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ABSTRACT: Nuclear magnetic resonance (NMR) spectroscopy Cr(acac), Cu(acac),
of paramagnetic molecules provides detailed information about -3
their molecular and electron-spin structure. The paramagnetic P ‘ C3 c3 Z
NMR spectrum is a very rich source of information about the "
hyperfine interaction between the atomic nuclei and the unpaired % N
electron density. The Fermi-contact contribution to ligand X P e b
s ) ) X 1000 0 1000 2000 1500 1000 500
hyperfine NMR shifts is particularly informative about the nature ,
) i f spin density s o spin density

of the metal—ligand bonding and the structural arrangements of ot 3(*°C) ppm] o

. . . o-polarization o-delocalization
the ligands coordinated to the metal center. In this account, we
provide a detailed experimental and theoretical NMR study of
compounds of Cr(III) and Cu(II) coordinated with substituted acetylacetonate (acac) ligands in the solid state. For the first time,
we report the experimental observation of extremely paramagnetically deshielded '*C NMR resonances for these compounds in the
range of 900—1200 ppm. We demonstrate an excellent agreement between the experimental NMR shifts and those calculated using
relativistic density-functional theory. Crystal packing is shown to significantly influence the NMR shifts in the solid state, as
demonstrated by theoretical calculations of various supramolecular clusters. The resonances are assigned to individual atoms in
octahedral Cr(acac); and square-planar Cu(acac), compounds and interpreted by different electron configurations and
magnetizations at the central metal atoms resulting in different spin delocalizations and polarizations of the ligand atoms. Further,
effects of substituents on the '*C NMR resonance of the ipso carbon atom reaching almost 700 ppm for Cr(acac); compounds are
interpreted based on the analysis of Fermi-contact hyperfine contributions.

1. INTRODUCTION The hyperfine NMR shift can be related directly to the

Nuclear magnetic resonance (NMR) spectroscopy of para- parameters of the EPR spin Hamiltongan, as shown for doublet
systems by Moon and Patchkovskii” and later extended to

magnetic molecules”” has been shown to be an excellent : . .
. . . o . .3 systems with an arbitrary spin degeneracy by Van den Heuvel
technique for investigating the distribution of spin density” and 9

the metal—licand bondine® in open-shell svstems. The and Soncini®’ and others.'®™** In the case of vanishing or
resonance fre(gluencies of pgaramagng i speciesytypicz;lly lie negligible zero-field splitting (ZFS), and when the degenerate

outside the normal range of NMR shifts for their diamagnetic ground state with 28 + 1 multiplicity is well separated from any
1 It of tlg1 Jditional tributi h & " excited states, the temperature-dependent part of the isotropic
analogs as a result of the additional contribution of hyperfine

NMR shift obeys the Curie 1 d is calculated
(de)shielding, which originates in the hyperfine interaction St obeys The LAt Jaw ape I caiaated as

between the nuclear magnetic moment of a ligand atom L and SHF S(S+1) K T AT(L)]
unpaired electron(s). Because the magnetization of unpaired L= 3 3kThy g @)
electron(s) is temperature dependent, its transcription to the .
hyperfine (HF) NMR shift, 5;, is also temperature depend- Here, we have adopted SI units, kT represents the thermal
ent. Therefore, measurements at various temperatures are energy, h is the reduced Planck constant, y, is the Bohr
frequently used to estimate the temperature-dependent magneton, y;, is the gyromagnetic ratio of nucleus L, and the
contribution to the NMR shift and to determine the EPR parameters g and A are the g-tensor and the hyperfine
distribution of spin density.”> However, to interpret the coupling tensor (A-tensor), respectively.
experimental NMR observations in detail, theoretical analysis
based on first-principles calculations is typically required.” The Received: January 21, 2021 Inor?gnic(hemishy
total NMR shift of atom L can be calculated as the sum of the Published: June 16, 2021 ‘ »
orbital (6, approximately temperature independent) and
hyperfine (5}, temperature dependent) contributions®”
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Using the EPR parameters, the 5} can be separated into the
Fermi-contact (FC),>'® spin-dipolar (SD),'®'” and para-
magnetic spin—orbit (PSO)'*'® terms used in eq 3, which is
governed by the physical terms of the A-tensor.'

O = 1 + 630 4 a1 ®

The Fermi-contact term, &}, can be linked directly to the
spin density at the position of the nucleus L being probed and
will be shown to be dominant for the *C NMR shifts of the
ligand atoms of Cr(III) and Cu(ll) compounds la—1d and
2a—2d (for structures, see Figure 1) investigated in this work.
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Figure 1. Structures and atom numbering schemes for compounds
la—1le (chromium) and 2a—2e (copper).

