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ABSTRACT: The nuclear magnetic resonance (NMR)
spectra of single-anion bridged, dinuclear copper(II) metalla-
cycles [Cu2(μ-X)(μ-L)2](A)3 (Lm = m-bis[bis(1-pyrazolyl)-
methyl]benzene: X = F−, A = BF4

−; X = Cl−, OH−, A = ClO4
−;

Lm* = m-bis[bis(3,5-dimethyl-1-pyrazolyl)methyl]benzene: X
= CN−, F−, Cl−, OH−, Br−, A = ClO4

−) have relatively sharp
1H and 13C NMR resonances with small hyperfine shifts due to
the strong antiferromagnetic superexchange interactions
between the two S = 1/2 metal centers. The complete assignments of these spectra, except X = CN−, have been made
through a series of NMR experiments: 1H−1H COSY, 1H−13C HSQC, 1H−13C HMBC, T1 measurements and variable-
temperature 1H NMR. The T1 measurements accurately determine the Cu···H distances in these molecules. In solution, the
temperature dependence of the chemical shifts correlate with the population of the paramagnetic triplet (S = 1) and diamagnetic
singlet (S = 0) states. This correlation allows the determination of antiferromagnetic exchange coupling constants, −J (Ĥ =
−JŜ1Ŝ2), in solution for the Lm compounds 338(F−), 460(Cl−), 542(OH−), for the Lm* compounds 128(CN−), 329(F−),
717(Cl−), 823(OH−), and 944(Br−) cm−1, respectively. These values are of similar magnitudes to those previously measured in
the solid state (−Jsolid = 365, 536, 555, 160, 340, 720, 808, and 945 cm−1, respectively). This method of using NMR to determine
−J values in solution is an accurate and convenient method for complexes with strong antiferromagnetic superexchange
interactions. In addition, the similarity between the solution and solid-state −J values of these complexes confirms the
information gained from the T1 measurements: the structures are similar in the two states.

■ INTRODUCTION

The study of dinuclear copper(II) complexes formed from
ligands containing nitrogen donor atoms1 as models for type-3
active sites of copper enzymes2 (e.g., tyrosinase, oxyhemocya-
nin, laccases, ascorbate oxidase, ceruloplasmin) is extensive. In
these systems, histidine residues are coordinated to the
copper(II) centers with at least one small bridging group
directly connecting the metal centers and mediating strong
antiferromagnetic superexchange interactions.3 In addition to
the solid-state structural and magnetic information, the
characterization of these models in solution is important
because of possible applications as biomimetic catalysts4 and/or
molecular magnets.5

Paramagnetic copper(II) complexes usually have long
electronic relaxation times and give broad nuclear magnetic
resonance (NMR) signals, thus impeding characterization in
solution.6 In contrast, dinuclear, antiferromagnetically coupled
copper(II) complexes give relatively narrow NMR signals;
however, there are only a limited number of examples in the
literature that demonstrate the use of this method as a means of
characterization in solution.7,8 In these studies, the small
bridging ligand responsible for the antiferromagnetic coupling

of the copper(II) centers is usually an OH− group. Currently,
there are no solution studies of an extensive series of dinuclear
copper(II) compounds where the structure is held relatively
constant while the small bridging anions are varied. Very few
examples of these types of copper(II) complexes have been
characterized by two-dimensional (2D) NMR techniques
(1H−1H COSY)8 and apparently there are no examples of
13C NMR and 1H−13C correlation studies.
We have recently synthesized a series of five coordinate

dinuclear copper(II) metallacycles supported by the ligands m-
bis[bis(1-pyrazolyl)methyl]benzene (Lm) and m-bis[bis(3,5-
dimethyl-1-pyrazolyl)methyl]benzene (Lm*) of the formula
[Cu2(μ-X)(μ-L)2](A)3 (Lm: X = F−, A = BF4

−; X = Cl−, OH−,
A = ClO4

−; Lm*: X = CN−, F−, Cl−, OH−, Br−, A = ClO4
−).9

Scheme 1 shows the structure of the two ligands, which differ
by the methyl substitution of the pyrazolyl rings, and Figure 1
shows the structure of the [Cu2(μ-F)(μ-Lm*)2]

