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Abstract: A general protocol for the structural characterization of paramagnetic molecular solids using
solid-state NMR is provided and illustrated by the characterization of a high-spin FeII catalyst precursor.
We show how good NMR performance can be obtained on a molecular powder sample at natural abundance
by using very fast (>30 kHz) magic angle spinning (MAS), even though the individual NMR resonances
have highly anisotropic shifts and very short relaxation times. The results include the optimization of
broadband heteronuclear (proton-carbon) recoupling sequences for polarization transfer; the observation
of single or multiple quantum correlation spectra between coupled spins as a tool for removing the
inhomogeneous bulk magnetic susceptibility (BMS) broadening; and the combination of NMR experiments
and density functional theory calculations, to yield assignments.

Introduction

Solid-state NMR has proven to be an effective tool for the
characterization of noncrystalline organic samples, including
diamagnetic organometallic complexes.1 In combination with
techniques such as EXAFS and IR, solid-state NMR can provide
unique insights into the analysis of the structures of heteroge-
neous catalysts and a description of surface chemistry processes.2

In many recent examples, steps and mechanisms of surface
reactions could be inferred from the detection of reaction
intermediates and end products.3 Many catalysts, however,

depend on the use of paramagnetic metal ions.4 NMR potentially
provides a method for determining paramagnetic shifts and
relaxation rates, which are direct probes of the molecular
geometries and of the electronic structures in such compounds.
However, to date, solid-state NMR studies of solid paramagnetic
organometallic complexes have been hindered by the existence
of large orientation-dependent paramagnetic shifts, as well as
paramagnetically enhanced nuclear relaxation, both of which
hamper data acquisition and spectral assignment. This makes
solid-state NMR of paramagnetic molecules somewhat chal-
lenging, and there have been only a rather limited number of
successful examples in the literature.5-10 Traditionally, some
of these problems are alleviated or circumvented by13C and
2H labeling,5,6 which provides a considerable spectral simplifica-
tion, makes assignment easier, and, in the case of2H, opens a
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window for probing local conformational dynamics around the
metal center.7 The requirement though of a large number of
13C and2H labeled samples for complete characterization limits
the impact of this approach.

This latter limitation can be overcome by the use of samples
containing natural isotopic abundance13C, as recently demon-
strated by Ishii and co-workers,9,10 where enhanced sensitivity
and resolution were obtained by using very fast MAS, and rapid
2D heteronuclear correlation and dipolar-edited experiments
could be used to assign13C and1H signals, at least in simple
model compounds. Nevertheless, most of these advances have
been restricted to paramagnetic centers possessing a small
magnetic susceptibility (electron spinS) 1/2) and/or isotropic.

Unfortunately, paramagnetic centers featuring a large spin,
and thus a large electronic moment, together with a large
susceptibility anisotropy are, by far, the most common in
inorganic and bio-inorganic samples. In these cases, from an
NMR perspective, the situation changes radically. First, a large
electronic spinSgreatly increases the anisotropy of the nuclear
shifts, which is dominated by the dipolar coupling with the
electronic moment, and grows proportionally toS(S + 1)γI

(where γI is the gyromagnetic ratio of the nuclear spinI).11

Second, an anisotropic paramagnetic susceptibility tensor makes
the electron-nuclear dipolar shift tensor nontraceless,12 intro-
ducing new terms into the isotropic nuclear shiftδobs observed
under MAS. Thus, in addition to the orbital contribution (δdia),
as commonly observed in diamagnetic molecules, and a Fermi
contact term (δfc, the trace of the through-bond electron-nucleus
coupling tensor),13 δobs now consists of the so-called pseudo-
contact term (δpc, the trace of the electron-nuclear dipolar
interaction)14 and a bulk magnetic susceptibility (BMS) con-
tribution (δBMS):

Since the BMS tensor for a crystallite is also anisotropic, the
size ofδBMS depends on the nuclear position in the crystallite.15

In most cases, when considering small metal complexes where
nuclei are separated by only a few bonds from the paramagnetic
center,δpc and particularlyδBMS are only minor corrections and
the hyperfine shifts are dominated by the contact contribution,
δfc. However, due to the random distribution of the orientations
of the crystallites in the sample, the bulk magnetic susceptibility
(and thusδBMS) varies randomly in the powder, causing a
distribution of magnetic fields, and therefore a broadening of
the isotropic peaks of an MAS NMR spectrum.15,16This effect

becomes the dominant source of spectral broadening for such
systems, its contribution to the observed line width being
potentially larger than the relaxation enhancement induced by
the paramagnetic center.17

