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The purpose of this contribution is to demonstrate the impor- v
tance and feasibility of acquiring ultrahigh-fielfCo NMR spectra b) °) “
of solid samples with large nuclear quadrupolar coupling constants,
Cgs. In general, the study of transition metals by NMR spectroscopy
has been limited because most of their NMR-active isotopes are
guadrupolat The coupling between the nuclear quadrupole
momentQ, and the electric field gradient, EFG, often leads to broad
NMR line shapes. Historically, quadrupolar parameters for nuclei 8y = 82
at sites with large EFGs coulc_zl only be determined_by nuclear Figure 1. The molecular structure of (@)s-[Co(1,2-GBqHi2)s]~ and (b)
quadrupole resonance, NQ@I’ smgle-crystal NMR stud|e7sboth [Co(QH5)2]+; B = green, C= gray; hydrogen atoms have been omitted
of which have significant drawbacks. for clarity. (c) Approximate orientation of the largest component of the

Advances in ultrahigh-field magnet technology have allowed an **Co EFG tensors and the principal component of the CS tensor that
increasing number of NMR-active, non-integer spin quadrupolar Lespérgsfi?t(sat)h:n%r«(eglon of greatest magnetic shielding in the molecular frame
nuclei to be investigated by NMR spectroscopy. By acquiring cen- '
tral transitionm = 1/2< m = —1/2, NMR spectra of stationary
samples, both EFG and chemical shift, CS, tensors can be charac-
terized. When the NMR spectra are extremely broad, stepped-fre-
guency techniqués!! are employed, often in conjunction with ex- _K——\//\\_
periments such as the quadrupolar Ea&turcell Meiboom-Gill, b) MM
QCPMG, sequencet?14While valuable, QCPMG may not provide
the spectral detail necessary to detect subtle effects of the NMR
parameters on line shapeAlso, to perform QCPMG experiments, e e
the T, relaxation time must be long enough to acquire a train of 500 0 800, 100 (180 2000
_ec_hoes. For. pO_Wder samples, the most reliable method of Char_aCter'Figure 2. Central transition®®Co NMR spectra of stationary powder
izing the principal components of the EFG and CS tensors is t0 samples of (a) Rb[Co(1,248sH11)2] and (b) [Co(GHs)2](PFs) acquired at
simulate the NMR line shapes obtained from single-echo experi- 21.14 T; (black) experimental, (green) simulated using parameters given
mentslé in Table 1, (blue) simulated witf = 0 ppm. Spectra are referenced to 1.0

: : M aqueous KCo(CN) at 6 = 0 ppm. The spectra were acquired using
Previous studies have demonstrated #ab NMR spectra can three steps of the RF transmitter, 1.0 MHz apart, and combined using the

be acquired when the EFG is relatively snfeiff, > but for solid skyline projection techniqu®. Each sub-spectrum was acquired using a
powder samples, the measuremenCgfvalues in excess of 100  pulse delay of 0.5 s.

MHz has not been reported. . . o

Two types of “sandwich” compounds are studied herein: Co- scales inversely with the Larmor frequently, it is advantageous to
(1,2-GBgH11),~ and Co(GHs),* salts (see Figure 1). The synthesis acqui_re central_ transition NMR spectra} of_non-integer quadrupolar
and characterization of these compounds have become a fascinatin§Ucléi at the highest possible magnetic field strerlgths.
area of research, and many applications of the dicarbollide anion €0Palt-59 NMR spectra of solid Co(1,2:8H1,).~ salts were
have been discovered, including a recent report that Co(1,2- acduired at 223.2 MHz using a Bruker Avance 21.14 T NMR
CBoHi2),~ and its derivatives act as an inhibitor for HIv ~ SPectrometer. Figure 2 shows tH€o NMR spectrum of Rb[Co-
proteasé? 24 The Co(1,2-GBgH11),~ complex can also adopt (12-GBeHin)2l; NMR parameters obtained from the best-fit
different conformations; for example, the relative orientation of the Simulations are presented in Table 1. The central transition spectrum
two carboranes can be rotated and are typically either cis, Figure COVErs approximately 2.5 MHz, representing one of the broadest
1, or trans to each other; thesBH* and Rb" salts adopt the cis NMR line shapes observed to date using standard echo experiments.

conformatior?®26There are few NMR studies because the sandwich Three different transmitter offsets were used, and each sub-spectrum

complexe¥ result in large EFGs at the cobalt. NQR studies have Was acquired in less than 6 h; however, reasonable spectra could
shown thatCo values range from 138 to 171 MH2some of the be acquired in 1 h. The importance of using ultrahigh magnetic
largest reported foP°Co. In solution, largeCo values result in fields is clear; for example, if the spectra were acquired at 11.75
relaxation times on the order of microseconds, and consequently, 1+ the line shapes would be nearly 5 MHz broad and could take
large 5%Co NMR line widths. In the solid state, largg, values days to acquire. Furthermore, the advantage of the single-echo

result in central transition NMR line shapes with widths on the €XPerimentversus QCPMG is demonstrated by the ability to detect

order of megahertz. Since the second-order quadrupolar interactiont® Small shoulder in the NMR spectrum nedr.1 MHz, indicated
with asterisks in Figure 2. This feature aids in determining both
t University of Alberta. the EFG and CS tensors and would be difficult to observe using a

