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The assembly and fragmentation of nitrogen chains in ionic
species and organic compounds, as well as those coordinated
to metal centers,[1] have been investigated in the context of
new high-energy molecular compounds.[2] As potentially
reactive fragments, they have been stabilized by coordination
to transition metals. A variety of singly and multiply bonded
nitrogen-based molecular fragments have thus acted as
ligands in transition-metal compounds. Metal–nitrogen multi-
ple bonds in transition-metal imido complexes undergo [2+3]
cycloaddition reactions with azides, giving tetrazenido
units,[3, 4] Bergman�s study of the reaction of in situ-generated
zirconium imides having been seminal in this context.[5] Based
on earlier work by the same group,[6] we recently begun to
explore the chemistry of the heavier Group 4 metal hydra-
zides, which has revealed exciting new patterns of reactiv-
ity.[7, 8] Cycloadditions with azides, in particular, offered the
possibility to access the chemistry of formally dianionic
substituted N5 chains[9] ligated to the early-transition-metal
center and to probe their conversion into other coordinated
Nx fragments.

Reaction of the hydrazinediido complex [Zr(N2
TBSNpy)-

(NNPh2)(py)] (1)[7] with trimethylsilylazide and 1-adamantyl-
azide gave the corresponding [2+3] cycloaddition products
[Zr(N2

TBSNpy){N(R)N3NPh2}] (R = SiMe3: 2, 1-adamantyl: 3).
The structural assignment (Scheme 1) is consistent with the
analytical and spectroscopic data of both compounds.

The 15N NMR spectroscopic data were of particular
interest in the characterization of the metal-bound N5 unit
formed in the coupling between azide and hydrazinediide.
Whereas the signal of the noncoordinated Ph2N group was
detected indirectly by (15N,1H) HMBC (heteronuclear multi-
ple-bond correlation) spectroscopy (2 : 121.4 ppm, 3 :
122.2 ppm; external reference compound: NH3) all four 15N
resonances of the N4 unit in the metallacycle could be directly
detected at natural abundance. Assignment of the signals in
the 15N NMR spectra of complexes 2 and 3 [2 : d = 291.3 (Zr�
N), 293.8 (N�SiMe3), 378.6 (N=N), 411.4 (N=N); 3 (Figure 1):

292.4 (Zr�N), 303.8 (N�C10H15), 374.7 (N=N), 380.8 ppm (N=

N)] was additionally supported by a theoretical gauge-
independent atomic orbital (GIAO) study based on density
functional theory (DFT), which gave excellent agreement
with the experimental data (see the Supporting Informa-
tion).[10]

Scheme 1. Synthesis of the 2-pentazene-1,4-diyl complexes 2 and 3 and
thermal generation of the diazenido complexes 4 and 5.
N*= 15N label; TBS = SiMe2tBu; Ad = 1-adamantyl; Mes = mesityl.

Figure 1. Natural abundance 15N NMR spectrum of complex 3 along
with the assignment of the resonances.
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Single-crystal X-ray structure analyses of both 2 and 3
established the details of the unprecedented N5 ligands in
these complexes.[11] Since both molecular structures are
closely related, only that of complex 2 is depicted in
Figure 2 (the structure of 3 is depicted in the Supporting

Information). Whereas the ancillary diamidopyridyl ligand
N2

TBSNpy coordinates facially to the zirconium atom and
protects a major part of the coordination sphere, the N5 ligand
occupies the two remaining coordination sites and is bonded
to Zr through N4 and N7 (Zr�N4 2.139(2), Zr�
N7 2.159(2) �). Both bond lengths are within the expected
range for amido-N�Zr bonds,[12] which is consistent with both
being formally monoanionic donors.

The N�N bond-length pattern in the metallacycle (N4�
N5 1.397(3), N5�N6 1.260(3), N6�N7 1.395(3) �) indicates a
double bond between N5 and N6, whereas the other two N�N
distances are close to those of N�N single bonds, albeit with
some multiple-bond character owing to conjugation. The N�
N bond to the exocyclic NPh2 unit is the longest within the N5

chain (N7�N8 1.415(3) �). As expected, the exocyclic
N8 atom is nonplanar (SaN8 = 355.68). The R3N5

2� fragment
coordinated to the metal may therefore be interpreted as a 2-
pentazene-1,4-diyl ligand, the first to be characterized.

To gain further insight into the bonding in the {R3N5Zr}
unit of complex 2, DFT calculations (B3PW91) were carried
out (see the Supporting Information).[10] The interpretation of
the N4 fragment within the metallacycle as a formal six-p-
electron unit is reflected in the analysis of the relevant
molecular Kohn–Sham orbitals (Figure 3). Apart from the in-
phase p orbital (HOMO-54), there are two occupied single-
node p orbitals at higher energy, which make this fragment

equivalent to a butadiene dianion, in agreement with the
experimentally determined double bond between N5 and N6.
The formally dianionic nature of the 2-pentazene-1,4-diyl unit
is also supported by natural population analysis (NPA), which
indicates negative charges at N4 (�1.16 e) and N7 (�0.57 e),
the greater negative charge on N4 being due to the stabilizing
effect of the neighboring TMS group.

