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ABSTRACT: A series of three organochromium(III) complexes, based on a
quinoline-substituted cyclopentadienyl ring coordinated to a CrCl2 moiety
C5Me4(C9NH6)CrCl2 (1), C5Ph4(C9NH6)CrCl2 (2), and C5Me4(C11NH10)-
CrCl2 (3)has been investigated by EPR spectroscopy, including high-
frequency and -field EPR (HFEPR) as well as by 1H NMR. Complex 3 is new
and has higher solubility than 1 and 2, which could potentially improve its
activity as an alkene polymerization precatalyst, an application that has already
been documented for 1 and 2. The HFEPR studies show that 1−3 exhibit zero-
field splitting (zfs) that is unusually large for Cr(III) (3d3, S = 3/2), as given by
the axial zfs parameter D ≥ ∼3 cm−1. The zfs determined here for 1 is in good
agreement with previous theoretical studies of this complex by other workers,
which were made in the absence of any knowledge of the experimental data. Such a “blind” comparison of theory and
experiment is very rare. The NMR spectra of 3 are fully analyzed using the zfs data and clearly show the dominant contribution
of Fermi contact shifts, now that the pseudocontact (dipolar) shifts can be accurately determined. The results show the power
of integrated magnetic resonance (EPR and NMR) spectroscopy combined with theoretical calculations in understanding the
subtleties of electronic structure of the paramagnetic organometallic complex, in this case with S > 1/2, which could then be
related to chemical reactivity or magnetic properties.

■ INTRODUCTION

The interplay between magnetically active (I ≠ 0) atomic
nuclei and unpaired electrons (S ≠ 0) manifests itself in
paramagnetic resonance techniques whether the electron(s), as
in EPR, or the nuclei, as in NMR, are directly interrogated.
Unpaired electrons influence significantly the magnetic proper-
ties of practically all NMR active nuclei in a molecule, leading
to dramatic changes in relaxation behavior and chemical shift.
Due to an inverse proportionality between line widths in EPR
and NMR, highly resolved spectra can usually be obtained in
only one or the other of these two magnetic resonance
techniques. An intermediate case in terms of EPR and NMR
line widths is chromium(III) complexes with cyclopentadienyl
(Cp) ligands.1−3 Such compounds are relevant for catalytic
olefin polymerization processes.4−9 Calculations have shown
that the spin state and several agostic interactions during the
reaction pathway play a crucial role for the low barrier of
alkene insertion and the resulting high turnover numbers.10−12

Consequently, experimentally determined parameters help to
understand the electronic structure of such compounds and
may lead to a better knowledge of the factors determining
catalytic activity and selectivity. In addition to that aspect, a
good correlation between theory and experiment for
compounds, which can be isolated and characterized by
independent methods (i.e., X-ray diffraction of 1 and 2), will

pave the way for EPR/NMR spectroscopic identification of
reaction intermediates during catalytic reactions.
EPR as well as NMR investigations CrCpn (n = 2 or 1, with

ancillary ligands) species were published several years ago but
were recently complemented by a comprehensive theoretical
study on a range of cyclopentadienyl complexes, including
CrIICp2 and a CrIIICp complex to be described below.13,14

The main contribution to the NMR chemical shift in such
compounds is the Fermi-contact shift (fcs), which correlates
with delocalization of unpaired electron density onto all
measured NMR nuclei. Therefore, spin-density distribution in
the whole molecule can easily be determined by NMR,
whereas EPR fails to give a complete spin-density distribution
as most hyperfine splittings are not resolved. On the other
hand, EPR and, in particular, high-frequency and -field EPR
(HFEPR) techniques15,16 are well suited to obtain data such as
g-anisotropy or zero-field splitting. Anisotropy in the g values
can be present in any system with unpaired electrons and can
be substantial in, e.g., low-spin d5 complexes.17,18 Zero-field
splitting (zfs), however, is manifest only in systems with
multiple unpaired electrons (S ≥ 1).19,20 Such anisotropic
magnetic effects also influence the NMR spectra to some
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extent. Nevertheless, an integrated magnetic resonance
approach that combines EPR and NMR spectroscopic
measurements on the same system(s) is relatively uncommon.
Exceptions worth noting, one of low-spin, the other of high-
spin systems, are the separate studies by Clarke and co-
workers21 and by Franco and co-workers22 on Ru(III) and/or
Os(III) (4,5d5, S = 1/2) penta- and/or tetraammine complexes
and by Tierney and co-workers on Co(II) (3d7, S = 3/2)
hydridotrispyrazolylborate (Tp, “scorpionate”) complexes.23,24

