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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 Fe'" 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 complexXek1 combination with

depend on the use of paramagnetic metal fddbIR 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

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.
In many recent examples, steps and mechanisms of surfac

organometallic complexes have been hindered by the existence
of large orientation-dependent paramagnetic shifts, as well as
Jaramagnetically enhanced nuclear relaxation, both of which

reactions could be inferred from the detection of reaction

intermediates and end produétdlany catalysts, however,
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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 literatdré® Traditionally, some
of these problems are alleviated or circumventedtigy and
2H labeling®>® which provides a considerable spectral simplifica-
tion, makes assignment easier, and, in the cagelpbpens a
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window for probing local conformational dynamics around the Scheme 1
metal centef. The requirement though of a large number of iPr ipr
13C and?H 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 abundan€, as recently demon-
strated by Ishii and co-workePd? where enhanced sensitivity
and resolution were obtained by using very fast MAS, and rapid H
2D heteronuclear correlation and dipolar-edited experiments
could be used to assigiC and!H signals, at least in simple (b)
model compounds. Nevertheless, most of these advances have
been restricted to paramagnetic centers possessing a small (a)
magnetic susceptibility (electron sp= 1/,) and/or isotropic. : : T . . T . : .

Unfortunately, paramagnetic centers featuring a large spin, 9500 400 300 200 100 0 -100 -200 -300 -400
and thus a large electronic moment, together with a large 8 ("H) / ppm
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 spirSgreatly increases the anisotropy of the nuclear (d)
shifts, which is dominated by the dipolar coupling with the
electronic moment, and grows proportionally $S + 1)y, WM
(wherey, is the gyromagnetic ratio of the nuclear spjitt

Second, an anisotropic paramagnetic susceptibility tensor makes 500 400 300 200 100 0 -100 -200 -300 -400

the electroa-nuclear dipolar shift tensor nontracelé3stro- 4 (13C) / ppm
ducing new terms into the isotropic nuclear sldi‘ﬂ’sobseryed Figure 1. (a,b)H and (c,dy:3C MAS NMR spectra of. acquired at MAS
under MAS. Thus, in addition to the orbital contributia¥tif), frequencies of 11 kHz (a,c) and 33 kHz (b,d) (temperature: 3080,

as commonly observed in diamagnetic molecules, and a Fermill'7 T). AsT, relaxation may mterfe_re with the compansons,‘the same
echo delayr of 90 us (equal, respectively, to 1 and 3 rotor periods) was

contact termd, the trace of the through-bond electramucleus used in all the experiments.

coupling tensor}? 5°bs now consists of the so-called pseudo-

contact term ¢, the trace of the electremuclear dipolar  bhecomes the dominant source of spectral broadening for such
interaction}* and a bulk magnetic susceptibility (BMS) con-  systems, its contribution to the observed line width being

tribution (9BM9): potentially larger than the relaxation enhancement induced by
b dm . <fo . Buis the paramagnetic cent&r.
0°=0"+ 0+ 67+ (1) Here we present a strategy for characterizing, at natural

abundance, a powdered molecular solid containing paramagnetic

Since the BMS tensor for a crystallite is also anisotropic, the metal ions having large, anisotropic susceptibilities. We show
size of6BMS depends on the nuclear position in the crystalfite.  how spectra free of BMS broadening can be obtained in short

In most cases, when considering small metal complexes wheretimes and that they can be interpreted on the basis of a reference
nuclei are separated by only a few bonds from the paramagneticmolecular structure, by combining multipulse and multidimen-
center,0P° and particularlyy®V's are only minor corrections and  sjonal NMR methods with quantum chemical calculations. The
the hyperfine shifts are dominated by the contact contribution, challenge is illustrated by the characterizationlofScheme
ofc. However, due to the random distribution of the orientations 1), a high-spin $ = 2) DIAD—Fé€' complex (DIAD: 2,3-
of the crystallites in the sample, the bulk magnetic susceptibility dimethyl-1,4-[(2,6)-diisopropylphenyl]N,N'-diazadiene) be-
(and thusoBMS) varies randomly in the powder, causing a |onging to a new family of efficient polymerization cataly&ts?
distribution of magnetic fields, and therefore a broadening of _ )
the isotropic peaks of an MAS NMR spectrdfi® This effect Results and Discussion

© (@ Heise, H. Kohler, F. H. Xie, X. LJ. Magn. Resor2004, 150, 106 Sensitivity and Resolution EnhancementFigure 1 shows
206. (b) Heise, H.; Kohler, F. H.; Herker, M.; Hiller, W. Am. Chem. the!H and*3C NMR spectra ofl acquired at 500 MHz, at MAS

Soc.2002 124, 10823-10832. (c) Ziessel, R.; Stroh, C.; Heise, H.; Kohler, i i R
F. H.; Turek, P.; Claiser, N.; Souhassou, M.; LecomteJCAm. Chem. speeds of 11 and 33 kHz. As noticed by Ishii and co WOI’P(%rS,

