N distance of T of
1.982 (5) A is significantly shorter than in the first
polymorph of 0, [22a] but comparable with those in the
second one [22b]. The average W-P distances are
comparable in all systems. All P-W-P angles deviate
significantly from 90° present in an ideal octahedral
environment.

4. Electronic structure

4.1. Input geometries and geometry optimizations

The structure of the model system I used for the
calculation is derived from the crystal structure of
complex I and is fully optimized. Experimentally
determined bond lengths and angles are compared
with calculated values (after optimization) in Table 2.
In order to simplify the computational problem, the
coordinating phosphorus donors were substituted by
ideal PH; ligands in a geometry retrieved from literature
data. The alkyl group of EtCN was substituted by
NCCH;. Input coordinates of I are collected in Table 3.
The structure of model system 77 was derived from that
of I by adding two hydrogen atoms to the N, group at a
distance  known from the NNH, complex
[MoF(NNH,)(dppe),](BF,4) [23]. Input coordinates are
given in Table 4. Structure ¥ was obtained from I by
replacing the methyl group on the nitrile ligand by
phenyl. Input coordinates are given in Table 5. All
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Table 3
Coordinates of [Mo(N,)(NCCH;)(PH;)4] (1

Atom Position #
X y z

C 0.049 —4.473 0.000
C 0.038 —3.006 0.000
N 0.012 —1.817 0.000
Mo 0.000 0.281 0.000
P —2.507 0.314 0.000
P 0.025 0.255 2.495
N —0.059 2.273 0.000
N —0.139 3.440 0.000
P 2.487 0.308 0.000
P 0.025 0.255 —2.495
H —0.934 1.000 3.286
H 1.185 0.698 3.245
H —0.139 —0.995 3.213
H 3.236 0.933 —1.074
H 3.236 0.933 1.074
H 3.244 —0.930 0.000
H 1.185 0.698 —3.246
H —0.139 —0.995 —3.213
H —0.934 1.000 —3.286
H —3.152 1.608 0.000
H —3.313 —0.249 —1.067
H —3.313 —0.249 1.067
H —0.461 —4.869 0.888
H —0.461 —4.869 —0.888
H 1.077 —4.858 0.000

2 Coordinates of the atoms in A.

structures were optimized. Relevant bond lengths of the
optimized structures are indicated in Fig. 2.

4.2. Electronic structure of the N, complex with a trans
alkyl nitrile ligand

The molecular orbital (MO) scheme of the Molybde-
num N, model complex with a trans acetonitrile ligand,
I, is very similar to that of the Mo bis(dinitrogen)
complex which we have studied earlier (Fig. 3) [7d,7¢].
Charge decompositions and shapes of relevant orbitals
are given in Table 6 and Fig. 4, respectively. The
HOMO of T is contained within the twofold degenerate
set of bonding combinations between the Mo d,. and
d,. orbitals and the ligand (i.e. dinitrogen and nitrile) ¥
and n} orbitals, respectively. These combinations are
designated d,._ny and d,._n}. For both ligands, the
contribution of the coordinating atom in these combi-
nations (N, for dinitrogen, N€ for nitrile) is very small
relative to that of the f atom (Ng and CN, respectively).
The LUMO of T is part of the twofold degenerate set of
non-bonding combinations of #w*(NN) and 7n*(CN)
orbitals in x- and y-direction, respectively. At much
higher energy, finally, the antibonding combinations of
ligand n* orbitals with the metal d,. and d,. orbitals,
ny_d,. and m;_d,., are found. This orbital pattern
corresponds to d (metal) — 7* (ligand) back donation.

Table 4
Coordinates of [Mo(N,H,)(NCCH3)(PH;)4] (I1)
Atom Position *

x y z
C 4.549 0.0046 —0.0347
C 3.088 0.003 —0.0249
N 1.913 —0.001 —0.0203
Mo —0.362 —0.006 —0.001
P —0.191 —1.747 1.925
P —0.108 1.957 1.714
P —0.244 1.769 —1.907
N —2.133 —0.011 0.006
N —3.447 —0.012 0.011
P —0.136 —1.963 —1.712
H —1.082 2917 —1.759
H —0.582 1.400 —3.246
H 1.011 2.409 —2.144
H —0.103 —3.316 —1.247
H —1.172 —2.061 —2.689
H 1.011 —1.966 —2.563
H —0.042 —3.136 1.614
H 0.857 —1.607 2.888
H —1.319 —1.815 2.798
H —1.233 2.166 2.567
H 0.931 1.865 2.690
H 0.105 3.297 1.260
H 4.929 0.996 —0.308
H 4.938 —0.258 0.957
H 4.926 —0.727 —0.760
H —3.964 —0.298 —0.817
H —3.957 0.269 0.845

@ Coordinates of the atoms in A.

Notably, backbonding acts to put electron density
primarily on the B atom of both ligands, and dinitrogen
participates more than nitrile in the bonding combina-
tions (about 15 vs. 9% orbital contribution for N—N and
C-—N, respectively).

Metal-ligand coordination is complemented by o
bonding. For the N, group this is mediated by the
ps(NN)_d.» orbital that is heavily admixed by phos-
phine functions and has metal d.. and N, contributions
of about the same magnitude (15 and 24%, respectively,
Fig. 4). The participation of the CN group in this orbital
is weak. Nitrile ¢ bonding is primarily mediated by the
ps(CN) orbital that has a very high contribution of the
CN group, especially at N¢ (N 56%, CN: 17%).
Furthermore, it has a 10% contribution of N, and a
metal contribution of only 8% (Table 6). The
Ps(NN)_ps(CN)_d.. orbital at low energy is a super-
position of N5 and nitrile ¢ orbitals (Fig. 4). As in the
bis(dinitrogen) complex, 7 donation from the ligand =
orbitals is found to be negligible.