Here we present a strategy for characterizing, at natural
abundance, a powdered molecular solid containing paramagnetic
metal ions having large, anisotropic susceptibilities. We show
how spectra free of BMS broadening can be obtained in short
times and that they can be interpreted on the basis of a reference
molecular structure, by combining multipulse and multidimen-
sional NMR methods with quantum chemical calculations. The
challenge is illustrated by the characterization of1 (Scheme
1), a high-spin (S ) 2) DIAD-FeII complex (DIAD: 2,3-
dimethyl-1,4-[(2′,6′)-diisopropylphenyl]-N,N′-diazadiene) be-
longing to a new family of efficient polymerization catalysts.18-20

Results and Discussion

Sensitivity and Resolution Enhancement.Figure 1 shows
the1H and13C NMR spectra of1 acquired at 500 MHz, at MAS
speeds of 11 and 33 kHz. As noticed by Ishii and co-workers,10

sensitivity and resolution experience a spectacular enhancement
under very high MAS. Despite this dramatic effect, fast sample
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Scheme 1

Figure 1. (a,b)1H and (c,d)13C MAS NMR spectra of1 acquired at MAS
frequencies of 11 kHz (a,c) and 33 kHz (b,d) (temperature: 303 K,B0:
11.7 T). AsT2 relaxation may interfere with the comparisons, the same
echo delayτ of 90 µs (equal, respectively, to 1 and 3 rotor periods) was
used in all the experiments.

δobs) δdia + δfc + δpc + δBMS (1)
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rotation is not capable of averaging the anisotropy of the
hyperfine interactions, even for nuclei with lower gyromagnetic
ratios (13C), so the signal intensity is still spread over hundreds
of ppm into a large family of sidebands.

A. Bulk Magnetic Susceptibility (BMS) Broadening.
Furthermore, the resonances appear much broader than those
observed under similar conditions, for CuII or MnII com-
plexes.9,10 Especially in the case of the proton, this prevents
the observation of any resolved peaks. This broadening cannot
be explained by a paramagnetic relaxation enhancement. Indeed,
in the absence of molecular motion, the paramagnetic center
can only influence nuclear relaxation via electron relaxation
(Solomon mechanism).17 Average relaxation rates were mea-
sured for1H and13C signals: T1’s were found to be 1 ms for
1H, 15 ms on average for13C (in the range between 7.1( 0.2
ms and 20.5( 2.5 ms), while values of 0.55 ms for1H and
around 2 ms (ranging from 1.6( 0.3 ms to 2.5( 0.3 ms) for
13C were found forT2′. Reported correlation times for electronic
fluctuations (τe) are on the order of 10-11 s for high-spin
tetrahedral FeII complexes,13 a time scale which agrees with
the measuredT1’s. However, the measuredT2′ values indicate
that more than a significant part of the line width observed in
the 13C spectrum is refocusable, a large portion of it being
accounted for, potentially, by BMS inhomogeneous fields.

It has been shown that BMS broadening can be removed by
observing zero quantum (ZQ) coherences between two coupled
spins.21 Since the ZQ coherence between two spins evolves at
the frequency difference of their two shifts, and since the BMS
shift is constant on the molecular scale, the BMS shift drops
out of the ZQ shift. For example,13C-13C ZQ coherences could
be efficiently excited through homonuclearJ couplings in13C-
enriched lanthanide acetates.21 However, a ZQ experiment is
not the only way to obtain a spectrum free of inhomogeneous
broadening: narrow spectra can be observed inanycase where
the generation of a coherence correlates different sites experi-
encing the same inhomogeneous field.22 Any nQ-mQ correla-
tion can feature a high-resolution projection (a “pseudo-ZQ
spectrum”) along a certain axis.23 In this case, at natural
abundance, we propose that BMS broadening can be removed
by applying this idea to1H-13C pairs. This corresponds to
building up a “heteronuclear pseudo-ZQ spectrum” from an
SQ-SQ correlation which may be obtained through the dipolar
couplings between neighboring spins.

B. Heteronuclear Correlation Spectra. Unfortunately, a
conventional CP experiment does not provide an efficient way
to generate correlations between nuclear spins in a highly
paramagnetic material, as can be seen in Figure 2, where we
compare a CP MAS spectrum (Figure 2b) to a13C direct
excitation experiment (Figure 2a). This is because, first, the very
short1H T1’s impose strict limits on the transfer, which cannot
exceed half a millisecond in length. Second, routinely available
rf fields are unable to lock spins over the large bandwidths swept
by the anisotropic shifts during a rotor cycle. Furthermore, the
efficiency of the CP transfer at high MAS rates is penalized by
the different nature of the network of the1H homonuclear dipolar
couplings, as compared to the diamagnetic situation. That is,

neighboring nuclei can experience significantly different para-
magnetic shifts during a rotor cycle, even if their isotropic shifts
are very similar.11 This phenomenon decouples the flip-flop
interaction between protons,6 setting extremely narrow limits
for the Hartman-Hahn condition. The simultaneous occurrence
of large instantaneous offsets and of a sharp Hartman-Hahn
condition prevent uniform CP transfer, with a resulting loss of
efficiency.