S0c.2004 126, 12604-12613. (d) Sporer, C.; Heise, H.; Wurst, K.; Ruiz-  Sensitivity and resolution experience a spectacular enhancement
Molina, D.; Kopacka, H.; Jaitner, P.; Kohler, F.; Novoa, J. J.; Veciana, J. i i H ;

Cheme Eur. 32004 10, 1355 1365, (€) Jovanovic. T McDermott. A under very high MAS. Despite this dramatic effect, fast sample
J. Am. Chem. So@005 127, 13816-13821.
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rotation is not capable of averaging the anisotropy of the .
hyperfine interactions, even for nuclei with lower gyromagnetic R
ratios ¢C), so the signal intensity is still spread over hundreds  (a)
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 Cwr Mn" com- £
plexes?10 Especially in the case of the proton, this prevents B3¢ |
the observation of any resolved peaks. This broadening cannot (b) o I
be explained by a paramagnetic relaxation enhancement. Indeed, | l -
in the absence of molecular motion, the paramagnetic center ) e S UV e e
can only influence nuclear relaxation via electron relaxation 1H | | TR| | I
(Solomon mechanisnty. Average relaxation rates were mea- _
sured for'H and*3C signals: Ty's were found to be 1 ms for . °c 3 ENY
IH, 15 ms on average fdfC (in the range between 7 0.2 (c) f f !
ms and 20.5+ 2.5 ms), while values of 0.55 ms fdH and ,"| |"I ||I J"| \ I'\
around 2 ms (ranging from 16 0.3 ms to 2.5+ 0.3 ms) for A Anrnan) LU
13C were found foiT,'. Reported correlation times for electronic 500 400 300 200 100 O -100 -200 -300 -400
fluctuations ¢¢) are on the order of 16! s for high-spin 8 (13C) / ppm
tetrahedral P& complexes;? a time scale which agrees with  Figure 2. Comparison betwee#C MAS NMR spectra ofl, obtained
the measuredy’'s. However, the measurel’ values indicate through direct carbon excitation using the sequence shown inset (a, black

that more than a significant part of the line width observed in in€), via CP (b, blue line; contact time: 5Qf) and via the modified
TEDOR sequence (c, red line; recoupling time: (6. Narrow and wide

the *3C spectrum is r_efocusable, a_ large portion of _'t being rectangles denote 9@nd 180 pulses, respectivelyr represents the rotor
accounted for, potentially, by BMS inhomogeneous fields. period.

It has been shown that BMS broadening can be removed by
observing zero quantum (ZQ) coherences between two coupledneighboring nuclei can experience significantly different para-
spins?! Since the ZQ coherence between two spins evolves at magnetic shifts during a rotor cycle, even if their isotropic shifts
the frequency difference of their two shifts, and since the BMS are very similat! This phenomenon decouples the ftiflop
shift is constant on the molecular scale, the BMS shift drops interaction between protofissetting extremely narrow limits
out of the ZQ shift. For examplé3C—13C ZQ coherences could  for the Hartmar-Hahn condition. The simultaneous occurrence
be efficiently excited through homonucleacouplings in*3C- of large instantaneous offsets and of a sharp Hartniahn
enriched lanthanide acetatésHowever, a ZQ experiment is  condition prevent uniform CP transfer, with a resulting loss of
not the only way to obtain a spectrum free of inhomogeneous efficiency.

|
v U\ e

broadening: narrow spectra can be observeghiycase where To counter this problem, we developed a transfer sequence
the generation of a coherence correlates different sites experi-which does not suffer from these drawbacks. Figure 2 shows
encing the same inhomogeneous fi#ldny nQ—mQ correla- that the use of a simple heteronuclear recoupling sequence like

tion can feature a high-resolution projection (a “pseudo-ZQ TEDOR (transferred-echo, double resonaffc®)provides a
spectrum”) along a certain ax3.In this case, at natural broadband, offset-insensitive route to much more efficiently
abundance, we propose that BMS broadening can be removedecord 2D correlations on strongly paramagnetic signals. The
by applying this idea tdH—13C pairs. This corresponds to  pulsed nature of the sequence allows the use of hithemd
building up a “heteronuclear pseudo-ZQ spectrum” from an 3C fields, and two rotor cycles for the transfer period at high
SQ-SQ correlation which may be obtained through the dipolar spinning speeds ensure a transfer with optimal efficie¢hdhe
couplings between neighboring spins. result of using TEDOR, shown in Figure 2c, yields much more
B. Heteronuclear Correlation Spectra. Unfortunately, a ~ uniform transfers than the spectrum shown in Figure 2b from
conventional CP experiment does not provide an efficient way CP. Notably, several peaks are completely absent in the CP
to generate correlations between nuclear spins in a highly spectrum but are readily detectable in the TEDOR experiment.
paramagnetic material, as can be seen in Figure 2, where weAlthough the coherent transfer mechanism behind the TEDOR
compare a CP MAS spectrum (Figure 2b) to'3¢ direct scheme is generally less efficient than an adiabatic CP, elevated
excitation experiment (Figure 2a). This is because, first, the very spinning speeds have also been shown to improve TEDOR
short!H Ty's impose strict limits on the transfer, which cannot  transfers in diamagnetic solidsand it has been observed at
exceed half a millisecond in length. Second, routinely available Spinning speeds over 28 kHz that the insensitivity of TEDOR
rf fields are unable to lock spins over the large bandwidths swept -
by the anisotropic shifts during a rotor cycle. Furthermore, the 4 é%)g_H('Q)g'sgaxvvzic?w/feg?kf'éi?fh%ffeé'eﬂrﬁc'woégg_' E?Z%%SS,ZH%%;)S;.
efficiency of the CP transfer at high MAS rates is penalized by Reson1999 139 287-301. (c) Saalwachter, K.; Graf, R.; Spiess, H. W.
the different nature of the network of thel homonuclear dipolar —(5) Sanimachior K- Graf. R Spise, Hi. Magn. Resor2001, 148 396-