Due to the lack of EPR data, effects of g anisotropy and zero-
field splitting could be only roughly estimated in our earlier
work on NMR spectroscopy of organochromium com-
pounds.25 Inspired by the above-mentioned integrated para-
magnetic resonance studies on later transition metal ions
(groups 8 and 9), we now present a similar approach to an
early transition metal system, namely, Cr(III) (3d3, S = 3/2).
Specifically, HFEPR measurements of three derivatives of
donor functionalized cyclopentadienyl chromium(III) com-
plexes are described, and the influence of g anisotropy and
zero-field splitting on the interpretation of the NMR
spectroscopic data is explored. Additionally, our experimental
results fully validate the previous theoretical study that
included one of our complexes.14

■ EXPERIMENTAL SECTION
Complexes 1 and 2 were synthesized according to published
procedures.8,26

Synthesis of 3. 8-Bromo-2-ethylquinoline was synthesized by
dropwise addition of 17.66 g of trans-2-pentenal (0.21 mol) to a
refluxing mixture of 34.4 g (0.2 mol) of 2-bromoaniline in 50 mL of
concentrated hydrochloric acid. After 60 min under reflux, the mixture
was cooled to room temperature, and 27.2 g of ZnCl2 (0.2 mol) was
added. This mixture was then cooled to 0 °C, and 250 mL of acetone
was added leading to a brown precipitate. The latter was collected and
subsequently washed with 3 M HCl (aq), isopropanol, and diethyl
ether. The remaining solid was treated with 50 mL of ammonia and
extracted with diethyl ether. The organic solution was concentrated
under a vacuum and distilled (0.012 mbar, 100 °C), leading to 14.8 g
(55 mmol, 27.8% yield) of 8-bromo-2-ethylquinoline.
An amount of 10 g (42 mmol) of 8-bromo-2-ethylquinoline in 200

mL of tetrahydrofuran was cooled to −90 °C and lithiated with 18.6
mL (46.6 mmol) of n-butyllithium (2.5 M in hexanes). To this
solution, 7.26 g (52.5 mmol) of tetramethylcyclopentenone was
added at the same temperature. The mixture was allowed to warm to
room temperature and was then heated to reflux for 1 h. After cooling
to room temperature, 50 g of ice and 10 mL of aqueous HCl were
added (pH < 1). After stirring overnight, the solution was treated with
aqueous NH3 (pH > 10). The organic phase was separated, and the
aqueous phase was extracted three times with 50 mL of pentane.
Distillation at 130−140 °C (0.03 mbar) gives 7.32 g (26.4 mmol,
62%) of the crude protio-ligand as a mixture of three isomers, which
can be further purified by column chromatography. An amount of 554
mg (2.0 mmol) of the protio-ligand (isomeric mixture) in 30 mL of
THF was deprotonated with 84 mg (2.1 mmol) of KH at room
temperature within 2 h. The resulting dark red suspension was added
to 712 mg (1.9 mmol) of CrCl3·3THF

27 in 30 mL of THF. After
stirring overnight, the solvent was removed in a vacuum, and the solid
was extracted with CH2Cl2. After removal of the solvent in a vacuum,
the solid was washed with hexane and recrystallized from CH2Cl2 to
obtain 490 mg (1.23 mmol, 64%) of complex 3. Elemental Analysis
calcd.: C 60.16, H: 5.55, N: 3.51. Found: C 60.61, H 5.60, N: 3.60.
(HF)EPR Spectroscopy. X-band (∼9.5 GHz) EPR spectra of 3

(see Scheme 1) in dichloromethane solution were recorded using a
Bruker Elexsys E500 EPR Spectrometer.
HFEPR experiments were performed in the spectrometer using a

15 T superconducting magnet, described earlier28 with the exception
of employing a Virginia Diodes (Charlottesville, VA, USA) source

operating at a base frequency of 12−14 GHz and multiplied by a
cascade of multipliers. Phase-sensitive detection was used, with the
magnetic field modulated at 50 kHz, so that traditional, first-derivative
mode spectra resulted. Temperature control was provided by an
Oxford Instruments (Oxford, UK) continuous flow cryostat. For
HFEPR, complexes 1−3, shown in Scheme 1, were loaded into 1 mL
polyethylene vial containers in a glovebag under nitrogen either as
ground powders or as toluene/dichloromethane (1:1 v/v) solutions,
using dry, degassed solvents. The amount of solid material was 20−30
mg. In solution experiments, typically a similar amount (∼20 mg) was
dissolved in ∼1 mL of solvent of which ∼300 μL was transferred to
the HFEPR sample vial.

