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Abstract: IH-NMR spectral properties of two paramagnetic binuclear copper(ll) complexed2, 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(l
hyperfine shifted ligand signals-230 to—14 ppm) that ar
could be detected fata (+20.4 to—13 ppm). Complex

1) analgu€ompoundl exhibits unusually sharp and
e about 100 times sharper than corresponding signals that
also displays moderately sharp signals, shifted even to

a greater magnitudeH272 to 0 ppm). These observations are in contrast with other moderately antiferromagnetically
coupled binuclear copper(ll) systems where much broader signals are observed in addition to reduced hyperfine
chemical shifts. A complete assignment of signalslfand2 was accomplished by a combination of proton relaxation

data and two-dimensional correlated spectroscopy (COSY) measurements, whiteofdy partial analysis could

be performed because of broadness of its signals. An

analysis of the relaxation data and a quantitative comparison

amongla, 1, and2 show that the unusual spectral features observed for the weakly coupled binuclear cogper(ll) (
= 1/,) centers is caused by a two orders of magnitude decrease in the electron relaxatidi®('* s) as compared

to 7s = 1079 s for the mononuclear copper(ll) speciés,

Shortening ofrs 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(ll)

Introduction

metalloproteins.

are large, resolution may become poor and, most important,
coherence and magnetization transfer may be below detection.

Proton nuplear magnetic resonance spgctroscgpic studies ,OWhen the electronic relaxation times, is short enough (e.g.,
paramagnetic compounds have become increasingly useful inqg-11 s), for instance low spin Fe(lll), high-spin Co(ll),

applications such as probing metalloprotein active site StrucwreIanthanides(lll) and, in general, all electronic configurations

and mechanisrhand in the development of contrast agents for
magnetic resonance imaging (MRI)Paramagnetism induces

hyperfine shifts §) of NMR signals and shortening of nuclear

longitudinal (1) and transverseTg) 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 interést.

A drawback in the investigation of paramagnetic compounds
is that when nuclear relaxation is too fast, signal line widths
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possessing low-lying excited states, high resolution NMR
nowadays can be performed with sucééssand the solution
structures of paramagnetic proteims insights into electronic
structure of synthetic compounds can be obtaihddowever,
for mononuclear copper(l)S= 1/,) the ground state is well
isolated from the excited states, not providing efficient electronic
relaxations, generally leads to lomgvalues and broatH-NMR
resonance®. Estimates ofrs range from 108—107° for
tetragonal copper(ll) centers to10s for blue copper proteirfs.
The situation is different when more than one paramagnetic
center is present in the same molecule. When copper(ll) is
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magnetically coupled to a different but fast-relaxing metal ion,

e.g., Co(ll), sharp signals are observed; typical examples are

copper-zinc superoxide dismutase (SODand model heter-

obinuclear complexes.Here, the fast relaxing metal makes its
relaxation mechanisms available for the copper(ll) ion. In
homobinuclear copper(ll) complexes, the situation is more

complex. The effect of nuclear relaxation enhancements is

J. Am. Chem. Soc., Vol. 119, No. 9, 211987
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reduced if strong antiferromagnetic coupling occurs, since any rigure 1. ChemaD representation of the crystal structurestBhdMR
paramagnetic contribution to relaxation depends on the total of 1a in DMF-d; at 25°C at 400 MHz and ofl in CDsNO,/CDCls

electronic spin. In antiferromagnetic coupled binuclear copper- (5:1) at 500 MHz; an asterisk represents peaks due to DMF.

(I1) systems, the ground state is a non-magnetically active

singlet; the stronger the antiferromagnetic coupling, the farther other binuclear complexé€,1213we show that evenveakly
is the energy separation of the paramagnetic excited state, thugoupled binuclear copper(ll) systems may have electronic

leading to relatively sharp signdis.