3+ cation.
The Lm* complexes have unusual structural features, such as

the linear Cu−X−Cu bridging arrangement and axially
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compressed trigonal bipyramidal geometry around the metal
centers. This arrangement,9 where the bridging X− ligand
occupies an equatorial site of the coordination sphere, results in
strong antiferromagnetic superexchange interactions in the
solid state, −J = 160(CN−), 340(F−), 720(Cl−), 808(OH−),
and 945(Br−) cm−1, respectively (Ĥ = −JS ̂1S ̂2, where −J is the
exchange coupling constant) as a result of the overlap of the
“donut”-shaped portion of the spin-rich copper(II) dz

2 orbitals
with the bridging anion orbitals. The magnitude of −J
correlates with the size of the bridging halides and it is
unusually large for the OH−.9a “Broken-Symmetry” density
functional theory (DFT) ORCA calculations showed that as
the size of the bridging halide increases, the energy of the triplet
state increases faster than the energy of the singlet state,
resulting in larger singlet−triplet energy gaps. The hydroxide
singlet−triplet gap resides between that of the Cl− and Br−

bridged compounds. The exchange integral and the spin
delocalization of unpaired spin density toward the bridging
group also increase as the size of the bridging halide is
increasing.
The F− bridged complex of the Lm ligand has the same

trigonal bipyramidal geometry as the analogous Lm* com-
pound, with an almost linear Cu−F−Cu bridging angle (164−
180°, depending on the solvent content of the crystals),9b and,
subsequently, the −J value is similar, 365 cm−1 vs. 340 cm−1.
The Cu−X−Cu bridging angle in the Cl−10 and OH− analogues
is smaller (153.2° and 141.0°) than in the Lm* analogues
(180°), resulting in weaker superexchange interactions in the
Lm series (−J = 536 and 555 cm−1, respectively) when
compared to analogous Lm* compounds (720 and 808 cm−1,
respectively) in solid state.
Here we report the determination of the structures in

solution, using one-dimensional (1D) and 2D NMR
techniques, as well as T1 measurements for the calculation of

Cu···H distances, of this first extensive series of dinuclear
copper(II) metallacycles, where the X− bridges promote strong
antiferromagnetic interactions, and where these bridges are
systematically varied. We also determine, from variable-
temperature (VT) 1H NMR studies, the magnitude of the
exchange coupling constant (−J) in solution and compare these
results with the solid-state −J values previously determined
from SQUID measurements.9b,c

■ EXPERIMENTAL SECTION
The 1H, 13C NMR, and 2D NMR (1H−1H COSY, 1H−13C HSQC,
1H−13C HMBC) spectra were recorded on a Varian Mercury/VX 400
or a Bruker Avance-III HD 400 with broadband Prodigy Cryoprobe.
All chemical shifts are given in ppm and were referenced to residual
undeuterated solvent signals (1H) and deuterated solvent signals
(13C). The 2D NMR experiments were run with gradient coherence
selection pulse sequences that were included with the vendor supplied
software (VNMRJ version 2.2C or Topspin 3.1). The VT experiments
were carried out in the temperature range of −40 °C to 75 °C (233−
348 K) in acetonitrile-d3. A standard Varian L900 variable-temperature
controller was utilized in these experiments. The longitudinal
relaxation times (T1) were determined by standard inversion−recovery
experiments. For the calculated Cu···H distances, from the crystal
structures, equivalent hydrogen atoms were averaged. If the two
copper(II) centers were not equivalent in solid state, the Cu···H
distances were measured from each copper(II) and then were
averaged.

MestReNova and SigmaPlot software was used in the preparation of
figures.11

Syntheses, single-crystal structures of the copper(II) metallacycles,
and −J values in solid state, calculated from fitting the magnetic
susceptibilities to the Bleaney−Bowers equation, were previously
reported or prepared and measured by analogous procedures.9

[Caution: Although no problems were encountered during this work
with the perchlorate salts, these compounds should be considered potentially
explosive!]

