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Abstract

Despite success of previous studies, high-resolution solid-state NMR (SSNMR) of paramagnetic systems has been still largely unex-
plored because of limited sensitivity/resolution and difficulty in assignment due to large paramagnetic shifts. Recently, we demonstrated
that an approach using very-fast magic angle spinning (VFMAS; spinning speed 20 kHz) enhances resolution/sensitivity in '*C
SSNMR for paramagnetic complexes [Y. Ishii, S. Chimon, N.P. Wickramasinghe, A new approach in 1D and 2D '*C high resolution
solid-state NMR spectroscopy of paramagnetic organometallic complexes by very fast magic-angle spinning, J. Am. Chem. Soc. 125
(2003) 3438-3439]. In this study, we present a new strategy for sensitivity enhancement, signal assignment, and distance measurement
in *C SSNMR under VFMAS for unlabeled paramagnetic complexes using recoupling-based polarization transfer. As a robust alter-
native of cross-polarization (CP), rapid application of recoupling-based polarization transfer under VFMAS is proposed. In the present
approach, a dipolar-based analog of INEPT (dipolar INEPT) methods is used for polarization transfer and a '*C signal is observed
under VEMAS without 'H decoupling. The resulting low duty factor permits rapid signal accumulation without probe arcing at recycle
times (~3 ms/scan) matched to short 'H T} values of small paramagnetic systems (~1 ms). Experiments on Cu(pL-Ala), showed that the
fast repetition approach under VEMAS provided sensitivity enhancement by a factor of 8-66 for a given sample, compared with the '*C
MAS spectrum under moderate MAS at 5 kHz. The applicability of this approach was also demonstrated for a more challenging system,
Mn(acac)s, for which '>C and '"H paramagnetic shift dispersions reach 1500 and 700 ppm, respectively. It was shown that effective-evo-
lution-time dependence of transferred signals in dipolar INEPT permitted one to distinguish *CH, *CH,, >*CHj, BCO," groups in 1D
experiments for Cu(pL-Ala), and Cu(Gly),. Applications of this technique to 2D *C/'H correlation NMR under VFMAS yielded reli-
able assignments of 'H resonances as well as '>C resonances for Cu(pL-Ala), and Mn(acac)s;. Quantitative analysis of cross-peak inten-
sities in 2D 3C/'H correlation NMR spectra of Cu(pL-Ala), provided distance information between non-bonded '*C-'H pairs in the
paramagnetic system.
© 2006 Elsevier Inc. All rights reserved.
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1. Introduction

Metals whose ions exhibit paramagnetism occupy more
than one-third of the periodic table. In nature, diverse
paramagnetic metal ions are utilized as catalytic centers
in complexes with organic ligands [l]. Paramagnetic
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organometallics or metal coordination complexes in solids
have attracted increasing interest in conjunction with
supramolecular chemistry [2,3], medicinal chemistry [4-6],
and solid-state synthesis [7].

High-resolution solid-state NMR (SSNMR) spectrosco-
py has been widely used for structural analysis of non-crys-
talline compounds in solids [8-10]. In particular, *C
high-resolution SSNMR has been one of the most powerful
techniques for analysis of organic materials including poly-
mers and biomolecules, for which single crystals are often
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not available [10-21]. Assisted by recent methodological
development for quadrupolar nuclei [22-26], *C SSNMR
has also provided metal binding structures in analysis of
diamagnetic metal complexes [27-29]. '3C SSNMR is a
potentially  powerful —method for characterizing
paramagnetic organic systems without the requirement of
isotope-labeled materials. In contrast, for paramagnetic
organic complexes, applications of '*C SSNMR and
SSNMR of other dilute spin-1/2 nuclei have been notably
limited, despite the success of previous studies [30-38].
13C paramagnetic shift dispersions can range from sever-
al hundreds to a few thousands of ppm, while those in 'H
SSNMR can vary from several tens to several hundreds of
ppm [34,38,39]. Because of the large paramagnetic shifts,
fundamental methods in '*C SSNMR such as CP, MAS,
and RF decoupling have been generally ineffective for
paramagnetic systems. The large anisotropies of paramag-
netic shifts split a signal into many sidebands, limiting
resolution and sensitivity enhancement by MAS [39].
Because of the sensitivity limitation, a MAS probe that
can accommodate a relatively large sample volume
(=100 uL) has been traditionally utilized, in particular,
for unlabeled paramagnetic samples. Moderate 'H RF
decoupling fields in this type of SSNMR probe barely
cover the spectral range of many paramagnetic systems,
severely limiting the resolution and sensitivity [33]. Liu
et al. [34] reported line narrowing of '>*C MAS spectra
for unlabeled systems without decoupling under a moder-
ate spinning speed of ~10 kHz. In spite of the excellent
result, the moderate spinning speed is useful only for sys-
tems having a small "H-'H dipolar flip-flop rate due to a
large 'H shift dispersion, isotopic dilution, or molecular
motions [34,38,40]. For this reason, D-labeled paramag-
netic compounds have been generally utilized in '*C
SSNMR to remove 'H-'*C couplings without 'H RF
decoupling [33,34,37,41]. Furthermore, polarization
transfer by CP, a vital technique in 13C SSNMR , has been
ineffective for many paramagnetic systems because of the
large shift dispersions, except in a few successful cases for
compounds having small shift dispersions [30,36,37].
Equally critical elements in '*C SSNMR analysis of
paramagnetic compounds are signal assignments. Large
paramagnetic shifts mask diamagnetic shifts specific to
chemical groups, making signal assignments difficult.
Recoupling techniques and multi-dimensional NMR have
been widely used in signal assignments for diamagnetic sys-
tems [11,43]. However, recoupling techniques have not been
applied to paramagnetic systems because of the limited
sensitivity and the lack of effective decoupling methods.
Only a few 2D SSNMR experiments have been performed
for '3C-labeled small paramagnetic systems [35,37]. Thus,
even if 'C SSNMR spectra can be obtained for unlabeled
systems, reliable signal assignments have required selective-
ly '3C- and/or °D-labeled samples [34,39]. To advance
SSNMR analysis of paramagnetic systems, we recently pre-
sented a new approach to obtain high-resolution '*C and 'H
SSNMR of paramagnetic complexes using very-fast MAS

