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An Electron Spin Echo Envelope Modulation (ESEEM) Study of Electron—Nuclear Hyperfine and
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Electron spin echo envelope modulation (ESEEM) speciroscopy and angle-selective spectral simwlation were used
to study the electron-nuclear hyperfine and nuclear quadrupole interactions of substituted imidazoles axially
coordinated in d.» ground state complexes with copper(I1) tris(2-pyridytmethyl)amine (TMPA). Similar to the case
of substituted imidazoles equatorially coordinated in d.>_,: ground state complexes with Cu''(dien) (fiang et al. J.
Am. Chem. Soc. 1990, 112, 9035), it is the remote nitrogen that gives rise to modulations. The change of electronic
structure of Cu(II) from a d.: ;1 to a d,: ground state increases the electron—nuclear coupling for that nitrogen in
imidazole by about 10%, while the nuclear quadrupole interaction is almost unaffected. For some substituted
imidazoles, the weakening of ligand binding through steric interference not only reduces electron—nuclear coupling
but also changes the nuclear quadrupole interaction. Alteration of the strength of the hydrogen bond at the remote

nitrogen can be recognized from changes in the nuclear quadrupole parameters.

Various Cu(Il) model complexes have been used to mimic the
active-site structures of Cu(ll) proteins, on the basis of their
stmilarities in specific structural features, in spectroscopic features,
or both.*¥ Asmany binding sites in copper proteins haveirregular
geometries, structural modeling becomes difficult while spec-
troscopic medeling may not always give a reliable indication of
theactualstructurein the protein. Inevery casethus farexamined,
the binding sites of all Cu(ll) proteins contribute nitrogenous
ligands tothe metalion.®'® Forthisreason, intensive investigations
have been carried out on models containing nitrogen ligands as
a means of understanding the chemistry of Cu(Il) coordinated
to proteins.

Most Cu(11) complexes with nitrogen ligands tend to have an
elongated octahedral or square pyramidal coordination geometry,
with four close-lying ligands in a nearly planar array.''* This
geometric arrangement is indicative of a d,o.,» ground state
complex whose EPR spectrum is characterized by g, < g;.'2 In
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linuous wave; EFG, clectric field gradient; ENDOR, clectron-nuclear
double resonance.
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Figure 1. Chem 3D drawing of [Cu" (TMPA)(C1))*, which has trigonal
bipyratmidal coordination geometry. Relevant bond lengths (A) and angles
(deg): Cu-N(1), 2.050; Cu-N(2), 2.062; Cu-N(3), 2.060; Cu-N(4),
2.072,Cu—Cl, 2.233; N(1)-Cu-N(2),BL.5; N(1)-Cu-N(3), 81.1; N(1)~
Cu-N(4), 80.8; N(1)-Cu-Cl, 179.1; N(2)-Cu-N(3), 118.2; N(2)-Cu-
N(4), 118.8; N(2)-Cu-Cl, 97.6: N(3)-Cu-N(4), 116.0; N(3)-Cu-C!{,
99.6: N(4)—Cu-C), 99.4.

proteins as well as in models, various constraints may be imposed
on the metal-ligand structure so that the four close-lying ligands
no longer encompass a plane, leading to a tetrahedra) distortion.
This is accompanied by a reduction in the EPR parameters A,
and g%

Another type of distortion of a Cu(Il) site is brought about
when the model ion is forced into a trigonal bipyramidal
coordination geometry by binding to a tripodal tetradentate
ligand.? A case in point is the Cu(I1) complex formed with tris-
(2-pyridylmethyl)amine, TMPA. A fifth ligand, such as CI-, ¥-,
or imidazole, can be added trans to the amine nitrogen to the
polydentate ligand (Figure 1).> The structural constraints due
to the chelate ring size cause the axial amine nitrogen to lie cloge
to Cu(I) (~2.05 A, as compared to ~2.25 A for the axial nitrogen
in a square pyramidal Cu(II) complex).23 The energy of the d,
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d,: Ground State Cu(II) Complexes

orbital which is involved in bonding of the trans axial ligands is
raised sothat the unpaired electron resides mostly in this orbital.!
Characteristic of this type of geometric organization is an EPR
spectrum with gy < g,.'2!> The spectra of the Cup site in
cytochrome ¢ oxidase and the partially reduced type 3 copper
center of tree laccase!* resemble those with a reversal of g| and
g1 from that normally seen for d,2,: ground state complexes.

ESEEM spectroscopy, a pulsed EPR technique, has been
applied to the study of metal binding sites in various Cu(II)
proteins.!$-!® Investigations of d,z.,> ground state Cu(II) model
complexes containing imidazole or substituted imidazole®’ have
aided in the interpretation of protein data. For Cull(dien)-
(substituted imidazole) models, we showed that the differences
in quadrupole parameters of the remote N of coordinated
histidine imidazole in Cu(II) proteins could be attributed to
variations in hydrogen bonding at this nitrogen.” In the present
investigation, we have extended our ESEEM studies toimidazole
and substituted imidazoles axially coordinated to Cu(II) in d,:
ground state complexes and determined the electron-nuclear
coupling parameters by angle-selective ESEEM simulations.
We show that the change of coordination geometry from square
planar to trigonal bipyramidal and the concomitant change of
the electronic configuration from a d,2 ;2 to a d,2 ground state
result in a small increase of the electron-nuclear coupling but
havelittle effect on the nuclear quadrupole parameters. Similarly,
we show that altering the strength of hydrogen bonding of an
axially coordinated imidazole gives rise to differences in the
ESEEM spectrum comparable to those observed in d,z_,: com-
plexes.

