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According to quantum chemical calculations, nitrido chlorides constituted flotradsition metals form ring
structures which are best described as weak deacteptor complexes between the lone pair at nitrogen and the
empty d orbitals at the transition metal. The stabilities of the ring structures increase in the ord&tdcCr W.

The transition metal Cr forms only endothermic ring systems, and these in turn decompose into monomers. A
comparison of several homologous oligomers of NMPlows maximum stability for the tetramer, in agreement

with the experimental findings. This particular stability of the tetramer is due to a perfect alignment of the
nitrogens between two metal centers. The vibrational analyses reveal that the character of the monomers is
nearly conserved in the ring systems. An analysis of the electron densities on the basis of Bader’'s method of

atoms in molecules as well as of the natural bond orbitals (NBO) substantiates the weak ring stabilities.

Introduction

The nitrido ligand is known as one of the strongesliectron
donors As a terminal ligand toward a transition meta&M),
it forms a strong bond, as pioneered in 1965 by Dehnicke and
Stranle! Meanwhile, various efficient syntheses for the arche-
typal transition metal nitrides (M= Mo, W) NMCls, 1, have
appeareti* (Chart 1). From the calculation of the force
constants a bond order of 2.2 could be deddedthe related
Mo=N bond. When the central atom M is a heavigr d
transition metal (M= Mo, W), ring structures are observed.
The matter has been now summarized in recent reviels.
The best-known ring system is the tetram®rcharacterized
for M = Mo and W& 11 Meanwhile, trimer structure8, have
also become knowi#:12 Of the higher homologues, the
pentamers and hexamers have not been reported so far.

were supplemented with studies on a selected variety of ring
systems of the otherScelements, M= Cr and W, to make a
suitable comparison with the other ring systems possible. The
method of choice for our investigations is the density functional
theory in combination with quasirelativistic effective core poten-
tial methods and a doublgdescription for the valence space.

Methodology

For the quantum chemical investigations we utilized the effective
core potentials (ECP’s) of Stevens, Basch, and Krd@$SBK basis)
which are relativistically corrected for the transition elements. For some
cases, in particular the investigation of the monomeric structures
(CIsMN (M = Cr, Mo, W), we also used the ECP’s developed by the
Los Alamos grouff (LANL2DZ basis) for comparison. In both basis
sets the valence spaces refer to a dodbéiescription for the main

roup elements and a tripte-description for the d orbitals at the

characteristic feature of these ring structures is bond alternationtransition metals. In some cases, one set of polarization functions was

i.e. one long and one short MN in the moiety.

In the present publication we explore the bonding features
in a series of ring structured, for n = 2—6, M = Mo. For
the investigation of a variety of ring structures, molybdenum

was chosen as the transition metal, since it occupies a centraP

position in the series ofédransition metals. The investigations
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added to chlorine and nitrogen, and its exponents were chosen according
to the suggestions of Schmidt et'al.To account for proper electron
correlation treatment, various procedures to obtain the equilibrium
geometries were tested: (a) the three-parameter density function of
ecké® where the nonlocal correlation is provided by the LYP
expressiotf2°(B3LYP), (b) the MP2 proceduteand the results were
compared with the findings at (c) the RHF level of sophistication. The
best results on the geometries of the ring systems were obtained at a
B3LYP/ECP level (ECP from Stevens, Basch, and Ktatfs without
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inclusion of additional polarization functions at the main group elements
nitrogen and chlorine. All quantum chemical calculations were
performed with the GAUSSIAN-94 set of prografis A table with
results of quantum chemical investigations at various levels of
sophistication on the monometss presented in the Appendix (which
includes further discussion of the basis set dependence and the variou
correlation procedures).

Results and Discussion

a. Qualitative Considerations. We begin our considerations
with an analysis of the molecular orbitals of the monoméric
Its bonding feature has been discussed in detail by Hoffmann
et al2324 Since the nitrogen is essentially more electronegative
than the transition metal, it is informative to discuss the
composition ofl via interaction of GIMo@*) (fragment A) with
an N3é-) atom (fragment B) (Figure 1).