The spin Hamiltonian parameters were obtained by least-squares
fits to field vs frequency maps of the turning points in the powder
spectra15 using the program SPIN (by A. Ozarowski), which employs
a standard spin Hamiltonian for spin quartets:29

μ= · · ̂ + ̂ − + + ̂ − ̂H B g S D S S S E S S
1
3

( 1) ( )z x yB
2 2 2i

k
jjj

y
{
zzz (1)

The same program served to simulate single-frequency spectra.
NMR Spectroscopy. Proton NMR spectra of 1−3 were recorded

in CDCl3 solution at room temperature with a Bruker DRX200
spectrometer. Typically, 4000 transients were recorded with a 90°
pulse length of 13.3 μs and a repetition time of 65 ms.

■ RESULTS AND DISCUSSION
Three organochromium(III) complexes sketched in Scheme 1
were chosen for this study. Compounds 1 and 2 have been
reported previously and were used as precatalysts in ethylene
polymerization.8,26 Compound 3 is a newly synthesized
derivative which features much higher solubility compared to
1 and 2, simply by virtue of the ethyl substituent at position 2
of the quinoline ring.

Conventional (X-band) EPR. The X-band EPR spectrum
of 3 in frozen dichloromethane solution is shown in Figure 1.
Such a spectrum is typical of a system with S = 3/2, wherein
the microwave quantum energy (here, ν = 9.60 GHz, 0.32
cm−1) is much smaller than the zfs, which in the case of a
rhombic, spin quartet system (E term in eq 1 is nonzero) is
often denoted as Δ, and is given by20

Δ = +D E2 32 2 (2)

For small E values, as is the case here, Δ ≈ 2D. The other
information obtained from the X-band spectrum is that the
sign of D (with the sign of E conventionally taken to be the
same) is positive. In this case, the ⟨S, MS| = ⟨3/2, ±1/2|
Kramers doublet is lower in energy (ground spin state) and the
⟨3/2, ±3/2| Kramers doublet is higher in energy (excited spin
state). Such a situation yields a perpendicular feature at g⊥ ≈ 4
and a parallel feature at g|| ≈ 2, as seen in Figure 1. If the sign of
D were negative, then the X-band EPR spectral appearance
would be dramatically different, as seen for Co(II)
complexes,23 especially for organocobalt(II) at a low
coordination number.30−32

Scheme 1. Chromium Complexes Studied in This Work,
Left to Right: 1, 2, and 3
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The simulation shown in Figure 1 employs an effective S′ =
1/2 to yield effective g′ values (here only in order g′max, g′mid,
g′min): 4.10, 3.88, and 1.988. Use of a perturbation theory
equation20 with E/D = 0.02 and intrinsic (i.e., “true” S = 3/2
spin Hamiltonian), isotropic g values of 1.99 yields effective g′
values as follows: gx′ = 3.86, gy′ = 4.10, and gz′ = 1.988, in good
agreement with the experiment.
HFEPR. Complex 1 measured as a solid produced fairly

strong but broad and ill-defined EPR resonances at low
temperature (10 K) that could only be partly interpreted
retroactively once an experiment on frozen solution was
performed. Figure S1 (Supporting Information) shows a
typical solid spectrum accompanied by simulations using S =
3/2 spin Hamiltonian parameters obtained from a glass.
Given the poor quality of the spectra obtained from the solid

1, we prepared a solution in a mix of toluene and
dichloromethane (∼1:1 v/v). The obtained low-temperature
glass spectra were of much higher quality, although with a
lower signal-to-noise ratio due to the absorption of the sub-
THz wave radiation by the glass. In particular, the line widths
of the observed turning points were much narrower than in the

solid and their shape much better defined and consistent with a
powder pattern. Figure S2 (Supporting Information) shows a
typical HFEPR spectrum of the glass under the same
conditions as in Figure S1. The appearance of the near-zero
field resonance at this frequency yields an immediate estimate
of 2|D| ∼ 203 GHz = 6.77 cm−1, i.e., |D| ∼ 3.38 cm−1.
Simulations of this spectrum use more accurate spin
Hamiltonian parameters for S = 3/2, obtained using the
tunable-frequency methodology (see Figure S3, Supporting
Information),15 listed in Table 1. A comparison of the
experiment with simulations shows that the zero-field splitting
parameter D is positive, in agreement with the X-band
spectrum for the similar complex, 3.
Compound 2 as a solid produced very high-quality spectra at

any temperature from liquid helium to ambient. The spectra
were consistent with a powder distribution of the crystallites in
the sample and were characterized by a much smaller line
width than in the case of complex 1. Figure 2 shows a typical

spectrum at a low temperature (7 K) of the solid, together with
its simulations using spin Hamiltonian parameters as in Table
1, again for the case of both negative and positive D. The

