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A combination of molecular mechanics (MM), electron paramagnetic resonance spectroscopy (EPR), and spectra
simulation (MM—EPR) has been used to determine the solution structures of di- and trinuclear copper(ll) complexes
of melamine-based oligomacrocyclic ligands. The spin Hamiltonian parameters of the mononuclear, melamine-
appended macrocyclic ligand copper(ll) complex have been determined by EPR spectroscopy and were also studied
with DFT methods. These spin Hamiltonian parameters, together with the structural parameters obtained from
models optimized with MM, have been used for the simulation of the EPR spectra of the di- and trinuclear complexes.
For the dinuclear complex, the syn isomer is preferred over the anti, for which an X-ray structure exists; for the
trinuclear complex, the syn,syn isomer is preferred over the syn,anti form. Additional support for these assignments
comes from DFT calculations, and this demonstrates that the MM—DFT—EPR method is a reliable approach for the
determination of solution structures and for the analysis of spin Hamiltonian parameters of dipolar, coupled transition
metal complexes (g and A tensors and J values).

Introduction in solution. Several examples have been reported in which
MM —EPR has been successfully used to access the structural

Spectroscopy combined with computational chemistry is preferences of weakly coupled dicopper(ll) complexes in

a powerful technique for the determination of solution lution-®
structures and electronic properties of molecular compounds.So ution:

For paramagnetic metal complexes, EPR spectroscopy is an Recgntly, the syntheses and molfe cular structures of maono-
excellent tool for obtaining structural information that is andl ollgonuzclear gopper(ll) and T“C'.‘e'(”% corgplexes W'IP
otherwise inaccessible. The simulation of EPR spectra on lme a(rjnlnhe( ,AG6—tr|am|no—1d,3,5—tr|a2|rr11er)1%é511§e macroc;;c Ic
the basis of spin Hamiltonian and structural parameters of igands have been reported (see Sche JBecause o

weakly coupled dinuclear transition metal complexes with the flexible nature of the ligand backbone, the di- and
S= 1/2 each, developed in the 1970s, has been successfully (4) Comba, P.; Hilfenhaus, B. Chem. Soc., Dalton Tran$995 3269.
applied to determine solution structures of several dipolar, (5) Comba, P.; Hambley, T. W.; Hilfenhaus, P.; Richens, DJ.TChem.

_ri Soc., Dalton Trans1996 533.
COL_jpbd copper(ll) cpmplexésA more,“gorous ap_proach., (6) Comba, P.; Gavrish, S. P.; Hay, R. W.; Hilfenhaus, P.; Lampeka, Y.
which uses a combination of force-field calculations with D.; Lightfoot, P.; Peters, Alnorg. Chem.1999 38, 1416.
the simulation of EPR spectra (VIVEPR) was developed (7) Bernhardt, P. V.; Comba, P.; Fairlie, D. P.; Gahan, L. A.;; Hanson, G.
d d 23 This eliminat fth K points of R.; Lotzbeyer, L.Chem—Eur. J. 2002 8, 1527. )
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using only spectra simulations and leads to less ambiguity H.; Tsymbal, L. V.Inorg. Chem.2003 42, 3387.
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Scheme 1
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trinuclear complexes, which generally have all copper(ll)
sites in the expected trans-Ill configuration, can have several
possible conformations, which differ in the relative orienta-
tion of the two or three copper sites with respect to each
other. Here, we report on the solution structure of the di-
and trinuclear copper(ll) complexes of &nd L3, established

by the MM—EPR method. We also demonstrate that the
interpretation of the spin Hamiltonian parametetvdlue,

g andA tensors) on the basis of DFT can be combined with
the MM—EPR approach (MMDFT—EPR) to yield ad-
ditional information and support for the MIVEPR solution
structure.

Results and Discussion

Mononuclear Copper(ll) Complex. The EPR spectrum
of the mononuclear complex [Cufl(solvent}]?" shows the
typical features expected for a copper(ll) center (Figure
1).103The region of the perpendicular copper hyperfine lines
is partially resolved, but the spectrum does not show any
features that can be assigned to superhyperfine interaction
due to the nitrogen donors. The simulation of the spectrum
(see Figure 1) leads g andg, values of 2.041 and 2.191,
respectively, and to copper hyperfine coupling constahts (

Figure 1. Experimental and simulated EPR spectra of [C)(dolvent)]?*.

