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Redox-Induced N, Hapticity Switching in Zirconocene Dinitrogen

Complexes**

Scott P. Semproni, Donald J. Knobloch, Carsten Milsmann, and Paul J. Chirik*

The functionalization of molecular nitrogen, N,, using soluble
transition-metal complexes has been a long-standing goal in
chemical synthesis."! At the core of this challenge is under-
standing the interaction of the N, molecule with transition-
metal complexes.””! For metallocenes of the lanthanides® and
the Group 4 triad,[** side-on coordination of the N, ligand
has special significance, offering unique electronic structures
such as (N,)*,l) compounds that act as single molecule
magnets”) and a wealth of functionalization chemistry,
including reactions that couple N=N cleavage to N—H and
N-C bond formation.®! Although early transition-metal
dinitrogen complexes with side-on N, coordination are now
the most prevalent and dominate the reactivity landscape, this
hapticity is by no means a prerequisite for functionalization
chemistry. For example, a bis(indenyl)zirconium complex
with an activated end-on dinitrogen ligand stabilized by NaCl
inclusion undergoes N, hydrogenation.”)

In Group 4 metallocene dinitrogen compounds, control-
ling N, hapticity by manipulation of the steric environment
imparted by the cyclopentadienyl substituents is now well-
established.'” For zirconium and hafnium, removing a methyl
group from each cyclopentadienyl ring in [{(n’-
CMeMN,) (o' -N,)] (M=2Zr, HH'  induces
a change in N, hapticity from end-on to side-on.'” In
contrast, for titanium, the smallest metal in the triad, the
demarcation occurs when removing a methyl group from
[{(n>-CsMe,H),Til, (' m'-N,)].[¥ Much less is known about
the electronic influences on N, hapticity in a constant
ancillary ligand environment. Herein we describe the syn-
thesis and characterization of ansa-zirconocene dinitrogen
complexes that reversibly change N, hapticity as a function of
redox state. The spectroscopic signatures of the anion with
end-on N, coordination are identical to Lappert’s [(n’-
CsHs),Zr(R)(*-N,)] (R =CH(SiMe;),),' a compound
often cited as having the first side-on bound N, ligand in
a Group 4 metallocene dinitrogen complex. This formulation
is also unusual as no monomeric Group4 metallocene
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dinitrogen complexes exhibit side-on coordination.™ Crys-
tallographic and spectroscopic data presented herein revise
that structure and provide insight into the fundamental
features that govern N, hapticity in Group 4 metallocene
complexes.

During the course of our continued investigations into
structure-reactivity relationships with Group 4 metallocene
dinitrogen complexes, a new ansa-dicyclopentadienyl ligand,
Liy[Me,Si(n’-CsMe,)(n’>-CsH;-3-2°Ad)]  (*Ad =2-adamantyl),
and its corresponding zirconium dichloride complex, 1-Cl,,
were prepared using standard routes.'" Attempts to synthe-
size the neutral dinitrogen complex by reduction with 0.5 %
Na(Hg), the typical procedure to prepare such com-
pounds,®* 1218 produced an intractable mixture of paramag-
netic and diamagnetic zirconium products. By contrast,
stirring a diethyl ether—toluene slurry of 1-Cl, with excess
KC; under an N, atmosphere furnished a red crystalline solid
identified as the anionic zirconocene dinitrogen complex,
K[1-N,]Cl,, in 51 % yield.

X-ray diffraction on red single crystals of K[1-N,]Cl,
established the molecular structure as the binuclear zircono-
cene chloride compound with an end-on dinitrogen ligand
(Figure 1)."® A potassium cation, solvated by two equivalents
of diethyl ether, interacts with both chloride ions and the N,
ligand. The zirconocene subunits are arranged such that the
bulky 2-adamantyl groups are oriented anti across the metal-
locene wedge. The potassium cation is pseudo symmetrically

Figure 1. Representation of the solid state structure of K[1-N,]Cl,
(ellipsoids set at 30% probability). Cyclopentadienyl substituents and
hydrogen atoms have been omitted for clarity.
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disposed between the two zirconocenes. The N—N bond
distance of 1.223(9) A signals modest activation when com-
pared to a related NaCl stabilized bis(indenyl) zirconium
complex with an end-on (N,)*" ligand, which exhibits an N—-N
bond distance of 1.352(5) A.”! By way of calibration, lantha-
nide dinitrogen complexes with (N,)*" ligands have N—-N
distances that range between 1.396(7) and 1.405(3) A.1¥
Therefore, the contracted N—N bond length observed in
K[1-N,]Cl, is most consistent with values in metallocene
dinitrogen complexes assigned as having (N,)*~ ligands.