(VFMAS) at a spinning speed (vg) of 20 kHz or higher
[42,44]. In this approach, sensitivity and resolution in '*C
and 'H SSNMR of paramagnetic systems are enhanced
by VFMAS, which effectively removes '"H-'°C and '"H-'H
dipolar couplings without RF irradiation. Although MAS
at 40 kHz or more is currently available [45], this spin
dynamics, which forms the foundation of our approach, is
not altered qualitatively by faster spinning (vg > 30 kHz).

In this article, we examine the effectiveness of the
VFMAS approach for characterization and structural elu-
cidation of unlabeled paramagnetic systems by '*C
SSNMR. Although this study is focused on '*C SSNMR,
the presented strategy can be applied to other spin-1/2 sys-
tems in paramagnetic systems. We demonstrate that reli-
able signal assignment and structural information can be
obtained with enhanced sensitivity and resolution by com-
bination of VFMAS and dipolar recoupling techniques.
We show that sensitivity of ?*C SSNMR of paramagnetic
systems obtained by a fast repetition of a recoupling-based
polarization-transfer sequence can be comparable to or
higher than that of corresponding diamagnetic molecules.
It is also shown that 2D "*C/'H correlation NMR is possi-
ble for paramagnetic system with large spectral dispersion
by use of the recoupling-based polarization transfer for
assignments and structural measurements.

2. Materials and methods
2.1. Sample preparation

Cu(IT)(pL-alanine), - (H,0) (Cu(pL-Ala),) was prepared
following Ref. [34]. All the materials required for the syn-
thesis were purchased from Sigma—Aldrich Co. (St. Louis,
MO). Mn(IIl)(acac)s;, Cu(I)(glycine), (Cu(Gly),), and
L-Ala used for the measurement were also purchased from
Sigma-Aldrich Co.

2.2. Solid-state NMR spectroscopy

All the SSNMR spectra were acquired at 9.4 T (400 and
100 MHz for 'H and '*C NMR, respectively) with a Varian
Infinityplus 400 NMR spectrometer (Palo Alto, CA) using
a Varian 3.2-mm MAS double-resonance T3 NMR probe
and a home-built 2.5-mm MAS double-resonance probe.
The 3.2- and 2.5-mm MAS probes provide stable spinning
up to 24 and 29 kHz, respectively. Fluctuation of the
spinning speed was less than 10 Hz throughout the
experiments. All the data were processed with Varian
Spinsight software or NMRPipe software [47].

For the single m/2-pulse excitation experiments in '>C
SSNMR, a rotor-synchronous echo sequence (tr—7—7R)
was applied prior to signal acquisition, where 1z denotes
a MAS rotation period. In this sequence, a signal was
excited by a m/2-pulse and then acquired after two rotation
periods, at the middle of which a m-pulse was applied in
order to refocus large isotropic chemical shifts in paramag-
netic complexes. For '°C NMR by single w/2-pulse



N.P. Wickramasinghe, Y. Ishii | Journal of Magnetic Resonance 181 (2006) 233-243 235

excitation, recycle times of the single pulse excitation exper-
iments were set to three times the °C T values or Mye.
times a 'H RF decoupling period, whichever is longer,
where My.. = 100 and 75 for the 3.2- and 2.5-mm MAS
probes, respectively. The value My, was selected for pro-
tecting the probes from arcing. For polarization transfer
with CP, an adiabatic CP sequence [48,49] was used to com-
pensate for variation of Hartmann-Hahn conditions for
large resonance offsets in paramagnetic systems [42]. In
the CP experiments, the recycle time was set to M., times
the contact time. A rotor-synchronous echo sequence was
also used in the CP experiment before signal acquisition.
In '*C dipolar INEPT experiments [46,50], a modified dipo-
lar INEPT sequence was used for polarization transfer
without '"H RF decoupling, as will be described in the text.
The recycle time for the dipolar INEPT experiments was
adjusted to three times the "H 7 values. In all the experi-
ments, the m-pulse widths were twice the n/2-pulse widths
unless otherwise mentioned.

Because paramagnetic isotropic shifts have a 1/T depen-
dence (Curie’s law) in the high-temperature approximation
[51], both spinning speed and RF-duty factor were found
to affect observed chemical shifts. For experimental sim-
plicity, we indicated the temperature of VT cooling air
rather than that of a sample. Unless otherwise mentioned,
cooling air at room temperature (23 °C) was used. The flow
rate of the cooling air, which also affects the temperature
difference, was set to 140-160 (ft)*/h. The relatively high
flow rate helps to minimize line broadening due to temper-
ature distribution over a sample. The temperature differ-
ence between a sample and the cooling air, A7, was

o

calibrated by 2°’Pb shift using PbNO; [52]. The tempera-
ture difference between a sample and the cooling air AT
(°C) approximately followed the relationship AT =
0.0607v% and AT = 0.0600v% for 3.2- and 2.5-mm probes,
respectively, where vg is in units of kHz. Because of the
short recycle delays required in some of our experiments,
care was taken so that no hidden delays were included
between scans. For example, when the recycle time was
comparable to the acquisition time, the acquisition period
was included as a part of the recycle time.

