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Abstract: 1H-NMR spectral properties of two paramagnetic binuclear copper(II) complexes1 and2, which are weakly
antiferro- and ferromagnetically coupled, respectively, in the solid state, have been studied in solution; corresponding
parameters are compared to a mononuclear copper(II) analogue1a. Compound1 exhibits unusually sharp and
hyperfine shifted ligand signals (+230 to-14 ppm) that are about 100 times sharper than corresponding signals that
could be detected for1a (+20.4 to-13 ppm). Complex2 also displays moderately sharp signals, shifted even to
a greater magnitude (+272 to 0 ppm). These observations are in contrast with other moderately antiferromagnetically
coupled binuclear copper(II) systems where much broader signals are observed in addition to reduced hyperfine
chemical shifts. A complete assignment of signals for1 and2was accomplished by a combination of proton relaxation
data and two-dimensional correlated spectroscopy (COSY) measurements, while for1a only partial analysis could
be performed because of broadness of its signals. An analysis of the relaxation data and a quantitative comparison
among1a, 1, and2 show that the unusual spectral features observed for the weakly coupled binuclear copper(II) (S
) 1/2) centers is caused by a two orders of magnitude decrease in the electron relaxation (τs ) 10-11 s) as compared
to τs ) 10-9 s for the mononuclear copper(II) species,1a. Shortening ofτs for homobinuclear compounds is not
otherwise predicted, and possible mechanisms for the results are discussed. The present findings are significant
with respect to the factors determining electronic relaxation in magnetically coupled systems and to the understanding
of proton NMR when applicable to binuclear copper(II) metalloproteins.

Introduction

Proton nuclear magnetic resonance spectroscopic studies of
paramagnetic compounds have become increasingly useful in
applications such as probing metalloprotein active site structure
and mechanism,1 and in the development of contrast agents for
magnetic resonance imaging (MRI).2 Paramagnetism induces
hyperfine shifts (δ) of NMR signals and shortening of nuclear
longitudinal (T1) and transverse (T2) relaxation times. Both
shifts and relaxation time shortening are a source of information,
making high resolution NMR of paramagnetic compounds the
subject of increasing research interest.3

A drawback in the investigation of paramagnetic compounds
is that when nuclear relaxation is too fast, signal line widths

are large, resolution may become poor and, most important,
coherence and magnetization transfer may be below detection.
When the electronic relaxation time,τs, is short enough (e.g.,
10-11 s), for instance low spin Fe(III), high-spin Co(II),
lanthanides(III) and, in general, all electronic configurations
possessing low-lying excited states, high resolution NMR
nowadays can be performed with success1c-e and the solution
structures of paramagnetic proteins4 or insights into electronic
structure of synthetic compounds can be obtained.3 However,
for mononuclear copper(II) (S) 1/2) the ground state is well
isolated from the excited states, not providing efficient electronic
relaxations, generally leads to longτs values and broad1H-NMR
resonances.5 Estimates of τs range from 10-8-10-9 for
tetragonal copper(II) centers to 10-10 s for blue copper proteins.6

The situation is different when more than one paramagnetic
center is present in the same molecule. When copper(II) is
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magnetically coupled to a different but fast-relaxing metal ion,
e.g., Co(II), sharp signals are observed; typical examples are
copper-zinc superoxide dismutase (SOD),7 and model heter-
obinuclear complexes.8 Here, the fast relaxing metal makes its
relaxation mechanisms available for the copper(II) ion. In
homobinuclear copper(II) complexes, the situation is more
complex. The effect of nuclear relaxation enhancements is
reduced if strong antiferromagnetic coupling occurs, since any
paramagnetic contribution to relaxation depends on the total
electronic spin. In antiferromagnetic coupled binuclear copper-
(II) systems, the ground state is a non-magnetically active
singlet; the stronger the antiferromagnetic coupling, the farther
is the energy separation of the paramagnetic excited state, thus
leading to relatively sharp signals.9

However, our interest here is focused on the electronic
relaxation in homobinuclear copper(II) systems, in situations
other than with strong antiferromagnetic coupling. In these
regards, we here investigate the1H-NMR spectral properties of
two binuclear copper(II) complexes, one weakly antiferromag-
netically coupled, [Cu2(PD-O-)(OAc-)]2+ (1),10 and the other
weakly ferromagnetically coupled, [Cu2(P1-O-)(OAc-)]2+ (2),
in the solid state.11 The corresponding parameters are compared
to a mononuclear analogue, [Cu(AP-O-)(DMF)]+ (1a, DMF
) dimethylformamide)10 (Chart 1). From the1H relaxation
parameters, information on electronic relaxation times is
obtained. The present binuclear copper complexes have been
chosen because they display exceptionally sharp1H-NMR
signals, particularly1. It is true that a number of reports9 have
described a sharpening of the1H-NMR lines for strongly
antiferromagnetically coupled binuclear copper(II) complexes,
but the spectral features have never been analyzed in order to
obtain quantitative information on the electronic relaxations.
Furthermore, the implications of magnetic coupling for electron
relaxations in binuclear copper(II) systems have never been
assessed and discussed with respect to expectations from
available theory. We also address the point of whether the sign
of the magnetic coupling constant (J) is relevant to electronic
relaxation. Following observations of1H-NMR properties of