Heating complexes 2 and 3 at 70 8C led to the evolution of
N2. Monitoring this conversion by NMR spectroscopy, non-
selective degradation was detected for 2, whereas the 1-
adamantyl-substituted complex 3 was selectively converted
into a new compound 4, which was isolated and for which the
analytical data were found to be consistent with the loss of N2.
A complex with analogous composition was directly obtained
upon treatment of 1 with mesityl azide, which led to the
evolution of N2 and yielded complex 5 (Scheme 1). Com-
plexes 4 and 5 gave very similar NMR spectra. Next to the
15N NMR signals of the tripodal ancillary ligand [4/5 : d =

164.3/166.4 ppm (NSiMe2tBu), d = 286.9/284.1 ppm (py)],
there are three resonances assigned to the fragmented
nitrogen chain, of which the signals at d = 804.2 and
810.9 ppm for 4 and 5, respectively, are particularly diagnostic
and belong to the most downfield-shifted 15N resonances
detected to date. We note, however, that even greater
deshielding of 15N nuclei has been detected for nitrido
ligands.[13]

Figure 2. Molecular structure of complex 2. Selected bond lengths [�]
and angles [8]: Zr�N1 2.042(2), Zr�N2 2.034(2), Zr�N3 2.326(2),
Zr�N4 2.139(2), Zr�N7 2.159(2), N4�N5 1.397(3), N5�N6 1.260(3),
N6�N7 1.395(3), N7�N8 1.415(3); Si3-N4-N5 108.4(1), N4-N5-N6
114.4(2), N5-N6-N7 114.1(2), N6-N7-N8 108.7(2), C25-N8-C31
122.0(2), N7-N8-C25 117.0(2), N7-N8-C31 116.6(2).

Figure 3. Kohn–Sham molecular orbitals representing the p bonding
within the N4 fragment of the metallacycle in 2 and 3. C gray, N blue,
Si green, Zr turquoise.
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A single crystal X-ray structure analysis of compound 5
established the molecular structure of the N2 extrusion
products (Figure 4). The N5 chain in the primary [2+3]
cycloaddition products has fragmented, and the Ph2N unit of

the original hydrazinediide is bonded as a diphenylamido
ligand in the equatorial position (Zr�N6 2.170(3) �). The
axial coordination site trans to the pyridyl group of the tripod
ligand is occupied by an h2-coordinated mesityl–N2 group
(Zr�N4 2.231(4), Zr�N5 2.223(3) �; Zr-N4-N5 74.2(3), Zr-
N5-N4 75.0(3), C22-N5-N4 119.8(4)8) in which the N4�N5
bond length of 1.182(5) � is consistent with a (short) double
bond. The mesityl–N2 unit is a rare example of a nonbridging
side-on-coordinated alkyl- or aryldiazenido ligand.[14] A
similar h2-RN2 coordination was reported for the titanium
complex [Ti(C5H5)Cl2(h2-N2Ph)] (N�N 1.215(8) �)[15] as well
as the nickel complex [(dtbpe)Ni(h2-N2C6H4OMe)] (dtbpe =

1,2-bis(di-tert-butylphosphino)ethane; N�N 1.224(3) �).[16]

The bonding in complex 5 was modeled in a DFT
(B3PW91) study.[10] The selected frontier molecular orbitals
(MO, Figure 5) clearly represent a double bond between the
nitrogen atoms in the {Mes-N=N}�1 fragment. Furthermore,
the interaction of the {RN2}

�1 unit and the metal is reflected in
the populated Kohn–Sham MO composed of an orthogonal
out-of-phase combination of the nitrogen atomic p orbitals
and a d orbital of the zirconium atom. A full analysis of the
15N NMR spectra of 4 and 5 was again achieved by a DFT-
based GIAO analysis, which allowed the assignment of the
unusually downfield-shifted resonances to the substituent-
free N atoms (N4 in Figure 4) of the h2-RN2 units.

To gain some insight into the reaction pathway leading to
complexes 4 and 5, the hydrazinediido compound 1 was 15N-
labeled in the N(a)-position (indicated by an asterisk in
Scheme 1). Reaction with AdN3 and MesN3 and subsequent
N2 elimination gave complexes 4 and 5, in which the
substituent-free N4 position carried the label, implying the
fragmentation of the hydrazido N�N bond and the transfer of
the labeled nitrogen atom to the N atom (in the original
azide) which is adjacent to the 1-adamantyl or mesityl
substituent. The conversion into 4 and 5 following N2

elimination must therefore occur via an {R-N-N-NPh2} state.
A preliminary DFT (B3PW91)/ONIOM study of the frag-
mentation and N2 extrusion process indicates such a species as
an intermediate in the transformation of 3 into 4 (Scheme 2
and the Supporting Information).[17] The thermal fragmenta-
tion differs from the cycloreversion reported for the corre-
sponding tetraazenides which regenerate the imide and the
free azide.[5, 18]

We have reported the first example of a [2+3] cyclo-
addition[19] involving a hydrazinediido ligand, which gave rise
to a new N5 unit. In this case, as in our previous study, the
hydrazinediido ligand fragmented subsequently to the inter-
action with a substrate and transferred a nitrogen atom to an
electronically unsaturated ligand fragment. As a general
reactive principle it is expected to give access to further new
structural units.
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Figure 4. Molecular structure of complex 5. Selected bond lengths [�]
and angles [8]: Zr�N1 2.101(3), Zr�N2 2.065(3), Zr�N3 2.377(3),
Zr�N4 2.231(4), Zr�N5 2.223(3), Zr�N6 2.170(3), N4�N5 1.182(5);
Zr-N4-N5 74.2(3), Zr-N5-N4 75.0(3), N4-N5-C22 119.8(4).

Figure 5. Selected frontier molecular Kohn–Sham orbitals of the {Mes-
N=N}�1 fragment, representing the double bond between the nitrogen
atoms in the fragment. C gray, N blue, Si green, Zr turquoise.
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