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REVIEW: SOME CONSIDERATIONS
ABOUT COORDINATION COMPOUNDS
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2Departamento de Quimica-Ciencias, Universidad Nacional de Colombia, Bogota
D.C., Colombia; ®Escuela de Ciencias Quimicas, Facultad de Ciencias,
Universidad Pedagégica y Tecnolbgica de Colombia, Tunja, Boyaca, Colombia

( Received 11 September 2000; In final form 28 February 2001)

There have been several reviews on dinitrogen coordination compounds but no special attention
has been paid to correlate the electron configuration of the metal ions with the main features of
the ligands in order to establish an electron configuration-stability relationship. In this article
we consider nearly 200 complexes with terminal dinitrogen to find common characteristics that
lead to the synthesis of other stable dinitrogen compounds. This survey shows that for
coordination number 6 there is a strong tendency for a d% configuration in the metals, with
oxidation states between 1- and 2.

On the basis of quantum chemistry, dinitrogen as a ligand can be compared with the isoelec-
tronic species CO, CN~, NO*. The MO and orbital energy diagrams indicate that N is not a
good donor neither a good acceptor, but with the appropriate symmetry and in the presence of
a good w-donor metal it forms an Ny— M #-bond strengthened by an N,— M o-back-bonding.

Keywords: Dinitrogen compounds; 7 acceptor ligands; d° transition metal compounds; Low
oxidation states

INTRODUCTION

Nitrogen fixation, catalyzed by nitrogenase at normal conditions of pressure
and temperature, still constitutes the research interest of several groups since
the mechanism of action of the enzyme has not yet been elucidated.
Determination of the crystal structure of this enzyme is one of the most
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recent advances. It is generally accepted that an obligatory step in nitrogen
fixation is nitrogen binding to a transition metal ion, either Fe, Mo, or
V, but it is still uncertain where and how this binding occurs in the co-
factor. Research has also focused on finding synthetic catalysts to fix ni-
trogen under similar conditions to nitrogenases. Since the synthesis of
{Ru(N,)(NH;)s]*™ [1], and since the discovery that in [Mo(N,),(dppe),] the
activated dinitrogen could be converted to NH; [2), synthetic chemists have
been trying to obtain dinitrogen compounds able to produce NH; by simple
chemical methods and under normal conditions.

There have been several reviews on dinitrogen coordination compounds
as well as on their reactivity and methods of preparation; however, a
correlation between the metal ions present and the main features of the
ligands bound to the metal has not been attempted, in order to establish a
structure-reactivity relationship. Trying to rationalize our efforts on the
synthesis of new compounds, we carried out a comparison of nearly 200
complexes with terminal dinitrogen published in the literature to find the
common characteristics that lead to more reactive dinitrogen.

Table I lists the compounds [3—89] with terminal dinitrogen classified
according to the metal ion present, its oxidation state, coordination number,
and electronic configuration. The list does not pretend to be exhaustive but
contains enough compounds to draw some conclusions. The compounds
presented in the table were taken from previous reviews published by well
known researchers, such as Henderson et al. [43], Chatt et al. [90], Leigh
[91], Hidai [92], Shilov [93] and Takahashi [94]. Only Takahashi gives
special attention to the electronic structures of the metals. A summary of
these data is shown in Table II, in which the periodic correlations are
presented.

Transition Metal Ions

One hundred and forty seven (=275%) out of the 196 compounds listed
have metal centers with a d° electronic structure; from these, 145 are
hexacoordinate and two are heptacoordinate. From the former, 33
compounds have Re(I) as metal ion, 33 have Mo(0), 15 have W(0), 15
have Ru(II), 15 have V(I-), and 13 have Os(II). Also, ten compounds are
formed with Fe(II), five with Cr(0), three with Ir(III) and three with Mn(l)
(Tab. II). In seventeen hexacoordinated compounds the metal has a &
electronic structure.

There are 13 compounds with d® metal ions; eight of them tetracoordi-
nate, six with Rh(I), one with Mn(l-), and one with Ir(l), and the other five,
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TABLE II Coordination compounds with end-on dinitrogen, only d¢ hexacoordinated transi-
tion metals

4 5 6 7 8 9 10

22Ti 23\1'21-) 24C5r © 25M311(I) 26F1€(§H) 27Co 26Ni

a0Zr aNb 421\";;(0) aTe 44Rll15(H) 4sRh 46Pd

72Hf nTa 7aW(0) 7sRe(l) 760s(IT) 771r(1ID) 7Pt
15 33 13 3

pentacoordinate, three with Fe(0), one with Mn(I-), and one with Co(l).
The other twelve compounds have 4'° metal ions, of which nine are
tetracoordinate, two pentacoordinate, and one tricoordinate. The other d™
electronic structures appear only sporadically.

This survey shows that for coordination number six, there is a strong
trend for a d® configuration with the metals in low oxidation states, mainly
d-), (0), (), and (1.