relaxations short enough so as to allow high-resolution NMR

However, our interest here is focused on the electronic investigations, possibly applicable even to binuclear copper

relaxation in homobinuclear copper(ll) systems, in situations
other than with strong antiferromagnetic coupling. In these
regards, we here investigate thé¢-NMR spectral properties of
two binuclear copper(ll) complexes, one weakly antiferromag-
netically coupled, [Cx(PD-O")(OAc™)]?" (1),1° and the other
weakly ferromagnetically coupled, [@P1-O7)(OAcT)]%" (2),

in the solid staté! The corresponding parameters are compared

to a mononuclear analogue, [Cu(APYDMF)]* (1a, DMF
= dimethylformamide)® (Chart 1). From the'H relaxation
parameters, information on electronic relaxation times is

obtained. The present binuclear copper complexes have bee

chosen because they display exceptionally shatpgNMR
signals, particularlyl. It is true that a number of repofthave
described a sharpening of tH&l-NMR lines for strongly
antiferromagnetically coupled binuclear copper(ll) complexes,

but the spectral features have never been analyzed in order t

obtain quantitative information on the electronic relaxations.
Furthermore, the implications of magnetic coupling for electron

relaxations in binuclear copper(ll) systems have never been
assessed and discussed with respect to expectations fron
available theory. We also address the point of whether the sign.

of the magnetic coupling constard) (s relevant to electronic
relaxation. Following observations éH-NMR properties of
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Results

Structural and Magnetic Features. The solid state struc-
tures of [Cy(PD-O")(OAc)]?" (1) (PD-O = 2,6-bis[bis(2-
pyridylethyl)amino]phenolate), its mononuclear analog [Cu(AP-
O")(DMP)** (1a) (AP-O~ = 2-bis(2-pyridylethyl)amino]-
phenolate), and [G(P1-07)(OAc)]?" (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 elsewh&réChem3D
representations of the structures are shown in Figures 1 and 2.
The structures ol 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

CuN;zO; units, are separated by 3.65 and 3.42 A and make a
OCu—0O—Cu angle of 135.3 and 128,8espectively. The axial
yridyl donors on each copper are orientaslwith respect to
each other. In the mononuclear analogagthe copper(ll) 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. Ihand la a 5,6,6-membered
chelate sequence is present at the copper(ll), in contrast to the
5,5,5-membered chelate ring far

Magnetic susceptibility measurements and analygls =
-JS-S) on the solids reveal that the coupling between the two

(12) Lubben, L.; Hage, R.; Meetsma, A.; Byma, K.; Feringa, Binbrg.
Chem.1995 34, 2217.
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(14) (a) Holz, R. C., Utah State University, private communication. (b)
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Figure 2. Chem3D representation of the crystal structure’®htIMR

of 2in CD3NO, at 75°C at 300 MHz; an asterisk represents peaks due
to solvent impurities.

copper(ll) S = 1/, centers is weakly antiferromagnetid €
—22.3 cn1?) for 1, while weakly ferromagnetic)(= + 44.2
cm™Y) for the other,2, resulting inS= 0 and 1 ground and
excited states, or vice versa. Such weak magnetic interaction
(with variable sign ofJ) are typical of carboxylate bridged
binuclear copper(ll) complexédl® The solution magnetic
moments ofl and2, as determined by the Evans method, are
1.9+ 0.1 us/Cu at 25°C for both complexes, consistent with
weak magnetic interactions between the two copper(ll) ions in
solution, as well. The solution susceptibility measurements by
this method do not confirm the sign é&xcept its being small,
and experimental limitations preclude an accurate determination.
We believe that the solid-state structured ehd2 are preserved

in solution, as supported by theiH-NMR data (vide infra).
The mononuclear compleba, in DMF, also shows a spin-only
moment of 1.9+ 0.1 ug/Cu, confirming the presence of a
mononuclear Cu(ll)$ = /,) species in the solution.

The Spectra and Paramagnetic Shift. Representative
proton spectra ola, 1, and2 are shown in Figures 1 and 2.
The binuclear complek exhibits unusually sharp and hyperfine
shifted signals spanning frormi230 to—14 ppm with most line
widths less tharn-100 Hz. Complex also exhibits moderately
sharp signals, shifted an even greater magnitde/2 to O
ppm. Forla, a spectrum quite similar to that observed for
analoguel would be predicted, but fewer and broad signals
(+20.4 to -13 ppm) are seen, typical of mononuclear copper-
(). The spectral features df are in striking contrast with
observations for other moderately coupled binuclear copper(ll)
systems (e.gJ = —100 to—250 cnt?l), where broader signals
with reduced hyperfine shifts are obser?dd. The peak
positions forl and2 are essentially insensitive to a change of
solvent (e.g., CECN, CHCl,, CH3NO,, or DMF). In DMF,
lais mononuclear, but in the other solvents it displays quite
different (sharper and less shifted) spectral features, ascribe
to formation of a dimeric phenoxide-bridged species (with
smaller magnetic moment 1;2/Cu), as has been previously
observed$