■ RESULTS AND DISCUSSION
NMR Assignments and Confirmation of Structure in

Solution. Solid-state magnetic susceptibility measurements
demonstrated that the dinuclear copper(II) complexes, [Cu2(μ-
X)(μ-Lm)2](A)3 (X = F−, A = BF4

−; X = Cl−, OH−, A = ClO4
−)

and [Cu2(μ-X)(μ-Lm*)2](ClO4)3 (X = F−, Cl−, Br−, OH−,
CN−), show strong antiferromagnetic coupling,9 while the 1H
NMR spectra of analogous dinuclear Zn(II) and Cd(II)
compounds, e.g. [Cd2(μ-F)(μ-Lm*)2](ClO4)3, showed that
the single anion bridged, metallacyclic structure is retained in
solution.9 For these reasons, we anticipated relatively sharp 1H
NMR resonances for these copper(II) compounds, with small
hyperfine shifts. The 1H NMR resonances, in CD3CN at 20 °C,
are indeed relatively sharp and in a very narrow chemical shift
range for copper(II) complexes: [Cu2(μ-F)(μ-Lm)2](ClO4)3 2
to 30 ppm, [Cu2(μ-Cl)(μ-Lm)2](ClO4)3 4 to 25 ppm, [Cu2(μ−
OH)(μ-Lm)2](ClO4)3 4 to 17 ppm, [Cu2(μ-CN)(μ-Lm*)2]-
(ClO4)3 −5 to 20 ppm, [Cu2(μ-F)(μ-Lm*)2](ClO4)3 −2 to 27
ppm, [Cu2(μ-Cl)(μ-Lm*)2](ClO4)3 0 to 13 ppm, [Cu2(μ−
OH)(μ-Lm*)2](ClO4)3 0 to 10 ppm and [Cu2(μ-Br)(μ-
Lm*)2](ClO4)3 1 to 8 ppm.
A series of NMR experiments were carried out in order to

assign these resonances. First, we recorded the VT 1H NMR
spectra in the temperature range −40 °C to 75 °C in
acetonitrile-d3. The shape and position of the resonances are
dependent on the population distribution between the
diamagnetic singlet S = 0 (ground) and the triplet S = 1
(excited) states; that is, they are essentially a function of the

Scheme 1. Schematic Representation of the Ligands Lm and
Lm*

Figure 1. Solid-state structure and drawing of [Cu2(μ-F)(μ-Lm*)2]
3+.
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strength of the antiferromagnetic interaction. To facilitate the
interpretation of the 1H NMR data, we also recorded the 13C
NMR, 1H−1H COSY, 1H−13C HSQC spectra of the
compounds and for [Cu2(μ-OH)(μ-Lm*)2](ClO4)3 the
1H−13C HMBC spectrum.
To complete and/or confirm the assignments of the 1H

NMR resonances, the T1 spin−lattice relaxation times were
measured. Assuming a predominantly paramagnetic dipolar
relaxation mechanism7 for the metallacyclic protons, the
distance between the closest paramagnetic copper(II) center
and the hydrogen atoms can be determined according to the
following equation: di = dref(T1i/T1ref)

1/6, where di and T1i are
the Cu···H crystallographic distances and spin−lattice relaxa-
tion time of proton i, similarly dref and T1ref are the Cu···H
distance and spin−lattice relaxation time of a reference
hydrogen. The results of this analysis have a 20% error margin.
As the strength of the antiferromagnetic interaction

decreases, the assignment of the resonances becomes harder;
the 2D NMR experiments, as a result of short nuclear relaxation
times, provide less or no useful information. In these cases, the
integrals of the deconvoluted resonances and similarities
between the spectra of the more weakly and strongly coupled
copper(II) complexes were taken into consideration along with
the spectra of the d10 analogues. The shape and the
temperature-dependent behavior of the resonances also
facilitate the assignments. The assignments are shown in
Table 1, while Figure 2 shows the 1H NMR spectrum of
[Cu2(μ-Br)(μ-Lm*)2](ClO4)3 at −40 °C, along with a labeled
drawing. The labeling scheme shown on the left side of Figure
2 is correct for all Lm* compounds; the Lm compounds are

labeled analogously except there are no a* and c* methyl
groups attached to the pyrazolyl rings.
The 1H and 13C NMR spectra of [Cu2(μ-Br)(μ-Lm*)2]-