A solution magnetic moment of 1.6(2) ugz was measured
for the odd-electron ansa-zirco-
nocene complex in [D¢]benzene
at 23°C, consistent with one
unpaired electron. To gain fur-
ther insight into the electronic
structure of K[1-N,]Cl,, an EPR
spectrum was recorded as a tol-
uene solution at ambient tem-
perature (Figure 2). As part of
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Figure 2. Experimental (black) and simulated (gray) X-band EPR spec-
trum of K[1-N,]Cl, (top) and K[1-"*N,]Cl, (bottom) collected in toluene
at 295 K. Simulated parameters: g,,=2.0028, A, ("*N) =10.6 MHz,
Ao(*N) =14.5 MHz, A, ("'Zr): 17.8 MHz (assuming 11.22% naturally
occurring ¥'Zr with 1=5/2).

these studies, the N isotopologue, K[1-"N,]Cl,, was pre-
pared by performing the KCs reduction of 1-Cl, under an
atmosphere of °N,. For the natural-abundance compound, an
isotropic signal was observed with g;,, =2.0028 and hyperfine
coupling (A;,(*N) =10.6 MHz) to two 100 % abundant /=1
nitrogen atoms as well as to *'Zr (A,,(*'Zr) =17.8 MHz, [ =5/
2, 11.2% abundant). Introduction of 5N, confirmed the
coupling to nitrogen as the signal for K[1-°N,]Cl, collapsed to
a triplet (A;o(*°*N)=14.5 MHz) with additional coupling to
?1Zr. Cooling the sample to 100 K (THF glass) produced
a broadened rhombic signal (g, =2.021, g, =1.996, g, = 1.994)
with only resolved "N hyperfine interactions. No *'Zr hyper-
fine coupling was observed at this temperature, which was due
either to line broadening that occurs upon cooling or spin
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localization on the bridging N, ligand. Cooling the sample to
lower temperatures resulted in continued line broadening and
generated a featureless spectrum. At 100 K, the A;,, value
increases to 12.6 MHz ("*N), which may be a consequence of
greater electron localization on the N, ligand. Similar
spectroscopic behavior was observed with the >N isotopo-
logue with appropriate changes in multiplicity resulting from
the 7=1/2 nuclear spin (Supporting Information, Figure S8).

The oxidation of K[1-N,]Cl, was explored with the goal of
preparing the neutral dinitrogen complex and establishing its
N, hapticity and degree of activation. Stirring a toluene

/& NS %\
AgBPh, L
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4—’ Me,Si pA _—1Zr SiMe,

Qé\cl e

[1-N2]C|2

SiMe,

solution of K[1-N,]Cl, with one equivalent of AgBPh, cleanly
furnished [1-N,]Cl, with concomitant precipitation of silver
metal and KBPh, The "HNMR spectrum of [1-N,]Cl, in
[D¢]benzene exhibited the number of resonances consistent
with formation of a C, symmetric dizirconocene dinitrogen
complex. The [D¢]benzene "N NMR spectrum of the N-
isotopologue, [1-'*N,]Cl,, exhibits a singlet at 6 = 639.9 ppm in
the range typical of halide-free dinitrogen complexes such as
[{(*-CsMe H), Zry (o, *-Ny)] - (0 =621.1 ppm)."* These
data suggest that the substitution of the nitrogen rather than
the formal oxidation state of the metal determines the
N NMR shift. The side-on hapticity of the dinitrogen
ligand in [1-N,]Cl, was established by X-ray diffraction
(Supporting Information, Figure S3). Unfortunately the crys-
tals were weakly diffracting and only molecular connectivity
and not metrical parameters could be reliably established. We
note that the Zr—Zr distance of 4.370(4) A is as expected for
a zirconocene complex with a side-on dinitrogen ligand.['”!
The electronic structures of K[1-N,]Cl, and [1-N,]Cl, were
also investigated with DFT calculations. The HOMO of the
neutral, ansa-zirconocene dinitrogen complex, [1-N,]Cl,, is
presented in Figure 3 and is best described as a m-backbond
from a linear combination of zirconocene b, orbitals with the
in-wedge N, m* orbitals similar to the electronic structure
reported for [{Me,Si(n’-CsMe,)(n’-CsH;-3-
Bu)ZrH}, (o> n*-N,)] . The LUMO is comprised of N,
7t* orbitals of & symmetry, which owing to the presence of the
chloride ligand do not have an appropriate metal orbital with
which to overlap. In cases where the additional X-ligand is
absent in the wedge, such as [{(n’-CsMe,H),Zr},(un%n-N,)],
an out-of-phase combination of la; zirconocene orbitals
interacts with the 8 symmetry N, m* and is responsible for
the formation of the (N,)*" ligand.!"® One-electron reduction
and alkali metal coordination induces a change in N, hapticity
from side-on to end-on and changes the frontier molecular
orbital picture. The DFT computed SOMO and SOMO-1
(Figure 3) are each comprised of linear combinations of
zirconocene b, orbitals interacting with the perpendicular m*
molecular orbitals of the end-on dinitrogen ligand. The DFT
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Figure 3. DFT-computed LUMO and HOMO (top and bottom, left) of
[1-N,]Cl, and SOMO and SOMO-1 (top and bottom, right) of K[1-
N,]Cl,.

computed N—N bond distance in [1-N,]Cl, of 1.227 A is
indistinguishable from the experimental value of 1.223(9) A
measured in K[1-N,]Cl, (DFT(N-N)=1.235 A), suggesting
that the population of the molecular orbitals perpendicular to
the metallocene wedge offers little in the way of dinitrogen
reduction.