couplings, as compared to the diamagnetic situation. That is, 418. o _ ) o )
(26) The pulse sequence presented in Figure 2c is a slightly modified version
of the standard TEDOR, which lacks the firifilter so that acquisition

(21) Spaniol, T. P.; Kubo, A.; Terao, Mol. Phys.1999 96, 827-834. can be started right after the reconversion period orid@echannel. This
(22) Maudsley, A. A.; Wokaun, A.; Ernst, R. Rhem. Phys. Lettl978 55, alteration does not alter the quality of the resulting spectra on this system
9-14. but allows a sizable shortening of the whole sequence, with the elimination
(23) Sakellariou, D.; Brown, S. P.; Lesage, A.; Hediger, S.; Bardet, M.; Meriles, of the final spin-echo and the relaxation losses associated with it.
C. A,; Pines, A.; Emsley, LJ. Am. Chem. So2003 125 4376-4380. (27) Schnell, I.Prog. NMR Spectros@004 45, 145-207.
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Figure 3. (a) 2D'H—13C TEDOR of1 (recoupling time: 6Qs). Displayed along the axes are the projections afeagdf; (black spectra) and the traces
alongf, andf; (red spectra), taken at the frequencies of 245.4-a88.6 ppm, respectively, as indicated by the dashed red lines. (b) ThelsameéC
correlation as that in (a), after a shearing transformation was applied ajatigplayed above is the projection orffoSignals are labeled according to their
assignment as discussed in the main text.

to RF homogeneity makes it superior to CP for amiteto same quality as the one displayed in Figure 3. Furthermore,
15N transfersd aliasing in the indirect dimension has additional benefits; if

C. High-Resolution Correlation Spectra. The 2D version is incremented by integer multiples of the rotor period (i.e., if
of the TEDOR experiment is shown in Figure 3a. The elongated the spectral width in the indirect dimension is chosen equal to
shape of the signals is a clear signature of highly correlated a fraction of the spinning speed). First, each member of the
inhomogeneous broadening. Although both projections along numerous sideband families are wrapped around into single
the'H and13C dimensions feature line widths of more than 10 signals, with a corresponding increase in sensitivity. Second,
ppm, any cross-section parallel to the and w, axes yields strongly shifted signals are rolled into a narrow spectral width
lines less than 6 ppm broad. All signals have a tilted profile in the indirect dimension, reducing the number of increments
with the same slope, which is unitary when the two axis scales needed for maximal resolution; their isotropic chemical shift
are expressed in ppm. It is clear that a skew projection along (the centerband position) can then be easily and unambiguously
this particular direction would substantially enhance the resolu- calculated from two spectra acquired at different, suitably
tion. This projectionis the pseudo-ZQ spectrum mentioned chosen, spinning speeés.

above. In summary then, at a spinning speed of 33 kHz, a total of
This dimension is readily accessible (Figure 3b) if the 2D 16 k scans for 16 time points can typically be acquired in 7 h
spectrumSw1, w») is transformed into a sheared spectr8im;, (2 h using a repetition time of 10 ms). The resolution

w?') where wy’= w, — wi. This can be obtained during enhancement provided by the correlated broadening, combined
processing, by applying a modified shearing transformafion, with the efficient performance of the TEDOR sequence, permits
in which a first-order phase correction is applied to each row us to detect 14 different cross-peaks and to record with high
of the f; transformed data, the phase factor being the cor- confidence the chemical shifts of 12 distinct carbon and 9
respondentvs in ppm distinct proton sites. The lines from two additional carbon sites
The projection of the sheared spectrum ontadbexis yields (presumably quaternary) can be located by comparison between
a full spectrum where correlated inhomogeneous broadening,the 1D spectra obtained by diréé€ excitation and by TEDOR
including all the BMS broadening, is completely eliminated; (Figure 2).
each line here possesses amwn5 ppm full width at half- Spectral Assignment.Experimental support for resonance
height, corresponding to an improvement of more than a factor assignment can be provided Hy—13C dipolar editing experi-
of 2 in line width as compared to the directly detected spectra. ments?3! in which the carbon spectrum is acquired after a
Note, of course, that there is no additional information in the REDOR-type recoupling sequence whehd—13C dipolar
sheared spectrum, which we only show here to clearly illustrate couplings are switched on or off by 18pulses applied on the
the principle. 1H channel, as shown in Figure 4 both for a 1D and a 2D case.
Interestingly, a spectrum of the quality of that shown in Figure Depending on the number and the dynamics of the coupled
3 can be acquired very rapidly. Short profbrvalues are turned  protons, a carbon signal experiences differential dephasing (CH
into an advantage, allowing increased repetition ratehjch > CH > CHz > quaternary$?
are here only limited by the duty factor of the probe. The  Only four signals appear strongly affected in the dephased
TEDOR spectra were acquired with a repetition time of 100 TEDOR (Figure 4b), suggesting their assignment to CH groups;
ms, to favor comparison with the CP results. In fact, the absencethe other five intense peaks in the 2D correlation conserve their
of decoupling and spin-lock fields enables the use of a repetition amplitude despite the proton recoupling, consistent with the
time as short as 10 ms for TEDOR, yielding a remarkably short behavior of methyl groups. Finally, the two signals which appear
overall time of 2.3 h for acquisition of a 2D spectrum of the only in the 1D spectrum (Figure 4a) and do not show &y