Interaction of both fragments [€ A—B] leads to the system
of molecular orbitals in the monomeric nitride, For fragment
A the energy splitting of the d orbitals at the metal is given by
group theoretical consideratiofs%® At the CkMo unit (frag-
ment A, Cz, symmetry) is at high energy primarily a metal
orbital of g symmetry, followed to lower energy by an e set of
x2—y? and xy character. Below is a second e set with
predominantly metaky andyz character and in addition 2
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orbital, which has asymmetry. The nitrogen atom (fragment
B) has the three p orbitals, y, z, and ars orbital. These belong
to another e set and twg aymmetrical orbitals. The triple-
bond character N is obtained here by a stromgoverlap of
the e sets of orbitals of fragments A and B. The HOMQ@i2a

a lone pair orbital5, located at nitrogen and directed along the
MN axis (Chart 2). On the other hand, the LUMO in the
monomeric nitrides refers to an acceptor orbiG&lconstituted
from an e setin C. We will not further discuss all the molecular
orbitals in the resulting nitride, as these have, in fact, been
discussed in a skillful study by Hoffmann et28f4

Next we will discuss the formation of the ring systems. A
suitable donoracceptor interaction could occur between the
HOMO of one monomeric nitride with the LUMO of another
monomeric nitride, as is schematically illustratedi(Scheme
1). This view stresses ring formation as a simple denor
acceptor interaction of monomeric nitrides. In this structure
the central transition metal adopts a tetragonal pyramide with
the triple bond in the apical position and the chlorines and the
other nitrogen in the basal positions, e.g., as illustrated for the
tetramer2.

Nevertheless such a view is not unique. It may well be
possible that the acceptor orbitals share the electrons of the donor
orbital to form a strongr bond. In additior? does not account
for possiblesr delocalization in the formed ring systems. In
this case the stabilities should obey d#el's rule® In more
detail the molecular orbital system of nitrides resemble those
of phosphazenes which have been the subject of a historical
controversy between Dewdrand Craig?® On this basis the
trimer (CkMN)3 (M = d° transition element)3, should exert a
particular stability, even though the bond lengths between the
nitrogens and the transition metals may alternate. As will be
shown by the results of the numerical calculations at SCF level,

(27) Dewar, M. J. S,; Lucken, E. A. C.; Whitehead, M. A. L.Chem.
Soc. (London)l96Q 2423.

(28) (a) Craig, D. P.; Paddock, N. INature (London)1958 181, 1052.
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4682.
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Figure 1. Interaction diagram for the frontier orbital composition of monomeric metal nitride=[&—B] from MCI3G" (A) and N3 (B).
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a particular stability of the trimer is not observed. Hence, of
the two alternative views, (a) ring formation by dor@cceptor
interaction of monomeric nitrides or (b) formation of cyctic
delocalized ring systems, our considerations favor the former.
b. Equilibrium Geometries of the Ring Structures. To
study the bonding situation i@ and related homologues we
performed a detailed analysis of the ring structures by quantum
chemical calculations at SCF level. Of all the tested various

procedures (see Appendix) the most successful and also mosangles in deg) of the monomér (M = Mo).

economically feasible (with regard to the computational effort)
appeared to be the density functional approach (B3LYP) with
a relativistically corrected effective core potential (SBK) and

without further augmentation of the basis set by polarization
functions. For the optimization of geometri€g, (N = 2—6)
symmetry constraints were assumed. For the trimers and
tetramers of M= Mo, a vibrational analysis verified these
structures as energy minima on the electronic hypersurfaces.
At least for these cases the high symmetry of the structures is
thus assured. Given the same ring size fo=MCr, Mo, W,

the bonding facets are characteristic, as illustrated for the trimers
to the hexamers of the metal nitrides with %Mo in Figure

2. The nitrogen atoms tend to align between the two metals.
One MN bond is short while the other one is long; overall, a
strong bond alternation is obtained. For the smaller rimgs (

3) the nitrogen atoms are bent outside while for the larger rings
(n =5, 6) the nitrogens are bent inside the metaktal axis.
More details of the geometries for M Mo are given in Table

1. For completeness we also included in the table the most
important equilibrium parameters (bond lengths in A, bond
Upon ring
formation the M=N bond is only slightly elongated. The effect

of ring size is, however, revealed in the long¥ bond. This
bond length decreased by almost 10% from the dimer Q)
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Figure 2. Schematic drawing of the ring structures for-¥Mo.

