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ABSTRACT: The structural characterization of a 13CO-
labeled Ir(I) complex bearing an P,N-donor ligand (1-[2-
(diphenylphosphino)ethyl]pyrazole), [Ir(PyP)(13CO)Cl] is
demonstrated using a series of tailored solid-state NMR
techniques based on ultrafast (60 kHz) Magic Angle Spinning
(MAS), which facilitates correlations with narrow proton line-
widths. Our 1D 1H MAS and 2D 13C and 31P CP-MAS NMR
spectra provided structural information similar to that obtained
using NMR spectroscopy in solution. We employed high-
resolution 2D solid-state correlation spectroscopy (1H−13C
HETCOR, 1H−31P correlation) to characterize the networks of dipolar couplings between protons and carbon/phosphorus.
1H−1H SQ−SQ correlation spectra showed the dipolar contacts between all protons in a similar fashion to its solution
counterpart, NOESY. The use of the 1H single quantum/double quantum experiments made it possible to observe the dipolar-
coupling contacts between immediately adjacent protons. Additionally, internuclear 13CO−31P distance measurements were
performed using REDOR. The combination of all of these techniques made it possible to obtain comprehensive structural
information on the molecule [Ir(PyP)(13CO)Cl] in the solid state, which is in excellent agreement with the single crystal X-ray
structure of the complex, and demonstrates the enormous value of ultrafast MAS NMR techniques for a broad range of future
applications.

■ INTRODUCTION

Nowadays, transition-metal organometallic complexes are
widely used as catalysts in organic and polymer chemistry.1

Homogeneous catalysis using organometallic complexes has
achieved tremendous success in understanding the mechanisms
of catalyzed reactions. However, the broad industrial
application of these systems is limited due to problems related
to recycling and reuse of the catalysts. The immobilization of
these complexes on insoluble supports aims to combine the
advantages of both homo- and heterogeneous catalysis
(straightforward characterization and ease of separation and
reuse, respectively).2 Homogeneous organometallic complexes
can be readily characterized using conventional methods such
as single crystal X-ray diffraction and NMR in solution.
However, these methods cannot be applied to supported
complexes due to the insoluble and disordered nature of the
supported complexes. In this case, solid-state NMR spectros-
copy has the possibility of providing information about the
structure of systems which cannot be characterized using
diffraction methods3−5 and can also be applicable for in situ
experiments.6,7

A feature of solid-state NMR spectroscopy that distinguishes
it from its solution counterpart is the presence of distance and
orientation dependent (i.e., anisotropic) interactions which are
averaged to zero in solution. Indeed, these interactions can
provide important information about the structure of catalyti-
cally active molecules immobilized on the surface of a solid
support which are not readily characterized using diffraction
methods.8−11 Numerous studies of inorganic materials or
organometallic catalysts have used solid-state NMR to obtain
structural information. Examples of such studies have involved
alumina-supported,12,13 silica-supported,8,14,15 or Zr-bound
catalysts,16,17 and many more.
For inorganic solids, the development of technologies which

utilize ultrafast MAS is a great step forward. Ultrafast MAS
significantly reduces spinning sidebands arising from chemical
shift anisotropy and effectively averages the effect of the strong
homonuclear dipolar coupling between high γ nuclei such as 1H
and 19F. More importantly, however, the drastically improved
resolution in the proton/fluorine dimension is extremely useful
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for a wide range of correlation experiments. Therefore, ultrafast
MAS significantly has now expanded the existing possibilities
for characterization of natural-abundance materials.18,19 Pre-
vious work devoted to the characterization of metal complexes
using 1H and 13C solid-state NMR has been mainly focused on
paramagnetic systems.20,21 For example, Dittmer et al. used a
series of solid-state NMR techniques employed under 30 kHz
MAS to study the structure of a paramagnetic Cu−cyclam
complex in the solid state.22 With intermediate MAS rates, large
differences in resonance frequencies can compensate for the
effect of strong 1H−1H dipolar coupling, leading to well-
resolved resonances in the proton dimension. However, this
methodology cannot easily be applied to diamagnetic
complexes with a narrow range in their 1H NMR spectra (of
up to 15 ppm). Here, we present the structural characterization
of the diamagnetic 13CO-labeled Ir(I) complex with the P,N-
donor ligand (1-[2-(diphenylphosphino)ethyl]-pyrazole)), [Ir-
(PyP)(13CO)Cl] (Figure 1), using a series of solid-state NMR

