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The transformation of vanadium(III) azides, [(nacnac)V(N3)-
(X)]n {nacnac = [ArNC(CH3)]2CH–, Ar = 2,6-(CHMe2)2C6H3;
X = Ntol2–, where tol = 4-MeC6H4, n = 1; X = ArO–, n = 2}, to
their corresponding vanadium(V) nitrides, [(nacnac)-
V�N(X)], was investigated through an isotopic labeling
crossover experiment. The nuclearity of the azide species is
dependent on the size of the supporting ligand, X, with X =
ArO–, thus featuring a V2N6 core with two μ2-1,3-N3 bridging
ligands across the VIII centers. SQUID magnetization studies
and multifrequency, high-field EPR (HFEPR) experiments re-
veal the mononuclear azide complex to be consistent with

Introduction

Terminal metal nitride complexes occupy an important
niche in the realm of inorganic chemistry[1–6] and continue
to garner longstanding attention for their intermediacy in
the activation of dinitrogen and its conversion to ammo-
nia.[7–11] Although the nitride functionality has long been
regarded primarily as a stabilizing spectator ligand for tran-
sition metals in high oxidation states (redox inactive), in
recent years, unusual nitrides anchored by redox-active
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an S = 1 system, while the dimeric azide system is weakly
antiferromagnetically coupled with a spin singlet ground
state and thermally accessible triplet and quintet states.
These combined results suggest that the transformation of a
vanadium(III) azide to a vanadium(V) nitride most likely oc-
curs by a bimetallic mechanism, where Lewis bases inhibit
N2 extrusion. Room-temperature generation of the nitride
products from their corresponding azides can also be ac-
complished stoichiometrically with a Lewis acid, such as
B(C6F5)3, and catalytically, through an unsaturated vanadi-
um(II) fragment, [(nacnac)V(Ntol2)].

early and late transition metals have opened novel vistas
and added richness to the reactivity of these metal–ligand
multiple bonds. A few exemplary and unique reactions me-
diated by metal nitrides include direct insertion into C–H
bonds,[12–14a] bioinspired hydrogenation to form the parent
metal amide and ammonia,[6,15,16] complete and incomplete
N-atom transfer to form C–N bonds from π-acids (CO,
CNR),[16–20] and multi-electron reductive coupling reac-
tions to render metal–dinitrogen complexes.[13,21] Moreover,
a new and synthetically important application of molyb-
denum nitrides is the generation of molybdenum alkylidyne
catalysts for alkyne metathesis geared towards the forma-
tion of carbon–carbon triple bonds for the synthesis of
polymers and other organic commodity reagents.[22–26]

Perhaps the most efficient and atom-economical route to
the metal nitride functionality is that of the activation and
cleavage of atmospheric dinitrogen [Reaction (1),
Scheme 1], as witnessed in the landmark chemistry of three-
coordinate [(tBuArN)3Mo] (Ar = 3,5-Me2C6H3).[27–29]

More impressively, the nitrido complex, [(tBuArN)3-
Mo�N], has been shown to mediate nitrogen-atom transfer
to generate organic nitriles, thus closing a synthetic cycle for
the activation, cleavage, and functionalization of molecular
dinitrogen.[30] Other exotic synthetic routes to metal nitrides
include the bimetallic deoxygenation of NO [Reaction (2),
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Scheme 1],[31] reductive decarbonylation from isocyanate
[Reaction (3), Scheme 1], N–N bond cleavage in N2O re-
duction [Reaction (4), Scheme 1)],[32] N-atom transfer via
reduction and strain release by anthracene elimination [Re-
action (5), Scheme 1],[21,33] intermetallic nitrogen-atom
transfer [Reaction (6), Scheme 1],[34–39] metathesis of nitrile
from metal alkylidyne and metal–metal-multiple-bonded
complexes [Reactions (7) and (8), Scheme 1],[40] and by sev-
eral desilylation methods [Reaction (9), Scheme 1].[1,2,41]

Despite all these available routes, the most common ap-
proach to preparing metal nitrides is by photolysis and/or
thermolysis of azide complexes, leading to dinitrogen evol-
ution with concomitant two-electron oxidation of the metal
center [Reaction (10), Scheme 1].[2,3,5] It is by the latter
route that putative and isolable uranium nitride species[14b]

as well as a host of examples of reactive group 8[6,12,42–44]

and 9[15,16,45] nitride complexes can be prepared. Given the
importance of such a general synthetic method for nitride
formation, as well as the broad interest in the reactivity of
metal nitrides, we were surprised to find that the mecha-
nism for conversion of metal azides to the corresponding
nitrides had been rarely investigated according to the litera-
ture. This is presumably due to the paucity of isolable d-
electron-rich azide intermediates amenable for spectro-
scopic and reactivity studies.[46]

Scheme 1. Selected synthetic routes to high-valent metal complexes
with terminal nitride ligands.

In our pursuit of reactive metal nitrides, such as
[(nacnac)V�N(Ntol2)] [nacnac = (Ar)NC(Me)CHC(Me)-
(Ar)–, Ar = 2,6-(CHMe2)2C6H3]; L = N(4-Me-C6H4)2,
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(Ntol2), we have also isolated the metastable intermediate
[(nacnac)V(N3)(Ntol2)], which eliminates dinitrogen upon
thermolysis.[18] This feature is remarkable for two reasons:
the only other example of a neutral complex having a ter-
minal vanadium nitride ligand species has been reported to
be obtained from a vanadium(V) silylimide in the presence
of a Lewis base [Reaction (9), Scheme 1][41] or from N2 eli-
mination by using an azide reagent [Reaction (10),
Scheme 1],[47] and the mechanism of nitride formation from
3d early transition metal azide precursors has not been ex-
plored to date. In our case, the isolation of an azidovanadi-
um(III) compound, [(nacnac)V(N3)(Ntol2)], provides an
opportunity to elucidate the mechanism behind vanadium–
nitride bond formation. Moreover, a detailed understand-
ing of such a mechanism may potentially provide valuable
insight into metal–azide to metal–nitride transformation for
other systems, especially where the metal–nitride bond
might be less thermodynamically favored.[12,14a,45] To the
best of our knowledge, the conversion of [(C5Me5)2Mo-
(N3)2] to [(C5Me5)2Mo(N)(N3)] is the only reported exam-
ple of an investigation towards the mechanism of metal-to-
nitride bond formation stemming from an inorganic azide
precursor.[46] Herein, we delineate an unprecedented mecha-
nism for the formation of four-coordinate vanadium ni-
trides on the grounds of isotopic labeling crossover experi-
ments, kinetic measurements, and reactivity studies. From
our mechanistic insight into nitride formation, we have also
successfully discovered new reagents for stoichiometric and
catalytic formation of vanadium nitride complexes, at room
temperature, from their corresponding azide precursors.

Results and Discussion

Synthesis of [(nacnac)V(N3)X] (X = Ntol2–, ArO–) and
Their Corresponding Nitride Compounds [(nacnac)V�N(X)]

The reaction of [(nacnac)VCl(Ntol2)] and [(nacnac)-
VCl(OAr)] (OAr = O[2,6-(CHMe2)2C6H3]) with NaN3

(3 equiv.) at –37 °C and warming to room temperature over
2 h rendered moisture-, air-, and heat-sensitive azide com-
plexes [(nacnac)V(N3)(Ntol2)] (1) and [(nacnac)V(μ2-1,3-
N3)(OAr)]2 (2), both in approximately 55% isolated yield
(Scheme 2). The complete physical characterization and so-
lid-state structure of 1 has been reported in a recent com-
munication.[18]

Unlike 1, which is a monomer in the solid state, single-
crystal X-ray diffraction (XRD) studies of 2 unambiguously
revealed two azide ligands bridging two vanadium(III) cen-
ters to form the dinuclear complex (Figure 1), with a nearly
coplanar V(N3)2V asymmetric dinuclear core, and each va-
nadium center adopting a trigonal bipyramidal (TBP) ge-
ometry (τ = 0.74). The two vanadium ions are related by
an inversion center, thus making the two azide ligands in
complex 2 equivalent, as discerned from a single strong az-
ide stretch at 2081 cm–1 in the FTIR spectrum (recorded in
Nujol). Similar nacnac-supported complexes, featuring two
bridging azide ligands, have been reported for [(nacnac)-
M(μ2-1,3-N3)]2 (M = Cr, Fe).[48,49] The average V–Nnacnac
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Scheme 2. Salt metathesis reactions of vanadium chloride com-
plexes with sodium azide to produce complexes 1 and 2, and subse-
quent thermolysis to form nitride complexes 3 and 4. Reaction con-
ditions: (i) 3 equiv. of NaN3 in THF over 2 h, (ii) 100 °C over 12 h
in toluene, (iii) 3 equiv. of NaN3 in THF over 2 h, (iv) 60 °C over
12 h in toluene.