Table 1. Geometry Parameters (Bond Lengths in A, Bond Angles
in Deg) for Ring Structures, Constituted from # Mo (at the
B3LYP/SBK Level)

Table 2. Geometry Parameters (Bond Lengths in A, Bond Angles
in Deg) for Ring Structures, Constituted from # W (at the
B3LYP/SBK Level)

n Mo=N Mo—N MoCle; MoClax OMo=N—-M [ON=Mo—N n W=N W-N WClgq WCly, OW=N-M [ON=W-N
12 1669 -— 2315 2.315 b - 1@ 1.687 — 2321 2321 b -

2 1702 2384 2316 2.339 101.8 78.5 2 1752 2153 2344 2.350 97.4 82.6
3 1704 2183 2341 2.349 155.0 85.0 3 1738 2060 2364 2.353 154.1 85.9
4 1701 2148 2342 2.360 173.9 96.1 4 1733 2032 2359 2.368 169.9 100.1
2 i;gg ggé ggﬁ gggg %gg 18%3 an = 1 refers to monomeP.ONWCI = 104.7 (Cs, symmetry).

an = 1 refers to monomef. ONMCI = 105.3 (C;, symmetry).

to the trimer 0 = 3). The effect of ring formation also
significantly increases the length of the MoCl bonds. With
increasing ring size the&IM=N—M becomes almost linear
(n = 4, 5) while theON=M—N is continuously opened.

It is informative to compare these findings with the result
for the higher homologue M= W. Only a selected variety of

these ring systems are differently substituted. For the chromium
compounds a trimer and a tetramer were investigatee: 3
(4), M=N 1.562 (1.561), M-N 2.208 (2.069), M-Cleq 2.187
(2.233), M—Cla 2.204 (2.196),0M=N—-M 158.9 (175.5),
ON=M-—N 81.1 (94.5).

c. Energy Considerations. How stable are these ring
systems? A quantitative measure is given by an analysis of

ring systems was investigated, the results for the most important'éaction 1.

bonding parameters are collected in Table 2. The bonding is
similar to the molybdenum case. Here the elongation of the
M=N bond upon ring formation is more pronounced and the

M—N bond is significantly shorter in the tetramer= 4). We
note that for the tetramers (M Mo, W) our computationally

nCl,Mn — (CI;MN),, + AE 1)

If the quantity AE is negative, an exothermic ring formation
results and them\E/n gives an energy profit for the formed

derived structures are in good agreement with the experimentalaverage M-N bond. For all of the calculated ring systems M

results of the crystallograptfy1 Similarly our values for the

= Cr, Mo, W, the compiled values fohE/n are collected in

trimers, the predicted strong MN bond alternations, are in Table 3. It is worthwhile to extrapolate our analysis to=M

agreement with the recently reported structdfes$,although

Cr. From the viewpoint of experiment corresponding structures
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Table 3. Energy Balances (in kJ/mol) for Ring Formation of Table 5. Vibrations (in cn?) for NMCl; Compounds (at the
Transition Metal Nitrides (at the B3LYP/SBK Level) B3LYP/SBK Level)
n vm (cm™Y)
M 2 3 4 5 6 Cr Mo W symm IR Raman assignment
Cr a +17.7 +7.6 - - 1202 1123 1131 a + + M=N valence
Mo +2.7 —48.3 —59.4 —59.4 —55.9 486 424 397 e + + M—Cl valence
W —29.4 —99.5 —115.8 - - 391 371 374 a + + M—Cl valence
aDi e 296 260 258 e + + M=N deformation
issociation into two monomers. 168 133 125 a + + M—Cl deformation
Table 4. Disproportionation Energies (in kJ/mol) for Ring 122 96 97 3 + + M~=Cl deformation
Structures (at the B3LYP/SBK Level) Chart 3
reaction Mo w NMoCl3 +1.28 (+2.00) 0.22 (-0.51)
2(NMClg), — (NMCls); + NMCl3 —-156.5 —180.8 (NMoCi3)3  +1.32 (+2.24) -0.47 (-0.82)
2(NMC|3)3 - (N MC|3)4 + (N MCI3)2 +58.9 +74.6 (NMoCl3)4 +1.33 (+2.28) -0.49 (-0.86)
2(N|\/|C|3)4—> (NMC|3)5 + (NMC|3)3 +32.7 -
2(NMCl3)s — (NMCl3) + (NMCl3)s +21.8 -

are not known. In the computer experiment these can be traced NBO (Bader)

as stable minima on the energy hypersurface, but their ring
formation appears to be endothermic (see Table 3). Itis obviousin the order Cr< Mo < W. In agreement with experiment
that with increasing atomic number of the transition metal (Cr the MCl vibrations show up at approximately 400cm Upon
< Mo < W) the ring systems gain stability, as witnessed in the fing formation (M= Mo) the M=N vibrations couple for the
series of trimers and tetramers. trimer (Cgh) to € (1104 CnTl) and & (1028 CnTl) and for the