Table 1. Spin Hamiltonian Parameters of [CUj(OH,),]2" Obtained
by Simulation of the Experimental Spectrum and by DFT (B3LYP)
Calculations A anda valuesx 10~4 cm™?)

parameter simulation (exp.) MNMB3LYP B3LYP
go 2.041 2.041 2.043
o 2.191 2.134 2.137
Ax 26.5 -9.7 7.2
Ay 26.5 —-10.1 —-11.7
A, 200.0 —204.4 —197.6
a1, 9.0 10.3
ant, 9.1 10.4
alL, 14.5 15.9
a2, 9.0 10.2
a2, 9.1 10.3
a2, 14.6 15.8
a3, 8.5 9.2
ans3, 8.6 9.2
an3, 14.0 14.5
a4y 8.5 9.2
a4, 8.6 9.3
a4, 14.0 14.5

tensors in di- and trinuclear complexes are not expected to
deviate much from the mononuclear complex, and such a
deviation would question the reliability of the information
one can obtain from the present type of simulatibns.

The spin Hamiltonian parameters discussed here can also
be obtained independently and without an experiment by
performing DFT calculations. First, the MM-optimized
structure was used as an input structure for the optimization
of the electronic parameters. Another set of calculations was
then performed with a Gaussian-optimized struct@rehe
calculatedy andA tensor values are listed in Table 1. Both
sets of DFT-computed parameters are similar, and there is
good agreement between the experimental (spectra simula-
tion) and calculated (DFT) values, with the exception of the
principle g tensor values and the hyperfine values for the
perpendicular componentéy A)) of the copper hyperfine
interactions. These are underestimated by the DFT calcula-

?ions, and this is a known effect which generally is believed

to be due to the overestimation of covalency in copper(ll)
complexes by standard DFT functionalsg (exp vs DFT)

and A) of 26.5 and 200x 10 cm?, respectively. The

determination of the spin Hamiltonian parameters of the
mononuclear complex is vital for the simulation of the
higher-nuclearity complexes because the individual site

(16) The optimization was carried out using B3LYP/6-31G*. The optimiza-
tion with two axial water molecules did not find a stable minimum,
but with only one axial water ligand, a minimum energy structure
was found; the frequency calculations indicated that the optimized
structure is a true minimum.
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of approximately 0.05 is a quite general valti€}3 A more-

accurate estimate of the EPR parameters on the basis of a

density functional approach would require a calibration of
functionals by an experiment. (see the Supporting Informa-
tion, Table S1).

The DFT calculations predict a significant superhyperfine
interaction with the four nitrogen donor atoms (see Table
1). The calculated superhyperfine values lie in the range
9-10 x 104 cm? for the a, and a, tensor values, and for
thea, tensor, the values are in the range-14 x 104 cm™2,

Comba et al.

These parameters do not produce any significant changes inkigure 2. Definition of the structural parameter used in the spin

the simulated spectrum and, therefore, a spin Hamiltonian
without superhyperfine interactions was used for the simula-
tion of the higher-nuclearity complexes. Classical equations
based on ligand field theo#y2° were used to calculate the

spin densities at the copper centers. With the spin Hamil-

Hamiltonian for the simulation of the EPR spectrum of §Cd)(solvent)]**.

tonian parameters from the EPR spectra simulations, the spin

density at the copper center is 0.@4)with a Fermi contact
contribution x of 0.24. These values are consistent with
parameters for other copper(ll) tetraamiffesnd indicate
that only a small amount of spin density is delocalized to
the ligands.

Dinuclear Copper(ll) Complex. For the dinuclear com-
plex, several conformations are possible, with the two major
minima being the syn and anti conformations (these have
the two macrocycles on the same or opposite sides of the
melamine plane, respectively; all copper(ll) macrocycle
geometries were experimentally found and modeled exclu-
sively in the generally most-stable trans-lll configuration of
the macrocycles). Other possible minima have intermediate
conformations related to the rotation of the chromophores
around the melaminremacrocycle G-N single bond. For
the anti isomer, there is an X-ray structural analy3is.
However, in solution, the most favorable conformation does
not need to be the same as that in the solid.

The MM—EPR method was used for the determination
of the conformational preference in solution. The XSophe
simulation softwaré=33 allows us to construct the molecular

(17) Atanasov, M.; Comba, P.; Martin, B.; Mer, V.; Rajaraman, G.;
Rohwer, H.J. Comput. Chen006 accepted.