Figure 1. X-band EPR spectrum of 3 in dichloromethane solution
recorded at 4.8 K and 9.60 GHz (black trace) with simulation (red
trace). The simulation uses an effective spin, S′ = 1/2, with g′ = [4.10,
3.88, 1.988] and with Lorentzian line widths (hwhm) of 110, 118, and
32 MHz. The feature labeled g⊥ is split into g′max (lower field) and
g′mid (higher field) features due to rhombic zfs.

Table 1. Spin Hamiltonian Parameters for the Three Complexes Studied

compound temp. (K) D (cm−1) E (cm−1) E/D gx gy gz giso

1a 10 +3.29(1) +0.046(1) 0.014 1.980(2) 1.976(4) 2.02(4)d 1.99
1 (theory)b 298 +2.8 − + 3.0 +0.09 − + 0.14 0.032−0.047 1.952−1.965 1.944−1.959 1.979−1.985 1.958−1.970
2c 7 +3.126(5) +0.087(3) 0.028 1.981(3) 1.975(2) 1.982(6) 1.979
2c 280 +3.14(1) +0.085(6) 0.027 1.977(6) 1.980(2) 1.98e 1.98
3a,c 5−10 +3.25(1) +0.120(7) 0.037 1.967(5) 1.962(6) 1.970(8) 1.966

aData in frozen toluene/dichloromethane 1:1 v/v solution. bValues calculated by Rouf et al. (see their Table 4).14 We present here the range of
values calculated by four different levels of theory; see text for further discussion. The calculated g values are matched with the most closely
corresponding experimental values, so that gmax ≡ gz, gmid ≡ gy, and gmin ≡ gx. Their NMR values (see Table S1) were calculated at 298 K, so we
assume the same applies for the spin Hamiltonian parameters. cData in the solid state. For complex 3, the parameters in the solution are identical to
those in solid, although they were not determined via the tunable-frequency methodology so the errors do not apply to the solution data. dThe
large error in gz is due to a limited number of observable parallel turning points. egz needed to be constrained to a value of 1.98 in the fits because of
the same problem as in d.

Figure 2. EPR spectrum of solid 2 at 7 K and 321.6 GHz (black
trace) accompanied by simulations (colored traces) using spin
Hamiltonian parameters as listed in Table 1 in the case of both
negative and positive D. The resonance at ca. 11.6 T (g = 1.98)
originates from an unknown isotropic Cr species and is not simulated.
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parameters were obtained using the tunable-frequency
methodology, see Figure 3. The magnitude of the zfs

parameters is similar to those of 1 as measured in solution,
with the rhombicity factor about twice as much but still very
small, and D remains positive as indicated by the similarity of
the observed spectra with those simulated using D > 0. Further
proof of the sign of D was delivered by following the
temperature dependence of the spectra as shown in Figure S5
and explained in Figure S6 (both in the Supporting
Information).
Sample 2 produced HFEPR spectra up to room temperature.

Figure 4 shows a spectrum at 280 K and 321.6 GHz together
with its simulation using spin Hamiltonian parameters as in
Table 1 while Figure S4 (Supporting Information) presents the
field vs frequency map in the same conditions. At room
temperature, the ground and excited Kramers doublets are
essentially equally populated, so there is no spectral depend-
ence on the sign of D; only the case of positive D is simulated.
The magnitude of the zfs parameters is slightly larger at room
temperature than at 10 K. We did not perform an experiment
on 2 in solution due to its low solubility.
Solid complex 3 displayed spectra that were almost as good

as those of 2 (Figure S7, Supporting Information). The spin
Hamiltonian parameters are very similar to those of 1, with D
being almost identical, while E is three times as large as in 1
(and 50% larger than in 2). For the actual values, obtained
through the tunable-frequency methodology (Figure S8,
Supporting Information), see Table 1. The resonances could
be pursued up to 80 K and beyond, but no room temperature
spectra were recorded. Complex 3 in solution produced
resonances that were identical in position to those of the solid,

but with decreased S/N ratio due to sub-THz wave power
losses by solvent absorption (Figure 5).