Experimental Section

Sample Preparation. [Cu!'(TMPA)(H,0)](ClO,);]"® dissolved in
either H,O or acetone to a final concentration of 4 mM was titrated with
imidazole, 1-methylimidazole, 2-methylimidazole, 4-methylimidazole, or
1,2-dimethylimidazole, using continuous-wave EPR. For those prepared
in H,0, the pH was maintained at 7.5-7.6 before an equal volume of
ethylene glycol was added to ensure good glass formation required for
low-temperature EPR studies. Due to differences in pK, and affinity,
the concentrations of substituted imidazoles needed to form paramag-
netically pure complexes in aqueous samples varied. The ratios of Cull-
(TMPA) to substituted imidazoles required to form paramagnetically
pure species are given in Table 1. For samples prepared in acetone, a
stoichiometric equivalent of substituted imidazole was sufficient. Here,
an equal volume of toluene was added for good glass formation. Samples
of Cu'!(dien) (substituted imidazole) models were prepared as previously.”

EPR Spectroscopy. X-band continuous-wave EPR spectra were
obtained at 77 K with a Varian E112 spectrometer, equipped with a
Varian NMR gaussmeter and a Systron Donner frequency counter.
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Table I. Compositions and EPR Parameters for
[Cull(TMPA)(substituted imidazole)](ClO,), Complexes Prepared in
H,0/Ethylene Glycol

Cul(TMPA) A Al

complex with Cu:ligand 8° (MHz) g.° (MHz)
H,O 2.0 192 2.199 319
imid 1:4 ~2.0 220 2.199 370
1-CH;-imid 1:5 ~20 220 2.199 370
4-CH;-imid 1:1 ~2.0 220 2.199 370
2-CH3-imid 1:100 ~2.0 220 2.208 390
1,2-(CHj3)2-imid 1:100 ~2.0 220 2.208 390

2 The lack of hyperfine splitting in the parallel region of the spectrum
prevented an accurate determination of g and A4). ® The uncertainty in
the determination of the hyperfine coupling is 20 MHz. ¢ The uncertainty
in g, is 0.002.

Spectral simulations were carried out by a method described previously.20
The spectrum characterized by g; < g, was used to check the formation
of d,: ground state complex as well as the paramagnetic purity of each
sample.

ESEEM were obtained with a home-built pulsed EPR spectrometer,'’
equipped with a folded strip-line cavity?! which accommodated 4 mM
quartz EPR tubes. Data were collected using a stimulated echo (90°-
7-90°-7-90°) pulse sequence.?2 The value of 7, the spacing between the
first and second microwave pulses, was set to multiples of the proton
Zeeman frequency harmonics so that modulations due to weakly coupled
protons were largely suppressed.2? ESEEM spectra were obtained by
Fourier transformation using a modified version of the dead-time
reconstruction method of Mims.2* Typical measurement conditions were
the following: microwave frequency, 8.8 GHz; microwave power, 45 W;
pulse width, 20 ns; sample temperature, 4.2 K; pulse repetition rate, 100
Hz.

ESEEM Spectral Simulations. ESEEM spectral simulations were
achieved by using the density matrix formalism of Mims,?* together with
an angle-selection averaging scheme originally developed for field-
dependent ENDOR.?* Under favorable conditions, the electron—nuclear
coupling tensor and nuclear quadrupole tensor can be obtained by spectral
simulation for spectra collected at several different magnetic field settings
across the EPR absorption in an angle-selection procedure.?’” Nine
parameters are used to describe these two tensors. e2¢Q and 5 describe
the magnitude and the symmetry of the quadrupole tensor; the three
principal values are e2gQ(1 — 1)/2, e2gQ(1 + n)/2, and e2¢Q. Euler
angles, a, 8, and %, describe rotations needed to align the principal axes
of the quadrupole tensor with those of the g tensor. The electron—-nuclear
coupling tensor is taken to be axial. The three principal values are 4,
—F, Ao — F, and Ais, + 2F, where A, is the isotropic component and
F,the anisotropic component. Assuminga point dipole—dipoleinteraction
the unpaired electron and the coupled nucleus over an effective distance,
reit, F = geB.gnBn/rerr. Here, g. and g are the electron and the nuclear
gfactor,and 8. and By are the Bohr magnetron and the nuclear magneton.
Due to the axial nature of the electron—-nuclear coupling tensor, two
angles 6y and ¢, which specify the apparent spherical polar coordinates
of the interacting nucleus, are sufficient to describe the orientation of the
principal axes of this tensor relative to those of the g tensor.

14N Modulation. In the presence of an external magnetic field, '*N
experiences three kinds of interactions: the nuclear Zeeman interaction,
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the electron—nuclear hyperfine coupling, and the nuclear quadrupole
interaction. Ithasbeenshown that nitrogen modulationsare best observed
when the nuclear Zeeman interaction is comparable to the electron—
nuclear interaction,’ termed the condition of “exact cancellation”.2¢ As
a result, for one of the electron spin manifolds, the nuclear Zeeman
interaction and the electron—nuclear interaction cancel each other so that
the nuclear quadrupole interaction essentially determines the energy levels.
This gives rise to three sharp lines in the ESEEM spectrum whose
frequencies g, v_, and v, are related to e2gQ, the quadrupole coupling
constant, and 7, the asymmetry parameter.

vy =/,40(1 £1/3) )
Vo = l/zequﬂ (2)

Euler angles as well as the electron—nuclear coupling parameters determine
the relative intensities of these three sharp lines.

