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ABSTRACT: Incomplete nitrogen atom transfer from the
iron(IV) nitride complex PhB(MesIm)3FeN to the vanadium-
(III) complex V(Mes)3(THF) quantitatively provides the
bimetallic complex PhB(MesIm)3Fe-NV(Mes)3. Structural
and spectroscopic characterizations reveal that the nitride ligand
forms a linear bridge between V(V) and high-spin Fe(II) metal
ions, confirming that atom transfer is accompanied by electron
transfer. In the presence of an applied dc field, the complex
displays slow relaxation of the magnetization, revealing its single-
molecule magnet properties with an estimation of the energy
barrier at about 10 K. This complex establishes a synthetic
principle for the assembly of paramagnetic complexes bridged by
nitride ligands.

■ INTRODUCTION

Single-molecule magnets (SMMs) were discovered over two
decades ago, when it was observed that certain paramagnetic
molecules can behave as classical bulk magnets at low
temperature, i.e., by retaining their magnetization during a
characteristic time upon removal of an applied external field.
Part of the interest driving the study of SMMs is their potential
for application in nanoscale magnetic devices, including high-
density spin-based information storage and processing,1

spintronics,2 and quantum computing.3

The magnet-like behavior in an SMM originates from an
energy barrier to its spin reversal (Δ) that depends on the
ground spin state (ST) and uniaxial zero-field splitting
parameter (D), Δ = |D|ST

2 for integer spins, Δ = |D|(ST
2 −

1/4) for half-integer spins (with H = DSTz
2).4 One strategy for

synthesizing SMMs is to prepare polynuclear complexes that
maximize ST; however, the rational synthesis of such species is
challenging.5 Well-defined complexes can be constructed by a
modular approach in which discrete metal-containing building
blocks are linked by bridging ligands.6 While the predictable
chemistry of the cyanide ligand has resulted in the building
block approach being dominated by this linker,6,7 other linking
groups are known. For example, multinuclear oxo-bridged
complexes have been prepared from diamagnetic transition-
metal oxo complexes and suitable lanthanide synthons;
however, these assembly reactions do not involve electron
transfer and the SMM properties arise solely from the
lanthanide component.6,8 Given our interests in nitrogen

atom transfer chemistry,9 we were intrigued by the idea of
extending this synthetic strategy to partial nitrogen atom
transfer, where the electron transfer associated with atom
transfer would both generate a single atom linker as well as
unveil SMM behavior.
While both two- and three-electron nitrogen atom transfer

reactions can be used to prepare new nitride complexes,10 e.g.,
from (salen)MnN and its derivatives,11 with appropriately
chosen precursors, it is possible to prevent complete transfer of
the nitrogen atom, resulting in the formation of dinuclear
nitride-bridged complexes. For example, OsO3N reacts with a
number of metal complexes to form binuclear compounds, e.g.,
Ru(CO)(Et2dtc)(PPh3)2NOsO3 (Et2dtc = N,N-diethyldithio-
carbamate).12 However, these products are best viewed as
Lewis acid−base adducts in which there is no electron transfer
between the two metal ions.13,14

In previous work, we have shown that iron(IV) nitride
complexes supported by tripodal tris(carbene)borate ligands
participate in two-electron nitrogen atom transfer reactions to a
range of substrates.9 Specifically, these complexes react with a
range of small molecules, including phosphines,15 CNtBu,16

CO,16 dienes,17 and styrenes,18 typically, to afford new high-
spin ferrous complexes in which the functionalized substrate is
bound to iron (Scheme 1). On the basis of these
considerations, we were intrigued by the possibility that a
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dinuclear complex could be assembled by a two-electron
nitrogen atom transfer reaction from an iron(IV) nitride to a
suitable substrate complex. We anticipated that, with the steric
protection provided by the bulky tris(carbene)borate ligand,
assembly of such a dinuclear complex would be well-controlled.
In addition to these synthetic considerations, the magnetic

properties of ferrous tris(carbene)borate complexes also gave
us confidence that a nitride-bridged dinuclear complex would
be a good candidate for SMM behavior. For example, at
temperatures below 5 K, the photoexcited high-spin state of
PhB(MesIm)3Fe-NPPh3

