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ABSTRACT: This study introduces *’Ru solid-state NMR (SSNMR) spectroscopy, along with (*
relativistic density functional theory (DFT) calculations of Ru chemical shift and electric field
gradient (EFG) tensors and their analysis with localized molecular orbitals, as a versatile tool to
elucidate relationships between SSNMR spectra and Ru-ligand bonding in organometallic
compounds. *Ru is a very challenging target for analysis by SSNMR. Robust experimental
protocols were developed for the acquisition of ultrawideline ’Ru SSNMR spectra for stationary

99Ru

Ruthenium

99Ru Frequency

samples with unprecedented signal-to-noise ratios and uniformity. The *’Ru EFG and chemical

shift tensors determined from these spectra are complemented by DFT-based analyses of the contributions of individual bond-, lone-
pair-, and core-shell-orbitals to the NMR interaction tensors, which highlight their relationships with Ru-ligand bonding and
electronic structure. These experimental and computational protocols are anticipated to prove fruitful for the characterization of a
wide range of Ru-containing compounds, with applications to catalysis, advanced materials, and electronic devices.

1. INTRODUCTION

Ruthenium (Ru), 2 member of the platinum group elements
(PGEs), is critical for the production of electronic devices and
molecular sensors, and also has many applications in chemical
catalysis."~* Like all PGEs, Ru is a rare (ca. 1 ppb in the Earth’s
crust) and costly metal that faces issues of limited supply
chains, geopolitical distribution, and environmental challenges
associated with its extraction and recycling. However, due to
the unique properties of PGEs in coordination chemistry and
numerous concomitant critical applications,” it is of great
importance to elucidate the electronic structures of PGE
coordination compounds, including the nature of PGE-ligand
bonds, to better understand their emergent functionality, and
to potentially identify suitable replacement metals that are less
costly and more readily available.”

Because of their unique electronic valence structures, we
hypothesize that PGEs such as Ru differ from other transition
metal elements in how they engage coordinating ligand atoms
in covalent bonding, i.e., via dative or donation bonding,
including both ligand-to-metal donation and metal-to-ligand
back-donation.*” Donation bonding influences the structure
and reactivity of PGE coordination compounds, with the
degrees of covalent and ionic bonding character impacting
emergent physicochemical properties and functionality within
catalysts and advanced materials. In Ru coordination
compounds, the nature of these bonds may be the primary
driver behind their unique properties, complementing other
factors such as atomic radii, electrochemical properties,
preferred oxidation states, and coordination environments. A
proof of concept is furnished by our recent study of
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coordination compounds with another PGE, viz. rhodium, by
'%Rh solid-state NMR (SSNMR) spectroscopy and quantum
chemical computation.'® We propose that the combination of
“Ru SSNMR and density functional theory (DFT) calcu-
lations with a relativistic Hamiltonian provides a similarly
powerful avenue for interpreting electronic structure and
bonding in Ru coordination compounds, hypothetically
enabling significant advances in the study of PGEs and the
search for replacement metals. However, SSNMR experiments
prove to be far more challenging with *’Ru than with '“Rh.
“Ru is among the most unreceptive NMR nuclides in the
Periodic Table, with a spin of I = 5/2, a low gyromagnetic ratio
of y = —=1.229 X 10’ rad T™' 57!, a moderate quadrupole
moment of Q = 7.9 fm? and a low natural abundance of
12.76%."" Literature reporting *’Ru SSNMR spectroscopy as a
characterization technique is scarce, with most publications
related to metals and intermetallic materials."”~'® To our
knowledge, there is only one study describing the use of *’Ru
SSNMR spectroscopy to characterize coordination com-
pounds. In this seminal study, Ooms and Wasylishen'®
reported ’Ru SSNMR spectra of the inorganic compounds
K,[Ru(CN)¢]-«H,0 (x = 0, 3) and Ru;(CO);,. In these
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materials, Ru atoms are in sites of octahedral or pseudo-
octahedral symmetry, which results in small quadrupolar
coupling constants and minimal chemical shift anisotropies
that manifest in the SSNMR spectra as relatively narrow
powder patterns. However, to make the acquisition of *’Ru
SSNMR spectra tenable for a wider range of materials with
different Ru coordination environments, including organo-
metallic compounds used in catalysis or as catalytic precursors,
significant improvements in techniques for acquiring high-
quality *Ru SSNMR spectra are necessary.

The acquisition of *’Ru SSNMR spectra of organometallic
complexes is challenging because of heterogeneous broadening
of central transition (CT, +1/2 < —1/2) powder patterns due
to the chemical shift anisotropy and second-order quadrupolar
interactions (SOQI), which can result in patterns with
breadths of hundreds of kHz or greater and inherently impact
signal-to-noise (S/N). To address some of the challenges
associated with the acquisition of wide-line and ultrawideline
SSNMR powder patterns, frequency-swept wideband, uniform
rate, smooth truncation (WURST) pulses®’ are now widely
used for broadband excitation, refocusing, and polarization
transfer.”' > When samples feature favorable transverse
relaxation characteristics (i.e, effective T, values, T, are
long enough to exploit the detection of refocused spin
polarization using a CPMG-type experiment), WURST pulses
can be incorporated into Carr—Purcell-Meiboom—Gill
(CPMG)-type pulse sequences’*™° for the purpose of T,-
based signal enhancement, forming the basis of the WURST-
QCPMG pulse sequence and its variants.””** Furthermore, the
broadband adiabatic inversion cross-polarization (BRAIN-CP)
pulse sequence can be used to increase signal via polarization
transfer from protons,””~>” with a theoretical maximum signal
gain proportional to y('H)/y(*’Ru) ~ 21.7. Nonetheless, there
are difficulties associated with the efficient transfer of spin
polarization to half-integer quadrupolar nuclides (HIQNSs)
such as PRu,>*™° some of which are discussed in this work.
Finally, the increasingly available modern “GHz class magnets”
(e.g., the one-of-its-kind 36 T Series Connected Hybrid [36T-
SCH] magnet at the National High Magnetic Field Laboratory
[NHMFL] and new commercial GHz-class NMR platforms
around the world)***’ may prove critical for the acquisition,
analysis, and interpretation of *Ru SSNMR spectra, because
CT powder patterns undergo narrowing proportional to B,
(albeit with the caveat that chemical shift anisotropy increases
pattern breadths proportional to B, though this is not
anticipated to be an issue for %Ru, where in most cases, the
effect of the second-order quadrupolar interaction far out-
weighs that of CSA). Hence, this combination of pulse
sequences and hardware has the potential to yield *’Ru
SSNMR spectra with powder patterns of unprecedented
intensity and uniformity.