For the other spin manifold, the nuclear Zeeman interaction and the
electron—-nuclear coupling are additive. Due to the anisotropy of the
electron—nuclear coupling and the averaging effect of the frozen-solution
sample (rather than a single crystal), a broad line representing a AM;
= 2 transition at a frequency about twice the electron—nuclear coupling
is observed. The shape and frequency of this double quantum line are
determined by Ajs, and rery, as well as On, én, @, 8, and v.

Under the condition of “exact cancellation”, the frequencies of the
low-frequency quadrupole lines are used to obtain e2¢Q and  (egs 1 and
2). The intensities are, however, not sufficient to uniquely determine
Euler angles a, 8, and . Only when there is a large field dependence
in both the intensity and the frequency of the quadrupole and the double-
quantum lines (i.e. away from the “exact cancellation” condition), can
a, 8, and v be determined by spectral simulation.2’22¢ For Cu!/(TM-
PA)(substituted imidazole) complexes studied at X-band, the field
dependence is not sufficiently large to make this determination (see below).
However, if we know the structure of a Cu!/(TMPA)(substituted
imidazole) complex and assume that the principal direction of the g tensor
is aligned with the symmetry axis, then the Euler angles, a, 8, and v, as
well as the azimuthal, and polar angles, On and ¢, can be estimated.

Using the values for these five angles estimated as described above,
Ajs, and rep can be obtained from fitting the double-quantum line in
spectral simulations at different magnetic fields.

Results and Discussion

d.: Ground State Copper(Il) Complexes. The tripodal tet-
radentate ligand TMPA forms a TBP complex with Cu(II). X-ray
crystallographic studies3!® of [Cul'(TMPA)(C1)]PF¢ and
[Cul'(TMPA)(F)]PF¢show that Cl-or F-and the aliphatic amine
nitrogen occupy two axial positions, while the three pyridyl
nitrogens encompass an equatorial plane (Figure 1). Regardless
of the difference in the exogenous axial ligand, each of the in-
plane bond angles are close to 120° and the three Cu—N in-plane
bond lengths are nearly equal, as expected for an ideal TBP
geometry. The difference between Cl- and F- results in small
differences in the axial bond length and bond angles, having little
effect on the overall coordination geometry. The EPR spectra
for both complexes, like other Cu(II) complexes with TBP
coordination,'® have g; < g, , suggesting that the unpaired electron
of Cu(II) resides mainly in a d,: orbital.

Although no X-ray structural study has been carried out for
[Cul(TMPA)(H,0)](ClO,); or for any of the substituted
imidazole complexes, their EPR spectra in frozen solution suggest
TBP coordination as well (Figure 2a). All Cull(TMPA)(sub-
stituted imidazole) complexes studied here, like the parent
compound, have a characteristic d,: ground state Cu(Il) CW
EPR spectrum. The spectrum of the imidazole complex (Figure
2b) is the same as that of the 1-methylimidazole complex,
suggesting identical ligand atom composition and inner-sphere
coordination geometry (Table I).2° The spectra of the 2-meth-
ylimidazole (Figure 2d) and 1,2-dimethylimidazole complexes

(28) Jiang, F.; Conry, R. R.; Bubacco, L.; Tyekldr, Z.; Jacobson, R. R.;
Karlin, K. D.; Peisach, J. Submitted for publication in J. Am. Chem.
Soc.
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Figure 2. CW EPR spectra of aqueous samples of [Cu!'(TMPA)-
(L)I(C10Q4),, with L = H,O (a), imidazole (b), 4-methylimidazole (c),
and 2-methylimidazole (d). Experimental conditions: microwave fre-
quency, 9.09 GHz; microwave power, 5.0 mW; modulation amplitude,
5.0 G; sample temperature, 77 K.

are also alike but differ from those of the imidazole and
1-methylimidazole complexes, suggesting differences in ligand
coordination geometry. Therefore, although the addition of a
methyl group at the remote nitrogen of the axially coordinated
imidazole has no effect on the geometry of the copper site, the
addition of a methyl group at C(2) likely hinders its binding to
Cu(II) (see below). This results in a reduction in ligand affinity
and an increase in the coupling between the unpaired electron
and the Cu(II) nucleus, as judged from an increasein 4, (Table
I).3

ESEEM Spectra of Substituted Imidazoles. For Cu!l-
(TMPA)(H,0), a spin echo is obtained, but no nitrogen
modulations areseen. The coupling between the Cu(II) unpaired
electron and directly coordinated pyridyl or amine nitrogen nuclei
of TMPA is therefore either too large or too small to give rise
to ESEEM at X-band.¢ Strong nitrogen modulations, however,
are observed for all the Cull(TMPA)(substituted imidazole)
complexes studied.

The coupling between the directly coordinated imidazole
nitrogen and Cu(II), similar to that between Cu(II) and the amine
nitrogen of TMPA, is inappropriate to give rise to envelope
modulations.® Also, were the modulations to arise from the
directly coordinated !“N of bothimidazole and 1-methylimidazole,
little difference in ESEEM frequencies would be expected, as
found for Mn?* model complexes.’! Since large differences
comparable to those seen for corresponding d,: > ground state
complexes were observed, it is the remote !“N that gives rise to
the ESEEM (Table II and Table II in ref 7).