19 shows single-molecule magnet
properties revealed by applying a dc field,20 suggesting that
the environment engendered by the tris(carbene)borate ligand
may facilitate slow relaxation of the magnetization for the high-
spin iron(II) metal ion.
In this work, we report the successful synthesis of a

paramagnetic binuclear complex that is formed by a partial
nitrogen atom transfer reaction. Structural and spectroscopic
studies reveal that assembly of the complex is accompanied by a
two-electron transfer reaction. This electron transfer creates a
magnetically anisotropic metal center, which, in turn, leads to
single-molecule magnet properties. While further improve-
ments to the complex design can be envisioned, this result
provides proof-of-concept that partial nitrogen atom transfer
concomitant with electron transfer represents a viable strategy
to assemble multinuclear single-molecule magnets.

■ EXPERIMENTAL SECTION
All manipulations were performed under a nitrogen atmosphere by
standard Schlenk techniques or in an MBraun Labmaster glovebox.
Glassware was dried at 150 °C overnight. Diethyl ether, n-pentane,
tetrahydrofuran, and toluene were purified by the Glass Contour
solvent purification system. Deuterated benzene was first dried with
CaH2, then over Na/benzophenone, and then vacuum transferred into
a storage container. Before use, an aliquot of each solvent was tested
with a drop of sodium benzophenone ketyl in THF solution. The
complexes PhB(MesIm)3FeN21 and V(Mes)3(THF)

22 were pre-
pared according to literature procedures. 1H NMR data were recorded
on a Varian Inova 400 MHz spectrometer at 20 °C. Resonances in the
1H NMR spectra are referenced to residual THF-d8 at either δ = 3.58
or 1.76 ppm. UV−visible spectra were recorded on an Agilent Cary 60
UV−vis spectrophotometer equipped with a Unisoku cryostat.
Elemental analysis data were collected by Midwest Microlab, LLC
(Indianapolis, IN).
Synthesis of PhB(MesIm)3Fe-NV(Mes)3 (1). Blue V-

(Mes)3(THF) (200 mg, 0.28 mmol) and orange PhB(MesIm)3Fe
N (134.6 mg, 0.28 mmol) were mixed in THF at room temperature
(10 mL). The resulting brown solution was stirred at room
temperature overnight. The solvent was removed in vacuo to obtain
a brown solid. The complex was crystallized by slow diffusion of n-
pentane into a THF solution of the product at −35 °C (52% yield).

1H NMR (C6D6): δ 65.3 (3H), 61.8 (3H), 46.8 (2H), 27.7 (9H),
23.1 (2H), 19.9 (1H), 13.3 (3H), 9.3 (9H), 5.51 (3H), −0.45 (9H),
−3.6 (3H), −4.7 (3H), −29.8 (9H), −43.3 (9H). 1H NMR (THF-d8):
δ 58.7 (3H), 58.3 (2H), 41.4 (3H), 23.9 (9H), 21.1 (2H), 18.3 (1H),
12.1 (3H), 8.5 (9H), 7.4 (2H), −0.1 (9H), −2.5 (3H), −3.1 (3H),
−25.3 (9H), −36.8 (9H). UV−vis (C7H8) λmax, nm (ε, M−1cm−1): 289

(14700), 343 (16850). Anal. Calcd for C69H77BFeN7V: C, 73.86; H,
7.19; N, 8.36. Found: C, 73.86; H, 6.92; N, 8.74.