Comparison with previous EPR theoretical results.
Quantum chemical theory (QCT) has been widely applied in
recent years toward understanding the electronic structure of
paramagnetic transition metal complexes.33−36 Typically, the
computational/theoretical studies are undertaken after the
experimental data are reported. An example is the HFEPR

Figure 3. Magnetic field vs frequency (or energy) dependence of the
turning points in HFEPR spectra of solid 2 observed at 7 K. Squares
are experimental points; curves were drawn using best-fitted spin
Hamiltonian parameters as in Table 1. Red curves: turning points
with the magnetic field B0 parallel to the x-axis of the zfs tensor. Blue
curves, B0 || y; black curves, B0 || z; green curves, off-axis turning
points. The dashed vertical line represents the frequency at which the
spectrum shown in Figure 2 was recorded.

Figure 4. EPR spectrum of solid 2 at 280 K and 321.6 GHz (black
trace) accompanied by a simulation (red trace) using spin
Hamiltonian parameters as listed in Table 1. The resonance at ca.
11.6 T (g = 1.98) originates from an unknown isotropic Cr species
and is not simulated.

Figure 5. EPR spectrum of 3 in toluene/dichloromethane 1:1 v/v
solution at 10 K and 216 GHz (black trace) accompanied by
simulations (colored traces) using spin Hamiltonian parameters as
listed in Table 1 in the case of both negative, and positive D. The
resonances in the experimental spectrum marked with asterisks
originate from solid molecular dioxygen and are not simulated.
Neither is the peak at ca. 7.77 T (g = 1.98) that originates from an
unknown isotropic Cr species.
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study of Ni(II) (3d8, S = 1) scorpionate complexes of general
formula TpNiX (X = Cl, Br, I),37 which was followed by a
detailed computational study that explained the trend in zfs as
a function of the halido ligand.38 Alternatively, the
experimental and theoretical studies are performed in concert,
as was the case with another Ni(II) scorpionate, which was
coordinated by a κ3-hydridoborato ligand.39 The situation that
pertains here is highly unusual in that the computational
studies13,14 were performed before there were any experimental
data. The earlier computational study by Vaara and co-workers
included MCp2 (M = Cr and Ni) as well as 1, and the later,
more comprehensive one focused on neutral, paramagnetic
metallocene complexes of general formula MCp2 (M = V, Cr,
Mn, Co, Rh, Ir, and Ni), but also included 1.14 We speculate
that 1 was included because the authors were unaware of any
simple [CrIIICp2]

+ species, although such a chromocenium
complex was reported many years ago,40 but absent any
spectroscopic or structural characterization. In any case, Vaara
and co-workers calculated the zfs and g values for 1 in their
later paper,14 and these results are also presented in Table 1.
The authors used four different levels of theory: CASSCF and
NEVPT2 calculations, each of which used either the def2-
TZVP basis set with nonrelativistic (NR + SO) wave functions
or the DKH-TZV basis set with relativistic (DKH + SO) wave
functions. The relative merits of each method are beyond the
scope of our work, but it is clear that all of these methods, as
evidenced by the narrow range of calculated values (see Table
1), give excellent correspondence with the experiment. The
CASSCF (NR + SO) method gave an ever so slightly higher D
value (3.0 cm−1) compared to both NEVPT2 methods (2.8
cm−1), but this hardly demonstrates any superiority of this
approach. Both CASSCF methods gave slightly higher
rhombicity than both NEVPT2 methods (E/D = 0.046
(0.047) versus 0.032). These values are all slightly higher
than the experiment, but the rhombicity is a difficult parameter
to determine computationally. Likewise for the g values,
wherein the g anisotropy, and hence the deviation from ge,
appears to be overstated by the theory, with the NEVPT2
methods giving slightly less anisotropy/deviation and thus
modestly better agreement with the experiment. One cannot

generalize as to whether the relativistic (DKH) or non-
relativistic (NR) approach is superior, although we suspect, as
nonexperts, that for a 3d ion such as Cr(III), relativistic
methods are not critically needed, in contrast to a 5d ion.41

Nevertheless, the overall agreement between the calculated and
experimental spin Hamiltonian parameters for 1 is remarkable,
especially given that Vaara and co-workers had no prior
knowledge of the experimental data.
There are a number of Cr(III) coordination complexes for

which the zfs has been determined but in most cases are six-
coordinate, slightly distorted or truly octahedral complexes,
wherein the relatively high symmetry causes the zfs to be of
small magnitude. Trigonally distorted examples are Cr(acac)3,
for which D ≈ 0.6 cm−1,42,43 and a trigonal Cr(III) complex
even with heteroleptic coordination (N3C3 donor set) exhibits
similar zfs: D = 0.45 cm−1 for (iPrtacn)Cr(CN)3 (iPrtacn =
1,4,7-tris-isopropyl-1,4,7-triazacyclononane).44 A classic, early
X-band EPR study was on an extensive series of complexes of
general formula trans-[CrL4XY]