Comparing the NPA charges on the two axial ligands
of I (Table 7), it becomes apparent that the CN group in
I carries a smaller negative charge (—0.05) than the
dinitrogen ligand (—0.22). In particular, the negative
charge on Ny is twice as large in 7 (—0.12) as in the
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Table 5
Coordinates of [Mo(N,)(NCPh)(PH;)4] (¥)
Atom Position #

x y z
C 0.055 3.305 0.000
C 0.033 1.880 0.000
N 0.000 0.685 0.000
Mo —0.016 —1.378 0.000
P 0.007 —1.401 2.507
P —2.526 —1.353 0.000
P 0.007 —1.401 —2.507
N —0.095 —3.376 0.000
N —0.195 —4.541 0.000
P 2.474 —1.351 0.000
H —0.727 —2.408 —3.240
H 1.239 —1.555 —3.256
H —0.481 —0.267 —3.262
H 3.248 —1.937 1.075
H 3.248 —1.937 —1.075
H 3.162 —0.075 0.000
H 1.239 —1.555 3.256
H —0.481 —0.267 3.262
H —0.727 —2.408 3.240
H —3.217 —2.621 0.000
H —3.305 —0.756 1.067
H —3.305 —0.756 —1.067
C 1.292 4.010 0.000
C 1.306 5.413 0.000
C 0.098 6.141 0.000
C —1.132 5.450 0.000
C —1.161 4.048 0.000
H 2.224 3.451 0.000
H 2.257 5.940 0.000
H 0.115 7.228 0.000
H —2.066 6.006 0.000
H —2.109 3.518 0.000

a Coordinates of the atoms in A.

corresponding bis(dinitrogen) complex (—0.06) which is
important to protonation. Consequently a higher
amount of negative charge is transferred from the metal
to the single N, ligand in I than to each of the two N,
groups in the (N,), complex; i.e. the N, group in I is
activated to a higher degree than each of the two groups
of the bis(dinitrogen) system. Hence, nitrile must be a
weaker n acceptor and/or a stronger ¢ or n donor than
N,. From the above observations, nitrile is in fact a
weaker m acceptor than N,. As in case of N5, © donation
from nitrile to the metal is very weak (note the very
small metal contribution in the m,, m, orbitals being
largely localized on N©).

In addition, the nitrile ligand is found to be a weaker
o donor than dinitrogen. Upon going from Nj to nitrile,
one N atom is replaced by the weaker electronegative
C—CHj; group. This difference in electronegativity is the
origin for the large polarization of the CN group leading
to a charge of —0.40 at N© and of +0.35 at CN.
However, this large amount of negative charge on N€ is

Optimized Structure
A(NN) =1.170
A(MoN®) =1.992
A(MoN°) = 2.098
ANNC)=1.189
A(MoP) =~2.49

[Mo(N,)(NCCH,)(PH,),]
(Model T)

Optimized Structure
A(NN) =1.315
A(MoN*) =1.770
A(MoN°) = 2.275
ANNC)=1.175
A(MoP) =~2.61

[Mo(N,H,)(NCCH,)(PH,),]
(Model 1I)

Optimized Structure
A(NN) =1.169
A(MoN®) = 2.000
A(MoN”) = 2.063

° AINC)=1.196
A(MoP) =~2.50

[Mo(N,)(NCPh)(PH,),]
(Model V)

Fig. 2. Optimized structures for the model complexes.

not donated to the metal to a significant degree. The
overlap between the C—N o orbital p5(CN) having lone-
pair character on N and the metal is even weaker than
in case of the N, p orbital. This probably derives from
the fact that the coordinating nitrogen atom of the
nitrile group is bound to a positively charged C atom
and hence, cannot donate electron density to a signifi-
cant extent (see below). To conclude, the primary
bonding interaction for the nitrile group with the Mo/
W(0) center is backbonding, but is weaker than in the
case of the N, ligand. For this reason, the dinitrogen
systems with trans nitrile ligands should be thermo-
dynamically less stable than their bis(dinitrogen) coun-
terparts. This is also evident from the back
transformation of the trans alkyl nitrile complexes I
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Fig. 3. Orbital schemes of T and I7.

and III into the bis(dinitrogen) complex 0 at room
temperature under N, (vide supra).

4.3. Electronic structure of the NoH> complex IT

Addition of two protons to the dinitrogen complex I
leads to the ‘hydrazido(2-)’ model compound 77 with a
trans acetonitrile ligand which is related to the analo-
gous intermediate with a trans fluoro ligand that has
been characterized earlier [7d,7¢]. Charge decomposi-
tions and shapes of relevant orbitals are given in Table 8
and Fig. 5, respectively. As in the case of the corre-
sponding trans fluoro system, the non-bonding d,,
orbital is the HOMO of complex II (Figs. 3 and 5).
Below the HOMO are the bonding combinations of d..
and d,. with the N,H, 7 and & orbitals, respectively.
The m* orbital lying within the N,H, plane, wj, has

transformed into a m donor orbital at N, and the
bonding combination of this orbital with d,. primarily
has ligand character. This corresponds to an effective
transfer of about two electrons from the metal to the N,
ligand, initiated by the double protonation reaction. In
contrast, the bonding combination of d,. with the out-
of plane ©* orbital of the N,H, group, =, still has
predominantly metal character. The occupation of this
orbital corresponds to back donation from d,.. The
LUMO contains the antibonding combination of d,.
with ntjf. Importantly, this orbital still carries a bonding
contribution of the nitrile & orbital, like in the parent
complex I (Fig. 5). To higher energy, the antibonding
combination of d,. with the m; orbital is found. The
antibonding combinations of nitrile ny and m} functions
with d.. and d,, respectively, are located at still higher
energy as shown in Fig. 3.
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Table 6
Charge contributions of [Mo(N,)(NCCH;)(PHa)4] (1)

Orbital Label  Energy (Hartree) Charge decomposition
%Mo %P %N %N  %N® %c¥ %C %H" %H"

Ty (NN)_n¥(CN)_d,. (54 0.0615 5 40 2 1 1 0 1 1 49
my (NN)_m; (CN)_d, . {53) 0.0540 9 18 15 11 8 5 2 8 23
3 (NN)_n¥(CN) (52 0.0507 18 22 8 7 9 7 3 6 21
1 (NN)_n;(CN) 43y 0.0011 17 24 7 11 9 16 1 7 9
ny (NN)_n3 (CN) 42y 0.0011 18 24 8 12 9 15 1 7 8
D, _ny(NN)_r;(CN) 41y —0.1372 61 2 1 15 0 9 0 2 11
D.._ni(NN)_n¥(CN) 40y —0.1373 60 2 1 14 0 9 0 2 11
D,, 39> —0.1456 68 3 0 0 0 0 0 0 28
7, (CN)_n(NN) {38) —0.2812 7 77 1 2 2 2 0 0 10
7, (CN)_r,(NN) Q37 —0.2814 7 77 1 2 2 2 0 0 10
n,(CN) {35) —0.3460 2 4 0 0 49 27 6 5 6
7, (CN) (34> —0.3470 2 4 1 1 48 27 6 5 5
ps(NN)_d,2 {33) —0.3485 15 51 9 15 2 1 0 0 7
p,(CN) 21y —0.4315 8 2 4 6 56 17 5 1 1
Ps(NN)_p,(CN)_d, A7y —0.5392 7 1 51 20 8 7 4 1 0

P and H are the sums over all corresponding atoms.

