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a b s t r a c t

Two four-coordinate nickel complexes, HB(tBuIm)3NiBr and HB(tBuIm)3NiNO, were prepared by reaction
of a bulky tris(carbene)borate ligand with NiBr2(PPh3)2 and NiBr(NO)(PPh3)2, respectively, and structur-
ally and spectroscopically characterized. In addition to standard techniques, high-frequency and -field
electron paramagnetic resonance (HFEPR) was employed to understand the spin triplet (S = 1) ground
state of the bromo complex. HFEPR, combined with electronic absorption spectroscopy allows compari-
son of this novel complex with other paramagnetic four-coordinate Ni(II) species. The tris(carbene)borate
ligand is a stronger r-donor than corresponding tris(pyrazolyl)borates (traditional ‘‘scorpionate”
ligands). The tris(carbene)borate ligand may also act as a p-acceptor, in contrast to tris(pyrazolyl)borates,
which show relatively little p-bonding interactions. The influence of tris(carbene)borate substituents on
the donor strength of the ligand have been elucidated from IR spectroscopic investigations of {NiNO}10

derivatives. HFEPR spectra of HB(tBuIm)3NiBr exhibit hyperfine coupling from Br, which indicates the
strong electronic interaction between Ni(II) and this halide ligand, consistent with studies on tris(pyraz-
olyl)borate Ni(II) complexes.

� 2009 Elsevier B.V. All rights reserved.

1. Introduction

From their genesis in the 1960s, scorpionate ligands developed
by the late Swiatoslaw Trofimenko have had a huge impact on
inorganic chemistry, with applications in fields such as catalysis,
bioinorganic and materials chemistry [1,2]. The versatility of the
scorpionate framework, which is elegant in its simplicity, has al-
lowed hundreds of variants to be prepared. Important milestones
in the history of scorpionate ligands include bulky ‘‘second gener-
ation” tris(pyrazolyl)borates, chiral scorpionates, highly electron-
deficient tris(pyrazolyl)borates and scorpionates that are not based
on pyrazolyl donors.

Bulky scorpionate ligands are able to stabilize four-coordinate
pseudo-tetrahedral nickel complexes. Nickel complexes supported
by ligands such as tris(pyrazolyl)borates [3,4], tris(phos-
phino)borates [5], tris(thioether)borates [6] and tris(mercaptoim-
idazolyl)borates [7], have been reported. Among these complexes
are four-coordinate nickel nitrosyls, which allow the scorpionate
ligand donor strength to be probed by the measurement of m(NO)

[3–5,8]. In addition to allowing for comparisons of scorpionate do-
nor strengths, tetrahedral nickel nitrosyl complexes also allow
comparison with other ligands, including phosphines and cyclo-
pentadienyls [9–11].

Some of us have been investigating metal complexes supported
by bulky tris(carbene)borates [12–17]. We have shown the supe-
rior donor abilities of the tris(carbene)borate ligands in manganese
carbonyl complexes [18]. We have also reported the synthesis of a
square-planar nickel(II) bis(carbene)borate complex supported by
bis(carbene)borate ligand [19]. In this report, we show that a bulky
tris(carbene)borate ligand stabilizes four-coordinate nickel bro-
mide [HB(tBuIm)3NiBr] and nickel nitrosyl [HB(tBuIm)3Ni(NO)]
complexes. These complexes have been structurally and spectro-
scopically characterized, which has allowed us to quantify the
bonding properties of this ligand. In particular, [HB(tBuIm)3NiBr]
has been investigated by high-frequency and -field electron para-
magnetic resonance (HFEPR) and electronic spectroscopy, while
[HB(tBuIm)3Ni(NO)] has been investigated by IR spectroscopy. Fur-
thermore, a series of tris(carbene)borate nickel nitrosyl complexes
have been spectroscopically investigated to determine the effect of
the tris(carbene)borate substituents on the donor strength of the
ligand.
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2. Experimental

2.1. General synthetic procedures

All manipulations were performed under a nitrogen atmosphere
by standard Schlenk techniques or in an M. Braun Labmaster glove
box maintained at or below 1 ppm O2 and H2O. Glassware was dried
at 150 �C overnight. Tetrahydrofuran, toluene and pentane were
purified by the Glass Contour solvent purification system. Deuter-
ated benzene was first dried over CaH2, then over Na/benzophe-
none, and then vacuum transferred into a storage container.
Before use, an aliquot of each solvent was tested with a drop of so-
dium benzophenone ketyl in THF solution. Celite was dried over-
night at 200 �C. HB(tBuImH)3(Br)2 [12], PhB(tBuImH)3(OTf)2 [13],
PhB(MesImH)3(OTf)2 [13], PhB(MeImH)3(OTf)2 [18] NiBr2(PPh3)2

[20] and NiBr(NO)(PPh3)2 [9] were prepared according to literature
procedures. Solid lithium diisopropylamide (LDA) was prepared by
addition of nBuLi to a solution of diisopropylamine in n-pentane at
�78 �C, filtered, and stored at �35 �C. All other chemicals were ob-
tained commercially and used as received.

2.2. Synthesis of HB(tBuIm)3NiBr (3)

Lithium diisopropylamide (169 mg, 1.58 mmol) was added to a
slurry of HB(tBuImH)3(Br)2 (275 mg, 0.51 mmol) in THF (15 mL).
After stirring for 1 h, a slurry of NiBr2(PPh3)2 (378 mg, 0.51 mmol)
in THF (5 mL) was added to the reaction. The mixture was stirred at
room temperature for 1 d, and dried under vacuum. The residue
was extracted with toluene, filtered through Celite, dried under
vacuum, washed with copious amounts of pentane and dried under
vacuum to yield a light orange solid (140 mg, 53%). Crystals suit-
able for X-ray diffraction were obtained from toluene at �35 �C.
1H NMR (400 MHz, C6D6): d = 103.6 (3H, HB(tBuIm)3), 11.8 (3H,
HB(tBuIm)3), 5.3 (27 H, HB(tBuIm)3) and �8.4 (1H, HB(tBuIm)3)
ppm. IR (liquid cell, toluene, cm�1): 2412 (w, B–H). APCI+�MS
519 (77Br), 521 (79Br) (C21H34N6BNiBr+). leff(Evans’, C6D6, 288 K):
2.5(3) B.M. Elemental Anal. Calc. for C21H34N6BNiBr: C, 47.71; H,
6.48; N, 15.90. Found: C, 47.62; H, 6.95; N, 15.57%.

2.3. Synthesis of HB(tBuIm)3Ni(NO)(4) and alkyl/aryl substituted
analogs

Lithium diisopropylamide (153 mg, 1.43 mmol) was added to a
slurry of HB(tBuImH)3(Br)2 (250 mg, 0.46 mmol) in THF (15 mL).
After stirring for 1 h, a slurry of NiBr(NO)(PPh3)2 (318 mg,
0.46 mmol) in THF (5 mL) was added to the reaction. The mixture
was stirred at room temperature for 1 d, and dried under vacuum.
The residue was extracted with toluene, filtered through Celite,
dried under vacuum, washed with copious amounts of pentane,
and dried under vacuum to yield a deep purple solid (180 mg,
84%). 1H NMR (400 MHz, C6D6): d = 6.97 (s, 3H, HB(tBuIm)3), 6.65
(s, 3H, HB(tBuIm)3), 4.5 (br. quartet, JB–H = 81 Hz, 1H, HB(tBuIm)3)
and 1.68 (s, 27H, HB(tBuIm)3) ppm. IR (liquid cell, toluene, cm�1):
2411 (w, B–H), 1703 (s, N–O). APCI+�MS 470 (C21H34N7BNiO+). Ele-
mental Anal. Calc. for C21H34N7BNiO: C, 53.66; H, 7.29; N, 20.86.
Found: C, 53.31; H, 7.40; N, 20.70%. Crystals suitable for X-ray dif-
fraction were obtained from a saturated toluene solution at�35 �C.