ESEEM spectra were obtained at six different magnetic field
settings across the EPR absorption for the Cull(TMPA)(sub-
stituted imidazole) complexes listed in Table II. Characteristic

(29) The EPR parameters were required for the simulation of the angle-
selective ESEEM spectrum. The error in the determination of g; has
very little effect on the determination of the nuclear quadrupole
parameters but does have an effect on the electron-nuclear coupling,
and especially r.. However, this effect is smaller than that introduced
by the uncertainty of other experimental parameters (e.g. the field width)
in the ESEEM simulation.

(30) The d.: ground state [Cu!/(TMPA)(substituted imidazole)](ClO.):
complexes break down to d,:_,» ground state complexes in the presence
of large excess of ligand, as judged from changes in line shape of the
EPR spectrum. In the samples used in ESEEM studies, less than 10%
consisted of the parent [Cu!'(TMPA)(H,0)](ClO,), complex or the
d,».,> ground state breakdown product.

(31) McCracken, J.; Peisach, J.; Bhattacharyya, L.; Brewer, F. Biochemistry
1991, 30, 4486.



d,: Ground State Cu(II) Complexes

Inorganic Chemistry, Vol. 32, No. 11, 1993 2579

Table II. ESEEM Frequencies and Simulation Parameters (MHz) for [Cu!'(TMPA)(substituted imidazole)](ClO,), Complexes
ligand solvents vy by s vgb Aie ror (A) eXqQ n
imid aqueous 0.71 0.71 1.41 398 1.80 3.0 1.41 0.50
acetone 0.63 0.73 1.35 4.01 1.80 3.0 1.41 0.83
4-CH;-imid aqueous 0.59 0.87 1.49 3.96 1.80 3.0 1.55 0.76
acetone 0.71 0.71 1.44 3.98 1.80 3.0 1.50 0.85
2-CH;-imid aqueous 0.59 0.97 1.56 3.86 4.08 1.75 32 1.65 0.73
acetone 0.76 0.76 1.50 3.93 1.75 32 1.58 0.87
1,2-(CH;)2-imid aqueous 0.16 1.67 1.67 4.30 1.97 3.5 2.18 0.08
acetone <0.1 1.58 1.73 4.134.32 1.97 3.5 2.15 0.15
1-CHs-imid aqueous <0.1 1.47 1.56 4.29 2.06 33 1.98 0.08
acetone <0.1 1.49 1.49 4.30 2.08 33 1.95 0.05

@ Aqueous samples consist of a 1:1 water/ethylene glycol mixture. Samples in acetone are diluted 1:1 with toluene. # 4 is the frequency of the broad
double-quantum transition observed in the spectrum with the magnetic field set at 2981 G. In some cases, this spectral feature can be resolved into

two lines. ¢ The error in Ai is 0.05 MHz and in ryy is 0.2 A,
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Figure 3. ESEEM spectra of [Cul'(TMPA)(L)](ClO,); complexes in
H,0/ethylene glycol, with L = imidazole (a), 2-methylimidazole (b),
and 1-methylimidazole (c). Measurement conditions: microwave fre-
quency, 8.627 (a), 8.633 (b), and 8.626 GHz (c); magnetic field 2981
G; sample temperature, 4.2 K.

14N ESEEM spectra were obtained for all of them. The intensities
of the low-frequency quadrupole lines change with magnetic field,
but the frequencies are almost field independent. The coupling
between the Cu(II) unpaired electron and the remote nitrogen
nucleus of the various substituted imidazoles coordinated to
Cull(TMPA), therefore, satisfies the “exact cancellation” con-
dition (Table II).

For aqueous samples of Cull(TMPA) with imidazole (Figure
3a), two of the three low-frequency quadrupole lines are so close
to one another that they cannot be resolved; the spectrum has
three rather than four lines. The asymmetry parameter 5 is 0.90.
All three quadrupole lines are, however, well resolved in the
spectrum for the complex with either 2-methylimidazole (Figure
3b) or 4-methylimidazole. Values for 5 are reduced, 0.73 for
2-methylimidazole and 0.76 for 4-methylimidazole. Only one
quadrupole line is observed for the 1-methylimidazole complex
(Figure 3c), because not only do the two high-frequency
quadrupole lines coalesce into a single unresolved line but also
the lowest quadrupole transition has a frequency below the
resolution of the spectrometer and cannot be seen. The value for
7 is near zero.

L0.63

L O s S S SN BN S SN

Frequency (MHz)

Figure 4. ESEEM spectra of [Cul!(TMPA)(imidazole)](ClOs), (a) and
[Cull(TMPA)(2-methylimidazole)](ClOs);, (b) in acetone/toluene. Mea-
surement conditions: microwave frequency, 8.612 (a) and 8.560 GHz
(b); magnetic field, 2981 G; sample temperature, 4.2 K.

