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A series of structurally characterized copper complexes of two pyridazine-spaced cryptands in redox states + (1,1),
(I,1), (1), (11,11) are reported. The hexaimine cryptand L, [formed by the 2 + 3 condensation of 3,6-diformylpyridazine
with tris(2-aminoethyl)amine (tren)] is able to accommodate two non-stereochemically demanding copper(l) ions,
resulting in [Cu',Ly](BF4), 1, or one stereochemically demanding copper(ll) ion, resulting in [Cu"LjJ(BF4), 3. Complex
3 crystallizes in two forms, 3a and 3b, with differing copper(ll) ion coordination geometries. Addition of copper(l)
to the monometallic complex 3 results in the mixed-valence complex [Cu'Cu"Lj](X)s (X = PFg~, 2a; X = BF,~, 2b)
which is well stabilized within this cryptand as indicated by electrochemical studies (Kem = 2.1 x 101). The
structurally characterized, octaamine cryptand La, prepared by sodium borohydride reduction of L, is more flexible
than L, and can accommodate two stereochemically demanding copper(ll) ions, generating the dicopper(ll) cryptate
[Cu',Lal(BF4)s 4. Electrochemical studies indicate that L, stabilizes the copper(ll) oxidation state more effectively
than L;; no copper redox state lower than Il,Il has been isolated in the solid state using this ligand.

Introduction

Rich copper coordination chemistry has resulted from
studies employing macrocycles derived from 3,6-diform-
ylpyridaziné=* and from cryptands derived from tris(2-
aminoethyl)amine (trer?).° In earlier studies '3 with hexaim-
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inocryptand ligands we have found that where the spacer
links do not incorporate a coordinating donor, copper is
accommodated in th¢1 redox state (where it is aerobically
stable) and utilizes the trigonal pyramidal N4 cap-derived
site>612Where N-donors are incorporated into the spacer
link, as in the 2,6-pyridino- or 2,5-pyrrole-derived cryptands,
the coordination site involves one or more of these N-donors
and redox potentials for copper oxidation are less positive;
these cryptates are susceptible to aerobic oxid&t®H.In
aminocryptands, where the hardegiN,donors are involved

in coordination, Cu(ll) is the normal redox state, and Cu(l)
cryptates are rapidly oxidized in air. Cryptates with inert-
spacer links tend to accommodate anions in cascade-binding
modé between the pair of Cu(ll) ions, whereas this option
appears not to be availab¢o pyridino- or pyrrole-spaced
analogues because of coordinative saturation and/or the
absence of a sterically protected intercationic space. Where
steric constraint brings the pair of copper cations into close
proximity and in trigonal coordination geometry, a one-
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Redox-Adaptable Copper Hosts

L3 L4

Figure 1. The cryptandsl.| andL 4, used in this work, along with thie3
andL4 ligands reported previously in the literature.

electron coppercopper bond is formed which generates the

average-valence dicopper(1.5) redox state. This average-
valence state is present and moderately stable in both
hexaimino and octaamino cryptand hosts which have a

2-carbon spacéx® However in the smallest hexaimino (2-

carbon spaced) host, it is also possible to isolate a mono-" f
copper(ll) cryptate, depending on synthetic conditions used Yi€ld by reactind.,

such as stoichiometry and choice of solvent.

Apart from our earlier work#15there is only one previous
mention of a cryptand containing the potentially important
pyridazine spacef so we wished to explore the copper
chemistry of the cryptand derived from 3,6-diformylpyr-
idazine and tris(2-aminoethyl)amine (treh),(Figure 1). The
synthesis and characterizationlgfand of the [COL](BF)»

5, [CO'CUL,](BF4)3 6, and [CUCUL,](PFs); 2a complexes
was reported recenthf:'®> Here we present the copper
coordination chemistry of the hexaimine cryptdndand of
the related octaamine cryptahd (Figure 1). Cryptand. 4,
generated by sodium borohydride reduction lof was
prepared in order to provide a more flexible and more
chemically stable host (hexaimine crypts suchLasan be
prone to hydrolytic breakdow#!d. In addition, it was

Scheme 1
2 Cul(CH3CN)4(BF.
M[Culle](Bh)Z 1
AgBF4
12 NaBH4
La€e—L; [CulCullL{](PF¢); 2a [CulCullL[](BE4); 2b

CLII(CH3CN)4([’F:)\ AKCH}CN)MBM)

|
oo LU LI(BF)2 3

> [Cull,LA](BF4)s 4
2 Cull(H20)5(BF4)2 [CultaLa)(BF4)s

As it had been observed that two non-stereochemically
demanding ions, silver(l) ions, could be accommodated by
L,,**an attempt was made to encapsulate two copper(l) ions.
The reaction of 2 equiv of [C(CH;CN)4BF4 with L, in
methanol under argon gave [@W](BF4). 1 as a brown
powder, in 76-80% yield. This is consistent with previous
results which have showed that tren-derived hexaimine
cryptands are effective hosts for Cufp)!

When this experiment was carried out in air, a brown
powder was obtained which, in a low-yielding recrystalli-
zation from acetonitrile by diethyl ether diffusion, gave [Cu
CU'L|](PFs); 2a as a brown crystalline solid. This mixed-
valence complex was subsequently prepared in improved
with 1 equiv of copper(ll) ions followed
by 1 equiv of copper(l) ions. In this case, for convenience,
the BF,~ derivative [CUCU'L,](BF4)s 2b was isolated. In
addition we were able to show, via ESR monitoring, that
the mixed-valence cryptates can also be obtained by Ag
oxidation of the dicopper(l) analogues.

The reaction of 1 equiv of copper(ll) tetrafluoroborate with
L, in acetonitrile and a small amount of ethanol gave on
slow evaporation [CLL ](BF4). 3 as a green crystalline solid
in 56% yield. In some preparations small amounts of brown
hexagon and lime green plate crystals were obtained in
addition to the green rod crystals. The elemental analysis of
this mixture was the same as that3fand indeed all three
crystal forms have this stoichiometry. Single-crystal X-ray
structure determinations have shown that the brown hexagons
and green rod3aare isomorphous, whereas in the lime green

anticipated that the redox properties of the resulting copper plates3b the copper(ll) ion is in a different coordination

complexes would respond to replacementpby L 5 thus

environment (see later).

widening the available redox range. The synthesis and Attempts to include a second copper(ll) ion did not lead
structural, electrochemical, magnetic, and ESR characteriza-o isolation of a clean product. Nor did use of 2:1 stoichio-

tion of [CU|2L|](BF4)2 1, [CUICU"L|](X)3 (X =PK, 2a X
= BF,, 2b), [CU”L|](BF4)2 3, and [Cl.lllzLA](BF4)4 4 are
reported (Scheme 1).

Results and Discussion

Synthesis.The hexaimine cryptand,,, was prepared as
previously describe# The sodium borohydride reduction
of L, produced the octaamine analoglg, in good yield
(Scheme 1).