The other nitrosyl complexes were prepared by the same
procedure.

PhB(tBuIm)3Ni(NO): deep purple solid, 78% yield. 1H NMR
(400 MHz, C6D6): d = 8.05 & 8.04 (d, JC–H = 7.9 Hz, 2H, PhB(tBuIm)3,
o-H), 7.38 (t, JC–H = 6.8 and 7.5 Hz, 3H, PhB(tBuIm)3, p/m-H), 6.97 (s,
3H, PhB(tBuIm)3), 6.68 (s, 3H, PhB(tBuIm)3) and 1.69 (s, 27H,
PhB(tBuIm)3) ppm. IR (liquid cell, toluene, cm�1): 1701 (s, N–O).
APCI+-MS 546 (C27H38N7BNiO+).

PhB(MesIm)3Ni(NO): dark orange solid, 57% yield. 1H NMR
(400 MHz, C6D6): d = 8.10 and 8.08 (d, JC–H = 6.6 Hz, 2H, PhB(Me-
sIm)3, o-H), 7.42 (t, JC–H = 6.6 and 7.4 Hz, 3H, PhB(MesIm)3, p/m-
H), 7.11 (s, 3H, PhB(MesIm)3), 6.67 (s, 6H, PhB(MesIm)3, m-H)
6.40 (s, 3H, PhB(MesIm)3), 2.12 (s, 18H, PhB(MesIm)3, o-CH3) and
1.97 (s, 9H, PhB(MesIm)3, p-CH3) ppm. IR (liquid cell, toluene,
cm�1): 1724 (s, N–O). APCI+�MS 733 (C42H45N7BNiO+).

PhB(MeIm)3Ni(NO): light orange solid, 65% yield. 1H NMR
(400 MHz, C6D6) d = 7.99 and 7.97 (d, 2H, PhB(MeIm)3, o-H), 7.39
(t, 3H, PhB(MeIm)3, p/m-H), 6.91 (s, 3H, PhB(MeIm)3), 6.10 (s, 3H,
PhB(MeIm)3) and 3.52 (s, 9H, PhB(MeIm)3) ppm. IR (liquid cell, tol-
uene, cm�1): 1697 (s, N–O). APCI+�MS 420 (C18H20N7BNiO+).

2.4. Crystal data collection and refinement

Crystals of 3 and 4 were coated in Paratone-N oil. For 3 a crystal
of dimensions 0.13 � 0.13 � 0.02 mm was mounted on a standard
Bruker X8 Apex2 CCD-based X-ray diffractometer equipped with
an Oxford Cryostream 700 low temperature device and normal fo-
cus Mo-target X-ray tube (k = 0.71073 Å) operated at 1500 W
power (50 kV, 30 mA). The X-ray intensities were measured at
223(2) K; the detector was placed at a distance 5.00 cm from the
crystal. A full sphere of data consisting of 2511 frames was col-
lected with a scan width of 0.5� in omega and phi with an exposure
time of 22 s/frame. The frames were integrated with the Bruker
SAINT software package with a narrow frame algorithm. Analysis
of the data showed negligible decay during data collection; the
data were processed with SADABS and corrected for absorption.

A red-violet rhombohedral plate of 4 measuring 0.28 � 0.230 �
0.253 mm was mounted on a standard Bruker X8 Apex2 CCD-based
X-ray diffractometer equipped with an Oxford Cryostream 700 low
temperature device and normal focus Mo-target X-ray tube
(k = 0.71073 Å) operated at 1500 W power (50 kV, 30 mA). For data
collection, the X-ray intensities were measured at 228(2) K; the
detector was placed at a distance 5.50 cm from the crystal. A full
sphere of data consisting of 2763 frames was collected with a scan
width of 0.5� in omega and phi with an exposure time of 20 s/
frame. The data integrated with the Bruker SAINT software package
with a narrow frame algorithm. Analysis of the data showed negli-
gible decay during data collection; the data were processed with
SADABS and corrected for absorption.

Crystal and structural refinement data for 3 and 4 are shown in
Table 1.

2.5. HFEPR spectroscopy

HFEPR spectra were recorded using the Millimeter and Sub-mil-
limeter Wave Facility at NHMFL, and the EMR Facility. The former
experimental setup employs backward wave oscillators generating
tunable frequencies in the 70 GHz–1.2 THz range (of which the
120–700 GHz range was used in this study) and the resistive
‘‘Keck” magnet enabling 0–25 T field sweeps [21], while the latter
utilizes a variety of solid-state sources and a superconducting 15/
17 T magnet [22]. Detection was provided with an InSb hot-elec-
tron bolometer (QMC Ltd., Cardiff, UK). Modulation for detection
purposes was provided alternatively by chopping the sub-THz
wave beam (‘‘optical modulation”), which produced an absorptive
shape of the spectra, or by modulating the magnetic field, which
delivered the more standard first derivative shape. A Stanford Re-
search Systems SR830 lock-in amplifier converted the modulated
signal to DC voltage.

2.6. Electronic absorption spectroscopy

UV–Vis spectra (230–800 nm) were recorded in Suprasil cuv-
ettes at ambient temperature in THF and in CH2Cl2 solutions on
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either CARY 100 Bio UV–Vis (NMSU) or Jasco 570 (Roosevelt U.)
spectrophotometers. The latter instrument was also used to record
NIR spectra (800–2500 nm) of 3 in THF-d8 and CD2Cl2 solution.
These solvent isotopologs were chosen to minimize interference
from m(C–H) overtones in the NIR region.

2.7. Other experimental procedures

NMR data were recorded on a Varian Unity 400 spectrometer
(400 MHz) at 22 �C. All peaks in the 1H NMR spectra are referenced
to residual C6D5H at d 7.16 ppm. Solution magnetic susceptibilities
were determined by the Evans method [23]. Mid-IR spectra were
recorded on a Perkin–Elmer Spectrum One FTIR spectrophotometer
in toluene solution. Atmospheric pressure positive ionization mass
spectral data were collected using a Waters-Micromass ZQ2000
Mass Spectrometer. Elemental analysis data was collected by Rob-
ertson Microlit Laboratories, Madison, NJ.

2.8. Spectroscopic analysis procedures

Details of the tunable-frequency EPR methodology employed to
analyze HFEPR spectra recorded for 3 are given elsewhere [24].
This procedure includes analysis of the field versus frequency
dependence of turning points in powder-patterned multi-fre-
quency spectra, which were fitted by a non-linear least squares
procedure based on exact solutions for energies of the triplet state
[25]. Simulation of individual HFEPR spectra including nuclear
interactions (hyperfine and quadrupole coupling) employed the
program DDPOWHE (available from J. Telser) which calculates transi-
tion energies and intensities by matrix diagonalization [26].

2.9. Ligand-field analysis procedures

Analysis of the electronic structure of Ni(II) in the studied
complexes was performed with use of the angular overlap model
(AOM) [27]. Two computer programs were employed, LIGFIELD,
written by J. Bendix (Ørsted Institute, Copenhagen, Denmark)
[28] and a locally-written program, DDN, available from J. Telser.

