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The synthesis of a series of tetra- and pentadentate bispidine-type ligands (bispidine = 3,7-diazabicy-
clo[3.3.1]nonane) — tetradentate ligands are donor-substituted at C(2) and C(4), pentadentate ligands have an
additional donor at N(3) or N(7), with pyridine, 2-methylpyridine, or quinoline donor moieties — and of their
Cu'" complexes are reported, together with single-crystal structural analyses and solution studies (electro-
chemistry, electronic and EPR spectroscopy). Depending on the ligand geometry and on the co-ligands (solvent
or counter anion), there are various structural forms (pseudo-Jahn — Teller elongation along all three molecular
axes), and the structural data are correlated with the spectroscopic and electrochemical parameters.

Introduction. — The transition-metal-ion coordination chemistry of bispidine-type
ligands (bispidine = 3,7-diazabicyclo[3.3.1]nonane; see L1-L12 for ligand structures
discussed in this publication) has attracted some attention due to the salient structural
properties [1-3], high complex stabilities and uncommon metal-ion selectivities [4]
and, in particular, because of their interesting reactivities [5—9], specifically with
respect to efficient [10] and tuneable [7][8] substrate binding and activation. An
important feature is that bispidine molecules are generally easy to prepare, and they are
obtained in high yield [11-14], and that mono- as well as dinucleating ligands with
various donor sets in well-defined and rigid geometries may be prepared (bi-, tetra-,
penta-, and hexadentate ligands, preorganized for planar, square-pyramidal and cis-
octahedral coordination geometries) [15-20].

Due to the rigidity of the adamantane-derived bispidine backbone and the elasticity
of the coordination geometry, interesting types of structural variations have been
observed [1-3][21][22]. In particular, for penta- and hexacoordinate Cu' complexes, it
was possible to isolate and structurally characterize — in dependence of i) the ortho-
substituent of the pyridine donors at C(2) and C(4) (H or Me) [7], if) the substituent at
N(7) [3][21], or iii) the co-ligands [22] — complexes with the tetragonal elongation
(pseudo-Jahn — Teller axis) along any of the three molecular axes.

So far, the chance to vary the donor set by a variation of the aldehyde and amine
components in the two Mannich condensation steps (see Scheme) has not been used
extensively. We, therefore, report here the syntheses of six new tetra- and pentadentate
bispidine ligands with 2-methylpyridine and quinoline donors, and the structural,
electrochemical, and spectroscopic properties of their Cu! complexes. The structural
properties, specifically with respect to the mode of pseudo-Jahn — Teller-type distortion,
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and the concomitant ligand-field properties and redox potentials are compared with
those of the published systems with pyridine and 1H-imidazole donors, and discussed in
detail.

Results and Discussion. — Syntheses. The ligands were prepared in analogy to the
bispidinones described in the literature [4][7][11-14][20][23]; the two piperidinones
and the six new bispidinones were obtained without difficulty and in respectable yields.
A major possible impurity is the exo-endo form (orientation of the two donor
substituents in 2,4-position); heating after the condensation which leads to the final
product is necessary for isomerization to the thermodynamically more-stable, achiral
endo-endo form [4][13][24][25]. Coordination to Cu'! or any other metal ion under
strictly anhydrous conditions leads to the 9-keto form of the coordinated ligand (see
structures of the chloro complexes with L9 and L11; with water present, the hydrates at
C(9) are formed as usual [3][4][21] (structures with L4 and L10; with L9, isolated from
MeOH, a C(9) methyl ether/alcohol-substituted product (MeO—C(9)—OH) is
isolated, as observed for other complexes before [1]). Unfortunately, from the data
for the complexes reported here, it is not possible to conclude unambiguously that the
solution and solid-state data are obtained from structurally identical samples with
respect to the C(9) substituents.