To counter this problem, we developed a transfer sequence
which does not suffer from these drawbacks. Figure 2 shows
that the use of a simple heteronuclear recoupling sequence like
TEDOR (transferred-echo, double resonance)24,25 provides a
broadband, offset-insensitive route to much more efficiently
record 2D correlations on strongly paramagnetic signals. The
pulsed nature of the sequence allows the use of higher1H and
13C fields, and two rotor cycles for the transfer period at high
spinning speeds ensure a transfer with optimal efficiency.26 The
result of using TEDOR, shown in Figure 2c, yields much more
uniform transfers than the spectrum shown in Figure 2b from
CP. Notably, several peaks are completely absent in the CP
spectrum but are readily detectable in the TEDOR experiment.
Although the coherent transfer mechanism behind the TEDOR
scheme is generally less efficient than an adiabatic CP, elevated
spinning speeds have also been shown to improve TEDOR
transfers in diamagnetic solids,27 and it has been observed at
spinning speeds over 28 kHz that the insensitivity of TEDOR
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Figure 2. Comparison between13C MAS NMR spectra of1, obtained
through direct carbon excitation using the sequence shown inset (a, black
line), via CP (b, blue line; contact time: 500µs) and via the modified
TEDOR sequence (c, red line; recoupling time: 60µs). Narrow and wide
rectangles denote 90° and 180° pulses, respectively;τR represents the rotor
period.
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to RF homogeneity makes it superior to CP for amide1H to
15N transfers.28

C. High-Resolution Correlation Spectra.The 2D version
of the TEDOR experiment is shown in Figure 3a. The elongated
shape of the signals is a clear signature of highly correlated
inhomogeneous broadening. Although both projections along
the1H and13C dimensions feature line widths of more than 10
ppm, any cross-section parallel to theω2 and ω1 axes yields
lines less than 6 ppm broad. All signals have a tilted profile
with the same slope, which is unitary when the two axis scales
are expressed in ppm. It is clear that a skew projection along
this particular direction would substantially enhance the resolu-
tion. This projectionis the pseudo-ZQ spectrum mentioned
above.

This dimension is readily accessible (Figure 3b) if the 2D
spectrumS(ω1, ω2) is transformed into a sheared spectrumS(ω1,
ω2′) where ω2′) ω2 - ω1. This can be obtained during
processing, by applying a modified shearing transformation,29

in which a first-order phase correction is applied to each row
of the f1 transformed data, the phase factor being the cor-
respondentω1 in ppm.

The projection of the sheared spectrum onto theω2-axis yields
a full spectrum where correlated inhomogeneous broadening,
including all the BMS broadening, is completely eliminated;
each line here possesses around a 5 ppm full width at half-
height, corresponding to an improvement of more than a factor
of 2 in line width as compared to the directly detected spectra.
Note, of course, that there is no additional information in the
sheared spectrum, which we only show here to clearly illustrate
the principle.

Interestingly, a spectrum of the quality of that shown in Figure
3 can be acquired very rapidly. Short protonT1 values are turned
into an advantage, allowing increased repetition rates,9 which
are here only limited by the duty factor of the probe. The
TEDOR spectra were acquired with a repetition time of 100
ms, to favor comparison with the CP results. In fact, the absence
of decoupling and spin-lock fields enables the use of a repetition
time as short as 10 ms for TEDOR, yielding a remarkably short
overall time of 2.3 h for acquisition of a 2D spectrum of the

same quality as the one displayed in Figure 3. Furthermore,
aliasing in the indirect dimension has additional benefits, ift1
is incremented by integer multiples of the rotor period (i.e., if
the spectral width in the indirect dimension is chosen equal to
a fraction of the spinning speed). First, each member of the
numerous sideband families are wrapped around into single
signals, with a corresponding increase in sensitivity. Second,
strongly shifted signals are rolled into a narrow spectral width
in the indirect dimension, reducing the number of increments
needed for maximal resolution; their isotropic chemical shift
(the centerband position) can then be easily and unambiguously
calculated from two spectra acquired at different, suitably
chosen, spinning speeds.30

In summary then, at a spinning speed of 33 kHz, a total of
16 k scans for 16 time points can typically be acquired in 7 h
(2 h using a repetition time of 10 ms). The resolution
enhancement provided by the correlated broadening, combined
with the efficient performance of the TEDOR sequence, permits
us to detect 14 different cross-peaks and to record with high
confidence the chemical shifts of 12 distinct carbon and 9
distinct proton sites. The lines from two additional carbon sites
(presumably quaternary) can be located by comparison between
the 1D spectra obtained by direct13C excitation and by TEDOR
(Figure 2).