Both programs use the complete d8 (equivalent to d2) weak-field
basis set including inter-electronic repulsion (Racah parameters:
B, C), spin–orbit coupling (SOC constant: f) [28] and AOM li-
gand-field bonding parameters (er, ep), and gave identical results
when directly compared. DDN allows use of a non-linear least-
squares fitting subroutine (DSTEPIT, from QCPE, Bloomington, IN)
to match observed electronic transition energies to those calcu-
lated by user-defined variable parameters such as B, er, etc. The
general AOM procedure involved an initial fit of spin-allowed
optical transitions with variation of Racah B and AOM r-bonding
parameters, and with f � 0. The bromo ligand was considered to
have cylindrical p-donation as well; p-bonding involving the car-
bene donors was explored as described in Section 3.6. To make
the fitting tractable, the bonding parameters for the three carbene
(imidazolylidene) donors were held identical (i.e., imposed C3

bonding symmetry). From this initial fit, f was systematically var-
ied until a reasonable match obtained for |D| in relation to exper-
imental values. The resulting electronic transitions were then
checked to ensure that they were still in agreement with
experiment.

3. Results and discussion

3.1. General synthetic rationale

Shown in Scheme 1 is the synthesis of a bulky tris(car-
bene)borate ligand and its nickel(II) complexes. The synthesis of
the ligand precursor salt, HB(tBuImH)3(Br)2 (1) has been previ-
ously described [12]. Initially, we attempted to prepare nickel(II)
complexes using HB(tBuIm)3MgBr [12] as a ligand transfer agent.
However, reaction between the magnesium complex and various
nickel sources (e.g., NiBr2, NiCl2(DME) and NiBr2(PPh3)2) led to a
mixture of uncharacterized products and unreacted starting
material.

Given the success in preparing a nickel bis(carbene)borate com-
plex from a lithium bis(carbene)borate ligand transfer reagent [19]
we targeted an analogous lithium tris(carbene)borate for ligand
transfer to nickel(II).

Table 1
Crystal data and structure refinements for complexes 3 and 4.

3 4

Formula C27H37BBrN6Ni C21H136BN7NiO�0.7
Formula weight 594.73 571.50
T (K) 223(2) 293(2)
Wavelength (Å) 0.71073 0.71073
Crystal system Orthorhombic Orthorhombic
Space group P21 c n (No. 33) P21 c n (No. 33)
a (Å) 10.0730 (3) 19.0361(19)
b (Å) 16.0245 (5) 15.8574(14)
c (Å) 19.0091 (6) 10.1809(10)
a (�) 90 90
b (�) 90 90
c (�) 90 90
V (Å3) 3068.35(16) 3073.2(5)
Z 4 4
Dcalc (g cm�3) 1.224 1.152
l(Mo Ka) (mm�1) 1.955 0.660
F(0 0 0) 1178 1126
Crystal size (mm) 0.13 � 0.13 � 0.02 0.28 � 0.25 � 0.23
Theta range for data collection (�) 1.66–20.00 1.67–21.50
Limiting indices �9 6 h 6 9, �15 6 k 6 15, �18 6 l 6 18 �10 6 h 6 10, �16 6 k 6 16, �19 6 l 6 19
Reflections collected/unique [R(int)] 23 813/2825 [0.0652] 22 412/3533 [0.0261]
Refinement method Full-matrix least-squares on F2 Full-matrix least-squares on F2

Data/parameters 2825/278 3533/345
Goodness-of-fit on F2 1.197 1.264
Final R indices [I > 2r(I)] R1 = 0.0568, wR2 = 0.1623 R1 = 0.0366, wR2 = 0.1067
R indices (all data) R1 = 0.0669, wR2 = 0.1780 R1 = 0.0437, wR2 = 0.1198
Extinction coefficient 0.0130(11) 0.0122(11)
Largest difference in peak/hole (e/Å3) 0.415/�0.665 0.867/�0.606
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Deprotonation of 1 with LDA to yield the lithium complex
‘‘HB(tBuIm)3Li” (2) occurred within an hour at room temperature
as determined by 1H NMR spectroscopy. The key marker is the dis-
appearance of the acidic hydrogen peak at d 9.73 ppm in the 1H
NMR spectrum. A similar spectral change was observed in the syn-
thesis of a lithium bis(carbene)borate complex [19]. The lithium
tris(carbene)borate complex 2 has similar solubility properties as
the lithium bis(carbene)borate complex (e.g., soluble in THF and
Et2O) [19].

3.2. Synthesis and structural characterization of HB(tBuIm)3NiBr (3)

Reaction of in situ prepared 2 with NiBr2(PPh3)2 [20] led to the
formation of an orange solid, which was isolated in 53% yield after
workup. Other nickel(II) sources (e.g., NiBr2, NiCl2, and NiCl2(DME))
led to the formation of multiple products.

The orange solid was characterized as HB(tBuIm)3NiBr (3) by X-
ray crystallography. The X-ray crystal structure of 3 confirms a
monomeric four-coordinate nickel species (Fig. 1). The tris(car-
bene)borate ligand is coordinated to the nickel center in a triden-
tate fashion, with the bulky tert-butyl groups of the ligand
helping to create a pseudo tetrahedral configuration by preventing
the coordination of a second scorpionate ligand to the metal cen-
ter. Selected metrical parameters for the crystal structure of 3 are
shown in Table 2.

The crystal structure of 3 is isomorphous with that of the iron
complex HB(tBuIm)3FeBr [15]. The most significant differences be-
tween the two structures are the longer bond lengths between the
metal and ligands (both metal–carbene ligand and metal–bromide
bonds) of the iron complex, which can be attributed to the larger
ionic radius of iron(II) as compared to nickel(II) (Table 2).

Complex 3 is isostructural with hydrotris(3-tert-butylpyrazol-
yl)borate nickel(II) chloride, TptBuNiCl29 (Fig. 2). Interestingly, the
Ni–C/N bond lengths in 3 and TptBuNiCl are the same, in contrast
to the Ni–N bond lengths in [Tp*]NiBr (Tp* = hydrotris(3,5-dim-
ethylpyrazolyl) [30], which are shorter than the Ni–C bond lengths
in 3. It is likely that the structural similarities of 3 and TptBuNiCl are
due to greater intramolecular steric congestion created by the TptBu

as compared with the Tp* ligand.

3.3. Fluid solution NMR studies of 3

The magnetic moment of the nickel complex was determined
by the Evans method to be 2.5(3) B.M., which is consistent with
S = 1, as expected for a pseudo-tetrahedral complex of Ni(II). The
ambient temperature 1H NMR spectrum of 3 is also consistent with
this description. Such a system readily gives 1H NMR spectra with
extensive paramagnetic shifts, both positive and negative [31–33].

N N
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H

3

Br2
N N

tBuHB Li

NiBr(NO)(PPh3)2
NiBr2(PPh3)2
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THF

THF

THF

1 2

43

N
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N N

N NNi

H

tBuBut
tBu

Br

N
B

N N

N NNi

H

tBuBut
tBu

N

O

3

Scheme 1.

Fig. 1. ORTEP diagram of HB(tBuIm)3NiBr (3) with hydrogen atoms removed for
clarity. Thermal ellipsoids shown are at 50% probability.