The ESEEM spectra for 2-methylimidazole (Figure 4b) and
4-methylimidazole complexes (not shown) in acetone/toluene
are significantly different from those in water/ethylene glycol,
even though the CW EPR spectra show no change with solvent.
The two well-resolved, low-frequency quadrupole lines (3 ~ 0.75)
observed in aqueous samples (Figure 3b) coalesce so that the
ESEEM spectra become similar to that of the imidazole complex
(n ~ 0.9). This suggests that the electric field gradient (EFG)
giving rise to the nuclear quadrupole interaction at the remote
nitrogen of 4-methylimidazole and 2-methylimidazole is changed
by the action of solvent. A less dramatic change with solvent is
seen, though, in the spectrum for the imidazole complex (Figure
4a), and almost no change is seen for the 1-methylimidazole and
1,2-dimethylimidazole complexes (Table II).

Spectral Simulations. At a particular magnetic field setting
within the EPR absorption envelope, only a selected population
of molecules having a particular orientation with respect to the
magneticfieldarein resonance. The compositionofthe population
of molecules selected is dependent on the effective field width
which, in turn, is determined by the pulse duration in the
experiment. With the 20-ns microwave pulse employed in our
studies, all molecules resonating within 35 G around the magnetic
field setting are excited. The ESEEM spectrum may, therefore,
be considered an average of single-crystal-like spectra of these
molecules. For samples exhibiting large g and A anisotropies,
there are fewer molecular orientations which fulfill the resonance
condition at the ends of the EPR absorption than in the middle.
Therefore, at the two ends of the EPR absorption, the ESEEM
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Figure 8. Schemtic drawing of [Cu'{(TMPA)(1-methylimidazole)](C-
104); (a) and Cu!!(dien)(1-methylimidazole) (b) showing the principal-
axis system of the g tensor and of the electric field gradient tensor (q)
at the remote nitrogen of 1-methylimidazole. The direction of g;is along
the Cu(IT)-N(1) bond (2) or perpendicular tothe Cu(II)—dien plane (b);
g« and g, are in any direction in the equatorial plane. The direction of
g.. is perpendicular to the imidazole plane, g,, is along the N(6,5)-CH;
bond, and g, is in-plane and perpendicular to the N(6,5)-CH; bond.

spectrum has more single-crystal-like character and the averaging
effect is more sensitive to the field width AH.

The magnetic field width is one of the experimental parameters
required for an ESEEM simulation. A simulation for the
spectrum obtained in the middle of the EPR absorption, 3035 G,
using a field width of 15 G, yields a split double-quantum line,
which is not observed in the data. Better fits to the data are
obtained when AH is increased to 30 G. A further increase,
beyond 40 G, causes little change in the shape of the double-
quantum transition in the simulated spectrum. However, this
increase of AH from 15 G to more than 40 G results in changes
in both the intensity and frequency of the double-quantum line
insimulations for spectra obtained at the ends of EPR absorption,
which is critical in the determination of 7.¢r. Because of the limit
of instrumentation, the microwave pulse is not a perfect square
wave and the field width might be actually larger than 35 G.
Consistent with an earlier study,” 50 G was used in all simulations
presented here. The use of 50 G as compared to 15 G in spectral
simulation results in about a 4% difference in the determination
of res.

Determination of the Electron—Nuclear Coupling. The principal
direction of the g tensor is correlated with the symmetry axis of
the molecule. The X-ray structure of [Cull(TMPA)(CI)]PF,
shows that it has almost ideal TBP geometry (Figure 1). The
N(1)-Cu(I)~Cl angleis 179.1°,showing that the amine nitrogen,
Cu(II), and ClI- are almost collinear. The three pyridyl nitrogens
are disposed nearly symmetrically around this line. This nearly
ideal C; geometry allows us to reasonably assume that g, lies
along the Cu-N(1) axis. Even though a rhombic g tensor might
be expected for this complex, an apparent axial EPR spectrum
was obtained due to the vibronic effects which average the two
other g components.!3 Therefore, g, or g, can be assumed to lie
in any direction perpendicular to the g; axis.

Even though there are no X-ray structures available for our
model complexes with substituted imidazoles, we shall assume a
structure similar to that of [Cul!(TMPA)(C1)}PFs. We canalso
assume that the imino nitrogen of a substituted imidazole binds
to Cul/(TMPA) through its lone-pair orbital along the Cu(II)-
N(1) direction (Figure 5) and that the Cu(II)-N(5) bond length
isabout 2.0 A. The direction of Cu(II)-N(6) is then 9.3° away
from Cu(II)-N(1), and this defines &x (Figure 5a).32
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Frequency (MHZ)

Figure 6. Three-pulse ESEEM spectra and spectral simulations for
[Cul'(TMPA)(1-methylimidazole)] (ClO,), at sixdifferent magnetic field
settings within the EPR absorption: solid line, experimental data; dashed
line, simulation. Measurement conditions: microwave frequency, 8.562
GHz; temperature, 4.2 K. The magnetic fields at which each spectrum
was collected are indicated and the 7 value for each spectrum is equal
to twice the proton periodicity at each magnetic field. Simulation
parameters are listed in Table II.