We recently provided a clear theoretical interpretation of the
signs of the electronic g-shifts and hyperfine coupling constants
of eq 2 for iridium complexes with a straightforward
generalization covering the full d-block.'® Early transition-
metal (TM) complexes with low d-electron occupancy (d'—
d’) exhibit negative g-shifts, whereas late transition-metal
complexes (d’—d’) typically have positive g-shifts. The sign of
the isotropic g-shift for the Cr(III) and Cu(II) compounds
being investigated (Figure 1) can also be described by a linear
spin—orbit approach to the g-tensor in the framework of

crystal-field theory."”*® Recently, the relationship between the

electron configuration and the sign of the hyperfine NMR
shifts of the ligand has been demonstrated for a series of
acetylacetonato vanadium, nickel, and copper complexes.”’
Previous EPR and paramagnetic NMR studies of transition-
metal complexes of acetylacetonate include those of Cr-
(111),*** Mn(I11),** Fe(III),”>** Ru(111),**~** Ni(II),”>*° and
Cu(I1)** compounds.

In this study, we focus on representatives of early
(chromium, group 6) and late (copper, group 11) 3d
transition-metal compounds with various substituents, as
shown in Figure 1. Their previous characterizations by NMR
spectroscopy relied mostly on "H NMR experiments, with '*C
NMR data, in most cases, missing or incomplete. Here, we
report a full set of 'H and *C NMR shifts for the parental
compounds 1a and 2a determined experimentally in the solid
state using magic-angle spinning (MAS) experiments with a
short echo delay. In addition, relativistic density-functional
theory (DFT) calculations’’ were performed to assist in
assigning the resonances and to interpret the spin distribution
in these compounds along with the Fermi-contact contribu-
tions to the hyperfine NMR shifts that are related to it.

2. RESULTS AND DISCUSSION
2.1. Solid-State *C NMR Shifts. The Cr(III) and Cu(II)

compounds were prepared as summarized in the Supporting
Information. Their NMR spectra were recorded in the solid
state under magic-angle spinning (MAS) at 30 kHz. The "*C
MAS NMR spectra of parent compounds 1a and 2a recorded
at 313 K are shown in Figure 2 as examples.

In contrast to previous reports, we succeeded in measuring
all of the *C NMR resonances™” of compound 1a and a very
broad resonance”" at around 900 ppm of 2a. The measured 'H
(solution) and "*C (solid state) NMR shifts for compounds
la—d and 2a—d are summarized in Table 1.

The C NMR shifts clearly indicate the different electron
configurations and spin distributions in the groups of
compounds 1 and 2. In compound la, the carbonyl atom
Cl is greatly paramagnetically deshielded (6 = +1155 ppm),

(a)

1a

2 3
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Figure 2. *C MAS NMR spectra of compounds (a) 1a and (b) 2a obtained in the solid state (30 kHz spinning) at 313 K. The NMR lines assigned
to atoms C1, C2, and C3 are colored in red, green, and blue, respectively. The hash marks (#) denote spinning sidebands, which are out of phase
due to the mismatch of the echo delay and the rotation period. The asterisk (*) denotes an additional signal in the sample of 1a. The NMR spectra
(average of 10°—10° scans) were recorded by a spin-echo pulse sequence with a short delay (10 ys) between the excitation and refocusing pulses
and a relaxation delay of 25 ms. For more experimental details, see Section 4 and the Supporting Information (Table S1, Figures SI and S2).
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Table 1. Experimental 'H (Solution, CDCl,) and *C (Solid
State) NMR Shifts for Compounds la—d and 2a—d
Measured at 313 K

compound atom 'H (solution) 3C (solid state)
la C1 +115S
(R=H) H2/C2 +26.9 +316
H3/C3 +38.1 —421
1b Cl “
(R = CN) c2 “
H3/C3 +44.4 —340
1c C1 ¢
(R = CI) c2 a
H3/C3 +38.9 —250
1d Cl “
(R =Br) Cc2 “
H3/C3 +38.1 —-320
2a C1 +96
(R = H) H2/C2 —20.1 —67
H3/C3 +0.9 +929
2b Cl1 +96
(R = CN) c2 -87
H3/C3 +24° +750
2c C1 +123
(R = Cl) C2 -143
H3/C3 +6.2 +800
2d C1 +162
(R = Br) c2 ~160
H3/C3 +7.0 +804