Table 2
Selected bond lengths (Å) and angles (�) from the X-ray crystal structures of 3 and related complexes.

Distance/angle HB(tBuIm)3NiBr (3)a HB(tBuIm)3FeBrb [TptBu]NiClc [Tp*]NiBrd

M–C/N 2.028(7) 2.135(3) 2.033(3) 1.957(6), 1.987(5)
2.031(9) 2.123(3) 2.006(4) 1.968(4), 1.966(4)
2.002(7) 2.127(3) 2.023(4) 1.968(4), 1.966(4)

M–X 2.3953(13) 2.4432(6) 2.172(2) 2.2928(13), 2.2887(13)
C/N–M–C/N 92.9(3) 91.1(1) 91.4(2) 92.88(17), 93.14(16)

91.2(3) 90.6(1) 93.7(2) 92.88(17), 93.14(16)
91.8(3) 93.1(1) 93.2(2) 91.3(2), 91.3(2)

C/N–M–X 123.2(2) 125.85(9) 125.4(1) 122.77(19), 120.81(17)
122.5(2) 125.63(8) 125.0(1) 124.00(12), 124.80(13)
125.9(2) 122.91(9) 119.4(1) 124.00(12), 124.80(13)

a This work.
b Reported by Nieto et al. [12].
c Reported by Belderraín et al. [29].
d Reported by Desrochers et al. [30].
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The 1H NMR spectrum has two resonances at d = +103.6 and
+11.8 ppm that are assigned to the imidazol-2-ylidene groups, a
very broad resonance at d = +5.3 ppm assigned to the tert-butyl
groups and one resonance from the BH group at d = �8.4 ppm.
All these resonances are assigned on the basis of integration. Qual-
itatively, the large positive shift of one of the imidazol-2-ylidene
protons and the negative shift of the hydroborate proton indicate
electron spin delocalization throughout the ligand. Future compu-
tational studies will address the NMR data quantitatively as exten-
sive orbital contributions to the electron magnetic moment (as
manifest in the zfs described below in Section 3.4) make this a
complicated situation [31–33].

3.4. HFEPR spectroscopy of solid 3

Complex 3 produced well-defined HFEPR spectra characteristic
for a triplet state powder pattern in all the available frequency
range (Fig. 3). Each spectrum consisted of a nominally forbidden
DMS = ±2 transition, represented in the powder pattern by the
so-called ‘‘half-field” or Bmin turning point, and two allowed

DMS = ±1 transitions, each represented with up to three turning
points representing the x, y and z orientations of the zfs tensor of
each complex relative to the magnetic field. These turning points
are superimposed on the broad absorption pattern centered on
g � 2.2 at each frequency. There is an additional sharp peak at
g � 2.2 in the experimental spectra, which is the so-called ‘‘dou-
ble-quantum transition” that is very characteristic for Ni(II) com-
plexes [34] and is not analyzed further. To analyze the rich set of
resonances, we created a 2D field versus frequency map of the
turning points (Fig. 4), and fitted the parameters of the usual spin
Hamiltonian:

H ¼ bB � g � Sþ DðS2
z � SðSþ 1Þ=3Þ þ EðS2

x � S2
yÞ ð1Þ

to the observed dependencies. The resulting values: S = 1,
|D| = 2.49(4) cm�1, |E| = 0.54(2) cm�1, gx = 2.22(1), gy = gz = 2.21(1)
were used to calculate the curves in Fig. 4. A high rhombicity of
the zfs tensor (|E/D| � 0.2) is noted at this point. To obtain the sign
of D, we simulated single-frequency spectra rather than the com-
plete 2D dataset, at different temperatures. An example of such a
procedure is shown in Fig. 5. While it is difficult to get an unequiv-
ocal conclusion from the spectrum recorded at 30 K, the spectrum
taken at 5 K shows more similarity with a simulation using a nega-
tive value of D than that produced with a positive D. Moreover, the
trend of particular turning points changing intensity between 5 and
30 K agrees better with the simulations assuming a negative D. The
zfs parameter E is by convention attributed the same sign as D, i.e.,
in this case negative.

The derivative shape of the magnetically modulated spectra
brought about an unexpected result, namely a field-independent
structure superimposed on the Bmin peak (but not DMS = ±1 transi-
tions) in a limited range of frequencies and temperature (Fig. 6).
The optimal resolution of that structure was obtained between
300 and 440 GHz, and around 30 K. The lack of field dependence
of this structure (other than the broadening ‘‘strain” effects) can
point to its origin only from the hyperfine interaction between
the electron and nuclear spin(s) of some proximate nucleus or nu-
clei. The lack of an identical structure on the DMS = ±1 transitions
can be explained by the fact that the latter are strongly anisotropic
while the ‘‘half-field resonance” (which is an off-axis turning point
of the DMS = ±2 transition) is almost isotropic. Thus, field-induced
strain phenomena may have a much stronger influence on the for-
mer than the latter. The observation of a nicely resolved hyperfine
pattern is, to our best knowledge, the first in HFEPR spectra of a
magnetically undiluted solid-state complex, and in particular, one
with integer spin (non-Kramers ion). Hyperfine structure has been
detected in HFEPR studies of magnetically diluted single crystals of
Cs/Ga alums doped with either V(III) (3d2, S = 1) [35], or Mn(III)
(3d4, S = 2) [36]. These systems exhibited well resolved couplings
from 51V and 55Mn, respectively. In these cases, the combination
of axial symmetry, magnetic dilution, and a single molecular orien-
tation afforded narrow lines and resolved splitting. The only other
example of hyperfine structure observation in a magnetically undi-
luted solid-state complex, both as a powder and single crystal,

N
B

N N

N NNi

H

tBuBut
tBu

Br

N
B

N N

N NFe

H

tBuBut
tBu

Br

N
B

N N

N
Ni

H

tBuBut
tBu

Cl

N

N
B

N N

N
Ni

H

CH3H3C CH3
Br

N

H3C CH3

A B C D 

Fig. 2. Molecular structures of 3 (A); HB(tBuIm)3FeBr (B) [15]; [TptBu]NiCl (C) [29]; [Tp*]NiBr (D) [30].

0 5 10 15 20 25

694
660

634
614

593
572

522
499

479
457

432

406
379

352
321

300
277

253
228

199

154

Magnetic Field (T)

123

Fig. 3. A multi-frequency set of HFEPR spectra of microcrystalline 3 recorded at
4.2 K using optical modulation (i.e., in absorptive mode). The frequencies (in GHz)
are given adjacent to each spectrum.

I. Nieto et al. / Inorganica Chimica Acta 362 (2009) 4449–4460 4453



Author's personal copy

known to us is the very recent experiment on a complex of rhe-
nium(IV) (5d3), (Bu4N)2[ReCl4(ox)], a Kramers system with S = 3/2
[37]. More typically, powder pattern HFEPR spectra exhibit broad
unresolved lines even with magnetic dilution [24].