To summarize, the characteristics of metal-N,H,
binding in /7 are very similar to those in the correspond-
ing trans fluoro NoH, complex. In both cases, the metal
center can be assigned a formal charge of +II. Nitrile
bonding in the N,H, complex II, however, is very
different from that present in the precursor I : while the
nitrile group participates in backbonding in 7, it has
negligible contributions to the occupied orbitals with
metal d character in 7 and, therefore, is practically non-
bonding with its ny and m) orbitals. Considering the
NPA charges on the nitrile group of I7, it becomes
apparent that the polarization of the CN group, which
already is large in the uncoordinated ligand and in
complex 7, has further increased in 77 (N<: —0.50, C™:
+0.56). Surprisingly, however, this does not lead to an

increase of metal-nitrile ¢ bonding upon going from 7
to II. The metal contribution to the orbital
Ps(CN)_ps(NN)_d.> remains low (Fig. 5 and Table 8).
As m donation is not increased either, the bonding
between the nitrile group and the Mo center now
becomes very weak. This is also reflected by a very
large Mo—N(nitrile) bond length (calc. 2.275 A after
optimization, vs. 2.098 A in I).

Comparing the charges on the N>H, ligand between
the trans fluoro and trans nitrilo complexes shows that
the nitrilo complex I/ has a weaker activated N,H,
ligand than the corresponding fluoro compound (+0.20
vs. —0.03 total charge on N,H,, cf. Table 7). This
difference is obviously due to the different charges of the
trans ligand. In [MoF(NNH,)(PH;),*t the fluoro

0,0011 au.

| -0.5392a.u

Fig. 4. Important orbitals of I.

NCCH, | |
\
|

pNN)_p,(CN)_d ‘ 04315 au.

pCN)
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Table 7
NPA Charges of different Mo complexes
Complex Atom

Mo N* NP H Ne cN P

Free CH;CN ligand —0.37 0.33
[Mo(N,),(PH3)4][7¢] —1.01 —0.07 —0.06 0.31
[Mo(N,)(NCCH;)(PH3),] () —0.89 —0.10 —0.12 -0.40 0.35 0.29
[Mo(N,)(NCPh)(PH5)4] (V) —0.84 —0.09 —0.10 —0.39 0.34 0.29
[Mo(NNH,)(NCCH;)(PH3) > * () —0.02 —0.10 —0.58 0.44 —0.50 0.56 0.20
[MoF(NNH,)(PH3),] " [7¢] 0.04 —0.21 —0.68 0.43 0.24
[MoF(NNH;)(PH3)4*29] 0.19 —0.36 —0.60 0.48 0.20

N® is the coordinating and NP the terminal dinitrogen atom of N,. N€ is the dinitrogen atom from the nitrile. P is the average of all P atoms.

-03348au

I -0,7066 a.u.

07623 au PCC)_p,(NN)_d P.(CN)_p.(NN)_d,:

Fig. 5. Important orbitals of I7.
ligand carries a negative charge of —0.55, i.e. has
transferred 0.45 charge units to the MoNNH, fragment

Table 8
Charge contributions of [Mo(Nsz)(NCCH3)(PH3)4]er an

[7d,7¢]. These are missing in the case of the trans nitrile
complex (the CN group carries a positive charge of +
0.06). We have pointed out earlier that the N,H, ligand
in the MoF(NNH,) complex corresponds to neutral
isodiazene and that the hydrazido(2-) formulation is
misleading [7d,7e]. The same applies to the weaker
activated N,H, intermediate of the trans nitrile system.

4.4. Electronic structure of the N> complex with a trans
benzonitrile ligand V

It has been found earlier that the N, complex can also
be prepared with a trans benzonitrile ligand [8]. How-
ever, a corresponding N,H, intermediate has not been
described. It therefore appeared of interest to investigate
the electronic-structural differences between dinitrogen
complexes with alkyl nitrile and benzonitrile groups.
Table 7 shows that in fact the negative charge on the N,
ligand is slightly lower in the system coordinated by an
aromatic nitrile than in a system with a trans aliphatic
nitrile ligand. Fig. 6 shows the electronic structural
origin of this difference: there is a delocalization of

Orbital Label Energy (Hartree) Charge decomposition
%Mo %P %N %N %N® %CN %C %H® %H" %HY

mF(CN)_mf(NN)_d,, 47y —0.2421 14 1 8 2 29 34 1 11 1 0
7F(CN)_d,, 46y —0.2469 11 4 2 1 29 36 0 11 2 3
d,,_m*(CN)_m*(NN) 43) —0.3077 25 10 31 13 3 11 0 2 4 0
d,._7¥(CN) 42y —0.3348 47 9 23 1 8 0 1 4 6
d,, 41y —0.4588 88 0 0 0 0 0 0 0 12 0
mF(NN)_d,, <40) —0.4890 43 0 10 42 0 2 0 0 2 0
d,._7F(NN) 37 —0.5732 23 10 53 4 0 0 0 0 4 7
7, (CN) 34> —0.6216 2 3 0 0 45 19 18 10 4 0
7,(CN) {335 —0.6227 2 4 0 0 45 18 18 10 4 0
m,(NN) 31y —0.6527 2 23 21 24 1 0 1 0 28 0
7, (NN) {25) —0.6764 3 46 4 3 0 0 0 0 43 0
7,(NN)_d,. 24y —0.6772 7 18 31 23 0 0 2 1 16 0
p,(CN)_p,(NN)_d.. {23) —0.7066 9 2 6 4 45 17 8 1 2 0
p,(CC)_p,(NN)_d. 20> —0.7620 8 0 7 9 6 22 27 6 0 1

P and H are the sums over all corresponding atoms.
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L -G.?SJS au ):'.(NN]_R',(CN}_dM

Fig. 6. Important orbital of V.

charge from the backbonding d,. orbital into the n*
system of the aromatic ring such that the charge transfer
into the N, m orbital is lowered. This reduction of
negative charge is obviously sufficient to prevent proto-
nation of the coordinated N, ligand.