Solid-State Molecular Structures. The structures of the metal-free ligands L8 and
L11 (see Fig. 1) are as expected, i.e., similar to the ligand structure in the complexes,
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with the exception that the three aromatic N-donors are rotated away from the center
of the cavity due to lone-pair repulsion (low energy barrier) [4][23][26]. That is, the
bispidine ligands are highly preorganized (and complementary for Cu') with respect to
the tertiary amine moieties but not with respect to the aromatic N-donors.

[+ - ,g..\j \v{j.
L8 L11
Fig. 1. ORTEP[36] Plots of the metal-free bispidine ligands L3 and L11. Note that all aromatic N-donors are

rotated away from the coordination site by ca. 180° due to lone-pair repulsion; [UPAC numbering (see Table 1
for the crystallographic numbering).

As for transition-metal complexes with other tetra- [1], penta- [20], and
hexadentate [4] bispidine ligands, the backbone of the bidentate fragment
(bispidine = 3,7-diazabicyclo[3.3.1]nonane) is very rigid (see constant N(3) ---N(7)
distances in 7Table 1; for structural plots see Fig. 2; note that, in the discussion, we use
the JUPAC numbering scheme given in Formula L1, which is different from the
crystallographic numbering (see 7Table I). The major variations in structures of
[Cu(bispidine)] complexes in general are related to i) the torsional angles involving
C(2) (or C(4)) and the corresponding C-atoms of the trans-disposed aromatic donors,
if) the orientation of the donors attached to N(3) or N(7) (chelate-ring conformation),
and iii ) the position of the metal ion in the bispidine cavity (see relative distances of the
Cu" center to N(3) and N(7) and the two trans-disposed donors at C(2) and C(4) (arl
and ar2)), and, as a result of these distortions, the orientation of the ‘Jahn - Teller axis’
in Cu! complexes (see Table I). The latter mode of distortion is of particular interest.
With pentadentate ligands derived from L5, the Cu complexes with MeCN as the co-
ligand exist in isomeric forms [21], one with an elongation along N(7)—Cu—N(ar3),
the other with an elongated axis involving the two pyridine groups at C(2) and C(4)
(N(arl)—Cu—N(ar2)). A structural and spectroscopic analysis revealed that the two
minima on the potential-energy surface (warped rim of the ‘Mexican hat’ potential-
energy surface with three possible minima) were close to degenerate with the latter
(elongation along the two trans-pyridines) being slightly more stable; sterically
demanding substituents at N(7) or larger co-ligands such as Cl- (see Table 1) lead to a
destabilization of this isomer and a population of the other form [21] (more-recent
structural and spectroscopic data confirm this conclusion [27]). With L3 all three
‘Jahn — Teller isomers’ were observed, i.e., with Cl~ and OH, as co-ligands, there is an
elongation along Cu—N(3), with MeCN along Cu—N(7), and with the bidentate ON
O; along N(arl)—Cu—N(ar2) [22]. Two conclusions were obtained from these data of
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Table 1. Structural Data of [ Cu(Ln)X/™ #)®)
[Cu(LDCL™)  [Cu(L2)Cl]*) [Cu(L3)Cl]*)  [Cu(L4)CI[*®)  [Cu(L4)F]* [Cu(L5)CI]*)