(14) Brooker, S.; Ewing, J. D.; Nelson, lhorg. Chim. Acta2001, 317,
53-58.

(15) Brooker, S.; Ewing, J. D.; Nelson, J.; Jeffery, Jiarg. Chim. Acta
2002 337, 463-466.

(16) Lehn, J.-M.Supramolecular ChemistryfCH: New York, 1995.

metry combined with rapid isolation of the product lead to
isolation of a characterizable dicopper(ll) cryptate. FAB-
MS showed sizable additional peaks corresponding to
H>0 fragments which suggest ring opening, and IR spectra
showed an amine band at 3245 ¢nand a highv shoulder

on the imine band which may correspond t&Q stretching.
The difficulty in obtaining a pure sample of the dicopper-
(I) cryptate is consistent with our expectatté® that L
cannot bind a second stereochemically demanding metal ion.
However, isolation of3 in pure form indicates that the
pyridazine-spaced cryptand is better suited to the accom-
modation of copper(ll) than the analogous pyridine-spaced
hexaimine cryptandL3 (Figure 1), which is unable to
generate even monocopper(ll) cryptates in pure f&m.
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The reaction of the octaamine cryptaigd, with 2 equiv
of copper(ll) tetrafluoroborate salt gave [GUa](BF4)4 4
as blue crystals, in 85% yield. One drop of triethylamine
was added prior to the addition of the copper(ll) salt to
prevent the formation of a partially protonated green byprod-
uct. The yield of this synthesis was found to be highly

Brooker et al.
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dependent on the amount of TEA added. Attempts at forming "\

a monocopper(ll) complex df » were unsuccessful; both

the blue powdery first crop and green powdery second crop

analyzed as complex mixtures.

Infrared spectra ofi—4 confirmed that the_, cryptand
remained intact il—3 (imine at 1638 cm* for 1, 1637 cmt
for 2a,and 1647 cm' for 3), that thel 5 cryptand is present
in 4 (N—H stretch, 3283 cm; N—H bending, weak band
at 1632 cm?), and confirmed the presence of the expected
anions (1083 cmt for 1, 843 and 559 cm for 2a, 1083 for
2b, 1052 cmt for 3, and 1059 cm! for 4). In each case the

Figure 2. Perspective view of the amine cryptahd, (solid lines), overlaid
on that ofL, (dotted lines). The labeled atoms are those used in the least-
squares fit of the two structures to one another.

dicopper(ll) complex of the octaamine cryptart) pas a

microanalyses and FAB mass spectra were consistent withband at 631 nme(= 550 L mol~* cm™) which is assigned
the proposed formulas. FAB mass spectra (see Experimentato the d-d transitions of the copper(ll) centers and indicates
Section) confirmed the formulation 44 via the observa-  that theL » ligand exerts a stronger field thdn. There is
tion of a monopositive cryptate ion, usually formed via loss also an intense—a* band at 272 nmd = 90100 L mot*

of one cation. The dicopper cryptatesand2b both show a
cluster at 718 for [CiL ] and a weaker [ClpLA](BFJ)
cluster. The FAB mass spectrum 8fhad a strong signal

cm™1), red-shifted from the hexaimino analogue.
Crystal Structures. Crystals ofL, were obtained from
chloroform by vapor diffusion of diethyl ether, and the

corresponding to the monocopper cryptate (no anions) andstructure was determined. For comparison purposes the
a peak forL,. Strong signals for the successive loss of the structure is displayed overlaid on thatlof (Figure 2). Due
tetrafluoroborate anions from @lu,(BF,); were followed to conjugation the pyridazine diimine units in are fairly
by a weak signal for the loss of one of the copper ions in flat, whereas irL o the amine single bonds are twisted well
the FAB mass spectrum df out of the respective pyridazine ring planes. This is particu-
The molar conductivity values of 300 malcn? Q1 for larly clear when one compares the conformation of the central
1 and 263 mol! cm? Q-1 for 3 in acetonitrile are consistent  strands in Figure 2: in contrast to the almost planar
with the literature range for a 2:1 electrolyte (22800 mol* pyridazine diamine unit i, in L the C—N bonds in the
cn? Q71), while the value of 391 mol cnm? Q1 obtained central strand are at almost*® the plane of the pyridazine
for 2ain acetonitrile is typical for a 3:1 (348420 mol™ ring [torsion angles: N(C(5)—C(6)—N(3) —130.8(2},
cn? QY electrolytel” The molar conductivity of4, 462 N(41a)-C(42a)-C(26)-N(23) —167.0(1}, N(42)—C(45)—
mol~1 cnm? Q71, is significantly higher than that of the C(46)-N(43) 160.1(1j]. The Nyridgehead** NbridgeheaddisStance
literature range for a 3:1 (340420 mol?! cm? Q7 [10.767(5) A] inL 4 is somewhat longer than that observed
electrolyte, suggesting that the product behaves as a 4:1in L, [10.443(7) A]. Another difference between the two
electrolyte in solution as expected. structures is that there are a number of intra- and intermo-
The UV/visible spectrum of | in dichloromethane has lecular hydrogen bonds present in the structureofvhereas
an intenser—x* transition at 248 nmd = 61500 L mot? none are observed fay. It is noticeable that the pyridazine
cmY). The dicopper(l) complexdj in acetonitrile has in ~ octaamine cryptand, in contrast to other octa-
addition to a similarr—s* absorption at 245 nmeg(= 47500 amine cryptands which have been structurally charactetiZed,
L mol~t cm™) a less intense metal-to-ligand charge-transfer is not well preorganized for complexation on account of the
band at 390 nme(= 3960 L mol? cm™1). The UV/visible transoid disposition of amine and pyridazine donors. This is
spectrum oBb in acetonitrile has a band at 734 nen 98 most pronounced in the top and bottom strands [the N(41)
L mol~t cm™1) which corresponds to the-dl transition of ~ and N(41a) rings are related by symmetry]. In the central
the Cu(ll) ion. As for the dicopper(l) comples) an intense  strand the almost 43wist of the imine bond out of the plane
a—a* band is observed foRb at 245 nm é = 45000 L of the pyridazine ring reduces the appropriateness of this
mol~* cm™). The UVlvisible spectrum o8 in MeCN has comparison.
an asymmetric band at 776 nm £ 95 L moi cm™), a Brown crystals of [CBL ](BF4). 1 were grown by diethyl
longer wavelength than was observed for the mixed-valenceéther diffusion into a chloroform/acetonitrile/ethanol solution
complex2b, which is attributed to the-dd transition of the ~ of 1, and the crystal structure was determined (Figure 3 and
distorted octahedral copper(ll) ion. As seen fand2b, an Table 1). The copper(l) ions are located within the tet-
intenserr—sr* transition is observed foB at 246 nm ¢ = raamine-derived caps, achieving their preferred distorted
45100 L molt cm™). The UV/visible spectrum of the  trigonal pyramidal geometry by coordination of the three
imine nitrogen donors and the bridgehead nitrogen atom
although the interactions with the imine nitrogen donors are