Spectral Assignment.Experimental support for resonance
assignment can be provided by1H-13C dipolar editing experi-
ments,9,31 in which the carbon spectrum is acquired after a
REDOR-type recoupling sequence where1H-13C dipolar
couplings are switched on or off by 180° pulses applied on the
1H channel, as shown in Figure 4 both for a 1D and a 2D case.
Depending on the number and the dynamics of the coupled
protons, a carbon signal experiences differential dephasing (CH2

> CH > CH3 > quaternary).32

Only four signals appear strongly affected in the dephased
TEDOR (Figure 4b), suggesting their assignment to CH groups;
the other five intense peaks in the 2D correlation conserve their
amplitude despite the proton recoupling, consistent with the
behavior of methyl groups. Finally, the two signals which appear
only in the 1D spectrum (Figure 4a) and do not show any1H-

(28) Morcombe, C. R.; Paulson, E. K.; Gaponenko, V.; Byrd, R. A.; Zilm, K.
W. J. Biomol. NMR2005, 31, 217-230.

(29) Ernst, R. R.; Bodenhausen, G.; Wokaun, A.Principles of nuclear magnetic
resonance in one and two dimensions. Clarendon: Oxford, 1987.
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(31) McElheny, D.; De Vita, E.; Frydman, L.J. Magn. Reson.2000, 143, 321-

328.
(32) De Vita, E.; Frydman, L.J. Magn. Reson.2001, 148, 327-337.

Figure 3. (a) 2D1H-13C TEDOR of1 (recoupling time: 60µs). Displayed along the axes are the projections alongf2 andf1 (black spectra) and the traces
along f2 and f1 (red spectra), taken at the frequencies of 245.4 and-25.6 ppm, respectively, as indicated by the dashed red lines. (b) The same1H-13C
correlation as that in (a), after a shearing transformation was applied alongf2; displayed above is the projection ontof2. Signals are labeled according to their
assignment as discussed in the main text.

A R T I C L E S Kervern et al.

13548 J. AM. CHEM. SOC. 9 VOL. 128, NO. 41, 2006



13C correlation are also insensitive to proton recoupling,
confirming their assignment to quaternary centers.

The details of the spin multiplicities, and thus of the identity
of a carbon spin, inferred from these measurements are
compatible with the molecular formula but obviously do not
provide enough insight into such a complex spectrum to allow
more detailed assignments.

To do this, we investigated the possible uses of quantum
chemical calculations in assisting the assignment process.
Paramagnetic shifts are sensitive probes of electronic structure
and geometry, and when the 3D structure of a complex is
known, the chemical shifts can be quite accurately predicted
by evaluating the spin density distribution.33 For example, we
have recently found that hyperfine effects can be reproduced
both in solution and in the solid-state in small paramagnetic
model systems, as well as in metalloproteins, in solution.34-36

We therefore determined the X-ray crystallographic structure
of 1 (Table 1), which featuresCs symmetry (Figure 5). The
iron center is involved in a distorted tetrahedral coordination37

which drives a bending of the two aromatic rings out of the
diimine plane, causing different separations between the iso-
propyl groups above and below the metal center and, therefore,
a global nonequivalence of the two sides of the rings.

This distortion produces, respectively, 14 carbon and 10
proton magnetically nonequivalent nuclei, a number fully
compatible with the total number of the observed resonances
(12 and 9, respectively).

We investigated the electronic structure of1 using density
functional theory,43,44as described in the Experimental Section.
The calculation yields information on the Fermi contact spin
densities at the nuclei; if pseudocontact terms can be neglected
(which is generally the case, as shown previously33-34,46), these
values are directly proportional to the NMR hyperfine shifts.
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account, since the calculation uncertainties are mostly comparable to the
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sites, resulting in smaller hyperfine contributions to the1H spectrum.
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Figure 4. Comparison between NMR spectra of1 acquired without (colored
lines) and with (gray lines)1H dipolar filter editing (shaded pulses): (a)
13C MAS and (b) TEDOR. Signals are labeled according to the cor-
respondent carbon type: quaternary (9), methine (b), and methyl (2).
Narrow and wide rectangles denote 90° and 180° pulses, respectively;τR

represents the rotor period. The contours of the edited experiment (b, red
lines) have been shifted 15 ppm upfield in the1H dimension to allow an
easier comparison.