distance of about 2.03(3) Å is unremarkable, while the bond
lengths for V–N3azide and V–N10azide, at 2.176(3) and
2.040(3) Å, respectively, are comparable to the V1–N2nacnac

distances. However, at a single vanadium center, the two
coordinated azide ligands are different in terms of their va-
nadium–nitrogen bond lengths. For example, the V–N3azide

distance is longer than the V–N10azide distance by
0.136(3) Å.[49,50] Each azide ligand is bent at [V1–N3–N4]
137.2(2)° and [V1–N10–N9] 133.8(2)°, but much more
acutely relative to the bent azide observed in mononuclear
1 [V1–N4–N5 147.58°]. A similar bending of the M–Nα–Nβ

angle has been observed in [(nacnac)(THF)Cr(μ2-1,3-
N3)]2.[48] The V···V distance of about 5.50 Å is too far for
any possible metal–metal interaction. The molecular struc-
tures of 1 and 2 indicate that the sterics of the monodentate
anilide or aryloxide ligands influences the nuclearity of the
products, the less sterically hindering aryloxide allowing the
azide ligand to bridge the vanadium centers in 1,3-fashion
with the Nα and Nγ atoms (V–Nα=Nβ=Nγ). All vanadium–
azide distances are consistent with vanadium–nitrogen sin-
gle bonds; this differs from the interaction of organic azide
in complexes such as [(C6H6)2Ta(PMe3)(Me)(N3Ph)][51] and
[V(N3Mes)(Cl)(NRArF)2][52] [Mes = 2,4,6-Me3C6H2, R =
C(CD3)2CH3, ArF = 2,5-C6H3FMe], in both of which the
distances exhibit metal–nitrogen multiple bond character.
The 1H NMR spectrum (25 °C, C6D6) of 2 displays broad
resonances (range of Δν1/2 ≈ 10–950 Hz) within the 10 to
–6 ppm region, indicative of a paramagnetic species. In
solution, the room-temperature magnetic moment of μeff ≈
3.9(2) μB (Evans method) is too large for a mononuclear d2

vanadium(III) system (2.76 μB, with g = 1.95), but rather
suggests a dinuclear vanadium species (3.90 μB, with g =
1.95), as expected on the basis of the molecular structure
of 2. Depending on the magnitude of an expected antiferro-
magnetic exchange coupling (vide infra and Figure S11),
the magnetic moment is temperature-dependent and, at
room temperature, possesses a magnetic moment predicted
for two uncoupled ions. This phenomenon has been re-
ported for dinuclear μ-1,3-N3-bridged metal–azide com-
plexes.[50,53] However, our solution magnetic data at 298 K
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cannot rule out some minor degree of dissociation to mo-
nonuclear [(nacnac)V(N3)(OAr)] at room temperature.

Figure 1. The molecular structure of [(nacnac)V(μ2-1,3-N3)(OAr)]2
(2) with thermal ellipsoids at the 50% probability level. Hydrogen
atoms and isopropyl groups on the nacnac and ArO ligand have
been removed for clarity. Selected bond lengths (Å) and angles (°):
V1–O1 1.839(2), V1–N1 1.99(3), V1–N2 2.065(3), V1–N3 2.176(3),
V1–N10 2.040(3); N1–V1–N2 90.56(10), N1–V1–O1 111.26(10),
N2–V1–O1 97.34(10), N1–V1–N3 125.51(12), N1–V1–N10
92.00(10), N2–V1–N3 88.19(10), N2–V1–N10 169.09(10), V1–N3–
N4 137.2(2), V1–N10–N9 1338(2), N3–V1–N10 81.75(10).

When heated to 100 °C, complex 1 is converted to mono-
nuclear nitride [(nacnac)V�N(Ntol2)] (3) in 46% yield, af-
ter recrystallization of the mixture from n-hexane at –37 °C
(Scheme 2). The characterization of 3 has been reported in
an earlier communication, and the closely related analogue
[(nacnac)V�N(N[Mes]tol)] (Mes = 2,4,6-Me3C6H2) has
been structurally characterized.[18] Unlike 1, which is stable
at room temperature for days in solution, complex 2 con-
verts to the corresponding nitride, [(nacnac)V�N-
(OAr)] (4), over 10 h in solution, while thermolysis at 60 °C
results in more rapid conversion to 4. After work-up, nitride
complex 4 can be isolated as a yellow solid in 70 % yield
(Scheme 2). Unfortunately, the yields of 3 and 4 greatly de-
pend on the concentration, time, temperature, and exposure
to light. Therefore, we have been unable to measure rates
with certainty. As reported earlier, complex 4 has been fully
characterized by multinuclear NMR (1H, 13C, and 51V) and
IR vibrational spectroscopy.[54,55]

Spectroscopic and Magnetization Studies of Azide
Complexes 1 and 2

Complexes 1 and 2 were studied by high-frequency and
high-field EPR (HFEPR)[56] spectroscopy as well as
SQUID magnetization in order to probe their electronic
structure. The results obtained from HFEPR spectroscopic
measurements on polycrystalline samples of 1, recorded at
10 K with a frequency of 216 GHz (Figure 2), indicate this
system to have a spin triplet (S = 1) ground state, which



www.eurjic.org FULL PAPER

corroborates our previously reported solution magnetic
susceptibility measurement by the Evans method (μeff =
2.85 μB, 298 K). Interestingly, complex 1 features a rare ex-
ample of negative zero-field-splitting (zfs) parameters (D =
–1.65 cm–1, E = –0.2 cm–1) for vanadium(III), the only
other reported example being the octahedral complex mer-
[VBr3(THF)3].[56] Complex 2, however, shows more compli-
cated but salient spectroscopic features. HFEPR spectra of
a polycrystalline sample of 2, recorded at 150 K (Figure 3),
reveal the presence of both a quintet spin state (S = 2) and
a triplet state (S = 1). The quintet spectral intensity de-
creases with decreasing temperature, although signals could
still be observed at 30 K. The triplet spectra reach maxi-
mum intensity at about 30 K and persist down to 10 K.
The relative HFEPR intensities of these two spin states as
a function of temperature are shown in Figure 4,[54] and the
spin Hamiltonian parameters are independent of tempera-
ture. As for mononuclear complex 1, the analysis of the
intensity pattern in the low-temperature spectra (30 K and
below) of 2 enabled the determination of the signs for the
zfs parameters within each spin state (see the caption of
Figure 2). The exchange integral in dimer 2 is sufficiently
large to use the strong exchange approximation (also re-

Figure 2. HFEPR spectrum of 1 (obtained with a powder sample).
Magenta trace: experiment at T = 10 K, frequency = 216 GHz;
black trace: experiment with g = 1.88–2.08 (the region between 7.4
and 8.2 T removed and outer regions amplified); red and blue
traces: simulations using S = 1, |D| = 1.65 cm–1, |E| = 0.200 cm–1,
g = [1.963, 1.966, 1.910]. The red trace was simulated by using
positive zfs values, the blue one with negative values. Single-crystal
linewidths used in the simulations were: [40, 30, 60] mT for the
ΔMS = �1 turning points, and 25 mT for the ΔMS =�2 turning
point. Determination of the negative sign of D was based on the
intensities of the ΔMS = �1 turning points in the 6–10 T field re-
gion (labeled). For positive D values, the intensities of the low-field
z1 and high-field z2 peaks are about equal. For negative D values,
the intensity of the z1 peak is larger than that of the z2 peak, as
observed in the experiment. Moreover, for positive D values the
intensities of the low-field peaks x1 and y1 are larger than those of
peaks x2 and y2, while for negative D values the reverse relationship
holds, again, as observed in experiment.
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ferred to as a giant spin). The spin Hamiltonian may thus
be written by using the total spin operator, Ŝ = Ŝ1 + Ŝ2. So
for each coupled spin state S, ĤS is:

ĤS = μBB·{gS}·Ŝ + DS{Ŝz
2 – S(S + 1)/3} + ES(Ŝx

2 – Ŝy
2)

where Ŝ = 1, 2, and the {gS} tensor as well as DS and ES

are different for these Ŝ and need not be coaxial.[54] The
triplet state (Ŝ = 1) parameters are: gx = 1.950, gy = 1.950,
gz = 1.978, D1 = +3.182 cm–1, E1 = +0.224 cm–1, while in
the quintet state (Ŝ = 2), the parameters are: gx = 1.947, gy

= 1.946, gz = 1.980, D2 = –1.097 cm–1, E2 = –0.099 cm–1.
Fourth-order terms, B4

0O4
0 + B4

4O4
4, with B4

0 =
–0.00053 cm–1 and B4

4 = –0.00064 cm–1, had to be added
to the spin Hamiltonian to fully simulate the quintet state
spectrum. The zfs parameter, D = –3.236 cm–1, of the sepa-

Figure 3. Black trace: HFEPR spectrum of 2 recorded at 150 K
with ν = 203.2 GHz. Red and blue traces: spectra simulated for S
= 1 and 2, respectively, using the spin Hamiltonian parameters as
given in the text. The vertical lines are eye guides to the less promi-
nent experimental signals. Resonances due to a VIV impurity are
marked with asterisks; “+” indicates a mononuclear VIII impurity.