(17) Geary, W. JCoord. Chem. Re 1971, 7, 81-122.
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Table 1. Selected Bond Lengths (A) and Angles (deg) for Compouhda, 3a, 3b, and4

1 2a 3a 3b 4
Cu(1)-N(1) 1.990(3)
Cu(1)-N(21) 2.017(3)
Cu(1)-N(23) 1.998(4) 1.979(5) 2.287(3)
Cu(1)-N(3) 2.045(4) 2.003(5) 2.002(3)
Cu(1)>-N(43) 2.045(3) 2.006(5) 2.622(3)
Cu(1)-N(4) 2.247(3) 2.292(5) 2.052(3)
Cu(2)-N(22) 2.047(5) 2.493(3)
Cu(2-N(2) 2.347(6) 2.138(3)
Cu(2)-N(46) 1.994(3) 2.238(6) 1.966(3) 2.074(3) 2.049(3)
Cu(2)-N(6) 2.018(4) 2.048(5) 1.994(3) 2.221(3) 2.193(3)
Cu(2)-N(42) 2.102(5) 2.076(3) 2.086(3) 2.014(3)
Cu(2)-N(26) 2.033(3) 2.107(5) 2.214(3) 2.048(3) 2.101(3)
Cu(2)-N(5) 2.248(3) 2.051(3) 2.155(3)
N(4)...N(5) 10.969(5) 10.306(8) 10.478(9) 10.587(5) 9.016(9)
Cu(1)...Cu(2) 6.478(1) 4.960(2) 5.874(2)
N(1)—Cu(1)-N(3) 82.46(13)
N(1)—Cu(1)-N(21) 94.75(12)
N(1)—Cu(1)-N(4) 163.19(14)
N(1)—Cu(1)-N(23) 110.25(12)
N(1)—Cu(1)-N(43) 90.95(12)
N(3)—Cu(1)-N(21) 176.64(13)
N(21)-Cu(1)-N(4) 96.83(13)
N(21)—Cu(1)-N(23) 76.79(12)
N(21)-Cu(1)-N(43) 87.66(11)
N(23)-Cu(1)-N(3) 129.64(14) 120.9(2) 102.38(13)
N(23)—-Cu(1)-N(43) 113.96(14) 121.1(2) 154.42(12)
N(23)—Cu(1)-N(4) 85.01(13) 83.6(2) 84.33(13)
N(3)—Cu(1)-N(4) 82.36(13) 80.8(2) 86.30(14)
N(3)—Cu(1)-N(43) 112.26(14) 112.5(2) 94.23(12)
N(43)—Cu(1)-N(4) 82.27(13) 81.9(2) 77.41(12)
N(22)—Cu(2)-N(6) 162.1(2) 161.79(11)
N(22)—Cu(2)-N(42) 89.0(2) 78.75(11)
N(22)—Cu(2)-N(26) 78.3(2) 74.30(12)
N(22)—Cu(2)-N(46) 95.9(2) 91.29(11)
N(22)—Cu(2)-N(2) 87.3(2) 86.46(12)
N(6)—Cu(2)-N(2) 74.8(2) 75.35(13)
N(42)—-Cu(2)-N(2) 90.4(2) 84.98(12)
N(26)—Cu(2)-N(2) 96.0(2) 91.84(12)
N(46)—Cu(2)-N(2) 164.47(19) 163.75(12)
N(46)—Cu(2)-N(6) 121.48(14) 101.3(2) 140.09(13) 105.91(12) 101.63(13)
N(46)—Cu(2)-N(42) 74.5(2) 79.26(12) 78.80(13) 82.28(13)
N(6)—Cu(2)~N(42) 90.9(2) 100.81(12) 98.42(12) 108.60(12)
N(46)—Cu(2)—-N(26) 111.19(14) 99.5(2) 106.78(12) 103.05(12) 138.55(13)
N(6)—Cu(2)—-N(26) 123.30(14) 103.4(2) 105.68(11) 106.70(12) 116.38(12)
N(42)—Cu(2)-N(26) 165.4(2) 124.25(11) 153.00(12) 99.64(12)
N(5)—Cu(2)~N(26) 82.67(13) 79.55(13) 83.77(13)
N(46)—Cu(2)-N(5) 83.79(13) 80.93(12) 84.16(13)
N(6)—Cu(2)~N(5) 83.50(14) 82.76(11) 84.31(13)
N(42)—Cu(2)-N(5) 152.70(12) 162.89(13)

Figure 3. Perspective view of the cation, [GL,]2", of 1.

observed for the copper(l) ion in the structure2aft®> Cu(1)
and Cu(2) inl are out of the (Iine)s mean planes, by 0.238

and 0.234 A, respectively, away from the bridgehead nitrogen
atoms, N(4) and N(5), respectively. In the dicopper(l)
cryptate of the pyridine-spaced analogueLgfL3 (Figure

1), the Cu(l) ions are more severely displaced from the
(Nimine)s mean plane (Cu-Npridgenead= 2.75 A) because of
hemicoordination of the pyridine N-donotsIn contrast,
there are no bonding interactions with the linker heteroatoms
in 1 [shortest CtrNpyridazine= 3.073 A, for Cu(2)}-N(42)].

The Nyriggenead®*Nbridgeneaddistance [10.969(5) A] is increased
over that of the fred, cryptand [10.443(7) A] and is also
larger than that in the mixed-valence compRx[10.306-

(8) A]. The interatomic spacing of the copper ions in the
dicopper(l) complext is also significantly greater than in

stronger than those to the bridgehead atoms (average Cu the mixed-valence compleXa [Cu(1)---Cu(2) = 6.478(1)
Nimne = 2.02 A, average CtNpridgenead= 2.25 A). As

A for 1 and 4.960(2) A for2a].