Quantum chemical calculations are crucial for relating
SSNMR data with electronic structure, chemical bonding,
and emergent functionality.'”**™*" Given the sensitivity of
NMR interaction tensor calculations to the approximations
that are inevitably necessary in the description of the electronic
structure, DFT with hybrid functionals has long been the
method of choice. Furthermore, for calculations involving
heavy metal elements, including all of the PGEs, it is necessary
to perform the calculations with a relativistic Hamilto-

an.'”*>"  Although there are several reports of DFT
calculations of *Ru chemical shifts, electric field gradients
(EFGs), and/or spin—spin coupling constants for isolated

molecules or molecules in solution,**”* only the study by

Ooms and Wasylishen provides calculations of these
parameters for solids."” Fortunately, recent advances have
been made in the computation of NMR tensor parameters for
heavy fourth- and fifth-period elements, especially with regard
to protocols employing the zeroth-order re%ular approximation
(ZORA) Hamiltonian and hybrid DFT.”"~*° We anticipate
that such methods will prove fruitful for the accurate
prediction of Ru chemical shift and EFG tensors in a wide
array of materials.

Computational analyses based on localized molecular
orbitals are being increasingly used to investigate the origins
of NMR interactions tensors in terms of electronic structure,
including the contributions from individual bonding/antibond-
ing, lone-pair, and core orbitals.””~*° Such orbital-based
analyses allow, for instance, to quantify the effects from
ligand-to-metal donation and metal-to-ligand back-donation
via more or less pronounced delocalization of ligand/metal
lone pairs onto the metal/ligand, which provides an intuitive
picture of the effects of bonding on the NMR tensors at the
metal sites.

In this study, we provide the first examples of ultrawideline
“Ru SSNMR spectra of Ru coordination compounds. These
experiments take advantage of 18.8 T and 36T-SCH magnets
at the NHMFL, as well as SSNMR probes adapted in-house for
low-y experimentation. The *’Ru chemical shift and EFG
tensors obtained from these measurements are compared to
those obtained from calculations using state-of-the-art
relativistic DFT-based calculations. Analyses of these tensors
in terms of localized orbitals permits exploration of their
relationships to electronic structure and bonding. It is
anticipated that these methods will lend deeper insight into
the unique physicochemical properties of PGE coordination
compounds, and open avenues for routine experimental and
theoretical applications of Ru SSNMR spectroscopy.

2. EXPERIMENTAL AND COMPUTATIONAL DETAILS

2.1. Samples. Samples were used as-received from Strem
Chemicals, Inc. Their identities and purities were confirmed through
comparison of experimental and simulated PXRD patterns based on
known crystal structures (see Figure S1 in the Supporting
Information).®' =%

2.2. Solid-State NMR Spectroscopy. Overview. SSNMR spectra
were collected at the NHMFL in Tallahassee, FL. Spectra were
obtained at 18.8 T using a Bruker Avance NEO console, and medium-
bore Oxford magnets, with Larmor frequencies of v4('"H) = 799.7
MHz and v(*’Ru) = 36.7 MHz. Other experiments were conducted
using the 36 T SCH* magnet (operating at 35.2 T for NMR) and a
Bruker Avance NEO console, with Larmor frequencies of v,('H) =
1.500 GHz and v,(*Ru) = 69.1 MHz. All spectra were acquired using
NHMEFL-built 5.0 mm HX probes with samples packed into airtight
5.0 mm o.d. 'H-free sample containers. Acquisition parameters are
summarized in the Supporting Information (Table SI - S3). Pulse
sequences and recommended calibration parameters and standards
are available online at https://github.com/rschurko.

% Ru WURST-QCPMG Experiments. The majority of *Ru spectra
were acquired using the WURST-QCPMG pulse sequence.”””®
Spectra were acquired at both B, = 18.8 and 352 T. The sweep
widths of the excitation and refocusing pulses were set to ca. 1.5 to 2
times the target pattern breadth. Recycle delays were chosen that
maximized the signal-to-noise ratio per unit time. In some cases,
spectra were collected with 'H continuous wave decoupling,
depending on the trade-off between wear on the probe due to long
acquisition times and maximizing the collection of refocused spin
polarization (i.e., the number of Meiboom-Gill loops).
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"H—**Ru BRAIN-CP Experiments. A spectrum of CEZRu was
acquired at 18.8 T using the BRAIN-CP pulse sequence.”” ' Because
of the slow rate of cross relaxation during CP owing to the relatively
low values of y(*’Ru) and the heteronuclear dipolar couplin%
constant, Rpp(*Ru, 'H),*"®* a contact time of 30 ms was used.®®
The sweep widths of the contact, excitation, and refocusing pulses
were set to 400 kHz. The maximum amplitude of the 'H spin-lock
pulse was set to v,('"H) = 30 kHz. An optimized 'H recycle delay of
1.0 s was used. A 16-step phase cycling scheme that allows for
coherent CP transfer was used.”” Spectra were acquired with 'H
continuous wave decoupling with rf amplitudes of 25 kHz. A flip-back
pulse,***” which involves the application of an additional /2 pulse
on the 'H channel following *Ru acquisition to return the 'H
transverse magnetization to its equilibrium orientation, was used to
reduce recycle delays.

Spectral Processing and Fitting. *Ru chemical shifts were
referenced to 0.3 M K,Ru(CN)4 in D,0 at §,,(*Ru) = 0 ppm
using solid [Ru(NH;)4]Cl, at §,,(*’Ru) = 7569 ppm as a secondary
reference (Figure S2).'” Spectra were processed with a Fourier
transformation followed by a magnitude calculation in the Bruker
TopSpin v4.1.4 program. Numerical simulations were conducted with
the ssNake software package’® and verified through additional
simulations using WSolids1.”" Uncertainties in the quadrupolar and
chemical shift tensor parameters were assessed via bidirectional
variation of each parameter, and visual comparison of experimental
and simulated spectra.

2.3. Computational Details. Geometry Optimizations. Refine-
ments of structural models initially determined through X-ray
diffraction were performed using plane-wave DFT as implemented
in the CASTEP module of BIOVIA Materials Studio 2020.”” The
positions of all atoms were relaxed using the LBFGS energy-
minimization scheme,”® in which lattice parameters remained fixed at
the given experimental values from X-ray diffraction data.’'”®
Calculations used the Perdew—Burke—Ernzerhof (PBE) functional,”*
a plane wave cutoff energy of 800 eV, a k-point spacing of 0.05 A™,”
ZORA ultrasoft pseudopotentials generated on the fly,’® and an SCF
convergence threshold of 5 X 1077 eV. Dispersion was included
through the many-body dispersion force field of Tkatchenko et al.”’
Thresholds for structural convergence include maximum changes of: 5
X 107 eV atom™ for energy; 5 X 10™* A atom™ for displacement;
and 1072 eV A™! for Cartesian forces.

EFG and Magnetic Shielding Tensors. *Ru EFG and magnetic
shielding tensors were calculated using Amsterdam Density Func-
tional (ADF) program within the Amsterdam Modeling Suite (AMS
2021.106).”*”° The EFG calculations and analyses included
relativistic picture change corrections (“ZORA-4’) as devised by van
Lenthe et al.* Calculations of magnetic shielding tensors employed
the gauge-including atomic orbital (GIAO) method,*""® as
implemented in AMS.***" Calculations used either the PBE’™* or
hybrid PBE0®® functional, and the ZORA Hamiltonian in its scalar
relativistic (SR) variant or including both SR effects and the spin—
orbit (SO) interaction.*""* The NMR calculations included the
perturbation of the pure-DFT exchange-correlation potential response
kernel (fXC keyword).”* Calculations using hybrid variants of PBE
(PBE0)”® also explored the effects of differing admixtures of exact
exchange (eX) (i.e, 25% and 12.5%). Calculations used isolated
molecules, with geometries refined using plane-wave DFT, as
structural models. A multiple-layer (‘locally dense’) Slater-type orbital
(STO) basis set partitioning scheme was used: for the Ru atom and all
atoms bonded to it, the TZ2P basis set was used,96 along with Becke
integration set to “good”;”””® all remaining non-hydrogen atoms and
hydrogen atoms were assigned the basis sets DZP and DZ,
respectively, with Becke integration set to “normal”.