techniques (MAS, CP-MAS, 1H−13C HETCOR, 1H−31P
correlation, 1H−1H SQ-SQ correlation, 1H SQ-DQ correlation,
and REDOR). A number of these experiments employed
ultrafast (60 kHz) MAS yielding excellent proton chemical shift
resolution. The results obtained are compared with those from
the crystal structure of the previously reported unlabeled
analogue [Ir(PyP)(CO)Cl] and can be considered as good
groundwork for characterization of the related Rh(I) complexes
with bidentate N,N- and P,N-donor ligands immobilized on the
carbon surface via robust C−C bonds.23

■ EXPERIMENTAL SECTION
Synthesis of [Ir(PyP)(13CO)Cl]. The complex [Ir(PyP)(13CO)Cl]

was synthesized using the same procedure as that used for the
synthesis of the unlabeled analogue [Ir(PyP)(CO)Cl]24 with the
exception that 13C-enriched carbon monoxide was used instead of
carbon monoxide.

1H NMR (300 MHz, CD2Cl2): δ 8.49 (d,
3J(H4−H3) = 2.3 Hz, 1H,

H3), 7.84−7.77 (m, 4H, o-CH of PPh2), 7.55 (d, 1H, 3J(H4−H5) =
2.3 Hz, H5), 7.49−7.45 (m, 6H, m-CH and p-CH of PPh2), 6.36
(apparent t, 1H, 3J(H3−H4, H5−H4) = 2.3 Hz, H4), 4.58 (m, 2H,
NCH2), 2.73 (m, 2H, CH2PPh2) ppm.

31P{1H} NMR (121 MHz, CD2Cl2): δ 10.5 (d, 2J(13CO-P) = 13.8
Hz) ppm.

13C{1H} NMR (75 MHz, CD2Cl2): δ 174.3 (enhanced signal, d,
2J(P−13CO) = 13.8 Hz, 13CO), 144.0 (C3), 133.6 (C5), 133.2 (d,
1J(P−C) = 61.8 Hz, ipso-C of PPh2), 132.9 (d, 2J(P−C) = 10.9 Hz, o-
C of PPh2), 130.8 (d, 4J(P−C) = 2.5 Hz, p-C of PPh2), 128.5 (d,
3J(P−C) = 10.9 Hz, m-C of PPh2), 105.9 (C4), 49.0 (d,

2J(P−C) = 2.2
Hz, NCH2), 27.1 (d, 1J(P−C) = 34.9, CH2PPh2) ppm.
The NMR experimental details are presented in the Supporting

Information.

■ RESULTS
1D Solid-State NMR Spectra of [Ir(PyP)(13CO)Cl]. 1H

MAS spectra of [Ir(PyP)(13CO)Cl] acquired at a MAS rate of
60 kHz are shown in Figure 2a. This spectrum contains well-

resolved resonances both for aliphatic (0−5 ppm) and aromatic
(5−10 ppm) protons. The 1H{31P} NMR spectrum of
[Ir(PyP)(13CO)Cl] recorded in CD2Cl2 (see the Supporting
Info) has two triplets in the aliphatic region due to the two
pairs of methylene protons NCH2 and CH2PPh2, where the
two geminal protons of a methylene group are magnetically
equivalent. On the other hand, the solid-state spectrum shown
in Figure 2b contains four peaks in the aliphatic region, which
can be attributed to the four protons of the two CH2 groups in
the molecule. The presence of four peaks in the 0−5 ppm
region indicates the nonequivalence of the geminal methylene
protons (NCH2 and CH2PPh2) in the solid state. The
resonances in the aromatic region of the spectrum shown in
Figure 2a can be attributed to the protons of the pyrazole ring
and phenyl groups. The detailed assignment of these peaks was
performed after acquisition of 2D correlation spectra (see
below).
The 13C CP-MAS NMR spectrum of [Ir(PyP)(13CO)Cl] is

shown in Figure 2b. This spectrum is quite similar to that of the
same compound recorded in solution. The enhanced resonance
at 172.3 ppm is due to the 13C-isotope-enriched carbonyl
carbon. The resonances at 147.1, 137.2, and 104.8 ppm are due
to C3, C5, and C4 carbons of the pyrazole ring, respectively. A

Figure 1. [Ir(PyP)(13CO)Cl].