(28) Morcombe, C. R.; Paulson, E. K.; Gaponenko, V.; Byrd, R. A.; Zilm, K.~ (30) Dunn, A. J.; Sidebottom, P. Mlagn. Reson. Chen2005 43, 124-131.

W. J. Biomol. NMR2005 31, 217—230. (31) McElheny, D.; De Vita, E.; Frydman, L. Magn. Resor200Q 143 321~
(29) Ermnst, R. R.; Bodenhausen, G.; WokaunPAnciples of nuclear magnetic 328.
resonance in one and two dimensio@arendon: Oxford, 1987. (32) De Vita, E.; Frydman, LJ. Magn. Reson2001, 148 327—337.
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I ; o0 Table 1. Crystallographic Data for Compound 1
HooBo8 Wl e ] 8 ave ystafograp P
formula GgHaoCloFeN
formula weight 531.37

; 13
2C [t ] c I Iltalrn"tnl'ra“
[l

crystal system
space group

orthorhombic
Pnma(no. 62)

, 12.6185(2)
b, A 21.3367(3)
c, A 10.4310(1)
vV, A3 2808.41(7)
z 4
T,K 173
dealca 9 cnr3 1.257
u, mmt 0.745
no. of independent reflections 2646
no. of observed reflections ¢ 20(1)) 2504
no. of data/restraints/parameters 2646/0/234

RIWR22 (I > 26(1)) 0.0330/0.0704
RIWR2? (all data) 0.0358/0.0716
GOP (onF?) 1.167

AR1L = 3(||Fo| — |F¢||)/Z|Fol; WR2 = {S[w(Fo? — FAA/Z[W(F?)Z} Y%
GOF = {Z[W(Fe?2 — FAY/(n — p)} 2

250 200 150 100 50 O  -50
8 (13C) / ppm

Figure 4. Comparison between NMR spectraladicquired without (colored o i ay
lines) and with (gray lines}H dipolar filter editing (shaded pulses): (a) hird ! T c3 )
13C MAS and (b) TEDOR. Signals are labeled according to the cor- )

respondent carbon type: quaternal),(methine @), and methyl 4). o / {IBED=—= \ 4
Narrow and wide rectangles denote°3hd 180 pulses, respectivelyir = I "\62 cam 5
represents the rotor period. The contours of the edited experiment (b, red
lines) have been shifted 15 ppm upfield in th¢ dimension to allow an
easier comparison.

c10-5) et

Figure 5. ORTEP view ofl with 30% probability ellipsoids, and the atom
labeling scheme. Hydrogens atoms were omitted for clarity.

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 This distortion produces, respectively, 14 carbon and 10
compatible with the molecular formula but obviously do not proton magnetically nonequivalent nuclei, a number fully
provide enough insight into such a complex spectrum to allow compatible with the total number of the observed resonances
more detailed assignments. (12 and 9, respectively).

To do this, we investigated the possible uses of quantum e investigated the electronic structure bofising density
chemical calculations in assisting the assignment process.functional theory*344as described in the Experimental Section.
Paramagnetic shifts are sensitive probes of electronic structureThe calculation yields information on the Fermi contact spin
and geometry, and when the 3D structure of a complex is densities at the nuclei; if pseudocontact terms can be neglected
known, the chemical shifts can be quite accurately predicted (which is generally the case, as shown previotisi#49, these

by evaluating the spin density distributi&hFor example, we  values are directly proportional to the NMR hyperfine shifts.