The magnitude of the hyperfine constant, on the order of
1.5 GHz, suggests that the coupling is due to a heavy nucleus. There
is only one such nucleus directly neighboring the paramagnetic
center in 3, and that is bromine (79,81Br, I = 3/2, respectively
50.69% and 49.31% abundant, with gN for the former isotope 93%
of that for the latter). Large hyperfine coupling from a nominally
closed-shell ‘‘innocent” ligand is surprising, yet we see no other
explanation.1 The interpretation of the observed hyperfine pattern
is, however, nontrivial. The six-line pattern is not that expected for
a single nucleus with I = 3/2, namely a 1:1:1:1 quartet, yet there is
but a single bromine ligand in the complex. It is known that hyper-
fine powder patterns can be difficult to understand; a full interpre-
tation of the structure observed in 3 may thus not be feasible
without performing an experiment on a single crystal. However,
we did make attempts to reproduce the observed pattern by sim-
ulations using the full spin Hamiltonian for an S = 1 system with
a coupled I > 1/2 nucleus:

H ¼ bB � g � Sþ DðS2
z � SðSþ 1Þ=3Þ þ EðS2

x � S2
yÞ þ bNgNB � I

þ S � A � I þ I � P � I ð2Þ

where the last three terms involve the nucleus and are the isotropic
Zeeman, and anisotropic hyperfine and quadrupole interactions,
respectively. Simulations were performed separately for 79Br and
81Br and summed in the appropriate abundance ratio. The nuclear
parameters we used to optimize the similarity of simulations to
experiment: Aiso(81Br) = 1.50 GHz (Aiso(79Br) = 1.39 GHz), P||(81Br) =
(3/2)Pz = 33 MHz (P||(79Br) = 40 MHz) were based on several earlier
studies of analogous complexes. These included NQR studies on
Ni(II) bromo complexes with S = 0 and 1 [39,40], which yielded

quadrupole coupling parameters and single-crystal EPR studies of
Ni(I) doped Cu(I) bromo complexes [41], which yielded hyperfine
couplings.

The most successful simulation resulted from the superposition
of three signals with isotropic hyperfine coupling and slightly dif-
ferent isotropic g values (each offset by 0.05 T, geff � 0.03 from its
neighbor(s)), so that the superposition of the three quartet patterns
gives the observed six-line pattern. The result is shown in Fig. 7 for
the feature at 432 GHz, where signal-to-noise and resolution are
optimal. We realize that this is a phenomenological model; the po-
sition of Bmin depends on both the g matrix and the D tensor [42],
(p. 165) and it is highly likely that A(79,81Br) is also anisotropic.
Apparently, a combination of these interactions, along with possi-
ble heterogeneity in the powder sample, contributes to give the ob-
served pattern at Bmin. If we assume that the isotropic hyperfine
coupling derived from the simulations, aiso(81Br) � 1.5(0.1) GHz,
is correct, then this means that there is substantial spin delocaliza-
tion onto the bromo ligand. The isotropic hyperfine coupling,
a0(81Br), corresponding to an unpaired electron in a 81Br 4s orbital,
equals 34.57 GHz [42]. Smith and Stoessiger, in their NQR study of
NiBr2(PPh3)2, assumed 15% s character in the Br bond to Ni [39],
rather less than ideal sp3 hybridization. If the unpaired spin were
of this type, i.e., a model in which the Ni–Br portion of the complex
were described not as Ni(II) and Br�, but as Ni(I) and Br�, then
aiso(81Br) � 5.2 GHz. The observed coupling is roughly a third of
this value (�20% if sp3 is used), indicating a substantial contribu-
tion of this delocalization description. Due to the inability to ex-
tract anisotropy in the hyperfine coupling from a powder
spectrum, in contrast to a single-crystal study [41], we cannot un-
ravel the anisotropic contribution to hyperfine coupling from spin
delocalization into 4p orbitals. The bromine hyperfine coupling in
NiBr(PPh3)2�0.5C6H6 is much smaller in magnitude (Amax �
93 MHz) than in 3, and is indeed very anisotropic, resulting from
p-bonding [41]. This suggests not only that r-donation from bro-
mine in the Ni(I) complex is much less than in 3, but also that
the hyperfine coupling in 3 has anisotropy, which could lead to
the observed six-line pattern. Future computational studies, hope-
fully combined with single-crystal HFEPR experiments, and other
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Fig. 4. 2D field versus frequency (or energy) map of turning points recognized in the HFEPR spectra of 3 shown in Fig. 3. Squares are experimental resonances while curves
were generated using best-fitted spin Hamiltonian parameters: S = 1, |D| = 2.49 cm�1, |E| = 0.54 cm�1, gx = 2.22, gy,z = 2.21. Red curves correspond to turning points with B0||x,
blue curves – with B0||y, and black curves – with B0||z. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this
article.)

1 As A.C. Doyle attributed to S. Holmes, addressing J. Watson in ‘‘The Sign of Four”:
‘‘How often have I said to you that when you have eliminated the impossible,
whatever remains, however improbable, must be the truth [38]”.
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spectroscopic techniques, such as MCD, along with the preparation
and characterization of analogs to 3 will eventually address quan-
titatively the interesting question of spin delocalization.

3.5. Electronic absorption spectroscopy of 3

The UV–Vis–NIR spectra of paramagnetic four-coordinate Ni(II)
complexes have been previously analyzed by some of us [30,43],
in particular [Tp*]NiBr [30]. It was thus of interest to compare
these tris(pyrazolyl) complexes to the tris(carbene)borate com-
plex [HB(tBuIm)3NiBr], 3. The UV spectrum of 3 exhibits a very
strong, broad band centered at 275 nm (e = 4500 M�1 cm�1),
which is assigned to p–p* transitions involving the imidazol-
2-ylidene groups, but may have LMCT character. There is also a
band at 360 nm (e = 500 M�1 cm�1), which does not have a corre-
sponding band in Tp* complexes. Separate experimental and com-
putational studies are in progress on the UV spectra of pyrazolyl
and imidazolyl hydroborate anions with diamagnetic cations (e.g.,
Mg(II)). We focus here on the Vis–NIR region that directly in-
volves the Ni ion.

Vis–NIR spectra recorded in both CD2Cl2 and THF-d8 were
essentially identical and are shown in Fig. 8; the UV–Vis spectrum
is shown in Fig. S1. There are two bands in the Vis region: at
472 nm (e = 210 M�1 cm�1) and at 738 nm (e = 290 M�1 cm�1),
which has a shoulder at 690 nm. There is one, broad band in the
NIR region at 1360 nm (e = 170 M�1 cm�1) which may have two
components. These data are summarized in Table 3, which also
presents data for [Tp*]NiBr, the complex most relevant to 3.
Qualitatively, the two complexes exhibit similar Vis–NIR spectra,
except the bands for the imidazolylidene complex are all
blue-shifted relative to the corresponding bands for the pyrazolyl
complex. This is likely the consequence of the carbenes being
stronger r-donors than the imines. The band assignments made
for [Tp*]NiBr, however, can be directly applied to 3, as indicated
in Table 3. The only ambiguity is that the transition 3A2(3T1, F)
? 3A2(3A2, F) likely overlaps with MLCT and/or ligand-based tran-
sitions. This will be addressed in the studies of Mg(II) and other
complexes as mentioned above.

3.6. Ligand-field theory (LFT) analysis of 3

The complex [Tp*]NiBr was previously analyzed using the LFT
AOM [30], based on the combination of structural and spectro-
scopic (Vis–NIR and HFEPR) data. The correspondence of the elec-
tronic absorption spectra of 3 with [Tp*]NiBr, suggested that the
same procedure could be applied to this complex. The same molec-
ular coordinate system was used, namely that the approximate C3

axis defines the principal, z, direction. The Br–Ni–C bond angles de-
fine the angles h used in the AOM. These three angles are not iden-
tical, but have a narrow range: 122.5�–125.9�, as seen in Table 2.
The molecular x direction was defined as lying along the Ni–C11
vector, which yields the u angles 121.44� and 240.65� for C21
and C31, respectively.