5. Vibrational spectra and QCA-NCA

5.1. Vibrational spectra of [W(N,)(NCEt)(dppe)>] (1)

The Raman spectra of I (Fig. 7) exhibit two peaks at
1897 and 462 cm ! that shift in the '"N,-substituted
compound. The signal at 1897 cm ~! shifts by about 60
cm ! down to 1834 cm ' and is assigned to the N—N
stretching vibration. The peak at 462 cm ~ ' shifts by 18

cm ! on N substitution and is assigned to the W-N

stretching vibration between tungsten and N,, v(WN).
In the N compound, the v(WN) peak overlaps with
another signal which is the reason for the appearance of
two peaks in the >N spectra. The unshifted peak cannot
be assigned. It is neither the v(WN) stretch of the nitrile
(based on the frequency predicted from the calculations,
vide infra), nor does it originate from a splitting of the
former vibration. Other intense features in the Raman
spectra which remain unshifted in the "N compound
are found at 2185, 1584, 1028, 1093, 999, 525 and 178
cm~'. The signal at 2185 cm ™' is assigned to the C—-N
stretching mode v(CN) of the nitrile and the peak at 178
cm ! to the symmetric W—P stretch v(WP). Compar-
ison with data from [W(N,),(dppe),] suggests that the
remaining vibrations are due to the phenyl residues of
the dppe ligand: thus, the peak at 1586 cm ~ ' belongs to
a C=C stretch; 1093 and 1028 cm ! are the in-plane
bending vibrations J(CCC) and J(CCH), and the
feature at 525 cm ™! is either an out-of-plane bend
y(CCC) or the P—phenyl stretch [24].

The infrared spectra of complex I are given in Fig. 8.
Besides the N—N stretching vibration v(NN) at 1897
cm ! which shifts to 1836 cm ! on >N substitution,
another isotope sensitive band is found below 600 cm ~ .
The band at 555 cm ! is assigned to the 6 (WNN) bend
and shifts by about 17 cm ' into a broad feature. The
other isotope sensitive signals at 2010 and 1947 cm ' in
the N spectra (!°N: 1958 and 1881 cm ') are due to

g [W(N,)(NCEt)(dppe),]
0,025 —
0,020 #
0,015 |
0,010 3
g8
£ o me‘}
(72}
=1
&
o 0,000 15
= - [W(N,)(NCEt)(dppe),]
0,10
0,05 2 =
%
L L A L I LN SR A A R SR (LN B B R
3000 2500 2000 1500 1000 500

rel. wavenumbers (cmi')

Fig. 7. Raman spectra of [W(N,)(NCEt)(dppe),] ().
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Fig. 8. IR spectra of [W(N,)(NCEt)(dppe),] (I).

the symmetric and antisymmetric NN vibrations of the
precursor [W(N»),(dppe),] (0). The v(CN) stretching
mode is found at 2190 cm ~'. The observed signals at
1585, 1093, 1026 and 1000 cm ™! are assigned as
presented above. Frequencies and assignments are
collected in Table 9.

5.2. QCA-NCA of [W(N,)(NCEt)(dppe).] (I)

The structure of model system [W(N,)(NCCH3)(P)4]
(I') used for the normal coordinate analysis is shown in
Fig. 9. The QCA-NCA procedure is performed as
described in the experimental section. The v(NN),
v(CN), 6(WNN), and v(WN) vibrations are fit to the

experimental data. Table 9 shows the comparison
between the experimentally determined peak positions,
the calculated data retrieved from DFT (B3LYP) and
the QCA—-NCA results. The f-matrix for the relevant
C-N-W-N-N core is shown in Table 10.

The agreement between the DFT results and the
experiment is good. The v(CN) stretch is found between
2185 and 2190 cm ™! and is calculated to be at 2199
cm ! The v(NN) stretch is calculated by DFT to 1957
cm !, but is found at 1897 cm ~'. For the bending mode
J(WNN) only one signal at 555 cm ~ ' is observed (see
Table 9) although calculations indicate a splitting into
two signals at 555 cm ~ ' and 393 cm ~'. This could not
be confirmed by experimental data. The v(WN) stretch

Table 9
Comparison of the observed and calculated frequencies of [W(N,)(NCEt)(dppe),]
Mode Experimental QCA-NCA B3LYP
4N (em ™Y 15N (em 1) 4N (em ™) 15N (em~ 1) N e (em ™1
v(CN) 2190/2185 * 2190/2185 * 2190 2190 2199
v(NN) 1895/1897 * 1836/1834 * 1897 1837 1957
J(WNN) 555 538 555, 376 537, 364 555, 393
v(WNN) 462 ¢ 444 # 462 448 438
v(WNE) n.o. n.o. 270 269 285

n.o., not observed.
% Raman-data, unlabeled data are IR-data.
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Fig. 9. Structure of model system I".

is found at 462 cm ! while the B3LYP calculations
predict this vibration at 438 cm ~', showing a deviation
of 24 cm~'. The v(WN) stretch for the nitrile is not
observed in the spectra, but the DFT calculations
predict the signal at 285 cm .