Figure 4. Variable-temperature (as indicated on the plot) HFEPR
spectra of 2 (obtained with a powder sample) at 203 GHz. The
resonance attributed to a VIV impurity in the g = 1.8–1.9 (ca. 7.6–
8.0 T) region was removed.
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rate VIII ions could be extracted from the D values in the
triplet and quintet states of the dimer. This negative value
for D for each of the VIII ions in dinuclear 2 is consistent
with that for mononuclear VIII in 1. More details regarding
the interpretation and simulation of the HFEPR spectra are
provided in the Supporting Information.[54]

To validate our HFEPR spectroscopic results, we also
performed solid-state dc magnetic susceptibility measure-
ments, particularly as bridging azide complexes are known
to display interesting magnetic exchange coupling phenom-
ena.[57] Consistent with HFEPR spectroscopic results,
SQUID magnetization data of 1 revealed a high-spin vana-
dium(III) (S = 1) with an invariable average χMT =
0.90(1) cm3 K/mol (μeff = 2.70 μB) over a temperature range
of 6–300 K (Figure 5). Since the azide ligand is generally
considered a pseudohalide, we directly compared the mag-
netic susceptibility of 1 to its mononuclear chloride precur-
sor [(nacnac)VCl(Ntol2)]. As expected, the chloride com-
plex displayed nearly identical magnetism with an invariable
magnetic moment (μeff = 2.76 μB) over a temperature range
of 6–300 K (Figure 5). In order to probe the nature of the
magnetic exchange interaction, as suggested by the variable-
temperature HFEPR spectra, variable-temperature dc mag-
netic susceptibility data were collected for dinuclear com-
plex 2. It is well established that metal centers bridged by
1,3-end-to-end azide ligands exhibit antiferromagnetic cou-
pling.[58] The plots of χMT (cm3 K/mol) vs. T (K) (Figure 4)
and χM (cm3/mol) vs. T (K) for complex 2 display intramo-
lecular antiferromagnetic coupling between the vanadium
centers, as lowering the temperature leads to a decreased
χMT before reaching a minimum of 0.042 cm3 K/mol, which
is consistent with a system having an S = 0 ground state.
At 300 K in the solid state, the χMT value of 1.61 cm3 K/

Figure 5. Variable-temperature dc magnetic susceptibility data for
[(nacnac)VCl(Ntol2)], 1, and 2 recorded at 1 T. The solid black line
represents the simulated trace. Fitting parameters for [(nacnac)-
VCl(Ntol2)]: S = 1, g = 1.95, D = 2.03 cm–1, TIP (1�10–6 emu) =
200, paramagnetic impurity (PI): = 0.01 %. Fitting parameters for
1: S = 1, g = 1.90, D = –2.00 cm–1, TIP (1 �10–6 emu) = 794.0, PI
= 0.01%. Fitting parameters of 2 based on the Heisenberg–Dirac–
van Vleck Hamiltonian (H = –2JŜAŜB): SA = SB = 1, JAB =
–17.0 cm–1, g = 1.92.
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mol is slightly lower than the expected value of χMT =
2.00 cm3 K/mol (g = 2) for two isolated vanadium(III) (S =
1) centers, thus indicating a weak antiferromagnetic interac-
tion.[59]

To quantify the extent of the exchange interaction in 2,
we modeled the χMT vs. T data, using the Heisenberg–
Dirac–van Vleck Hamiltonian (H = –2JŜAŜB) with fitting
parameters of J = –17.0 cm–1 and g = 1.92. The J value for
2 reveals a weak antiferromagnetic coupling between the
two VIII d2 ions, which results in an S = 0 ground state, an
easily accessible triplet excited state at 34 cm–1, and the
quintet excited state at 102 cm–1; the latter two were ob-
served by HFEPR spectroscopy (Figure 3). More details re-
garding the analysis of the magnetic data for 2 are provided
in the Supporting Information.[54] On the basis of the coor-
dinates obtained from the XRD study of complex 2, broken
symmetry calculations were carried out by using the ORCA
software.[60] The computed J exchange coupling value of
–20 cm–1 is consistent with experiment. This value contrasts
that for the strongly antiferromagnetic coupled system
[(tacn)Cu(μ2-1,3-N3)(ClO4)]2 (tacn = N,N�,N��-trimethyl-
1,4,7-triazacyclononane) with a J value of about
–400 cm–1.[50] The molecular orbitals housing two unpaired
electrons are plotted in Figure 6 and clearly show non-or-
thogonality of the vanadium d orbitals (xz and yz) in the α
and β subspaces, consistent with an antiferromagnetically
coupled system. The minor overlap between the metal and
azide ligand orbitals reflects the observed low-magnitude J
value accounting for the weakly antiferromagnetically cou-
pled divanadium centers. The singlet ground state could ac-
count for the facile conversion of 2 to 4 because this reac-
tion would be spin-allowed, unlike the S = 1 to S = 0
change, anticipated for a mononuclear VIII to VV transfor-
mation. However, the communication between VIII ions
could well be a property unrelated to N2 extrusion.

Figure 6. SOMO orbitals showing α and β subspaces for the anti-
ferromagnetically coupled vanadium azide 2 with a calculated value
of J = –20 cm–1 (ORCA broken symmetry).
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The Effect of Solvent and Sterics in the Formation of
Terminal Vanadium Nitrides

In an earlier communication,[18] we reported the thermal
elimination of N2 from 1 to form the nitride [(nacnac)-
V�N(Ntol2)] (3). The decay of 1 was monitored by UV/Vis
absorption spectroscopy at variable temperatures, ranging
from 60 to 100 °C, which enabled the calculation of the acti-
vation parameters ΔH‡ = 4.4(1) kJ/mol and ΔS‡ =
–6.9(1.2) J/molK from the Eyring plot.[18] The reaction
rates decelerated significantly with increasing polarity of the
reaction medium. For example, the rate of conversion for 1
to its corresponding nitride in toluene is 16 times faster
than that of the reaction performed in THF under other-
wise identical experimental conditions. This observation
suggested the existence of a pre-equilibrium process, by
which a coordinating solvent, such as THF, would interact
with the metal center, thereby forming a coordinatively sat-
urated VIII center. On the basis of our highly negative en-
tropy value and the inhibition of the overall rate of the reac-
tion by a coordinating solvent, we had originally postulated
two transition states depicted in Scheme 3.[18] These pro-
posed “early” transition states were also based on the rela-
tively small change in the rate when varying concentrations
of 1 from 0.42 to 1.69 mm. As a result, it would not be
unreasonable to think that a vacant coordination site could
be taken up by the solvent to convert 1 into a trigonal bipy-
ramidal complex, [(nacnac)V(N3)(solvent)(Ntol2)]. How-
ever, the occupation of a fifth coordination site by a dimer-
ization, such as that in complex 2, was disputable, especially
given the narrow range of concentration in the employed
UV/Vis spectroscopic technique. In fact, careful examina-
tion of the data suggests that the rate of formation of 3
greatly depends on the concentration of 1 and that the data
do not fit first- or second-order kinetics adequately.

Scheme 3. Originally proposed transition states leading to the for-
mation of terminal nitride [(nacnac)V�N(Ntol2)] (3).

Unfortunately, the lability of THF prevented the isola-
tion of the proposed mononuclear “[(nacnac)V(N3)-
(solvent)(Ntol2)]” to demonstrate unambiguously the exis-
tence of an open coordination site. Therefore, a stronger
donor, dimethylaminopyridine (DMAP), was employed to
stabilize a five-coordinate complex, [(nacnac)V(N3)-
(DMAP)(Ntol2)] (1-DMAP) (Scheme 4). The addition of
DMAP (1 equiv.) to an olive-green benzene solution con-
taining complex 1 rapidly prompted the formation of a
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dark-red solution. FTIR spectroscopic measurement of an-
alytically pure 1-DMAP, obtained from recrystallization in
n-pentane at –37 °C, revealed a new diagnostic νNNN stretch
at 2087 cm–1, which is comparable to that for 1 (νNNN

2082 cm–1). Since a five-coordinate complex can adopt
either TBP or square-pyramidal (SP) geometry, an XRD
study was carried out to elucidate the geometry of 1-
DMAP. In the solid-state structure of 1-DMAP, the basal
plane is composed of nacnac nitrogen atoms, DMAP, and
the azide ligand, while the Ntol2 ligand occupies the apical
position (Figure 7). Complex 1-DMAP is more in accord
with a distorted SP structure with a distortion index of τ =
0.32. Analogous to 1, the azidovanadium functionality is
bent at [V1–N4–N5] 147.58°, with a V1–N4 bond length of
1.9811(2) Å. Aside from having a different geometry, all
bond lengths of compound 1-DMAP are similar to those
of the pseudo-tetrahedral complex 1 (Table S1). This result
confirmed the existence of an open primary coordination
site in 1, which could invoke an associative pathway in the
N2 extrusion step.

Scheme 4. Synthesis of the DMAP adduct of complex 1.