Distances [A]:
Cu—N(1) (N(3))  2.042(3) 2.115(2) 2.147(3) 2149, 2.143(2)  2.007(2) 2.070(2)
Cu—-N(2) (N(7))  2.272(3) 2.316(2) 2.120(3) 2131,2135(2)  2.254(2) 2.478(3)
Cu—N(3) (ary) 2.020(3) 1.967(2) 2.061(3) 2001,2.033(2)  2.087(2) 2.011(3)
Cu—N(4) (ar,) 2.024(3) 1.971(2) 2.064(3) 2019,2.017(2)  2.093(2) 1.987(3)
Cu—N(5) (ar3) - - - - - 2.544(3)
Cu-X 2232(1) 2.229(1) 2221(2) 2265,2255(1)  1.836(2) 2.2545(1)
N(1) - N(2) 2921 2.917(2) 2.930(5) 2922,2913(2)  2.902(2) 2.931(3)
N(3) --N(4) 3971 3.869(3) 4.084(5) 3.992,4.016(2)  4.065(3) 3.965(4)
Angles [°]:
N(1)-Cu—N(2)  85.03(9) 82.20(6) 86.71(12) 86.11,85.85(6)  85.67(7) 79.70(8)
N(1)-Cu—N(3)  8125(10) 80.58(7) 81.62(13) 82.80, 82.62(6)  80.39(8) 83.62(9)
N(1)-Cu—N(4)  81.15(10) 80.51(7) 82.38(12) 82.92,82.52(6)  80.05(8) 81.74(10)
N(1)—Cu—N(5) - - - - - 77.95(9)
N(1)-Cu—X 165.02(7) 166.69(5) 112.97(9) 109.14, 109.88(4)  176.98(7) 173.81(7)
N(2)-Cu—N(5) - - - - 155.11(8)
N(3)-Cu—N(4) 158.13(10) 158.58(7) 163.82(13) 165.70, 165.04(6) 152.99(8)  165.36(10)
[Cu(L6)CI]*) [Cu(L9)CI]*  [Cu(L9)OMe]* [Cu(L10)FBF,]* [Cu(L10)P* [Cu(L11)CI]* [Cu(L12)]*)
Distances [A]:
Cu—N(1) (N(3))  2.036(2) 2.089(1) 2.042(4) 2.000(1) 1.953(2) 2.159(3) 2.087(3)
Cu—N(2) (N(7))  2.368(2) 2.114(2) 2.092(5) 2.169(1) 2.095(2) 2.079(3) 2.045(3)
Cu—N(3) (ar,) 2.028(2) 2.609(2) 2.374(4) 2.235(1) 2.311(2) 2.686(3) 2.280(3)
Cu—N(4) (ar,) 2.029(2) 2.345(2) 2.523(4) 2.263(1) 2.269(2) 2.320(3) 2.798(4)
Cu—N(5) (ar3) 2.029(2) 2.019(2) 2.001(4) 1.984(1) 1.927(2) 2.159(3) 2.009(3)
Cu-X 2.717(1) 2.305(1) 2.058(4) 2.811(1) - 2.264(1) 2.028(3)™)
N(1) -~ N(2) 2.915(2) 2.853(2) 2.850(6) 2.876(1) 2.834(2) 2.836(4) 2.830(4)
N(3) --N(4) 3.995(3) 4795(2) 4.746(6) 4.382(2) 4.464(3) 4.821(4) 4.672(4)
Angles [°]:
N(1)-Cu-N(2)  82.53(6) 85.51(6) 87.14(16) 87.17(5) 88.80(7) 83.99(11) 86.43(12)
N(1)-Cu—N(3)  81.39(7) 74.68(5) 77.24(14) 80.39(5) 78.63(8) 73.06(10) 78.26(12)
N(1)-Cu—N(4)  80.94(7) 76.58(5) 75.59(14) 77.67(5) 80.07(8) 75.91(10) 72.98(11)
N(1)-Cu—N(5)  160.82(7) 164.80(6) 169.98(13) 174.53(6) 169.95(8) 160.09(11) 85.77(12)
N(1)-Cu—X 105.30(5) 97.35(4) 97.39(16) 89.12(5) - 93.76(8) 154.39(13)
N(2)-Cu-N(5)  79.27(7) 83.29(6) 84.77(16) 97.02(6) 100.95(7) 83.46(11) 172.12(12)
N(3)—Cu—N(4)  160.07(7) 150.84(5) 151.50(13) 153.84(5) 154.18(7) 148.70(10) 148.53(10)

?) Atom numbering as in the crystal data; numbering in parenthases according to IUPAC rules (see Formula L1).
%) Elongated bonds in italics. ©) [19]. ¢) [7]. ©) [23]. !) Two independent molecules in the unit cell. ¢) [4]. ™) Cu—pyridine

bond.

the (6-methylpyridin-2-yl)-substituted bispidine L3: i) the Me groups at the pyridine
moieties destabilize the minimum with an elongated Cu—N(7) axis (co-ligand in-plane
with the methylated pyridine donors, observed only for MeCN) and ii) the elongation
along the two pyridine groups is the most favorable (but observed only with two co-
ligands, e.g., a chelating nitrate). This latter observation was emerging from solution
spectroscopy and force-field, ligand-field, and DFT calculations [22] and was also
confirmed by structural data of Cu!! complexes with the hexadentate ligand L12 and a
corresponding molecular-mechanical analysis [4].