other binuclear complexes,8,9,12,13we show that evenweakly
coupled binuclear copper(II) systems may have electronic
relaxations short enough so as to allow high-resolution NMR
investigations, possibly applicable even to binuclear copper
metalloproteins.14

Results

Structural and Magnetic Features. The solid state struc-
tures of [Cu2(PD-O-)(OAc-)]2+ (1) (PD-O- ) 2,6-bis[bis(2-
pyridylethyl)amino]phenolate), its mononuclear analog [Cu(AP-
O-)(DMF)]1+ (1a) (AP-O- ) 2-bis(2-pyridylethyl)amino]-
phenolate), and [Cu2(P1-O-)(OAc-)]2+ (2) (P1-O- ) 1,3-bis-
[bis(2-pyridylmethyl)amino]propanolate) have been determined
by X-ray crystallography. Structural details including magnetic
characterization of solids will be reported elsewhere.11 Chem3D
representations of the structures are shown in Figures 1 and 2.
The structures of1 and2 reveal two copper ions linked by a
phenoxide or alkoxide oxygen atom and by an additional
bidentate carboxylate to form a doubly-bridged binuclear core.
The two ions, each forming five-coordinate square-pyramidal
CuN3O2 units, are separated by 3.65 and 3.42 Å and make a
∠Cu-O-Cu angle of 135.3 and 128.8°, respectively. The axial
pyridyl donors on each copper are orientedciswith respect to
each other. In the mononuclear analogue1a, the copper(II) ion,
in addition to ligation to the phenoxide oxygen atom, is also
bonded to a DMF oxygen to form a complex with similar
square-pyramidal geometry. In1 and 1a, a 5,6,6-membered
chelate sequence is present at the copper(II), in contrast to the
5,5,5-membered chelate ring for2.
Magnetic susceptibility measurements and analysis11 (H )

-JS1‚S2) on the solids reveal that the coupling between the two
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Chart 1

Figure 1. Chem3D representation of the crystal structures and1H NMR
of 1a in DMF-d7 at 25 °C at 400 MHz and of1 in CD3NO2/CDCl3
(5:1) at 500 MHz; an asterisk represents peaks due to DMF.
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copper(II) S ) 1/2 centers is weakly antiferromagnetic (J )
-22.3 cm-1) for 1, while weakly ferromagnetic (J ) + 44.2
cm-1) for the other,2, resulting inS ) 0 and 1 ground and
excited states, or vice versa. Such weak magnetic interactions
(with variable sign ofJ) are typical of carboxylate bridged
binuclear copper(II) complexes.12,13 The solution magnetic
moments of1 and2, as determined by the Evans method, are
1.9( 0.1 µB/Cu at 25°C for both complexes, consistent with
weak magnetic interactions between the two copper(II) ions in
solution, as well. The solution susceptibility measurements by
this method do not confirm the sign ofJ except its being small,
and experimental limitations preclude an accurate determination.
We believe that the solid-state structures of1 and2 are preserved
in solution, as supported by their1H-NMR data (vide infra).
The mononuclear complex1a, in DMF, also shows a spin-only
moment of 1.9( 0.1 µB/Cu, confirming the presence of a
mononuclear Cu(II) (S) 1/2) species in the solution.
The Spectra and Paramagnetic Shift. Representative

proton spectra of1a, 1, and2 are shown in Figures 1 and 2.
The binuclear complex1 exhibits unusually sharp and hyperfine
shifted signals spanning from+230 to-14 ppm with most line
widths less than∼100 Hz. Complex2 also exhibits moderately
sharp signals, shifted an even greater magnitude,+272 to 0
ppm. For1a, a spectrum quite similar to that observed for
analogue1 would be predicted, but fewer and broad signals
(+20.4 to -13 ppm) are seen, typical of mononuclear copper-
(II). The spectral features of1 are in striking contrast with
observations for other moderately coupled binuclear copper(II)
systems (e.g.,J) -100 to-250 cm-1), where broader signals
with reduced hyperfine shifts are observed.9,15 The peak
positions for1 and2 are essentially insensitive to a change of
solvent (e.g., CH3CN, CH2Cl2, CH3NO2, or DMF). In DMF,
1a is mononuclear, but in the other solvents it displays quite
different (sharper and less shifted) spectral features, ascribed
to formation of a dimeric phenoxide-bridged species (with
smaller magnetic moment 1.2µB/Cu), as has been previously
observed.16

