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The treatment of the hydrazine complex cis-[Fe(NoH4)(dmpe),]?*
with base afforded the diazene complex cis-[Fe(NoH,)(dmpe),]. This
reaction is reversed by the treatment of the diazene complex with
a mild acid, while treatment of the hydrazine complex with a mixture
of KOBu' and Bu'li afforded the dinitrogen complex
[Fe(N2)(dmpe),].

Biological or industrial conversion of dinitrogen to am-
monia, as mediated by transition metals, must proceed
through a series of intermediate stages.' The nature of the
metal-bound intermediates provides vital information about
the mechanism of the transformation. The formation of
ammonia and hydrazine from iron dinitrogen complexes has
been reported,”* although few mechanistic studies have been
undertaken.* Iron complexes of hydrazine and diazene are
possible intermediates in the reduction of coordinated dini-
trogen in such systems.

We recently reported the syntheses of a side-on-bound
hydrazine complex, cis-[Fe(N,H,)(dmpe),]*>" (1), as well as
the first side-on-bound diazene complex, cis-
[Fe(NH=NH)(dmpe),] [2; dmpe = 1,2-bis(dimethylphos-
phino)ethane].” The diazene complex was previously isolated
by reduction of 1 (formed in situ by the treatment of trans-
[FeCl,(dmpe),] with hydrazine) with potassium graphite in
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relatively poor yield (17%). We now report that this iron(0)
diazene complex can also be synthesized in significantly
improved yield (55%) by deprotonation of the dichloride salt
of 1 with KOBu' (Scheme 1). The purity of the product was
also improved in that no cis-[FeH,(dmpe),] was formed as
a reaction byproduct using this route.

In an analogous reaction, the treatment of a solution of
trans-[FeCly(dmpe),] and 1,2-diphenylhydrazine with KOBu’
afforded the iron(0) azobenzene complex cis-
[Fe(PhN=NPh)(dmpe),] (3). No reaction was observed
between the dichloride starting material with 1,2-diphenyl-
hydrazine in the absence of KOBU/, indicating that depro-
tonation of the disubstituted hydrazine is probably the first
step in the reaction sequence.

Such a reaction gives rise to the question of whether 2
should be considered an iron(Il) hydrazido(2—) complex or
an iron(0) diazene st complex. A transition-metal complex
bearing an alkene or an alkyne ligand may be considered as
either (i) a metallacyclic complex where the metal has two
anionic o donors or (ii) a donor—acceptor st complex where
bonding arises from electron donation from a filled p orbital
of the ligand into a suitably directed vacant metal orbital
and back-donation from an occupied metal d orbital into the
antibonding 7% orbital of the ligand.®” While these two
models are often regarded as complementary, in reality, there
is a continuum between the two extremes.® Theoretically,
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Table 1. CDA Results for 2

basis set” d b r A
BS2 0.540 0.324 —0415 —0.047
BS3 0.547 0.323 —0.417 —0.044

“BS2: 6-311G(2d,p) on iron and 6-31G(d) on other atoms. BS3:
6-311G(2d,p) and LANL2DZ ECP on iron and 6-31G(d) on other atoms;
d = electron donation; b = back-donation; r = repulsive polarization; A =
rest term.

the question of whether a metal—ligand bond should be
classified as covalent or of the donor—acceptor type may be
answered by charge decomposition analysis (CDA),” which
has been used to determine the nature of bonding interactions
in both transition-metal® *'*!'! and main-group'* complexes.
CDA considers the bonding in a complex in terms of the
(fragment) molecular orbital interactions between two closed-
shell fragments, in this case Fe(dmpe), and NH=NH. CDA
allows the relative amount of electron donation (d), back-
donation (), and the interaction between the occupied
orbitals of both fragments leading to repulsive polarization
(r) to be calculated. In addition, the rest term, A, resulting
from the mixing of unoccupied orbitals on the two fragments
is also determined. A is a highly sensitive indicator that may
be used to determine the nature of the bonding interaction
between two fragments: in donor—acceptor complexes, this
term should be virtually zero.®

The bond lengths calculated with the B3LYP density
functional and basis set BS1'? are in good agreement with
the experimental bond distances for 2, and a comparison
shows that the average difference for core bond lengths is
0.045 A. The results of CDA calculations, using this
optimized geometry with two different basis sets,'* are given
in Table 1.

The donation to back-donation ratio (d/b), ca. 1.7, shows
that there is significant back-donation from the metal center
to the unoccupied orbitals on the ligand. The orbitals involved
in donation and back-donation are shown in Figure 1. The
rest term A is virtually zero," which clearly shows that

(9) Dapprich, S.; Frenking, G. J. Phys. Chem. 1995, 99, 9352-9362.

(10) (a) Dapprich, S.; Frenking, G. Angew. Chem., Int. Ed. Engl. 1995,
34, 354-357. (b) Boehme, C.; Frenking, G. Organometallics 1998,
17, 5801-5809. (c) Szilagyi, R. K.; Frenking, G. Organometallics
1997, 16, 4807-4815. (d) Dapprich, S.; Frenking, G. Organometallics
1996, 15, 4547-4551. (e) Vyboishchikov, S. F.; Frenking, G. Theor.
Chem. Acc. 1999, 102, 300-308.

(11) Decker, S. A.; Klobukowski, M. J. Am. Chem. Soc. 1998, 120, 9342—
9355.

(12) Frenking, G.; Dapprich, S.; Kohler, K. F.; Koch, W.; Collins, J. R.
Mol. Phys. 1996, 89, 1245-1263.