As shown in Figure 4, the DFT computed spin density is
consistent with observations from ambient temperature EPR
spectroscopy. The unpaired spin is delocalized over the

Figure 4. DFT-computed spin density plot for K[1-N,]Cl, from Mulliken
population analysis. For a color version, see the Supporting Informa-
tion, Figure S17.

{Zr,N,} core with the majority of the spin residing on the
dinitrogen ligand. Thus, the overall electronic structure of
K[1-N,]Cl, is best described as a hybrid of Zr'V—(N,)* —Zr"
and Zr'"™—(N,) —Zr™. The experimentally determined N—N
distance of 1.223(9) A is consistent with this view of the
bonding in the molecule.

The reversibility of the redox-induced hapticity change
was explored by both electrochemical and chemical methods.
The cyclic voltammogram (Supporting Information, Fig-
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ure S22) in THF exhibited multiple irreversible oxidation
and reduction waves independent of scan rate. The associa-
tion/dissociation of the potassium cation with the N, ligand
that accompanies the redox-induced hapticity change is
believed to be the origin of this behavior (see below).
Electron transfer between K[1-N,]Cl, and [1-N,]Cl, was
explored by NMR and EPR spectroscopies in THF solution
and glass. No change in the features of the spectra was
observed upon mixing the compounds suggesting that inter-
molecular electron transfer does not occur on the timescale of
either technique. The redox-induced hapticity switching did
however prove chemically reversible, as treatment of the
neutral compound [1-N,]Cl, with KC; furnished K[1-N,]Cl,,
and oxidation of K[1-N,]Cl, with AgBPh, yielded [1-N,]CL,.
While pure products were obtained in each step because of
differential solubility, each synthetic transformation produced
only 50% yield of isolated product. Thus, the sequence was
only repeated for a few cycles owing to the material losses
associated with each step.

The EPR spectrum of K[1-N,]Cl, was reminiscent of data
published by Lappert and co-workers for the zirconocene
alkyl complex with a purported side-on dinitrogen ligand,
[(*-CsH;),Zr(R)(n*-N,)].1 Because K[1-N,]Cl, contained
an end-on dinitrogen ligand stabilized by alkali metal
coordination, we sought to reconcile the apparent difference
between the two compounds by preparing and structurally
characterizing Lappert’s example. Following the published
procedure,!"! yellow-brown plates suitable for X-ray diffrac-
tion were obtained and a representation of the molecular
structure is presented in Figure 5. The crystallographic data
definitively establish an anionic, bimetallic rather than

Figure 5. ORTEP of [Na(thf)¢][2-N,] (ellipsoids set at 30% probability).
Hydrogen atoms and disordered orientations of THF solvate have
been omitted for clarity.

monomeric alkyl zirconocene compound with a bridging,
end-on coordinated dinitrogen ligand and a sodium cation.
Unlike the potassium cation in K[1-N,]Cl,, the sodium ion in
[Na(thf)][2-N,] exhibits no close contacts with the dizirco-
nocene anion. The N—N bond distance of 1.228(9) A signals
modest activation and is indistinguishable from the value in
K[1-N,]CL. As in K[1-N,]Cl,, the extremely sterically
demanding CH(SiMe;), groups are positioned anti to one
another across the dimer and effectively block both sides of
the anion and likely discourage interaction of the cation with
the bridging dinitrogen ligand. The structural data on both
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[Na(thf)s][2-N,] and K[1-N,]Cl, establish the preference for
end-on coordination in anionic dinitrogen complexes.

To confirm that the crystallographic data on [Na(thf)e][2-
N,] were indeed representative of the bulk sample and
identical to the material isolated by Lappert, EPR data were
obtained. The ambient temperature EPR spectra of [Na-
(thf)s][2-N,] and the N isotopologue, [Na(thf)s][2-°N,],
were recorded in THF solution and are presented in the
Supporting Information, Figure S6. Comparison of the spec-
tra establish that the two compounds exhibit virtually
identical spectroscopic signatures and are in agreement with
those originally reported by Lappert.'¥ Thus, [Na(thf)][2-N,]
is an anionic zirconium dinitrogen complex with a modestly
activated, end-on N, ligand. Importantly, EPR spectroscopy
has proven to be a powerful technique for identification of
this new class of anionic zirconocene dinitrogen complex. The
structural revision of [Na(thf)][2-N,] renders Fryzuk’s
[{[(iPr,PCH,SiMe,),N]ZrCl},(u,,’;n*-N,)] the first example
of side-on dinitrogen coordination with a Group 4 transition-
metal complex.!'”