The quinoline-based ligands L4 (tetradentate), L9, L10, and L11 (pentadentate)
are, as the (6-methylpyridin-2-yl) based ligand L3 and the corresponding new
pentadentate ligands L7 and L8, sterically more demanding than those with
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[Cu(LT)CI] [Cu(L2)CI]" [Cu(L3)CI]"

[Cu(L5)CI]® [Cu(L6)CI]* [Cu(L12)]**

Fig. 2. Plots of the molecular cations of [ Cu'(bispidine) | complexes. ORTEP[36] plots of the new structures are

given; the other structures have been published (see Table 1 for ref.). The I[UPAC numbering is given in the plot

of [Cu(L1)Cl]* (see Tablel for the crystallographic numbering). Ketone or hydrate form at C(9)
(MeO—C(9)—OH in case of L9).
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[Cu(L10)FBF;]" [Cu(L10)]**

[Cu(L11)CI)*

Fig. 2 (cont.)
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unsubstituted pyridine donors but, in addition, there are significant electronic
differences in the entire series of aromatic N-donors discussed here (e.g., pK,: 1H-
imidazole, 6.99; 2-methylpyridine, 6.00; pyridine, 5.23; quinoline, 4.90). The structural
data in Table 1 indicate qualitatively that, as expected, the quinoline-Cu! bonds are
weaker than those with pyridine. Together with steric effects, this leads in general to an
elongation along the arl —Cu—ar2 axis. Only the structure with L4 and the small F-
donor as a co-ligand has an elongated Cu—N(7) bond. With the bulkier Cl- as a fifth
ligand, L4 has a square-pyramidal geometry with N(3) as the apical donor, similar to
the corresponding structure with L3 [7]. This indicates that, as expected, there is
considerable steric hindrance in the plane of the trans-disposed quinoline donors. The
two alternatives to accommodate bulky co-ligands are a (partially quenched) Jahn—
Teller elongation along Cu—N(3), as observed in [Cu'(L4)CI]* or an elongation
involving the two quinoline donors (structures with L9, L10, and L11). The latter
structural type is facilitated by the relatively weak quinoline-Cu! bonds.

Of particular interest are the two structures with L10. These correspond to a fourth,
unexpected and unprecedented structural type. While all other complexes have, as
expected, relatively short bonds to the (in-plane) co-ligands, those with L10 have two
long quinoline-Cu" bonds (although the sum of the two bonds is considerably shorter
than for the other structures, see structural data of the complexes with ligands L9 and
L11 in 7able I) but only a very weak interaction to the ‘in-plane’ FBF; co-ligand or a
genuinely five-coordinate structure with one ‘missing in-plane donor’. Inspection of the
angular distribution of the donors indicates that, for the complexes with L10, apart
from the N(7)—Cu—N(ar3) angle (six- vs. five-membered chelate ring), there is not
much of a difference with respect to the other structures discussed here. On the basis of
an approximate pseudo-octahedral geometry, this indicates that the warped rim of the
‘Mexican hat’ potential-energy surface has more than three minima (these generally
correspond to the three possible tetragonally elongated structures, the saddle points are
the correspondingly compressed forms, and the intermediate structures are linear
combinations which also involve the Q, (in addition to the Qy) vibrational mode
[3][21][22][28]). This is further support for a flat potential-energy surface with
bispidine complexes leading to metastable structures. Factors which might be partially
responsible for the stabilization of the observed structures are lattice strain (packing
forces), the influence of the extended 7-clouds of the significantly bent-down quinoline
rings, and steric interactions of the pyridine donor ar3 which, for the structures with
L10, has a very short bond to the Cu" center. Also, it might not be entirely appropriate
to describe bispidine coordination complexes as pseudo-octahedral. This also emerges
from the study of the thermodynamic stabilities of various bispidine complexes which
do not follow the usual Irving — Williams-type behavior (e.g., specific stabilization of the
d'® Zn" complexes [4][29]). For the complexes with L10 rather low stability constants
are expected (see also redox potentials).