Comparison of the experimental data and the QCA—
NCA result shows excellent agreement as given in Table
9. For the bending mode 6 (WNN) only one signal at
555 cm ! could be observed experimentally. After
fitting to the experimental data, the observed isotope
shift as well as the '*N frequency are reproduced (see
Table 9). The second signal is then predicted by QCA—
NCA to be at 376 cm ! in the N complex and 364
cm ! in the isotope substituted compound. The v(WN)
stretch for the nitrile is not observed in the spectra but
predicted after QCA—NCA to be located at 270 cm '

The calculated force constants for I are collected in
Table 12. The force constant of the N—N stretch is 14.95
mdyn A ~!, which reflects the activation of the dinitro-
gen in the complex compared with the free N, molecule
(22.42 mdyn A ') [7d]. Importantly, this value is lower
than in the corresponding bis(dinitrogen) complex
which has an fyn value of 16.43 mdyn A~!. The CN
force constant of the coordinated nitrile (16.70 mdyn
A1) is somewhat lower than in the free nitrile (17.01
mdyn A~! calculated by DFT), showing a weak effect
of backbonding. The force constant for the v(WN)
stretch between tungsten and dinitrogen is 3.15 mdyn

A~ (bis(dinitrogen) complex: 2.66 mdyn A~'), and
that of the corresponding bending vibration 3(WNN)
1.01 mdyn A~'. The force constant of the v(WN)
stretch between tungsten and the nitrile is 1.53 mdyn
A~ which is much lower than that of the correspond-
ing W—N, stretch. This again reflects the weak interac-
tion between the metal and the nitrile ligand.

5.3. Vibrational spectra of
[W(N:H>)(NCEt)(dppe)>][HSO4]> (1)

Due to fluorescence, the Raman spectra of II could
not be obtained. Overview IR spectra are shown in Fig.
10; selected features are presented in Fig. 11. The IR
spectra exhibit a very broad feature between 2700 and
3300 cm ! which is caused by the counterion and
overlaps with the v(NH) vibrations. These are observed
at 3329 and 3213 cm ', shifting to about 3279 (broad
band) and 3181 cm~' on '°N isotope substitution.
Other isotope sensitive signals are found at 1617 cm !
and at about 440 cm ~!. Both show very small shifts and
are assigned to 6 (NNH) and 6 (WNN), respectively. The
v(WN) stretch is masked by the broad band from the
HSO,~ counterion at about 590 cm~'. The v(CN)
stretch is found between 2262 and 2267 cm ~ ! (see Table
11), and shows a shift to higher wavenumbers as
compared with the free nitrile.

5.4. QCA-NCA of
[W(N>H,)(NCEt)(dppe)>][HSO4]> (II)

The structure of model system [W(N,H,)(NCCHj3)-
(P)4] (Il") used for normal coordinate analysis is shown
in Fig. 12; the QCA—NCA procedure is performed as
described in the Experimental section. The v(NN),
v(CN), 6(NNH), v(NH) and 6 (WNN) vibrations are
fit to the experimental data and comparison of the
experimental data, the QCA—NCA fit and the predicted
vibrational energies (from DFT) are shown in Table 11.

The DFT calculations predict all vibrations of this
system at higher frequencies than measured experimen-
tally. The two NH stretching modes (symmetric and

antisymmetric) are calculated at 3671 and 3523 cm ™' in

Table 10

f Matrix of the central C—N—-W-N-N unit in [W(NCCHj3)(N»)(Py4)]

v(NN) v(WNY) v(WNC) v(CN) 0" (WNN) 0*(CNW) 6" (WNN) ¢’ (CNW)
f1

9 2

0 f10 3

0 0 f11 4

0 0 0 0 f5

0 0 0 0 0 f6

0 0 0 0 0 0 7

0 0 0 0 0 0 0 F8
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Fig. 10. IR spectra of [W(NNH,)(NCEt)(dppe),]J[HSO4]> (IT).
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Table 11

Comparison of the observed and calculated frequencies of [W(N,H,)(NCEt)(depe),][HSO4]»

Mode Experimental QCA-NCA B3LYP
BN (Cm—l) 15N (Cmfl) BN (cmfl) EN (Cmfl) 14NCa1c (cmfl)

vas(NH) 3329 3309 3313 3302 3671

v(NH) 3215 3194 3230 3225 3523

v(CN) 2263 2263 2261 2261 2299

J0(NNH) 1617 1614 1617 1614 1673

v(NN) n.o. 1384 1428 1382 1500

y(WNN) ~ 590 ~ 590 592 576 634

J(WNN) ~ 440 ~ 440 446 442 448

v (WNS) n.o. n.o. 221 220 204

n.0., not observed.

Fig. 12. Structure of model system II'.

the '*N compound but observed at 3329 and 3215 cm .
v(CN) is found experimentally at 2263 and calculated at
2299 ¢cm~!. For the §(NNH) bending mode, a differ-
ence of 56 cm ™' between 1673 cm ™! (calculated by
DFT) and 1617 cm ~ ! (observed) is obtained (Table 11).
The position of the '*N v(NN) stretch which is masked
by a broad feature was determined based on the position
of the >N peak. In the "°N spectra the v(NN) signal is
observed at 1382 cm ™! and calculated to be at 1500
cm ', Based on the DFT results, the tungsten dinitro-
gen stretch should be found at 634 cm ~! but is masked
in experiment by a band of the counterion (vide supra).
The tungsten nitrile stretch is calculated at 204 cm ' but
is not observed experimentally (Table 11). The 6 (WNN)
stretch was identified at about 440 cm !, based on the
DFT prediction (448 cm ™).

After QCA-NCA good agreement between experi-
mental and theoretical values is achieved as shown in
Table 11 The two NH stretching modes (symmetric and
antisymmetric) are fit by QCA—-NCA to 3313 and 3230
cm ! in the "N compound and the '°N shifts are —11
and —5 cm ™', respectively; somewhat smaller than
obtained experimentally (—20 and —19 cm™'). The
position of the '*N v(NN) stretch which is masked by a

broad feature was determined based on the position of
the "N peak. In the "N spectra the v(NN) signal is
observed at 1382 cm ~'. Based on QCA—NCA the '*N
v(NN) stretch should be found at 1428 cm ! (cf. Table
11). The tungsten dinitrogen stretch is predicted at 592
cm ! for "N by QCA-NCA, but is masked experimen-
tally by a band of the counterion (vide supra). The
tungsten nitrile stretch, finally, is calculated at 220 cm ~ !
but is not observed (Table 11). The 6 (WNN) stretch was
identified at about 440 cm !, based on QCA-NCA
(446 cm ' (M*N)/442 cm ! (°N)), respectively.