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

(15) Byers, W.; Williams, R. J. Rl. Chem. Socl973 555.
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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 shift®) vs reciprocal temperature3 (%)
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 &fand shifts being
predominantly contact in origin. Thé intercepts of some of

the signals deviate appreciably from zero (Supporting Informa-
tion). They are positive for signals Haf 1 and H2 and H2'

of 2, and negative for signals H1 dfand 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(ll) systerifsit may

not be negligible for CH groups that are very close to Cu(ll).
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 €M—C—H dihedral angles
within each pair, and thus contact shifts.

Interpretation of T, and T, Values and Signal Assignment
Signal assignment for cases like 1a, and 2 is a challenge
because of the large hyperfine shifts caused by the paramagnetic
Cu(ll). However, unambiguous assignments fand?2 were
accomplished using a combination of measurements: proton
longitudinal relaxation timesTI{) 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 centéfiand recently applied to other binuclear
copper(ll) system&® 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 shgtin
the narrow range-12 ms with broader line widths (short&p
values), while those in the periphery have longes (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 shorigs and larger shifts.
Another observation is that there is a good correlation between
the solution-determined CtH distances, using relativd;
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 ofi, 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 A) and are assigned
to the most downfield shifted signal®, 229.4 and 84.5,
respectively. The proton, ortho to pyridine nitrogen, (H6) is
also close to the copper ion (3.1 A), and is assigned to the next

gnost downfield signal. For the rest of the signals, a conclusive

assignment was not possible solely based on the reldtive
line widths, and CuH proximity data. However, a complete
assignment was accomplished in combination witho-

(16) (a) Adams, H.; Bailey, N. A.; Campbell, I. K.; Fenton, D. E.; He,
Q-Y. J. Chem. Soc., Dalton Tran$996 2233. (b) Karlin, K. D.; Cohen,
B. I. Inorg. Chim. Actal985 L17.

(17) Espersen, W. G.; Martin, R. B. Am. Chem. Sod 976 98, 40.
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Table 1. Peak PositionsT: and T values, Proximity of H’'s to Cu, and Assignments fa, 1, and2 at 25°C

1a8 1 2
signal T, TP Reu-+ (A) signal T; TP Rou-+ (A) signal T TP Rou-+ (A)

(0) (ms) (ms) X-ray soli assign () (ms) (ms) X-ray solf assign (0) (ms) (ms) X-ray solA assign
229.4 0.9 0.8 3.0 32 Hi 271.9 10 022 33 31 H1
signals absent 845 28 1.0 338 35 'H1 196.9 1.7 0.26 3.2 3.4 H2'
or too broad for 616 2.8 19 31 35 H6 73.5 2.2 12 33 35 H6

any measurements 411 83.7* 11.7 6.1* p H 68.6 2.3 1.3 3.3 3.6 H6

251 17.3 9.6 47 OAc 65.0 2.7 1.3 3.8 3.7 H2
205 d 0.07 5.2 H3 241 36.0 122 51 53 H3 60.9 20 07 3.8 3.5"H2
18.7 0.09 6.0 H5 228 41.0 145 51 54 H5 28.2 19 106 5.0 51 H5
14.4 15* 0.6 6.1* Fhp 16.3 93.7 176 5.8 6.2 H4 26.1 18 7.0 4.9 5.1 "H5
8.9 6 05 45 52 bl 134 26.7 120 438 51 K 233 13 6.3 47 4.8 OAc
-9.4 0.03 3.1 H2 -9.0 39 30 31 3.7 H2 23.0 20 9.0 53 5.2 H3

-13.1 0.04 41 H2 -140 115 6.9 4.2 44 H2 228 d ~1 3.8 d HY
218 23 10.6 5.1 5.3 H3

11.4 45 132 5.9* H4

10.8 49 10.6 5.9 6.0 H4

7.8 <10 11 30 <30 H

2 Assignment is partial, peak positions due to DMF (dimethylformamide) are not skdwre 1/z(fwh), fwh is full width at half-height In
solution, calculate®e,—1 = Reef(T1/Tref) /8, WwhereRer and Tres are reference (*) value€.Not measured because of broadness or overlap.
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Figure 3. Representative COSY spectrum bf(in CDsNO,/CDCls
(5:1) at 300 MHz), showing correlation among the pyridine and the
phenyl protons.

dimensional COSY; a representative spectrumifds 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 ai, 25.1, which has intensity 3, was
assigned to acetate, GEIO,~. It showed no correlation with
any other peak, as expected;dnit appears around the same
region, substantiating its assignment. Tgaa proton of the
phenyl ring (), although farther from the copper, is quite
downfield shifted, due to large spin delocalization through a
m-bonding effect. The two upfield shifted signals@t-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 positiéh.