Figure 2. 1D NMR spectra of [Ir(PyP)(13CO)Cl]: (a) 1H MAS (νr =
60 kHz, ω0/2π = 700 MHz), (b) 13C CP-MAS (νr = 15 kHz, ω0/2π =
300 MHz), (c) 31P CP-MAS (νr = 15 kHz, ω0/2π = 300 MHz; *
denotes spinning sidebands).
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number of resonances at 135−125 ppm can be attributed to the
carbons of the phenyl groups. Finally, the resonances at 47.2
and 26.4 ppm can be assigned to the methylene carbons of the
NCH2 and CH2PPh2 groups, respectively.
The 31P CP-MAS NMR spectrum of [Ir(PyP)(13CO)Cl]

shown in Figure 2c contains one main peak at 10.4 ppm,
assigned to the phosphine group bound to the Ir metal center.
In summary, 1H MAS and 13C and 31P CP MAS spectra

provide information similar to that available from the solution
NMR. However, some important distance/orientation-depend-
ent information (see in the following) is lost due to this
averaging to zero under MAS.
2D Correlation Spectroscopy. 1H−13C HETCOR. The

assignment of resonances due to aliphatic and aromatic protons
in the 1H MAS spectrum (Figure 2a) was accomplished by
means of a 1H−13C heteronuclear SQ−SQ experiment (Figure
3). This spectrum comprises all correlations between protons

and carbons that are close in space. All resonances due to
pyrazolyl carbons at 147.1, 137.2, and 104.8 ppm (C3, C5, and
C4 carbons of the pyrazole ring, respectively) in the direct
dimension (ω2) correlate with the respective resonances at
9.75, 9.29, and 6.05 ppm due to pyrazole protons (H3, H5, and
H4 protons of the pyrazole ring, respectively) in the indirect
dimension (ω1).
The resonance at 47.2 ppm due to NCH2 carbons in the

direct dimension (ω2) correlates with two proton resonances at
4.5 and 2.2 ppm in the indirect dimension (ω1). Similar
correlations can be seen for the CH2PPh2 group: the resonance
at 26.4 ppm due to the CH2PPh2 carbons in the direct
dimension (ω2) correlates with two resonances at 3.2 and 0.8
ppm in the indirect dimension (ω1). The presence of two cross-
peaks for each of the NCH2 and CH2PPh2 groups indicates the
nonequivalence of two geminal methylene protons in these
groups in the solid state. Each pair, Co−Ho, Cm−Hm, and Cp−
Hp, also has two correlation peaks, due to the nonequivalence
of the two phenyl groups of PPh2 in the solid state. The
enhanced resonance at 172.3 ppm due to 13C enriched CO in
the direct dimension does not correlate with any resonance in
the indirect dimension, because the CO group does not have
any protons in close proximity, which would be necessary for

cross-polarization with the short contact time of 150 μs.
Potentially, dynamic behavior of CO ligand could further affect
a decrease of CP buildup efficiency at this site.

1H−31P Correlation Experiments. The 1H−31P correlation
spectrum acquired using a contact time of 4 ms is shown in
Figure 4. This long spin-lock duration can be supplemented