Spectroscopy and Electrochemistry. From the structural data it emerges that there
are four well-defined structural forms for [Cu(L)(X)]"* complexes, and published data
of similar compounds indicate that the relative stability within the set of isomers
depends on the ligand L and the co-ligands X (anion or solvent) [3][21][22]. Due to the
flat potential-energy surfaces, with a given ligand, a change of the solvent or anion can
lead to drastic structural changes and concomitant differences in the electrochemical
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and spectroscopic properties. Due to the limited solubilities of the ligands and
complexes and specific requirements for some of the analytical methods (good glasses
for well-resolved EPR spectra, all CVs from solutions in the same medium, i.e., MeCN,
etc.) a number of different solvents, solvent mixtures, and salts were used for the
different experiments. The assignment of the spectra to specific structural forms and co-
ligands is, therefore, not unambiguous in all cases. However, the large set of published
and new experimental structural data, together with recent thorough analyses based on
spectroscopy [21][22] and computational studies (ligand field, force field, DFT), as
well as the solid-state and solution electronic spectra, frozen-solution EPR-spectro-
scopic and room-temperature electrochemical data in a variety of solvents and solvent
mixtures (see Table 2) lead to a reasonably consistent picture. Of particular interest is
the series of EPR spectra of the [ Cu'(L4) ] complexes in various solvent mixtures (see
Table 2 and Fig. 3) which indicate that, depending on the lability of the co-ligand and on
the relative stabilities of the corresponding isomers, there is an equilibrium between
various structural forms.

In case of the tetradentate bispidine ligands, only the [Cu(L)(Cl)]* forms with L1
and L2 were stable in aqueous solution; with L3 and L4, identical solution UV/VIS and
NIR spectra to those in the solid (i.e., those of the chloro complexes) were only
observed when excess Cl~ was added to the solutions (supression of solvolysis). This is
not unexpected since the [Cu(L)]**/Cl- complexation constants in water are 10 orders
of magnitude larger for L1 than for L3 [9]. Also, the Cu—Cl distance in the complex
with L4 is slightly larger than in that with L3 (2.27 vs. 2.22 A). The similarity of the
solid-state and solution UV/VIS and NIR spectra of the chloro complexes of L4 and L3
[22] (excess Cl~ in solutions) indicates that the solid-state and corresponding solution
structures are identical (Cl~ trans to N(3) for L1 and L2, and trans to N(7) for L3 and
L4). That is, in these examples, lattice strain is not a determining factor in terms of the
structural forms. Solutions of the BF, or CF;SOj salts of the complexes are assumed to
have the solvents (MeCN, MeOH, H,0) as co-ligands. With L3, it is known [22] and
with L4 it is expected that the coordination site of the co-ligand strongly depends on the
size of the anion or solvent molecule and that the site and number of co-ligands
coordinated determines the structural form. In the spectroscopic analysis of L3 with a
number of co-ligands, it was possible to correlate the structures with the spectroscopic
pattern (spin Hamiltonian and ligand-field parameters). The MeCN structure has an
elongated Cu—N(7) bond (5-coordinate), the Cl- structure has an elongated Cu—N(3)
bond (5-coordinate, Cl- trans to N(7)), and with OH,, there are two species, a 5-
coordinate structure which is similar to that with Cl~ and a 6-coordinate structure with
an elongation probably involving the two pyridine donors [22]. For L1 and L2, based on
a large amount of published data [1][3][7][9], there is little doubt that all species
reported in Table 2 have square-pyramidal structures with elongated Cu—N(7) bonds
(weak coordination trans to N(7) cannot be excluded).