Most compounds studied in this work fulfill the Effective Atomic Number
(EAN) rule, which indicates that hexacoordinate compounds are mainly
formed by d° metal ions, whereas tetrahedral compounds are formed by d'°
metal ions. There are also square planar complexes with @® metal ions,
which show EAN of 16.

A large number of compounds with a specific metal ion does not
necessarily indicate an easy route of synthesis but the interest of research
groups in emulating the structure or function of nitrogenases.

Coligands

Forty-seven of the 145 hexacoordinated compounds with d° structure have
some type of phosphine as the only coligand, 58 have in addition some other
ligand; four have NH; as the only coligand, one has only azide and one has
only water. The remaining ligands have other than phosphines. Among the
various coligands, the following order of appearance may be established:
phosphine derivatives (72%) > Cl~ >H™ > CO > aromatic derivatives >
n’-ligands > NH; > 7f-ligands > H,0 > other coligands.

Among the phosphines, 1,2-bis(diphenylphosphino)ethane (dppe) and
1,2-bis(dimethylphosphino)ethane (dmpe) are the most abundant. Both are
good o-donors and fair wm-acceptors. The ligands C1~, H™, and NH;, are
o-donors but not m-acceptors. Taking into account the metal ions present,
we suggest that the best ancillary ligands for forming dinitrogen complexes
are good o-donors and also m-acceptors.
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The Dinitrogen Molecule

Dinitrogen as a ligand may be compared with isoelectronic species such as
CO, CN~, or NO*, Recent papers or texts correlate them from the point of
view of qualitative molecular orbitals [95, 96].

There are many organometallic compounds reported in the literature with
CO as unique ligand most of which fulfill the EAN rule. The majority of
them have metal ions in low oxidation states, (0), (I), (I-). CN ™ is also a
common ligand, either as unique ligand or combined with others. On the
other hand, NO™ is normally encountered combined with other ligands,
generally CO. In contrast, there are usually only one or two N, ligands in
dinitrogen complexes; the other coligands have already been mentioned. The
published MO diagrams for these species indicate a (7r,‘,y)4 (0,)* configura-
tion which means that the ligands are o-donors and 7*-acceptors.

To compare the difference of N, from other isoelectronic ligands we use a
quantum mechanical calculation for this series (see preceding paper) [97].

In octahedral compounds, the low spin d electron configuration on the
metal is a good m-donor to the N, 7* molecular orbitals, and the eg-type
empty metal orbitals are necessary to allow L — M o-backbonding. When
the coaxial e, orbitals are partially filled (4*—d” high spin, 4’ low spin or
d®-d'%) the o-backbonding L — M is more difficult, and the possibility
of forming octahedral end-on dinitrogen complexes with these electron
configurations is low. On the other hand, a &® low spin structure is a good
n-donor and also o-acceptor, therefore a good structure to bind dinitrogen
end-on as Table I shows (17 &° compounds). Dinitrogen complexes with d®
metal ions in square planar geometry, in which there is a by (dy_y2) empty
orbital could also be stable. These ideas can be better understood with the
excellent d'~'° diagrams that result from the combination of the d orbital
functions published by Takahashi [94].

It is also necessary to take into account the symmetry and spatial
orientation of the orbital function graphics since there is some evidence
from IR that the 0 M — L bond goes from the 20y, o* ligand orbital (by
symmetry) and not from the 3o, o® orbital, more energetically favored. The
CN~ vibration that appears at 2080cm ! for the free ion, is shifted by
coordination above 2100cm !, since the bond is strengthened by o*
donation [98].

These facts also explain why a reductant is employed when this type of
complex is used as catalyst; we propose that for octahedral complexes
reduction should attain a d® electron configuration on the metal. Schrauzer
{99, 100], states: “In aqueous methanolic solution, a molybdenum complex
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derived from either Na,[Mo0,04(cys),], cys = [SCH,CH(NH,)CO,]; or
K,;[MoO(CN)4(H,0)] will, in the presence of an excess of sodium
borohydride, effect the reduction of dinitrogen gas to ammonia.” In these
compounds, we have Mo(V) and Mo(IV), and in our opinion the metal
should be taken to Mo(0), a d® configuration, so that it can bind N, and
reduce it to NH; while the metal is oxidized. As to the coligands, the
reactivity of dinitrogen is improved with good o-donors and not too good =-
acceptors in order to avoid competition for the metal d° electron density.

As a result it could be expected that, if the above mentioned aspects are
taken into account, more octahedral complexes with terminal dinitrogen
should be formed with those d® ions where not many dinitrogen complexes
are known, such as Cr(0), Mn(I), Fe(II), Ir(IIT), Rh(III), Co(III), Nb(I-), or
Ta(l-). In the case of ions with high positive oxidation states, the coligands
should be such that they substantially increase the electron density on the
metal. These considerations do not apply to dinuclear dinitrogen complexes,
which will be studied later.
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