The solid state structure as applied to the AOM is thus close to
threefold symmetry. Use of this model and r-bonding parameters
derived initially from those used for [Tp*]NiBr, but without any p-
bonding, led to a successful fit to the electronic transitions. This fit
yielded a value for the Racah parameter, B = 557 cm�1, 52% of the
free-ion value [27], which is reasonable for such a covalent
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ν = 202 GHz
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ν = 112 GHz

Relative Magnetic Field (T)

Fig. 6. The hyperfine structure superimposed on the Bmin turning point in the EPR
spectra of 3 recorded using magnetic modulation at 30 K and various frequencies, as
indicated. Zero on the magnetic field scale corresponds to 1.004 T at 112 GHz,
3.315 T at 202 GHz, 4.730 T at 305 GHz, 6.870 T at 432 GHz, and 10.012 T at
624 GHz.
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Fig. 5. HFEPR spectra recorded using magnetic modulation (i.e., in derivative mode)
at 222.4 GHz at 5 K (lower solid trace) and 30 K (upper solid trace) accompanied by
powder-pattern simulations using the following spin Hamiltonian parameters:
S = 1, |D| = 2.52, |E| = 0.63 cm�1, giso = 2.22. Dotted traces were calculated using
positive values of the zfs parameters, while dashed traces – using negative values.
The sharp peak at g � 2.2 (�7.2 T) in the experimental spectra is the so-called
‘‘double quantum transition” (see text), which is not simulated.
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complex. The fit parameters are given in Table S1. As suggested by
the Vis–NIR spectra, the imidazol-2-ylidene carbenes are signifi-
cantly stronger r-donors than are the pyrazolyl imines:
er = 6600 cm�1 versus 5160 cm�1. For comparison, Larrabee et al.

reported er = 4640 cm�1 for pyrazolyl N-donors to four-coordinate
high-spin Co(II) in TpR,R0CoL (L = halogen, pseudohalogen; R,
R0 = various alkyl/aryl pyrazole substituents) [44].

The possible contribution of p-bonding was also explored using
the AOM. In the study on [Tp*]NiX (X = Cl, Br, I), p-donation involv-
ing the pyrazolyl ligands was included, which was based on earlier
work by Fujihara et al. on [Tp2Cr]+ and [Tp2Co]+ [45]. However, the
results for [Tp*]NiX were ambiguous in that inclusion of p-dona-
tion by the pyrazolyl ligands gave good fits to the electronic
absorption spectra, but so did omission of this effect (p-acceptor
behavior was not reasonable) [30], as we have reconfirmed here.
Likewise, Larrabee et al. did not include any pyrazole p-bonding ef-
fects and were able to fully model the experimental absorption and
MCD transitions of several TpR,R0CoL complexes [44]. Disregarding
possible twist angles, two orientations of p-bonding are possible,
p-c(x) and p-s(y) [46]. In the coordinate system used here, p-c(x)
corresponds to p-bonding involving the central metal ion dz2 , dxz,
dyz orbitals and p-s(y) to dxy, dx2�y2 . Fujihara et al., in their study
of six-coordinate Cr(III) and Co(III) complexes, set p-c(x) � 0 [45],
and that was assumed in the [Tp*]NiX study as well [30]. For 3,
however, we did not wish to presume which orientation is optimal
for p-bonding in these trigonal systems with a novel ligand. Never-
theless, inclusion of p-c(x) bonding had a only minimal effect on
the fit (see Table 3) and the resulting parameters suggested only
slight p-acceptor properties (p-c(x) � �120 cm�1; see Table S1),
which may be merely the consequence of an additional fit param-
eter. However, inclusion instead of p-s(y) bonding for 3 had a sig-
nificant effect and the resulting magnitude was relatively large (p-
s(y) � �1000 cm�1; see Table S1); well outside the range of mere
‘‘tweaking” of a fit. Indeed, this magnitude of p-donation is compa-
rable to that determined for other paramagnetic four-coordinate
complexes of Ni(II), which have (cylindrical) ep ranging from
�500 to �1500 cm�1 [30,47,48]. The crude nature of the AOM as
we and others have applied it makes a definitive conclusion impos-
sible; however, it appears that in the classical scorpionate systems,
namely four-coordinate mono(tris(pyrazolyl)borate) or six-coordi-
nate bis(tris(pyrazolyl)borate) complexes, there are p-donor or
non p-interacting scorpionate ligands, but in the four-coordinate
mono(tris(carbene)borate) complex there may well be p-acceptor
behavior, as found with phosphine complexes [47,48].

Although the p-bonding properties of N-heterocyclic carbene li-
gands were initially suggested to be negligible, p-acceptor behav-
ior in electron-rich complexes has been proposed on the basis of
electronic structure calculations [49,50]. Experimental support
for this suggestion has come from investigations of iron(II) [51]
and rhodium(I) [52–54] carbonyl complexes, wherein their m(CO)
vibrational frequency was used as a reporter of p-acceptor ability.
Our results, which are based on a totally unrelated technique, are
nevertheless consistent with these proposals of p-acceptor behav-
ior and furthermore provide an estimate of their p-acceptor ability.
Investigations of other mono(tris(carbene)borate) and bis(tris(car-
bene)borate) complexes are in progress to test this proposal
further.

The final concern is to include spin–orbit coupling and calculate
zfs for comparison with experiment. In the case of the [Tp*]NiX ser-
ies, this comparison was successful only for X = Cl, but was problem-
atic for X = Br and I. In order to achieve the experimental zfs for
[Tp*]NiBr (D � 11 cm�1), it was necessary to include an unrealisti-
cally large value for f (nearly the free-ion value; see Table S1) [30].
Furthermore, the calculated sign of D was opposite to that obtained
experimentally. A similarly problematic situation is found here for
the bromo complex, 3. The smaller zfs found here for 3
(D � 2.5 cm�1) means that a reasonable value for f is required,
�285 cm�1, which is only �40% of the free-ion value [28]; a ratio
similar to that found for B. However, this calculation clearly yields
a positive sign for D, not the negative sign obtained from

Fig. 7. Experimental HFEPR spectrum of 3 recorded using magnetic modulation at
30 K and at 432 GHz (upper trace) along with a simulation (lower trace), generated
as the sum of three individual spectra with slightly varying giso values: 2.230, 2.215,
2.200. Each simulation otherwise uses the following identical parameter set: S = 1,
D = +2.49 cm�1, E = +0.54 cm�1; isotropic Gaussian linewidth (hwhh), 1.2 GHz;
Aiso(81Br) = 1.50 GHz (Aiso(79Br) = 1.39 GHz), P||(81Br) = (3/2)Pz = 33 MHz (P||(79Br) =
40 MHz). Simulations were calculated for each Br isotope and then summed in the
abundance ratio.