(ClO4)3 at −40 °C show a single resonance for the methines
(d) and the resonances corresponding to the nonequivalent
positions of the phenylene spacers (e, f, g, and ipso-C). For the
a*, c*, and b-pyrazolyl resonances, two distinct environments
are observed (13C resonances for ring carbon atoms are not
observed for the compounds with Lm*) corresponding to the
axial and equatorial pyrazolyl rings of the trigonal bipyramidal
geometry around copper(II) observed in the solid state.
The VT 1H NMR spectra of [Cu2(μ-Br)(μ-Lm*)2](ClO4)3

(see Figure 3) shows the temperature-dependent behavior of
the resonances. Most resonances move to lower shielding as the
temperature is increased, except the d and a* resonances. The
b-pyrazolyl resonances are the most affected by the temperature
change, especially the broader b-resonance, which shifts to
lower shielding by more than 3 ppm. The temperature
dependent hyperfine shifts correlate with −J, this issue is
discussed in detail later.
The line widths of a* and one of the b-pyrazolyl resonances

are much larger than the c* and the other b-pyrazolyl
resonances, presumably because of an increase in paramagnetic
relaxation effects causing shorter spin−spin relaxation times.
The a* resonances are closer (ca. 3.7 Å) to the metal centers
than the c* resonances (ca. 5.9 Å), and although the b-pyrazolyl
resonances in both the axial and equatorial positions are ∼5.0−
5.2 Å away from the copper(II) centers, the broad b-pyrazolyl
resonances can be tentatively assigned to the axial pyrazolyl
rings, which are oriented toward the “dumbbell”-shaped region
of the spin-rich dz

2 orbitals of copper(II).
The assignments above are corroborated by the Cu···H

distances determined from T1 measurements at room temper-
ature (Table 2). The f resonance was chosen as reference for
the calculation of Cu···H distances, because in the 1H−1H
COSY spectrum of the [Cu2(μ-X)(μ-Lm*)2](ClO4)3 X = CN−,
F−, Cl−, Br−, OH− compounds, the only peaks, other than the
diagonal peaks, expected and observed are the f and g peaks,
δ(7.68,7.91) and δ(7.91,7.68), making the assignments
definitive. As shown in Table 2, the distances determined by
NMR match those measured by X-ray crystallography quite
well. This match in values demonstrates that the structure of
[Cu2(μ-Br)(μ-Lm*)2](ClO4)3 in solution is similar to the solid-
state structure.9b Analogous tables for the other compounds can

Table 1. Chemical Shifts and Assignments of the 1H NMR and 13C NMR Resonances of [Cu2(μ-X)(μ-Lm)2](A)3 (X = F−, A =
BF4

−; X = Cl−, OH−, A = ClO4
−) and [Cu2(μ-X)(μ-Lm*)2](ClO4)3 (X = CN−, F−, Cl−, OH−, Br−) at 20 °Ca

aSee Figure 2 for the labeling scheme of individual hydrogen and carbon atoms. Multiple resonances that were not clearly assigned are shown in one
cell. ba*, c* for the compounds with the ligand Lm* and a, c for the Lm compounds. cBroad resonance. dShoulder. eTentative assignment (no
correlation was found in the 1H−13C HSQC spectra). fTwo resonances merged.

Figure 2. 1H NMR spectrum of [Cu2(μ-Br)(μ-Lm*)2](ClO4)3 at −40
°C. Red axial, blue equatorial pyrazolyl rings.
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be found in the Supporting Information (Tables S1−S4),
demonstrating that the correlation of solid-state and solution
structures is general for this class of complexes.
The 1H−13C HSQC spectra of [Cu2(μ-Br)(μ-Lm*)2]-

(ClO4)3, recorded at 20 °C, clearly correlate the proton and
carbon resonances (Figure 4). No correlations were found for
the b-pyrazolyl resonances, probably a result of short nuclear
relaxation times. These b-pyrazolyl resonances are also absent
in the 13C NMR spectra.