Our findings rule out a particular role of tdkel's rule on  tetramer Can) to by (1139 cnm?), e, (1113 cn?), and g (1070
the stabilities of the ring structures. According to our consid- M %). In the trimer only the eand in the tetramer only the e
erations these should rather be described by a d-meptor vibrations are IR active. We do not list here the full vibrational
interaction of the lone pair orbital at nitrogen (donor) into the analysis. Full details of the investigations are available on
vacant d orbitals (acceptor) at the transition metal. Within a request.
given series of metals (e.g. Mo) the average binding energies The analysis of the ¥N vibrations in the ring systems and
differ only in a small amount, which can be accounted for the @& comparison with the correspondingvbration in the mono-
different geometrical arrangement of the nitrogen bridge (see Mers are again an indication of the weak coupling of monomeric
Figure 1) in bonding toward the metal. The best arrangement Units in the rings. It emphasizes the view of a donacceptor
of the monomeric nitrides seems to be given in the tetrameric interaction dictating the stability of the ring structures.
structure. e. Population Analysis. Last we will discuss the results of

It is informative to inspect the disproportionation energies the population analysis for the various structures. Again we
for the ring structures. For M= Mo and W these are listed in ~ restrict our consideration to the cases=MMo. Analyses of
Table 4. The energy balances are Strong]y exothermic for thethe electron densities were performed Utl'lZIng various partition-
dimers. For all other cases these are strongly endothermic.ing schemes, the NBO (natural bond orbital anaffsand
Hence one expects that these structures are stable entities oBader's method of “atoms in molecule®” (values in paren-
the electronic hypersurfaces. theses, Chart 3). Both procedures result in similar trends, and

d. Vibrational Analysis. Important physicochemical aspects the metals have strongly donated electron density to the
of the transition metal nitrides are their vibrational spectra. If hitrogens and chlorines. To a stronger extent this tendency is
they form stable ring structures then the vibrational spectra Pronounced in Bader’s approach. (The charges were obtained
should change essentially with respect to the monomers.by an integration of the charge density from the density
Experimentally the vibrational spectra of the monomers are functional wavefunction over the atomic basins.) These results
difficult to obtain since these undergo easily oligomerization are in accord with the assignment of a strongly polar metal
reactions to the ring systems, e.g., the tetramers. However, fornitrogen bond, although the formal oxidation statés} in the
NMoCls a sharp absorption band at 1045 @érhas been metal is not achieved. Interestingly the charge separation
assigned to the MoN triple boridwhile for NWCl; a single increases slightly from the monomer to the ring systems. For
peak appeared at 1086 chf Thus the M=N (M = Mo, W) M = W the electron density distributions are similar. However,
vibrations differ only slightly. Given the latter value (1086 the transition metal becomes more electropositive, thus donating
cm~1)7 For NWCk our computed value (1131 cr) differs by slightly more (ca. 0.1) electrons to its more electronegative
45 wavenumbers. The MCI vibrations occur at approximately neighboring atoms.
400 cnt. For the monomeric metal nitrides we obtained the
following normal vibrations (Table 5). In these structures no Summary
inversion center is present, hence all vibrations are IR and  The results of our investigations can be summarized as
Raman active. We note that in parts a vibrational assignmentfg|jows:
of the monomers has also been reported previously by quantum (1) The nitrido complexes of the®dransition metals (Cr,
chemical investigations of Frenking et?dl.Their results differ Mo, W) form ring structures which for the heavier elements
slightly from ours, since a different computational approach was o and W are more stable than their monomers. The element
used (MP2 procedure with the HayVadt quasirelativistic ~ \ = Cr is an exception, it does not form ring structures
effective core potential). Most important is the totally sym- exothermically from the monomers.
metric (@) M=N bond vibration. It appears at lower frequencies

(30) Reed, A,; Curtiss, L. A.; Weinhold, Ehem. Re. 1988 88, 899.
(29) Neuhaus, A.; Veldkamp, A.; Frenking, [Borg. Chem1994 33, 5278. (31) Bader, R. F. WAtoms in MoleculesClarendon Press: Oxford, 1994.
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(2) The ring structures are best described as weak donor Table 6. Results of Various Methods on NMog[Cs, Symmetry)

acceptor complexes in which the lone pair orbital at nitrogen

donates electron density toward the acceptor d orbitals at the
transition metal. Doneracceptor complexes in general possess
weak binding energie®33 A special role of Hagkel's rule as
driving force on the ring stabilities is not substantiated.