Inorganic Chemistry, Vol. 42, No. 8, 2003 2767
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Figure 6. Perspective views of the two independent cations/'[G]#",

of 3b (lime green plates). Selected bond lengths (A) and angles (deg) for

the second cryptate (bottom) in the asymmetric unit: Cu{BR)6)
2.041(3), Cu(52yN(92) 2.085(3), Cu(52yN(96) 2.088(3), Cu(52)N(52)

Ni23) 2.170(3), Cu(52yN(56) 2.205(3), Cu(52)N(72) 2.395(3), N(76)-Cu(52)~

Figure 5. Perspective view of the cation, [®]?*, of 3a (green rods). N(92) 155.42(13), N(76}Cu(52)-N(96) 101.55(13), N(92)Cu(52)-

N(96) 78.47(13), N(76) Cu(52)-N(52) 92.37(12), N(92) Cu(52)-N(52)

Brown cwstals of [CLCU”L|](PF5)3 2awere grown by the 85.71(12), N(96)Cu(52)-N(52) 164.15(12), N(76)Cu(52)>-N(56)

e . . o 106.36(13), N(92)Cu(52)-N(56) 96.80(12), N(96)Cu(52)-N(56)

slow diffusion of diethyl ether vapor into an acetonitrile  147g5(13)" N(52)Cu(52)-N(56) 74.86(13). N(76)Cu(52)-N(72)
solution, and the crystal structure was determined (Figure 4 75.44(13), N(92)-Cu(52)-N(72) 79.98(12), N(96) Cu(52)-N(72) 89.31(12),

and Table 1) and has been repoftedere one nitrogen atom  N(52)-Cu(52)-N(72) 86.87(13), N(56) Cu(52)-N(72) 161.66(12).

from each of the three pyridazine moieties is coordinated to ) o )
the Cu(ll) cation in this localized mixed-valence cryptate. SIX coordinate. The coordination of the copper ion has not

As is the case with compleg, the conformation of the ~ changed the Bageneas*Noriageheaadistance of the cryptand
cryptand hostl,, in 2ais such that the imine CN functions ~ PY much [10.478(9) A irBavs 10.443(7) A inL].*
within a strand are mutually cis to the pyridazine CN bonds.  In contrast, in the lime green plat8b, the copper(ll) ion
Comparison of the structures @k and5 indicates that it is in a distorted octahedral environment, having bound three
should be possible to encapsulate a second non-stereochemimine nitrogen atoms and, in this case, three pyridazine
Ca"y demanding ion, such as Copper(|), Bnto make a nitrogen atoms (Figure 6) There are two independent
heterodimetallic cryptand complex. This has subsequently Cryptates in the asymmetric unit, and there are some slight
been proven with the formation of [E6UL ](BF4)s.2° differences between them (Table 1 and Figure 6 caption).
Crystals of [CUL,J(BF4), 3 were grown by the slow The coordination of the copper ion in this different binding
diffusion of diethyl ether vapor into an acetonitrile solution. mode has caused a slight lengthening of th@af¥heaa:*
The crystal structure was determined for all three of the Nbrdgeneaadistance of the cryptand [10.478(9) A Ba vs
observed crystal forms. The brown hexagons were shown10.587(5) and 10.501(5) A ib].

to be isomorphous with the green rd@ks whereas a different As with [Cd'L|](BF4)2 5 L, has demonstrated some
copper(ll) ion geometry is observed in the lime green plates flexibility in being able to accommodate a single stereo-
3b (Figures 5 and 6 and Table 1). In the green r@dsthe chemically demanding ion. However, the structuresSaf

copper(ll) ion has a distorted trigonal bipyramidal environ- 3b, and5 have both similarities and differences. The cobalt-
ment as a consequence of binding to all three of the imine (Il) ion has a six-coordinate environment (twist angle)=
nitrogen atoms, the nitrogen bridgehead atom, and just one46.9; ¢ = 60° for octahedral, © for trigonal prismati€]
pyridazine nitrogen atom (Figure 5). The next-nearest intermediate between octahedral and trigonal prismatic which
Cu(2) **Npyridazine [to N(2)] is 3.097 A. It is interesting to is rather similar to that adopted by the copper(ll) ion in both
note that the copper(ll) ion in the mononuclear com@ax 3b[¢p = 45.8, 46.7] and2a[p = 45.£], rather than a five-

is five-coordinate whereas in the binuclear comeit is coordinate environment, as adopted by copper(l1)3&

2768 Inorganic Chemistry, Vol. 42, No. 8, 2003
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Figure 7. Perspective view of the cation, [t A]*", of 4.

Comparing the two mononuclear copper(ll) structures, in

-450 -200 50 300 550

E/mV
Figure 8. Cyclic voltammograms of complexds(bottom) and3 (top) in
acetonitrile (200 mV s, vs 0.01 mol ! AgNO4/Ag).

-700

both cases the copper ions coordinate to three imine nitrogen(2) A in 2avs 5.874(2) A ind] while the Nyridgeneat**Nbridgenead

donors, but irBb it also binds three pyridazine rings whereas
in 3a it binds just one pyridazine nitrogen donor and a
Nbridgeheaddonor atom. Within the mononuclear structudes

distance is longer [N(43-N(5) is 10.306(8) A irRavs 9.016-
9) Ain 4).
Electrochemical Studies on +4. On the basis of our

3b, and5 each of the three strands of the organic host has experience with dicopper complexes of the related pyr-
all trans conformations of the imine bonds. These strandslda'Zln(?'COHtalnl_ng tetralmlng macrocyclet (Elgure 1),
would therefore have to change their conformations to all Which include dicopper(ll), dicopper(l), and mixed-valence

cis before a second metal cation could coordinate.
Blue crystals of [ClpL A](BF4)4 4 were grown by the vapor
diffusion of diethyl ether into an acetonitrile solution, and

copper(ll)copper(l) complexéds? we expected lower oxida-
tion states to be stabilized by this pyridazine-containing
cryptandL,, as is observed. All potentials are quoted vs 0.01

the crystal structure was determined (Figure 7 and Table 1).M AGNOs/Ag unless otherwise stated. _
As we have seen in the hexaimine cryptate series, pyridazine The cyclic voltammogram of [CslL](BF4)2 1 (Figure 8)
N donors, despite their relative “softness”, are acceptable toreveals two reversible one-electron wavestat = —0.34

and utilized by Cu(ll). The copper(ll) ions have slightly

V (AE = 0.08 V) andEy, = +0.33 V (AE = 0.09 V).

different environments from one another: Cu(1) binds to one Controlled potential electrolysis experiments first at 0.00 V
nitrogen bridgehead atom, two pyridazine nitrogen atoms, and then at 0.50 V resulted in the addition of 0.99 electron
and two amine nitrogen atoms whereas Cu(2) binds to oneequiv and then a further 0.96 electron equiv, confirming that
nitrogen bridgehead atom, one pyridazine nitrogen atom, andboth processes are one-electron processes. The redox process

three amine nitrogen atoms. Cu(1) interacts weakly with the at Ey» = —0.34 V is therefore assigned as'Cu < Cu-

amine nitrogen atom N(43) [2.622(3) A], and correspond-
ingly it is not displaced much from the N(1)N(3)N(4)N(21)

plane of donors toward N(23) [0.094(2) A]. In comparison,
the square pyramidal copper (Il) ion, Cu(2), is significantly
displaced from the N(5)N(26)N(41)N(46) plane of donors
toward N(6) [0.406(2) A]. Interestingly, the metal ions are