(18) Neese, F. IfCalculation of NMR and EPR Parameteisaupp, M.,
Buhl, M., Malkin, V. G., Ed.; Wiley-VCH: Weinheim, Germany,
2004.

(19) Metz, M.; Solomon, E. IJ. Phys. Chem. 2002 106, 2994.

(20) Siegbahn, P. E. Ml. Comput. Chen001, 22, 1634.

(21) Holthausen, M. CJ. Comput. Chen2005 26, 1505.

(22) DeBeer George, S.; Basumallick, L.; Szilagyi, R. K.; Randall, D. W.;
Hill, M. G.; Nersissian, A. M.; Valentine, J. S.; Hedman, B.; Hodgson,
K. O.; Solomon, E. 1.J. Am. Chem. SoQ003 125 11314.

(23) Neese, FMagn. Reson. Chen2004 42, 187.

(24) Gewirth, A. A.; Cohen, S. L.; Schugar, H. J.; Solomon, Hnbrg.
Chem.1987, 26, 1933.

(25) Reinen, D.; Atanasov, M.; Lee, Soord. Chem. Re 1998 175, 91.

(26) Wiersema, A. J.; Windle, J. J. Phys. Chem1964 68, 2316.

(27) Bertrand, PInorg. Chem.1993 32, 741.

(28) Atkins, P. W.; Symons, M. C. Rthe Structure of Inorganic Radicals
Elsevier: Amsterdam, 1967.

(29) Comba, P.; Hambley, T. W.; Hitchman, M. A.; Stratemeierlrdrg.
Chem.1995 34, 3903.

(30) Hathaway, B. J.; Tomlinson, A. A. GCoord. Chem. Re 197Q 5,
16

(31) Wang, D.; Hanson, G. R. Magn. Reson. A995 117, 1.

(32) Wang, D.; Hanson, G. RAppl. Magn. Resonl996 11, 401.

(33) Mitchell, A.; Noble, C. J.; Benson, S.; Gates, K. E.; Hanson, G..R.
Inorg. Biochem2005 96, 191.
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Figure 3. Experimental and simulated EPR spectra of JC8)-
(solvent)]**. The following parameters were used for the final, optimized
simulation: gy = gy= 2.035,g, = 2.191,Ac = A, = 26.5,A,= 210 (x10°*
cmd); wy = wy = w, = 25 x 10~ cm* (Gaussian line shape model)=
7.0,& = 30.0,7 = 89.07 = 90.0,J = —125x 104 cmL

spin Hamiltonian from the site spin Hamiltonian parameters
(g and A tensor values) together with four structural
parameters r( 7, &, and n), which define the relative
orientation of the two chromophores (see Figure 2). In
general, for dinuclear complexes, the number of variables
ranges from 16 (with two different rhombic setsgpdnd A
tensors for the two chromophores) to 8 (identical setg of
andA tensors for the two chromophores), without including
the exchange-interaction and line-width parameters. There-
fore, it is necessary to have a good starting point for the
refinement of the spin Hamiltonian parameters. In the present
example, the well-defined electronic parameters of the
mononuclear complex and the solid-state structural param-
eters of the dinuclear complex were used as a starting point
for the simulation procedure.

The frozen-solution EPR spectrum of [{iL?)(solvent)]>*
is shown in Figure 3 The spin Hamiltonian for a dipolar,
coupled dinuclear complex is given as

H = ugBgaSy + IAAASA + ugBgsS; + |BABSB +
eSS + SiDasSs
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Table 2. Structural Parameters from the Crystal Structures and MM

Models
structure Ctr+Cu (A) & (deg) 7 (deg) T (deg)
X-ray anti-[Cup(L?)(OHy)4] 4" 15 9.32 104 721 419
MM syn[Cux(L?) (OHy)4*" 7.14 423 96,5 86.2
MM anti-[Cux(L?) (OHy)4]** 9.73 49 358 746
EPR [Cy(L?) (OHp)4]** 7.00 30.0 95.0 89.0
X-ray syn,syA[Cusz(L3)(OH,)g]6" 13
Cu(1)y--Cu(2) 8.50 26.0 15.6 58.8
Cu(ly--Cu(3) 8.50 373 101 746
Cu(2y:-Cu(3) 8.00 26.0 156
X-ray syn,antifCus(L3)(OHy)g]®* 10
Cu(ly:-Cu(2) 9.50 125 214 343
Cu(1y--Cu(3) 8.00 38.3 73 66.2
Cu(2y:-Cu(3) 9.40 01 217

i 2 4+
Figure 4. MM model of syn{Cux(L*)(OH2)4] " Table 3. Computed (MM) Structural Parameters and Strain Energies of