Similar assignments were made for [Cu2(μ-OH)(μ-Lm*)2]-
(ClO4)3, the VT NMR spectra is shown in Figure S1 in the
Supporting Information. The 1H−13C HSQC spectra at 20 °C
confirms that the g and f resonances are merged in the 1H
NMR spectrum (8.52 ppm). The most prominent difference in
the 1H−13C HSQC spectra of the bromide and the hydroxide
bridged compounds is a cross peak at δ(7.57,124.1) that can be
assigned to one of the b-pyrazolyl resonances (allowing the
assignment of one 13C b resonance in Table 1), while the
proton−carbon cross peak for resonance e disappears (Figure
5). The proof that δ(7.57,124.1) corresponds to a b-pyrazolyl
resonance, and not the e, comes from the 1H−13C HSQC
experiment at −40 °C, where this cross peak shifts to
δ(6.72,115.4), and the 1H−13C HMBC experiment which
correlates the 13C resonance at 115.4 ppm with one c*-
pyrazolyl resonance at 2.67 ppm (Figure 6, blue circle). The
Cu···H distances calculated from T1 also confirm that the
resonance at 7.57 ppm corresponds to b (dCu···H NMR vs. cryst:
5.14 Å vs. 5.25 Å), while the resonance at 3.95 ppm
corresponds to e (dCu···H NMR vs. cryst: 3.63 Å vs. 4.07 Å)
(see Table S1 in the Supporting Information).
In the 13C NMR spectra of the [Cu2(μ-X)(μ-Lm*)2](ClO4)3

series, we were unable to observe the quaternary a, c, and some
of the b-pyrazolyl carbon resonances at 20 °C, but the 1H−13C
HMBC spectrum of [Cu2(μ-OH)(μ-Lm*)2](ClO4)3 at −40 °C
indicates that these resonances have chemical shifts in a similar
range as [Cd2(μ-F)(μ-Lm*)2](BF4)3,

9c 145−154 ppm (see
green circles in Figure 6). These resonances would be more

Figure 3. Variable-temperature (VT) 1H NMR spectra of [Cu2(μ-Br)(μ-Lm*)2](ClO4)3. The red circles mark the position of one of the two
nonequivalent b-pyrazolyl resonances at each temperature. This resonance was used for the calculation of −J in solution. The resonance for the small
amount of H2O (δ = 2.40 ppm at −40 °C) present in CD3CN broadens with increasing temperature and overlaps with one c* resonance at 20 °C.

Table 2. Spin−Lattice (Longitudinal) Relaxation Times (T1),
Cu···H Distances Calculated from T1 in Solution and Cu···H
Distances from the Single-Crystal X-ray Diffraction
Structures9a for [Cu2(μ-Br)(μ-Lm*)2](ClO4)3

dCu···H (Å)

δ (ppm) at 20 °C T1 (ms) at −40 °C NMR cryst assignmenta

1.49 16.87 3.80 3.78 a* (eq)
1.15 15.04 3.73 3.69 a* (ax)
2.18 116.90 5.26 5.84 c* (ax)
2.69 138.00 5.40 5.91 c* (eq)
4.69 20.91 3.94 4.07 e
7.13 30.46 4.20 4.25 d
7.56 70.66 4.83 5.06 b (ax)
7.68 38.67 used as ref 4.37 f
7.91 92.73 5.06 5.76 g
8.00 75.52 4.89 5.17 b (eq)

aAxial and equatorial assignments are tentative.