have recently found that hyperfine effects can be reproduced
both in solution and in the solid-state in small paramagnetic (38) The correlation is significantly worse if only thel shifts are taken into
model systems, as well as in metalloproteins in solutfopf account, since the calculation uncertainties are mostly comparable to the
! . ! . ’ absolute values of the shifts. Not surprisingly, the spin density of the
We therefore determined the X-ray crystallographic structure unpaired ellt_actrc_ms is FIIIighﬁr at tfhe carbonbsit_es as cshrgpared to the proton
; ; sites, resulting in smaller hyperfine contributions to thespectrum.
_Of 1 (Table_ 1)_’ which featur_eé:s symmetry (Flgure 5)_' The (39) Bart, S.C; HaV\_/reIak, E. J.; Schmisseur, A. K.; Lobkovsky, E.; Chirik, P.
iron center is involved in a distorted tetrahedral coordin&fion J.Oﬁganometalllcs2004 23,237-246. fai N
which drives a bending of the two aromatic rings out of the “% Egg{g”gli;ﬁl“ﬂ%%“”a”'~ A.; Crociani, B.; Uguagliati, IRorg. Chim.

diimine plane, causing different separations between the iso- (41) Hedlger S.; Meier, B. H.; Kurur, N. D.; Bodenhausen, G.; Ernst, R. R.
em. Phys Lett1994 223 283-288.
propyl groups above and below the metal center and, therefore,4,) (a) Data Collection Software for NoniusCCD devices; Delft, The
a global nonequivalence of the two sides of the rings. Netherlands, 2001. (b) Otwinowski, Z.; Minor, Wethods Enzymo].997
276, 307ff. (c) Altomare, A.; Cascarano, G.; Giacovazzo, C.; Guagliardi,

A.; Burla, M. C.; Polidori, G.; Camalli, M. SIR92]. Appl. Crystallogr.

(33) Mao, J. H.; Zhang, Y.; Oldfield, E. Am. Chem. So2002, 124, 13911 1994 27, 435-436. (d)International Tables for CrystallographyVilson,
13920. A. J. C., Ed.; Kluwer Academic Publishers: Dordrecht, The Netherlands,

(34) Zhang Y.; Sun, H. H.; Oldfield, E1. Am. Chem. So@005 127, 3652— 1992; Vol. C, Tables 6.1.1.4, 4.2.6.8, and 4.2.4.2. (e) Spek, RLIATON,

A Multipurpose Crystallographic TopUtrecht University: Utrecht, The

Netherlands, 2001. (f) Sheldrick, G. MHELXL-97 Universitd Gottin-

gen: Gitingen, Germany, 1998.

(35) Zhang Y.; Gossman, W.; Oldfield, &.Am. Chem. So2003 125 16387
16396.

(36) (a) Zhang, Y.; Mao, J. H.; Godbout, N; Oldf|e|d E.Am. Chem. Soc.
2002, 124, 13921-13930. (b) Zhang, Y.; 'Mao, J. H.; Oldfield, B. Am.
Chem. Soc2002 124, 7829-7839.

(37) The FeGl and FeN planes are perfectly orthogonal; as a consequence of
a folding of the chelate ring about the NN vector, the iron lies 0.538 A out
of the diimine plane in the direction of CI(2).

(43) (a) Becke, A. DPhys. Re. A 1988 38, 3098-3100. (b) Becke, A. DJ.

Chem. Phys1993 98, 5648-5652.

(44) Pople, J. A. et alGaussian 03revision C.02; Gaussian, Inc.: Wallingford,

CT, 2004

(45) Wachteré, A. J. HJ. Am. Chem. Sod.97Q 52, 1033-1036. Basis sets
were obtained from http://www.emsl.pnl.gov/forms/basisform.html.
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Table 2. Experimental and Predicted 13C and 'H NMR Shifts
(ppm) in the Iron and Zinc Complexes 1 and 22

OMQ) oM O O +OND)  0M(2) +05(1)
C1 1725 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 1245 10.9 116 12 20.5
C6 126.2 245.4 118 239 247.2
(a) C7 1237 -155 116 ~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
Cil1 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
Cl4 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
OLHOMO OHOMO-1 H6 65 —256 5 —23 —-20.5
d d.e2 H7 6.7 —5.4 4 6 8.7
Xy z H9 2.7 -2 —4 0.7
H10 1.3 2.2 -3 -1 3.3
H11 0.4 —15.2 —4 —4 04
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

aUniform experimental uncertainties were of the ordertdi.5 ppm.

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 @@and one CH group (&-Hy, 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 assignetHe 13C spin pairs
located closer to the metal {£€-Hi,, C,—H>). We expect that
the fact that the €-Hg peak is absent is mainly due to the
short relaxation time of the ¢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
s . . closest to the metal (the,€H, resonance), which if excluded
3.65 au, similar to that found in deoxy myoglobi8 ¢ 2), from the correlation results iR = 0.97, a slope of 0.96, an

3
3.80 aut . intercept of 2.9 ppm, and an rms error of 20 ppm (or 7% of the
DFT methods also enable accurate calculations of the . iq experimental range of 271 ppm).