n+ (L = NH3, py; X, Y = halide,
H2O, etc.), which yielded a range of D values (∼0 < |D| ≤ ∼0.7
cm−1), but with |D| ≈ 0.2 cm−1 being typical.45 W-band (94.5
GHz) EPR of a tetragonally distorted Cr(III) complex, trans-
RSSR-[CrCl2(cyclam)]+ (cyclam = 1,4,8,11-tetraazacyclotetra-
decane), provided D ≈ −0.3 cm−1.46,47 Tetragonal Cr(III)
complexes with chelating diphosphine ligands have been
explored for use as single molecule (single ion) magnets.48

These octahedral complexes of general formula [Cr-
(dmpe)2(CN)X]+ (X = Cl, Br, I; dmpe = 1,2-bis-
(dimethylphosphino)ethane) exhibit a wide range of zfs: 0.11
≤ |D| ≤ 2.3 cm−1.48 However, in this series the magnitude of D
increases with halido ligand size and is highest with iodido
ligand (similarly with the Cr(II) congeners), which is the result
of spin−orbit coupling (SOC) involving this heavy atom. The
heavy atom effect on zfs has been shown in a number of cases,
such as the TpNiX series,38 Co(II) complexes,49 and a Mn(III)
coordination complex,50 and has been fully described in
systematic experimental/computational studies by Duboc and
co-workers on Mn(II)51 and Mn(III)52 complexes.
Thus, it is difficult to put the spin Hamiltonian results,

whether experimental or theoretical, for 1−3 into context of

Figure 6. 1H NMR spectrum of 3 in CDCl3 measured at 295 K and 200 MHz.
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other such systems as there are no direct Cr(III) analogs,
except to note that the magnitude of D seen here, which is
absent any heavy atom ligand effects, is quite large for a Cr(III)
complex. Vanadocene is another neutral metallocene complex
with a 3d3 ion, V(II), albeit with much higher symmetry than
1−3. Also notable is that the free-ion SOC constant of V2+ is
nearly 40% smaller than that of Cr3+ (ζ = 169 versus 274
cm−1),53 which would thus reduce the zfs for directly
analogous systems.19,20 However, EPR studies of this
complex54−56 provided D = +2.836(2) cm−1 (E = 0 for this
axial species),55 which is nearly as large as that seen for 1−3.
Vaara and co-workers calculated D = +2.4(1) cm−1, the range
given here (±0.1 cm−1) arising from the different computa-
tional methods they employed. This calculated value is ∼15%
lower than the experiment one and that for 1 is roughly ∼12%
lower, information which may be of use for advances in
“benchmarking” theory.
NMR Spectroscopy. All three compounds are able to

adopt Cs symmetry in solution, and therefore pairs of
substituents at the five-membered rings become equivalent in
NMR spectra. The 1H NMR spectrum of 3 is shown in Figure
6. Two large signals with a relative intensity of 6.0 and 5.3 can
be attributed to the four CH3 substituents at the Cp ring. Two
of the five quinoline H atoms resonate at high field (−39.0 and
−11.2 ppm, respectively) and two at low field (44.3 and 12.8
ppm, respectively), whereas a fifth signal is hidden in the
diamagnetic region (i.e., from 8 to 0 ppm). The solvent signal
(7.2 ppm) shows a large shoulder at ∼7−8 ppm which
integrates to 2.7 and is assigned to the CH3 group of the ethyl
substituent. The corresponding CH2 signal is very broad
(width at half height = 2500 Hz) and located at 65.6 ppm. This
extreme line broadening is due the close proximity of these H
atoms to the chromium center, and therefore a fast relaxation
results. The fast relaxation associated with the very broad line
leads to a small intensity of this signal (only 0.8 instead of 2.0).
In order to assign the NMR signals in a better way, we have

to discuss and apply the theory which describes the influence
of unpaired electrons on NMR spectra. Several effects
contribute to the chemical shift and relaxation behavior of
NMR nuclei, which still makes it difficult to interpret NMR
spectra of paramagnetic molecules. Only if a single
contribution dominates, then the NMR analysis becomes
straightforward.57−61 In a simplified approach, three main
contributions add up to the observed chemical shift (δexp),
namely, the orbital shift (δorb), which is also present in
diamagnetic systems, the Fermi-contact shift (fcs) and the
pseudocontact shift (pcs). The first contribution (δorb) is
usually known from isostructural diamagnetic compounds or
can be calculated with high precision by increment systems or
by DFT. The fcs contribution is proportional to the unpaired
spin-density at the measured nucleus, whereas pcs comes from
a dipolar electron−nucleus interaction and is proportional to
the magnetic anisotropy of the molecule.
The main paramagnetic shift contribution for the complexes

studied in this work is fcs which itself correlates with the spin
density at the measured nucleus according to eq 3 (μ0 is the
vacuum permeability, μB the Bohr magneton, ge the free
electron g factor, k the Boltzmann factor, S the total spin
quantum number, T the temperature, and ραβ the spin density
at the measured nucleus):