NLMO Analysis. Hybrid-functional Kohn—Sham (KS) DFT
calculations of the *Ru EFG and magnetic shielding tensors were
performed with the ADF program included in AMS version 2024.101.
Structures for the complexes were taken from the experimental crystal
structures followed by an all-atom optimization with CASTEP. These
calculations were performed using the PBEO functional with the
admixtures of eX set to 12.5%. For each complex, an initial single-

point calculation was performed to obtain the canonical MOs. Scalar
relativistic natural localized MOs (NLMOs) were generated
subsequently with the NBO algorithmic framework™ as implemented
in the NBO 7.0 program.'® This step was followed by another SR-
ZORA ADF single-point calculation with accompanying analysis of
the EFG tensors at the Ru sites.” A separate single-point run
including relativistic SO effects was also performed, along with the
calculation of the nuclear shielding tensor and subse%uent analysis in
terms of the SR occupied and unoccupied NLMOs.**** Energies for
the NLMOs were obtained as the diagonal elements of the SR KS
Fock matrix expressed in the basis of NLMOs. NLMO visualizations
are in the form of isosurfaces at +0.03 atomic units.

3. RESULTS AND DISCUSSION
3.1. ®®Ru SSNMR Spectroscopy. Three organometallic

ruthenium coordination compounds were chosen for inves-
tigation based on the following criteria: (i) they are
diamagnetic Ru" compounds; (i) they have a Ru wt% above
25% to maximize the number of *’Ru spins; (iii) the
compounds represent a variety of important structural motifs
in ruthenium coordination chemistry, featuring terminal
chlorine ligands and an assortment of z-coordinating ligands;
and (iv) 'H spins are present to explore the use of 'H—"’Ru
polarization transfer methods. These compounds are Cp,Ru,
Cp*,Ru, and Cp*ClRu(cod) [Cp = CsH;™; Cp* = CiMe;~;
cod = 1,5-cyclooctadiene] (Scheme 1). For the acquisition of

Scheme 1. Molecular Structures of Cp,Ru, Cp*,Ru, and
Cp*ClRu(cod) [Cp = C;H;™; Cp* = CMe;™ ; cod = 1,5-
Cyclooctadiene]

Cp,Ru Cp*,Ru Cp*CIRu(cod)

the WURST-QCPMG spectra, [Ru(NH,)(]Cl, serves as a
standard for calibration of *Ru rf amplitudes due to the
narrow powder pattern resulting from the octahedral symmetry
of the Ru atom, as well as the short values of T,(*’Ru), which
enables short recycle delays of 2.0 s. Similarly, the “horns” in
the pattern of Cp,Ru (vide infra) serve as a standard for the
optimization of the Hartmann—Hahn matching conditions in
the BRAIN-CP experiments, which are critical for obtaining
undistorted ultrawideline powder patterns.

%Ru SSNMR experiments were performed at fields of 18.8
and 35.2 T on static (i.e, nonspinning) samples. Relative to
SSNMR experiments performed at 18.8 T, experimentation at
35.2 T using the SCH magnet provides signal enhancement
due to the increased field strength, along with the added gain
of narrowing the CT patterns (since the dominant broadening
effects of the SOQI scale as B,™!). Furthermore, since the CT
spectra of HIQNs such as ’Ru can be influenced by both the
SOQI and CSA, the acquisition of spectra at two fields allows
for refinement of the *Ru EFG and chemical shift tensors, as
well as the set of Euler angles defining the relative orientation
of their principal axis systems.

The static *’Ru spectra for the ruthenium coordination
compounds are shown in Figures 1—3, whereas the EFG and
chemical shift tensor parameters extracted from simulations of
the spectra are given in Table 1. The spectra in Figures 1 and 2

https://doi.org/10.1021/jacs.5c04759
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Figure 1. ?Ru SSNMR spectra of Cp,Ru and Cp*,Ru acquired using the WURST-QCPMG pulse sequence at By = 18.8 and 35.2 T (black), along

with the corresponding simulated patterns (red and blue).

Table 1. Experimental and Calculated ®*Ru EFG and Chemical Shift Tensors™" <%

Cq NQ Oiso
(MHz) (ppm)

Cp,Ru Exp 21.8(2) 0.02(2) —1350(50)
Calc 30.70 0.02 —1393

Cp*,Ru Exp 21.4(2) 0.04(2) —900(50)
Calc 31.85 0.01 —818

Cp*RuCl(cod) Exp 23.9(4) 0.76(4) 880(50)
Calc —29.88 0.75 842

“The experimental uncertainties in the last digit for each value are indicated in parentheses.

Q K a Y/ y

(ppm) ) ) )
3800(200) 1.0(1) n/a‘ 0(s) n/a®
3717 0.99 180 0 90
3300(200) 1.0(1) n/a® 0(s) n/a®
3521 0.99 202 0 272
2000(100) 0.5(3) 90(20) 90(S) 90(20)
2149 —0.21 59 85 108

YThe principal components of the EFG tensors are

defined such that [V3;] > [Vl > IV})l. The quadrupolar coupling constant and asymmetry parameter are given by Cq = eQV33/h, and 17 = (V; —
V3,)/ V33, respectively. The sign of Cq cannot be determined from the experimental spectra. “The chemical shift tensors are defined using the
frequency-ordered convention, in which the principal components are ordered 6;, > 6,, > 633 The isotropic chemical shift, span, and skew

parameter are given by 8, = (8;; + 6y + 833), Q = 8y — 833, k = 3(6, —

8is0)/Q, respectively. “The Euler angles @, f, and y define the relative

orientation of the EFG and chemical shift tensors using the ZY’'Z" convention for rotation. “This parameter has little-or-no discernible effect on the

appearance of simulated powder patterns.

Il
| M‘

tt-t-t--rrt+--rrtrr-rt-rteee e
500 400 300 200 100 O -100 -200 -300 -400 -500

99Ru Frequency (kHz)

Figure 2. Ru SSNMR spectrum of Cp*ClRu(cod) acquired using
the WURST-QCPMG pulse sequence at By = 35.2 T (black), along
with the corresponding simulated pattern (purple).