Figure 7. The molecular structure of [(nacnac)V(N3)(Ntol2)-
(DMAP)] (1-DMAP) with thermal ellipsoids at the 50% prob-
ability level. Hydrogen atoms and isopropyl groups on the nacnac
aryl rings have been removed for clarity. Selected bond lengths (Å)
and angles (°): V1–N1 2.1205(2), V1–N2 2.0634(2), V1–N3
1.9309(2), V1–N4 1.9811(2), V1–N7 2.2302(2); N1–V1–N4
87.93(11), N1–V1–N2 86.81(11), N1–V1–N3 106.29(11), N3–V1–
N4 108.34(12), N1–V1–N7 159.65(11), N2–V1–N7 89.69(10), V1–
N4–N5 147.6(3).

We sought to further understand the difference in the
reaction rate for the conversion of mononuclear 1, dinuclear
2, and adduct 1-DMAP to their respective nitrides. The fact
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that we could isolate mononuclear (as a DMAP adduct or
in free form) as well as dinuclear forms of a metastable
azide precursor allows us then to probe whether a bimolec-
ular (or associative) pathway was operative along the for-
mation of the nitride. Accordingly, we qualitatively moni-
tored the conversion to the corresponding nitrides with 1H
NMR spectroscopy by following the growth of the nacnac
γ-H signal in the product. Qualitatively, the time for these
azide precursors to convert to the corresponding nitride
product is clearly different. Control experiments were per-
formed to show the kinetic competency of a dinuclear spe-
cies toward nitride formation, while demonstrating that a
five-coordinate monomer was sluggish en route to nitride
formation. For example, after 72 h at room temperature,
only 40% of 3 was isolated from 1. Conversely, after 12 h
at room temperature, compound 2 had quantitatively con-
verted to 4. The addition of a stoichiometric amount of
DMAP to a THF solution of 2 revealed the formation of a
new paramagnetic species on the basis of new resonances
observed by 1H NMR spectroscopy. As a result, we propose
that DMAP reacts with 2 to break up the dinuclear com-
plex, thus forming a mononuclear species, which likely is
formulated as [(nacnac)V(N3)(DMAP)(OAr)] (5)
(Scheme 5). In the presence of DMAP, the reaction shows
no nitride product after 48 h at room temperature. How-
ever, after 48 h at 90 °C, compound 4 and its intramolecular
cross-metathesis product, [(ArNC(Me)CH(Me)CN)-
V=NAr(OAr)] (6), are obtained in 63 % and 37% yield,
respectively, based on integration of the nacnac γ-H reso-
nances (Scheme 5). This result suggests that DMAP inhibits
the formation of nitride at moderate temperatures. How-
ever, at temperatures high enough to promote dissociation
of DMAP, transformation of azide to nitride occurs. Unfor-
tunately, the high temperature required to promote N2 eli-
mination compromises the fate of the nitride, which slowly
transforms to imide 6.

Scheme 5. Proposed association and dissociation of DMAP to the
azide monomer of 2 and subsequent conversion to nitride 4. The
scheme also depicts the thermolytic conversion of nitride 4 to imide
6 by a concerted intramolecular [2+2] cycloaddition.
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Control experiments conclusively establish that 4 slowly
converts to the imide with a first-order rate constant of k
= 1.36 h–1 at 90 °C. The conversion of 4 to vanadium imide
species 6 most likely occurs by a concerted four-center tran-
sition state involving an intramolecular [2+2] cycloaddition
mechanism between the imine motif of the nacnac and the
nitride ligand (Scheme 5). The nitride complex does not ap-
pear to irreversibly coordinate DMAP; the rearrangement
most likely involves a pseudo-tetrahedral vanadium center.
We propose this pathway on the basis of the analogous
transformation observed in [(nacnac)V�CtBu(OTf)] to the
respective imide–azametallacyclohexatriene [(ArNC(Me)-
CH(Me)C=CtBu)V=NAr(OTf)].[61] Conversely, nitride
complex 3 is remarkably robust and shows no signs of de-
composition at 100 °C over 24 h. As a result, the steric dif-
ference between the anilide (–Ntol2) and the aryloxide li-
gand (–OAr) not only impacts the formation of dimeric spe-
cies in the azide complexes but also affects the stability of
the nitride, as in the case of the formation of 6 from 4.
Although our set of reactions suggest that a dimer is in-
volved en route to the nitride, we cannot rule out the pos-
sibility that a monomer is implicated in the N2 extrusion
step, especially since the active state of 2 could involve the
putative monomer [(nacnac)V(N3)(OAr)] (Scheme 5). How-
ever, the highly negative ΔS‡ and the inhibition of nitride
formation by DMAP or THF argue against the responsibil-
ity of a monomer for N2 ejection. Likewise, we observe a
significant increase in the rate of formation of nitride when
higher concentrations of 1 or 2 are monitored over time,
but we have been unable to fit the data.

Evidence for the involvement of a bridging azide prior to
the extrusion of dinitrogen can be found in the literature.
The reaction of [(C5Me5)2U(η6-PhBPh3)] and NaN3

prompted the formation of nitride [(C5Me5)2U(μ2-N)U(μ2-
1,3-N3)(C5Me5)2]4; Evans and co-workers proposed that the
reaction proceeded via a putative “[(C5Me5)2U(N3)]” prior
to dinitrogen extrusion.[62] Although they did not comment
extensively on this putative species, it is plausible that it
is not a mononuclear but rather some polynuclear species,
featuring bridging azides “[(C5Me5)2U(μ2-1,3-N3)]n”. An-
other example that may involve a hypothetical bridging az-
ide intermediate is [(C5Me5)V(μ2-N3)Cl]2, and such a com-
plex is formed from the thermolytic reaction of [(C5Me5)-
VCl2]3 and N3SiMe3, to ultimately produce [(C5Me5)V(μ2-
N)Cl]2.[63] The likelihood of an azide ligand bridging two V
ions seems possible given the large number of such M–μ2-
N3–M compounds, although these are generally found for
Groups 7 and higher (e.g., for M = Fe[49]). They are very
rare for Group 6 (e.g., for M = Cr[48]) and hitherto not
found for Groups 4 and 5 (based on a search of the CSD,
version 5.34, November 2012). In the latter reaction, the
authors noted the presence of ClSiMe3 and a new paramag-
netic vanadium(III) species, suggesting that the formation
of the nitride dimer does not proceed by oxidation to a
silylimide and then ClSiMe3 elimination.[41,47] In a related
half-sandwich complex, [(C5Me5)V(N3)2](μ2-1,1-N3)2, the
1,1-end-on bridging azide ligands readily convert to the
bridging nitride species, [(C5Me5)V(μ2-N)(N3)]2, at room
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temperature.[64] Therefore, to test whether a bridging azide
ligand is critical en route to nitride formation, we relied
on a double crossover experiment, using mononuclear azide
complex 1.

Probing the Mechanism for Nitrogen Extrusion and Nitride
Formation

The transformation of metastable azides 1 and 2 to their
respective nitride products could involve several likely path-
ways if we assume N2 elimination to be overall rate-de-
termining (Scheme 6): (A) a concerted N2 extrusion stem-
ming from a mononuclear metal center, (B) a mononuclear
metal assisted N2 extrusion via metallacycle formation, or
(C) a bimolecular pathway involving a Lewis acid (LA) pro-

Scheme 6. Proposed pathways to terminal metal–nitride formation.
Since N2 elimination could involve a late or early transition state,
other canonical forms feasible at the transition state are not de-
picted for clarity. LA represents a Lewis acid, [V] represents the
scaffold [(nacnac)V(X)], where X = Ntol2– or ArO–.

Scheme 7. Thermolysis of isotopically labeled azide precursors in a double crossover isotope labeling experiment. All the possible isotopo-
mers/isotopologues from the crossover experiment are shown, and each has been observed by high-resolution mass spectrometry.
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moted N2 elimination. The latter process should, in prin-
ciple, be catalytic in LA and could arise from an adven-
titious presence of Lewis acid in the reaction mixture or
from a bimolecular reaction in which the vanadium azide
precursor or nitride product behaves as the Lewis acid.

The formation of resonance-stabilized metallacycles has
been invoked in conversions of [(DBPE)Ni(η2-N3R)] to
[(DBPE)Ni=NR] (DBPE = tBu2PCH2CH2PtBu2, R = ada-
mantyl and mesityl);[65] however, the closely related azide-
to-nitride conversion could involve a different pathway,
given the obvious charge discrepancies between the pseu-
dohalide –N=N+=N– and neutral –N=N+=N–R. For exam-
ple, a metal azide [LnM(N3)] can possess negative charge
at the γ-N and α-N as opposed to a metal organic azide
[LnM(N3R)], thus rendering the former system more sus-
ceptible to Lewis acid coordination. Ruling out pathway B
experimentally is not trivial, unless one can establish the
rate of the reaction to be concentration-independent. Un-
fortunately, in our case, the paramagnetic nature of the
azide precursors, [(nacnac)V(N3)X], prevents us from pre-
cisely monitoring the decay of 1 and 2 at higher concentra-
tions with NMR spectroscopy. We did observe a concentra-
tion dependence (increasing the concentration of 1 or 2 in-
creases the rate of formation of nitride) in the rate of reac-
tion, which suggests that a mononuclear pathway is not
likely. Unfortunately, we cannot comment on the mechan-
istic implications of the negative entropic activation param-
eter, ΔS‡ = �6.9(1.2) J/molK, obtained from our earlier
work,[18] since fitting of this data to first-order conditions
was not ideal. On the contrary, the involvement of a bimo-
lecular pathway, C, could be established by a double cross-
over isotopic labeling experiment.