“Not observed. ®Measured in methanol-d,.

whereas the methyl C3 is notably shielded (5§ = —421 ppm).
The signal assignment pattern is reversed for 2a: C1 is slightly
shielded compared to its diamagnetic counterparts, but C3 is
greatly deshielded (6 = +929 ppm). The experimental (solid
state) and DFT-calculated (in vacuo) '*C NMR shifts of atoms
C1—-C3 in compounds la and 2a are shown in Figure 3.
The NMR shifts for compounds 1 reported in this work
have been calculated assuming a quartet ground state, eq 2.
This is perfectly justified by the vanishingly small experimental
ZFS (D < 0.6 cm™ for 1a)***” and our comparison between
the NMR shifts calculated with and without ZFS (Table S2).
To determine the physical contributions to the hyperfine NMR
shifts that dominate the trends in Figure 3, we performed

theoretical calculations of the hyperfine coupling tensors at the
four-component relativistic DFT level (Table S3 in the
Supporting Information).”® The values obtained for the
isolated molecules are summarized in Table S4 and confirm
the dominant role of the Fermi-contact contributions related
to the distribution of electron-spin density in the 3-diketonato
moiety, which will be discussed in detail in Section 2.3. Note
that the NMR shifts for 2a calculated in vacuo (Figure 3) agree
nicely with those reported previously (+1153, +149, and —44
ppm).”!

The successful observation of all of the '*C NMR resonances
of parent compounds 1la and 2a (including those at around
1000 ppm) prompted us to investigate the set of compounds 1
and 2 shown in Figure 1 and to analyze the effects of
substituents on the NMR shifts. However, for the chromium
complexes 1, we obtained the NMR resonances of C1 (+1155
ppm) and C2 (+316 ppm) only for compound la. Our
inability to detect NMR signals of these two atoms for the
other Cr(III) complexes can be rationalized by either the
presence of several molecules in the asymmetric unit of our
crystalline samples or very fast transverse relaxation or both.
However, as the trends in NMR shifts for 1la and 2a are
satisfactorily reproduced by theoretical calculations (see Figure
3), we visualize the theoretical substituent-dependent '*C
NMR shift of C2 in Figure 4. Substituting bromine for
hydrogen in compound 1 results in an additional deshielding
of C2 by almost 700 ppm (compare &% for la and 1d in
Figure 4), accounted for mainly by the contribution of the
hyperfine shift. The electronic origins of the individual
hyperfine contributions will be discussed in detail in Sections
2.3 and 2.4.

2.2. DFT Calculation of NMR Shifts at Experimental
Conditions. Despite the general agreement of the trends in
the NMR shifts shown in Figures 3 and 4, there is a significant
mismatch between the experimental solid-state data and the
theoretical values calculated in vacuo, as shown in Table 2 and
Figure 5. We therefore investigated the individual physical
effects influencing the NMR shifts. Because of the planar
nature of the Cu(II) compounds and their assumed greater
sensitivity to intermolecular contacts including cation—7x
interactions, compound 2a is analyzed in this section as an
example.

2.2.1. Crystal Packing. First, we investigated the effect of
crystal packing on the NMR shift using the cluster
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Figure 3. Experimental (solid state, stripe pattern) and theoretical (DFT-calculated in vacuo using ADF2017, see Section 4) *C NMR shifts of
atoms C1 (red), C2 (green), and C3 (blue) in compounds 1a (left) and 2a (right) at 313 K. The estimated uncertainty of the experimental NMR

shifts is shown by standard error bars.
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Figure 4. Experimental (solid state) and theoretical (DFT-calculated in vacuo using ADF2017) *C NMR shifts of C2 for compounds la—1e (left)

and 2a—2e (right) at 313 K.

Table 2. NMR Shifts for Compounds 1a (S = 3/2) and 2a (S = 1/2) Calculated Using PBE0/TZ2P In Vacuo or in a

Supramolecular Cluster®

atom vacuo” vacuo” clust( 3)

la Cl1 +1337 +1304 +1291
Cc2 +248 +254 +268

C3 —569 —567 =551

2a Cl1 +137 +107 +86
Cc2 -17 -25 =32

C3 +1167 +1168 +1092

clust(SN)d Al clust(9) clust(9) + AT exp
+1286 +1155
+266 +316
—531 —421
+86 +0 +83 +83 +96
=57 =25 -39 —64 —-67
+988 —104 +1059 +95S +929

“The geometry of the central molecule was optimized in the supramolecular cluster unless stated otherwise; see Section 4. “Geometry optimized in
vacuo (EPR and NMR parameters calculated in vacuo using ADF2017). bGeometry optimized in clust(9) (EPR and NMR parameters calculated in
vacuo using ADF2019 and ADF2017, respectively); clust(3): two cluster neighbors are diamagnetic (with Ca atoms). Yelust(3'): all three
molecules are open shell (see Table 3); A™: calculated as clust(3'") — clust(3); clust(9): eight cluster neighbors are diamagnetic (with Ga and Ca
atoms for la and 2a, respectively); for Cartesian coordinates, see the Supporting Information; exp: experimental solid-state NMR data.