Fig. 8. Vis–NIR absorption spectrum of 3 in CD2Cl2 (solid trace) and THF-d8 (dashed
trace). The sharp bands at 6250 cm�1 and 5200 cm�1 are vibrational in origin from
THF-d8.
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experiment. We suspect that the ability to match exactly the exper-
imental magnitude of D with a satisfying choice of f may therefore be
fortuitous. Unfortunately, we do not currently have available a
chloro analog of 3, so we cannot test the effectiveness of the calcula-
tion of zfs, as was successful for [Tp*]NiCl [30]. Heavy (i.e., n > 2) li-
gand atoms may have significant spin–orbit coupling
contributions of their own (e.g., for free atom Br�, 4p5,
f = 2457 cm�1 [55]; �3.7 times that for free ion Ni2+) which can
greatly change the overall zfs, even to the extent of changing its
direction to opposite from what would be expected based on a pure
dn basis set. This has been convincingly demonstrated for a Mn(III)
complex with iodo ligands [56]. That the bromo ligand plays a
non-innocent role is clear from its large hyperfine coupling, as de-
scribed above. Apparently, the electronic absorption spectrum of 3
can be modeled adequately using LFT with a 3d8 basis set, but more
complicated (but lower energy), relativistic effects that give rise to
hyperfine coupling and zfs cannot be treated so simply. For example,
another complication is spin–spin coupling, which cannot be treated
using LFT, but can be with the latest DFT methods [57].

Qualitatively, in 3 there is a significant contribution of a valence
isomer that can be represented as [Ni(I)–Br�]+, in addition to the
conventional isomer, [Ni(II)–Br�]+. The situation is analogous to
that proposed by Craft et al. for Ni as found in the ox1 form of the
enzyme methyl coenzyme M reductase (MCR) [58]. In MCRox1, the
Ni ion is equatorially coordinated by a macrocyclic ligand (the
F430 cofactor) and axially by a sulfur donor. The best description
of MCRox1 is one that contains a dominant contribution from
[Ni(II)–(RS�)]+ over the originally proposed [Ni(III)–(RS�)]+ valence
isomer. Craft et al. thus used the representation {Ni–SR}9 to de-
scribe the oxidation states in MCRox1 [58], as is now standard for
metal nitrosyl complexes [59]. Thus, by analogy with Ni-thiyl in
MCRox1 [58], as well as metal nitrosyls, we feel that it is instructive
in 3 to use the formalism {NiBr}10, where the superscript refers to
the sum of the Ni(II) 3d8 electrons plus a bromide lone pair. We
do not claim any quantitative analysis of Ni–Br bonding in 3, but
are simply indicating that the situation is more complex that would
be expected for a typical Ni(II) halide. A more traditional case of this
oxidation state ambiguity is treated next, in the nitrosyl complex, 4.

3.7. Synthesis and characterization of HB(tBuIm)3Ni(NO) (4)

Synthesis of 4 was achieved by reaction of in situ prepared 2 and
Ni(NO)Br(PPh3)2 [9]. This method has been successfully used to

prepare nickel nitrosyl complexes with other tripodal ligands
[3,8]. A deep purple solid was isolated in 84% yield and was char-
acterized as HB(tBuIm)3Ni(NO) (4) by X-ray crystallography.

The X-ray crystal structure of 4 confirms the monomeric, four-
coordinate nickel complex (Fig. 9). The tris(carbene)borate ligand
is coordinated to the nickel center in a tridentate fashion, similar
to 3. The Ni–C bond lengths (1.992(4)–2.017(6) Å), C–Ni–C bond
angles (90.08(16)–92.0(3)�) and N–Ni–C bond angles (123.5(2)–
125.9(2)�) of 4 are similar to those in 3. The Ni–N bond of 4 is short
(Ni–N bond length is 1.620(5) Å) and the nitrosyl ligand is linear
(Ni–N–O bond angle is 178.5(4)�).

The 1H NMR spectrum of 4 is consistent with a diamagnetic spe-
cies and with the X-ray crystal structure: four resonances are ob-
served between 0 and 10 ppm. Two resonances at d = 6.97 and
6.65 ppm are assigned to the imidazol-2-ylidene groups, a reso-
nance at d = 4.5 ppm to the BH group (which is very broad due to
unresolved coupling to 10,11B), and one resonance indicative of
the tert-butyl groups at d = 1.68 ppm. The presence of the nitrosyl
group was confirmed by IR spectroscopy as a band at 1703 cm�1

(toluene).
Complex 4 has an {NiNO}10 configuration according to the Ene-

mark–Feltham notation [59]. Mononitrosyl compounds containing
linear M–N–O groups are usually assumed to contain bound [NO]+

(0-electron p-donor), whereas those having bent M–N–O arrange-
ments are regarded as containing [NO]� (2-electron p-donor; both
types of nitrosyl are shown in Fig. 10a and b, respectively) [60].
This structural criterion rules out an oxidation state assignment

Table 3
Electronic absorption transition energies (cm�1) and molar absorptivities (M�1 cm�1) (in parentheses) for 3 and related complexes.

Assignmenta CT CT 3A2 (3A2, F) 3E (3T1, P) 3A2 (3T1, P) 3E (3T2, F) 3A1 (3T2, F) 3E (3T1, F)

Complex
HB(tBuIm)3NiBr (3) in CD2Cl2

b 36 400 (4500) 27 800 (500)g 21 150 (210) 14 490 (170, sh) 13 530 (290) Absenth 7250, 8600 (170)

By AOMc

ep(C) � 0 25 080 20 210 14 960 13 860 10 560 7690
ep-s(y)(C) – 0 24 470 19 900 14 680 13 560 10 300 7590
ep-c(x)(C) – 0 25 100 20 270 15 030 13 880 10 560 7720

[Tp*Ni]Br in CCl4
d 31 500 (2400) 28 900 (640) 20 220 (630) 17 600 (90, sh) 12 320 (160) 11 110 (190) Absenth 6290 (60)

By AOMc,e

ep(N) � 0 20 240 17 600 12 310 11 080 8030 6330
ep-s(y)(N) – 0 20 220 17 580 12 310 11 060 8030 6320
ep-c(x)(N) – 0f 21 530 17 180 13 160 11 010 8750 5400

a Transitions from a 3A2(3T1, F) ground state.
b This work. CD2Cl2 was used for NIR spectra to eliminate m(CH) overtones.
c The LFT parameters are given in Table S1.
d Reported by Desrochers et al. for [Tp*]NiBr [30].
e Recalculated in this work, but based on Desrochers et al. [30].
f This fit, along among the four presented, was problematic in terms of parameter robustness as well as agreement with experiment.
g The transition 3A2(3T1, F) ? 3A2(3A2, F) likely overlaps with LMCT and or ligand-based transitions.
h Forbidden in C3v symmetry. For 3, there is a weak feature at ca. 11000 cm�1 that may be due to this transition, which is allowed in lower symmetry.

Fig. 9. ORTEP of HB(tBuIm)3Ni(NO) (4) with hydrogen atoms removed for clarity.
Thermal ellipsoids shown are at 50% probability.
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as Ni(II) (3d8) with NO� for 4. Furthermore, an assignment to Ni(II)
would likely have S = 1, as seen for 3, but not for 4.