X-ray Photoelectron Spectroscopy. XPS experiments were
performed using a PHI Versa Probe II instrument equipped with a
monochromatic Al Kα source. The X-ray power of 25 W at 15 kV was
used for a 100 μm beam size. The instrument work function was
calibrated to give a binding energy (BE) of 84.0 eV for the Au 4f7/2 line
for metallic gold, and the spectrometer dispersion was adjusted to give
BEs of 284.8, 932.7, and of 368.3 eV for the C 1s line of adventitious
(aliphatic) carbon presented on the nonsputtered samples, Cu 2p3/2
and Ag 3d5/2 photoemission lines, respectively. The PHI double charge
compensation system was used on all samples. The ultimate Versa
Probe II instrumental resolution was determined to be better than
0.125 eV using the Fermi edge of the valence band for metallic silver.
XPS spectra with the energy step of 0.1 eV were recorded using the
software SmartSoft−XPS v2.0 and processed using PHI MultiPack
v9.0 and/or CasaXPS v.2.3.14 at the pass energies of 46.95, 23.5, and
11.75 eV for Fe and V 2p, N 1s, C 1s regions, respectively. Peaks were
fitted using GL line shapes, i.e., a combination of Gaussians and
Lorentzians with 0−50% of Lorentzian contents. Shirley background
was used for curve-fitting.

A PHI Versa Probe II special vessel was used for sample transfer
from the inert atmosphere glovebox to the XPS chamber. The XPS
samples were prepared by drop-casting on the clean native surface of
the Si(111) wafer.

Magnetometry. The magnetic measurements were carried out
with the use of a Quantum Design MPMS-XL SQUID magnetometer
and PPMS-9 susceptometer. These instruments work between 1.8 and
400 K with applied dc fields ranging from −7 to 7 T (MPMS).
Measurements were performed on a polycrystalline sample of 1 (17.9
mg) sealed in a polyethylene bag (3 × 0.5 × 0.02 cm; 35.2 mg) and
covered with mineral oil (7.0 mg). Prior to the experiments, the field-
dependent magnetization was measured at 100 K in order to detect the
presence of any bulk ferromagnetic impurities. The sample appeared
to be free of any significant ferromagnetic impurities. ac susceptibility
measurements were made with an oscillating field of 1 Oe with a
frequency from 10 to 10 000 Hz (PPMS). The magnetic data were
corrected for the sample holder, mineral oil, and the intrinsic
diamagnetic contributions.

■ RESULTS AND DISCUSSION
The previously reported iron(IV) nitride complex, PhB-
(MesIm)3FeN,21 reacts cleanly with V(Mes)3(THF), a
synthon for three-coordinate V(III),22 to yield the hetero-
bimetallic complex PhB(MesIm)3Fe-NV(Mes)3 1 in high
yield (Scheme 2). Complex 1 has been structurally

characterized (Figure 1), revealing the desired structure with
the iron and vanadium ions connected by a linear nitride
bridge. Both metals are in local 3-fold symmetric environments,
with the V(Mes)3 unit adopting a staggered conformation
relative to the iron tris(carbene)borate unit.
The structural metrics suggest that the complex contains a

high-spin (S = 2) iron(II) center. Specifically, the Fe−C bond
lengths (2.176(6) Å) are the same as those observed for other
high-spin iron(II) tris(carbene)borate complexes15,16,18,20 and
longer than those observed in low-spin iron(II) tris(carbene)-
borate complexes.18 Consistent with a high-spin state, the Fe−
N bond length (1.953(7) Å) is similar to what is observed in
four-coordinate iron amido complexes (average = 1.94(5) Å),23

Scheme 1

Scheme 2
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but longer than what is observed for low-spin iron(II)
imido20,24 or phosphoriminato18 complexes. In addition, the
Fe−N bond distance is significantly longer than those observed
for iron(III) or iron(IV) imido complexes in 3-fold symmetry.25

The structural metrics around the vanadium center are less
informative. Although the V−N bond length (1.625(7) Å) is
among the shortest reported for four-coordinate vanadium(V)
imido complexes,26 the V−C bond lengths (2.094(5) Å) are
longer than those observed for OV(Mes)3