(a) 1250

1167

1168
1150

1050

3('3C) [ppm]

©
a
S

850

vacuo® vacuo® clust(3) clust(3") clust(9) °':Z£(I9) exp

Figure S. (a) Contributions of individual physical effects to the NMR shift of C3 in compound 2a as described in Table 2. (b) Side view of the
supramolecular arrangement of two nearest-neighbor molecules in the small cluster (clust-3) of compound 2a indicating intermolecular cation—7z

interaction between Cu and C2 (plotted by the OLEX2 program®").

approach.””™** The central molecule of interest was embedded
in a cluster of eight surrounding molecules generated from the
X-ray structure ACACCU04> (R = 2.2), clust(9). Calcium
atoms were substituted for copper in all of the embedding
diamagnetic molecules (for the cluster arrangement, see
Cartesian coordinates in the Supporting Information). The
NMR shift of C3 in the central molecule of 2a in this large
clust(9) changed by 109 ppm, as shown in Table 2 and Figure
S. However, approximately 70% of this supramolecular effect
on the C3 NMR shifts for 2a had already been reproduced by
the two nearest neighbors in clust(3). Therefore, we analyze
only the small clust(3) of 2a in the following section.

2.2.2. Effect of Neighboring Paramagnetic Molecules. To
investigate the hyperfine effects of paramagnetic neighbors on
the NMR shifts of the central molecule of 2a in the solid
state,’*>” we resorted to the smallest cluster, the three
molecules shown in Figure 5b. Because the magnetic coupling

9371

constant and zero-field splitting are negligible, the electronic
ground state of this clust(3'") is eight-times degenerate (one
quartet and two doublets). This degeneracy permits us to use
eight single Slater determinants (¥*) to describe its electronic
states. To choose unique WP (with different NMR values), we
fix the o electron-spin state at the central probing molecule
(labeled as a bold 1). As a result, four spin combinations at the
two neighboring paramagnetic centers are possible, one psb
with three unpaired spins (111) and three WS° with one
unpaired spin (J11, 11}, and |[f}). The EPR and NMR
parameters calculated for the individual spin systems using the
ZORA approach are summarized in Table 3. Clearly, the
differences between the '*C NMR shifts calculated for the
individual |11, 111, and 1| states are rather marginal (<15
ppm). However, the NMR values for the 111 state are notably
different. Its 25% contribution to clust(3™') brings the
theoretical values significantly closer to the experiment. The

https://doi.org/10.1021/acs.inorgchem.1c00204
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Table 3. Theoretical Boltzmann Populations (in %) and *C
NMR Shifts (in ppm), Calculated Using the ZORA
Approach and the PBEO Functional, for the Individual Spin
States of clust(3'') and the Averaged Values”

m it "m 0 clust(3)
population 25 25 25 25
C1 +18 +104 +105 +118 +86
C2 —-192 =27 —-28 =22 -57
C3 +1367 +857 +861 +868 +988

“For computational details, see Section 4.

averaged '*C NMR shifts are included in Table 2 to calculate
the shielding correction (A™) used further for the calculation
on the large clust(9). Summing up all of the physical effects in
Table 2 results in very satisfactory agreement between the
theoretical and experimental *C NMR data for 2a (Ad < 30
ppm).

2.2.3. Comment on the Selection of the Density
Functional. The calculation of NMR and EPR parameters
has previously been shown to be very sensitive to the density
functional, particularly the amount of the exact-exchange
admixture used.””** The effect of the exact-exchange
admixture (0—40%) in the PBE-based functional for
compounds la and 2a is shown in Table S8 and Figure S3
(Supporting Information). This effect amounts to up to 500
ppm (C1) and 800 ppm (C3) for compounds la and 2a,
respectively. However, the use of a reliable structural model
and the simulation of crystal packing by the cluster approach
provide very good agreement between the theoretical and
experimental NMR data (Table 2). Therefore, we used 25% of
the exact-exchange admixture as implemented in the standard
PBEO functional for all of our production calculations. To
interpret the differences in the NMR shifts between
compounds 1 and 2, we first analyze and discuss their
electronic structures.