The f-Matrix for the C—N-W-N-NH, core is shown
in Table 13. Important calculated force constants for I’
are collected in Table 12. The NN stretch has a diagonal
force constant of 7.60 mdyn A~'. This is reduced
compared with free NNH, (calculated 11.66 mdyn
A=), but higher than in [MoF(NNH,)(dppe),](BF,)
(7.197 mdyn A1) [7d]. The force constant for the CN
stretch is with 17.60 mdyn A ~! larger than in the free
ligand (17.01 mdyn A~") or in I (16.70 mdyn A ', vide
supra). The force constants for the NH stretches are 5.90
and for the v(WN) stretches 6.44 (between tungsten and
dinitrogen) and 0.88 mdyn A ~! (between tungsten and
nitrile), respectively. The value of the force constant for
the 0 (WNN) bend is 0.46 mdyn AL

5.5. Vibrational spectra of [W(N,)(NCPr")(dppe);]
()

The vibrational properties of III are similar to those
of I. The Raman spectrum of III exhibits three isotope
sensitive peaks at 1893 shifting to 1830 on '*N-substitu-
tion, at 449 cm ~ ! shifting by 22 to 427 cm ~ ! and a weak
signal at 2017 shifting to 1949 cm ~ ! (Fig. 13). The peak
at 1893 cm ! is assigned to v(NN) and the peak at 449
cm ! to v(WN). In the "*N compound, the v(WN) peak
overlaps with another signal which is the reason for the
appearance of two peaks in the '>N spectra (vide supra).
The features at 2017 cm ™~ ' in the "N spectra and at
1949 cm~' in the "N spectra are assigned to the
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Calculated force constants for [W(N,)(NCEt)(PHs),] (I') and [W(N,H,)(NCEt)(PH3),** (II')

Force constant Free N, [7d] Free CH;CN [W(N,)(NCC,Hs)(dppe),] [W(N,H,)(NCC,Hs)(dppe)]* ~ Free NNH, [30]
v(NN) 22.42 14.95 7.60 11.66

v(CN) 17.01 16.70 17.60

J(WNN) 1.01 0.46

V(WNY) 3.15 6.44

V(WNE) 1.53 0.88

vas(NH) 5.90 5.89/4.61
vs(NH) 5.90

Units are mdyn/A ~! for stretching and mdyn-A ~! for bending.

precursor, showing that the exchange reaction between
nitrile and N, is not totally complete.

The IR spectrum of III (Fig. 14) is very similar to that
of I Isotope sensitive signals are found at 1895 cm ™',
shifting to 1826 on >N substitution, and at 553 cm !,
shifting by 5-548 cm~!. They are assigned to v(NN)
and 0 (WNN), respectively. The features at 1583, 1093,
1026, 1000, 530 and 179 cm ~ ! are assigned as in I. The
nitrile C—N stretch is found at 2171 cm ~'. The bands at
1944 and 2015 cm ' ("*N) as well as the bands at 1955
and 1877 cm ! in the '°N spectra are caused by the
precursor. Frequencies and assignments are collected in
Table 14.
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5.6. Vibrational spectra of
[W(N:H:)(NCPr")(dppe)>][HSO4]> (1V)

The Raman spectra of IV are obscured by fluores-
cence such that no spectroscopic information could be
obtained. The IR spectra exhibit a very broad
feature between 2700 and 3300 cm ~' which is caused
by the counterion and overlaps with the v(NH) vibra-
tions. These are observed at 3321 and 3215 cm ™!,
shifting to about 3309 (broad band) and 3194 cm ! on
>N isotope substitution, respectively. Other isotope
sensitive signals are found at 1604 cm ! shifting to
1601 cm ! and at about 440 cm ' showing a very small
shift, which are assigned to 6(NNH) and 6(WNN),
respectively. The v(WN) stretch is most probably
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Fig. 13. Raman spectra of [W(N,)(NCPr")(dppe),] (III).
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f Matrix of the central C—N—-W-N-NH, unit in [W(NCCHj3)(NNH,)(P,)]
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Fig. 14. IR spectra of [W(N,)(NCPr")(dppe),] (III).
Table 14 Table 15
Observed frequencies of [W(N,)(NCPr*)(dppe)] and Observed frequencies of [W(N,H,)(NCPr")(dppe),][HSO4]>
[W(N2)(NCPh)(dppe)-]
Mode [W(N2N2)(NCC;Hg)(dppe)s]
Mode  [W(No)(NCPr")(dppe)s]  [W(Na)(NCPh)(dppe).] > 1 . :
N (ecm™ ) N (em )
4N (Cm—l) 15 (Cmfl) 4N (cmfl) 15N (Cm—l)
vas(NH) 3321 3309
v(CN) 217172171 % 218172171 * 2094 2090 vs(NH) 3215 3194
v(NN) 1895/1893 *  1826/1830 * 1919 1855 v(CN) 2263/2263 * 2265/2263 *
J(WNN) 553 548 540 Schulter 530 J(NNH) 1604 1601
V(WNY) 449 @ 427 n.o. n.o. V(WNY) ~ 590 ~ 590
v(NN) n.o. 1384
n.o., not observed. 6 (WNN) ~ 440 ~ 440

% Raman-data, unlabeled data are IR-data.

masked by the broad band from the HSO,~ counterion
at about 590 cm~'. The v(CN) stretch is found
between 2263 and 2265 cm ™~ ! (see Table 15), showing
a shift to higher wavenumbers as compared with the free
nitrile.

5.7. Vibrational spectra of [W(N,)(NCPh)(dppe)>]
(V)

This compound loses dinitrogen on irradiation with
laser light and thus only IR data could be obtained (Fig.
15). Intense features are found in the '*N spectra at
3049, 2094, 1951, 1582, 1088 and 1026 cm ' which are

n.o., not observed.
% Data from Raman, unlabeled data are IR-data.

assigned as in the case of compound I (see above).
Isotope sensitive signals were found at 1919, assigned as
y(NN), and at 540 cm ' (broad shoulder), assigned to
J(WNN). They shift by 64 cm ' (v(NN)) and 11 cm !
(6 (WNN)) to lower wavenumbers on '°N substitution,
respectively (cf. Table 15). The band at 3049 cm ! is
assigned to v(CH), that at 2090 cm ~' to v(CN). Bands
at 1582, 1088 and 1026 cm ™' are assigned as in
compound I. The features at 1951 ('*N) and 1886
em ! (!°N) correspond again to the NN- stretch of
the precursor (vide supra).
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Fig. 15. IR spectra of [W(N,)(NCPh)(dppe),] (V).