Since our kinetic data were unreliable, we prepared two
isotopomers and isotopologues of 1, namely [(nacnac)V(α-
15N3)([D4]Ntol)] (1-[D4]-15N) and [(nacnac)V(γ-15N3)([D4]-
Ntol)] (1-[D4]), by using 15N-enriched azide (each terminal
position was about 50% 15N-labeled) and a deuterated an-
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ilide, –N(C6D4CH3)2 (about 100 % enriched in the 2,6-aryl
positions). When these isotopomers/isotopologues are
thermolyzed at 90 °C in C6D6 over 12 h, the crossover prod-
uct, [(nacnac)V�15N(Ntol2)] (3-15N), in addition to the
other expected isotopomers 3, [(nacnac)V�15N([D4]Ntol2)]
(3-[D4]-15N), and [(nacnac)V�N([D4]Ntol2)] (3-[D4]), are
observed by an electron spray ionization (ESI) mass spec-
trometry method (Scheme 7, the results are given in
Table S2, Supporting Information).[54] The formation of 3-
[D4] is also observed since complex 1-[D4]-15N contains
only 50% enriched 15N3

– having a statistical mixture of la-
beled azide in the α-N and γ-N positions V–15N=N=N and
V–N=N = 15N, respectively (Scheme 7). A 4:1 ratio of 3
and 3-[D4] to the crossover product of 3-15N was observed.
This result implies that the reaction pathway traverses
through a bridging azide intermediate during the formation
of a nitride product, which would be in accord with path-
way C. It is remotely possible that the azide ligand
scrambles first by dinuclear formation, and then N2 elimi-
nation occurs by a mononuclear pathway B. However, none
of our other data suggest that an azide monomer is respon-
sible for nitride formation.

Lewis Acid Promoted Stoichiometric and Catalytic
Formation of [(nacnac)V�N(X)] (X = Ntol2–, ArO–)

Our proposed bimetallic pathway C in Scheme 6 suggests
the critical role of the vanadium center in mediating loss of
dinitrogen by behaving as a Lewis acid or an adventitious
Lewis acid. It is well established that the presence of Lewis
acids (e.g., BF3, [AlCl3]) readily promotes N2 extrusion in
organic azides to afford nitrenes (at ambient tempera-
ture).[66–69] Lewis acid promoted N2 loss in diazoalkanes by
the use of BF3·OEt2,[70] [Ln(OTf)3],[71] and [Sm(OTf)3][72]

has also been reported. Recently, the use of a strong Lewis
acid such as B(C6F5)3, in conjunction with [N(nBu)4][N3]
and [(Ar[tBu]N)3U(THF)] (Ar = 3,5-Me2C6H3), has been
reported to lead to the formation of the nitride-capped bor-
ane in [(Ar[tBu]N)3U�NB(C6F5)3].[73] Prior to the evol-
ution of dinitrogen, the reaction must proceed through a
putative azide complex, [(Ar[tBu]N)3U(N3–B(C6F5)3)].[73]

The exact role of the borane with the uranium azide ligand
is unclear, since the interaction may occur at the Nα or Nγ

atom of the azide ligand, or via a borotropic shift. Contrary
to complex [(N[tBu]Ar)3U�NB(C6F5)3], Kiplinger and co-
workers have reported the isolation of stable uranium azide
borane capped complexes [(C5Me5)2U[N(SiMe3)2](μ2-1,3-
N3)[B(C6F5)3]] and [(C5Me4Et)2U[N(SiMe3)2](μ2-1,3-
N3)[B(C6F5)3]] without evidence of dinitrogen loss upon
thermolysis and photolysis.[14a] In their case, the borane
group appears to deactivate the N2 extrusion pathway. Is
the azide–borane interaction at the Nα position necessary
in order to release N2 or are there electronic or geometrical
factors at the metal center that influence N2 release?

Our studies have revealed that a highly electrophilic bor-
ane can promote N2 loss from the azide ligand in a stoichio-
metric manner. Accordingly, treatment of [(nacnac)-
V(N3)(Ntol2)] at –37 or 25 °C with B(C6F5)3 results in im-
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mediate effervescence (in seconds) of the reaction mixture
concurrent with a color change from green to deep red.
Subsequent in situ 1H NMR spectroscopic analysis of the
reaction mixture reveals formation of the metastablev ni-
trido–borane adduct [(nacnac)V�N(B(C6F5)3)(Ntol2)] (7)
(Scheme 8). The new product retains Cs symmetry in solu-
tion with noticeable 1H NMR spectral shifts different from
that of the nitride complex. Borane capped nitride com-
plexes have been reported,[74–76] but unfortunately, attempts
to isolate vanadium nitride–borane adduct 7 for XRD char-
acterization was thwarted because of a competing intramo-
lecular ligand rearrangement. As shown in Scheme 8, vana-
dium imide formation occurs via a transformed dianionic
chelating ligand, [Ar]N–C(CH3)CHC(CH3)N–[B(C6F5)3],
namely the borane adduct [(ArNC(Me)CH(Me)-
CN[B(C6F5)3])V=NAr(Ntol2)] (8). Thus, this type of trans-
formation is not unexpected, since the use of trifluoroacetic
anhydride[77–79] and B(C6F5)3

[75] has been reported to acti-
vate otherwise stable terminal MnV and CrVI nitrides for
subsequent group transfer catalysis. The solid-state struc-
ture of 8 is shown in Figure 8 and features a linear vana-
dium–imide functionality with an angle of 174.5(5)° and a
bond length of 1.660(2) Å.[80] This result clearly demon-
strates the activation of a vanadium(III) azide by a Lewis
acid and its ultimate conversion to a vanadium nitride at
ambient temperature. We hypothesize that the role of the
Lewis acid, B(C6F5)3, is to polarize the azide ligand by lo-
calizing the π system more about the V–Nα and Nβ–Nγ mo-
tifs while minimizing the π component around the Nα–Nβ.
As a result, the azide ligand can accept two electrons from
vanadium(III) to favor the formation of the V–Nα multiple
bond concurrent with weakening of the Nα–Nβ bond as
suggested in Scheme 8. This type of bonding, although
zwitterionic, would be more reminiscent of coordinated or-
ganic azide ligands in complexes such as [(C5H5)2Ta-
(=N–N=NPh)(Me)][51] and [V(=N–N=NMes)(I)(N(R)-
ArF)2] (R = C(CD3)2CH3, ArF = 2-F,5-Me-C6H3).[52] The
question of whether or not a borane promotes spin pairing

Scheme 8. The stoichiometric conversion of azide complexes to
nitride complexes with B(C6F5)3. For clarity, other resonances and
formal charges have not been included.
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in complex 1 has not yet been explored, and we will investi-
gate this subject in future studies.

Figure 8. The molecular structure of [(ArNC(Me)CH(Me)-
CN[B(C6F5)3])V=NAr(Ntol2)] (8) with thermal ellipsoids at the
50% probability level. Hydrogen atoms, fluorine atoms, and iso-
propyl groups have been removed for clarity. Selected bond lengths
(Å) and angles (°): V1–N1 1.973(2), V1–N2 1.953(2), V1–N3
1.660(2), V1–N4 1.892(2), B1–N2 1.605(4); N1–V1–N4 109.89(10),
N1–V1–N2 98.55(10), N1–V1–N3 112.21(11), N3–V1–N4
102.84(11).

The inability of B(C6F5)3 to promote N2 extrusion in a
catalytic manner with a vanadium(III) azide ligand led us
to explore other reagents that would not form adducts, irre-
versibly, with the nitride ligand present in 3 or 4. Although
reagents such as [Sm(OTf)3], when treated with 1 or 2, re-
sulted in some formation of nitride, the reactions were not
particularly clean.[81] As a result, we chose a bulky and
masked three-coordinate vanadium(II) synthon, namely
[(nacnac)V(Ntol2)],[82] to catalyze the formation of vana-
dium nitride because steric effects should disfavor the for-
mation of a V(μ2-N)V linkage. Independently, we know that
complexes 3 and 4 do not react with [(nacnac)V(Ntol2)] to
form bridging nitrides or undergo complete N-atom trans-
fer. Treatment of 1 with 10 mol-% of [(nacnac)V(Ntol2)] in
hexanes at room temperature produced immediate gas evol-
ution and, over a period of 2 h, resulted in the formation
of a yellow-brown solution concurrent with the precipi-
tation of 3 as a yellow solid in 74% isolated yield
(Scheme 9). The unambiguous formation of 3 was con-
firmed by multinuclear (1H, 13C, 51V) NMR and IR vi-
brational spectroscopy. Likewise, the reaction of 2 and
10 mol-% of [(nacnac)V(Ntol2)] immediately yielded nitride
product 4 in 70 % isolated yield after 3 h (Scheme 9). From
the reaction of 2 with [(nacnac)V(Ntol2)], the formation of
nitride 3 was not evident by 1H NMR spectroscopy, thus
suggesting that [(nacnac)V(Ntol2)] merely acts as a Lewis
acid and is not as an N-atom acceptor or reductant. This
result also rules out the possibility that 1 or 2 exchange
their azide ligand with [(nacnac)V(Ntol2)]. However, from
the standpoint of steric effects, it is more probable that the
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activated azide ligand bridges the two vanadium ions in μ2-
1,3 fashion, [(nacnac)(X)V(NαNβNγ)V(nacnac)(Ntol2)] (X
= Ntol2– or ArO–), rather than the μ2-1,1 ligation at the
azide Nα atom (Scheme 9). In the case of B(C6F5)3, it is
also reasonable to assume that a borotropic shift from Nγ

to Nα could precede the N2 extrusion step. However, in the
case of [(nacnac)V(Ntol2)], μ2-1,1 azide ligation[83] is im-
probable on grounds of steric arguments.