Table 1. Crystallographic Data for Compound 1

formula C28H40Cl2FeN2
formula weight 531.37
crystal system orthorhombic
space group Pnma(no. 62)
a, Å 12.6185(2)
b, Å 21.3367(3)
c, Å 10.4310(1)
V, Å3 2808.41(7)
Z 4
T, K 173
dcalcd, g cm-3 1.257
µ, mm-1 0.745
no. of independent reflections 2646
no. of observed reflections (I > 2σ(I)) 2504
no. of data/restraints/parameters 2646/0/234
R1/wR2a (I > 2σ(I)) 0.0330/0.0704
R1/wR2a (all data) 0.0358/0.0716
GOFa (onF2) 1.167

a R1 ) Σ(||Fo| - |Fc||)/Σ|Fo|; wR2 ) {Σ[w(Fo
2 - Fc

2)2]/Σ[w(Fo
2)2]}1/2;

GOF ) {Σ[w(Fo
2 - Fc

2)2]/(n - p)}1/2.

Figure 5. ORTEP view of1 with 30% probability ellipsoids, and the atom
labeling scheme. Hydrogens atoms were omitted for clarity.
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As shown in Figure 6a, the major spin densities reside on
iron; residual spin densities are located on the chlorine ligands,
and, to a lesser extent, on the whole aryl-diimine, due to the
highly conjugated nature of this system. Consistent with this
picture, the calculated Mulliken spin density (FRâ) of iron is
3.65 au, similar to that found in deoxy myoglobin (S ) 2),
3.80 au.33

DFT methods also enable accurate calculations of the
diamagnetic contribution to the total shifts. Alternatively, this
component can be directly accessed experimentally, if an
isostructural complex of a diamagnetic ion is available. Refer-
ence diamagnetic shifts were here obtained by recording and
assigning the NMR spectra of the ZnII analogue2. The results
are summarized in Table 2. Note that the agreement between
diamagnetic shifts calculated by DFT and the experimental
values measured for2 is very good; this means that the two
datasets would contribute similarly when used to calculate the
total paramagnetic shifts for1.

A route for a global assignment can immediately be envisaged
by comparing the results of the calculation to the observed NMR
shifts. In fact, the editing measurements of Figure 4 significantly

constrain the choice for the assignment of the experiment to
the theory; the proposed combination reported in Table 2 is the
one that minimizes the squared deviation of calculated and
experimental shifts within each group of signals with a given
carbon multiplicity. According to this assignment, only one
quaternary carbon (C1) and one CH group (C9-H9, the isopropyl
substituent of the phenyl rings, which sits closest to the metal
center) escape detection. All the other one-bond correlations
are observed in the 2D TEDOR. Consistently, in this way the
weaker, most broad signals are assigned to1H-13C spin pairs
located closer to the metal (C12-H12, C2-H2). We expect that
the fact that the C9-H9 peak is absent is mainly due to the
short relaxation time of the H9 proton, which is the closest proton
to the metal, and which does therefore not allow sufficient time
to transfer magnetization to the carbon. As shown in Figure 7,
the correlation between calculated and experimental chemical
shifts for 1 is generally good (theory-versus-experiment cor-
relation coefficientR ) 0.88). The outlier is the methyl group
closest to the metal (the C2-H2 resonance), which if excluded
from the correlation results inR ) 0.97, a slope of 0.96, an
intercept of 2.9 ppm, and an rms error of 20 ppm (or 7% of the
whole experimental range of 271 ppm).

To try to improve upon these results, we next investigated a
dimer model calculation, since H2 has short contacts with the
two Cl atoms (2.9 and 3.2 Å, in the X-ray structure) in the
neighboring molecule. The dimer calculation does significantly
reduce the errors of the proposed C2 and H2 NMR shifts, by 66
and 33 ppm (see Table S7), respectively, and improves the
overall correlation fromR ) 0.88 toR ) 0.93. The desirability
of incorporating additional metal centers was observed previ-
ously in calculations on another paramagnetic complex,34 which
required the use of a nine-metal complex cluster. However,
calculations on clusters larger than the dimer (1442 basis
functions) are prohibitively expensive with current resources
and are likely to only improve the results for C2/H2 (note that,
for signals other than C2/H2, R is still 0.97 in the dimer
calculation, as in the monomer calculation) and further exac-

(46) Wilkens, S. J.; Xia, B.; Weinhold, F.; Makley, J. L.; Westler, W. M.J.
Am. Chem. Soc.1998, 120, 4806-4814.

Figure 6. (a) Spin density for1, (contour at(0.0004 au), superimposed
to two views of the molecular structure (atom color scheme: Fe, red; Cl,
green; C, cyan; N, blue). (b-f) Isosurface representation of the frontier
molecular orbitals for1: (b) RHOMO, (c) RHOMO-1, (d) RHOMO-2, (e)RHOMO-5,
(f) âHOMO. Contour values are(0.02, 0.03, 0.03, 0.03, 0.04 au, respectively.