Cu', and the process &h,, = +0.33 V is assigned as Gu
Cu' < CU'Cu". The cyclic voltammogram was unchanged
10 min after these Coulombic experiments, indicating that
the green oxidation product, [k ,]*", was at least the
major constituent under the strictly anhydrous conditions
used. On scanning to below0.8 V, however, we observed

not bridged by any of the three pyridazine rings as each ring a stripping wave at-0.48 V on the return scan.

coordinates via only one nitrogen atom, not both. The

coordination of two Cu(ll) cations requires tranformation of
the amine and pyridazine N donors from thensoid
disposition of the free ligand toisoid in two of the three

Although 1 is stable in the solid state in air these
electrochemical studies indicate that molecular oxygen should
be capable of oxidizing to the mixed-valence cryptat
Consistent with this we have been able to prefzaéom

strands, while the third, very nonplanar strand is best copper(l) starting materials by carrying out the reaction and

described asis, trans
The increased flexibility of thé o host, over that ot |,
is clearly illustrated by the fact that it has managed to

subsequent recrystallization in air. This pyridazine-spaced
cryptand,L,, thus appears to be a less effective host for
copper(l) ions than the relatively .6nsensitive pyridine-

encapsulate these two stereochemically demanding transitiorspaced analoguie3 .1

metal ions. The absence wfconjugation in each aminopyr-
idazine strand allows twisting, which is particularly notice-
able in one part of the third strand [N(22£(22)-C(31)~
N(26) 108.4(49y; cf.. the range of the remaining five
prridazine_prridazine_cimine_Nimine torsion ang|eS is 93(5)
25.6(57], to ensure this outcome. The coppeppper separa-
tion in 2ais shorter than that id [Cu(1)---Cu(2) is 4.960-

As anticipated, the cyclic voltammogram of the mixed-
valence cryptate, [CGU'L,](BF4)s 2b, is very similar in
appearance to that df (Figure 8): two reversible one-
electron waves are observed@af, = —0.34 V (AE = 0.08
V) andEy, = +0.33 V (AE = 0.08 V). Controlled potential
electrolysis experiments were performed, the first-8t55
V followed by a second on this reduced solutiont&.40
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V. The former resulted in the addition of 0.80 electron equiv,
and the latter resulted in the removal of 1.93 electron equiv :
and the dark yellow-brown solution becoming pale green in .
color. Again the [Cli,L]*" product appeared to be intact at _
the conclusion of these coulometric experiments as there was
no change in the cyclic voltammogram. These processes are |
assigned as fot (see above). Despite both of the observed
waves being due to one-electron processes, tHEWu—~

CU'Cu" process always had significantly lower peak currents ]
than those observed for the Qul <= CUCU' process: this .
may be due to increased electrostatic repulsion between the
electrode and the more highly charged cryptate in that case.

-1200 -800 -400 0
E/mV

In the cyclic voltammogram of [CL,](BF4). 3in MeCN,

upon scanning to negative potentials (Figure 8), one revers-

ible reduction wave is observed, Bf, = —0.38 V (AE =
0.08 V), which is assigned to the Ce> Cu redox process.

Figure 9. Cyclic voltammograms of comple4 in acetonitrile (200 mV
s1, vs 0.01 mol ! AgNO4/AQ).

mixed-valence state is stabilized betweeh 110 and+0.012

A controlled potential coulometric experiment, performed V vs Fc'/Fc (Keom = 7.7 x 10°) and has not been isolated
at—0.70 V, took 10 min and resulted in the addition of 0.95 from solution!® The wide stability range of the one-electron
electron equiv, confirming that this is a one electron reduction dicopper reductant/oxidan2, makes it attractive as a mild
process. The stability of the resulting dark yellow-brown redox agent for nonagqueous use.

reduction product, under argon, was illustrated by the fact

Above +1.0 V, the cyclic voltammograms df, 2b, 3,

that the cyclic voltammogram was initially unchanged, and [CdL,]?" 5 are quite similar, all showing the same,
although the reduction product was unstable over time with presumably ligand-based, processes.

some precipitation of copper metal occurring. Scanning to

The cyclic voltammogram o# shows no significant

potentials below-1.4 V causes further reduction of the Cu(l) processes on scanning to positive potentials, except for an
ions and consequently the observation of a stripping wave irreversible oxidation wave at abottl.20 V which is most
at —0.61 V. On scanning to positive potentials a series of likely to be due to ligand oxidation. The simplicity of this

irreversible processes occurs above.80 V.

Comparison of thé&,m values estimatédfrom the cyclic
voltammetry results fol and?2 with those obtained for the
[CU",L4(MeCN)](ClO4)4 compleX—2 in which the mixed-

valence CICU' state is stabilized in acetonitrile, between

—0.15 and+0.20 V (Keom= 8.3 x 10P), and isolable, reveals

that theL, cryptand is better able to stabilize such a mixed-

valence specieK¢om = 2.1 x 10Y). The ability of these
two cyclic pyridazine-containing ligand4,4 and L,, to

region is in stark contrast to complexity observed with
complexes of thel, ligand, which suggests hexaimine
cryptand instability when coordinated to metal(ll) ions.

On scanning to negative potentials, two one-electron quasi-
reversible processes are observed4f@Figure 9). The first
wave occurs ak;, = —0.61 V (AE = 0.12 V) and is
associated with the addition of 0.97 electron equiv (controlled
potential electrolysis at-0.78 V). The second wave occurs
atE;,=—0.93 V (AE=0.15V) and is of similar height to

stabilize mixed-valence dicopper complexes contrasts with the first wave. These reduction processes are probably metal
the results generally obtained for acyclic pyridazine-contain- centered: CUCU' <= CUCU' at —0.61 V and C{Cu' <

ing ligands*'%22 The L4 macrocycle stabilizes the mixed-

valence dicopper species to a similar extent as thé @

CUuCu at—0.93 V Kcom= 2.6 x 10°). On scanning to more
negative potentials, beyonell.40 V, a stripping wave occurs

Schiff base macrocycle derived from 2,6-diformyl-4-meth- at —0.55 V on the return cycle indicating that further

ylphenol and 1,3-diaminopropane ddés®> so the L,

reduction results in the deposition of copper on the electrode.

cryptand is also superior, in this regard, to this macrocyclic As expected? these results show that the octaamine ligand

phenolate ligand system. Tlhe cryptand is also better able

LA is more effective in stabilizing copper(ll) than the

to stabilize the mixed-valence species than is the analogoughexaimine ligand.,. In particular, we note that the reduced

pyridine-spaced cryptand,3. For the latter cryptand the

(18) Richardson, D. E.; Taube, tthorg. Chem.1981 20, 1278-1285.

(19) Zhang, Y.; Thompson, L. K.; Bubenik, M.; Bridson, J. N.Chem.
Soc., Chem. Commuh993 1375-1377.

(20) Chen, L.; Thompson, L. K.; Bridson, J. Morg. Chim. Actal993
214, 67-76.

(21) Chen, L.; Thompson, L. K.; Bridson, J. Morg. Chem.1993 32,
2938-2943.