2.3. Differences between Compounds 1a (d®) and 2a
(d®). 2.3.1. Electronic Structure. Compound 1a contains three
3d electrons, each occupying a metal-centered d,-, d,.-, or d,.-
based molecular spin orbital (MSO, S = 3/2), as shown
schematically in Figure 6a. These single-occupied orbitals are
of m-symmetry relative to the six Cr—O bonds. Because of the
m-symmetry, the spin polarization in 7-space is expected to be
the main mechanism resulting in a Fermi-contact contribution
to the ligand hyperfine *C NMR shifts of la. However, an
additional donation of a-spin density (Hund’s rule) to the
formally vacant d,>_ and d> would result in an overabundance
of B-spin density in the ligand o-space (see below).

In contrast, 2a has nine 3d electrons. The metal-centered
nonbonding molecular spin orbitals (MSOs) of d,-, d..-, d,.-,
and dj-type are approximately paired, whereas a single
unpaired electron (S = 1/2) resides in d,2_ see Figure 6b.
The unpaired density is thus found in the o-space of all of the
four Cu—O bonds. Therefore, the o-bond spin delocalization
and hyperconjugation interactions®” are expected to dominate
the Fermi-contact mechanism of the ligand hyperfine '*C
NMR shifts in 2a. The total spin densities for compounds 1a
and 2a, calculated at the scalar-relativistic (1c) level of theory,
are visualized in Figure 7.

(a) (b)

2a

2.049

2.192

Jiso=1.98 Oiso=2.10

Figure 7. Visualization of the scalar-relativistic (1c) spin density
(isosurface at #+ 0.0002 au) and the principal components of the g-
tensor for (a) la and (b) 2a, calculated using DFT at the spin—orbit
(2c) level; see Section 4. The predominance of the a and S spin
density is shown in blue and red, respectively.

As shown in Figure 7, the isotropic g factors (g,) are
opposite for the compounds 1a and 2a. Note in passing that
our calculated g, values of 1.98 (1a) and 2.10 (2a) are in very
good agreement with the experimental data reported
previously (1.98 for 1a,”® 2.12 for 2a*). The signs of the g-
shifts (Ag;,,) have been interpreted in terms of the electronic
structure since the dawn of EPR spectroscopy.'”*" The angular
magnetic couplings in the a-spin space involving a singly
occupied molecular orbital (SOMO) result in negative g-shifts
(Agy,) for early TM complexes (d'—d®)."®'” This applies to
the d* compound 1a (Ag,, = —20 ppt), where three singly
occupied 3d a orbitals can form efficient angular magnetic
couplings with two unoccupied 3d a orbitals, whereas three
singly unoccupied 3d f orbitals have no occupied f d-orbitals
nearby with which to form efficient magnetic couplings (see
Figure 6). In contrast, couplings in the f-spin space involving
singly unoccupied molecular orbital (SUMO) result in positive

(a) @6 %

R

2% &F

d

(b) 4_@6
et *3%88
wusg

Figure 6. Schematic representation of the energy and occupation of metal 3d orbitals in compounds (a) 1a and (b) 2a. Note that the ligands
occupy %, ¥, z and «x, y positions in the octahedral and square-planar complexes, respectively.
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1a

a spin density
m-delocalization Cr—acac

B spin density
o-polarization of O1 and C3

(b)

2a

a spin density
o-delocalization Cu—acac

B spin density
T-polarization of Cu and C1

Figure 8. Visualization of the spin density (isosurface at + 0.0001 au) for compounds (a) 1a and (b) 2a, separated into the & (top) and 8 (bottom)

parts.

g-shifts for the late TM complexes (d°—d”)."®'” This clearly
applies to the d’° compound 2a (Ag,, = +96 ppt) because
several occupied 3d S orbitals are available for the f SUMO to
form angular magnetic couplings, whereas no unoccupied a
orbitals are accessible to the @ SOMO (see Figure 6). This has
been shown to be the case for 3d TM complexes with
acetylacetonate involving V, Ni, and Cu?!

2.3.2. Spin Delocalization and Polarization. To analyze
the hyperfine coupling pathways for the individual atoms C1—
C3 in compounds la and 2a in detail, the spin densities are
plotted separately for o and f spaces in Figure 8.