Simulations for dipolar INEPT experiments were
performed by numerically integrating a Liouville-von
Neuman equation with Hamiltonian under a relevant pulse
sequence using a home-built Fortran program. The time
dependence of the NMR signal was obtained by calculating
the observable for different crystalline orientations in a
time step of 0.25 ps. The powder average of a simulated sig-
nal was performed over 15,500 orientations in (10°, 10°,
15°) angular steps for the Euler angles (a, f, 7).

3. Results and discussion

3.1. Sensitivity enhancement by VFMAS and polarization
transfer

Fig. 1 demonstrates the sensitivity enhancement in '*C
SSNMR spectrum by VFMAS for a paramagnetic system.
Fig. la—d shows spinning-speed dependence of '*C MAS
spectra of Cu(prL-Ala),, which was obtained at vg = (a) 5,
(b) 10, (c) 15, and (d) 24 kHz. Each spectrum in (a—d) was
acquired with the same number of scans in a common total
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Fig. 1. 3C MAS spectra of Cu(pL-alanine); - (H,O) obtained at a 13C NMR frequency of 100.6 MHz with (a—¢) a single n/2-pulse excitation, (f) adiabatic-
CP, and (g) dipolar INEPT. The spectra were acquired at spinning speed of (a) 5 kHz, (b) 10 kHz, (c) 15 kHz, and (d—g) 24 kHz. The spectra (a—d) were
obtained under 'H cw RF decoupling (100 kHz) irradiated at 15.3 ppm, while the spectra (e-g) were acquired without "H RF decoupling. The recycle
delays of 0.1 s in (a—e) and 4.5 ms in (g) were matched to three times the '*C and 'H T values, respectively. The recycle time in (f) (0.05 s) was restricted by
an RF-duty factor (1%) to prevent a probe arcing. For each spectrum, signals were accumulated during an acquisition time of 1.0 ms with a total
experimental time of 1 min with (a—e) 614, (f) 1,200, and (g) 13,556 scans. In (g), the dipolar INEPT pulse sequence shown in Fig. 2a was used with
7 =27 ps. The spectra are scaled by a factor of l/Nl/7 where N is the number of scans, so that all display a common noise level for comparison. The '*C
and 'H n/2-pulse widths were 2.5 ps. In the CP experiment, the '>C RF field was swept from 107.5 to 124.5 kHz during a contact time of 0.5 ms, while the
"H RF field was kept constant at 92 kHz. For each spectrum, a Gaussian broadening of 300 Hz was applied. The spinning sidebands are indicated by *.
The peak at ~100 ppm is attributed to impurity or minor species. The sample amount was 15 mg.



236 N.P. Wickramasinghe, Y. Ishii | Journal of Magnetic Resonance 181 (2006) 233-243

experimental time of 1min under 'H decoupling of
100 kHz. In Fig. la at vg = 5 kHz, only one signal that
was assigned to the CHj3 group is visible around 200 ppm,
reflecting the fact that this chemical group has a relatively
small paramagnetic anisotropic shift. Signals for CO,~
and CH are within the noise level because of the signal split-
ting into many sidebands and line broadening. Fig. 1b—d
clearly shows the improvement in resolution under faster
MAS by reduction of sideband intensities. Under VFMAS
at 24 kHz in (d), three lines assigned to CH3, CO,~, and CH
signals display good sensitivity and resolution at 172, —192,
and —277 ppm, respectively. Although considerable num-
ber of sidebands due to anisotropic paramagnetic shifts
are visible in (b, c), sidebands were almost completely sup-
pressed in (d). The anisotropic paramagnetic interactions
originating mainly from pseudocontact shifts [40,53] have
the same form as a usual anisotropic shift and can be
removed by MAS [54]. Fig. le shows a '*C MAS spectra
obtained at 24 kHz without '"H RF decoupling. Resolution
and sensitivity in (e) are superior to those in (d) obtained
with '"H RF decoupling, particularly for the CH signal at
—277 ppm. This result demonstrates that '"H-'>C dipolar
couplings can be more effectively removed by VFMAS than
by strong 'H RF irradiation at 100 kHz for paramagnetic
complexes having a relatively large "H spectral dispersion
due to isotropic and anisotropic paramagnetic shifts
(~200 ppm). This is reasonable because averaging of
"H-'3C dipolar coupling by VFMAS functions regardless
of 'H resonant offset. Hence, despite a common belief that
13C SSNMR requires high-power 'H RF decoupling, 'H
RF decoupling can be safely dropped under VFMAS for
paramagnetic compounds. Although linewidths are still
broader than those for diamagnetic systems, excellent reso-
lution was obtained because the lines are well separated by
large isotropic paramagnetic shifts originating from Fermi
contact shifts [40,53].