In 2, unlike 1, 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 oh values, line widths, and CtH
distance-dependent arguments already described..forhe
signals aid 271.9 andd 20.0 are due to the proton pair on the
hydroxypropane backbone (H-1, Hylwhile those at) 196.9,
65.0, and 60.9 are assigned to H-B-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 intkhe
spectrum disappeared or showed diminished intensity, confirm-
ing their assignments. The single methine resonanoe7a8
is assigned based on its line width and relative intensity. The
signal atd 23.3 is assigned to GO, (OAc™), which
disappears upon substitution with gID,~. 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 forl.

Signal assignment fdkais 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-2can 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(ll)
analogue]l.

Discussion

The present binuclear copper(ll) 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(ll) complexes previously repotted.
We can immediately discard the possibility that the signals are
narrower because of strong antiferromagnetic couplirg kT)
which causes the paramagnetism to be strongly reduced due to
depopulation of the excite8= 1 state (and hence long proton

(18) McConnnell, H. M.J. Chem. Phys1956 24, 632.
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relaxation times). Hyperfine shifts under these conditions are the differentiation betweens; and zs; is unnecessary, and
also strongly reduced. On the other hand, the magnetic couplingtherefore reference is made only tg or 75 unless otherwise
in the present complexes is so weakly antiferromagnetic in one specified. For mononuclear copper complexess typically
case, and weakly ferromagnetic in the other case, that at roomaround +5 x 107° s2921 while 7, is one to two orders of
temperature the thre&= 1 plus oneS= 0 states must be almost magnitude shorter for aqueous solutidhs.Therefore, the
equally populated. Consistently, the hyperfine shifts are very correlation time for dipolar relaxation is essentiadlywhereas
large (as large as expected for mononuclear analdguand contact relaxation depends only ar. As the rotational
display an essentially normal Curie temperature dependencecorrelation time for the binuclear copper(ll) complexes must
(Supporting Information).Therefore, the line sharpening must be similar to that of the mononuclear tetragonal copper(ll)
be due to a decrease in the electronic relaxation time, species (or even slightly larger), the striking difference in proton
Shorter 75 values for copper(ll) have been predicted, and relaxation must be indeed due to a decreasesinThis is
observed, in heterobinuclear compounds where copper(ll) is particularly true for nuclear transverse relaxation times, where
coupled to a fast relaxing metal ion (see Introduction). How- the contact contribution is the dominant contribution, as can be
ever, shortening ofrs is not predicted in homobinuclear seen by comparing eqs 2 and 4. The decreasg i due to
compounds. In the case of the fully copper-substituted copper magnetic coupling irl and 2.
zinc SOD there is magnetic coupling between the two copper-  NMR line widths of1 and2 can be thus directly analyzed in
(I1) ions, and a thorough NMR investigation has shown that terms ofzs, using equations analogous to egs 2 and 4, except
the electronic relaxation time in the binuclear species is equal for the incorporation of a multiplication coefficient which
to that of the native coppeizinc molecule. Experimental data  depends on the Boltzmann population of the electronic energy
and analyses on binuclear coordination compounds up to nowlevels in the coupled binuclear copper(ll) systefig3 In the
have not addressed the problem of alterationstoipon present case whetd| < KT, the coefficient ist,.21723 As a
coupling. In order to investigate this possibility, a quantitative result, it is theoretically predicted that the nuclear relaxation
analysis ofrs in the present complexes has been carried out. rate enhancements are all decreased by a factor of 2 in the
The equations for nuclear (proton) longitudinal and transverse presence of magnetic coupling between the two metal ions,
relaxation rate enhancements due to dipolar and contact couplingndependent of the relaxation mechan®nConsistent with this
to a paramagnetic center in the absence of chemical exchangeonclusion, it may be appropriate to mention that the hyperfine

are availablé® coupling measured in EPR spectroscopy for homobinuclear
7 copper(ll) centers is just, that of mononuclear centers.
Tﬂ}u =K, Te2 St (1) Assuming that dipolar contributions are negligible, the
Pl1+ wiriz 1+ wlzri hundred times sharpening of line widths in binuclear complex