A problem with defining linear nitrosyl ligands as [NO]+, how-
ever, is that unusual metal oxidation number assignments can re-
sult [61]. In the case of pseudo-tetrahedral nickel nitrosyl
complexes, {NiNO}10, such as in 4, assignment of the linear nitrosyl
ligand as NO+ requires Ni(0). This assignment has been challenged
by Parkin and co-workers [8]. On the basis of experimental and
computational studies, they propose that the nitrosyl ligand in
such complexes should be treated similarly to an trianionic nitride
(N3�), and thus isoelectronic to peroxide (O2

2�) rather than to CO.
This type of coordination is shown in Fig. 10c. Evidence for this
proposal comes from the relatively short Ni–N(O) bond lengths
found in [Tp*]NiNO and [TseMes]NiNO (1.634 and 1.618 Å, respec-
tively) (Fig. 11), which are virtually identical to the Ni–N bond
length calculated for the hypothetical compound [Tp*]Ni„N
(1.622 Å) [8]. Additionally, the m(NO) bands found for [Tp*]NiNO
(1786 cm�1) and [TseMes]NiNO (1763, 1752 cm�1) are consistent
with Ni–N p* back donation. By this argument, these nickel nitrosyl
complexes would contain formally Ni(IV) and not Ni(0). Magnetic
resonance does not aid in this distinction, except to confirm the
diamagnetism, since each possibility contains two diamagnetic
components: Ni(IV) (low-spin 3d6, S = 0) with [NO]3� versus
Ni(0) (3d10) with NO+.

The experimental data for 4 leads us also to favor the [NO]3�

oxidation state assignment. Specifically, the Ni–N bond length of
4 (1.620(5) Å) is the same as the Ni–N bond length in the hypothet-
ical [Tp*]Ni„N (1.622 Å). Furthermore, the relatively low m(NO) of

4 (1703 cm�1) is consistent with a considerable amount of Ni–N p*

back donation.

3.8. Comparison of m(NO) with related complexes

The position of m(NO) in the IR spectrum can be used to evaluate
the electron-donor ability of the tris(carbene)borate ligand. The
position of m(NO) in 4 compared to a number of related nickel
nitrosyl complexes (Table 4) shows that the HB(tBuIm)3

� ligand
is the most strongly electron donating among these.

To determine the influence of the tris(carbene)borate substitu-
ents on m(NO), three related complexes were prepared, namely
PhB(tBuIm)3Ni(NO), PhB(MesIm)3Ni(NO) and PhB(MeIm)3Ni(NO)
(Table 4). These complexes were prepared as described above for
4 using the salt precursors: PhB(tBuImH)3(OTf)2 [13], PhB(MesIm-
H)3(OTf)2 [13] and PhB(MeImH)3(OTf)2 [18] and were character-
ized by 1H NMR, mass spectrometry (Section 2.3) and IR
spectroscopy (Table 5).

Two observations regarding the position of m(NO) in these com-
plexes can be made. The first is that there is no significant change
in m(NO) when switching the group bound to boron from a hydro-
gen to a phenyl, suggesting that the boron atom is electronically
isolated from the N-heterocyclic carbene donors. This is similar
to observations made in diaryl bis(phosphino)borato platinum
methyl carbonyl complexes [R2BPR02]Pt(Me)(CO) [62] where there
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Ni N O
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H
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N N
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Ph
Ph

Ni N O

A B 

Fig. 11. Molecular structures of [TseMes]Ni(NO) (A) and [Tp*]Ni(NO) (B), where
TseMes = tris(2-seleno-1-mesitylimidazolyl) hydroborate and Tp* = tris(3,5-
dimethylpyrazolyl)hydroborate.

Table 4
m(NO) stretching frequencies of four-coordinate {NiNO}10 complexes.

Complexa m(N–O) (cm�1) Reference

CpNi(NO) 1839 [10]
[TpPh2]Ni(NO) 1803 [4]
Cp*Ni(NO) 1787 [11]
[Tp*]Ni(NO) 1786 [8]
[TseMes]Ni(NO) 1763, 1752 [8]
(PhS)3Ni(NO)2� 1756b [65]
(TmtBu)Ni(NO) 1741 [3]
PhB(CH2PPh2)3Ni(NO) 1737 [5]

HB(tBuIm)3Ni(NO) 1703 This work

a Cp = cyclopentadienyl, TpPh2 ¼ trisð3;5-diphenylpyrazolylÞhydroborate, Cp* =
g5-C5Me5

�, pentamethylcyclopentadienyl, Tp* = tris(3,5-dimethylpyrazolyl)hydro-
borate, TseMes = tris(2-seleno-1-mesitylimidazolyl) hydroborate, TmR = tris(mer-
captoimidazolyl)hydroborate (R = Tol and tBu), and PhB(PPh2)3

� = tris(phosphino)-
phenylborate).

b Measured in CH3CN; m(NO) = 1655 cm�1 in the solid state.

Table 5
Nitrosyl stretching frequencies of alkyl/aryl-substituted tris(carbene)borate {NiNO}10

complexes.

N
B

N N

N NNi

R

R1R1
R1

N

O

R R1 m(N–O) (cm�1)

Ph Mes 1724
H tBu 1703
Ph tBu 1701
Ph Me 1697

Fig. 10. Ionic representation of metal–nitrosyl bonding, showing formal charges on
the nitrosyl ligand only (a) linear [NO]+, (b) bent [NO]� and (c) linear [NO]3�.
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was no significant dependence of m(CO) on the nature of the para
substituted phenyl groups.

The second observation concerns the effect of the imidazol-2-
ylidene substituents, where the alkyl substituents have a lower
m(NO) than the aryl substituent. The difference in stretching fre-
quency shows that the alkyl substituted ligands are better electron
donors than aryl substituted ligands. The greater electron-donor
ability increases p* back donation from nickel to the nitrosyl ligand.
The impact of the ligand substituents in these tris(carbene)borate
ligands can be compared with results for unidentate N-heterocyclic
carbene (NHC) ligands. In a series of unidentate NHC complexes,
(NHC)Ir(CO)2Cl (NHC = 1,3-substituted imidazol-2-ylidene) [63] al-
kyl substituted ligands had a greater donor ability than aryl substi-
tuted ligands, e.g., (IAd)Ir(CO)2Cl m(CO) = 2063.4 cm�1 versus
(IPr)Ir(CO)2Cl m(CO) = 2066.8 cm�1 (IAd = 1,3-adamantylimidazol-
2-ylidene, IPr = 1,3-(2,6-diisopropylphenyl)imidazol-2-ylidene).
By contrast, no significant change in the electron donor capability
of different NHC substituents was observed in (NHC)Ni(CO)3 com-
plexes [64].

4. Conclusions

In summary, the tris(carbene)borate complexes HB(tBuIm)3NiBr
(3) and HB(tBuIm)3NiNO (4) have been prepared and fully charac-
terized. In particular, HFEPR was used to investigate the S = 1
ground state of the bromide complex, 3. Analysis of the electronic
absorption spectra of 3 give evidence for the strong r-donating
ability of the tris(carbene)borate ligand. This ligand may also act
as a p-acceptor. The significant hyperfine interaction observed
from the bromo ligand and the difficulty in reproducing the sign
of the zfs both suggest that this complex can be meaningfully rep-
resented as {NiBr}10, by analogy with Ni nitrosyl and thiyl com-
plexes, rather than simply as a classical Ni(II) bromide. The
nickel nitrosyl complex, 4, clearly fits into the classification as
{NiNO}10. The X-ray crystal structure and IR data of 4, however,
are consistent with the proposal of multiple bond character be-
tween Ni and N of the nitrosyl ligand. The position of m(NO) for
tris(carbene)borate complexes is consistent with high electron-do-
nor ability. That ability can be further tuned by changes to the sub-
stituents on the imidazol-2-ylidene moieties of the ligand, as was
pioneered by Trofimenko for tris(pyrazolyl)borate ligands [2]. Fu-
ture work will address metal–tris(carbene)borate ligand bonding
in other four- and six-coordinate complexes as well as metal–li-
gand multiple bonds in complexes supported by tris(car-
bene)borate ligands.
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