Spectra of1 and2 were monitored by variable-temperature
measurements (-40 to 75°C, 1; -22 to 75°C, 2; Supporting

Information) . Most of the signals, except those in the
diamagnetic region, are temperature dependent, with the most
up- or downfield signals being the most sensitive. Plots of
observed chemical shifts (δ) vs reciprocal temperatures (T-1)
follow Curie-like behavior, i.e. their shifts decrease with an
increase in temperature. The intercepts at infinite temperature
for most of the signals are within or close to the diamagnetic
region, consistent with the small value ofJ and shifts being
predominantly contact in origin. Theδ intercepts of some of
the signals deviate appreciably from zero (Supporting Informa-
tion). They are positive for signals H1′ of 1 and H2 and H2′′′
of 2, and negative for signals H1 of1 and H1, H1′, H2′, and
H2′′ for 2. Up- and downfield intercepts may indicate either
occurrence of magnetic coupling or an appreciable pseudocon-
tact contribution to the isotropic shifts. While it is well known
that the magnetic anisotropy giving rise to the pseudocontact
contribution is usually very small for Cu(II) systems,17 it may
not be negligible for CH groups that are very close to Cu(II).
However, all of these signals belong to methylene proton pairs,
and three out of four methylenes show up- and downfield shifts
within the same pair. This suggests that more plausible sources
of deviation from Curie behavior may be temperature dependent
conformational changes, affecting Cu-N-C-H dihedral angles
within each pair, and thus contact shifts.
Interpretation of T1 andT2 Values and Signal Assignment.

Signal assignment for cases like1, 1a, and2 is a challenge
because of the large hyperfine shifts caused by the paramagnetic
Cu(II). However, unambiguous assignments for1 and2 were
accomplished using a combination of measurements: proton
longitudinal relaxation times (T1) that correlate with proximity
of H’s to copper ion, line widths that correlate with through-
bond electron delocalization, and two-dimensional correlation
spectroscopy (COSY) that provides spin patterns. The results
of these measurements, using protocols developed for para-
magnetic metal centers1c and recently applied to other binuclear
copper(II) systems,13b are collected in Table 1. Several conclu-
sions can be drawn upon inspection of these data. The majority
of the protons that are close to copper have very shortT1s, in
the narrow range 1-2 ms with broader line widths (shorterT2
values), while those in the periphery have longerT1s (27-84
ms) and narrower line widths. This is expected because the
protons closer to the copper center(s) experience stronger
paramagnetic effect and hence shorterT1s and larger shifts.
Another observation is that there is a good correlation between
the solution-determined Cu-H distances, using relativeT1
values, and the range found in the crystal structure (Table 1).
In fact, based on these data signal assignment of protons that
are closer to copper was possible, as they are not accessible to
other 2D techniques because of their very short relaxation times.
The spectrum of1, in solution, is quite simple (Figure 1),

indicating an highly symmetric environment, making all py-
ridylethyl ligand arms equivalent. The proton pair on each
methylene is diastereotopic, thus all hydrogens are inequivalent.
The pair on the methylene bound to the arylamine nitrogen (H1
and H1′) are closest to copper (3.0 and 3.8 Å) and are assigned
to the most downfield shifted signals,δ 229.4 and 84.5,
respectively. The proton, ortho to pyridine nitrogen, (H6) is
also close to the copper ion (3.1 Å), and is assigned to the next
most downfield signal. For the rest of the signals, a conclusive
assignment was not possible solely based on the relativeT1,
line widths, and Cu-H proximity data. However, a complete
assignment was accomplished in combination withtwo-

(15) Byers, W.; Williams, R. J. P.J. Chem. Soc.1973, 555.

(16) (a) Adams, H.; Bailey, N. A.; Campbell, I. K.; Fenton, D. E.; He,
Q-Y. J. Chem. Soc., Dalton Trans. 1996, 2233. (b) Karlin, K. D.; Cohen,
B. I. Inorg. Chim. Acta1985, L17.

(17) Espersen, W. G.; Martin, R. B.J. Am. Chem. Soc. 1976, 98, 40.