6. Discussion and conclusions

In the preceding sections the electronic and vibra-
tional structure descriptions of dinitrogen and diaze-
nido(2-) complexes with trans nitrile ligands have been
developed. Due to the fact that protonation of the
dinitrogen complex with a trans nitrile group to the
corresponding N,H, complex proceeds under retention
of this axial ligand, these systems appear to be particu-
larly attractive candidates for the metal-centered cata-
lysis of N, fixation. In contrast, one of the two
dinitrogen ligands in the usual bis(dinitrogen) Mo and
W systems is exchanged by a Lewis base deriving from
the acid used for protonation, leading to a frans halide,
hydrogen sulfate or sulfonic acid Mo/W-N,H, complex
[5]. This exchange of the axial ligand is unfavorable with
respect to the realization of a catalytic cycle for nitrogen
fixation (cf. Section 1).

Most importantly, the activation of the single N,
group bound in trans position to nitrile is found to be
higher than that of each of the two N, ligands in the
corresponding bis(dinitrogen) system. This is evidenced
by an increased electronic charge on the Ng atom of the
N, group in the trans nitrilo as compared with the trans
bis(dinitrogen) complex (—0.12 vs. —0.06). As a con-
sequence, the protonation leading to the N>,H, complex

is more favorable in the frans nitrilo complex. Likewise,
the N—N stretching frequency in the frans nitrilo system
[W(N,)(NCEt)(dppe)>] (I) of 1895 cm ! has a lower
value than that in the bis(dinitrogen) complex
[W(N,)>(dppe)] (0) (2007 cm ' for the symmetric and
1954 cm ! for the antisymmetric combination of the
N-N stretches). This is also reflected by the obtained
force constants: for the nitrilo complex, the QCA—-NCA
procedure gives an fan value of 14.95 mdyn A ~! which
is lower than 16.43 mdyn A~ calculated for the
corresponding bis(dinitrogen) complex. Both, the trans-
fer of electronic charge to Ng and the lowering of the
N-N force constant with respect to the free ligand are
due to backbonding into the n* orbitals of dinitrogen. In
agreement with the above findings, this interaction is
found to be stronger in the DFT calculations for the
single N, group in the trans nitrilo system than for each
of the N, ligands in the bis(dinitrogen) complex. The
stronger activation of the single N, group in I is also
evident from the shorter W—N distance found in the
crystal structure (1.983 A in I vs. 2.004 A in 0).

To a certain extent, the nitrile group competes with
the trans dinitrogen ligand for back donation from the
Mo/W(0) center: for all trans nitrilo dinitrogen systems,
the C—N stretching frequency is found to be lower than
in the corresponding free nitrile (EtCN: 2190 vs. 2249
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cm ' iPrCN: 2171 vs. 2245 cm ', PhCN: 2094 vs. 2231
ecm ') [8]. Nevertheless, the nitriles are weaker =
acceptors than N,. This is evidenced by a smaller
lowering of the stretching frequency of the coordinated
nitrile with respect to the free ligand (lowering of v(CN)
60—75 cm ~ ') than in the case of dinitrogen (lowering of
y(NN) upon coordination over 400 cm~'). Likewise,
there is less negative charge on the C—N as compared
with the N-N group (—0.05 vs. —0.22). Remarkably,
the lower extent of backdonation is not compensated by
stronger ¢ donation from nitrile; in contrast, this ligand
is also found to be a weaker o donor than N,. This
probably derives from the fact that ¢ donation from the
nitrile p, orbital is limited due to the bonding of a
positively charged C atom (see below). Taken together,
these observations indicate that the bonding of nitriles
to the Mo/W(0) center is much weaker than that of the
N, group. The lability of the metal—nitrile bond is also
evidenced by the thermally allowed transformation of
the trans nitrile systems into their bis(dinitrogen)
counterparts. On the other hand, the lower extent of
backdonation into the nitrile ©* orbitals, is the origin for
the higher activation found for the single dinitrogen
group in the trans nitrilo complex as compared with that
of each of the N, ligands in the bis(dinitrogen) system.

The dinitrogen complex with a trans PhCN ligand has
a weaker activated N, group than the corresponding
trans alkyl nitrile systems. This is evident from the
higher N—N stretching frequency (1919 cm ~ ') and from
a slightly lower electronic charge calculated for the N,
group. Nevertheless, the lowering of the C—N stretching
frequency upon coordination of the free ligand to the
metal center is largest for this group (137 vs. about 70
cm ! for the alkyl nitriles; vide supra). The electronic
reason for these observations is the delocalization of
electronic charge from the d orbitals of the metal into
the m* orbitals of the aromatic nitrile ligand which acts
to diminish the charge transfer to the N, group. The
lower activation of the N, ligand trans to the PhCN
group as compared with systems with trans alkyl nitrile
ligands is in agreement with trends obtained from
electrochemical oxidation potentials [9].

The second important result of the spectroscopic
investigations and DFT calculations is the fact that the
activation of the NNH, group with a trans nitrilo ligand
is lower than in corresponding NNH, systems having
trans halide ligands. This is evidenced by the positive
charge on this group in the NNH,—nitrile complex
(+0.20), while the corresponding trans fluoro—NNH,
system has an almost neutral NNH, ligand (charge
—0.03). Clearly, the hydrazido(2-) formulation is even
less appropriate for the description of the NNH, group
in the trans nitrile than in the trans fluoro complex. In
addition, the N—N stretching frequency is higher for the
nitrilo-NNH, (v(">N—-"°N): 1384 cm ~ ') compared with
the fluoro NNH, system (v(">’N-'"N): 1343 cm ~'; the

corresponding '*N—'*N stretch is obscured in the nitrilo
complex), indicating a lower degree of backbonding.