with an additional PDSD (proton driven spin diffusion)25,26
1H−1H mixing time of different lengths (see Supporting
Information) to provide long-range magnetization transfer to
the phosphorus nucleus, which does not bear any directly
bound protons. The spectrum contains four cross-peaks
between resonances due to the aliphatic protons and the
resonance due to the 31P nucleus. The cross-peaks between
resonances at 0.84 and 3.25 ppm in the indirect dimension
(ω1) and 10.4 ppm in the direct dimension (ω2) have the
highest intensity and therefore can be assigned to correlations
between phosphorus and aliphatic protons of the CH2PPh2
group. The cross-peaks between the resonances due to the
protons at 2.21 and 4.50 ppm in the indirect dimension (ω1)
and the resonance due to phosphorus at 10.4 ppm in the direct
dimension (ω2) were assigned to the correlation between
aliphatic protons of the NCH2 group and phosphorus. The
intensities of the cross-peaks assigned to the correlations
between the resonances due to more distant NCH2 protons are
lower than those assigned to the correlations between
resonances due to CH2PPh2 protons and phosphorus.
The intense cross-peak between the resonance at 6.95 ppm

in the indirect dimension (ω1) and 10.4 ppm in the direct
dimension (ω2) was assigned to the correlation between the
para- and meta- protons of the phenyl groups and phosphorus.
The small cross-peak between the resonance at 8.17 ppm in the
indirect dimension (ω1) and at 10.4 ppm in the direct
dimension (ω2) was assigned to the correlation between ortho-
protons of the phenyl groups and phosphorus. Another small
cross-peak between the resonances at 9.29 ppm in the indirect
dimension and 10.4 ppm in the direct dimension was assigned
to the correlation between the H5 proton of the pyrazole ring
and phosphorus. The neighboring cross-peak between the
resonance at 9.75 ppm in the indirect dimension and the
resonance at 10.4 ppm in the direct dimension has the weakest
intensity in the spectrum and can be assigned to the correlation

Figure 3. 1H−13C HETCOR spectrum of [Ir(PyP)(13CO)Cl]
acquired at an MAS rate of 12 kHz, using a CP contact time of 150 μs.

Figure 4. 1H−31P correlation spectrum of [Ir(PyP)(13CO)Cl]
acquired at a MAS rate of 60 kHz and a contact time of 4 ms.
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between the H3 proton of the pyrazole ring and phosphorus.
The correlation between the H4 proton of pyrazole and
phosphorus is not seen in the spectrum shown in Figure 4
despite the excessive mixing of magnetization, because the
distance between H4 and the PPh2 is too large to establish a
dipolar coupling sufficiently large for effective magnetization
transfer (6.15 Å) at 60 kHz spinning rates. On acquisition of
the same 1H−31P correlation experiment with a contact time of
1 ms (see Supporting Information), the intensity of signal
transfer decreased; however, no additional information on
internuclear distances could be established.
The 1H−31P correlation experiment here is useful for

observing the heteronuclear dipolar-coupling contacts between
31P and 1H. Even though the intensities of cross-peaks which
represent these contacts can be considered as a rough,
qualitative indication of relative 1H−31P internuclear distances,
the magnetization transfers are heavily influenced by spin
diffusion processes among the numerous protons in the
aliphatic ligand. In order to obtain more precise distances of
individual internuclear vectors, buildup rates of dipolar
couplings, e.g. using TEDOR,27 would preferentially have
been applied and dilute protonation in an otherwise deuterated
background could be used.28 The same information can
potentially be obtained from indirect detection (1H) using a
solid-state HSQC experiment,29 which is useful when only
small amounts of material (e.g.,13C-labeled material) are
available.