Figure 2. Chem3D representation of the crystal structure and1H NMR
of 2 in CD3NO2 at 75°C at 300 MHz; an asterisk represents peaks due
to solvent impurities.
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dimensional COSY; a representative spectrum for1 is shown
in Figure 3. Clear proton cross-signals are observed within the
pyridine and the phenyl, which enabled us to determine their
connectivity. The signal atδ, 25.1, which has intensity 3, was
assigned to acetate, CH3CO2

-. It showed no correlation with
any other peak, as expected; in2, it appears around the same
region, substantiating its assignment. Thepara proton of the
phenyl ring (Hp), although farther from the copper, is quite
downfield shifted, due to large spin delocalization through a
π-bonding effect. The two upfield shifted signals atδ -9.0
and-14.0 are due to methylene protons bound to the pyridine
ring. They display COSY cross peaks. It is not uncommon
for a methylene pair bound to a pyridine ring to have a chemical
shift similar in magnitude but opposite in sign to the aromatic
proton bound in the same position.18

In 2, unlike1, there are two different kinds of pyridines and
methylene groups bound to them, plus the methylene on the
hydroxypropane backbone (Figure 2). The proton pairs on all
methylene groups are diastereotopic and inequivalent to one
another. All together, along with a methine and acetate, 16
signals are anticipated, which are indeed observed either below
or above room temperature. The proton pairs on methylenes
are assigned based onT1 values, line widths, and Cu-H
distance-dependent arguments already described for1. The
signals atδ 271.9 andδ 20.0 are due to the proton pair on the
hydroxypropane backbone (H-1, H-1′), while those atδ 196.9,
65.0, and 60.9 are assigned to H-2′, H-2′′ and H-2, H-2′′′,
respectively, on the methylenes bound to pyridines. They
showed no cross peaks in the COSY, probably due to their
relatively large line widths; however, by selective deuteration
(of all methylene protons), the corresponding signals in the1H-
spectrum disappeared or showed diminished intensity, confirm-
ing their assignments. The single methine resonance atδ 7.8
is assigned based on its line width and relative intensity. The
signal at δ 23.3 is assigned to CH3CO2

- (OAc-), which
disappears upon substitution with CD3CO2

-. It showed no cross
peak in the COSY (not shown), as expected. The order of
pyridine ring proton connectivities is assigned by COSY, as
described similarly for1.
Signal assignment for1a is only partial, since many possible

resonances do not appear and most of the observed signals are
still too broad, and precluded a similar analysis. Signals H-3,
H-5, H-2, and H-2′ can be assigned with confidence since they
arise from the pyridine ring protons whose hyperfine coupling
constants (and hence hyperfine shifts) are not expected to change
on passing from mononuclear to its binuclear copper(II)
analogue,1.

Discussion

The present binuclear copper(II) complexes show relatively
sharp NMR line widths which are two orders of magnitude
sharper than the mononuclear analog and about one order of
magnitude sharper than other moderately antiferromagnetically
coupled binuclear copper(II) complexes previously reported.9

We can immediately discard the possibility that the signals are
narrower because of strong antiferromagnetic coupling (Jg kT)
which causes the paramagnetism to be strongly reduced due to
depopulation of the excitedS) 1 state (and hence long proton

(18) McConnnell, H. M.J. Chem. Phys.1956, 24, 632.

Table 1. Peak Positions,T1 andT2 values, Proximity of H’s to Cu, and Assignments for1a, 1, and2 at 25°C

1aa 1 2

RCu-H (Å) RCu-H (Å) RCu-H (Å)signal
(δ)

T1
(ms)

T2b

(ms) X-ray solnc assign
signal
(δ)

T1
(ms)

T2b

(ms) X-ray solnc assign
signal
(δ)

T1
(ms)

T2b

(ms) X-ray solnc assign

229.4 0.9 0.8 3.0 3.2 H1 271.9 1.0 0.22 3.3 3.1 H1
signals absent 84.5 2.8 1.0 3.8 3.5 H1′ 196.9 1.7 0.26 3.2 3.4 H2′, 2′′
or too broad for 61.6 2.8 1.9 3.1 3.5 H6 73.5 2.2 1.2 3.3 3.5 H6
any measurements 41.1 83.7* 11.7 6.1* Hp 68.6 2.3 1.3 3.3 3.6 H6′

25.1 17.3 9.6 4.7 OAc- 65.0 2.7 1.3 3.8 3.7 H2
20.5 d 0.07 5.2 H3 24.1 36.0 12.2 5.1 5.3 H3 60.9 2.0 0.7 3.8 3.5 H2′′′
18.7 0.09 6.0 H5 22.8 41.0 14.5 5.1 5.4 H5 28.2 19 10.6 5.0 5.1 H5
14.4 15* 0.6 6.1* Hm,p 16.3 93.7 17.6 5.8 6.2 H4 26.1 18 7.0 4.9 5.1 H5′
8.9 6 0.5 4.5 5.2 Ho,m′ 13.4 26.7 12.0 4.8 5.1 Hm 23.3 13 6.3 4.7 4.8 OAc-