Further sensitivity enhancement of '*C SSNMR of a
paramagnetic system is possible with polarization transfer
from 'H spins. In our previous work [42], it was
demonstrated that a ramped high-power CP is applicable
to paramagnetic systems. However, in CP experiments,
recycle times are restricted by RF-duty factors to prevent
probe arcing rather than by 'H T} values because of a rel-
atively long contact period in CP (~ms). If the RF-duty
factor can be reduced, faster repetitions with recycle times
matched to short "H T values (~1 ms) in small paramag-
netic systems are possible for sensitivity enhancement.
Based on this idea, we propose here a simple yet effective
strategy, rapid application of recoupling-based polariza-
tion transfer using a dipolar INEPT sequence. The dipolar
INEPT sequence was originally developed by Vita and
Frydman [46] for organic compounds under moderately
fast MAS (10-14 kHz). An equivalent method was dis-
cussed as recoupled polarization transfer (REPT) by
Saalwachter et al. [50]. Although this sequence does not
provide a sensitivity advantage over CP for diamagnetic
systems, its much smaller duty factor than CP is optimal

in our experiments for paramagnetic systems. Fig. 2a
shows our dipolar INEPT/REPT pulse sequence modified
for paramagnetic systems. As will be discussed in a later
section, the effective evolution period under recoupled
"H-'3C dipolar couplings can be adjusted by varying the
7 period in Fig. 2a [46]. It is noteworthy that the original
sequence in Ref. [46] reintroduces large "H paramagnetic
anisotropic shifts, and thus is not suitable for paramagnetic
systems. On the other hand, this sequence in Fig. 2a prop-
erly transfers polarization, eliminating large 'H and '*C
anisotropic shifts and "H-'H dipolar couplings under
VFMAS. Fig. 1g shows a '>*C VFMAS spectrum obtained
with the dipolar INEPT sequence at vg =24 kHz in the
same experimental time (1 min) as that for (a—d). Clearly,
Fig. 1g shows unexpectedly high sensitivity; the sensitivity
enhancements in Fig. 1g are 4.0-4.9, and 1.4 compared
with the VFMAS spectrum in Fig. le for protonated and
non-protonated '>C signals, respectively.

Below, we discuss the high sensitivity in Fig. 1g in order
to ascertain the general applicability of our approach under
VFMAS with dipolar INEPT. Because of short 'H T} val-
ues (1-1.5 ms), which are much shorter than '>C 7} values
(10-33 ms) and the resultant extremely short experimental
recycle times of 4.5ms in Fig. 1g, the number of scans
(13,556 scans) was significantly increased within the given
experimental time. We set 7 to 27 ps (0.667g) to optimize
polarization-transfer efficiency to '*CHs, while obtaining
about 80% of the maximum polarization transfer to CH
and CO, . In Fig. If using high-power ramped CP with
recycle delays of 50 ms, the corresponding enhancement
factors for the same sample are 2.2—3.6 and 1.2, respective-
ly. Hence, sensitivity enhancement by rapid application of
dipolar INEPT is considerably higher than that by ramped
CP. More importantly, the dipolar INEPT-VFMAS
approach does not require adjustments of the Hartmann-
Hahn condition, which are often challenging in CP-
VFMAS experiments for unlabeled paramagnetic samples.
Compared with the conventional MAS spectrum obtained
at 5SkHz in Fig. la, significant sensitivity enhancement is
apparent in Fig. 1g; from the spectra, we estimate sensitiv-
ity enhancement factors of 66, 11, and 8 for CH, CO,~, and
CH3, respectively. It is noteworthy that the excellent signal-
to-noise (S/N) ratios (67 for CHs, 19 for CO,, 42 for CH)
in (g) were obtained in 1 min for only 15 mg of a non-la-
beled sample. In fact, another control experiment showed
that the S/N ratios obtained for the equimolar amount
(11.2 mg) of L-Ala are 58, 49, and 35 for CH;, CO,", and
CH, respectively, where the spectrum for L-Ala was
obtained at vg = 24 kHz by a ramped CP with '"H TPPM
decoupling (100 kHz) for 1 min (20 scans) using a matched
window function (Gaussian 30 Hz). Thus, as a result of the
fast repetition strategy, for Cu(pr-Ala),, we could attain
sensitivity comparable to or slightly higher than the equi-
molar diamagnetic system.

To further test the generality of the VFMAS approach for
systems possessing extremely large paramagnetic shifts, we
chose Mn(acac); (acac = CH3;—CO-CH-CO-CH3) as a test
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Fig. 2. Pulse sequences of (a) 1D '*C dipolar INEPT for paramagnetic systems and (b) 2D '3C/'H chemical-shift correlation NMR with the dipolar
INEPT polarization transfer. In (a), after 'H transverse magnetization was transferred by a n/2-pulse, a rotor-synchronous echo sequence applied to 'H
and '3C spins during the initial two rotor cycles (2tr) reintroduces 'H~'3C dipolar interaction while canceling 'H anisotropic shifts. Simultaneous
applications of m/2-pulses to 'H and '3C spins convert antiphase transverse magnetization of 'H spins to that of '>C spins. After the polarization transfer is
completed by the second echo sequence, 1*C signal is detected. The phase cycles are as follows: ¢; = X, —X; o= —y, =V, ¥, Vs d3 =1, ¥, ¥, ¥, =9, —Vs —,
—y; the receiver phase = x, x, —x, —x. In (b), the #; period for 'H isotropic shift evolution was inserted between the initial /2-pulse to 'H spins and the
dipolar INEPT period. The real or imaginary component of the 'H signal is selectively transferred to '*C spins by applying the initial ©/2-pulse to 'H spins
along x or y axis in the rotating frame, respectively. The phase cycles are the same as those for (a).

case. Because the electron spin state, S, is 2 for Mn(III) and
anisotropic paramagnetic shifts due to pseudocontact shifts
are proportional to S(S + 1) [40], this sample displays sig-
nificantly larger '*C and 'H anisotropic shifts than those
of Cu(bL-Ala), (S = 1/2). The range of the '*C paramagnetic
shift dispersion is about 1500 ppm for this system. A previ-
ous study by Liu et al. reported that *C signals were unde-
tectable under MAS at 11 kHz [34]. A recent high-frequency
EPR study showed that EPR analysis of the polycrystalline
Mn(acac); was difficult [55]. In Fig. 3, we demonstrate that
even for systems having large shift dispersions, the VFMAS
approach can provide significantly improved resolution and
sensitivity. Fig. 3a—d shows spinning-speed dependence of
the '3C VFMAS spectrum of Mn(acac); under 'H RF
decoupling of 100 kHz. For the present sample, the effect
of VFMAS appears less dramatic with "H decoupling. The
signals, which are unresolved at (a) 5, (b) 10 kHz, exhibit
limited resolution even at (d) 26.3 kHz.