Figure 4. 1H−13C HSQC spectra of [Cu2(μ-Br)(μ-Lm*)2](ClO4)3 at 20 °C.
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shifted for the more weakly antiferromagnetically coupled
compounds.
For [Cu2(μ-Cl)(μ-Lm*)2](ClO4)3, the 1H−13C HSQC

spectrum shows a cross peak for the merged g and f resonances
δ(8.19,130.3), δ(8.19,131.9) and two cross peaks for the c*
resonances δ(2.70,14.8), δ(1.93,18.3). The other resonances
can be assigned based on similar assignments for [Cu2(μ-Br)(μ-
Lm*)2](ClO4)3, the VT NMR spectra (see Figure S2 in the
Supporting Information) and T1 measurements.
The compound [Cu2(μ-F)(μ-Lm*)2](ClO4)3 behaves sim-

ilarly to [Cu2(μ-Cl)(μ-Lm*)2](ClO4)3 (Figure S3 in the
Supporting Information). For [Cu2(μ-CN)(μ-Lm*)2](ClO4)3,
the NMR data and T1 measurements are inconclusive,
regarding the assignment of the resonances (Figure S4 in the
Supporting Information).
The VT 1H NMR spectra of [Cu2(μ-X)(μ-Lm)2](A)3 (X =

F−, A = BF4
−; X = Cl−, OH−, A = ClO4

−) are shown in Figure
7, as well as in Figures S5 and S6 in the Supporting
Information. These compounds behave similarly to their

analogues with the Lm* ligand, except the unsubstituted
pyrazolyl ring resonances make the assignments more difficult
because they are observed in the same region as the other
resonances; the T1 measurements become crucial (see Tables
S5−S7 in the Supporting Information). The pyrazolyl rings
show two very broad pyrazolyl resonances in the 13C NMR
spectra of the OH− and F− bridged compounds (see Table 1).
The 1H−13C HSQC experiment shows five correlations for
[Cu2(μ-OH)(μ-Lm)2](ClO4)3 corresponding to the d, f, g, and
two pyrazolyl hydrogen atoms, despite the weaker antiferro-
magnetic interactions (see Figure S7 in the Supporting
Information), for [Cu2(μ-Cl)(μ-Lm)2](ClO4)3 three correla-
tions, d, f, and g, while for [Cu2(μ-F)(μ-Lm)2](ClO4)3 four
correlations, d, f, g, and a pyrazolyl hydrogen. The 1H−1H
COSY experiments failed for these compounds. In three
different sample of [Cu2(μ-F)(μ-Lm)2](ClO4)3, the resonances
of [Cu2(μ-OH)(μ-Lm)2](ClO4)3 were identified (see Figure S6
in the Supporting Information). These resonances grow over
time, suggesting that the water in the solvent is promoting the
exchange of the F− and OH− bridges in solution.

Determination of the Exchange Coupling Constant
(−J) from VT NMR. The population of the paramagnetic
triplet (S = 1) and diamagnetic singlet (S = 0) states is

Figure 5. Fragment of the 1H−13C HSQC spectrum of [Cu2(μ-
OH)(μ-Lm*)2](ClO4)3 at 20 °C.

Figure 6. Fragments of the 1H−13C HSQC and 1H−13C HMBC spectra of [Cu2(μ-OH)(μ-Lm*)2](ClO4)3 at −40 °C. The cross peak δ(6.72,115.4)
in the 1H−13C HSQC and δ(2.67,114.5) in the 1H−13C HMBC spectra are marked by a blue circle (a second cross peak at ∼115 ppm might be
overlapped by the solvent (CHD2CN) cross peak). The green circles show the two bond correlation of the a*, c*-pyrazolyl proton resonances with
a- and c-pyrazolyl 13C resonances (these 13C resonances could not be observed at 20 °C).

Figure 7. VT 1H NMR spectra of [Cu2(μ-OH)(μ-Lm)2](ClO4)3.
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temperature-dependent, which is a change that impacts the 1H
NMR spectra. The energy difference between these states
corresponds to −J, where Ĥ = −JŜ1Ŝ2. The temperature-
dependent hyperfine shifts correlate with −J, according to the
following equation:7e,g,12

δ
β
β

δ=
+

+A
g

g k T
e

(1 3e )