(22) Chen, L.; Thompson, L. K.; Bridson, J. Morg. Chim. Actal996
244, 87-93.

(23) Gagne, R. R.; Koval, C. A.; Smith, T. J.; Cimolino, M. &. Am.
Chem. Soc1979 101, 4571-4580.

(24) Gagne, R. R.; Henling, L. M.; Kistenmacher, Tlnbrg. Chem198Q
19, 1226-1231.

(25) Mandal, S. K.; Thompson, L. K.; Newlands, M. J.; Gabe, Endrg.
Chem.1989 28, 37073713.
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degree of stabilization of the mixed-valence form, when
combined with the significantly lower redox potential, is
probably sufficient to make its isolation in the solid state
problematic.

Magnetism and ESR SpectroscopyMagnetic studies and
ESR spectroscopy serve to confirm the oxidation states of
copper in these compounds, and ESR establishes the clas-
sification of the mixed-valence complex.

Complex 1 is effectively diamagnetic with a magnetic
susceptibility of a few percent of that expected from a Cu(ll)
ion, indicating a small paramagnetic impurity. This is
confirmed by the ESR spectrum, which indicates traces of a
Cu(ll) complex at about 1%. In accord with the formulation
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Figure 10. Plot of T versusT for 4; the line is the theoretical fit.
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of 2a, the magnetic moment at room temperature is 2£€6
per complex. At 120 K the ESR spectrum of a DMF glass
has a 4-line parallel witly = 2.28,A = 138 G and a broad
perpendicular line ag = 2.09. In the Robin and Day
classificatiore® this behavior is characteristic of class I, in

that only a single stereochemically demanding metal ion can
be bound is found in the isolation & in a state of high
purity from 1:1 Cu(ll)L, stoichiometry in contrast to the
impure partly ring-opened or reduced products which result
from 2:1 stoichiometry. The binding of such a metal ion alters
the conformation of the cryptand so that a second stereo-
chemically demanding metal ion cannot bind. This opens
up two important possibilities: the formation of mixed-metal
complexes? which will be the topic of a separate pagér,
and the formation of mixed-valence complexeghe latter
possibility has been demonstrated by the formatior? of
where a copper(ll) center binds to one site (distorted
octahedral), preventing the binding of a second copper(ll)
center but allowing a non-stereochemically demanding
copper(l) center to occupy the second binding site (distorted
trigonal pyramidal). ESR studies performed Ba at low
temperatures revealed that it is a class | mixed-valence
complex with the unpaired electron localized on one of the
copper centers, as expected from the structure determination,
and reported previoushy.The redox behavior of these two
complexes, and other complexeslofshowed very similar

which the four-line hyperfine shows the unpaired electron Oxidative processes abovel.0 V, which are believed to be
to remain fully localized, here to temperatures at least as ligand-centered. The reversible wave observed for the

high as 120 K. Of the many mixed-valence dicopper
complexes known, this is the most common type.

Complex3 has a temperature-independent magnetic mo-

ment of 1.90ug per complex, and the ESR spectrum is

typical of mononuclear copper: a 4-line parallgl 2.27,

A = 135 G) and broad perpendicular ling € 2.10).
Complex 4 has weakly interacting dicopper(ll) centers

monocopper(ll) comple® (—0.38 V) and one of the two
reversible waves observed for the dicopper compléxasd

2b (—0.34 V) occur at similar potentials and are assigned to
Cu < Cu' redox processes, Ct# Cu' and CUCU < Cu-

Cu', respectively. In contrast, the second reversible wave
observed forl and 2b occurs at a much more positive
potential, +0.33 V. It is also assigned to a Ce> Cu'

(Figure 10). The room temperature magnetic moment is Process, specifically, @u' <> Cu',. Clearly the two copper

slightly suppressed (1.8a per copper ion) and falls steadily
asT is reduced, to a value of 1.7 per copper ion at 80
K. In this range, the magnetic data fit the Hamiltoni&h=
—215-S) with parameters of 2= —13.24+ 0.2 cml, g =
2.09 with T. I. P. at 60x 10°® cm® mol™1. At 150 K, the

ESR spectrum of a DMF glass has a very weak half band at

g of 4.23 with typical low hyperfine splitting (78 G). The
parallel feature ag of 2.22 shows similar splitting running
into a broad perpendicular line @ = 2.09. The weak
antiferromagnetic exchange observed 4ois as might be

centers inl and2 do interact and the mixed-valence state is

significantly stabilized Kcom = 2.1 x 10%). The existence

of a chemically stable one-electron transfer redox agent
capable of reduction and oxidation under mild conditions

may have useful applications.

The octaaminé 5 host was found to be significantly more
flexible. Unlike the hexaiminelL, host, Lo can readily
encapsulate two stereochemically demanding copper(ll) ions.
While the details of the coordination environments differ
somewhat, both copper(ll) ions have distorted square pyra-

expected, given the lack of bridging moieties between the Midal coordination geometries. The copper centers do not
copper(ll) ions (Figure 6). This situation is similar to that coordinate to the same pyridazine rings, so pyridazine
app|y|ng in the d|Copper(||) pyridine-spaced octaamine brldglng is not observed and hence Only very weak antifer-
cryptate analog of.3 (—2J ~ 20 cnT?) but contrasts with ~ romagnetic coupling of the Cu(ll) paramagnets is observed.
the strong antiferromagnetic coupling;2) = 482 cnr?, The results of the cyclic voltammetry studies show, as
observed in the [ClL4(MeCN)](CIO4)s complex due to  anticipated, that the octaamine cryptahd, stabilizes the
the effective overlap of the coppefdy orbitals with the ~ copper(ll) ions much more effectively than the hexaimine

bridging pyridazine orbitalsin this near-coplanarconformaiién. ~ cryptand,L,. The mixed-valence state is much less well
stabilized withinL o (Kcom = 2.6 x 10P).

o _ _ Experimental Section
As anticipated, the use of the potentially plnuclegﬁng Materials. 3,6-Diformylpyridazine® L, 14 and CHMeCN)X (X
CWPta”d as a hOSt_ has proved to be very '”tefeSt'”Q as & pg; or BF,)%° were made as previously described. For the
variety of occupancies have been observed. Further evidencyectrochemical studies HPLC grade MeCN was distilled from CaH

Conclusion

(26) Robin, M. B.; Day, PAdv. Inorg. Chem. Radiocher967, 10, 247—
422.

(27) Dunaj-Jurco, M.; Ondrejovic, G.; Melnik, M.; Garaj,Qoord. Chem.
Rev. 1988 83, 1-28.

(28) Brooker, S.; Ronson, T. K.; Nelson, J. Unpublished work.

(29) Brooker, S.; Kelly, R. 3J. Chem. Soc., Dalton Tran$996 2117-
2122.