The principal directions of the quadrupole tensor, gxx, ¢y, and
q::,3 are correlated with the directions of the valence-shell orbitals
of 14N. Although there is an ambiguity in the direction of g, for
the remote “N of imidazole,”34 the direction of ¢., for 1,2-
dimethylimidazole, as determined by a single-crystal ESEEM
study of Cu(ll)-doped Zn!!(1,2-dimethylimidazole),Cl;,*5 is
perpendicular to the imidazole plane and g,, lies along the N(1)-
CH; bond. Because the EFG at the remote nitrogen of
1-methylimidazole is similar to that of 1,2-dimethylimidazole
(both contain an N-methyl group rather than a proton),’ the
direction of g,, should be similar for both (Figure 5a).3¢ Then,
a and 8 are 60 and 90°. Due to the axial symmetry of the g
tensor, the assignment of the g, and g, axes are arbitrary.
Therefore, a value of 0° was used for v and ¢ in simulations.
In support of the above assignment of the orientation of the
quadrupole tensor, the best fits for both the frequency and line
shape of the double-quantum transition were obtained using 90°
for 8 and 10° for . We obtain, then, 2.06 MHz and 3.3 A for
Ajso and 7.5 for the Cull(TMPA)(1-methylimidazole) complex in
spectral simulations at six magnetic fields across the EPR
absorption (Figure 6).

The angles a, 8, v, On, and ¢y were varied in simulated spectra
toassess their effect on the determination of A, and r.r. Varying
«, v, and ¢y was found to have a negligible effect. However, a
change in both line shape and frequency of the double-quantum
transition was observed when 6y was varied by 10°, or 8 by 15°,
Even the greatest deviation in 8y and 8 though, could be offset
by adjusting Ais, and re by 0.05 MHz and 0.1 A, respectively.

(32) The angle between Cu(II)-N(1) and Cu(II)-N(6) is calculated by
assuming the same coordination structure as for Cu(II)(1,2-dimeth-
ylimidazole) (Potenza, M. N.; Potenza, J. A.; Schuger, H. J. Acta
Crystallogr. 1988, C44, 1201).

(33) gsx gyy» q2; are three principal values of the electric field gradient tensor,
with |22 > g, > |4

(34) Edmonds, D. T.; Summers, C. P. J. Magn. Reson. 1973, 12, 134,

(35) Colaneri, M. J.;Potenza, J. A.; Schugar, H. J.; Peisach, J. J. Am. Chem.
Soc. 1990, 112, 9451.

(36) The principal directions of the quadrupole tensor for 1-methylimidazole
were used to obtain the Euler angles because 1,2-dimethylimidazole
binds to Cu!!(TMPA) differently from imidazole, as deduced from the
differences in CW EPR spectra of the two complexes (Figure 2 and
Table I).

(37) Handbook of Organic Chemistry; Dean, J. A., Eds.; McGraw-Hill, Inc.:
New York, 1987; pp 4-45-4-85.
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Table III. Electron-Nuclear Coupling Constants for Cu'!(dien)(substituted imidazole) Complexes

complex Aiso (MHz)2 reir (A)e Aiso (MH2)® reir (A)? e’qQ (MHz) n
Cull(dien)(imid) 1.55 29 1.65 3.2 1.43 0.94
Cull(dien)(1-CH;-imid) 1.92 35 1.80 3.5 2.06 0.20
Cu''(dien)(4-CH;-imid) 1.54 3.0 1.60 3.2 1.60 0.75
Cu'l(dien)(2-CH3-imid) 1.80 33 1.75 3.2 1.73 0.64
Cu''(dien)(1,2-(CHs)-imid) 2.20 41 2.00 35 2.33 0.11

¢ The electron—nuclear coupling constants obtained by spectral simulation at only a single magnetic field near g, .7 # The electron—nuclear coupling
constants obtained by field-dependent ESEEM simulations at six magnetic fields.

Therefore, these values are taken as the maximum error due to
ambiguities in values for a, 3, v, On, and én.

The same quality fits of spectra were obtained for other
substituted imidazole complexes as well, and the values of A,
and r. are collected in Table II.

Re-Examination of the Electron—Nuclear Hyperfine Parameters
of d,»_,» Ground State Complexes. It had been noted by Goldfarb
et al.’ that ESEEM spectral simulations for d,>_,> ground state
Cu(II)-imidazole complexes carried out at only a single field
near g, are inadequate to accurately determine hyperfine
parameters. In order to compare the parameters of Cu(II)-
substituted imidazole d,: complexes, as described in this paper,
with those of d,:_,2 ground state complexes, a field-dependent
ESEEM study was used to re-examine the electron-nuclear
interaction for d,:_,2 ground state Cu''(dien)(substituted imida-
zole) complexes.’

On the basis of the line shape of the EPR spectrum, the metal
ion of Cull(dien)(1-methylimidazole) is believed to have an
elongated octahedral coordination geometry.'? Three amine
nitrogens from the dien moiety and the imino nitrogen from the
imidazole roughly form an equatorial plane; g, is perpendicular
to this plane, while g, and g, can be along any direction within
the plane.” The principal directions of the #N quadrupole tensor
of the remote nitrogen of 1-methylimidazole are taken to be the
same as inthe d,2ground state complex. Ifthe 1-methylimidazole
is coplanar with the equatorial plane, fx is 90° and 3is 0° (Figure
5b). If, on the other hand, the imidazole plane is perpendicular
to the equatorial plane, 6 is about 80° (90° —9.3°) and Sis 90°.
Depending on the orientation of the imidazole plane, 6 can take
any value between 80 and 90° and 8, any value between 0 and
90°. If the 1-methylimidazole molecule cannot rotate along the
Cu-N(4) bond (Figure 5b), it would have a unique orientation
relative to the Cu(lIl) equatorial plane. If, in contrast, it can
freely rotate, the imidazole plane would assume many different
orientations and the ESEEM spectrum obtained would be a
composite of many spectra, each representing different quadrupole
tensor orientations.