J kT

J kTiso
N N

/

/ 0

where δiso is the chemical shift of any 1H NMR resonance, g the
g-factor determined for the compounds in solid state (∼2.15), β
the Bohr magneton, gN the nuclear g-factor, βN the nuclear
magneton, A the hyperfine coupling constant, k the Boltzmann
constant, T the temperature, and δ0 the hypothetical very low
temperature position of the resonance chosen for the analyses.
The chemical shifts of the resonances that show the largest
temperature dependence (in all but one case, the b-pyrazolyl
resonance; see Figure 3) were used for the analysis. After
estimating δ0 by letting it vary freely for [Cu2(μ-Br)(μ-
Lm*)2](ClO4)3, we fixed δ0 at 5.6 ppm for the Lm* and 6.1 ppm
for Lm compounds, close to the chemical shift of the b-pyrazolyl
resonance in the ligands Lm* (5.8 ppm)9c and Lm (6.3 ppm)9d

at room temperature.13 The parameters −J and A were
simultaneously fit (Table 3) to the equation above with the

software SigmaPlot. Observed and calculated chemical shifts are
shown in Table S8 in the Supporting Information. We repeated
the fitting procedure for each compound with other resonances
and obtained similar −J values in each case (see Figure S8 and
Table S9 in the Supporting Information. The A values match
the literature values for other copper(II) compounds.14

Although the freezing and boiling point of the solvent restrict
the data collection to a relatively narrow temperature range, the
error margins are relatively small (see Figure 8 and Table 3).
The results of the fit are in good agreement with the −J values
determined in the solid state, the difference between the solid-
state and solution −J values being between 1 to 32 cm−1, except

for [Cu2(μ-Cl)(μ-Lm)2](ClO4)3. This good agreement between
the −J values indicates that the linear or near-linear Cu−X−Cu
angle in the solid state is retained in solution for most
compounds, and the geometry around the copper(II) centers
remains largely unchanged. The successful determination of −J
in solution for this extensive series of complexes in which the
bridging group is varied demonstrates the power of the method
and provides an alternative route for the correlation of solid and
solution structures.
The data for [Cu2(μ-OH)(μ-Lm)2](ClO4)3 is especially

interesting in the light of the bent Cu−O−Cu angle in the
solid state (142°), resulting in a geometry around copper(II)
that is better described as distorted axially elongated square
pyramidal than trigonal bipyramidal. The excellent agreement
between −J in solution (542 cm−1) and in the solid state (555
cm−1) for [Cu2(μ-OH)(μ-Lm)2](ClO4)3·2H2O suggests that
the bridging angle and distorted square pyramidal geometry is
retained in solution.
The solution −J value for [Cu2(μ-Cl)(μ-Lm)2](ClO4)3 differs

by 76 cm−1 from the solid-state value, a difference that is larger
than that for the other compounds, and what can be explained
by experimental error. A possible explanation is that, in this
case, the solution structure is different from that in the solid
state. In the crystal structure, there are two independent
molecules in 1:1 ratio:10 one with a bent Cu−Cl−Cu angle of
138.5°, and another that is more linearly bridged (167.8°). It is
likely that, in the solution state, there is a difference in the
bridging angle, compared to the average angle in the solid state,
resulting in lower −J values in solution.
Density functional theory (DFT) calculations were per-

formed on [Cu2(μ-Br)(μ-Lm*)2](ClO4)3 with the software
ORCA15 to estimate the magnitude of A for the b-pyrazolyl
hydrogens. The calculated A values for all other compounds
should be similar to that of [Cu2(μ-Br)(μ-Lm*)2](ClO4)3,
because the spin densities on the corresponding hydrogens are
similar.9a Ahlrichs-type basis set TZVPP for copper(II) and
SVP for other atoms were used, combined with the B3LYP
functional.16 Ahlrichs polarization functions from basis H−Kr R
and auxiliary bases from the TurboMole library were also
used.17 The bromide bridged molecule was simplified by
removal of the methyl groups on the pyrazolyl fragments, as
well as the benzene rings, and hydrogen atoms were placed at
appropriate positions. All remaining atoms were retained at the
positions determined by X-ray crystallography. The calculations
result in an average A value of 0.65 MHz for the equatorial and
1.43 MHz for the axial b-pyrazolyl hydrogens,18 which is
consistent with the literature data.14 The fitting of the
experimental data (see Table S8 in the Supporting
Information), results in a similar A value, 2.15 (±0.4) MHz,
for the axial b-pyrazolyl hydrogens (see Table 3).
We also note that the d methine hydrogens should have

negative A values, because the resonance of the d hydrogen is
moving to higher shielding with increasing temperature in the
VT 1H NMR spectra (see Figure 3). We have fitted the [Cu2(μ-
Br)(μ-Lm*)2](ClO4)3 data using the d hydrogens and the
result, A = −0.34 MHz (see Figure S8 and Table S9 in the
Supporting Information), is similar to that calculated by ORCA
(A = −0.30 MHz).