20868

were obtained using the WURST-QCPMG, whereas the
spectrum in Figure 3 was obtained using the 'H—"’Ru
BRAIN-CP sequence. None of the spectra indicate the
presence of impurity phases, and all feature patterns that are
consistent with a single Ru site (in agreement with their crystal
structures). In some of these spectra (i.e., those for Cp,Ru and
Cp*,Ru), there are small “dips” in the signal intensity that do
not match the ideal simulations; these artifacts are common in
the spectra of HIQNs acquired with frequency swept
pulses,””'?'~'%* resulting from population transfer from the
+3/2 and/or +5/2 spin states for crystallites with particular
EFG tensor orientations with respect to By,

The *Ru SSNMR spectra of Cp,Ru and Cp*,Ru were
acquired using the WURST-QCPMG pulse sequence (Figure
1). The spectra were collected using a single transmitter offset
frequency, with total experiment times ranging between ca. 19
—25hat 188 T and 1.4 — 3.6 h at 35.2 T. Each powder

https://doi.org/10.1021/jacs.5c04759
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Figure 3. Ru SSNMR spectra of Cp,Ru acquired at By, = 18.8 T
using the WURST-QCPMG (top) or BRAIN-CP (bottom) pulse
sequences. The former spectrum was acquired in a single ca. 19 h
experiment, whereas the latter spectrum was acquired using six
separate experiments with varying transmitter offsets (each shown in a
different color), leading to a total experiment time of ca. 7 h.

pattern is broad (ca. 500 kHz in breadth at 18.8 T, and ca. 400
kHz at 35.2 T) with influence from the SOQI and CSA
interactions. Simulations of spectra acquired at two fields
reveal that the C, values are similar (21.8 + 0.2 and 21.4 + 0.2
MHz for Cp,Ru and Cp*,Ru, respectively) and the values of
g are both near zero (0.02 + 0.02 and 0.04 + 0.02,
respectively), indicating EFG tensors of high axial symmetry
and the orientation of V3; near the pseudo-Cj rotational axes.
However, the two materials have substantial differences in the
chemical shift tensors: for Cp,Ru, d;;, = —1350 + 50 ppm and
€ = 3800 + 200 ppm, whereas for Cp*,Ru, d;,, = =900 + 50
ppm and Q = 3300 & 200 ppm. Both chemical shift tensors
feature near-axial symmetry, as indicated by a value of k = 1.0,
as well as Euler angles of f = 0 + 5°, implying that the unique
principal component, 3, which indicates the direction of
highest magnetic shielding, is also oriented along or near the
C; rotational axes in each case.

The *Ru SSNMR spectrum of Cp*ClRu(cod) was also
acquired at 35.2 T using the WURST-QCPMG pulse sequence
(Figure 2). This pattern is significantly broader than those of
Cp,Ru and Cp*,Ru acquired at the same field, with a breadth
of ca. 530 kHz. Remarkably, this pattern was acquired in 2.1 h
at 35.2 T. Unfortunately, the acquisition of the corresponding
spectrum at 18.8 T did not prove practical due to its
anticipated breadth (ca. 900 kHz) — however, this did not
hinder our ability to simulate the 35.2 T spectrum and extract
the relevant tensor parameters. The spectrum reveals a much
higher isotropic chemical shift than those of the first two
compounds (6§, = 880 + 50 ppm). The magnitude of Cq =
23.9 + 0.4 MHz is also slightly larger in comparison to the first
two compounds, and the value of 7 is predicted to be 0.76 +
0.04, reflecting the absence of axial symmetry in this
coordination complex. In addition, the span (Q = 2000 +
100 ppm) of the chemical shift tensor is smaller than those of
the metallocene compounds, and the skew indicates a lack of
axial symmetry in the chemical shift tensor (x = 0.5 + 0.3).

Finally, we acquired the *’Ru spectrum of Cp,Ru using the
BRAIN-CP sequence (Figure 3). To facilitate these experi-
ments, a long contact time of 30 ms was used for optimum

"H—%Ru polarization transfer, which is often necessary for
low-y nuclides."”°>'% However, to reduce the duty cycle of
the probe, there is always a compromise between the length of
the contact pulse and the number of Meiboom-Gill loops
within a CPMG-type sequence, which must be carefully
considered when setting up such an experiment. Due to the
bandwidth of the probe (which is limited by the Q-factor), and
the limited bandwidth of long contact pulses, it was not
possible to acquire the *’Ru spectrum of Cp,Ru in a single
experiment. Instead, a series of six subspectra were acquired
using evenly spaced transmitter offset frequencies. Together,
these individual subspectra trace out the complete powder
pattern, with identical discontinuities to the pattern observed
by the direct excitation (i.e., WURST-QCPMG) method in a
single experiment. Significantly, the complete BRAIN-CP
spectrum was obtained in ca. 7 h, whereas the WURST-
QCPMG spectrum was obtained in ca. 19 h. This result
provides confidence that indirect excitation methods utilizing
polarization transfer from abundant spins presents a feasible
pathway for acquiring high quality SSNMR spectra for low-y
HIQNS such as *Ru.

3.2. Quantum Chemical Calculations of *’Ru EFG and
CS tensors. The accurate theoretical prediction of NMR
tensors provides crucial links between observed NMR
parameters, electronic structure, metal—ligand bonding, and
the emergent physicochemical properties and functionality of
PGE coordination compounds. However, analysis of phys-
icochemical properties is predicated on accurate calculated
electronic structures that best reproduce the observed NMR
tensors. To obtain the best agreement between experiment and
theory, we assessed three considerations for calculations of
*Ru magnetic shielding and EFG tensors of the Ru
coordination compounds. First, we considered the importance
of structural refinements through comparison of calculations of
XRD-derived structures, structures where only the positions of
hydrogen atoms have been refined, and structures in which the
positions of all atoms have been refined. Second, we performed
a series of calculations using SR or SO ZORA. Third, we
compared the nonhybrid functional PBE and the hybrid PBEQ,
including the effects of different admixtures of eX in the latter.
A summary of these calculations is provided in Tables S4 and
SS, with correlation plots showing their relationships to
experimental data in Figures S3 and S4.

Calculations on this limited number of systems allow the
following conclusions: (i) all-atoms geometry optimizations
were performed for all systems because of disorder in the
position of a carbon atom in the XRD-derived structure of
Cp*,Ru;° (ii) the inclusion of SO effects has a large impact on
calculated magnetic shielding tensors; (iii) the hybrid func-
tional PBEOQ provides more accurate magnetic shielding tensors
that the PBE functional. The differences in the performance of
these functionals likely relates at least in part to the electron
delocalization error (DE),'” a well-known phenomenon in
Kohn—Sham DFT, the effects of which vary with the
functional approximations used, as well as the system under
consideration. The inclusion of an admixture of eX in hybrid
functionals (e.g, 25% in the standard PBEO approximation)
often greatly alleviates the DE, although this can also lead to an
overcorrection, as seen here. We find that calculations
performed at the PBE0/SO level with 12.5% eX lead to the
best agreement with experiment, and are consequently used for
the NLMO analyses (vide infra). These results are largely
consistent with our previous work on other PGEs.'° However,
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we emphasize that these conclusions are derived from
calculations on three organometallic compounds; our ongoing
work on a larger variety of systems may provide a more robust
set of computational protocols to achieve the best agreement
between calculation and experiment.