1 with respect to mononuclear analogLeecan be quantitatively

11 13z, 37, related to a decrease igby a factor of 50, due to th¥; effect.
Tom = 5 Kaip| 47c1 + (2 If dipolar contributions are not completely negligible, their
2 1+ 0%, 1+ o??
@sTe2 D1 Tc relative contribution to the line widths df would be larger

than those ofla, because the total line width is different and
Tl=k Ts2 ©) the dipolar contributions are similar. Therefore, the decrease
M Teon g 1 )32 in 7 by a factor of 50 is actually a lower limit. For a typical
s¥s2 .
startingzs value for mononuclear copper of aboutx31079 s,
this means thats in the binuclear copper(ll) complex would
(4) be around 6x 107!s, or shorter.
A more precise value ofs can be calculated by making use
of the T, data for both complexe$ andla. In both cased;
values are mainly due to dipolar relaxation mechanisms, as
22 2 witnessed by the substantial agreement between the crystal-
Ky = 3(@)2 N 9ot SS+ 1) lographic distances and those calculated on the basis afa 1/
P 15\4x r8 dependence (Table 1). Therefore, an estimate of the correlation
time 7. can be made (from the equations) in both cases. For
and mononucleada, at. of around 4x 107! s is obtained. This
2/ A2 value coincides only withr, , while 75 for the mononuclear
Kcon=§(g) SS+1) species is two orders of magnitude longer. As far as the
binuclear species is concernedgifwere dominated by; , a

: : 11 ' i
The nuclear relaxation rate enhancements depend, besides oialue of 4> 107 s, or even slightly longer (the binuclear
several constants, on metal ion electronic configuratigiy (  SPecies is slightly heavier), is anticipated. Instead, a sizably

\ . 1 is i
hyperfine coupling constantA], and the nucleuselectron shorter value of around % 107! is found. Thus, this is a
reorientational correlation timesi,andzs:» The latter are clear indication thats has decreased so much as to become

the electron longitudinalzgy) and transverser{,) relaxation dominant inz for the binuclear complex. From eq Sravalue

_ 1 Ts2
TZI\}I = _Kcor(j t 17y
2 1+ wite,

where

times, and the former are given by: of 1.5 x 10711 s for complexl is obtained. In conclusion, our
-1 1 -1 (20) Bertini, I.; Luchinat, C.; Brown, R. D., lll.; Koenig, S. H. Am.
Ty =T TT (5) Chem. Soc1989 111, 3532.
(21) Banci, L.; Bertini, I.; Luchinat, CNuclear and Electronic Relax-
-1_ _ -1 -1 ation. The magnetic nuclear-unpaired electron coupling in solyfié@H:
Tz — T2 + T (6) Weinheim, 1991.

(22) Banci, L.; Bertini, I.; Luchinat, CStructure Bondind99Q 72, 114.
wherert, is the molecular reorientational time. In most cases,  (23) Bertini, I.; Lanini, G.; Luchinat, C.; Mancini, M.; Spina, G.Magn.
Reson.1985 63, 56.

(29) (a) Solomon, IPhys. Re. 1955 99, 599. (b) Bloembergen, Nl. (24) Bertini, I.; Galas, O.; Luchinat, C.; Spina, G. Manuscript submitted
Chem. Phys1957, 27, 572. for publication.
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estimate for the decrease xfin this binuclear complex is of a
factor of about 200. As far as compl@ids concerned, on the
averagey. is twice that ofl. With the samer, value of 4 x
10 ! s for both complexesss goes to~3 x 107 !s.