In compound 1a, the spin-propagation mechanism involves
two distinct pathways. First, the spin polarization of the o¢,_o
bond, linked with the donation of a-spin density (Hund’s rule)
to the vacant de_yZ and d orbitals, as shown in Figure 6a,
leaves f3-spin density in the o-space of the ligand, particularly at
the oxygen atom (spin population —0.020 au). This polar-
ization is partially transferred to the C3 atom by the Cr—O <
C1—-C3 o-hyperconjugation mechanism, giving rise to a
negative spin population at C3 (—0.004 au) and a negative
hyperfine '*C NMR shift (—421 ppm); see Figure 8a
(bottom). Second, conjugation of the 7-type single-occupied
metal-based d-orbital(s) with the ligand 7-type orbitals enables
the out-of-plane spin-delocalization mechanism (Figure 8a,
top), resulting in positive spin populations (predominance of
@) in the 7-space of C1 (+0.016 au) and C2 (+0.007 au) and
positive hyperfine shifts for these carbon atoms. This
observation is in agreement with the previously reported
data for a series of Cr(Il1)** and Ru(II)** p-diketonates,
which indicated considerable z-type delocalization of the metal
electrons through the 7 orbitals of the ligands.

Because of the different symmetry of the SOMO (d,z_ in
Figure 6b) in compound 2a, the a-delocalization on the o¢,_q
bond results in positive spin density at the oxygen atom
(+0.077 au); see Figure 8b. Further, this a-delocalization is
very efficiently transferred to C3 by the Cu—O < C1-C3
hyperconjugation in o-space, resulting in a 5g3 > 1000 ppm. In
passing, note the expected absence of a 7-mechanism for the
C3 atom in both compounds. However, in contrast to that in
la, Cl is polarized more indirectly in the z-space of 2a,
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therefore, in the opposite way and notably less efficiently
(—0.00S au). Similarly, the in-plane spin imbalance at C2 is
relatively weak and probably results from the interplay of two
mechanisms: (i) o-hyperconjugation Cu—O < CI1-C2
interaction and (ii) z-polarization by two neighboring C1
atoms.

The in-plane spin densities highlighting inverted spin-
polarization patterns on the O—C1—C2—H2 coupling pathway
for compounds 1a and 2a are shown in Figure 9. Note the

(@)

(b)

[

0P +0.0004 au
834.7 ppm

W

0*? -0.0004 au
8 -26.9 ppm

1a 2a

Figure 9. Visualization of the in-plane spin density in the acac ligand
for compounds (a) la and (b) 2a, highlighting the inverted spin-
density patterns of the hyperfine coupling pathways toward the C2
and H2 atoms. The atomic spin populations and hyperfine "H NMR
shifts for H2 are included. The predominance of @ and f spin density
is shown in blue and red, respectively.

completely opposite patterns at the C1—C2 bond and around
C2, which is propagated to the opposite spin polarization at
the H2 atom. This is reflected in the positive and negative i
values for la and 2a, respectively. The theoretical hyperfine
NMR shifts (calculated in vacuo) of +34.7 ppm (la) and
—26.9 ppm (2a) correspond nicely to the total experimental
values (measured in a CDCl; solution) of +26.9 and —20.1
ppm, respectively, Table 1. Clearly, the opposite patterns of the
spin densities in the acac ligands result from the opposite
situations at the central metal atoms and the different
mechanisms of spin propagation. All of the observations
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discussed above are even more pronounced in compounds
bearing a polarizable halogen substituent at the C2 atom, as
analyzed in detail for the bromo compounds 1d and 2d in the
following section.

2.4. Substituent Effects on the Spin Densities and
Hyperfine NMR Shifts. The Fermi-contact contribution,
which dominates the hyperfine *C NMR shifts discussed in
the previous sections, is analyzed here for 1a vs 1d and 2a vs
2d to reveal the electronic nature of the substituent-induced
NMR shifts observed (see Figure 4).

As discussed in Section 2.3, the spin delocalization to C2 in
compound 1a via 7-space results in a hyperfine >*C NMR shift
of +136 ppm. The presence of a bromine atom at C2 in
compound 1d provides more efficient spin polarization,
resulting in 53 = +829 ppm. The difference of almost +700
ppm between these two compounds results from repolarization
in the p-orbitals and additional @-spin polarization of the s-
orbitals in the bromine compound, as shown by the spatial
distribution of the spin density and the differences in the
orbital spin populations between 1d and 1a in Figure 10a.