1H−1H Through-Space SQ-SQ Correlation Experiment.
The 2D 1H−1H SQ−SQ correlation spectrum of [Ir(PyP)-
(13CO)Cl] acquired at tmix = 20 ms is shown in Figure 5a. This
spectrum is fully symmetric as is the solution-state counterpart
NOESY. It contains correlations between all dipolar-coupled
pairs of protons of [Ir(PyP)(13CO)Cl]. Figure 5b represents an
expansion of the aliphatic region of the spectrum shown in
Figure 5a. The two cross-peaks due to the correlations between
Hb and Hd (at 3.25 ppm (ω2) and 4.50 ppm (ω1), respectively)
and Hb and Hc (at 3.25 ppm (ω2) and 2.21 ppm (ω1),
respectively) have the same intensity. The intensities of two
cross-peaks due to the correlations between Hc and Hb (at 2.21
ppm (ω2) and 3.25 ppm (ω1), respectively) and Hc and Ha (at
2.21 ppm (ω2) and 0.83 ppm (ω1), respectively) are also the
same. The fact that the intensities of these cross-peaks are the
same pairwise indicates that these cross-peaks arise from pairs
of protons that are most probably separated by the same
distances. This shows that the distances between the proton Hb
and protons Hd and Hc and between the proton Hc and protons
Hb and Ha are the same. This is possible only if the methylene
protons in the ethylene bridge between the pyrazole ring and
the phosphine group are in an anti-conformation. The anti-
conformation would also result in different distances between
the proton Ha and protons Hc and Hd, and also in different
distances between the proton Hd and the protons Ha and Hb.
Indeed, the cross-peak between the resonance at 4.50 ppm (due
to the Hd proton) in the indirect dimension and the resonance
at 3.25 ppm (due to the proton Hb) in the direct dimension is
significantly more intense than that between the resonance at
4.50 ppm due to the Hd protons and the resonance at 0.83 ppm
due to Ha proton in the direct dimension. These results are in
good agreement with the three-dimensional structure estab-
lished using single crystal X-ray diffraction data for the
unlabeled analogue [Ir(PyP)(CO)Cl] (Figure 6).24 The
assessment of atomic distances in this manner is purely
qualitative. For a more quantitative assessment of internuclear

distances, buildup rates can potentially be extracted from a
series of these 2D experiments (see Supporting Information for
a series using PDSD mixing times of 2, 6, 20, 80, and 300 ms.)
In analogy to the 1H−31P correlation, however, all peak
intensities obtained for the dense proton network will
necessarily be significantly influenced by spin diffusion among
protons. In order to expand a qualitative description toward a
quantitative assessment, proton dilution by deuterons30 should
be considered.

Figure 5. (a) A 1H−1H (700 MHz) SQ−SQ correlation spectrum of
[Ir(PyP)(13CO)Cl] in the solid state acquired at a MAS rate of 60
kHz, tmix = 20 ms, 298 K. (b) An expansion of the aliphatic region of
the spectrum (negative contours are shown in gray).

Figure 6. X-ray crystal structure of [Ir(PyP)(CO)Cl],32 the unlabeled
analogue of [Ir(PyP)(13CO)Cl] (the arrow colors represent
correlations between aliphatic protons highlighted in Figure 5b).
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1H SQ−DQ Correlation Experiment. The reintroduction of
1H−1H homonuclear dipolar coupling using the back-to-back
(BABA)31 sequence makes possible the observation of dipolar
coupling contacts between immediately adjacent protons (rH−H
≤ 4 Å). The 1H SQ−DQ correlation spectrum of [Ir(PyP)-
(13CO)Cl] shown in Figure 7 contains 10 pairs of off-diagonal

peaks and one in-diagonal peak. The off-diagonal peaks
represent the dipolar coupling interaction between unlike
protons in close proximity, while the in-diagonal peak indicates
the interaction between the same protons. As indicated by the
X-ray structure available for the unlabeled analogue, these peaks
can be divided into groups. The pairs of peaks indicated by red
arrows represent dipolar coupling contacts within the molecule,
while those pairs indicated by blue arrows represent
intermolecular dipolar contacts. The intermolecular effect is
due to crystal packing and is not to be expected for supported
materials.
The dipolar coupling contacts within the molecule are

represented by six pairs of off-diagonal peaks. The dipolar
coupling interaction between geminal protons of the methylene
groups NCH2 and CH2PPh2 is represented by the presence of
two pairs of off-diagonal peaks in the aliphatic region of the
single-quantum dimension (ω2). The two off-diagonal peaks at
3.25 and 0.83 ppm in ω1 represent the dipolar-coupling
interaction between geminal protons of the CH2PPh2 group,
while the other two off-diagonal peaks at 4.50 and 3.21 ppm in
ω2 are due to the interaction between geminal protons in the
NCH2 group. The methylene Hb and Hd protons also interact
with the ortho-protons of one phenyl group and the H5 proton
of the pyrazole ring, respectively. The two off-diagonal peaks at
8.11 and 3.25 ppm in ω2 arise from the dipolar coupling
between one ortho-proton of a phenyl group and the proton Hb
of CH2PPh2 group, while the two off-diagonal peaks at 9.29 and
4.50 ppm in ω2 show the interaction between the proton Hd of
the NCH2 group and the H5 proton of the pyrazole ring. The