T . the Mono-, Di-, and Trinuclear Copper(ll) Complexes
wherega, gs, Aa, andAg correspond to the individual site pper(t) P

g andA tensorsJag is the exchange interactioBag is the strain energy B
zero field splitting, ands, and & are the spins on the two < (u)(:og;?ix (k;;m;l) CL;ZIZ(? Cu—Cu (A)

— —1 i H u 20)2 . .
copper centers, = S = ;). To establish a perturbaﬂo_n Syn[Cln(L 2 (Ha0) 189 2030 7.4
treatment, we need all axes to refer to a common coordinate anti-[Cuy(L2)(H,0)4** 52.7 2029 973
system, and the site B tensor will then be related to that of syn.syACus(L?)(H20)s]*" 54.7 2.033  7.18,7.23,7.29
site A by rags, (Cu--Cu distance), the polar angles énd syn.anti{Cus(L?)(H,0)e]** 64.4 2032 9.67,9.62,7.25

7), and Euler angles. is a bulk measurement, on the basis of the response from a
The transition probabilities are strongly dependent on the ' Iu ‘ ; | ! ted | ! les | P der. Th
value of the exchange interactiallg and the anisotropic samp’e ot randomly oriented molecuies in a powder. The

exchange. The half-field signaAMs = +2) has a contribu- magnitude ofJ is not reliable if J is less than a few

' — 4
tion due only to anisotropic exchange and, therefore, the Wa\fnumberS. An excthange anSta?hUG#f t125 thglso G
intensity of this transition decreases with decreasing aniso-CHm was Eecessary IO reproduce be rea dufre a he X '
tropic exchange interactiod$The relative intensity of the owever, t € st_ructura _parameters 0 talne_ rom the X-ray
AMs = +2 transitions compared to those wittMs = +1 structure still did not yield an acceptable fit for the EPR

can be calculated frorhe = Alr®ag, where A is a constant spectrum (see Figure 3).

related to th@ values and the frequen%of the experiment_ A combination of deterministic and stochastic molecular
mechanics searching was therefore used to find structural
A= (19.5+ 10'%9)(_9-10()2 models for a more-accurate simulation of the spectrum. The
v

two expected conformers, syn and anti with respect to the
With ras obtained from the MM structure (7.14 A, see melamine ring, were found as well-defined minima on the
below), the relative intensity of thaMs = +2 transitior’1 is potential-energy surface. The calculated strqin energies, the
1.6 x 10°“ This is in agreement with the absence of any average _CuN bond Iengths, r_:md the GuCu d|stance§ for
feature at half field and indicates that in solution, there are (N€ tWo isomers are listed in Table 3. The syn isomer,
no anisotropic interactions in [G(L2)(solvent)]**. compared to the anti form, is found to be lower in energy
The copper-copper distance {g) in the crystal structure by 3.8 I§J/mol. The structure of the anti isomer, calculated
is 9.32 A5 Although magnetic exchange between metal ions by MM, is in good agreement with the X-ray structural data.
can be relatively strong, even at such large distaffctis However, on the basis of the anti structure, there is no
propagation through the aliphatic ligand backbone is very acceptable fit for the EPR spectrgm. This is different for
weak, i.e., close to zero. Therefore, in a first step of the the computed structure of the syn isomer, which leads to an
spectra simulation, the structural parameters from the X-ray &cceptable fit for the experimental EPR spectrum. A good
structure (Figure 4, Table 2), and the electronic parametersfit was obtained by modifying some of the structural and
of the mononuclear complex (Figure 1, Table 1) were used. SPIN Hamiltonian parameters of the syn model (see Table 2
The simulation without magnetic exchange does not give @nd Figure 3 for the structural and electronic parameters and
an acceptable fit, specifically, witti = 0, the feature at ~ the simulation). The MM optimized syn model is shown in
approximately 3450 G is not reproduced. The experimental Figure 4. The &0 distance (axially coordinated water) in
solid-state magnetic susceptibility data indicate that the two the syn model is 3.30 A and suggests a possibility for
—0.45 cnt andg = 2.17 (see the Supporting Information, dinated water molecules. Such interactions are expected to
Figure S1). Note that the solid-state magnetic susceptibility P& absent in the anti model, where the corresponding®
distance is 9.80 A® Note that hydrogen bonding and
(34) Bencini, A.; Gatteschi, DEPR of Exchange Coupled Systems solvation are not included in our MM model (see the