* University of Ottawa. QCPMG experiment.

a) Cale. £ = 0 ppm
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Table 1. Experimental ¥Co NMR Parameters? to the 900 MHz NMR spectrometer was provided by the National

CoMHZ (£2) 1o (20.05)  Oilppm (275)  Qippm (£100) Ultrahigh-Field NMR Facility for Solids (Ottawa, Canada), a
RbCo(CB) 163 012 2000 4700 national research facility funde_d by CFl, the Ontariq Innovation
NaCo(CB) 163 0.08 —2000 4500 Trust, Recherche Qbec, the National Research Council of Canada,
Et;NH[Co(CBY] 163 0.10 —2000 4600 and Bruker BioSpin and managed by the University of Ottawa
[Co(CpY]PFs 162 0.02 —2500 5650

(Www.nmr900.ca). R.E.W. also acknowledges research support from
NSERC and the Canada Research Chairs program. The Natural
Sciences and Engineering Research Council of Canada, NSERC,
is acknowledged for a Major Resources Support grant.

aCcB= [1,2-C289H1;|]72, Cp: [C5H5]71; CQ = EQsz/h, nQ = (Vxx -
Vy)/Vzz, where|Vzz| > [Vvyl = [Vxxl; Giso = (011 + 022 + 033)/3, Q = 011
— 033, Wheredy; = 822 = 0 33.30 Within experimental error, the chemical
shift tensors are axially symmetric with the unique component béiag

Quadrupolar parameters previously determined using NQR for Supporting Information Available: Experimental details. This

material is available free of charge via the Internet at http://pubs.acs.org.

Cs[Co(1,2-GBgH11)2], Cq = 167.76 MHz andjq = 0.033! were

used as a starting point in the spectral simulations. The best-fit
simulation for the Rb salt indicate<Cq = 163 + 2 MHz andzq

= 0.12+ 0.05. The noticeable deviation of the EFG tensor from
axial symmetryyq #= 0, is likely a result of the asymmetry of the
(1,2-GBgH11) 72 ligands (see Figure 1); X-ray diffraction data
obtained for the Csand EtNH™ complexes indicate that there
are no symmetry reasons for the tensors to be axially symmieffic.

For the axially symmetric cobalt CS tensdi; = 2, and the
span is 4700t 100 ppm;diso = —2000+ 100 ppm. While the
lack of rotational symmetry at the Co affects the EFG tensor, the
CS tensor remains axially symmetric and appears insensitive to the
asymmetry. The relative orientations of the EFG and CS tensors
are such thabdsz is parallel toVzz; see Figure 1c. All three salts of
Co(1,2-GBgH1,),~ studied have similaP®Co NMR spectra and
parameters; see Table 1. TR o NMR spectrum of Co(1,2-
C,BgH11),~ has not been observed in solution, likely because of
the broad peak that results from the expected short spin-relaxation
time. Howevergis, for the Co(1,2-GBgH11),~ anion was predicted
to be —2043 ppm by Bal, Hynk, and Machéek using computa-
tional methods$?

TheCo NMR spectrum of [Co(6Hs),](PFs) is also shown in
Figure 23334 The NMR parameters obtained (see Table 1) are in
agreement with those previously reported for analogous salts using
single-crystaP°Co NMR 35 The value ofCq is comparable to those
obtained for the Co(1,2-BgH11),~ salts butyjg = 0. The CS tensor
is also axially symmetric as observed for other cyclopentadienyl
sandwich compound®$;3” and has a spar2 = 5650+ 100 ppm
andoiso = —2500+ 100 ppm. As with the Co(1,2-4BgH11),™ salts,

033 is the unique component and is alovig.

The orientation as well as the spans of the cobalt shielding tensors
in these twodS-metal complexes may be rationalized in terms of
Ramsey’s theory of magnetic shielding using simple molecular
theory38 Qualitatively, metal-centered MOs of the ground electronic
state, which have,g de.2, and @ character, overlap with low-
lying excited-state MOs that have,@&nd d, character £ is along
the molecular pseudo-rotation ax#¥8)fficient mixing of the occu-
pied and unoccupied MOs only occurs when the magnetic field is
perpendicular ta, leading to the significant deshielding in this
direction, while minimal deshielding occurs when the magnetic field
is alongz4°

In conclusion, we have acquiré¥#o NMR spectra of solid Co-
(1,2-GBgH11);~ and Co(GHs)," salts and characterized both the
59Co quadrupolar coupling and CS parameters. The use of ultrahigh
magnetic field strengths facilitates the acquisition®%o NMR
spectra of solids, in a reasonable time, opening up the possibility
of using NMR to study a wider range of metal-containing solid
materials, metalloenzymes, and biomolecules. LaBgevalues
should no longer prevent researchers from performing solid-state
5%Co NMR investigations.
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