pair of off-diagonal peaks at 8.11 and 6.96 ppm in ω2 is due to
the dipolar coupling between the ortho- and meta-protons of
the phenyl groups. Finally, the dipolar coupling between H3/
H5 and H4 protons of the pyrazole ring is confirmed by the
presence of two sets of correlations. The off-diagonal peaks at
9.75 and 6.05 ppm in ω2 are due to the dipolar coupling
between the H3 and H4 protons of the pyrazole ring, while the
off-diagonal peaks at 9.29 and 6.05 ppm in ω2 are due to
dipolar coupling between the H5 and H4 protons of the
pyrazole ring.
The intermolecular dipolar coupling contacts are represented

by the presence of three off-diagonal peaks and one in-diagonal
peak in the spectrum shown in Figure 7. The off-diagonal peaks
at 6.91 and 6.07 ppm in ω2 show the dipolar coupling between
the meta- protons of phenyl group and H4 protons of pyrazole
ring belonging to two different molecules located within the
same unit cell. The presence of off-diagonal peaks at 8.37 and
6.07 ppm in ω2 can be explained by the dipolar coupling
between an ortho- proton of a phenyl group and H4 protons.
The couple of off diagonal peaks at 9.85 and 8.30 ppm in ω2
indicates the coupling between ortho- protons of a phenyl
group and H3 protons. Finally, the in-diagonal peak at 9.83
ppm in ω2 is due to dipolar coupling between H3 protons
belonging to neighboring molecules within the unit cell. This
peak is slightly asymmetrical because of the overlay with two
small off-diagonal peaks due to dipolar interaction between H3
and H5 protons within the molecule. The appearance of off-
and in-diagonal peaks due to intermolecular dipolar coupling in
the spectrum shown in Figure 7 can be explained by the data
from the X-ray crystal structure for the unlabeled analogue
[Ir(PyP)(CO)Cl]. The distances between protons participating
in intermolecular dipolar coupling interaction are less than 4 Å.
For example, the intermolecular contact H3↔H3 is 3.49 Å,
which is enough to establish dipolar coupling contact under the
recoupling sequence.
In summary, 1H SQ−DQ correlation spectroscopy is a very

useful tool for establishing dipolar coupling contacts between
immediately adjacent protons in the solid state. This type of
dipolar contact will be very important in the reconstruction of
the three-dimensional structure of the molecule when no X-ray
crystal structure is available. The intensities of off-diagonal
peaks can be considered as a qualitative measure of distances
between protons located within 4 Å to each other. The
presence of off-diagonal and in-diagonal peaks due to protons
engaged in the intermolecular dipolar coupling can potentially
be prevented by dilution of the sample.

13C−31P Distance Measurements. The measurement of the
13C−31P internuclear distance in the [Ir(PyP)(13CO)Cl]
complex was performed using both 13C{31P} and 31P{13C}
Rotational Echo Double Resonance (REDOR) experiments.32

REDOR is a magic angle spinning experiment which provides
high-precision measurement of selected internuclear distances.
For each data point, two spectra are collected: The “full”
reference spectrum (e.g., that plotted in black in Figure 8)
measures the regular signal decay during a given evolution time,
just as one might routinely measure T2 relaxation. The
“dephased” spectrum (plotted in red in Figure 8) repeats the
pulse sequence, but includes a number (N) of extra rotor-
synchronized π-pulses, one per rotor period (Tr), which
reintroduces the dipolar coupling. The effect is to accelerate
apparent signal decay. The sum of the spectral intensity across
the manifold of spinning sidebands for the dephased spectrum
is normalized by the intensity in the reference “full” spectrum