This is the first documented case of a decreasg loy almost
two orders of magnitude, in a magnetically coupled binuclear
copper(ll) systemleading to significantly sharpened hyperfine
shifted 'TH NMR signals At variance with copper(ll) being
magnetically coupled with a metal ion whose electron(s) relax
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coupled § ~ +6 cntY), and have line widths comparable2o
(but roughly twice that observed fd), vide supra. Similarly
for 4 (X = u-1,1-OAc), which is weakly antiferromagnetid (

~ —8 cn11),12 the line widths can also be estimated to be in
the range seen fd and3. Likewise, the absolute magnitude
of J also does not necessarily correlate with a shortening. of
A relatively smallJ value of 26 cm! has been reported for
dicopper superoxide dismutas@nd a very small value ol
(<1 cnrl) 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 shorts for weakly coupled binuclear copper-
(I1) 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 ligan@u framework can
modulate the zero-field splitting (ZFS) of tHe = 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 complexds 2, and3 having a
narrow range of intercopper distances-3346 A, complex is
likely to be more flexible (with most of its chelate rings around
Cu being six-membered, as opposed to five-membered rings in

fast, where the electron of copper can take advantage of the; anq3; such differences in ring size for binuclear copper(l)

electronic relaxation mechanisms of the other ion, in homobi-

complexes have dramatic effects on properties, for instance Cu-

nuclear centers, to a first approximation, no significant increase (/Cu(l) redox potentialsyé while 5, described by some of us
in electron relaxation rate is expected upon establishment of ,;ih Drago8 is probably the most rigid and exhibits broader

magnetic coupling. For binuclear Cu(ll), in the scheme of two
energy levels characterized &y = 0 and 1, the transition
probability among the variousls levels can be calculated, and
electronicT,; and T, in the new environment predicted, under

signals. Complex, with a short Cer-Cu distance (3.0 A32
expected to modulate appreciablgshortening, gives sharper
resonanced. Indeed, this explanation may be applicable to the
2,6-dialkylphenolate systems, which often support short-€u

the assumption that the relaxation mechanisms are only thosec |, gistance&:2 On the other hand, when the distance is too

already available for each isolated metal. This approach follows
that available in the literature by ErA3for two scalar coupled
nuclear spins of = /,. The resultingrs; 2 values, in the case

where two metal ions are equivalent (like in the present case),

are
(7
(8

This result is independent of the sign d&s long agJ| < kT
because only the transitions amolig levels of the paramag-
neticS= 1 and 0 manifolds are considered, their energy order
(positive or negative) being irrelevant. It is apparent that neither
thel/; coefficient nor the?/s coefficient inzs; are able to account
for the large decrease m3; » Therefore, the shortening of; »
must be due to additional mechanisms, specifically operative
in the present binuclear copper(ll) species, which makéfthe
correction irrelevant. It is therefore important to understand,
at least qualitatively, the origin of the phenomenon, and a
comparison of thetH NMR behavior of1, 2 among other
complexes reported in the literat&fe21315 may help to
delineate possible reasons.

Comparison of spectral data withirand2, and otheweakly
coupled binuclear copper(ll) complexé4?(Chart 2) indicates
that the sign ofJ is unimportant in determining factors
responsible for narrow line widths. Complex@denzimidazole
(BIm) analogues o2, with either Mé3aor H!30 substituted on
the nonligated nitrogen atom, are weakly ferromagnetically

74,(binuclear)= z,(mononuclear)

r{binuclear)= /,r.(mononuclear)

(25) Freeman, R.; Wittekoek, S.; Ernst, R.RChem. Physl97Q 52,
1529.

long, as in superoxide dismutase (6 A), the modulation of ZFS
may be too small to allow any efficients shortening?®
independent of the flexibility of the molecule.

Conclusion

In this article, we have shown that weakly coupled binuclear
copper(ll) centers may display sharp ligaHd-NMR signals
due to rapid electron relaxations (shortgy. 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
the S = 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 tham,, its origin cannot be due to molecular
rotation. However, it could occur through internal mobility (i.e.,
fluctuations or rapid rearrangements of coppléands or
copper-ligands—copper core). Ferro- or antiferromagnetic
couplings could provide similar effects. Such zero-field splitting

(26) Karlin, K. D.; Gultneh, Y.Prog. Inorg. Chem1987, 35, 219.

(27) A somewhat different explanation fog 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(ll) ion) may play a role, since this
reduces the distance between spins.