We found that sensitivity/resolution can be greatly
enhanced by dropping 'H decoupling, as shown in
Fig. 3e. 'H anisotropic shifts for this sample reach
700 ppm (~300 kHz for 'H NMR freq. of 400 MHz) [44],
and hence 'H RF decoupling is ineffective even with
high-power 'H RF decoupling at 100 kHz. In contrast,
"H-13C dipolar averaging by VFMAS is effective regardless

of "H resonance offsets, and thus 'H decoupling by
VEFMAS provides improved resolution and sensitivity in
13C NMR spectra even for the complex having an extreme-
ly large '"H paramagnetic shift dispersion. Dropping 'H
decoupling also enabled us to triple the repetition rate of
the signal acquisition (~66 scans/s), which was limited by
"H RF-duty factors in (a—d) rather than '>C T, values.
All the spectra in Fig. 3 were obtained with a common
experimental time (10 min) and display a common noise
level for comparison. As shown in Fig. 3, the sensitivity
enhancement in (e) was 4-7 times compared with the con-
ventional MAS spectrum in (b). Since signals in Fig. 3¢ are
well resolved, it is possible to estimate the range of aniso-
tropic paramagnetic shifts from spinning sideband analysis,
which permits measurement of the metal-'>C distance, as
will be discussed elsewhere [56].

We also examined the possibility of sensitivity enhance-
ment by polarization transfer under VFMAS for a sample
possessing extremely large paramagnetic shifts, again using
Mn(acac)s. Fig. 3f shows a 1D '*C VFMAS spectrum of
Mn(acac); obtained by rapid application of dipolar INEPT
(1.5 ms/scan) in a common experimental time with (a—e)
(10 min). The spectrum was obtained by setting t =9 us
(0.237 7r) to optimize the polarization-transfer efficiency
for '*CH and ""CHj; in the dipolar INEPT sequence (see
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Fig. 3. '*C MAS spectra of Mn(acac); obtained at '*C NMR frequency of
100.6 MHz with (a—e) a single n/2-pulse excitation and (f) the dipolar
INEPT sequence shown in Fig. 2a. The spectra were acquired at spinning
speed of (a) 5, (b) 10, (c) 16, and (d—f) 26.3 kHz. While the spectra in (a—d)
were obtained under "H cw decoupling (100 kHz) irradiated at 15 ppm
with recycle delays (t4) of 45 ms, those in (e) and (f) were acquired under
VFMAS without "H RF decoupling with 74 of 15 and 1.5 ms, respectively.
The '*C and 'H n/2-pulse widths were 1.7 ps. All the spectra were acquired
at —15 °C in a common experimental time of 10 min with (a—d) 13,110, (e)
39,940, and (f) 364,540 scans. As in Fig. 1, the spectra are scaled to exhibit
a common noise level for comparison. Gaussian broadening of 1,200 Hz
was applied. The spinning sidebands are indicated by * only for (e, f). The
assignments in (f) are based on a separate '*C—'"H REDOR experiment
(see Table 1 in the later section).

the next section about the details). With the shortened
recycle times reflecting short 'H 7} values (~0.5 ms), the
number of scans was substantially increased for a given
experimental time. With a short t value in the dipolar
INEPT sequence, the resulting spectrum displays strong
signals only for protonated '*C because of the short effec-
tive transfer period. It is clear that a relatively complicated
spectrum in Fig. 3e is simplified in (f) because of the
semi-selective enhancement for protonated '*C signals.
The signal assignment in Fig. 3f was obtained by a separate
3C_'"H REDOR experiment, as will be discussed in the

later section [42]. The sensitivity enhancements by our
approach for protonated '*C are estimated to be factors
of up to 2.8 and 20, compared with the VFMAS spectrum
in (e) (vg =26.3kHz) and the MAS spectrum in (b)
(vg = 10 kHz), respectively. Since there had been no means
to transfer polarization effectively for this class of para-
magnetic compounds having spectral dispersion over
1500 ppm, the techniques developed here can be utilized
as an essential building block to correlate '*C and 'H spins
in more advanced experiments. Although sensitivity
enhancement for non-protonated '>C was not achieved
for this complex, this may be possible by future improve-
ments of polarization-transfer sequences. In a control
experiment, we found that CP leads to no sensitivity
enhancement. Although it was possible to increase signal
intensities by CP for each scan, the large duty factor of
the CP sequence limited its repetition rate to a much lower
value than that for the direct excitation by a '*C single m/2-
pulse; as a result, no sensitivity enhancement was achieved
with CP for this sample having short '*C 7, values
(~5 ms). It is also worth mentioning that because of a short
polarization transfer time (4 tr) our approach is also effec-
tive for samples having short T;,, for which CP is not
useful.