μ μ
ρ= × + · αβ
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Spin density can be calculated by DFT methods. Figure 7
shows the correlation of the calculated with the experimental

NMR shifts. The calculated shifts used eq 3 with the addition
of the orbital shift (i.e., diamagnetic shift). The calculation of
the spin density nicely correlates with the experimental
paramagnetic shifts with the exception of the two resonances
of the CH3 substituents at the Cp rings.
The correlation between spin density and experimental

paramagnetic shift demonstrates that the paramagnetic shift is
dominated by fcs and that pcs is small. However, with the help
of the EPR results, we can now estimate the small contribution
from pcs, which is itself a result of magnetic anisotropy. The
main source of magnetic anisotropy is located at the metal
center so that a point dipole model is appropriate for the
description of pcs (see eq 4, Δχax and Δχrh are the axial and
rhombic components of the magnetic susceptibility tensor, θ
and φ are angles between the metal−NMR nucleus vector and
the axes defining the magnetic anisotropy, and r is the distance
between the metal and NMR nucleus.)
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Metal centered magnetic anisotropy (Δχ) stems from g
anisotropy and zfs. If the size and sign of these parameters
are known, then Δχ can be calculated. Consequently, the
position of a resonating NMR nucleus (parameters r, θ, and φ)
together with g anisotropy and zfs define the pseudocontact
shift. The relation between pcs, g anisotropy, and zfs has been
described by Kurland and McGarvey.62 In the absence of
significant rhombic magnetic anisotropy, pcs can be described
as the sum of a contribution from g anisotropy (pcsg) and zfs
(pcszfs) with
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Figure 7. Correlation of experimental NMR shift of 3 measured at
295 K with the sum of the calculated fcs and the diamagnetic shift.
The red dots lie somewhat outside the linear correlation and are
assigned to the CH3 groups at the Cp ring.
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The contribution from g anisotropy has a T−1 dependence,
whereas the contribution from zfs has a T−2 dependence. The
HFEPR data show a positive g anisotropy (= g|| − g⊥) and a
positive D so that the two contributions to the pcs have
opposite sign and they cancel to some extent.
Table 2 lists the contributions of both g anisotropy and zfs to

pcs for all H nuclei in compound 3, with the H numbering
scheme given in Figure 8. Two orientations of the magnetic

axis have been used: along the Cr−N bond and along the line
connecting the Cr atom with the centroid of the Cp ring. In
both orientations, pcs values are quite small with a maximum
value of −2.3 ppm only. These values are too small to affect
the 1H NMR spectrum of 3 (see Figures 6 and 7). The axial
component of the magnetic anisotropy tensor (Δχax) was
calculated from the pcs values by using the axial part of eq 4
leading to a small magnetic anisotropy of 1.7 × 10−33 m3. For
comparison, Δχax values in Co(II) or Fe(II) typically lie in the
range of 8 × 10−32 to 4 × 10−31 m3.63−65 This small magnetic
anisotropy value clearly shows that pcs is very small so that fcs
is the dominating paramagnetic shift contribution in 1−3 and
related compounds.
Comparison with Previous NMR Theoretical Results.

The calculated and experimental chemical shifts for 1 and 3 are
given in Table S1 (Supporting Information). Such data for 1

have already been presented by Vaara and co-workers14 but are
given here for convenience and to highlight both the
experimental differences between 1 and 3 and the differences
between experiment and theory for 1.