(@) (b)

Cr Cu

&' +136 ppm

&' +829 ppm & -266 ppm
Ap™ (Br - H) Ap™ (Br - H)
s +0.0006 s -0.0003
p +0.0004 p -0.0004
px -0.0020 px +0.0004
p, +0.0004 p, -0.0006
p, +0.0020 p, -0.0002

Figure 10. Visualization of the out-of-plane spin density on the C2—X
bond for compounds (a) 1a (X = H) and 1d (X = Br) and (b) 2a (X
= H) and 2d (X = Br). The differences in the spin populations of the
AOs between derivatives a (top) and d (bottom) are also presented.

Similarly, the more negative hyperfine *C NMR shift of C2
for 2d as compared with that for 2a reflects an increased
imbalance in the spin distribution around the C2 nucleus
favoring B-spin density; see Figure 10b.

The observations and differences in spin distribution
summarized above result from the different electronegativities
of the X atom (H vs Br) at C2, the polarizabilities of the C2—X
bonds, and the related different degrees of hybridization at C2.
The more polarizable and longer C2—Br bond involves more
carbon 2p-character, leaving the carbon 2s orbital less affected
and more symmetrically distributed at all three bonds around
C2 and, therefore, available for symmetrical polarization
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around the carbon nucleus; see Figure 10, bottom. In general,
this rearrangement results in a significantly larger Fermi-
contact contribution to the hyperfine NMR shifts for the d
compounds. Similar arguments apply to the other derivatives
with halogens, compounds ¢ and e (cf,, Figure 4). A detailed
investigation of the effects of substituents on the spin-
polarization and hyperfine coupling pathways in a large set
of transition-metal complexes is in progress in our laboratories.

3. CONCLUSIONS

Carefully measured, calculated, and interpreted ligand NMR
data for two series of paramagnetic acetylacetonate complexes
are reported. For the first time, solid-state '*C NMR
resonances for greatly paramagnetically deshielded carbon
atoms in Cr(III) and Cu(II) compounds were obtained by a
short spin-echo MAS experiment. The trends in experimental
NMR shifts have been reproduced by the DFT calculations for
isolated molecules. However, quantitative agreement between
the experimental solid-state and theoretical DFT values is
shown to be achieved only if the effects of the supramolecular
interactions in the crystal and nearest-neighbor paramagnetic
molecules are included. Our contribution provides a guide for
many future NMR investigations of complex systems.

The differences in *C NMR resonances between octahedral
d* Cr(acac); and square-planar d’° Cu(acac), compounds are
rationalized by the molecular symmetry, the electronic and
spin structure, and different spin-delocalization mechanisms
involving conjugation in z-space and hyperconjugation in o-
space. Further, the substituent-induced hyperfine effects are
shown to amount up to 700 ppm, calculated as a difference
between the *C shifts of C2 in compounds with the hydrogen
(a) and bromine (d) atom. However, a full understanding of
this substituent-induced effect requires that additional analyses
be performed and it cannot be rationalized by simply plotting
the spin densities and total atomic spin populations. The
analysis of hyperfine coupling pathways in a heavy-element
series of acetylacetonates using hyperfine coupling densities is
in progress in our laboratories.

4. EXPERIMENTAL AND THEORETICAL METHODS

4.1. Materials and Synthesis. The starting compounds CrCl;:
xH,0, CuCl,«H,0, 2,4-pentanedione, N-bromosuccinimide,
NaHCO,, K,CO; Cu(NO;),-3H,0, acetic anhydride, and
CH;COONa were used as obtained from our suppliers. The solvents
in p.a. grade were used as received without further purification. The
compounds were synthesized according to slightly modified
procedures reported previously, as described in the Supporting
Information.

4.2. NMR Spectroscopy. 4.2.1. Solid-State NMR. 'H and *C
MAS NMR spectra of compounds 1 and 2 were recorded on a Bruker
AVANCE-II spectrometer at a magnetic field of 4.7 T (200.06 and
50.31 MHz for 'H and '*C, respectively) using a home-built MAS
probe for 1.8 mm Si;N, rotors. The NMR shifts are given using a
TMS scale. The temperature of a spinning sample depends on the
spinning speed and on the air flow in the driving and bearing
channels. The actual temperature of the sample has been calibrated
using the NMR shift of lead nitrate, Pb(NOj;),, which was spun under
identical conditions.*’

The 'H MAS spectra were recorded with the spin-echo pulse
sequence 77/2—7—1—7—ACQ, where 7/2 1.5 us. The sample
spinning rate was 40 kHz, and the echo delay was set to one sample
rotation period 7 = 7, = 25 ps. The spectra were recorded from 1 to 2
X 10° repetitions and with a 100—200 ms of relaxation delay.