Scheme 9. Conversion of complexes 1 and 2 to vanadium nitrides
3 and 4 using catalyst [(nacnac)V(Ntol2)], denoted as “VII catalyst”.

Conclusions

In this work, we have reported a convergent synthesis to
mononuclear vanadium nitrides and a series of studies to
understand the mechanism of nitride formation from their
corresponding 3d2 metastable azide precursors. Our studies
suggest that a Lewis base inhibits metal nitride formation,
since it prevents the azide ligand from bridging to another
metal center or a Lewis acid. Likewise, a double isotopic
crossover experiment has demonstrated that a mononuclear
vanadium(III) azide complex forms the corresponding VV

nitride by using the azide ligand as a bridge, creating a di-
nuclear di(μ-azido) complex. In addition, the isolation of
both mononuclear and dinuclear vanadium azide com-
plexes has enabled the investigation of their electronic struc-
ture. It was found that the magnetic properties of these va-
nadium(III) azide precursors differ significantly. The mono-
nuclear vanadium(III) azide complex persists as an S = 1
system and is not easily converted into the nitride. In con-
trast, the divanadium(III) azide complex exhibits magnetic
exchange coupling, thus forming a net S = 0 ground state
(antiferromagnetically coupled d2–d2 system). This cou-
pling appears to ease the spin-forbidden transition from an
S = 1 to an S = 0 nitride product. Accordingly, dimerization
appears to be a necessity for N2 extrusion; either by means
of magnetic exchange coupling or by introduction of struc-
tural (geometric) changes. In the latter context, we found
that bridging of the azide ligands results in the formation
of structures with TBP geometry, which could also facilitate
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the population of low-spin-state VIII. This speculation is
further corroborated by complex 1-DMAP, which has a SP
structure and fails to extrude N2 under normal conditions.
In addition, we demonstrate that Lewis acids, such as
B(C6F5)3 and [Sm(OTf)3], can also promote azide-to-nitride
conversion. The Lewis acid promoted extrusion of N2 could
well involve a divergent pathway to the binuclear route in-
volving bridging azide ligands. Although the formation of
dinuclear VIII metal complexes appears to be important in
the formation of the corresponding nitride, it is presently
unclear to us how a Lewis acid or a structural change could
play a role in the N2 elimination step. Likewise, we are un-
sure about the electronic properties of a hypothetical
bridged azide complex such as [(nacnac)V(X)(μ2-1,3-N3)-
LA], where LA is a Lewis acid. Finally, the low-coordinate
vanadium(II) complex [(nacnac)V(Ntol2)] has also been
shown to be a competent catalyst for N2 elimination in va-
nadium(III) azides.

Our studies demonstrate that mononuclear vanadi-
um(III) complexes having an azide ligand could be more
resistant to thermal N2 elimination if the azide ligand is too
secluded. Also, for 3d early-transition metals, where low-
spin states are energetically inaccessible, the conversion of
azide-to-nitride might be especially difficult. As a result, co-
operative pathways, such as dimerization (or Lewis acid
binding) appear necessary for the present systems, and such
strategies could be applied to other complexes in which N2

extrusion from a stable metal–azide precursor is not sponta-
neous. We are presently using theoretical methods to eluci-
date the formation of nitrides from dinuclear azide com-
plexes as well as to understand the electronic factors in-
volved in these types of spin-forbidden reactions, as light or
other environmental factors might be operative.

Experimental Section
General Considerations: Unless otherwise stated, all operations
were performed in an M. Braun Lab Master double-dry box under
an atmosphere of purified nitrogen or by using high-vacuum stan-
dard Schlenk techniques under a nitrogen atmosphere. Anhydrous
n-hexanes, n-pentane, toluene, and benzene were purchased from
Aldrich in sure-sealed reservoirs (18 L) and dried by passing
through two columns of activated alumina and a Q-5 column. Di-
ethyl ether and CH2Cl2 were dried by passing through a column of
activated alumina. THF was distilled, under nitrogen, from purple
sodium benzophenone ketyl and stored under sodium metal. Dis-
tilled THF was transferred under vacuum into bombs before being
pumped into a dry box. C6D6 was purchased from Cambridge Iso-
tope Laboratory (CIL), degassed, and vacuum-transferred to 4 Å
molecular sieves. Celite, alumina, and 4 Å molecular sieves were
activated under vacuum overnight at 200 °C. All other chemicals
were used as received from Sigma–Aldrich, unless otherwise stated,
and 98 atom-% Na15N3 was purchased from Cambridge Isotope
Laboratories. 1H, 13C, 51V, and 15N NMR spectra were recorded
with Varian 300 and 400 MHz NMR spectrometers. 1H and 13C
NMR chemical shifts are reported with reference to solvent reso-
nances of C6D6 at δ = 7.16 and 128.0 ppm, respectively. 51V NMR
chemical shifts are reported with respect to a neat standard of
VOCl3 (0.0 ppm). 15N NMR chemical shifts are reported with re-
spect to a neat standard of MeNO2 (380.2 ppm). X-ray diffraction
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data were collected with a SMART6000 (Bruker) system under a
stream of N2 gas at low temperatures. Elemental analysis was per-
formed at Indiana University, Bloomington. All UV/Vis spec-
troscopy experiments were recorded by using a Perkin–Elmer
Lambda 650 UV/Vis Spectrometer, controlled with a PC equipped
with Perkin–Elmer software, with a heating Peltier system. Infrared
spectroscopy was performed with a Thermo Nicolet 6700 FTIR
instrument equipped with software under PC control. NaN3 was
purified by stirring in anhydrous THF overnight, and the resulting
white solids were collected by filtration (washed with several por-
tions of THF, then Et2O) and dried under vacuum for 24 h. The
synthesis of [(nacnac)V�N(Ntol2)] (3),[18] [(nacnac)VCl(OAr)],[55]

[(nacnac)V�N(OAr)] (4),[55] [(nacnac)V(Ntol2)],[82] and [(nacnac)-
VCl(Ntol2)][82] are reported elsewhere. NaOAr was obtained from
the deprotonation of commercially available HOAr and NaN-
(SiMe3)2 in Et2O, followed by filtration of the solid. The solid was
then washed with diethyl ether and dried under vacuum. Micro-
wave synthesis was performed with a CEM Discover microwave
apparatus for the synthesis of HN([D4]tol2).[83] High-resolution
mass spectrometry was performed with a MAT-95 XP mass spec-
trometer by using methane as the reagent gas; the source was fitted
with a glove bag (Aldrich) and a stream of house nitrogen. Mag-
netic data were collected with a Quantum Design MPMS-XL
SQUID magnetometer. HFEPR spectra were recorded by using the
electron magnetic resonance (EMR) Facility at the National High
Magnetic Field Laboratory. All details of the SQUID and HFEPR
spectroscopic measurements are provided in the Supporting Infor-
mation

Warning: NaN3 should be handled cautiously because of its poten-
tially explosive nature.