■ SUMMARY

HFEPR has been successfully applied to a series of
organochromium(III) complexes that are relevant as precata-
lysts for alkene polymerization.8,25,26 These complexes exhibit
a spin quartet, i.e., S = 3/2, ground state, which is typical for
Cr(III), but the spin Hamiltonian parameters extracted by
HFEPR show that the zfs is unusually large in magnitude for
these complexes. Generally, coordination complexes of Cr(III)
are six-coordinate with distorted octahedral geometry and
exhibit relative modest zfs, with the axial zfs parameter, |D| <
0.5 cm−1, absent any complicating factors, such as from heavy
atom ligands.48,50 In contrast, complexes 1−3 exhibit D > 3
cm−1, which is as large in magnitude as any mononuclear
Cr(III) complex of which we are aware. Interestingly, the zfs
for isoelectronic V(II) in vanadocene is nearly as large (D = 2.8
cm−1).55

The determination by HFEPR of the zfs in the previously
unreported complex 3 now allows a complete theoretical
analysis of the paramagnetic shifts in its 1H NMR, complex 1
having been previously analyzed in this way using calculated zfs
parameters,14 which we now show are quite close to
experimental results. These calculations show that despite
the significant magnetic anisotropy of these Cr(III) centers,
the pseudocontact shift (pcs) is still relatively small so that the
Fermi-contact shift (fcs) is the dominant source of the
chemical shifts in the 1H NMR of these complexes. The results
of this study show in general the applicability of an integrated
magnetic resonance approach to paramagnetic organometallic
complexes. Such an approach can be used to distinguish subtle
differences among a series of related complexes that could then
be correlated with chemical reactivity or magnetic properties.
In addition to that potential application, the excellent
agreement between the theoretically predicted and exper-
imentally determined values may help to identify reaction
intermediates in catalytic reactions by EPR/NMR techniques.
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Table 2. Results of Calculations of pcs Contributions pcsg and pcszfs using eqs 5a and 5b, respectively, for 3a

Cr−N axis Cr−Cp axis

r [Å] θ (Cr−N) pcsg pcszfs pcs θ (Cr−Cp) pcsg pcszfs pcs

H3 5.338 19.9 0.23 −0.7 −0.47 131.57 0.04 −0.14 −0.09
H4 6.087 4.26 0.18 −0.57 −0.39 107.65 −0.07 0.21 0.14
H5 6.463 26.9 0.11 −0.33 −0.22 84.79 −0.08 0.23 0.16
H6 6.461 49 0.02 −0.07 −0.05 62.69 −0.03 0.09 0.06
H7 4.863 68.5 −0.11 0.34 0.23 43.16 0.11 −0.34 −0.23
CH3

8/11 3.55−4.34 133.2−161.5 −0.35 1.1 0.75 46.6−68.9 −0.13 0.39 0.26
CH3

9/10 3.55−4.34 133.2−161.5 0.35 −1.1 −0.75 43.8−65.6 −0.07 0.22 0.15
CH2

12 2.83/4.26 47.1/60.8 −0.08 0.25 0.17 155.8/172.3 1.09 −3.41 −2.32
CH3

13 4.16−5.27 21.6−62.9 0 −0.02 −0.02 142.6−162.0 0.23 −0.72 −0.49
aAn axial model has been used with g|| = gz, g⊥ = 0.5(gx + gy), and E = 0. Left side: axis along Cr−N vector (blue dotted line in Figure 8). Right side:
axis along Cp−centroid−Cr vector (red dotted line in Figure 8). H numbering is shown in Figure 8.

Figure 8. H numbering scheme for compound 3. The red dotted line
shows one possible axis in an axial model as used for the analysis of
pcs (i.e., the axis defined by the Cr−Cp centroid vector), whereas the
blue dotted line shows the other possibility (i.e., defined by the Cr−
N(quinoline) vector).
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Additional HFEPR spectra, energy-level, and 2D field-
frequency diagrams (Figures S1−S8); table of exper-
imental and calculated NMR chemical shifts (PDF)
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Bond, A. D.; García-Rodríguez, R.; Wright, D. S. The coordination
chemistry of the neutral tris-2-pyridyl silicon ligand [PhSi(6-Me-2-
py)3]. Dalton Trans. 2018, 47, 7036−7043.
(65) Pavlov, A. A.; Savkina, S. A.; Belov, A. S.; Voloshin, Y. Z.;
Nelyubina, Y. V.; Novikov, V. V. Very Large Magnetic Anisotropy of
Cage Cobalt(II) Complexes with a Rigid Cholesteryl Substituent

Organometallics Article

DOI: 10.1021/acs.organomet.9b00158
Organometallics 2019, 38, 2179−2188

2187

http://dx.doi.org/10.1021/acs.organomet.9b00158


from Paramagnetic NMR Spectroscopy. ACS Omega 2018, 3, 4941−
4946.

Organometallics Article

DOI: 10.1021/acs.organomet.9b00158
Organometallics 2019, 38, 2179−2188

2188

http://dx.doi.org/10.1021/acs.organomet.9b00158