27 (2.025−2.077
Å) but shorter than those for the V(III) starting material
(THF)V(Mes)3 (2.095−2.117 Å).21 While these longer V−C
bond lengths may be a consequence of the greater steric
congestion in 1, electronic factors cannot be eliminated at this
stage.
Thus, while the weight of the structural data is most

consistent with an Fe(II)/V(V) formulation, a number of other
oxidation states are possible, including Fe(III)/V(IV) and
Fe(IV)/V(III). We have, therefore, used X-ray photoelectron
spectroscopy (XPS) to assign oxidation states for the iron and
vanadium centers in complex 1. XPS determines the photo-
electron binding energy (BE) of atoms in a molecule.28 The
photoelectron BEs are atom-specific and sensitive to the
chemical environment, thus providing information on atomic
oxidation states. Internally consistent oxidation state assign-
ments can be made since the XPS of multiple elements can be
measured in a single sample. To provide appropriate reference
points for the binding energies (BEs) of complex 1, we also
measured XPS for two related compounds where the oxidation
state of the metal is unambiguous, namely, the vanadium(V)
complex OV(Mes)3

26 and the iron(II) complex PhB-
(MesIm)3FeCl.

29 Reassuringly, the BEs of these two complexes
are consistent with previous literature reports for bulk materials
(Figure 2, Tables S1 and S3). Specifically, for OV(Mes)3, the
2p3/2 binding energy (516.95 eV) is consistent with that
reported for a fresh in-vacuum cleaved V2O5(001) surface

30,31

and for thin vanadium oxide films,32 whereas, for PhB-
(MesIm)3FeCl, the binding energy of the 2p3/2 line (709.35
eV) and the BE of the shake-up satellite (714.74 eV) are
consistent with the values reported for Fe2+ ions in bulk
materials.33,34 The spin−orbit couplings for the 2p region of
both complexes (Tables S1 and S3) perfectly match previously
reported results.29−31,35

The binding energies for the V 2p3/2 (515.91 eV) as well as
Fe 2p3/2 line (709.65 eV) and shake-up satellite (714.39 eV) in
the bimetallic complex 1 are consistent with those of the
reference compounds. Thus, on the basis of the XPS data, we
assign oxidation states of +2 to iron and +5 to vanadium in
complex 1, i.e., PhB(MesIm)3Fe

II-NVV(Mes)3, in agreement
with the structural data. Minor differences in the BEs as well as

the broadening of the V 2p3/2 line are attributed to the greater
covalency of these complexes than in the bulk reference
materials, as well as possible charge delocalization between the
metals in complex 1.36

The magnetic properties of 1 have been studied by dc and ac
techniques. The room-temperature χT product of the isolated
complex 1 is 3.9 cm3 K/mol (Figure 3), in good agreement

with a magnetically isolated high-spin (S = 2, g = 2.28(5))
iron(II) center, as suggested by the structural data (vide supra).
The geometric and electronic structure of the iron center
suggests that it is likely to have significantly strong magnetic
anisotropy, similar to other four-coordinate iron(II) complexes
in 3-fold symmetry.37 The effect of the magnetic anisotropy is
clearly seen by the decrease of the χT product when lowering
the temperature (Figure 3) and by the absence of saturation of
the magnetization even at 1.85 K and under 7 T (2.8 μB; inset,
Figure 3). This consideration prompted us to investigate the
magnetization dynamics of this complex. In the absence of a dc
field, there is no out-of-phase component above 1.8 K in the ac
susceptibility for frequencies up to 10 kHz. However,

Figure 1. Molecular structure of 1, thermal ellipsoids shown at 50%
probability, hydrogen atoms omitted for clarity. (a) Full complex. (b)
Expansion of the Fe−N−V core in 1. Selected bond lengths and
angles: Fe−N 1.953(7) Å; V−N 1.625(7) Å; Fe−N−V 180.0°.