Springer-Verlag: Berlin, 1990. . . . .
(35) iz B Rodr?guez_,:ortea' A Alvarez, Borg, Chem 2003 42 Supporting Information, Figure S3, for the relevant experi-

4881. mental structural background information).
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The magnetic exchange interaction between the two
copper(ll) centers can be calculated with density functional
theory methods. The use of B3LYP with an Ahlrich basis
set generally gives accurate numerical estimates)fdn
the present example, the magnitude of exchange is very
small, and it is therefore not possible to obtain a meaningful
estimate with DFT. However, the computgdalue is useful
for understanding how the exchange propagates when the
molecule adopts different conformations. Tie value
calculated on the basis of the anti X-ray structure is
—1.0 x 1073 cm™%; on the basis of the MM-optimized syn
structure J = 0.2 cnT? (using theH = —JSS, model). The Figure 5. Definition of the structural parameters used in the spin
magnitude of] is related to the Cu-Cu distance, and as Hamiltonian for the simulation of the EPR spectrum of §Ld)(solvent)]¢*.
expected for both structures, very smadll values are
predicted. The exchange interaction propagates through a
spin-polarization mechanism (the spin density found on the
bridging spacer atoms have alternate signs) rather than a spin-
delocalization mechanism. The amount of exchange, which
propagates by spin polarization, decreases for structurally
related compounds with increasing <€Cu distance. The
shorter Cer-Cu distance found for the syn structure (7.14
vs 9.32 A) is reflected in the calculated magnitude.cfhe
magnitude of the calculatetlvalue for the syn structure is
comparable to the value obtained from the EPR simulations
(—125 x 10“ cm™?) and gives additional support for the
proposed solution structure. This indicates that in solution,
the Cu-+Cu distance should be a little shorter than that found
in the X-ray structure. Figure 6. Experimental and simulated EPR spectra of {C8)-

The g values for the syn model were calculated by DFT. (Solvent®".

The g tensor is an integral property of the complexes, and trinuclear metal complexes is similar to that for dinuclear
the moleculag tensor can be related to the site tensor values complexes. However, the addition of another metal center
by the vector coupling approach considerably increases the number of parameters necessary
for the simulation (see Figure 5). Although there are several
reports on the determination of solution structures of di-
whereG is the moleculag tensor,g; andg, are the sitegg nuclear complexes, EPR simulations to extract structural
tensor values of the two copper centers, apéndc; are information for a trinuclear complex have not been reported
the coefficients of the two sites withh = ¢, = ¥,. The site before.

g tensor values must refer to the same axis system, and the The frozen solution (110 K) EPR spectrum of KQLF)-
resulting molecula6 tensor will have off-diagonal elements.  (solvent}]®" at X-band frequency is shown in Figure 6. The
Therefore, this matrix needs to be diagonalized to obtain the crystal structures of two isomers, syn,syn and syn,anti, have
diagonal elements of the tensor axis. The DFT calculations been reporteé’**From several possible conformations, these
were performed on the high-spin state of the MM syn model, two isomers are energetically favored. A preliminary mo-
and this givess, = 2.042,G, = 2.086,G, = 2.092. These  lecular mechanics calculation suggested that the strain
values are in good agreement with those obtained from theenergies of the two isomers differ by less than 2 kJth#l
experiment (spectra simulatior(s, = 2.035,G, = 2.113, The EPR spectrum in solution is not well-resolved. However,
G, = 2.113. The principal component of the site tensor value some signals in the parallel region are observed around
is probably overestimated, and this is reflected in e  2700-2900 G.

values as well. Other important information that can be A solid-state magnetic susceptibility study performed on
obtained from the DFT calculations includes the orientation the powder sample of the syn,syn compound shows that the
of the G tensor. The DFT-predicted orientations of the three two copper(ll) ions are weakly coupled, and the best fit to
G tensor values are shown in Figure 3. TBg axis is the variable-temperature magnetic susceptibility curve is
perpendicular to the CuCu bond, and theG, axis is obtained by adopting a spin Hamiltonian model for a single-
approximately along the CuCu vector. In conclusion, itis ~ exchange pathway between the copper centers With
shown that the DFT calculations can be combined with the —0.48 cn1! and ag value of 2.067 (see the Supporting
MM —EPR approach (MMDFT—EPR) to provide ad- Information, Figure S2). DFT calculations were also per-
ditional information and support for the solution structure. formed on the basis of the two crystal structures (syn,syn;