Table 2. Experimental and Predicted 13C and 1H NMR Shifts
(ppm) in the Iron and Zinc Complexes 1 and 2a

δobs(2) δobs(1) δcalc
dia (1) δcalc

dia (1) + δcalc
fc (1) δobs(2) + δcalc

fc (1)

C1 172.5 164 3 11.5
C2 20.8 195 -7 362 389.8
C3 137.8 170 143 162 156.8
C4 139.4 155 139 146 146.4
C5 124.5 10.9 116 12 20.5
C6 126.2 245.4 118 239 247.2
C7 123.7 -15.5 116 -66 -57.3
C8 139.4 105 140 50 49.4
C9 28.6 13 -84 -68.6
C10 25.4 86.5 0 83 108.4
C11 23.3 78.9 -5 68 96.8
C12 27.4 -18.8 12 -42 -26.6
C13 24.5 126.6 -5 106 135.5
C14 24.9 47.7 0 26 50.9

H2 2.6 79.2 -3 -29 -23.4
H5 6.5 3.2 4 21 23.5
H6 6.5 -25.6 5 -23 -20.5
H7 6.7 -5.4 4 6 8.7
H9 2.7 -2 -4 0.7
H10 1.3 2.2 -3 -1 3.3
H11 0.4 -15.2 -4 -4 0.4
H12 3.1 1.7 -3 -4 2.1
H13 1.5 0.2 -4 -2 3.5
H14 1.3 -14.8 -3 -1 3.3

a Uniform experimental uncertainties were of the order of(0.5 ppm.

A R T I C L E S Kervern et al.

13550 J. AM. CHEM. SOC. 9 VOL. 128, NO. 41, 2006



erbate the problem of visualizing the orbitals and spin densities
described below. So, here and below we focus solely on the
monomer results (e.g., Table 2). While these shift assignments
must at present remain somewhat tentative,38 it is encouraging
to note that Bart et al.39 identified the H2 signal in solution by
2H NMR on a sample selectively2H-labeled on theR-imine
methyl. This enabled us to determine the corresponding13C (C2)
shift by recording an HMQC on the sample at natural abundance
(see Supporting Information), dissolved in dichloromethane.
Both 1H and13C shifts match closely the values measured and
assigned in the solid-state spectrum. Moreover, the C2H2 cross-
peak in a TEDOR spectrum of the corresponding methyl-d6

labeled species was absent. Relaxation data could also in
principle further assist in the assignment process, as the
paramagnetic relaxation enhancement depends on the distance
between observed nuclei and the paramagnetic center, and
significant variations inT1 andT2′ enhancements could indeed
be observed for the different nuclear sites in the iron complex.
However, the interpretation of these effects in the presence of
a highly delocalized electronic spin density is not straightfor-
ward. In addition, a more complete model for the paramagnetic
relaxation in solids under MAS may be required for interpreting
the enhancements.

Electronic Structure. Molecular orbital (MO) analyses of
the calculated wave functions provide a graphical representation
of the spin-density distribution in1. As shown in Figure 6b-e
for RHOMO, RHOMO-1, RHOMO-2, andRHOMO-5, the frontier metal
3d orbitals associated with the four unpaired electrons are dxy,
dz2, dxz, and dyz. The dx2-y2 is however doubly occupied and
appears asâHOMO (Figure 6f). So the 3d orbital configuration
in this metal complex is (dx2-y2)2(dyz)1(dxz)1(dz2)1(dxy)1. A com-
parison with the contour plot of the spin density shows that
clearly most of the spin density is localized primarily in the dxz

orbital and that here only two lobes of dxy (RHOMO) interact with
the ligand in the plane (Figure 6b) and that dxz/yz have little
interaction with this ligand in1 (Figures 6d,e). This probably
explains the smaller chemical shift windows observed for1
compared to these reported for deoxy myoglobin (up to∼800
ppm), also an FeII molecular system having the spin stateS )

2, but a (dxy)2(dyz)1(dxz)1(dz2)1(dx2-y2)1 configuration, as a result
of different structural symmetries and ligand interactions.33 This
shows once more how NMR allows direct, straightforward
experimental access to the fine details of the molecular electronic
configuration, which is in turn a sensible reporter of the
molecular geometry. It has been nicely demonstrated that the
catalytic reactivity of the diimine-iron complex family is
correlated with the metal spin state and can be carefully tuned
by the choice of the ligand substituents.20 The ability to evaluate
hyperfine shifts in paramagnetic complexes offered by quantum
chemical methods can therefore open new perspectives where
the calculation and the refinement of a structure, and the
prediction of its reactivity, are accomplished using NMR
hyperfine data as a structural probe.

Conclusions

We have shown a protocol for the complete structural
characterization of paramagnetic molecular powders at natural
abundance by solid-state NMR. The approach was successfully
demonstrated on an organometallic catalyst based on high-spin
FeII.