diamagnetic contribution to the total shifts. Alternatively, this To try to improve upon these results, we next investigated a
pomponentlcan ble d';ectljy access.ed. ex_perlmﬁnltj?llyhlff an gimer model calculation, sincesHhas short contacts with the
|sostrlégtura corpp el'):'f(: a |amhagnetlgt|qn '3 z;val a e('i, € er'dtwo Cl atoms (2.9 and 3.2 A, in the X-ray structure) in the
ence diamagnetic shitts were erle obtained by recording an neighboring molecule. The dimer calculation does significantly
assigning the NMR spectra of the 'Zanalogue2. The results reduce the errors of the proposeglad H NMR shifts, by 66

are summarized in Table 2. Note that the agreement between‘ijol 33 ppm (see Table S7), respectively, and improves the
diamagnetic shifts ca]culated by DFT and the experimental e 4| correlation fronR = 0.8'8 toR= 0.93.,The desirability
values measured f(ﬂ. IS Very good, this means that the two of incorporating additional metal centers was observed previ-
datasets would contribute similarly when used to calculate the ously in calculations on another paramagnetic complexich

total paraTagneltlc Slh'fts_ fa. . iatel . required the use of a nine-metal complex cluster. However,
A route for a global assignment can immediately be envisaged calculations on clusters larger than the dimer (1442 basis

by.comparlng the re,s%“ts of the calculation to'the ObS?“’?‘,’ NMR functions) are prohibitively expensive with current resources
shifts. In fact, the editing measurements of Figure 4 significantly and are likely to only improve the results fos/8, (note that,
for signals other than £H,, R is still 0.97 in the dimer
calculation, as in the monomer calculation) and further exac-

(e) ) (f) |

OHOMO-5

BHomo
dyz Axzy2

Figure 6. (a) Spin density for, (contour at+0.0004 au), superimposed
to two views of the molecular structure (atom color scheme: Fe, red; C
green; C, cyan; N, blue). (b) Isosurface representation of the frontier
molecular orbitals fol.: (b) OLHOMO; (C) OHOMO—-1, (d) OLHOMO—-2s (e) OLHOMO-5s

(f) Bromo. Contour values arg0.02, 0.03, 0.03, 0.03, 0.04 au, respectively.

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,f) of iron is

(46) Wilkens, S. J.; Xia, B.; Weinhold, F.; Makley, J. L.; Westler, W. §4.
Am. Chem. Sod 998 120, 4806-4814.
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-100 ' L ! ' 2, but a (d)2(dy2)*(dk)*(d2)*(de—y?)?* configuration, as a result
Cc7 ’ of different structural symmetries and ligand interacti&tibhis
C129" shows once more how NMR allows direct, straightforward
C5. & experimental access to the fine details of the molecular electronic
Pidad configuration, which is in turn a sensible reporter of the
C8o /614 molecular geometry. It has been nicely demonstrated that the
,’oc: Ci1 L catalytic reactivity of the diimineiron complex family is
C4 ¢ C10 correlated with the metal spin state and can be carefully tuned
0399’ Cc13 by the choice of the ligand substitueR¥ he ability to evaluate
’ hyperfine shifts in paramagnetic complexes offered by quantum
., chemical methods can therefore open new perspectives where
,D/CG the calculation and the refinement of a structure, and the
d prediction of its reactivity, are accomplished using NMR
, hyperfine data as a structural probe.

H2e

g8 o

N
3
N
N
T

’ 92 Conclusions

40%00 300 200 100 0 -100 We have shown a protocol for the complete structural

obs (13C, 1H) / ppm characterization of paramagnetic molecular powders at natural
) . ' abundance by solid-state NMR. The approach was successfully
Figure 7. Experimentab®svs calculated@° 1 (open symbols) antH d trated talli talvst based on hiah-spi
(filled symbols) NMR shifts ofl. Uniform experimental uncertainties were elmons rated on an organometallic catalyst based on nigh-spin
of the order 0f+0.5 ppm Fe'.

. . . . o The combination of very fast MAS and of broadband TEDOR
erbate the problem of visualizing the orbitals and spin densities . .
recoupling allows the observation of 2D heteronuclear correla-

described below. So, here and below we focus solely on the . . .
. . ; tions. These spectra provide a tool for removing the correlated
monomer results (e.g., Table 2). While these shift assignments. . .
: o . inhomogeneous broadening, can be acquired over a remarkably
must at present remain somewhat tentatfiejs encouraging

to note that Bart et & identified the H signal in solution by zg:)ggre]xgierrl]rzles nt:)l( t'g:fé danf(:orric?rr](i allimatl)nsé a;l tlr]z r:/;(i)tthonh?nhd
2H NMR on a sample selectivel§H-labeled on thex-imine g P g P g

methyl. This enabled us to determine the correspontiddC,) sensmwty_ gnd good rgsolutlon. . N
shift by recording an HMQC on the sample at natural abundance T_he efficient detec_tlon of NMR signals in highly paramag-
(see Supporting Information), dissolved in dichloromethane. netic molegules provides easy access to the structgral .features
Both 'H and**C shifts match closely the values measured and of the environment of a paramagnetic center, which in tum
assigned in the solid-state spectrum. Moreover, tCross- possess astrong, straightforward relationship with the.flne details
peak in a TEDOR spectrum of the corresponding metayl- of the electronic state of the system. A complete ass_lgnment of
labeled species was absent. Relaxation data could also inthg_observed resonances was _possmlg by cou_pllng spectral
editing measurements to hybrid density functional theory

principle further assist in the assignment process, as the . . . :
paramagnetic relaxation enhancement depends on the distanC8a|culat|ons, which enabled accessing the metal wave functions
nd reproducing the NMR experimental data based on the

between observed nuclei and the paramagnetic center, an wal struct £ th I
significant variations inf; andT,' enhancements could indeed hown crystal struciure ot the comp ex.
The present work therefore delineates a new role for NMR

be observed for the different nuclear sites in the iron complex. . Lo 3 - . )