Optimized Synthesis of [(nacnac)V(N3)(Ntol2)] (1): In a 100 mL
round-bottomed flask, to a thawing solution of [(nacnac)-
VCl(Ntol2)] (500 mg, 0.71 mmol) in THF (20 mL) was added solid
NaN3 (278 mg, 4.28 mmol). The brown solution gradually changed
color to a darker brownish-green. After stirring for 2 h, all volatiles
were removed under reduced pressure. The crude product was ex-
tracted into n-hexanes (10 mL), filtered through a medium-porosity
frit containing Celite, and washed with cold n-hexanes (4 mL) to
obtain a yellow-brown filtrate; the dark-green solids were left be-
hind. Subsequently, benzene (15 mL) was added to the medium-
porosity frit to solubilize the dark-green solids, and the solution
was filtered to separate the salts and excess NaN3. Benzene was
then removed from the filtrate to give dark-green solids. Alterna-
tively, the crude product was extracted into benzene (10 mL) and
filtered through a medium-porosity frit containing Celite to give a
brown-green filtrate. Moreover, all volatiles were removed from the
resulting filtrate, and the crude solids were triturated with cold n-
hexanes (6 mL) and filtered to collect the green solids, which were
dried under reduced pressure. Yield: 55%. The physical characteri-
zation by 1H NMR and FTIR spectroscopy is consistent with the
known product.[18]

[(nacnac)V(μ2-1,3-N3)(OAr)]2 (2): In a 100 mL round-bottomed
flask and to a cold solution of (nacnac)VCl(OAr) (600 mg,
0.88 mmol) in THF (25 mL) at –37 °C was added solid NaN3

(343 mg, 5.28 mmol). The solution gradually changed its color to
a darker shade of green. After stirring for 2 h, all volatiles were
removed under reduced pressure. The crude product was dissolved
in benzene (15 mL) to give a dark-green solution and lyophilized.
The resulting green solid was dissolved in n-pentane (15 mL) and
filtered through a medium-porosity frit containing Celite to remove
excess NaN3 and salt. Reduction in volume and storage of this
concentrated solution at –37 °C overnight produced the pure crys-
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talline product, which was collected and dried. Yield: 48% (288 mg,
0.48 mmol). 1H NMR (25 °C, 400 MHz, C6D6): δ = 9.69 (Δν1/2 =
190 Hz), 4.89 (Δν1/2 = 10 Hz), 4.00 (Δν1/2 = 85 Hz), 3.22 (Δν1/2 =
953 Hz), 2.14 (Δν1/2 = 289 Hz), 1.49 (Δν1/2 = 10 Hz), 1.43 (Δν1/2 =
23 Hz), 1.21 (Δν1/2 = 59 Hz), 1.12 (Δν1/2 = 63 Hz), 0.96 (Δν1/2 =
15 Hz), 0.80 (Δν1/2 = 11 Hz), –5.31 (Δν1/2 = 118 Hz) ppm. FTIR
(KBr, Nujol): ν̃ = 2081 (NNN) cm–1. μeff = 3.96 μB (C6D6, 298 K,
Evans’ method). C82H116N10O2V2 (1375.77): calcd. C 71.59, H
8.50, N 10.18; found C 71.26, H 8.60, N 10.29.

[(nacnac)V(N3)(DMAP)(OAr)] (5): At 25 °C, a 20 mL scintillation
vial was charged with DMAP (27 mg, 0.22 mmol), a stirring bar,
and hexanes (10 mL). To this reaction mixture was added a hexanes
solution of 2 (5 mL, 151.33 mg, 0.11 mmol) by a glass pipette. The
reaction was allowed to proceed for 2 h, and then the reaction mix-
ture was filtered through a glass pipette containing Celite. Sub-
sequently, all volatiles were removed to obtain an orange-brown
solid. Yield: 68% (121 mg, 0.15 mmol). FTIR (KBr, Nujol): ν̃ =
2068 (NNN) cm–1. 1H NMR (25 °C, 400 MHz, C6D6): δ = 12.88
(Δν1/2 = 2568 Hz), 9.68 (Δν1/2 = 304 Hz), 6.56 (Δν1/2 = 70 Hz), 4.22
(Δν1/2 = 2036 Hz), 3.39 (Δν1/2 = 119 Hz), 3.07 (Δν1/2 = 1266 Hz),
2.15 (Δν1/2 = 408 Hz), 1.67 (Δν1/2 = 65 Hz), 1.57 (Δν1/2 = 68 Hz),
–6.48 (Δν1/2 = 5777 Hz) ppm. Attempts to fully characterize this
species were thwarted by its highly lipophilic nature.

[[D4]HNtol2]{[D4]HNtol2=HN(4-Me2-C6D2H2)2}: The synthesis of
[[D4]HNtol2] was adapted from the regioselective deuteration of
anilines.[84] A microwave reaction vial was charged with acid salt
[H2N(tol2)]Cl (1.50 g, 6.41 mmol) and D2O (2.50 mL). The vial was
capped and heated in a CEM Discover microwave apparatus for
1 h at 160 °C. After cooling, the reaction mixture was extracted
into CH2Cl2 (25.0 mL), and a basic aqueous solution was added to
a separatory funnel. The CH2Cl2 was washed twice with brine. The
organic layer was dried with Mg(SO4) and filtered through a frit
to remove excess Mg(SO4). The volatile part was removed from the
filtrate by using a rotary evaporator and further dried under re-
duced vacuum to produce a beige solid. Yield: 70% (1.06 g,
4.48 mmol). 1H NMR (25 °C, 400 MHz, CDCl3): δ = 7.07 (Ar-H,
4 H), 5.50 (N-H, 1 H), 2.30 (Ar-CH3, 6 H) ppm. 2H NMR (25 °C,
400 MHz, CHCl3): δ = 7.03 (Ar-D, 4D) ppm. GC–MS: m/z = calcd.
202.2; found 201.1.

[(nacnac)VCl([D4]Ntol2)]: The preparation of [(nacnac)VCl([D4]-
Ntol2)] is identical to that of its proton analogue, [(nacnac)-
VCl(Ntol2)]. In a 100 mL round-bottomed flask, to a cold solution
of [(nacnac)VCl2] (1.04 g, 1.93 mmol) in toluene (20 mL) was added
solid [Li([D4]Ntol2)] (400 mg, 1.93 mmol), which was also prepared
similarly as its proton analogue. The green solution gradually be-
came brown in color. After stirring for 4 h, all volatiles were re-
moved under reduced pressure to leave dark-brown solids. The
crude product was extracted into n-hexane and filtered through a
medium-porosity frit containing Celite to remove salt residues.
Subsequently, the filtrate was concentrated to 10 mL in volume,
and crystalline material was obtained by storing this concentrated
n-hexane solution at –37 °C. The product was collected by vacuum
filtration and dried under reduced pressure. Yield: 60 % (815.6 mg,
1.15 mmol). The 1H NMR spectrum is similar to that of nondeu-
terated complex [(nacnac)VCl(Ntol2)].[18]

[(nacnac)V(15NNN)([D4]Ntol2)] and [(nacnac)V(NNN15)([D4]-
Ntol2)]: A 20 mL scintillation vial was charged with Na15N3 (ca.
49% 15N-enriched at each terminal position, 22.1 mg, 0.34 mmol),
a magnetic stirring bar, and THF (10 mL). At –37 °C, a THF solu-
tion of [(nacnac)VCl([D4]Ntol2)] (5 mL, 200 mg, 0.28 mmol) was
slowly added to a vigorously stirring solution of sodium azide, and
the reaction proceeded for 3 h. All volatiles were removed, and two
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cycles of trituration and solvent removal with n-pentane were per-
formed to remove residues of THF. The crude product was ex-
tracted into n-pentane (15 mL), filtered through a medium-porosity
frit containing Celite, and washed with an additional aliquot
(5 mL) of n-pentane. The resulting filtrate was reduced to 5 mL
and stored at –37 °C overnight. The resulting crystalline product
was collected after decanting the supernatant, and the product was
dried under vacuum. Yield: 40% (79.6 mg, 0.11 mmol). The 1H
NMR spectrum is similar to that of 1.[18]

[(nacnac)V(N3)(Ntol2)(DMAP)] (1-DMAP): A 20 mL scintillation
vial was charged with [(nacnac)V(N3)(Ntol2)] (106 mg, 0.15 mmol),
a small stirring bar, and benzene (10 mL). To this mixture was
added DMAP (18.3 mg, 0.15 mmol) dissolved in benzene (5 mL)
by a glass pipette. The mixture rapidly turned from green to dark
red. After 1 h of stirring at room temperature, the benzene was
removed under reduced vacuum. The crude product was extracted
into n-pentane (10 mL), filtered through a glass pipette, and the
volume of the filtrate was reduced to 5 mL. Storage of the saturated
n-pentane solution over 2 d at –37 °C produced large red crystals,
which were collected and dried under reduced pressure. Yield: 73%
(91.0 mg, 0.11 mmol). 1H NMR (25 °C, 400 MHz, C6D6): δ = 9.96
(Δν1/2 = 100 Hz), 7.93 (Δν1/2 = 11570 Hz), 5.7 (Δν1/2 = 12211 Hz),
3.25 (Δν1/2 = 1527 Hz), 2.47 (Δν1/2 = 1166 Hz), 1.23 (Δν1/2 =
295 Hz), 0.87 (Δν1/2 = 321 Hz), –11.60 (Δν1/2 = 9458 Hz), –14.4
(Δν1/2 = 30 Hz) ppm. FTIR (KBr, Nujol): ν̃ = 2087 (N3) cm–1.
μeff = 2.76 μB (C6D6, 298 K, Evans’ method). C50H65N8V (829.06):
calcd. C 72.44, H 7.90, N 13.52; found C 72.60, H 8.12, N 13.83.