The *C MAS spectra were also recorded with a spin-echo pulse
sequence (/2 = 2.5 us), but a minimal echo delay of 7—10 us was
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used to minimize the signal decay of the broad NMR lines with the
short relaxation times. A spin-echo mismatch caused the spinning
sidebands to appear out of phase; see Figure 2. The sample spinning
rate was 30 kHz, and the spectra were recorded from 0.1 to 2.5 X 10°
repetitions with a 100—200 ms relaxation delay.

4.2.2. NMR in Solution. The "H NMR spectra of compounds 1 and
2 were recorded on Bruker AVANCE NEO spectrometers at
frequencies of 500 and 700 MHz. The NMR shifts are reported
relative to TMS, the reference used. The temperature of the NMR
sample was calibrated as reported previously.”

4.3. Quantum Chemical Calculations. 4.3.1. Geometry of the
Isolated Molecules. The molecular geometries of compounds 1 and 2
were fully optimized in vacuo using the PBEO functional**** and the
def2-TZVPP basis set (with the corresponding def2-ECP for heavier
atoms)*® as implemented in the Turbomole 7.00 program.*” All
calculations using this optimized protocol*** were performed with
the mS integration grid and the following convergence criteria: 107
for the energy change and 107° for the geometry gradient.

4.3.2. Geometry in the Solid State. The starting structures for
compounds la and 2a were extracted from the X-ray data with
reference codes ACACCRO7 (R = 4.2)°° and ACACCU04 (R =
2.2), respectively. The central molecule of interest was embedded in
a cluster of eight surrounding diamagnetic molecules (Ga and Ca
were substituted for Cr and Cu, respectively) generated from the
crystal packing. We used an approach calibrated in our previous
studies of octahedral and square-planar transition-metal complexes to
optimize the molecular geometry of the central molecule.”** The
surrounding cluster was kept fixed (for 1a) except the positions of all
of the hydrogen atoms (for 2a) that were relaxed (for Cartesian
coordinates, see the Supporting Information). The geometry was
optimized using density-functional theory (DFT) with the PBEO
functional**** and the def2-TZVPP basis set*® for all atoms of the
central molecule and the def2-SVP basis set for all atoms of the
surrounding cluster, with the corresponding relativistic effective core
potentials (def2-ECPs)°' for the metal center. The dispersion
correction D3-BJ**>* was employed to treat weak supramolecular
interactions in the cluster.

4.3.3. Two-Component Calculation of the NMR and EPR
Parameters. The total NMR shifts were calculated as the sum of
the orbital (67™) and hyperfine (5{'F) contributions, according to eq 1.
The orbital shift of the ligand atom L is obtained theoretically as the
difference between the shielding constants of a reference diamagnetic
compound (6,,)) and a spectator atom L (&)

5frb = - gfrb + 5ref

(4)

The NMR and EPR parameters were calculated using the zeroth-
order regular approximation (ZORA)***° Hamiltonian, as imé)le-
mented in the ADF program package (versions 2017 and 2019).°°7>*
The orbital NMR shielding constants and zero-field splittings for
open-shell systems were determined only at the scalar (spin-free, 1c)
ZORA level. In the production calculations, we used the PBEO
functional (for other functionals, see the Supporting Information), the
TZ2P basis sets,”’ and either vacaum or the cluster model derived
from the X-ray geometry (see above). The calculated orbital shifts
(82®) were referenced relative to adamantane as a secondary reference
(8¢ = 1.82 ppm for 'H and &, = 38.48 ppm for *C) and are
reported relative to TMS (primary reference). The hyperfine shifts
(81) were calculated at the 2c (SO-ZORA) level using the same
functional and basis sets as used for the calculation of the orbital
contributions. The zero-field splitting (ZFS) parameters D and E were
included in the testing calculations using the pNMRShift
program.®>®" For details and the effects of ZES on the calculated
hyperfine NMR shifts, see the Supporting Information. The reported
values were obtained by averaging the corresponding values for all
chemically equivalent atoms. The net atomic and orbital spin
populations were calculated at the 1c level of theory in the ADF
program (ZORA/PBEO) using the Mulliken approach® consistent
with our previous reports on paramagnetic Ru(III) compounds.“’24

4.3.4. Four-Component Calculation of the Fermi-Contact, Spin-
Dipolar, and Paramagnetic Spin—Orbit Contributions to the

ref
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Hyperfine NMR Shift. The separation of 5" into individual physical

. . . 16,63
terms according to eq 3 was performed as described previously ™~ at
the four-component level of theory employing the ReSpect program
package.*
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