3.2. Signal assignments in 1D 3C NMR

Even if well-resolved signals are observed, signal assign-
ment often remains a major challenge in analysis of
SSNMR spectra of paramagnetic systems. Large paramag-
netic shifts mask diamagnetic shifts specific to chemical
groups, making spectral assignments problematic. We
recently proposed signal editing [16,57,58] for paramagnetic
systems, based on "H-'>C dipolar recoupling techniques, in
which dipolar couplings are reintroduced by RF pulses
under MAS in a controlled manner [42]. In spite of the
growing importance of recoupling techniques, these meth-
ods have not been applied to '*C and "H NMR of para-
magnetic complexes because the large paramagnetic shifts
hinder 'H and "H-'"H RF decoupling, which are generally
required in recoupling. As already shown, our VFMAS
approach resolves the decoupling problems. However, in
our previous signal editing method using '"H-'*C REDOR,
distinction between CH and CH, signals has been difficult
[42]. Also, quantitative analysis of signal intensities was dif-
ficult when sensitivity enhancement by CP was employed
for paramagnetic systems.

As an alternative approach for assignments and quanti-
tative analysis, we propose signal editing by a dipolar
INEPT method under VFMAS [46,50]. Frydman et al.
recently showed that this method permits distinction of
CH, CH,, and CH;3/-C- groups under moderately fast
MAS (10-14 kHz), where —C— denotes non-protonated car-
bon. However, the effectiveness of this method at a faster
MAS condition and applicability of this technique to para-
magnetic systems with larger spectral dispersion have not
been examined. Fig. 4a—d shows the experimental results
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Fig. 4. Experimental t-dependence (black markers) of signal intensities in dipolar INEPT experiment of '*CH (a) and '*CHj (b) in Cu(pL-alanine),, '*CH,
(c) in Cu(glycine),, and *CO," (d) for the both samples, together with simulated data for CH and CH, plotted by blue markers with solid lines for eye
guides. The signal intensities were normalized by the maximum intensity in each plot. The pulse sequence in Fig. 2a was used. The spinning speed was set
to 23.81 kHz (tr = 42 ps). For both 'H and '*C spins, n/2- and n-pulse widths were 2 and 4 ps, respectively. (For interpretation of the references to color

in this figure legend, the reader is referred to the web version of this paper.)

for paramagnetic systems: t-dependence of (a) CH and (b)
CHj; signals in Cu(pL-Ala),, (¢) CH, signal in Cu(Gly), and
(d) CO," signals in Cu(pr-Ala), and Cu(Gly), with simu-
lated curves for '>*CH and '*CH,. The experimental curves
in Fig. 4 reasonably agree with the simulated ones for CH
and CH,, where C-H distances of 1.10 A and a HC-H
angle of 108.4° for the simulation were adopted from the
X-ray structure [59]. The slow build-up curves for the
CO,~ groups are as expected since this 13C has no directly
attached 'H. In the original dipolar INEPT sequence under
moderately fast MAS [46], distinction between '*CH5 and
non-protonated '*C was difficult. In the present experi-
ment, the experimental oscillation patterns display clear
difference between CH; and CO,~ groups. We also con-
firmed that the obtained z-dependence curves agree
well with those in control experiments for diamagnetic
systems (CH, CH,, CH3, CO,7), L-Ala and Gly (data not
shown).

We demonstrated t-dependence of signal intensities pro-
vide reliable signal assignment. However, it may not be
practical to obtain several data points for different t peri-
ods for samples with limited sensitivity. In such a case, it
is possible to distinguish CH, CH,, CH;, and —-C- by
simply comparing the ratio of signal intensities for two
different © values. For example, in Fig. 4, the ratios of
the experimental signal intensities between t =4 us and
19 ps, [I(19 us)/1(4 ps)], are 69, 6, 136, and 217-303% for
CH, CH,, CHj, and CO,~ groups, respectively. In control
experiments on L-Ala and Gly, we obtained consistent
values, [1(19 ps)/I(4 ps)], of 68, 3, 128, and 252-282% for
CH, CH,, CH3, and CO,~, respectively. This clear depen-
dence of the ratios on spin topologies provides an efficient

method for signal assignments. These results show that the
CH, CH,, CH3;, and C signals can be easily distinguishable
by a few dipolar INEPT experiments under VFMAS for
small quantities of non-labeled paramagnetic systems
(~15mg).

3.3. Signal assignments in 2D 3CI' H heteronuclear
correlation NMR

2D 3C/'H correlation NMR has been widely used as a
technique to obtain signal assignment and information on
molecular structure and dynamics for organic molecules
including synthetic materials, polymers, and biomolecules
[8,10,60-63]. However, for paramagnetic systems, this
powerful technique has not been utilized due to lack of
effective polarization-transfer techniques, difficulty of
"H-'"H decoupling, and limited sensitivity. We recently
demonstrated that by combination of high-power ramped
CP and VFMAS, 2D 3C/'H correlation NMR is possible
for paramagnetic complexes [42]. In this method, 'H-'H
dipolar coupling is simply removed by VFMAS [42,44].
However, with CP transfer, quantitative interpretation of
signal intensities has been difficult. Also, resonance offset
dependence of CP transfer efficiency has limited
application of this 2D '*C/'H correlation technique to
paramagnetic systems of large '*C shift dispersion. Here,
we demonstrate that 2D '3C/'H correlation NMR with
dipolar INEPT transfer addresses these problems,
providing a novel way to obtain signal assignment and
structural information.