However, the interpretation of these effects in the presence of " comblrllanon with DFTl’ in studies wherel NMR hy|;)erf|ne

a highly delocalized electronic spin density is not straightfor- observab es may be exp oned_ as structl_Jra probes closer to a

ward. In addition, a more complete model for the paramagnetic paramggnetlc centgr, for posgbly explormg the natqrt_a and the

relaxation in solids under MAS may be required for interpreting "€aCtivity of catalytically active species and for driving the

the enhancements design of new active complexes. We believe that the solid-state
Electronic Structure. Molecular orbital (MO) analyses of NMR an_alysis of paramagnetic _powders _Wi” feature st_rategic

the calculated wave functions provide a graphical representation""ppl'catlons for the understan_dlng of s_olld-state reactions, as

of the spin-density distribution if.. As shown in Figure 6be already showp for surface diamagnetic catalyssd will

O 0o, oMo 1, Oomo—2, aNdaromo_s, the frontier metal strongly contribute to the dgvelopment of supramolecular,

3d orbitals associated with the four unpaired electrons gre d "anoscale, and surface chemistry.

d2, Ok, and g Thej ge-y2 is however doub.ly occupied gnd Experimental Section

appears agnowmo (Figure 6f). So the 3d orbital configuration _ _

in this metal complex is Gﬂ—yz)z(dyz)1(dxz)1(dzz)1(dxy)1. A com- _ Sample Preparations.The Fé complex1 was prepared using the

parison with the contour plot of the spin density shows that 'terature procedur& e ,

clearly most of the spin density is localized primarily in the d Preparation of 2,3-Dimethyl-1,4-[(2,6)-diisopropylphenyl]-N,N'-

. . . diazadiene Zinc Dichloride (2).Using the procedure described by
orbital and that here only two lobes ofdawowo) interact with Sandrini et al* a mixture of 2,3-dimethyl-1,4-[(3)-diisopropylphe-

.the Ilga.nd 'n,the plahe (F'Qure ,6b) and th&gﬂ have little nyl]-N,N'-diazadien® (0.620 g, 1.53 mmol) in THF (10 mL) was added
interaction with this ligand irl (Figures 6d,e). This probably {5 zncy, (0.189 g, 1.39 mmol) in THF (5 mL) at 25C. After a few
explains the smaller chemical shift windows observed¥or  minutes, a precipitate was formed, and the reaction mixture was stirred
compared to these reported for deoxy myoglobin (up-890 for an additionnb2 h and then filtered. The resulting solid was washed
ppm), also an Femolecular system having the spin st&e= with THF and pentane and then dried under a high vacuurf (I6rr)
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to give 0.685 g o2 (91.1%)*H NMR (CDCls): 6 =1.13 (d,J=6.84
Hz, 12H,CHMe;), 1.33 (d,J = 6.84 Hz, 12H,CHMe,), 2.35 (s, 6H,
N=C—CHy), 2.9 (septJ = 6.84 Hz, 4H,CHMe,), 7.3 (m, 6H,CHa,).
3C NMR (CDCk): 6 = 20.2 Cq), 24 (C10—11), 28.74 ), 124.67
(Ce), 128.11 C7), 139.08 (Csg), 150 (NC3), 170 (C4). Elemental analysis
for 2 [CgHaoN2CloZn] Calculated: C, 63.84% N, 5.32%,; ClI,
13.46%; Zn, 12.41%:. Found: C, 62.33%; N, 5.34%,; ClI,
13.10%; Zn, 12.87%:.

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

scan modus withAg/Aw = 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 minimiZingF,> —

F?)? 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 eA3). Neutral atom scattering factors for all

cap. atoms and anomalous dispersion corrections for the non-hydrogen atoms

All solid-state NMR spectra were acquired on a Bruker Avance- Were taken frominternational Tables for Crystallographyll calcula-

500 spectrometer operating at a proton frequency of 500 MHz and tions were performed on an Intel Pentium Il PC, with the STRUX-V
equipped with a double-resonance 2.5 mm CP-MAS probe. Experi- System, including the programs PLATON, SIR92, and SHELXL*97.
mental’3C and!H shifts were referenced to TMS at 0 ppm using an Crystallographic data (excluding structure factors) for the structure
external standard of glycine, with the methyl signal at 19.8 and 1.18 reported in this paper have been deposited with the Cambridge
ppm for?3C andH, respectively. Sample temperature was kept constant Crystallographic Data Centre as supplementary publication no. CCDC-
to a value of 30+ 0.5 °C. 620797 (). Copies of the data can be obtained free of charge on