The agreement between experimental and calculated
chemical shift tensors is generally very good. For Cp,Ru and
Cp*,Ru, experiment and calculation are nearly identical (to
within uncertainty), whereas for Cp*CIRu(cod), the errors are
somewhat higher. The RMS error for the principal
components for the three compounds is ca. 220 ppm, which
is comparable to our previous work on '®Rh."’

Although there is good qualitative agreement between
calculated (in a.u.) and experimental (in MHz) EFG tensors,
all computational methods led to overestimation of the
magnitude of Cq. For Cp,Ru, the calculated value of Vi,
presented here (i.e., 1.654 a.u.) is similar to those in previous
reports.””*” However, V;; has been determined independently
from Mossbauer quadrupole splitting data, revealing a value of
1.15 a.u. Assuming 77 = 0, this leads to Cq of 21.3 MHz, which
is similar to the experimental value of 21.8 MHz determined in
the present work. The reevaluation of the */''Ru quadrupole
moment has been the subject of several recent studies,
although these seem to indicate an uncertainty of ca. 5% at
most."”’7'% The calculated values of the asymmetry
parameter, 7o, are nearly identical to those derived
experimentally.

3.3. NLMO Analysis of *Ru EFG Tensors. The EFG
tensor of a transition metal in a ligand field is determined by
the distribution of charge arising from the valence d-shell and
concomitant interactions with ligand frontier orbitals. Polar-
ization of the outer core of the metal ion, electron density in
the metal—ligand bonding orbitals, and partial charges in the
ligands, further contribute to the EFG. However, valence d-
shell contributions, along with core-polarization caused by a
nonspherical d-shell electron density, tend to domi-
nate.49,l 10,111

The relative magnitudes of the EFG tensor components and
orientations of the EFG tensors in the molecular frames can be
interpreted in terms of the populations of the d-shell orbitals.
The data in Table 2 are based on model calculations™ with d-
orbitals that have the same radial functions, such that a filled d-
shell, or a partially filled d-shell with equal occupations and a
spherical electron density, produces a vanishing EFG tensor
(ie., the contributions from individual d-orbitals cancel
exactly). The values indicate the relative contributions to the
EFG tensor components in terms of a positive numerical

Table 2. Relative Contributions to the Ru Cartesian EFG

Tensor Components from Pure Ru 4d-Orbitals™? <
dxy dxz dyz dxz—yz d2
Vi —€ —€ 2¢e —€ €
Vi —€ 2e —€ —€ €
V. 2¢e - —& 2¢e —2¢

“Per the numerical analysis in the text, ¢ for the studied Ru complexes
is approximately 2.55 a.u. “The EFG sign convention used here is
such that a negative EFG arises when electron density (i.e., negative
charge) localizes along a particular axis. “V,,, V,,, and V, define the
principal values of the EFG tensors within an arbitrary Cartesian
reference frame that defines the nature and labels of the d AOs. “The
value of 2¢ is equivalent to the largest principal component of the
EFG tensor (either V35 or V,,, depending on the naming convention).

constant €. For example, the contributions from individual d-
orbitals to V_,, shows that they cancel if each orbital has the
same occupation. Nonequal occupations typically lead to
incomplete cancellation of the various positive and negative
contributions and therefore to a nonzero EFG. For example, a
filled d.? orbital generates V_, = —2¢, whereas V,, = V), = +¢.In
this example, the orbital’s electron density is concentrated
along the orbital’s principal axis (z), which leads to a negative
V., based on the sign convention used here for the EFG. The
data can also be interpreted as a lack of counterbalancing
electron density in the xy plane with concomitant positive V,,,
= V,,. The relative magnitudes of the EFG tensor components
are associated with how effectively the electron density (or lack
thereof) accumulates with respect to the different axes or
planes. The d,,, d,., and d,, EFG contributions follow the same
rules: The lack of electron density perpendicular to the xy, xz,
and yz plane, respectively, causes a +2¢ contribution to the
EFG in the perpendicular direction, along with —& in-plane
contributions.

Table 3 provides the localized MO analysis (in terms of
NLMOs) of the *’Ru EFG tensor for each complex. Polar plots
of the EFG tensors*’ and the orientations of the principal axes
systems relative to the molecular frames are provided in Figure
4. In the analysis, ‘LP’ means lone-pair, which includes the
nonbonding Ru 4d orbitals, ‘BD’ indicates bonding orbitals,
and the Ru core corresponds to [Kr]. The EFG tensors of
Cp,Ru and Cp*,Ru are very similar and display axial
symmetry, with Vj; which is positive and oriented near a
pseudo-Dy;, axis in each case, being about twice the magnitude
and opposite in sign compared to V}; & V,,. In an idealized
Dy;, complex, the metal EFG tensor components V7, and V,,
and the associated NLMO contributions of symmetry-
equivalent d-orbitals are equal. There is minor symmetry
breaking in the calculated data, which reflects the structure of
the complex in the solid being close to the idealized Dy,
symmetry. For Cp*CIRu(cod), which has lower symmetry, V3,
is negative and oriented approximately perpendicular to the
Ru—Cl bond, and the EFG tensor is nonaxial (ie., #7q = 0.75
according to calculations and 5q = 0.76 according to
experiment).

Ru* has a d° valence configuration. For Cp,Ru, the
direction corresponding to the Ru — Cp-centroids was chosen
to align with the z direction (ie, V33 =V, and Vi, ® V5, = V,,
or V,). In the pseudolinear ligand field, the formal Ru
electron configuration is expected to be
(dxy)z(dxz)O(dyz)o(dxz_yl)z(dzl)z. Figure SS shows occupied
nonbonding d (1a) and two d-orbitals with electron density
localized in the xy plane (1b, I¢), ie, d,, and d,2_?, with back-
donation to the Cp ligands. The ligand does not have low-
energy unoccupied orbitals of the right symmetry to
accommodate back-donation from 4d? and therefore its
EFG contributions must correspond closely to what is
expected from an atomic 4d orbital. d 2 contributes —5.31
a.u. to V33, while the average of the nearly equal contributions
to Vy; and V,, is +2.62 au (N.B.: all EFG values are reported in
a.u.; these units are omitted hereafter for brevity). The latter is
very close to —1/2 of the d contribution to V33, as would be
expected based on the idealized —2:1 ratios for V,_/V,, and
V../V,, from pure, undistorted Ru 4d AOs (c¢f. Table 2). We
may therefore assign a value of 2.65 to the constant &.