■ CONCLUSIONS
The 1H and 13C NMR, in combination with two-dimensional
(2D) NMR correlation spectroscopy and T1 relaxation time
measurements, have been used to study the structure and

Table 3. Results of the Fitting Procedure for [Cu2(μ-X)(μ-
Lm)2](A)3 (X = F−, A = BF4

−; X = Cl−, OH−, A = ClO4
−) and

[Cu2(μ-X)(μ-Lm*)2](ClO4)3 (X = CN−, F−, Cl−, OH−, Br−)

−J (cm−1)

compound
δiso (ppm) at

20 °Ca
A (MHz)
solutionb solutionb

solid
state

[Cu2(μ-F)(μ-Lm)2](BF4)3 29.71 1.68 (±0.2) 338
(±2)

365d

[Cu2(μ-Cl)(μ-Lm)2]
(ClO4)3

24.55 1.99 (±0.3) 460
(±3)

536

[Cu2(μ-OH)(μ-Lm)2]
(ClO4)3

14.92 1.63 (±0.2) 542
(±3)

555

[Cu2(μ-CN)(μ-Lm*)2]
(ClO4)3

17.66c 0.45 (±0.3) 128
(±12)

160

[Cu2(μ-F)(μ-Lm*)2]
(ClO4)3

26.85 1.47 (±0.3) 329
(±2)

340

[Cu2(μ-Cl)(μ-Lm*)2]
(ClO4)3

12.10 2.04 (±0.3) 717
(±4)

720

[Cu2(μ-OH)(μ-Lm*)2]
(ClO4)3

9.77 1.98 (±0.6) 823
(±7)

808

[Cu2(μ-Br)(μ-Lm*)2]
(ClO4)3

8.00 2.15 (±0.4) 944
(±4)

945

aResonances assigned to the b-pyrazolyl hydrogens except for [Cu2(μ-
CN)(μ-Lm*)2](ClO4)3, where the assignment is not possible, but is
not the b-pyrazolyl resonance, based on the A value. bRfit

2 = 0.97−
0.99. cδ0 = 7.07 ppm. dIn ref 9b, the −2J convention was used to
define the singlet−triplet energy gap.
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properties of antiferromagnetically coupled, dinuclear copper-
(II) compounds in solution, despite the large variation in the
strength of the antiferromagnetic interactions. Even though the
nuclear relaxation times are short, the 1H−1H COSY and
especially the 1H−13C HMBC experiments result in limited, but
clearly useful, information for compounds with −J > 700 cm−1,
particularly at lower temperatures. We were able to observe
correlations in the 1H−13C HSQC spectra for compounds with
−J > 500 cm−1. The T1 measurements accurately determine the
Cu···H distances in these molecules. The analyses of the data
lead to the conclusion that the dinuclear structure and the
unusual axially compressed trigonal bipyramidal geometry are
retained in CD3CN for the Lm* series, complexes that have the
linear Cu−X−Cu arrangement. The structure in solution of the
complexes in the Lm series, which have bent Cu−X−Cu
bridges, are also similar to the solid state, although, for [Cu2(μ-
Cl)(μ-Lm)2](ClO4)3, there may be some variation.
This study is the first where the VT NMR method was used

for determination of −J in solution for an extended series of
antiferomagnetically coupled, dinuclear paramagnetic copper-
(II) compounds, where the bridging anion (X) was systemati-
cally varied. The solution and solid-state −J values are very
similar, showing that these compounds retain their solid-state
structures in solution. The VT NMR method was shown to be
extremely useful for the determination of solution state −J
values over a large range of antiferromagnetic interactions with
different strengths, from 944 cm−1 to 128 cm−1.
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