Trinuclear Copper(ll) Complex. The approach for the  syn,anti) to calculate the exchange interaction between the
determination of solution structures of weakly coupled metal centers. These calculations were performed on different

G=¢c0,tC0,

3636 Inorganic Chemistry, Vol. 45, No. 9, 2006
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Figure 7. Plots of the experimentally determined molecular structures (X-
ray) of the syn,syn and syn,anti isomers of §Iif)(X)e]"" (X = OH,
OCIO;, ONQy).10.13

performed with the X-ray structural parameters and the spin
Hamiltonian parameters of the mononuclear complexes and
with the exchange o = —125 x 104 cm™! are shown in
Figure 6. Without any modification of the structural and spin
Hamiltonian parameter, the syn,syn model gives a much
better fit to the experimental spectrum than does the syn,anti
model; this indicates that in solution, the syn,syn isomer is
favored (see the Supporting Information for a further
discussion on details of the EPR spectra and possible
implications on the solution structure). The-€D distances

of axially coordinated water molecules in the syn,syn isomer
are 3.30, 3.32, and 3.35 A (X-ray d&ai.e., at a distance
where significant hydrogen bonding is expected, whereas in
the syn,anti isomer, these-@0 distances are 3.47, 9.08,
and 9.13 A. The larger number of hydrogen bonding
interactions in the syn,syn isomer is expected to stabilize
the syn,syn isomer in solution.

In conclusion, we have presented the solution structures
of dipolar, coupled dinuclear and trinuclear melamine-based
oligomacrocyclic ligand complexes using the MMPR
approach. This method, established for dinuclear complexes,
has been adopted and extended to trinuclear complexes. The
MM —EPR method reveals that in solution, the syn and
syn,syn isomers are preferred over the anti and syn,anti
geometries for the di- and trinuclear complexes, respectively.
The stabilization of these isomers is believed to be due to
hydrogen bonding and (or) ion-pairing effects. Additional
support for these structural assignments emerge from DFT
calculations. The MM-DFT—EPR approach is therefore
suggested for a reliable determination of solution structures
and spin Hamiltonian parameters of dipolar, coupled transi-
tion-metal complexes.

spin configurations, and the energy difference between the Experimental Section

spin configurations was related to the exchange interactions

using the pairwise interaction mod€f’ For these calcula-
tions, a hybrid B3LYP functional was used with an Ahlrich’s
triple ¢ basis set on the copper atoms and a dogbbasis

General and Measurements.Complexes [Cu(B)(OCIOs),]-
H20, [C(L?)(OCIOs)4]-H,0-CH;OH, and [Cy(L3)(OH,)3](NOs)z-
(ClOy)3 were prepared as reported previousSIEPR spectra were
obtained on frozen solutions with a Bruker ELEXSYS E500

set on all others. Calculations performed on the syn,anti spectrometer (X-band). A mixture of DMF and acetonitrile (volume
model reveal that the exchange between the copper atom irratio 2:1) was used as a solvent; the concentration calculated for
the anti position with the copper atoms in syn positions (at copper(ll) ions was 0.005 molt. The best resolution was obtained

a Cu--Cu distance of 9.50 A) is very weall < 1 x 1073

at T = 130 K by using the modulation amplitude 10 G, time

Cm—l, see section on the dinuclear Comp|exes for a detailed constant 1.28 ms, conventional time 40.96 ms, and sweep time 41.94
discussion), compared to the exchange interaction mediated™s-

between the two copper atoms in the syn positibs (—300
x 1073 cm?, at a Cu--Cu distance of 8.0 A). With only

one exchange pathway for the syn,syn structure, the mag

nitude of exchange was= —1.1 x 102 cm . Note that

the Cu--Cu distance in the syn,syn isomer is 8.5 A and this

Computational Methods. EPR simulations have been performed
with XSophe simulation softwar@;*?and the molecular mechanics
calculations were performed with MoMec®ivith the published

force field3® The macrocyclic amine nitrogens attached to the

melamine ring have been parametrized using the structural features
of the mononuclear complex and previously published nitrogen

value is between the distances of 9.50 and 8.0 A found in force-field parameter® DFT calculations were performed with the

the syn,anti model.

software packages Gaussiaff08nd ORCA*! Gaussian0® was

The structural parameters of the two isomeric tricopper(ll) used for geometry optimizations, the calculation of the exchange
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