-9.4 0.03 3.1 H2 -9.0 3.9 3.0 3.1 3.7 H2 23.0 20 9.0 5.3 5.2 H3
-13.1 0.04 4.1 H2′ -14.0 11.5 6.9 4.2 4.4 H2′ 22.8 d ∼1 3.8 d H1′

21.8 23 10.6 5.1 5.3 H3′
11.4 45* 13.2 5.9* H4
10.8 49 10.6 5.9 6.0 H4′
7.8 <1.0 1.1 3.0 <3.0 H0

a Assignment is partial, peak positions due to DMF (dimethylformamide) are not shown.b T2 ) 1/π(fwh), fwh is full width at half-height.c In
solution, calculatedRCu-H ) Rref(T1/Tref)1/6, whereRref andTref are reference (*) values.dNot measured because of broadness or overlap.

Figure 3. Representative COSY spectrum of1 (in CD3NO2/CDCl3
(5:1) at 300 MHz), showing correlation among the pyridine and the
phenyl protons.
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relaxation times). Hyperfine shifts under these conditions are
also strongly reduced. On the other hand, the magnetic coupling
in the present complexes is so weakly antiferromagnetic in one
case, and weakly ferromagnetic in the other case, that at room
temperature the threeS) 1 plus oneS) 0 states must be almost
equally populated. Consistently, the hyperfine shifts are very
large (as large as expected for mononuclear analogue1a) and
display an essentially normal Curie temperature dependence
(Supporting Information).Therefore, the line sharpening must
be due to a decrease in the electronic relaxation time,τs.
Shorter τs values for copper(II) have been predicted, and
observed, in heterobinuclear compounds where copper(II) is
coupled to a fast relaxing metal ion (see Introduction). How-
ever, shortening ofτs is not predicted in homobinuclear
compounds. In the case of the fully copper-substituted copper-
zinc SOD there is magnetic coupling between the two copper-
(II) ions, and a thorough NMR investigation has shown that
the electronic relaxation time in the binuclear species is equal
to that of the native copper-zinc molecule.7 Experimental data
and analyses on binuclear coordination compounds up to now
have not addressed the problem of alterations ofτs upon
coupling. In order to investigate this possibility, a quantitative
analysis ofτs in the present complexes has been carried out.
The equations for nuclear (proton) longitudinal and transverse

relaxation rate enhancements due to dipolar and contact coupling
to a paramagnetic center in the absence of chemical exchange
are available:19

where

and

The nuclear relaxation rate enhancements depend, besides on
several constants, on metal ion electronic configuration (S),
hyperfine coupling constant (A), and the nucleus-electron
reorientational correlation timesτc1,2 and τs1,2. The latter are
the electron longitudinal (τs1) and transverse (τs2) relaxation
times, and the former are given by:

whereτr is the molecular reorientational time. In most cases,

the differentiation betweenτs1 and τs2 is unnecessary, and
therefore reference is made only toτc or τs unless otherwise
specified. For mononuclear copper complexesτs is typically
around 1-5 × 10-9 s,20,21 while τr is one to two orders of
magnitude shorter for aqueous solutions.21 Therefore, the
correlation time for dipolar relaxation is essentiallyτr, whereas
contact relaxation depends only onτs. As the rotational
correlation time for the binuclear copper(II) complexes must
be similar to that of the mononuclear tetragonal copper(II)
species (or even slightly larger), the striking difference in proton
relaxation must be indeed due to a decrease inτs. This is
particularly true for nuclear transverse relaxation times, where
the contact contribution is the dominant contribution, as can be
seen by comparing eqs 2 and 4. The decrease inτs is due to
magnetic coupling in1 and2.
NMR line widths of1 and2 can be thus directly analyzed in

terms ofτs, using equations analogous to eqs 2 and 4, except
for the incorporation of a multiplication coefficient which
depends on the Boltzmann population of the electronic energy
levels in the coupled binuclear copper(II) systems.21-23 In the
present case where|J| , kT, the coefficient is1/2.21-23 As a
result, it is theoretically predicted that the nuclear relaxation
rate enhancements are all decreased by a factor of 2 in the
presence of magnetic coupling between the two metal ions,
independent of the relaxation mechanism.24 Consistent with this
conclusion, it may be appropriate to mention that the hyperfine
coupling measured in EPR spectroscopy for homobinuclear
copper(II) centers is just1/2 that of mononuclear centers.
Assuming that dipolar contributions are negligible, the