Compared to d.?, absent back-donation, d,, and d,>_; should
contribute 2& = +5.31 each to V33 in Cp,Ru. The actual values
are notably smaller (+4.79 and +4.80, respectively) because
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Table 3. Major Contributions to Principal Components of Cp*CIRu(cod)

9Ru EFG Tensors from NLMOs®"*

Vi (au) V5, (au.) V35 (au.)
Cp,Ru
Ru core —0.725 —0.741 1.468
l1a: LP(Ru), [d.2]7 2.660 2.648 —5.308
1b: LP(Ru), [d,]7 —2.393 —2.399 4792
Ic: LP(Ru), [d._ 2] —2.402 —2.398 4.800
SRu LP —2.135 —-2.149 4284
21d-i: BD(Cpz)—Ru 1.544 1.582 -3.126
other C—C BD 0.458 0.381 —-0.838
Tabove —0.858 —-0.927 1.788
Total calc. —0.805 —0.846 1.654
Cp*,Ru
Ru core —0.609 —0.648 1.259
2a: LP(Ru), [d2]¢ 2.549 2.598 —5.146
2b: LP(Ru),, [d,,]¢ —2.369 —-2.391 4.760
2¢: LP(Ru), [de_]? —2.366 —2.382 4747
SRu LP —2.186 —2.175 4361
¥2d-i: BD(Cpz)—Ru 1.509 1.517 —-3.026
other C—C BD 0.528 0.525 —1.052
C-H BD —0.148 -0.146 0.292
Yabove —0.906 —-0.927 1.834
Total calc. —0.847 —0.866 1.716
Cp*ClIRu(cod)
Ru core —0.142 0.594 —0.456
3a: LP(Ru)® 3.588 0.977 —4.566
3b: LP(Ru)® —0.463 1.693 —1.230
3c: LP(Ru)® —3.075 —0.100 3.174
SRu LP 0.050 2.570 —2.622
3d: BD(Ru—Cl) —1.203 —0.101 1.303
3e: Ru—BD(Cpr) —0.960 —-0.921 1.880
23f-h: LP(Cl) —0.118 0.041 0.077
SRu LP 3f-h: BD(Cpz)—Ru 1.288 —0.561 —-0.727
SRu LP 3k-I: BD(cod7)—Ru 1.035 0215 —1.251
Tabove —0.050 1.837 —-1.796
Total calc. 0.200 1.406 —1.610

“EFG data are given in dimensionless atomic units (a.u.). One a.u. of
EFG corresponds to ca. 9.717 X 107 V cm™. “The nuclear charge
contributions to the EFG are absorbed in the NLMO analysis, such
that the sum of contributions from NLMOs that are distant from the
Ru center represents the EFG generated by distant partial charges. “In
the analysis, “LP” means lone-pair, which includes the nonbonding Ru
4d orbitals, “BD” means bonding orbitals, and the Ru core
corresponds to [Kr]. “These designations do not necessarily
correspond to pure d orbitals, and are instead used to assist the
reader.

some of the electron density in these orbitals is donated to the
ligands. The EFG operator has an r~° dependence on the
distance r between the electrons and the Ru nucleus, such that
the back-donation strongly reduces the contributions of d,
and d,>_ to Vi;. Likewise, based on purely atomic 4d orbitals,
we expect d,, and d,_ to contribute approximately —e =
—2.65 to Vi, and V,,. The actual contributions are lower
(—2.40) because of the density loss in these orbitals due to
back-donation. Based on the ratios of expected vs actual EFG
contributions from orbitals 1a—Ic (Table 3 and Figure SS) to
Vi Vi, and Vi;, we estimate that ca. 10% of the electron
density in each of these orbitals is donated to the ligands. The
Ru density weight percentages of NLMOs 14, 1b, and Ic were
calculated as 97.5, 87.4, and 87.5, respectively. Therefore, 1a is
a nearly pure 4d? whereas the back-donation causes the Ru

Cp,Ru Cp*,Ru

Va3

Figure 4. Polar plots of the Ru EFG tensors and Cartesian principal
components superimposed on the complex. The polar plot scaling is
such that a distance of the surface of 1 A from the Ru nucleus
corresponds to an EFG of 1 au. Blue/orange on the polar plots
corresponds to a positive/negative EFG. [N.B.: EFG tensor polar
plots resemble polar plots for atomic d-orbitals for the reason that the
quadrupolar interaction is associated with / = 2 spherical tensors, but
they should not be confused with orbital visualizations.] Arrows
indicate the orientations of the principal values of the EFG tensors,
with green/red corresponding to positive/negative EFGs.

density weight in the formally nonbonding 4d,, and 4d,_
(1b, Ic) to be lower by ca. 10%. We note that a nonbonding
NLMO must still be orthogonal to all other NLMOs, including
those centered on the ligands, which means that it cannot have
100% metal character in the analysis even when back-donation
is absent.

In the localized orbital representation, the 7z system in one of
the Cp ligands is described by three doubly occupied #
NLMOs per Cp that each display delocalization around the Cp
rings, as expected for a Hiickel-aromatic system. Accordingly,
there are six ligand-centered NLMOs for Cp,Ru (orbitals 1d—
1i in Figure SS). The ligand orbitals donate into linear
combinations of the Ru 4d,, and 4d,, orbitals, which appear
d>like but tilted 45° relative to the principal axis of symmetry.
Accordingly, there are considerable negative contributions
from these ligand-centered orbitals to V5;, with signs consistent
with Table 2. When d,, and d,, are evenly populated, the ratios
V../V, and V_./V,, for the EFG generated by these Ru AOs
are both —2:1, which is nearly the case for the data shown in
Table 3 (i.e, we may expect an idealized V,, = —2¢ = —5.31
(rounded) from the sum of d,, and d, if they were both
completely filled). The actual sum of V33 from NLMOs 1d—1i
is —3.13, which comes from aggregate electron donation into
d,; and d,, and the EFG generated by the partial charges in the
ligands. If we ignore the latter, the ratio —3.13/—5.31 indicates
that the filling of d,; and d,, is ca. 59% each on average. Using
the V), and V), data gives a similar picture: The idealized sum
Vi + Vo, for d,; and d,, is 2¢ = +5.31, whereas the actual sum
of V}; and V,, from NLMOs 1d—1i is +3.13 (rounded), equal
and opposite to the sum of their contributions to Vi;. The
calculated Ru density weight percentages of NLMOs 1d—1i
(divided by two to account for the donation into both d,, and
d,,) add up to 54%, which is reasonably close to the 59%
estimate from the idealized versus actual EFG contributions of
these orbitals. The difference between these values is
tentatively attributed to the EFG arising from the relatively
small partial charges of the atoms in the ligands.

In summary, the EFG tensor of Cp,Ru reflects the
nonspherical electron density from the formal
(d,c},)z(dxz)o(dyz)O(d,g_),z)z(dzz)2 configuration. In an idealized
system, this would lead to EFG tensor components of (V,,, Vi
V.) = (—& —e, +2¢) ~ (—2.65, —2.65, +5.31). The actual
EFG tensor has a considerably smaller magnitude for two
reasons: (i) because of ligand-to-metal donation, d,, and d,.
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are roughly half occupied each, instead of empty; and (ii) d,,
and d;_ are not fully occupied because of back-donation.
Furthermore, there is considerable outer-core polarization of
Ru (4sp and 3d, primarily), listed in Table 3 under ‘Ru core’,
which reinforces the Ru 4d-shell contributions and counteracts
the Cp-to-metal donation. Core contributions are not
straightforward to analyze, because minute changes in the
shapes or occupations of outer core orbitals cause large effects
regarding the EFG, but they tend to follow the overall trends of
the valence shells.*’

For Cp*,Ru, the ratios of actual EFG contributions and
those based on Table 2 are consistent with the amount of
density from Ru/ligand-centered NLMOs that is donated to
ligand/Ru acceptor orbitals (Table 3, Figure S6). The minor
differences between Cp,Ru and Cp*,Ru indicate a slightly
different propensity of the ligands for donation and back-
donation, but the differences are close to the accuracy limits of
the DFT calculations and therefore not discussed in detail.