(30) Kubas, G. Jlnorg. Synth.199Q 28, 68.
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immediately before use. Chloroform was extracted with the of 2a (Found: C, 32.73; H, 3.40; N, 17.10. Calcd for,CebHzeN14

equivalent volume of water, four times, and dried over3@;,

(PR)s: C, 32.14; H, 3.29; N, 17.57)maficm™1 (KBr disk, inter

before use. All other solvents and reagents were used as receivedalia): 3412 (b, s), 1641 (w), 841 (b, s) 556 (8)= 2.06 ug per

Measurementswere made as previously descriBgexcept for

the following: the electrochemistry and spectroelectrochemistry was

carried out, with 1 mmol E! dry acetonitrile solutions and 0.1

complex (298 K).

[Cu'Cu""L](BF4)3 2b. Method (a). L (0.058 g, 0.1 mmol) was
suspended in dry acetonitrile (50 mL) and stirred. To this was added

mol L~ tetraethylammonium perchlorate or tetrabutylammonium an acetonitrile solution (10 mL) of G(BF4),*4H,0 (0.030 g, 0.1
hexafluorophosphate supporting electrolyte, on an EG&G Princeton mmol), causing the suspension to clarify and become green. After

Applied Research 273A potentiostat using a 0.01 malAgNOs/

stirring for 30 min the mixture was filtered to remove a small

Ag reference electrode. As a further reference check, ferrocene wasamount of unreacted,. Solid CU(CHsCN),BF; (0.030 g, 0.1 mmol)

added at the conclusion of each experiment: the Fcenple
consistently occurred d&;, = +0.07 &+ 0.01 V with AE = 0.07

was then added to the mixture, causing it to become dark brown.
After stirring overnight the volume was reduced to about 20 mL.

V. The ESR spectra were obtained on an X-band Varian E109 pjethy| ether diffusion into the resulting solution gave brown

spectrometer. Magnetic measurements were carried out using argrystals of2b (0.081 g, 83%). (Found: C, 36.76; H, 3.81; N, 19.82.
Oxford Instruments Faraday magnetic susceptibility balance with caicd for CyCaoHagN14(BFs)s: C, 36.76; H, 3.70; N, 20.01)mad
aresistive electromagnet operating at 0.8 T (8000 G), and an Oxford o1 (KBr disk, inter alia): 3418 (b, s), 1637 (w), 1083 (s), 531
Systems cryostat employed as a temperature control down to 80y, FAB vz (fragment): 805 [CsCagHaaN14(BF)], 718 [CuCaoHae
K. All magnetic data were corrected for diamagnetic contributions N1 655 [CuGgHssN14]. Amadnm (MeCN) €/dm? mol-t cm-2):

using Pascal’s constants.

246 (45000), 734 (98)Am(MeCN) = 391 mol? cr? Q1 (1:3 =

La. L1 (0.593 g, 1 mmol) was suspended in 400 mL of methanol 340-420 molt cn? Q-1).17

and stirred for 15 min before sodium borohydride (0.454 g, 12
mmol) was added in small portions over a period of 2 h. The

Method (b). To 20 mg ofl in 20 mL of MeCN was added 4.3
mg of AgBF; as a solid, and an immediate lightening of the dark

mixture clarified on addition of the reductant, and was stirred for brown color was noted. The solvent volume was reduced under

2 days before the methanol was removed in vacuo. The resultingN

white powder was dissolved in 80 mL of water and extracted with g
chloroform using a continuous extractor (three extractions each of
1 h duration). The extracts were combined, and the chloroform was

removed in vacuo to yieldl , as a white powder (0.465 g, 77%).
Recrystallization from chloroform by vapor diffusion of diethyl
ether gives starlike clusters of colorless single crystals. (Foun
C, 59.36; H, 7.71; N, 32.37. Calcd forslsgNi4: C, 59.58; H,
8.00; N, 32.42.yma/cm™t (KBr disk, inter alia): 3441 (w), 3243

the solution filtered to remove Ag(s), and the filtrate allowed
to concentrate to very low volume undeg.Mround 3-4 mg of
brown product was isolated which showed an ESR spectrum
identical with that of a characterized sample2af

[Cu'L](BF4), 3. L, (0.060 g, 0.1 mmol) was added to an

d: acetonitrile solution (15 mL) of C{{BF4),*4H,0. The resulting pale

green suspension clarified upon rapid stirring. After stirring for 30
min the mixture was filtered to remove a small amount of unreacted

(m), 2809 (m), 1467 (sh), 1448 (s), 1434 (sh), 1325 (s), 1124 (ss), L, and ethanol (4 mL) added to the filtrate. Slow evaporation of

829 (s).'H NMR (300 MHz, solvent CHG| reference TMS):0
7.26 (1H, s, H), 3.98 (2H, s, H), 2.87 (2H, t, H), 2.71 (2H, t,
H;), 2.08 (1H, s br, NH).13C NMR (75 MHz, solvent CDGJ
reference CDG): 6 160.3 (G), 125.9 (G), 53.5 (G), 53.0 (G),
47.8 (G). FAB m/z (fragment): 605 [GoH49N14], 303 [CsoHs50N14]-
Amadnm (MeCN) €/dm? mol~t cm™2): ~253sh (6130), 309 (1270).
[Cu',L ](BF4)2 1. Ly (0.058 g, 0.1 mmol) was suspended in
methanol (30 mL). Solid C(CH;CN),;BF, (0.062 g, 0.2 mmol)

was added to the suspension under argon, causing the mixture t

clarify and become dark brown. After stirringrf@ h the mixture

the acetonitrile/ethanol solution ga8es a green crystalline solid.
The solid was removed by filtration, washed with 3 mL of ethanol,
and dried in vacuo (0.059 g, 68%). Green single crystals were
obtained by vapor diffusion of diethyl ether into a green acetonitrile
solution of 3 (0.047 g, overall yield 56%). In some preparations
brown hexagon crystals and lime green plate crystals were obtained
in addition to the green rod crystals. However, the presence of the
brown crystals did not significantly affect the elemental analysis
@nd a small % of copper(l) doping into the crystal form is suspected.
(Found: C, 43.60; H, 4.39; N, 23.51. Calcd for {CdoH3eN14-

was filtered to yield the product as a brown powder (0.076 g, 87%). (BFa)2: C, 43.42; H, 4.37; N, 23.63)madcm* (KBr disk, inter
Crystals suitable for X-ray analysis were obtained by diethyl ether li@): 3442 (b), 2849 (s), 1647 (s), 1052 (s). Swansea F#B