hundred times sharpening of line widths in binuclear complex
1with respect to mononuclear analogue1acan be quantitatively
related to a decrease inτs by a factor of 50, due to the1/2 effect.
If dipolar contributions are not completely negligible, their
relative contribution to the line widths of1 would be larger
than those of1a, because the total line width is different and
the dipolar contributions are similar. Therefore, the decrease
in τs by a factor of 50 is actually a lower limit. For a typical
startingτs value for mononuclear copper of about 3× 10-9 s,
this means thatτs in the binuclear copper(II) complex would
be around 6× 10-11 s, or shorter.
A more precise value ofτs can be calculated by making use

of theT1 data for both complexes1 and1a. In both casesT1
values are mainly due to dipolar relaxation mechanisms, as
witnessed by the substantial agreement between the crystal-
lographic distances and those calculated on the basis of a 1/r6

dependence (Table 1). Therefore, an estimate of the correlation
time τc can be made (from the equations) in both cases. For
mononuclear1a, a τc of around 4× 10-11 s is obtained. This
value coincides only withτr , while τs for the mononuclear
species is two orders of magnitude longer. As far as the
binuclear species is concerned, ifτc were dominated byτr , a
value of 4× 10-11 s, or even slightly longer (the binuclear
species is slightly heavier), is anticipated. Instead, a sizably
shorter value of around 1× 10-11 is found. Thus, this is a
clear indication thatτs has decreased so much as to become
dominant inτc for the binuclear complex. From eq 5, aτs value
of 1.5× 10-11 s for complex1 is obtained. In conclusion, our

(19) (a) Solomon, I.Phys. ReV. 1955, 99, 599. (b) Bloembergen, N.J.
Chem. Phys.1957, 27, 572.

(20) Bertini, I.; Luchinat, C.; Brown, R. D., III.; Koenig, S. H.J. Am.
Chem. Soc. 1989, 111, 3532.

(21) Banci, L.; Bertini, I.; Luchinat, C.Nuclear and Electronic Relax-
ation. The magnetic nuclear-unpaired electron coupling in solution; VCH:
Weinheim, 1991.

(22) Banci, L.; Bertini, I.; Luchinat, C.Structure Bonding1990, 72, 114.
(23) Bertini, I.; Lanini, G.; Luchinat, C.; Mancini, M.; Spina, G.J. Magn.

Reson.1985, 63, 56.
(24) Bertini, I.; Galas, O.; Luchinat, C.; Spina, G. Manuscript submitted

for publication.
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estimate for the decrease ofτs in this binuclear complex is of a
factor of about 200. As far as complex2 is concerned, on the
average,τc is twice that of1. With the sameτr value of 4×
10-11 s for both complexes,τs goes to∼3 × 10-11 s.
This is the first documented case of a decrease inτs by almost

two orders of magnitude, in a magnetically coupled binuclear
copper(II) system,leading to significantly sharpened hyperfine
shifted 1H NMR signals. At variance with copper(II) being
magnetically coupled with a metal ion whose electron(s) relax
fast, where the electron of copper can take advantage of the
electronic relaxation mechanisms of the other ion, in homobi-
nuclear centers, to a first approximation, no significant increase
in electron relaxation rate is expected upon establishment of
magnetic coupling. For binuclear Cu(II), in the scheme of two
energy levels characterized byS ) 0 and 1, the transition
probability among the variousMs levels can be calculated, and
electronicT1 andT2 in the new environment predicted, under
the assumption that the relaxation mechanisms are only those
already available for each isolated metal. This approach follows
that available in the literature by Ernst25 for two scalar coupled
nuclear spins ofI ) 1/2. The resultingτs1,2 values, in the case
where two metal ions are equivalent (like in the present case),
are

This result is independent of the sign ofJ as long as|J| , kT
because only the transitions amongMs levels of the paramag-
neticS) 1 and 0 manifolds are considered, their energy order
(positive or negative) being irrelevant. It is apparent that neither
the1/2 coefficient nor the2/3 coefficient inτs2are able to account
for the large decrease inτs1,2. Therefore, the shortening ofτs1,2
must be due to additional mechanisms, specifically operative
in the present binuclear copper(II) species, which make the2/3
correction irrelevant. It is therefore important to understand,
at least qualitatively, the origin of the phenomenon, and a
comparison of the1H NMR behavior of1, 2 among other
complexes reported in the literature8,9,12,13,15 may help to
delineate possible reasons.
Comparison of spectral data within1 and2, and otherweakly

coupled binuclear copper(II) complexes12,13(Chart 2) indicates
that the sign ofJ is unimportant in determining factors
responsible for narrow line widths. Complexes3, benzimidazole
(BIm) analogues of2, with either Me13aor H13b substituted on
the nonligated nitrogen atom, are weakly ferromagnetically