In order to test these two possibilities, the value of O was
initially varied by 15° to check its effect on simulated spectra.
At all six magnetic fields for which data were collected, the shape
of the double-quantum line varied slightly, but altering 6n did
not improve the overall fit. Therefore, y was fixed at 90° in the
simulation. When 8 was varied from 0t090°, significant changes
in the line shape and the intensity of the double-quantum line
relative to those of quadrupole lines were observed. With 3 close
to 0°, the line shape and the frequency of the double-quantum
line fit the data well at all six magnetic fields, but the intensity
of the double-quantum line relative to that of the quadrupole
lines was low as compared to the experimental spectrum at the
lowest magnetic field setting. Incontrast, when 8 was set to 90°,
the fit of the relative intensity of the double-quantum line was
better at the lowest magnetic field setting, but the fit for spectra
at the high magnetic field settings was not as good. We conclude
that simulation with a unique 8 value is inappropriate and that
the experimental data may represent a spectral composite arising
from many complexes with the imidazole plane at different
orientations relative to the Cu(II)-dien plane. This is consistent
with the view that imidazole is able to freely rotate along the
Cu(II)-N bond and that the sample used for spectroscopic

investigation freezes with heterogeneous imidazole orientations.
However, considering the overall fit for spectra at all six magnetic
field settings, the values obtained for A, and r.;; are as good as
those from simulation using a single 8 value.

With 0°, 0°, 0° for a, 83, v and 90°, 0° for On, ¢n, values of
1.80 MHz and 3.5 A for A, and rey, respectively, gave the best
fit for all six spectra of the Cu!'(dien)(1-methylimidazole)
complex. The electron-nuclear coupling constants obtained by
the field-dependent ESEEM simulations at six magnetic fields
for three other substituted imidazoles as well as for imidazole,
together with those obtained previously by spectral simulation at
a magnetic field near g,,” are given in Table III.

Among all the complexes studied, those with imidazole and
1,2-dimethylimidazole have the largest discrepancy in r.;; between
values obtained by the two different simulation methods, with
the value for imidazole overestimated and that for 1,2-dimeth-
ylimidazole underestimated from the value obtained at g, alone.
A major factor in determining 7. at only one field near g, is the
line width of the double-quantum transition.” Because the line
width is greatly affected by 8, a large error can be introduced
without taking into account the structural averaging due to the
rotation of the imidazole along the Cu(II)-N(1) bond. For
Cull(dien)(imidazole), although a good fit can be obtained for
thespectrum collected near g, byusingthe parametersdetermined
previously,’ the dipole interaction for an . of 2.9 A gave too
large an anisotropy in the electron-nuclear interaction. As a
result, the double-quantum line has a frequency 0.2 MHz lower
in the simulation as compared to the experimental data collected
at the lowest magnetic field. An res value of 3.2 A is therefore
needed to give the appropriate anisotropy. Although the fitting
of the line shape is not optimal in the spectrum near g, the best
overall fitis obtained for the double-quantum line in all six spectra.

Geometric Effect. The isotropic coupling between the Cu(II)
unpaired electron and the remote nitrogen of coordinated
imidazole in the d,2 ground state Cull(TMPA) complex is about
10% larger than that for the d,,» ground state Cuy(dien)(im-
idazole) complex (Tables IT and III). The anisotropic coupling,
as determined by r.;, is somewhat shorter, which suggests that
there is more unpaired electron density at the remote nitrogen
nucleus in the d,: ground state complex than in the d,2_,z ground
state complex.

In octahedral coordinated metal sites, bothd,2and d,:.,2 orbitals
have lobes lying along the metal-ligand bond direction so that
they form ¢ bonds with the ligand orbitals. When the unpaired
electron from Cu(II) resides in the d,z orbital, it is distributed to
two lobes along the z axis, which form two ¢ bonds, and a torus
inthe xy plane. On the other hand, when the unpaired electron
residues in d,2_,2 orbitals, it is distributed in four lobes along the
x and y axes, which form four o bonds. Therefore, more unpaired
electron density is expected to be present in each lobe of a d.:
orbital for a d,: ground state than in each lobe of a d,=_,: orbital
in a d,2_,» ground state complex. By delocalization through the
o bond formed between one lobe of the Cu(II) ground state orbital
and an sp? orbital of the directly coordinating imino nitrogen of
imidazole, more electron density would reside in the imidazole
« system and, thus, in the remote nitrogen nucleus of d,: ground
state complexes. A larger value for A4, and a smaller value for
rerr, as found, are therefore reasonable.
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An increase of A is also seen for 1-methylimidazole and
4-methylimidazole coordinated to Cu!!/(TMPA) as compared to
the case of Cu!/(dien) (Tables Il and III). However, no increase
is seen for 2-methyl- or 1,2-dimethylimidazole. The increase of
A;s, when imidazole or 1-methylimidazole is replaced by 2-m-
ethylimidazole or 1,2-dimethylimidazole in the Cu!(dien) complex
is not observed in the Cu!!/(TMPA) complex. On the contrary,
a decrease is observed. A larger copper hyperfine coupling
constant, which arises from the interaction between the copper
nucleus and the copper unpaired electron, was noted, as compared
to that for the imidazole complex (Table I). This suggests that
the unpaired electron is less delocalized away from the copper
onto the imidazole ring when there is a methyl group at the C(2)
position. Therefore, a smaller isotropic component of the electron—
nuclear coupling, which is determined by the electron density of
the unpaired electron at the remote nitrogen, would be expected
(Table IT). Both the Cu(II) nuclear hyperfine and the ligand
14N electron—nuclear hyperfine couplings indicate that the Cu(II)-
N(5) bond is weaker for 2-methylimidazole, as compared to
imidazole, as the axial ligand. This is consistent with the
requirement of a 100-fold molar excess of 2-methylimidazole to
complex Cu!'(TMPA) in H,0, as compared to less than a 4-fold
molar excess of imidazole, although 2-methylimidazole is a
stronger base. This weaker binding and smaller electron—nuclear
coupling for 2-methylimidazole are attributed to the steric
interference caused by the methyl group at the C(2) position.