Because of the hapticity change induced by oxidation of
K[1-N,|ClL,, the neutral variant of Lappert’s dinitrogen
compound, reported as [{(n>-CsHs),Zr(R)}»(lon',m'-Ny)] (2-
N,), was also prepared and crystallographically characterized.
A representation of the molecular structure is reported in the
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Supporting Information, Figure S4 and confirms retention of
the end-on hapticity of the dinitrogen ligand. The N—N bond
distance of 1.175(4) A is contracted from the corresponding
anion. As with [Na(thf)s][2-N,], the large alkyl groups are in
an anti disposition across the zirconium dimer. The dihedral
angles of the metallocene wedges in 2-N, are equivalent by
symmetry and are equal to 168.9(14)°. By comparison, the
dihedral angles in [Na(thf)s][2-N,], are 159(3)° and 157(2)°,
indicating only a minor geometric reorganization occurs upon
formation of the anion again consistent with the alkyl ligands
dictating the overall molecular geometry. It is likely that the
spectator anionic ligand in the metallocene wedge, for
example, chloride and [CH(SiMe;),], rather than cyclopenta-
dienyl substitution, determines N, hapticity.

The cyclic voltammogram of [Na(thf)s][2-N,] in THF
(Supporting Information, Figure S21) exhibits two reversible
anodic waves, consistent with oxidation to the neutral
compound, and an as-yet unobserved monocationic zircono-
cene species. This behavior contrasts the irreversible electro-
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chemistry observed with the ansa-zirconocene compound and
is most likely due to the retention in N, hapticity and lack of
alkali metal dissociation—coordination associated with the
redox events. Accordingly, intermolecular electron transfer
occurs on the NMR timescale as evidenced by broadening of
the [Dg]benzene solution 'H resonances for diamagnetic 2-N,
upon addition of sub-stoichiometric quantities of [Na(thf)][2-
N,]. We note that addition of the paramagnetic titanocene
complex with a side-on coordinated N, ligand, [{(n’-CsH,-
1,2,4-Me,),Til,(uon' ' -N»)],®! had no effect on the
[D¢]Jbenzene NMR spectrum of 2-N,. These results demon-
strate that the absence of a gross structural change arising
from N, hapticity switching and alkali metal coordination that
accompany oxidation and reduction results in more facile
intermolecular electron transfer.

A DFT computational study was also conducted on the
neutral and anionic compounds, 2-N, and [Na(thf)s][2-N,],
respectively. The dinitrogen ligand retains its N, hapticity
upon reduction and the electronic structure is not compli-
cated by interaction of the sodium cation with the dinitrogen
ligand. As shown in the Supporting Information, Figure S16,
the HOMO of 2-N, is a linear combination of in-wedge
zirconocene N, m* orbitals likely responsible for the observed
N—N elongation. The DFT computed N—N bond distance of
1.179 A is excellent agreement with the crystallographic
distance of 1.175(4) A. One-electron reduction to [Na(thf),]-
[2-N,] generates a SOMO comprised of molecular orbitals of
b, symmetry perpendicular to the metallocene wedge. As with
K[1-N,]Cl,, population of this orbital results in a slight
elongation of the N, ligand as the N—N bond distance in
[Na(thf)][2-N,] of 1.228(9) A is only slightly elongated from
the neutral compound. The combination of EPR spectro-
scopic data and computed spin density (Supporting Informa-
tion, Figure S18) establish a similar electronic structure to
K[1-N,|CL. Thus, the N, ligand in [Na(thf)s][2-N,] is best
described as a hybrid between (N,)*~ and (N,)~, consistent
with the experimentally determined N—N bond distance of
1.228(9) A.

In summary, oxidation and reduction has been established
as a method for inducing reversible changes in N, hapticity in
an ansa-zirconocene complex. The associated structural
reorganization and alkali metal coordination—-dissocation
increases the barrier for intermolecular electron transfer
between neutral and anionic compounds. In the parent
zirconocene example, end-on hapticity is retained upon
oxidation and reduction enabling facile electron transfer
between neutral and anionic complexes. Both formally
anionic zirconocene dinitrogen complexes contain rare exam-
ples of N, ligands best described as a hybrid between (N,)*~
and (N,)”. The odd-electron character associated with this
unusual N, electronic structure may translate into function-
alization reactivity unique from previously established neu-
tral and radical methods reported for side-on bound N,
fragments and is an avenue currently under investigation.
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