coupled (J∼ +6 cm-1), and have line widths comparable to2
(but roughly twice that observed for1), vide supra. Similarly
for 4 (X ) µ-1,1-OAc-), which is weakly antiferromagnetic (J
∼ -8 cm-1),12 the line widths can also be estimated to be in
the range seen for2 and3. Likewise, the absolute magnitude
of J also does not necessarily correlate with a shortening ofτs.
A relatively smallJ value of 26 cm-1 has been reported for
dicopper superoxide dismutase,7 and a very small value ofJ
(<1 cm-1) for 5:8 in both cases, nuclear relaxation is not
appreciably decreased by exchange coupling with respect to the
mononuclear analogues.
A possible hint to rationalization of the observed decrease in

line widths and shortτs for weakly coupled binuclear copper-
(II) systems comes from the observation that in the range of
relatively high magnetic fields used, the electronic relaxation
time is related to the lifetime of the energy levels of the coupled
system. In magnetically coupled dicopper systems, fluctuations
in geometry around Cu and/or the ligand-Cu framework can
modulate the zero-field splitting (ZFS) of theS ) 1 level.
Among other sources ZFS is caused by dipolar coupling between
the two copper centers. Relatively short distances between the
copper ions and flexibility of the complex are expected to favor
efficient modulation. Among complexes1, 2, and3 having a
narrow range of intercopper distances 3.4-3.6 Å, complex1 is
likely to be more flexible (with most of its chelate rings around
Cu being six-membered, as opposed to five-membered rings in
2 and3; such differences in ring size for binuclear copper(II)
complexes have dramatic effects on properties, for instance Cu-
(II)/Cu(I) redox potentials),26 while 5, described by some of us
with Drago,8 is probably the most rigid and exhibits broader
signals. Complex4, with a short Cu‚‚‚Cu distance (3.0 Å),12

expected to modulate appreciableτs shortening, gives sharper
resonances.27 Indeed, this explanation may be applicable to the
2,6-dialkylphenolate systems, which often support short Cu‚‚‚-
Cu distances.9c,12 On the other hand, when the distance is too
long, as in superoxide dismutase (6 Å), the modulation of ZFS
may be too small to allow any efficientτs shortening,28

independent of the flexibility of the molecule.

Conclusion

In this article, we have shown that weakly coupled binuclear
copper(II) centers may display sharp ligand1H-NMR signals
due to rapid electron relaxations (shorterτs). Application of
relevant theory and discussion of possible implications and
mechanisms of enhanced relaxation have been presented here
and discussed for the first time. Among other factors, the
proximity of the two metal ions, flexibility around them due to
ligand structure, and electronic delocalization are suggested to
be responsible for this observation. The modulation of ZFS of
theS) 1 state in the coupled systems is considered a likely
source of electron relaxation. Modulation can be due to
molecular rotation or to internal mobility. As the correlation
time is shorter thanτr, its origin cannot be due to molecular
rotation. However, it could occur through internal mobility (i.e.,
fluctuations or rapid rearrangements of copper-ligands or
copper-ligands-copper core). Ferro- or antiferromagnetic
couplings could provide similar effects. Such zero-field splitting

(25) Freeman, R.; Wittekoek, S.; Ernst, R. R.J. Chem. Phys.1970, 52,
1529.

(26) Karlin, K. D.; Gultneh, Y.Prog. Inorg. Chem.1987, 35, 219.
(27) A somewhat different explanation forτs shortening, especially in

1, is provided by a referee. Here, electron delocalization onto a bridging
atom of the alkylaminophenol ligand (i.e., formal oxidation of the phenolate
oxygen with reduction of one copper(II) ion) may play a role, since this
reduces the distance between spins.

(28) Bertini, I.; Banci, L.; Brown, R. D., III; Koenig, S. H.; Luchinat,
C. Inorg. Chem.1988, 27, 951.

(29) (a) Evans, D. F.J. Chem. Soc.1959, 2003. (b) Grant, D. H.J. Chem.
Educ.1995, 72, 39.