Figure 2. High-resolution V 2p spectra of (a) bimetallic complex 1 and
(b) OV(Mes)3 reference sample. The black line represents the
experimental data, the red line shows the generated fit, and the blue
line and green line represent V 2p3/2 and V 2p1/2 components,
correspondingly. See Table S1 for fitting parameters. High-resolution
Fe 2p spectra of (c) bimetallic complex 1 and (d) PhB(MesIm)3FeCl.
The black line represents the experimental data, the red line shows
generated fit, and the blue line and yellow line represent Fe 2p3/2 and
Fe 2p1/2 components, correspondingly. Green and cyan show shake-up
satellites. See Table S3 for fitting parameters.

Figure 3. Temperature dependence of χT at 1000 Oe (χ is defined as
molar magnetic susceptibility equal to M/H per mole of 1) for a
polycrystalline sample of 1. Inset: M vs H/T data for 1 (50−300 Oe
min−1).
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application of a dc field leads to the detection of a single mode
out-of-phase signal (Figure 4), revealing the slow dynamics of
the magnetization of 1.
The field dependence of the characteristic relaxation

frequency at 1.8 K reveals that the relaxation time, τ, is
maximum for an optimum applied dc field of 1600 Oe (inset,
Figure 4), indicating a competition between the thermally
activated and quantum tunneling pathways of magnetization
relaxation. Variable-frequency ac susceptibility data were thus
collected under 1600 Oe between 1.8 and 15 K (Figure 5) to
determine the temperature dependence of the relaxation time.

From these data, the τ vs T−1 plot was constructed (inset,
Figure 5), demonstrating the thermal activation of the
relaxation time (i.e., it follows an Arrhenius law) with a pre-
exponential factor, τ0, of 7.1 × 10−7 s and an energy gap of
9.5(5) K (6.6 cm−1, which gives a lower bound of the D
parameter of −2.4 K or −1.7 cm−1).

■ CONCLUSION

Two-electron nitrogen atom transfer from an iron(IV) nitride
to a vanadium(III) substrate leads to the formation of the
binuclear complex PhB(MesIm)3Fe-NV(Mes)3 1, in which

Figure 4. Frequency dependence of the real (χ′, top) and imaginary (χ″, bottom) parts of the ac susceptibility at 1.8 K with different ac frequencies
between 10 and 10000 Hz and different dc fields between 0 and 8000 Oe for a polycrystalline sample of 1. Solid lines are guides. Inset: Field
dependence of the characteristic ac frequencies of the relaxation mode from the main figure. Solid lines are visual guides.

Figure 5. Temperature (left) and frequency (right) dependence of the real (χ′, top) and imaginary (χ″, bottom) parts of the ac susceptibility,
between 10 and 10 000 Hz and between 1.8 and 15 K, respectively, for 1 in 1600 Oe dc field. Solid lines are visual guides. Inset: τ vs T−1 plot for 1 in
1600 Oe dc field. The black solid line corresponds to the least-squares fit of the data to an Arrhenius law (see text).
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the two metals are linked by a nitride bridge. Structural and
spectroscopic characterizations of 1 demonstrate that the
complex contains a high-spin (S = 2) iron(II) center that
displays SMM properties revealed in the presence of an applied
dc field.38 Importantly, the preparation of complex 1 establishes
partial nitrogen atom transfer as a strategy for the well-
controlled synthesis of magnetic polynuclear complexes. Since
the short and highly covalent nitride bridge should allow for
strong magnetic coupling between paramagnetic centers,23,39

partial nitrogen atom transfer may allow for the rational
assembly of larger complexes that are akin to cyanide-linked
complexes,7 but featuring stronger intramolecular exchange
between appropriate magnetic centers. While such species are
not accessible from 1, as evidenced by the lack of reversible
waves in the cyclic voltammogram of complex 1, other low
coordinate synthons are expected to provide complexes in
which a nitride links two paramagnetic ions. Investigations
aimed at exploring this synthetic strategy are currently
underway.
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