The combination of very fast MAS and of broadband TEDOR
recoupling allows the observation of 2D heteronuclear correla-
tions. These spectra provide a tool for removing the correlated
inhomogeneous broadening, can be acquired over a remarkably
short experimental time, and record almost all the proton and
carbon signals expected from the ligand spins with high
sensitivity and good resolution.

The efficient detection of NMR signals in highly paramag-
netic molecules provides easy access to the structural features
of the environment of a paramagnetic center, which in turn
possess a strong, straightforward relationship with the fine details
of the electronic state of the system. A complete assignment of
the observed resonances was possible by coupling spectral
editing measurements to hybrid density functional theory
calculations, which enabled accessing the metal wave functions
and reproducing the NMR experimental data based on the
known crystal structure of the complex.

The present work therefore delineates a new role for NMR
in combination with DFT, in studies where NMR hyperfine
observables may be exploited as structural probes closer to a
paramagnetic center, for possibly exploring the nature and the
reactivity of catalytically active species and for driving the
design of new active complexes. We believe that the solid-state
NMR analysis of paramagnetic powders will feature strategic
applications for the understanding of solid-state reactions, as
already shown for surface diamagnetic catalysts,2 and will
strongly contribute to the development of supramolecular,
nanoscale, and surface chemistry.

Experimental Section

Sample Preparations.The FeII complex1 was prepared using the
literature procedure.39

Preparation of 2,3-Dimethyl-1,4-[(2′,6′)-diisopropylphenyl]-N,N′-
diazadiene Zinc Dichloride (2). Using the procedure described by
Sandrini et al.,40 a mixture of 2,3-dimethyl-1,4-[(2′,6′)-diisopropylphe-
nyl]-N,N′-diazadiene19 (0.620 g, 1.53 mmol) in THF (10 mL) was added
to ZnCl2 (0.189 g, 1.39 mmol) in THF (5 mL) at 25°C. After a few
minutes, a precipitate was formed, and the reaction mixture was stirred
for an additionnal 2 h and then filtered. The resulting solid was washed
with THF and pentane and then dried under a high vacuum (10-6 Torr)

Figure 7. Experimentalδobsvs calculatedδcalc 13C (open symbols) and1H
(filled symbols) NMR shifts of1. Uniform experimental uncertainties were
of the order of(0.5 ppm
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to give 0.685 g of2 (91.1%).1H NMR (CDCl3): δ ) 1.13 (d,J ) 6.84
Hz, 12H,CHMe2), 1.33 (d,J ) 6.84 Hz, 12H,CHMe2), 2.35 (s, 6H,
NdCsCH3), 2.9 (sept,J ) 6.84 Hz, 4H,CHMe2), 7.3 (m, 6H,CHAr ).
13C NMR (CDCl3): δ ) 20.2 (C9), 24 (C10-11), 28.74 (C2), 124.67
(C6), 128.11 (C7), 139.08 (C8), 150 (NC3), 170 (C1). Elemental analysis
for 2 [C28H40N2Cl2Zn] Calculated: C, 63.84%wt; N, 5.32%wt; Cl,
13.46%wt; Zn, 12.41%wt. Found: C, 62.33%wt; N, 5.34%wt; Cl,
13.10%wt; Zn, 12.87%wt.

NMR Spectroscopy.Samples for NMR spectroscopy were prepared
by packing approximately 5 mg of powder under argon into a 2.5 mm
zirconia rotor, which was sealed by simply tightly closing the rotor
cap.

All solid-state NMR spectra were acquired on a Bruker Avance-
500 spectrometer operating at a proton frequency of 500 MHz and
equipped with a double-resonance 2.5 mm CP-MAS probe. Experi-
mental13C and1H shifts were referenced to TMS at 0 ppm using an
external standard of glycine, with the methyl signal at 19.8 and 1.18
ppm for13C and1H, respectively. Sample temperature was kept constant
to a value of 30( 0.5 °C.

In a typical experiment, the lengths of the 90° 1H and 13C pulses
were about 1.5 and 2.5µs, respectively. In a CP sequence, a tangential
amplitude modulated RF field41 centered at 100 kHz was applied on
1H, while the carbon field on13C was matched to obtain an optimal
signal; at spinning speeds of about 30 kHz, an optimal contact time
was found around 500µs for all the signals. TEDOR (transferred-echo,
double resonance) experiments were performed according to a standard
pulse sequence (see, e.g., ref 25, together with the phase cycle reported
in Table 1 therein); the optimal recoupling time was equal to 2 rotational
periodsτR. Improvements in sensitivity could be obtained by a modified
version of the experiment, as shown in Figure 2c and in the Supporting
Information, where the z-filter element at the end of the sequence is
removed and the acquisition starts directly at the last recoupling period.