In a typical experiment, the lengths of the°d® and 13C pulses application to CCDC, 12 Union Road, Cambridge CB2 1EZ, UK (fax:
were about 1.5 and 2/5s, respectively. In a CP sequence, a tangential (+44)1223-336-033; e-mail: deposit@ccdc.cam.ac.uk).
amp"tude modulated RF fietél centered at 100 kHz was app“ed on DFT Calculations. The calculations of solid-state NMR Fermi-
H, while the carbon field of3C was matched to obtain an optimal ~ contact hyperfine shifts and diamagnetic chemical shifts of complex
signal; at spinning speeds of about 30 kHz, an optimal contact time Were performed with the hybrid Hartre€ock density functional theory
was found around 50@s for all the signals. TEDOR (transferred-echo, ~(HF-DFT) method B3LYF®in the Gaussian 03 prografhion its X-ray
double resonance) experiments were performed according to a standar§tructure without further manipulation, as we did before for other
pulse sequence (see, e.g., ref 25, together with the phase cycle reportegystems A large basis set scheme was used (an all-electron Wachters’
in Table 1 therein); the optimal recoupling time was equal to 2 rotational Pasis (62111111/3311111/3111) for ¥e-311G* for other heavy
periodsrr. Improvements in sensitivity could be obtained by a modified atoms, and 6-31G* for hydrogen atoms), as previously reported for
version of the experiment, as shown in Figure 2c and in the Supporting the evaluation of the hyperfine properties for paramagnetic complexes
Information, where the z-filter element at the end of the sequence is Of different transition metals (Fe, Mn, Cu, V, A§):* Once the
removed and the acquisition starts directly at the last recoupling period. contribution from the bulk magnetic susceptibility is removed, the total

As fast MAS efficiently removes a large part of tHé—13C dipolar shift dons (€9 1) is evaluated by calculating the diamagnetic contribution
couplings as well a#H—H dipolar couplingspeither heteronuclear ~ (%aa) and the Fermi contactogc) term; contributions from the
nor homonuclear decoupling was applied during acquisifidn all pseudocontact termg;) are neglected in the calculatiofis3446 The
the IH and 3C spectra, the signals were recorded with down fes2 quantum chemical methods allow the direct evaluation of the spin
sampling and for a total acquisition time of 2 and 32 ms, respectively. densityp. of a nucleus of interest, which enables in turn the prediction
To avoid baseline distortions on the very large spectral width, a rotor- ©f drc as
synchronous spinecho 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 thel channel in the center of each
echo delay, so that tHel—3C dipolar couplings are reintroduced during
the echo evolutioR**?

Nonrefocusable transversg'() and longitudinal T1) relaxation times
were measured, respectively, with standard rotor-synchronizee- spin
echo and inversionrecovery methods.

2D H-13C heteronuclear dipolar correlation (HETCOR) spectra

were recorded with either the CP or the TEDOR schemes, and with . . .
rotor-synchronization of thg increments. In both cases, a total of 16 for fruitful discussions. We are grateful to IDECAT, CNRS,

to 321, increments were collectethfa = 0.33 MS:bmae= 32.7 M), CPE Lyon, and ENS Lyon for financial support. E.O. and Y.Z.
with 16k to 50k scans each and a recycle delay of 0.1 s (total recording Were supported by NIH Grant GM50694. NMR spectra were
time 7 to 28 h). Quadrature detection durfagvas achieved using the ~ recorded at the Rime-Alpes Large Scale Facility for NMR.
States method. An exponential line broadening of 100 Hz was applied
in the two dimensions before Fourier transformation.

Opc = M(S+ 1)p BT (2
whereSis the spin state of the systeifjs the temperature, and is
a collection of physical constants and is equal to 23%0" ppm K
aw1.33,34
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Supporting Information Available: Complete ORTEP plot,

Single-Crystal X-ray Structure Determination. Crystal data and ta}bles of crystallographic data, fa\tomlc coordinates, atomic
details of the structure determination are presented in Table 1. Suitabled'Splacement parameters, bond distances, and bond angl'es for
single-crystals for the X-ray diffraction study were grown with standard COMPplex1; complete ref 44, MAS NMR spectra used to assign
cooling techniques. The selected crystal was stored under perfluorinatedhe diamagnetic analogi(*H—**C dipolar HETCOR andH
ether, transferred in a Lindemann capillary, fixed, and sealed. Prelimi- DQ CRAMPS correlations); comparison between different
nary examination and data collection were carried out on an areaversions of TEDOR sequences; correlation betweeen experi-
detecting system (NONIUS, MACH3,-CCD) at the window of a mental shifts for comple® and calculated diamagnetic shifts
rotating anode (NONIUS, FR591) and graphite-monochromated Mo for 1; 1D H and 2DH,3C-HMQC spectra ofl dissolved in

Ka radiation ¢ = 0.710 73 A). The unit cell parameters were obtained - cp,Cl,. This material is available free of charge via the Internet
by full-matrix least-squares refinements during the scaling procedure at http://pubs.acs.org

with 2939 reflections. Data collection was performedlat 173 K
(OXFORD CRYOSYSTEMS). Nine data sets were measured in rotation JA0O63510N
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