Fig. 5a shows a 2D '*C/'H correlation NMR spectrum
of Cu(pL-Ala), obtained with dipolar INEPT transfer with
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Fig. 5. (a) 2D '3C/'H correlation NMR spectrum of Cu(pL-Ala), - H>O obtained with the pulse sequence using dipolar INEPT transfer shown in Fig. 2b
at 7 =9 ps. The experiment was performed at spinning speed of 23,810 + 10 Hz at 24 °C for 15 mg of the sample. Twenty 7, complex points were recorded
with a #; increment of 42.0 ps (tg) and 768 scans for the real and imaginary components of each #; point. The recycle time was 5.5 ms including a signal
acquisition period (1.5 ms) for each scan, and the total experimental time was 3.1 h. For both of "H and '3C spins, 1/2- and n-pulse widths were 2 and 4 ps,
respectively. Gaussian broadening of 300 Hz was applied in the ¢, and f, periods. (b) T-Dependence of signal intensities in 2D '3C/'H correlation
experiments for the cross-peak between C'H and 3CO,” (M) and that between C'H; and 3CO,” (A) signals for Cu(pL-alanine),, together with best-fit
simulated curves for '*C—'H distances of 2.0 A (—) and 2.8 A (+). The data in (b) were obtained in the same condition as in (a) except for 7. The signal
intensities were normalized by the maximum intensity for the cross-peak within the CH group. (For interpretation of the references to color in this figure
legend and text citation, the reader is referred to the web version of this paper.)

7 =9 ps. The pulse sequence in Fig. 2b was used for this
experiment. For directly bonded '*C~"H pairs, we obtained
cross-peaks at (wy,wc) = (6.8 ppm, —276 ppm) and
(29.0 ppm, 172 ppm) for the CH and CH; groups, respec-
tively. The signal intensity ratios of [I(19 us)/I(4 ps)] are
66 and 145% for the CH and CH; groups, respectively.
The assignments based on the ratios are consistent with
the assignments from the 1D data in Fig. 4, as discussed
above. Thus, it is clear that we can obtain reliable assign-
ment for *C and 'H resonances for protonated carbons
from a small number of 2D '*C/'H correlation NMR
experiments with dipolar INEPT transfer.

For non-protonated '*CO,~, we identified two weaker
cross-peaks at (wy, wc)=(6.8 ppm, —191 ppm) and
(29.0 ppm, —191 ppm), which are marked by red solid
and blue dotted squares in Fig. 5a. The peak at (wgy,
wc) = (6.8 ppm, —191 ppm) is assigned to a cross-peak
between C'H and '*CO,~ while the peak at (29.0 ppm,
—191 ppm) is to a cross-peak between C'Hj and *CO,".
We found that quantitative analysis of the cross-peak
intensities provide structural information on medium-
range '*C—"H distances. Fig. 5b shows t-dependence of sig-
nal intensities for the cross-peaks from C'Hjs (blue triangle)
and C'H (red square) to B3CO, . The signal intensities were
normalized to the maximum signal intensity for the cross-
peak within the CH group (v =34 ps). The cross-peak
intensity was also divided by the number of the relevant
protons so that the build-up rate of the cross-peak intensity
can be easily correlated with the dipolar coupling constant
between the relevant '*C—"H pair. Namely, we reduced the
intensity of the cross-peak from C'H; by a factor of 1/3.
From Fig. 5b, it is clear that the cross-peak from C'H to
B3CO,~ shows faster polarization-transfer rate than that

from C'Hj. The z-dependence curves obtained by numeri-
cal simulation show the best-fit results for the "H-"*C dis-
tances of 2.0 A (red solid line) and 2.8 A (blue dotted line)
for the cross-peaks from CH and CH; protons, respective-
ly. The obtained results agree well with the X-ray distances
of 2.06 and 2.94 A for CH and CH3, respectively, where the
latter is the average distance for three methyl protons [64].
This result clearly shows that medium-range '*C-'H dis-
tance information can be obtained by quantitative analysis
of cross-peak intensities for a paramagnetic complex.

Fig. 6 shows a 2D '*C/'H correlation NMR spectrum of
Mn(acac); obtained using dipolar INEPT transfer with
7=>5ps (a) and 13 ps (b). In the experiment, we also used
the pulse sequence in Fig. 2b. To enhance the sensitivity,
the 7, increment was set to one rotor period (36 ps) so that
numerous sidebands in the 'H dimension were folded into a
central peak position. In the 2D spectrum, we could iden-
tify five strong signals except for sidebands for the system
having '*C paramagnetic shift dispersion over 1500 ppm.
Using 7-dependence of signal intensity in the dipolar
INEPT sequence, we assigned signals by comparing the sig-
nal intensities in Fig. 6a and b, as summarized in Table 1 in
comparison with the assignment based on a separate 1D
13C-'H dipolar REDOR experiment. Most signals are well
resolved by '°C shifts. However, the two CH signals, which
overlap in the 1D spectrum in Fig. 3f, are clearly resolved
at (wg, oc) = (5 ppm, 350 ppm) and (9 ppm, 346 ppm), as
indicated by the arrows in Fig. 6a. Assignments can be
obtained by comparing the intensities of the signals at
13C projections in Fig. 6a and b. It is apparent that the
CH3; signals increased and the CH signals slightly decreased
as T was increased. In the 2D spectra, we identified three
CHj; signals and two CH signals. The intensity ratios
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Fig. 6. 2D *C/'H correlation NMR spectra of Mn(acac); obtained with dipolar INEPT with t = 5 ps (a) and 13 ps (b) at —15 °C. The assignments were
obtained by comparison of the signal intensities in the two data sets. For both of 'H and '*C spins, n/2- and m-pulse widths were 1.7 and 3.3 ps,
respectively. The spinning speed was 27,778 + 10 Hz. Thirty-six ¢; complex points were recorded with a 7; increment of 36.0 us (tg) and 174,080 scans for
the real and imaginary components of each 7, point. The recycle time was 2.8 ms including a signal acquisition period (0.8 ms) for each scan, and the total

experimental time was 5 h each. Gaussian broadening of 800 Hz was applied in the 7; and ¢, periods.