Chart 2

τs1(binuclear)) τs1(mononuclear) (7)

τs2(binuclear))
2/3τs2(mononuclear) (8)
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modulation in binuclear copper(II) metalloproteins could as well
occur through internal motions, an exciting prospect and possible
fruitful area for future research. Indeed, copper(II) substituted
aminopeptidase binuclear metalloproteins have very recently
been shown to exhibit very sharp and hyperfine shifted proton
spectra.14 The present results (according to a reviewer) may
be relevant also for the oxidized CuA fragment of cytochrome
c oxidase which contains two copper ions with totalS ) 1/2
and show sharp NMR signals.30

Experimental Section

Synthesis. The binuclear copper(II) compound [Cu2(PD-O-)-
(OAc-)](ClO4)2 (1) was synthesized following the procedure reported
by us.10 [Cu2(P1-O-)(OAc-)](ClO4)2 (2) was obtained by direct
addition of the solution of Cu(ClO4)2‚6H2O (0.34 g, 0.92 mmol) in
EtOH (5.0 mL) to the predissolved ligand P1-OH, 1,3-bis[bis(2-
pyridylmethyl)amino]hydroxypropane (0.25 g, 0.5 mmol), AcOH (31.0
mg, 0.5 mmol), and NEt3 (104 mg, 1 mmol) in EtOH (15 mL). A
blue precipitate that crashed out was washed with excess EtOH to obtain
a microcrystalline product (034 g, 92%). Recrystallization from
acetonitrile gave bright-blue crystals, Cu2(P1-O-)(OAc-)](ClO4

-)2‚CH3-
CN, suitable for X-ray diffraction. Anal. Calcd for Cu2(P1-O-)-
(OAc-)](ClO4

-)2, C29H32N6Cl2Cu2O11: C, 41.54; H, 3.85; N, 10.02.
Found: C, 41.51; H, 3.79;N, 10.07. IR (mull): 1080 cm-1, ν(ClO4

-).
UV-vis [λmax(ε ) mol-1, cm-1) CH3CN]: 902 (1102), 703 (sh, 660),
290 (4897). Magnetic moment (Evans, CD3NO2): 1.88µB/Cu at room
temperature. Magnetic susceptibility (solid, -J): 44.2 cm-1. Synthesis
of [Cu2(P1-O)(CD3CO2

-)(ClO4
-)2 was achieved similarly, using instead

deuterated acetic acid. Complex2, deuteriated selectively at the
methylene positions of the ligand P1-OH, was prepared similarly using
the ligand treated by refluxing in glacial acetic acid-d3 for 2 days. The
synthesis and characterization of mononuclear complex [Cu(AP-O-)-
(DMF)](ClO4

-) is described elsewhere.11

NMR. The 1D and 2D proton experiments were performed on
Bruker AMX 300 and Varian UNITY 400- or 500-MHz spectrometers.
1D proton spectra were typically obtained by using a 100 kHz spectral
width and 0.1-s delays between a 90° pulse of 7.2 or 4.2µs, respectively.
All the chemical shifts were referenced to internal nitromethane and/
or TMS which in turn was calibrated against external nitromethane.
The shift values reported are measured at room temperature, except
when specified; those positive to TMS are downfield and those negative
are upfield shifted. Longitudinal relaxation times (T1) were measured
by the inversion-recovery method. TestΤ1 values were chosen to range
from much less than the fastest relaxing peak to much longer than the
slowest one. Magnetization recovery was exponential within experi-
mental error. From the fitting of these curves,T1 values were obtained
within an estimated error of(0.1 ms. T2 values were estimated from
the peak half-widths. The inter copper-proton distances were deter-
mined from the crystal structure measurements. COSY spectra were
obtained at room temperature by collecting 1024F2 × 512 F1 data
points, with a repetition time of 0.1 s; typically for a 10-20 mM sample,
collection time was about 12 h. A zero-degree-shifted sine bell
combined with a Gaussian function was applied in both dimensions
and zero filled to 1024 in theF1 dimension prior to Fourier transforma-
tion and symmetrization.
Magnetic Susceptibility. Susceptibilities for solids1 and2 were

obtained by SQUID measurements on powdered polycrystalline samples
in the temperature range 4-305 K.11 Solution magnetic moment
measurements were obtained using the Evans method.29

Acknowledgment. N.N.M. and K.D.K. thank Dr. Charles
A. Long for help with NMR spectroscopic measurements, and
we gratefully acknowledge the financial support of the National
Institutes of Health.

Supporting Information Available: Variable-temperature
1H-NMR spectra and plots of chemical shifts (δ) vs 1/T (K-1)
for 1 and2, Figures 4-7 (4 pages). See any current masthead
page for ordering and Internet access instructions.

JA961555Q

(30) (a) Bertini, I.; Bren, K. L.; Clemente, A.; Fee, J. A.; Gray, H. B.;
Luchinat, C.; Malmstro¨m, B. G.; Richard, J. H.; Sanders, D.; Slutter, C. E.
J. Am. Chem. Soc.1996, 118, 11658. (b) Dennison, C.; Berg, A.; de Vries,
S.; Canters, G. W.FEBS Lett.1996, 394, 340-344.

2162 J. Am. Chem. Soc., Vol. 119, No. 9, 1997 Murthy et al.