diffusion into a chloroform/acetonitrile/ethanol solution @&f
(Found: C, 40.30; H, 3.93; N, 21.57. Calcd forCugHzgN14(BFs)2:
C, 40.33; H, 4.06; N, 21.95%a/cm™ (KBr disk, inter alia): 3424
(b), 1638 (mw), 1083 (s), 1034 (s), 521 (w). Swansea FABR
(fragment): 805w [CEC30H36N14(BF4)], 718 [CUZC30H36N14], 655
[CuCsoH3zeN14]. *H NMR (500 MHz, solvent CBCN, reference
CH3CN): at 298 K,0 8.43 (1H, s br, K), 7.98 (1H, s, H), 3.85
(2H, t, Hy), 3.09 (2H, t, H); at 243 K,6 8.492 (1H, s br), 8.016
(1H, s br), 3.949 (s br), 3.184 (s b&fC NMR (126 MHz, solvent
CDsCN, reference CECN): ¢ 160.8 (G), 156.5 (G), 128.4 (G),
59.0 (G), 53.2 (G). « = 0.00 ug (298 K). Amaynm (MeCN) ¢/
dm?® mol~t cm™%): 245 (47500), 390 (3960)An(MeCN) = 300
mol~1 cm? Q=1 (1:2 = 220-300 moi?! cm? Q~1, 1:3= 340-420
mol~! cn? Q~1).17

[Cu'Cu"L,](PFe)s 2a: as described above farbut carried out
in air and using Ci(CHsCN),PFRs. The brown powder obtained from

(fragment): 655 [CugHaaN14], 594 [CaoHaaN14]. Ama/nm (MeCN)
(e/dm® mol~t cm1): 246 (45100), 776 (95) = 1.90ug (280 K).
Amn(MeCN) = 263 mol?! cm? Q1 (1:2 = 220-300 mol? cn?
Q-1 1:3= 340-420 mol?! cn? Q1).17

[Cu",LAl(BF4)4 4. La (0.046 g, 0.08 mmol) was dissolved into
25 mL of methanol and was stirred. To this was added one drop of
triethylamine followed by a methanol solution (5 mL) of CBF,),-
4H,0 (0.047 g, 0.16 mmol). Upon addition of the copper salt, the
clear solution changed to a deep blue color. After stirring for 2 h,
the solution was filtered, yielding a blue powder (0.07 g, 85%).
Blue single crystals can be obtained by recrystallization from
acetonitrile by vapor diffusion of diethyl ether. (Found: C, 33.39;
H, 4.48; N, 18.17. Calcd for QG:goH43N14(BF4)4: C, 33.43; H, 4.53;
N, 18.21).vma/cmt (KBr disk, inter alia): 3396 (b), 3283 (m),
1635 (w), 1465 (s), 1445 (s), 1059 (s, b), 521 (w, s). Swansea FAB
m'z (fragment): 991 [CQC30H48N14(BF4)3], 904 [CLkC3oH43N14'

the reaction solution was recrystallized in air from MeCN by vapor (BFs);], 818 [CbCsoHagN14BF4], 729 [CeCaoH4gN14], 665 [CuGe-
diffusion of diethyl ether to give a small amount of brown crystals HsgN14]. Amaynm (MeCN) €/dm? mol~* cm™%): 272 (90100), 631
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(550).u = 1.83ugp per Cu (280 K)—2J = 13.2 cmt. Ap(MeCN)
= 462 mol! cn? Q71 (1:3 = 340-420 mof* cn? Q1.7
X-ray Crystallography. Data were collected on Bruker SMART
diffractometers, using graphite-monochromated Mo tadiation
(A = 0.71013 A). The data were corrected for Lorentz and

Crystal Data for [CUL |](BF4)2 3b: C3oH36B2CURsN 14, lime
green plate, 0.4% 0.35 x 0.08 mns, triclinic, space groufl, a
=9.400(4) A b = 13.640(5) Ac = 29.938(12) Ao = 82.694(5J,

[ =86.851(6), y = 75.134(5Y, V= 3679(2) &, u = 0.679 mn1?,
Z=4,F(000)=1700,T = 168 K; 47333 reflections were collected,

polarization effects, and semiempirical absorption corrections were and the 14607 independent reflections were used in the analysis.

applied. The structures were solved by direct methods (SHELXS-

97)132and refined against af? data (SHELXL-97)3 Hydrogen

The refinement of 991 parameters converged to=RA.0505 [for
6354 reflections having) > 20(1)], wR2 = 0.1476, and goodness

atoms were inserted at calculated positions (except where noted)of fit 0.817 (for all 14607F2 data).

and rode on the atoms to which they are attached (including

Crystal Data for [Cu ;L a](BF 4)4:0.5CH;CN-H,0 4-0.5CH;CN-

isotropic thermal parameters which were equal to 1.2 times the H,O: Ca3Hss B4ClF1eN150, blue plate, 0.56 0.22 x 0.07 mn3,
equivalent isotropic displacement parameter for the attached non-monoclinic, space grou@2/c, a = 22.769(11) Ab = 11.974(4)
hydrogen atom), and all non-hydrogen atoms were made anisotropic.A, ¢ = 36.121(14) A = 97.881(9, V = 9755(7) B, u = 0.981

Crystal Data for L o1 CzoHsgN14, colorless plate, 0.4& 0.24
x 0.10 mn3#, monoclinic, space grou@2/c, a = 28.801(14) Ab
= 8.656(4) A,c = 14.854(6) A, = 119.083(10), V = 3236(3)
A3, 1 = 0.080 mnt?, Z = 4, F(000) = 1304, T = 163 K; 20071

mm~1, Z= 8, F(000)= 4728,T = 163 K; 63878 reflections were

collected, and the 11020 independent reflections were used in the
analysis. The nitrogen and O80 hydrogen atoms were located from
difference maps, and then rode on the nitrogen atoms to which

reflections were collected, and the 3269 independent reflectionsthey are attached, with the exception of H43N and H80A, which
were used in the analysis. The nitrogen hydrogen atoms werewere fixed. Hydrogen atoms could not be found for the half-
located from difference maps and then rode on the nitrogen atomsoccupancy water molecule, 090, and so were not included. The
to which they are attached. The refinement of 200 parameters half-occupancy acetonitrile molecule was restrained to be like the

converged to R¥ 0.0394 [for 1998 reflections having> 20(1)],
wR2 = 0.1000, and goodness of fit 0.911 (for all 3269 data).
Crystal Data for [CU 2L|](BF4)2 1: CzoHzeB2CUFgN 14, ye”OW-
brown plate, 0.43< 0.36 x 0.03 mn, triclinic, space grou;ﬁ’i, a
= 8.6996(9) A,b = 14.4770(14) Ac = 14.7656(15) Ao =
77.724(23, B = 74.268(23, y = 85.530(2), V = 1748.6(3) &, u
=1.307 mntt, Z= 2, F(000)= 908,T = 153 K; 17036 reflections

full-occupancy one using the SAME instruction. The refinement
of 665 parameters converged to R10.0535 [for 11020 reflections
havingl > 20(1)], wR2 = 0.1464, and goodness of fit 0.968 (for
all 11020F? data).
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