Table 1

Signal assignments for Mn(acac); by 2D dipolar INEPT and 1D '*C-'H REDOR

13C shift (ppm)? 517 350 348 —47 —113 —530
I(13 ps)/I(5 ps) (%)° e 81+5 77 +£7 154 + 8 136 + 11 160 + 5
Assignment by dipolar INEPT — CH CH CHj; CH; CH3;
S/So (%) in *C-'H REDOR® 88 +3 24 +1 61 +1 64+2 5241
Assignment by '*C—'"H REDOR* CcO CH CH, CH, CH,

3 Chemical shifts were adopted from the 2D '*C/'H correlation spectrum in Fig. 6a. The values are slightly different from those in 1D spectrum in Fig. 3

because of the temperature dependence of paramagnetic shifts.
® The signals satisfying 50% < I(13 ps)/I(5 ps) < 90% and 100% <

< I(13 ps)/1(5 ps) < 180% were assigned to CH and CHj, respectively. In a control

experiment for L-Ala using the same conditions, we obtained I(13 ps)/I(5 us) = 71%, 128% for '*CH, *CH; groups.
° S and S, denote signal intensities with and without 'H n-pulses, which introduce dephasing due to '*C-"H dipolar couplings. The experiments were
performed at spinning speed of 28,571 Hz at —15 °C. 'H and '3C RF intensities were 250 and 150 kHz, respectively. See Ref. [42] about other experimental

details.

4 The signals satisfying S/So < 25%, 25% < S/So < 65%, 75% <

S/S, were assigned to CH, CH3, and CO, respectively. In a control experiment on L-Val

using the same conditions, we obtained S/S, = 5, 45, 85% for >*CH, *CH;, and ]3CO2’ groups.

¢ Not analyzed for this resonance.

I(13 ps)/I(5 ps) for the CH and CHj; groups are 77-81%
and 136-160%, respectively. These values reasonably agree
with 71% and 128% obtained for CH and CHj; of 1-Ala,
respectively. The sidebands due to paramagnetic dipolar
shifts observed for CH; groups are fewer; this is consistent
with the X-ray structures, in which the CHj groups are
more remotely located from Mn(IIl) (Rc mn = 4.4 A) than
CO (3.0 A) or CH (3.3 A) groups [65]. The two CH signals
at (owg, oc)=(5ppm, 350 ppm) and (9 ppm, 346 ppm)
have an intensity ratio 1:2; hence it is likely that signals
for two CH groups are overlapping at (9 ppm, 346 ppm).
The ratio of integral intensities for the CHj signals at
(on, oc)=(34ppm, —530ppm), (—2ppm, —47 ppm),
and (—2 ppm, —113 ppm) is 3.3:1.8:1.0, which is approxi-
mately 3:2:1. Hence, we consider that three and two CHj;
signals are overlapping at the former two positions. These
results suggest that the existence of three non-equivalent
ligand molecules in Mn(acac);, which is consistent with

recent X-ray crystallography results [65]. In the present
spectra, the cross-peak for >CO at 517 ppm was too weak
to be properly analyzed. In addition to the five strong
peaks, we also identified weak cross-peaks at (wy,
wc) = (32 ppm, 840 ppm), which may be assigned to
another '*CO group. Although distance measurements
were difficult for this sample, the present result shows that
2D BC/'H correlation NMR is possible for the paramag-
netic system with more than 1000 ppm spectral dispersion,
providing high-resolution and reliable assignment for 'H
and '’C SSNMR.

4. Conclusion

The strategies presented here provide a simple solution
for characterization and structural studies by '*C SSNMR
for a variety of paramagnetic systems, which had been dif-
ficult to analyze by existing SSNMR methods. Our results
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showed that useful information such as *C-'H distances,
existence of non-equivalent sites, and distortion from the
symmetry can be detected for small amount of paramag-
netic complexes. As shown recently by Oldfield et al., with
reliable signal assignment, experimental isotropic paramag-
netic shifts can be combined with ab initio calculations to
elucidate structures of paramagnetic systems [64]. We
believe that the VFMAS approach presented here is useful
for molecular-level characterization of paramagnetic sys-
tems, including drugs, biomimetics, and advanced
materials.

In this study, we only focused on '*C SSNMR for small
unlabeled paramagnetic systems. However, it is obvious
that similar strategies are applicable to other spin-1/2
nuclei such as °N, *Si, *'P in paramagnetic materials.
Polenova et al. showed that 1D SSNMR of abundant *'P
spins can be obtained for an interesting inorganic paramag-
netic system, polyoxometalate [66]. Our methods presented
here should be applicable to such systems to correlate *'P
resonances with '"H or other dilute spin-1/2 nuclei. The
excellent sensitivity and resolution obtained in this study
also suggests the possibility of analyzing '’C-labeled
paramagnetic systems with higher molecular weights, such
as metal-peptide/protein complexes, by SSNMR. Jovanov-
ic and McDermott recently examined SSNMR of selective-
ly 3C- and '""N-labeled P450 BM-3 heme protein; they
observed well-resolved 2D SSNMR spectra for selectively
labeled 13C and PN sites that are remotely located
(~9 A) from the paramagnetic metal center with assign-
ments [67]. Although these resonances were subject to only
slight paramagnetic shifts, with our VFMAS approach, it
may be possible to observe '*C/'°N sites in the vicinity of
metal centers in the presence of large paramagnetic shifts.
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