Such astericinterference is clearly demonstrated by computer
modeling. On the basis of the crystal structure of [Cull(TM-
PA)(CI)]* (Figure 1), three hydrogen atoms attached to the
carbons adjacent to the coordinated pyridyl nitrogens of TMPA
point toward the C;,axis. When imidazole binds, it cannot freely
rotate along the Cu~N(5) bond due to steric interference from
these hydrogen atoms. For 2-methylimidazole, if bound to
Cu'(TMPA) with a normal 2.0-A Cu(II)-N bond length, an
additional tilt away from the Cu(II)-N(1) direction is required
to prevent collision of the bulky methyl group at C(2) with the
pyridyl a-hydrogen atoms. Thus maximal overlap of the Cu(II)
d,: orbital and the '“N lone-pair orbital of 2-methylimidazole
cannot be achieved. The delocalization of the Cu(II) unpaired
electron onto the imidazole ring = system is suppressed, and the
coupling between the unpaired electron and the remote nitrogen
nucleus is reduced. Therefore, for Cull(TMPA) complexes with
imidazole substituted at the C(2) position, steric interference
alters the electron—nuclear coupling as well as ligand affinity
(Tables I and II).

The quadrupole parameters for imidazole complexed to
Cul'(TMPA) are almost the same as those for Cull(dien), with
only a slight decrease of both e2gQ and n (Table II). A similar
trend is seen with 1-methylimidazole and 4-methylimidazole.
Therefore, the change of Cu(Il) coordination geometry from
elongated octahedral to trigonal bipyramidal, leading toa change
of electronic structure from a d,2_,> ground state to a d,; ground
state, has little effect on e2¢qQ and n. Much more pronounced
changes, however, are observed for 2-methylimidazole and 1,2-
dimethylimidazole, and this is attributed to unusual binding arising
from the steric interference alluded to above.
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Solvent Effects. An earlier study of d,:_,: ground state Cu(II)
complexes showed that an increase in the asymmetry parameter
71 could be related to a more polarized N-H bond for imidazole
than for either 2-methylimidazole or 4-methylimidazole.” Al-
ternatively N—H bond polarization could be altered by changing
itslocal environment. The same phenomenon is observed for the
d.2 ground state Cu(II) complexes studied here.

No difference was observed in the CW EPR spectrum of
Cull(TMPA )(substituted imidazole) complexes whether prepared
inacetone orin HO. Therefore, one might conclude that solvent
has no discernible effect on the structure of the Cu(II) site and
its immediate ligands. Differences, however, are observed in the
quadrupole parameters, and these are attributed to the effect of
solvent on the remote nitrogen of the coordinated substituted
imidazoles. Sinceacetone hasa higher dipole moment than H,O,
it is expected to form a stronger hydrogen bond and thus polarize
the N-H bond to a greater extent. The EFG along the N-H
bond is increased in acetone, leading to an increase of the
asymmetry parameter n and a decrease of the nuclear quadrupole
coupling constant e2qQ, as seen for the 4-methylimidazole and
2-methylimidazole complexes. ‘

A decrease of the asymmetry parameter 7 is seen, though, for
the imidazole complex in acetone as compared to water. Asshown
for d,2.,2 ground state complexes,” the direction with the largest
value of the EFG, g, is perpendicular to the imidazole plane for
all the substituted imidazoles, with n much smaller than unity.
The second largest electric field gradient is along the N-H bond.
An increase of N-H bond polarization results in an increase of
the electron field gradient along the N~H bond and this leads to
anincrease of 1. A switch of g, from the direction perpendicular
to the imidazole plane to in-plane and along the N-H bond
direction occurs when the EFG’s along these two directions become
equal and n approaches unity. A further increase of N-H bond
polarization results in a decrease of 7 away from unity.

The EFG along the N-H bond direction for imidazole
coordinated to Cul!/(TMPA) is nearly the same as or even larger
than that perpendicular to the imidazole plane. The increase of
the N-H bond polarization caused by acetone increases the EFG
along the N—H bond further so that its magnitude is greater than
that in the direction perpendicular to the imidazole plane. As
a consequence, the greater N~-H bond polarization is accompanied
by a decrease rather than an increase of 7 away from unity.

Conclusion. In d,: ground state Cu(II) complexes, it is the
remote nitrogen of axially coordinated imidazole that gives rise
to spin echo modulations. Changing the electronic structure of
Cu(II) from a d,»,> to a d,» ground state slightly increases the
electron—nuclear coupling for the remote nitrogen of coordinated
imidazole, while the 14N nuclear quadrupole interaction is almost
unaffected.
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