(3) As analyzed in detail for M= Mo, most stable are the
tetramers and least stable the dimers. The latter should
disproportionate easily into trimers and monomers.

(4) The vibrational spectra of (NMog}h=34 indicate that
upon ring formation the Me&N vibration is only slightly
changed in the wavenumber. It again makes a weak coupling
of monomers evident. The MoCl vibrations are strongly
separated from the MoN triple-bond vibration.

basis set method MaN MoCl CONMoCI
SBK? RHF 1.616 2.314 104.8
SBK+dP RHF 1.586 2.285 105.0
SBK MP2 1.750 2.319 105.1
SBK B3LYP 1.669 2.315 105.3
SBK+d B3LYP 1.646 2.284 105.4
LANL2DZ® RHF 1.611 2.323 103.9
LANL2DZ MP2 1.734 2.345 105.0
LANL2DZ B3LYP 1.664 2.318 104.7

a Effective core potential method of Stevens, Basch, and Krauss.

b Additional one set of d functions (6d) at chlorine and nitrogen.
¢ Effective core potential method of Hay and Wadt.

Table 7. Results of Various Methods on Tetramer (NMegkl

(5) The analysis of electron densities reveal an oxidation state

of the metal which is lower thant®), as one expects from
formal considerations. It indicates covalency in the metal
nitrogen bond. However, the Bader procedure of atoms in

molecules shows a stronger charge separation than the natural SBK

bond orbital analysis.
Our investigations on the nitrides are restricted to consider-
ations in the gas phase. In the experiment, however, the crystal

structures are mediated by neighboring effects and/or arebon

basis set method AE/n Mo=N Mo—N
SBK RHF —24.1 1.645 2.230
SBK+d RHF +86.5 1.625 2.282
LANL2DZ RHF —-16.7 1.633 2.240
B3LYP -59.4 1.701 2.148
SBK+d B3LYP —29.9 1.678 2.215

d, 1.64 and 1.67 A.lt is the result from investigations on

coordinated by other molecules. With regard to this aspect tWo different crystals. In comparison with at RHF level the

various structures are knowifr.3” Also our considerations do
not give an answer to possible [NWAL) polymerizatior® as
has been found for NRe£&# and NW(t-BuO}.3° It is of interest
to extend the considerations té dnd & transition elements.
Corresponding ring structures are recorded in the literdtufe.
Investigations on this subject are currently in progress.

Appendix

For the evaluation of ring structures we have tested various
guantum chemical methods. The matter may be first demon-
strated for the monomeric NMog(Table 6). Experimentally
two different bond lengths have been assigned to the MoN triple-

(32) Haaland, AAngew. Chem1989 101, 1017;Angew. Chem., Int. Ed.
Engl. 1989 28, 992.

(33) Schoeller, W. W.; Schneider, Rhem. Ber1997 130 1013.

(34) Stréle, J.; Weiher, U.; Dehnicke, K. Naturforsch1978 33B, 1347.

(35) Musterle, .; Stitale, J.; Liebelt, W.; Dehnicke, KZ. Naturforsch1979
34B, 942.

(36) Walker, I.; Strale, J.Z. Anorg. Allg. Chem1982 487, 26.

(37) Ergezinger, C.; EI-Kholi, A.; Miler, U.; Dehnicke, KZ. Anorg. Allg.
Chemiel989 568 55.

(38) Liese, W.; Dehnicke, K.; Walker, I.; Stike, J.Z. Naturforsch1979
34B, 693.

(39) Chisholm, M. H.; Hoffman, D. M.; Huffman, J. Ghorg. Chem1983
22, 2903.

MoN triple-bond results too short, in particular when additional

d functions are included in the basis set (SBK 1.586 (A).

On the other hand the MP2 procedure tends to overestimate
the MoN triple-bond length. This is also shown in a previous
study on oxo and nitrido complexes of Mo, W, Ru, and®s.
The best results are obtained on the basis of density functional
theory.

Similarly, the association energies for ring formation depends
strongly on the chosen computational level, e.g., for the tetramer
(NMoClj),4 the following situation results (Table 7). At the
density functional level the binding energiesH/n) generally
appear higher than at the RHF level. It indicates the importance
of an account for electron correlation on the binding energies.
Further additional polarization functions at chlorine and nitrogen
tend to pronounce destabilization of the ring structures.
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