Cp*RuCl(cod) has a lower symmetry coordination environ-
ment in comparison to Cp,Ru and Cp*,Ru; as such, the
analysis is less straightforward in terms of how closely the Ru
formally nonbonding NLMOs correspond to the standard
representations of the d-orbitals and in terms of how
asymmetric the bonds and ligand-centered orbitals appear
(Figure S7). However, the analysis gives a set of orbitals that
define how the EFG is generated from the Ru 4d shell
augmented by contributions from the Ru core and the Ru-
ligand bonding orbitals. The 4d NLMOs, in aggregate,
generate an EFG tensor that is nonaxial and a negative Vy;
(approximately perpendicular to the Ru—Cl bond) with a
significantly reduced magnitude resulting from ligand donation
and back-donation. Therefore, the general trends are the same
as for Cp,Ru and Cp*,Ru: (i) a large EFG is generated by the
nonspherical 4d electron density coupled with core-polar-
ization contributions; (ii) the 4d-shell EFG is reduced by
donation into the formally empty 4d atomic orbitals; and (iii)
the EFG is further reduced by back-donation of density from
the formally nonbonding occu;)ied 4d orbitals to the ligands.

3.4. NLMO Analysis of °>Ru Chemical Shift Tensors.
The shielding analysis was performed using the same set of
NLMOs as in the EFG analysis, and therefore the same
considerations regarding the extent of donation and back-
donation impacting the orbitals apply. We use an orbital
‘rotation’ model''* for d-orbitals:>> when a d-AO in the
standard representation (d,, d,,, d,,, d;2_ 2, d.?) is perturbed by
a static magnetic field along one of the Cartesian axes, the
resulting perturbation is in first order proportional to the AO
rotated by either 45° or 90°, depending on which d-AO and
which field direction. For example, a magnetic field applied
along the z-axis is described quantum mechanically by an
operator B, that is approximately proportional to the angular
momentum operator —ih[r X V]Z for a rotation around z.
Taking only the [r X V], part of this operator, its action on,
say, a d,, AO ‘rotates’ the AO 45° in the xy-plane such that the
lobes align with the x- and y-axes (Scheme 2).1

When applied to a nonbonding occupied 4d AO (or a
corresponding NLMO), such a ‘rotation’ may result in efficient
overlap with a low-energy unoccupied orbital, typically in the
form of a 6* from a coordinating ligand. Stated differently, the
paramagnetic component of the shielding tensor affords sizable
matrix elements such as (o}, |B.ld,,), where the subscript of
the o™ orbital indicates its directionality. Such a d-6* magnetic
coupling results in deshielding, which is large when the

Scheme 2. Action of the Angular Momentum Operator
Components on d-AOs, Leading to “Rotated” d-AOs;
Figure Adapted from Ref 113 with Permission, Copyright
2024 Royal Society of Chemistry

No Field [rx V], [rxV], [rxV],

xy -Xxz vz x?—y?
® 0P s
Xz xy z2 — x? -yz
€ & % ®
vz y:—2z? —xy xz
“ 8 ®
x?—y? 2yz 2xz —4xy
¢ € % L

322 —r? 6yz —6xz 0

magnetically coupled orbitals are close in energy, and when
matrix elements of the type shown above are large; the latter is
the case when field-‘rotated’ occupied orbitals overlap
effectively with unoccupied orbitals. Analogously to the EFG
contributions, the shielding contribution from a given metal
AO is modulated by the degree of donation or back-donation
that is present.

Table 4 summarizes the shielding tensor analysis. Polar plots
of the magnetic shielding tensor and the orientation of the
principal axis system relative to the molecular frame are
provided in Figure S. The total shielding is largely a sum of
(diamagnetic) shielding from the electrons in the Ru core and
the (mainly paramagnetic) deshielding from the partially
occupied 4d shell. The analysis of the paramagnetic shielding
includes SO effects, which are not listed separately. Addition-
ally, the analysis of the SO-ZORA shielding tensor in terms of
SR NLMO:s includes contributions from unoccupied NLMOs,
which reflect the SO-induced changes of the occupied ground
state orbitals. These contributions make up most of the
difference between the sum of the listed individual shielding
contributions and the total calculated shielding tensor
components. Differences in SO contributions between
complexes are comparatively small and not discussed.

In terms of the formally nonbonding orbitals of the 4d shell
in Cp,Ru, d,> (orbital 1a in Figure SS) contributes strongly to
0,1 and 0, via the paramagnetic 4d shell effect, but negligibly
to 0s3. This is because the perturbation of d by a static
magnetic field along the z-axis effectively vanishes, whereas
fields in the x or y directions produce from d. perturbations
resembling d,; and d,;, respectively (see Scheme 2; also recall
that d,, and d,, in this complex are formally empty). Therefore,
the perturbation of d: by a magnetic field in the x or y
direction and the availability of mostly unoccupied d,, and d,,
(1j, 1k in Figure S8) provides a pathway for strong
paramagnetic deshielding originating from d_. The partial
occupations of d,, and d,, via ligand donation reduce the
magnitude of the d;? deshielding for a field in the x or y
direction.

Contributions from nonbonding orbitals d,, (1b) and de_y
(Ic) to the Cp,Ru shielding are more isotropic. For both of
these lone-pairs, a magnetic field in the equatorial plane (x or
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Table 4. Major Contributions to Principal Components of
%Ru Magnetic Shielding Tensors from NLMOs“"

o1, (ppm) 63, (ppm) 33 (ppm)
Cp,Ru
Ru core 3991 3991 4053
la: LP(Ru), [d2]° —3692 —3683 44
1b: LP(Ru), [d,))° -539 —606 —426
Ie: LP(Ru), [dy ] -572 -576 —430
XRu LP —4802 —4865 —812
T1d-i: BD(Cpr)—Ru 630 674 345
other C—C BD 87 120 —43
Zabove —-94 —-80 3543
Total calec. —147 —-130 3538
Cp*,Ru
Ru core 4107 4106 4129
2a: LP(Ru), [d,]° —3641 —3611 41
2b: LP(Ru), [d,,)° —693 —709 —652
2¢: LP(Ru), [de_y]° —702 —696 —650
XRu LP —-5037 -5016 —1261
¥2d-i: BD(Cpz)—Ru 416 420 176
other C—C BD 85 80 -52
C—H BD —188 —-182 —-152
Zabove —617 —-593 2839
Total calc. —655 —631 2836
Cp*ClRu(cod)
Ru core 4242 4241 4199
3a: LP(Ru)* —5095 —548 —906
3b: LP(Ru)® -235 —1295 —2446
3c: LP(Ru)* —794 -3086 -770
2Ru LP —6124 —4928 —4122
3d: BD(Ru—Cl) =55 =31 3
3e: Ru—>BD(Cp72’) 15 —-108 18
23f-h: LP(Cl) -21 -30 -33
SRu LP 3f-h: BD(Cpr)—>Ru 209 —90 —24
SRu LP 3k-I: BD(codz)—>Ru -309 153 =31
Zabove —2044 -790 11
Total calc. —2270 -977 —-139

“The analysis of the paramagnetic shielding includes SO effects,
which are not listed separately. “In the analysis, “LP” means lone-pair,
which includes the nonbonding Ru 4d orbitals, “BD” means bonding
orbitals, and the Ru core corresponds to [Kr]. “These designations do
not necessarily correspond to pure d orbitals, and are instead used to
assist the reader.