The origin for the lower activation of NNH, trans to
nitrile as compared with zrans halide is the fact that
nitrile is a neutral ligand while a trans halide ligand is
able to donate additional electron density into the Mo/
W-NNH, moiety. In the trans fluoro complex, the F
ligand is assigned an NPA charge of —0.55, i.e. has
transferred 0.45 charge units to the Mo/W complex. In
contrast, the C—N group of the nitrile ligand acquires a
total charge of +0.06 at the NNH, stage, practically the
same value as in the N, complex (vide supra). Hence, in
the case of nitrile there is no synergetic effect to the
protonation process due to donation from the trans
ligand. Nevertheless the example of the nitrile systems
demonstrates that protonation of an N, complex is
possible without exchange of the trans axial ligand.

It has been found by '>’N NMR spectroscopy that the
shielding of N,, and Ng in the NNH, ligand as a function
of the trans ligand decreases in the sequence halide >
HSO,~ > NCPr" [10]. The weaker shielding (or stronger
deshielding) of NNH, in the frans HSO, complex as
compared with trans halide systems has been suggested
to be associated with a movement of electronic charge
towards the trans NNH, group which then should be
more susceptible to protonation than in the case of the
trans halide systems [25]. From the above trend of the
N, and Ng chemical shifts, this should be even more
pronounced for the frans NCPr" complex, i.e. this
complex should have the highest activated NNH,
ligand. Our results indicate that the opposite is the
case. Therefore, the shielding of N, and Ng and
activation of the NNH, ligand have to go in parallel.
This would also be in agreement with the stronger
shielding of N, and Ng observed for W than for Mo/N,
and —N,H, complexes corresponding to a higher
activation of NNH, and N, respectively [10,26]. As a
consequence, however, the activation of NNH, in the
trans HSO,~ complex would be lower than in trans
halide systems. This would correspond to the weaker
Lewis basicity of HSO, ™ as compared with halide, again
reflecting the influence of the donor properties of the
trans ligand on the activation of the N,H, group.

Remarkably, the bonding of the nitrile group which
has been found to be weak in the case of the N, complex
(vide supra), becomes even weaker in the NNH,
complex. The calculations show that nitrile is in fact a
very weak ligand at this stage of N, reduction. There is
no backbonding into nitrile ©* orbitals any more.
Neither is nitrile bound by a significant ¢ donor
interaction to the metal center. This is illustrated by
the large Mo—Ni(nitrile) bond distance (2.275 A) and the
short C—N bond distance (calc. 1.175 vs. 1.189 A in the
free nitrile). In the N,H, complex there is a further
increase of the polarization of the C—N group which
already has been strong in the trans dinitrogen complex.
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However, the negative charge at the nitrile N atom is not
transferred to the metal to a significant degree. A
possible explanation for this observation is provided
by the fact that the nitrogen donor of the nitrile group is
bound to a positively charged C atom and hence, cannot
act as a strong donor.

This bonding description is also supported by the
results of vibrational spectroscopy. In contrast to the
trans dinitrogen complexes where the C—N stretching
frequencies have been found to be lowered with respect
to the free ligands (vide supra), they are shifted to higher
values in the NNH, system. This increase of the C—N
stretching frequency which is also observed for other
nitrile complexes [8] is obviously correlated to a short-
ening of the C—N bond occurring as a result of the
increase of polarization of the C—N unit upon bonding
to a metal center. Only in the case of coordination to an
electron-rich metal, this effect is overcompensated by
backbonding leading to a lowering of the C—N stretch-
ing frequency with respect to the free ligand, as observed
in the case of the Mo/W(0) nitrile systems.

This finding bears an interesting relationship to the
theoretical results of Frenking et al. on the properties of
CO coordinated to metal centers [27]. Here, the C-O
triple bond also becomes shorter when the metal cation
approaches the carbon atom; only at the onset of
metal - CO back donation this trend is reversed, and
the C—O bond becomes longer again. With respect to
the polarization of the coordinating group, however,
there is a remarkable difference between CO and RCN:
upon coordination of a metal or H to the C atom of
CO, the polarization between C and O is found to
decrease whereas in the case of a metal coordinating to
the N atom of the nitrile ligand, the polarization
between N and C is found to increase (vide supra).
This difference is certainly due to the fact that in the case
of CO the less electronegative atom acts as a 6 donor to
the metal while in case of RCN this function is located
at the more electronegative atom.

What are the consequences of the above results with
respect to the rational design of metal complexes able to
catalyze N, fixation? As a first application, nitrile
groups have been used to attach Mo/W dinitrogen
complexes with equatorial phosphine ligands to electro-
des [11]. In this geometry, the nitrile ligand has two
functions: it first acts to fix the complex mechanically to
the surface of the electrode and secondly acts as a
molecular wire, i.e. funnels electrons into the Mo/W—-N>
system. However, since the bonding of nitrile has been
found to become weak at an intermediate stage of N,
reduction, the connection to the electrode established
this way may become labile during the catalytic cycle
and the complex may dissociate away from the surface.
As a consequence, it appears to be necessary to
additionally fix the Mo/W phosphine system to the
surface (e.g. by linkers deriving from the phosphine

ligands). Nevertheless, due to the weak covalency at
intermediate stages of N, reduction the electron transfer
properties of this group may also become poor during
the catalytic cycle. As a consequence, it appears more
promising to use a connection via the phosphine groups
to the electrode to mediate electron transfer to com-
plexes like 1.

If Mo/W phosphine complexes with axial nitrile
ligands are to be used for the homogeneous catalysis
of N, reduction, it also has to be taken into account that
the nitrile ligand is potentially labile during most of the
catalytic cycle. In spite of this drawback, it may be
meaningful to use this ligand in zrans position to the N,
group as it both stabilizes the Mo/W(0) oxidation state
and activates the N, group to the first (and most
difficult) protonation step; this is not possible with
ligands having m donor interactions [28]. As a conse-
quence, the nitrile ligand has to be further attached to
the metal phosphine complex in order to prevent (i) loss
of this ligand during the catalytic cycle and/or (ii)
exchange against a Lewis base deriving from the acid
used for protonation. If this can be achieved syntheti-
cally, the trans position of the N, group would
effectively be blocked, i.e. protected from attack by an
external ligand. This way, the unfavorable ligand
exchange reactions at the trans position of N, could in
fact be avoided.

7. Supplementary material

Tables of details of the structure determination,
atomic coordinates, isotropic and anisotropic displace-
ment parameters as well as bond lengths and angles for I
are available upon request.
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