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

(29) (a) Evans, D. RJ. Chem. Socd 959 2003. (b) Grant, D. H]. Chem.
Educ.1995 72, 39.
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modulation in binuclear copper(ll) metalloproteins could as well NMR. The 1D and 2D proton experiments were performed on
occur through internal motions, an exciting prospect and possible Bruker AMX 300 and Varian UNITY 400- or 500-MHz spectrometers.
fruitful area for future research. Indeed, copper(ll) substituted 1D proton spectra were typically obtained by using a 100 kHz spectral
aminopeptidase binuclear metalloproteins have very recently Width and 0.1-s delays between &@lise of 7.2 or 4.2s, respectively.
been shown to exhibit very sharp and hyperfine shifted proton All the cher_nmaﬂ shifts were re_ferenced to_lnternal nltromethane and/
spectra® The present results (according to a reviewer) may or TMS which in turn was calibrated against external nitromethane.

- The shift values reported are measured at room temperature, except
be relevant also for the oxidized &dragment of cytochrome when specified; those positive to TMS are downfield and those negative

c oxidase which Comams two copper ions with toSa= '/ are upfield shifted. Longitudinal relaxation timeg) were measured
and show sharp NMR signal8. by the inversion-recovery method. T&tvalues were chosen to range
. ) from much less than the fastest relaxing peak to much longer than the
Experimental Section slowest one. Magnetization recovery was exponential within experi-
Synthesis. The binuclear copper(ll) compound [€BD-O)- mental error. From the fitting of these curv@syvalues were obtained

(OAC)](CIO.): (1) was synthesized following the procedure reported within an estima_\ted error oj_EO.l ms. T, values were estimated from

by usl® [Cuy(P1-O")(OAc)](CIO.), (2) was obtained by direct the peak half-widths. The inter coppgproton distances were deter-
addition of the solution of Cu(Clg6H;0 (0.34 g, 0.92 mmol) in mined from the crystal structure measurements. COSY spectra were
EtOH (5.0 mL) to the predissolved ligand P1-OH, 1,3-bisbis(2- ©OPtained at room temperature by collecting 1G24x 512 F, data
pyridylmethyl)amino]hydroxypropane (0.25 g, 0.5 mmol), AcOH (31.0 pomts,_Wlth a repetition time of 0.1 s; typically for a3Q0 rr_1M sample,

mg, 0.5 mmol), and NEt(104 mg, 1 mmol) in EtOH (15 mL). A collection time was about 12 h. A zero-degree-shifted sine bell

blue precipitate that crashed out was washed with excess EtOH to obtainc®mbined with a Gaussian function was applied in both dimensions
a microcrystalline product (034 g, 92%). Recrystallization from and zero filled to 1024 in thE; dimension prior to Fourier transforma-

acetonitrile gave bright-blue crystals, R1-0")(OAc)](ClOs )z CHy tion and symmetrization. o _

CN, suitable for X-ray diffraction. Anal. Calcd for GEP1-O')- Magnetic Susceptibility. Susceptibilities for solidd and2 were
(OAC)](CIO4 )2, CosHaoN6ClLCWO1:: C, 41.54; H, 3.85; N, 10.02. obtained by SQUID measurements on powdered polycrystalline samples
Found: C, 41.51; H, 3.79N, 10.07. IR (mull): 1080 thw(CIO,). in the temperature range—805 K!! Solution magnetic moment

UV-vis [Ama(e = mol%, cmrl) CHCN]: 902 (1102), 703 (sh, 660), ~ Measurements were obtained using the Evans méthod.

290 (4897). Magnetic moment (Evans, D,): 1.88uB/Cu at room
temperature. Magnetic susceptibility (solid):-44.2 cntl. Synthesis Acknowledgment. N.N.M. and K.D.K. thank Dr. Charles

of [Cux(P1-0)(CDICO;)(ClO,s ™), was achieved similarly, using instead ~ A. Long for help with NMR spectroscopic measurements, and
deuterated acetic acid. CompleX deuteriated selectively at the  we gratefully acknowledge the financial support of the National
methylene positions of the ligand POH, was prepared similarly using  Institutes of Health.
the ligand treated by refluxing in glacial acetic acigfor 2 days. The
synthesis and characterization of mononuclear complex [Cu(AP-O Supporting Information Available: Variable-temperature
(DMF)](CIO4") is described elsewheté. 1H-NMR spectra and plots of chemical shif&) (s 1/T (K1)

(30) (a) Bertini, I.; Bren, K. L.; Clemente, A.; Fee, J. A; Gray, H. B.; for 1and2, Figures 4-7 (4 pages). See any current masthead

Luchinat, C.; Malmstim, B. G.; Richard, J. H.; Sanders, D.; Slutter, C. E.  page for ordering and Internet access instructions.
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