Cp,Ru Cp*,Ru

Cp*CIRu(cod)

Figure 5. Polar plots of the Ru magnetic shielding tensors and
Cartesian principal components superimposed on the complex. The
polar plot scaling is such that a distance of the surface of 1 A from the
Ru nucleus corresponds to a shielding value of 1000 ppm. Blue/
orange on the polar plots corresponds to a positive/negative shielding.
Arrows indicate the orientations of the principal axes of the chemical
shift tensors, with green/red corresponding to a positive/negative
principal shielding component.

y) gives a function resembling d,, or d,, but with smaller
coeflicients than in the case of d2. With the magnetic field in
the z direction, ‘rotation’ of d,, (d,_?) gives a function
resembling d,>_ (d,,). The only unoccupied orbitals of
matching symmetry are the same 7™ ligand combinations that
receive back-donation from d,, and d,>_, respectively (1L, 1m,
1n, 1o in Figure S8). In other words, the occupied Ru-centered
MOs 1b and I¢, which form in-phase linear combinations with
the ligand 7* MOs, are accompanied by the unoccupied out-
of-phase counterparts available for magnetic coupling when the
field is in the z direction. However, the latter orbitals are
mainly ligand-centered with comparatively small coefficients
from Ru AOs; hence, the shielding contributions are smaller
than those found for d,? and fields in the x or y direction. For
all field directions, a deshielding effect is generated by 1b and
Ic with roughly equal contributions.

In contrast to the EFGs, the shielding tensors of Cp,Ru and
Cp*,Ru are not as similar. In Cp*,Ru, 6, and 6,, are more
negative by over 500 ppm, and o33 is less positive by over 700
ppm. About 200 ppm of the difference in o, and o,,, and
about 400 ppm for o3, is attributed to differences in the
contributions from the Ru 4d shell, namely orbitals 1b/2b and
Ic/2c. It can be inferred from the minor differences in their
EFG contributions that there is not a significant difference in
the degree of donation or back-donation that would drive the
differences between Cp,Ru and Cp*,Ru in the shielding
contributions from the 4d orbitals. This is substantiated by the
explicitly calculated occupations for the corresponding NBOs,
which are 1.76 (1b and Ic) and 1.77 (2b and 2c).

Differences between Cp,Ru and Cp*,Ru are seen in the Ru
(outer) core contributions which are overall more positive for
Cp* and the d,, and d;_ contributions (2b, 2¢) which are
more negative for Cp*. Additionally, differences in the
donating orbital contributions (1d—1i in Figure S5 vs 2d—2i
in Figure S6) are less positive for Cp*. Overall, all three
shielding tensor components are more negative/less positive
for Cp* than Cp. The positive sign of the Ru shielding from
the donating orbitals is attributed to the aforementioned fact
that donation into d,, and d,, means these mostly vacant AOs
are not fully available for the paramagnetic coupling within the
4d shell. As to the differences in the shielding from the
occupied donating 7 NLMOs, the unoccupied antibonding
counterparts have noticeably higher energies for Cp*,Ru
(Figure S9), which is expected to translate into less shielding.

There is also the question of how much shielding from
ligand-centered 7z orbitals (1d—1i for the Cp complex) is
attributable to magnetic field-induced ring currents. Calcu-
lations were performed to obtain the presence of a nucleus-
independent chemical shift (NICS) for Cp~ or Cp*~ and the
NMR shielding was calculated for a dummy atom placed at a
relative position where Ru is present in the complexes. The
results for (6,;, 6, 633) for Cp~ and Cp*~ are (—1.9, —1.8,
25.9) and (—1.3, —1.2, 17.4), respectively; this indicates that
there is an induced ring-current effect mainly for the field in
the z direction, but the effect is small.

The contributions of the NLMOs to ruthenium shielding in
Cp*ClIRu(cod) are cumbersome to interpret, due in part to its
low symmetry. A few points of analysis can be made: (i) the
deshielding from the 4d shell dominates the shielding from the
Ru core, such that the total shielding is negative for each
principal component; (ii) LP orbital 3a contributes a large
deshielding in the oy, direction; (iii) LP orbital 3b contributes
its largest deshielding effect for the field in the o35 direction,
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and 3c contributes its largest deshielding effect for the field in
the 0,, direction; and (iv) contributions from ligand-centered
orbitals are minimal.

B CONCLUSIONS

Herein, we have highlighted the use of *’Ru SSNMR
spectroscopy and relativistic DFT calculations as a powerful
means of characterizing ruthenium organometallic compounds,
with the *Ru EFG and chemical shift tensors being robust
probes of Ru-ligand bonding. The WURST-QCPMG pulse
sequence, which affords broadband excitation and refocusing,
while also allowing for T,-based signal enhancement, is
invaluable for the acquisition of high signal-to-noise *’Ru
ultrawideline SSNMR powder patterns. Similarly, the BRAIN-
CP pulse sequence allows for broadband polarization transfer
from abundant spins, and could potentially allow such
ultrawideline patterns to be obtained in more reasonable
timeframes (and enable more routine exploration with
'"H-"Ru dynamic nuclear polarization NMR). Furthermore,
access to high magnetic fields (i.e., up to 36 T) proves critical
for the acquisition of *’Ru powder patterns, as well as for the
ability to accurately extract EFG and chemical shift tensors.
Together, these advanced experimental methods and access to
GHz-class NMR magnets have the potential to aid in the
characterization of a plethora of Ru coordination compounds,
and will likely find applications to the study of other PGEs
(e.g,'”Rh,'*Pd) and other transition metal nuclides.

Quantum chemical calculations using DFT and a relativistic
Hamiltonian provide the crucial link between *Ru NMR
interaction tensors and the nature of ruthenium-ligand
bonding. We find the best agreement with experiment through
the following considerations: (i) relativistic effects are included
up to the spin—orbit level, and (ii) a hybrid DFT functional is
used, with attention paid to the optimal admixture of eX.
Following this, the origins of EFG and chemical shift tensors
can be analyzed in terms of contributions from relevant
NLMOs and/or NBOs (or other sets of localized MOs),
leading to an understanding of how the chemical bonding and
in particular the donation to the metal, and back-donation
from the metal, manifest in corresponding SSNMR spectra.
Such analyses will be critical for studying bonding in a variety
of PGE coordination compounds (from the perspective of
both metal and ligand nuclei), including the establishment of
structure-property-function relationships, and may aid the
search for novel advanced materials with tunable physico-
chemical properties.
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