(13) Geometry optimization was undertaken using the B3LYP density
functional and BS1: 6-311+G(2d,p) basis set and LANL2DZ ECP
on iron, together with the 6-31G(d) basis set on all other atoms using
Gaussian03. CDA was performed with the CDA2.1 program developed
by S. Dapprich and G. Frenking (available from ftp.chemie.uni-
marburg.de) using the B3SLYP/BS2 (6-311G(2d.p) basis set on iron,
together with the 6-31G(d) basis set on all other atoms) or the B3LYP/
BS3 (6-311G(2d,p) basis set and LANL2DZ ECP on iron, together
with the 6-31G(d) basis set on all other atoms). AIM calculations were
performed with AIMAIl (version 08.05.04), Todd A. Keith, 2008
(available from aim.tkgristmill.com).

(14) The inclusion of an all-electron basis set did not have any deleterious
effects on the CDA undertaken here, with the results being virtually
identical regardless of the basis set used.

(15) For donor—acceptor complexes, the absolute value of A is generally
<0.05. For example, see: Frenking, G.; Frohlich, N. Chem. Rev. 2000,
100, 717-774. Vyboishchikov, S. F.; Frenking, G. Chem.—Eur. J.
1998, 8, 1428-1438, and ref 8.

6 Inorganic Chemistry, Vol. 48, No. 1, 2009

Figure 1. Donation (left) and back-donation (right) orbitals for 2. Hydrogen
atoms on phosphine ligands have been omitted for clarity.

Table 2. AIM Results for 2

pre)* V2p(r)”
Fe—NI1 0.095 0.350
Fe—N2 0.094 0.349
N1—-N2 0.377 —0.573
N1—Fe—N2 0.473
Fe—P6 0.077 0.219
Fe—P7 0.089 0.204
Fe—P8 0.089 0.210
Fe—P9 0.083 0.227

“ o(r.) = electron density; V?p(r) = Laplacian of electron density.

complex 2 is a donor—acceptor ;r complex between diazene
and iron(0) rather than a hydrazido fragment binding to an
iron(II) metal center.

Further evidence that 2 should be considered as a
donor—acceptor complex is provided by Bader’s Atoms In
Molecules (AIM) theory.'® AIM theory calculates the
electron density, p(r), and the Laplacian of the electron
density, vp(r), which yields information regarding the nature
of the bonding.'""'®!7 The results of the AIM analysis are
shown in Table 2. For all of the Fe—N and Fe—P bonds, the
values of the Laplacian are typical of systems with closed-
shell, donor—acceptor interactions.'"!®

Quite remarkably, the deprotonation of the hydrazine
complex 1 to form the diazene complex 2 is reversible, and
the reaction of 2 with the weak acid 2,6-lutidinium triflate
reforms the hydrazine complex 1. This was proven by
labeling the hydrazine complex with >N and monitoring the
reaction mixture with NMR spectroscopy. Upon treatment
of the poorly soluble orange dichloride salt of hydrazine
complex 1 with KOBu' in tetrahydrofuran-ds (THF-dy), a
yellow solution formed and a >N NMR signal at —314.4
ppm for diazene complex 2 was observed (Figure 2a).
Residual uncoordinated hydrazine (A) at —335.8 ppm was
also present. After the addition of 2,6-lutidinium triflate, a
color change to orange and two broad doublets at 5.06 and
4.21 ppm ("Jy—n = 79 Hz) for the protons on the hydrazine
ligand of 1 were observed in the '"H NMR spectrum as well
as a N signal at —388.8 ppm (Figure 2b), indicating that
the initial deprotonation was indeed reversible. A broad
signal for hydrazinium (NH;NH;>*, B) at —331.5 ppm from
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Figure 2. "N{'H} NMR spectra (THF-ds, 298 K, 41 MHz, referenced to
nitromethane) of 1 (a) after the addition of KOBu’ and (b) after the addition
of 2,6-lutidinium triflate (A = NH,NH,; B = NH;NH;>").

protonation of residual hydrazine was also detected in the
reprotonation step. To the best of our knowledge, the
reversible interconversion of an iron(Il) hydrazine to an
iron(0) diazene is unprecedented in the literature.

After several weeks, ’N NMR signals at —364.4 ppm for
ammonium (NH,")' and at —417.6 ppm for an ammine
complex cis-[FeCI(NH;)(dmpe),]t (4) were detected in the
reaction mixture. The identity of 4 was confirmed by the
preparation of an authentic sample by the treatment of trans-
[FeCl,(dmpe),] with a saturated solution of ammonia in
THF.?® The reaction of hydrazine complex 1 with 2.,6-
lutidinium triflate to form NH," and ammine complex 4 has
been verified independently.

The treatment of "N-labeled hydrazine complex 1 with a
mixture of KOBu' and Bu'Li (Schlosser base)?!' in hexane
afforded the end-on-bound dinitrogen complex
[Fe(N,)(dmpe),] (5),>*** as shown by IR and "N NMR
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spectroscopy (Scheme 2). An absorbance at 1928 cm™! for
v(1’N,) matched exactly with that of an authentic sample of
[Fe(*>N,)(dmpe),] prepared by the reduction of trans-
[FeCl,(dmpe),] with KCs in hexane under nitrogen followed
by placement of the solution under an atmosphere of '°N,.
In the >N NMR spectrum, two resonances at —47.7 and
—48.7 ppm were observed, which agree with those for the
authentic sample. The reaction probably proceeds via suc-
cessive deprotonation of the coordinated hydrazine to form
a coordinated diazene and then elimination of H, to form
the dinitrogen species.”

We have demonstrated the chemistry of iron diazene and
hydrazine complexes, which now link iron dinitrogen,
diazene, hydrazine, and ammine complexes in a chain of
chemical interconversions. These results may lend further
insight into the mechanism of nitrogen reduction at early-
transition-metal centers.
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