As fast MAS efficiently removes a large part of the1H-13C dipolar
couplings as well as1H-1H dipolar couplings,neither heteronuclear
nor homonuclear decoupling was applied during acquisition.9 In all
the 1H and 13C spectra, the signals were recorded with down to 2µs
sampling and for a total acquisition time of 2 and 32 ms, respectively.
To avoid baseline distortions on the very large spectral width, a rotor-
synchronous spin-echo sequence was always used before acquisition.
The spin-echo block is turned into a REDOR-type recoupling sequence
if two 180° pulses are applied on the1H channel in the center of each
echo delay, so that the1H-13C dipolar couplings are reintroduced during
the echo evolution.31,32

Nonrefocusable transverse (T2′) and longitudinal (T1) relaxation times
were measured, respectively, with standard rotor-synchronized spin-
echo and inversion-recovery methods.

2D 1H-13C heteronuclear dipolar correlation (HETCOR) spectra
were recorded with either the CP or the TEDOR schemes, and with
rotor-synchronization of thet1 increments. In both cases, a total of 16
to 32 t1 increments were collected (t1max ) 0.33 ms;t2max ) 32.7 ms),
with 16k to 50k scans each and a recycle delay of 0.1 s (total recording
time 7 to 28 h). Quadrature detection duringf1 was achieved using the
States method. An exponential line broadening of 100 Hz was applied
in the two dimensions before Fourier transformation.

Single-Crystal X-ray Structure Determination. Crystal data and
details of the structure determination are presented in Table 1. Suitable
single-crystals for the X-ray diffraction study were grown with standard
cooling techniques. The selected crystal was stored under perfluorinated
ether, transferred in a Lindemann capillary, fixed, and sealed. Prelimi-
nary examination and data collection were carried out on an area
detecting system (NONIUS, MACH3,κ-CCD) at the window of a
rotating anode (NONIUS, FR591) and graphite-monochromated Mo
KR radiation (λ ) 0.710 73 Å). The unit cell parameters were obtained
by full-matrix least-squares refinements during the scaling procedure
with 2939 reflections. Data collection was performed atT ) 173 K
(OXFORD CRYOSYSTEMS). Nine data sets were measured in rotation

scan modus with∆æ/∆ω ) 1.0. Intensities were integrated, and the
raw data were corrected for Lorentz and polarization and, arising from
the scaling procedure, for latent decay and absorption effects. The
structures was solved by a combination of direct methods and difference
Fourier syntheses. All non-hydrogen atoms were refined with aniso-
tropic displacement parameters. All hydrogen atoms were located from
difference Fourier maps and were allowed to refine freely. Full-matrix
least-squares refinements were carried out by minimizingΣw(Fo

2 -
Fc

2)2 with the SHELXL-97 weighting scheme and stopped at shift/err
< 0.001. The final residual electron density maps showed no remarkable
features (+0.32/-0.24 eÅ-3). Neutral atom scattering factors for all
atoms and anomalous dispersion corrections for the non-hydrogen atoms
were taken fromInternational Tables for Crystallography.All calcula-
tions were performed on an Intel Pentium II PC, with the STRUX-V
system, including the programs PLATON, SIR92, and SHELXL-97.42

Crystallographic data (excluding structure factors) for the structure
reported in this paper have been deposited with the Cambridge
Crystallographic Data Centre as supplementary publication no. CCDC-
620797 (1). Copies of the data can be obtained free of charge on
application to CCDC, 12 Union Road, Cambridge CB2 1EZ, UK (fax:
(+44)1223-336-033; e-mail: deposit@ccdc.cam.ac.uk).

DFT Calculations. The calculations of solid-state NMR Fermi-
contact hyperfine shifts and diamagnetic chemical shifts of complex1
were performed with the hybrid Hartree-Fock density functional theory
(HF-DFT) method B3LYP43 in the Gaussian 03 program,44 on its X-ray
structure without further manipulation, as we did before for other
systems.34 A large basis set scheme was used (an all-electron Wachters’
basis (62111111/3311111/3111) for Fe,45 6-311G* for other heavy
atoms, and 6-31G* for hydrogen atoms), as previously reported for
the evaluation of the hyperfine properties for paramagnetic complexes
of different transition metals (Fe, Mn, Cu, V, Ag).33-35 Once the
contribution from the bulk magnetic susceptibility is removed, the total
shift δobs(eq 1) is evaluated by calculating the diamagnetic contribution
(δdia) and the Fermi contact (δFC) term; contributions from the
pseudocontact term (δpc) are neglected in the calculations.33-34,46 The
quantum chemical methods allow the direct evaluation of the spin
densityFRâ of a nucleus of interest, which enables in turn the prediction
of δFC as

whereS is the spin state of the system,T is the temperature, andm is
a collection of physical constants and is equal to 2.35× 107 ppm K
au-1.33,34
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δFC ) m(S+ 1)FRâ/T (2)
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