Figure 7. A 1H (700 MHz) SQ−DQ correlation spectrum of
[Ir(PyP)(13CO)Cl] at a MAS rate of 60 kHz and 298 K with DQ
evolution/reconversion over four rotor periods (red arrows represent
contacts within the molecule; blue arrows indicate intermolecular
contacts).
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and is plotted as a data point that ranges between 1 and
approximately −0.045 (e.g., Figure 9). The functional form of

the REDOR curve for a given distance-dependent dipolar
coupling is strictly prescribed. For the 13C and 31P spin pair,
REDOR can measure distances accurately and precisely to
about 8 Å. The precision of the distance measurement (r) is
based partly on the r−3 dependence of the dipolar coupling.
Spectra that define complementary REDOR data points are

shown in Figures 8 and 10 at similar dephasing times: In Figure
8, the enriched carbonyl 13C nucleus is observed, selectively
dephased by the 100% naturally abundant 31P nucleus; in
Figure 10, the 100% naturally abundant 31P nucleus is observed,
dephased by the enriched carbonyl 13C nucleus.
Figures 9 and 11 show the series of data, derived from

spectral pairs such as those in Figures 8 and 10, that are used to
determine the 13C−31P internuclear distance. The increase in
data error with dephasing time is due to the diminishing signal
of the reference “full” spectrum under T2 relaxation. The solid
lines in Figures 9 and 11 are the curve reconstructions from the
Boltzmann statistics REDOR analysis (BS-REDOR) approach
developed by Gehman et al.33 This approach employs
Boltzmann statistics maximum entropy to determine an
unbiased distribution of internuclear distances. For the 13C-
{31P} case, where all observed 13C carbonyl nuclei are
necessarily dephased by 100% naturally abundant 31P, the
widest conceivable distribution that is consistent with the data
(per the theoretical basis of the analysis) is very narrow: 2.88 ±

0.02 Å, in reasonable agreement with the 2.83 Å distance
obtained from single crystal diffraction studies. In the reciprocal
experiment, 31P is observed and dephased by possibly less than
100% enrichment at the 13C carbonyl position. In this case, we
must consider the effect of intermolecular contacts with
neighboring carbonyl positions. In the crystal (the same sample
preparation used for solid state NMR), the nearest
intermolecular 13C carbonyls are at 6.2, 6.5, and 7.6 Å. At the
suffcient enrichment levels suggested by Figure 2b, these
neighboring positions are unlikely to complicate the desired
measurement where the closest 13C nucleus is intramolecular,
just as the analysis of the 13C{31P} data was uncomplicated.
Where the intramolecular carbonyl carbon in not enriched,
however, the corresponding 31P nuclei will instead likely be
dephased by one or more of the intermolecular carbonyl
carbons. The BS-REDOR distribution supports these compli-
cations: while the peak intensity of 2.85 Å agrees with the
measurements described above, the interquartile range of the

Figure 8. Full and dephased 13C{31P} REDOR spectra of [Ir(PyP)-
(13CO)Cl] acquired at 3.6 ms of dephasing time (N × Tr) (* denotes
spinning sidebands).

Figure 9. REDOR data and BS-REDOR reconstructed curve plotted
as a function (S/S0) for

13C{31P} REDOR of [Ir(PyP)(13CO)Cl].

Figure 10. Full and dephased 31P{13C} REDOR spectra of
[Ir(PyP)(13CO)Cl] acquired at 3.5 ms dephasing. As for Figure 8, *
denotes spinning sidebands at intervals of the 16 kHz magic angle
spinning speed. This spin rate relative to the 31P chemical shift
anisotropy results in a majority of the density in the isotropic peak,
with minor intensity in ±1 and spinning sidebands.

Figure 11. REDOR data and BS-REDOR reconstructed curve plotted
as a function (S/S0) for

31P{13C} REDOR of [Ir(PyP)(13CO)Cl].
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widest distribution consistent with the data ranges from 2.75 to
3.72 Å. The positive skew of this distribution reflects the
aforementioned influence of intermolecular contacts with less
than complete 13C enrichment.