[(ArNC(Me)CH(Me)CN)V=NAr(OAr)] (6): Thermolysis of 4
(200 mg, 0.30 mmol) at 90 °C in benzene/toluene for 48 h produced
a dark yellow-brown solution. After removal of the volatiles, tritu-
ration in cold hexanes (15 mL) caused a golden-brown solid to pre-
cipitate, which was isolated by vacuum filtration and dried under
reduced pressure. Yield: 70% (140 mg, 0.21 mmol). 1H NMR
(25 °C, 400 MHz, C6D6): δ = 7.09–7.06 (m, 3 H, Ar-H), 6.99–6.91
(m, 6 H, Ar-H), 5.43 (s, 1 H, α-H), 3.82 (septet, 2 H, CH(CH3)2),
3.28 (septet, 1 H, CH(CH3)2), 2.98 (septet, 2 H, CH(CH3)2), 2.82
(septet, 1 H, CH(CH3)2), 1.90 (s, 3 H, N(CH3)CCHC(CH3)NAr),
1.64 (s, 3 H, N(CH3)CCHC(CH3)NAr), 1.29 (d, JH-H = 7 Hz, 6 H,
CH(CH3)2), 1.19 (d, JH-H = 7 Hz, 6 H, CH(CH3)2), 1.11 (d, JH-H

= 7 Hz, 6 H, CH(CH3)2), 1.08 [d, JH-H = 7 Hz, 6 H, CH(CH3)2],
1.01 [d, JH–H = 7 Hz, 6 H, CH(CH3)2], 0.92 [d, JH–H = 6 Hz, 6 H,
CH(CH3)2] ppm. 13C{1H} NMR (25 °C, 100 MHz, C6D6): δ =
164.8 [N(CH3)CCHC(CH3)NAr], 161.6 [N(CH3)CCHC(CH3)-
NAr], 147.0 (Ar), 145.3 (Ar), 144.8 (Ar), 138.3 (Ar), 136.5 (Ar),
128.5 (Ar), 128.5 (Ar), 127.4 (Ar), 125.2 (Ar), 124.6 (Ar), 123.1
(Ar), 122.3 (Ar), 121.1 (Ar), 111.2 [N(CH3)CCHC(CH3)NAr], 28.4
[CH(CH3)2], 28.3 [CH(CH3)2], 27.8 [CH(CH3)2], 27.0 [CH(CH3)2],
24.8 [CH(CH3)2], 24.7 [N(CH3)CCHC(CH3)NAr], 24.6 {[N(CH3)-
CCHC(CH3)NAr]}, 24.4 [CH(CH3)2], 24.3 [CH(CH3)2], 23.6
[CH(CH3)2], 21.5 [CH(CH3)2], 21.3 [CH(CH3)2] ppm. 51V NMR
(25 °C, 131.5 MHz, C6D6): δ = –75.4 (Δν1/2 = 1473 Hz) ppm.
C41H58N3OV (659.87): calcd. C 74.63, H 8.86, N 6.37; found C
74.75, H 8.70, N 6.14.

Solution Characterization of 7 from Stoichiometric Reaction of 1
and B(C6F5)3: At 25 °C, to a 20 mL scintillation vial containing 1
(115 mg, 0.16 mmol) dissolved in benzene (10 mL) was added solid
B(C6F5) (83.5 mg, 0.16 mmol) to elicit apparent gas evolution and
rapid color change of the solution from green to red. After stirring
for 0.5 h, all volatiles were removed under reduced pressure. Char-
acterization of the product by multinuclear (1H, 13C, 19F) NMR
spectroscopy (C6D6, 25 °C) revealed a diamagnetic nitride–borate
vanadium complex, which has been independently observed after
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the direct reaction of [(nacnac)V�N(Ntol2)] (3) with B(C6F5)3. 1H
NMR (25 °C, 300 MHz, C6D6): δ = 7.22–7.19 (m, 4 H, Ar-H),
7.03–7.00 (m, 4 H, Ar-H), 6.72 (t, JH-H = 7 Hz, 4 H, Ar-H), 6.54
(d, JH-H = 6 Hz, 2 H, Ar-H), 4.62 (s, 1 H, γ-CH), 3.03 [m, 2 H,
CH(CH3)2], 2.49 [m, 2 H, CH(CH3)2], 2.10 (s, 3 H, Ar-CH3), 2.03
(s, 3 H, Ar-CH3), 1.24 [d, JH-H = 7 Hz, 5 H, CH(CH3)2], 1.22 [s, 6
H, C(CH3)], 1.12 [d, JH-H = 7 Hz, 5 H, CH(CH3)2], 0.93 [d, JH-H

= 5 Hz, 6 H, CH(CH3)2], 0.80 [d, JH-H = 5 Hz, 6 H, CH(CH3)2]
ppm. 13C{1H} NMR (25 °C, 100 MHz, C6D6): δ = 169.1 [s,
ArN(CH3)CCHC(CH3)NAr], 156.5 (Ar), 145.9 (Ar), 145.5 (Ar),
141.9 (Ar), 141.4 (Ar), 137.5 (Ar), 135.2 (Ar), 129.7 (Ar), 128.8
(Ar), 126.8 (Ar), 125.5 (Ar), 124.8 (Ar), 123.2 (Ar), 102.7
[ArN(CH3)CCHC(CH3)NAr], 28.6 [CH(CH3)2], 27.8 [CH(CH3)2],
26.7 [CH(CH3)2], 26.0 [CH(CH3)2], 25.2 [ArN(CH3)CCHC(CH3)-
NAr], 23.9 [s, CH(CH3)2], 20.7 (s, Ar-CH3), 20.4 (s, Ar-CH3) ppm.
19F NMR (25 °C, 282 MHz, C6D6): δ = –130.37, –160.68, –163.43
ppm.

[(ArNC(Me)CH(Me)CN[B(ArF5)3])V=NAr(Ntol2)] (8): A 20 mL
scintillation vial was charged with 3 (300 mg, 0.44 mmol), a mag-
netic stirring bar, and benzene (10 mL). To the orange solution was
added B(C6F5)3 (235.5 mg, 0.46 mmol) dissolved in benzene (3 mL)
to rapidly elicit a color change to dark red. The reaction mixture
was stirred for an additional 3 h, and all volatiles were removed
under reduced pressure. The crude product was extracted with n-
pentane (10 mL) and filtered through a medium-porosity frit con-
taining Celite. The filtrate was reduced to 4 mL in volume, and
storing the concentrated n-pentane solution at –37 °C overnight
produced dark red crystals. The crystalline materials were collected
by vacuum filtration through a medium-porosity frit, and the prod-
uct was washed with cold n-pentane (2 mL) and dried under re-
duced pressure. Yield: 55%. 1H NMR (25 °C, 400 MHz, C6D6): δ
= 6.78–6.63 (m, 4 H, Ar-H), 6.53–6.26 (m, 10 H, Ar-H), 4.07 (s, 1
H, α-H), 3.37 [m, 1 H, CH(CH3)2], 3.11 [m, 2 H, CH(CH3)2], 2.67
[m, 1 H, CH(CH3)2], 1.84 [s, 3 H, N(CH3)CCHC(CH3)NAr], 1.61
(s, 6 H, ArCH3), 1.11 [d, JH-H = 7 Hz, 6 H, CH(CH3)2], 1.72 1.69
[s, 3 H, N(CH3)CCHC(CH3)NAr], 1.13 [d, JH-H = 6.0 Hz, 6 H,
CH(CH3)2], 0.59 [d, JH-H = 6 Hz, 6 H, CH(CH3)2], 0.33 [d, JH-H =
6 Hz, 6 H, CH(CH3)2], 0.02 [d, JH-H = 6.0 Hz, 6 H, CH(CH3)2]
ppm. C61H55BF15N4V (1190.85): calcd. C 61.52, H 4.66, N 4.70;
found C 61.69, H 4.90, N 4.56.

Catalytic Formation of Vanadium Nitride Complexes with 10 mol-
% [(nacnac)V(Ntol2)]: To a homogeneous solution of 1 (215 mg,
0.30 mmol) in benzene (5 mL) or 2 (250 mg, 0.18 mmol) in hexanes
(5 mL) was added 10 mol-% of [(nacnac)V(Ntol2)], which led to gas
evolution, and the solution was stirred for an additional 3 h to
ensure completion of the reaction. The transformation was quanti-
tative as monitored by 1H NMR spectroscopy. The isolated yield
for [(nacnac)V�N(Ntol2)] is 74% and 70% for [(nacnac)-
V�N(OAr)]. The identity of products was confirmed by 1H NMR
and FTIR spectroscopy.

Experiments with Complexes 1 and 2 with DMAP

A J. Young NMR tube was charged with 1 (35.0 mg, 0.05 mmol)
or 2 (34.4, 0.025 mmol) and DMAP (6.05 mg, 0.05 mmol) and dis-
solved in C6D6 (3 mL). The reaction mixture was initially moni-
tored by 1H NMR spectroscopy at 25 °C for 24 h, indicating no
conversion to the corresponding nitride. Subsequently, the reaction
mixture was heated to 90 °C, and the formation of the nitride prod-
uct was monitored by the growth of the nacnac γ-H signal. The
intramolecular rearrangement of vanadium nitride to imide can
also be monitored by the decay of nitride nacnac γ-H signal.

CCDC-928165 (for 1-DMAP), -928166 (for 2), and -928167 (for 8)
contain the supplementary crystallographic data for this paper.
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These data can be obtained free of charge from The Cambridge
Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_
request/cif.

Supporting Information (see footnote on the first page of this arti-
cle): X-ray crystallographic information, details of magnetic,
HFEPR spectroscopic, and computational analyses, NMR, FTIR,
and UV/Vis spectra.
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