■ DISCUSSION

The solid-state techniques demonstrated here represent a
heterogeneous selection of approaches for the characterization
of metal complexes in the solid state. In our hands, the ultrafast
MAS 1H and CP MAS 13C and 31P NMR spectra provided
information similar to that usually provided by their solution-
state counterparts. Particularly, 1H MAS spectra acquired at a
MAS rate of 60 kHz provided very well-resolved resonances
despite the low shift range of 10 ppm and could be recorded
within seconds. High-resolution 2D correlation spectroscopy (a
standard 1H−13C HETCOR) yielded dipolar-coupling contacts
between proton and 13C nuclei. In addition, we recorded the
1H−31P correlation with an additional spin diffusion block,
which together yielded qualitative proximities between protons
in [Ir(PyP)(13CO)Cl] and these heteronuclei. The anti
conformation of methylene protons in question in the ethylene
bridge between the phosphine group and the pyrazole ring is
directly confirmed by these experiments. The 1H SQ−DQ
correlation spectrum provided the dipolar coupling contacts
between the protons located within 4 Å. These experiments
rely on the extraordinary resolution obtained in the proton
dimension at fast spinning speeds. Altogether, these experi-
ments allowed us to assign the resonances we obtained and
provided qualitative information about internuclear distances.
In addition to the higher-sensitivity, qualitative proton-based
proximities, we employed REDOR measurement for additional
P−C distance information. These 31P−13C distance measure-
ments were performed using both 13C{31P} and 31P{13C}
REDOR. With this study being a proof-of-principle case, the
31P−13C internuclear distance and qualitative proton−proton
contacts obtained could be compared to the distances observed
in the crystal structure, which was reported for the unlabeled
analogue [Ir(PyP)(CO)Cl] and turned out to be very similar.
As a general limitation, mobility within the target compound
will affect the dipolar coupling interaction in a way comparable
to internuclear distance. The strategies shown are reasonable in
cases where molecular structure is effectively rigid on the NMR
time scale and may have to be adjusted when large differences
in dynamics are expected.
Previous studies have mostly included relatively simple

characterization techniques relying on isotropic heteronuclear
shifts and shift anisotropy as well as specific extraction of
parameters such as dipolar couplings or bonding patterns.34−37

When primarily considering low-gamma nuclei and using
comparably slow spinning speeds, useful information is also
usually obtained only with considerable sample amounts.38,39 In
comparison to those studies, this work shows that a shift to
high-gamma nuclei such as 1H is useful and is becoming
increasingly feasible with fast MAS. With the better filling factor
of small rotors, isotopic enrichment for low-abundance isotope
analysis of such small molecules is also now in reach. This
opens up new routes particularly for characterization of
supported catalysts.
Here, we present a combination of more traditional methods

with experiments dedicated to fast MAS. Particularly,
correlations between protons turn out to be a useful tool for
obtaining structural parameters with reasonable sensitivity for

low sample amounts. Correlations between 1H chemical shifts
and heteronuclei are also highly valuable and can be obtained
with equally high resolution. Importantly, with the resolution
obtained at 60 kHz MAS, simple single-quantum experiments
are a valuable addition to the less sensitive double-quantum-
based experiments. This is interesting particularly for future
applications with a lower abundance of the species in focus.
Similarly, the 1H resolution obtained without high-power
decoupling upon fast MAS is definitely comparable with
windowed decoupling schemes and slow spinning. At the same
time, temperature fluctuations upon B1 irradiation are greatly
reduced by low-power or omission of decoupling.
The solid-state NMR techniques demonstrated here can be

applied to structure determination of compounds and materials
which are insoluble and/or disordered in nature and therefore
cannot be characterized with solution NMR and/or single-
crystal X-ray diffraction. Particularly those materials raising
difficulties due to their heterogeneity induced by a solid support
will be a future target using similar approaches.

■ CONCLUSION
Fast magic angle spinning is shown here to be a versatile
complement to traditional methods used for characterization of
organometallic compounds. In combination with conventional
methods, we show 1H as the most abundant spin to be readily
exploited for a number of correlation experimental details with
high resolution and sensitivity. Generally, the methods toward
resonance assignments and semiquantitative distances and
proximities described here focus on those nuclei present in the
ligand, which gives them broad applicability for transition metal
complexes independent of the metal center. Whereas the
traditional experiments require comparably long acquisition
times even for the pure (but mostly unlabeled) material, the
1H-based experiments are also comparably high in signal-to-
noise and will be of major versatility for future studies of
supportd transition metal complexes.
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