The structural behavior of the complex systems with L4 may be characterized on
the basis of the series of EPR spectra shown in Fig. 3. From the two observations that
the chloro complex and the triflate salt in MeCN give completely different spectra, and
that, in water, both give identical spectra indicates that Fig. 3,a, is a spectrum of the
complex with coordinated MeCN, that Fig. 3,b, is a spectrum of a complex with
coordinated Cl-, and that Fig. 3,c, is a spectrum of an aqua complex. The chloro
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Table 2. Redox and Spectroscopic Properties of [ Cu(Lm)X /"
[Cu™(L)] X/solvent E°[mV] vs. Electronic transition [cm~'] (¢ [l mol~'cm~3]) EPR?)
Ag/AgNO; ” v, Vs g g A [10%cm ]
L1%) cl- 15380 14290 (sh) 2225 2050 174
MeCN —417 15870 2245 2072 172
MeOH 15150
H,0 15310
L2%) cr 15630 14490 (sh) 2230 2070 165
MeCN — 440 15380 2250 2070 168
MeOH 15040
L3°) Cl- (solid) 15300 8300 2242 2040 162
MeCN —98 16300 14300 (sh) 10000 2245 2062 165
MeOH 12740 12050 (sh)
H,0 16100 13700 (sh) 7600
L4 Cl (MeCN, MeOH) 14970 (100) 11500 (77) 230549)  2.068¢) 1479)
Cl (solid) 14190 11160 8300 2262 2066 165
2276 2118 152
OTf (MeOH) 15630 (89) 13890 (sh) 23219) 2.0669) 1489)
2279 2070 159
OTf (MeCN) —74 16800 (sh) 14090 (115)
OTI (solid) 16000 13700 8900
Ls®) cl 13840 12820 (sh) 2255 2060 160
MeCN — 489 15040 2250 2080 165
MeOH 14180
L6") cr- 15625 2250 2060 170
MeCN — 603 16000 2230 2075 175
MeOH 16000
L7 Cl (MeCN, MeOH) —691, MeCN 13795 (70) 2275 2060 158
Cl (solid) 13800 8930
(BF,) MeCN — 450 14930 (66) 2273 2060 158
MeOH 14390 (57)
BF, (solid) 14400 8300
L8 Cl (MeOH) 14285 (61) 12050 (49) 2204 2062 152
Cl (MeCN) 14190 (70) 11980 (74)
Cl (solid) 13500 11800 8300
(BF,) MeCN —94 16370 (100) 14730 (100) 2295 2062 152
MeOH 15750 (59) 14600 (64)
BF, (solid) 15360 12700 9900
L9 Cl (MeCN, MeOH) 14290 (55) 13330 (sh)®) 2266 2058 163
Cl (TiOy) 14290°) 13300°) 9350
(BF,) MeCN —383 15270 (65) 2267 2058 163
MeOH 15040 (sh) 14600 (53)
BF, (solid) 15270°) 13570°) 8930
L10 Cl (MeOH) 15270 (60) 14700 (64) 2290 2064 158
Cl (solid) 13420 12580 (sh) 8480
(BF,) MeCN —78 15500 (96) 14930 (95) 2290 2064 157
MeOH 15250 (64) 14580 (65)
BF, (solid) 15390 13990
L11 Cl (MeCN, MeOH) 14500 (75) 2292 2060 152
(BF,) MeCN —69 15750 (83) 14500 (94) 2291 2060 152
MeOH 15390 (41) 12660 (45)
BF, (solid) 15750 12660 10200 (sh)®)
L12 —573 (MeCN) 16130 (110) 2207 2077 170

) DMF/H,0 2 : 3, where not indicated otherwise. °) [7]. ¢) [7][23]. ¢) DMF/MeCN 3:2.
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Fig. 3. EPR Spectra of [Cu(L4)(X),/*" (q=1,2; frozen solution (110 K); X-band; simulations (dotted lines)

with XSophe [32][33] (see Table 2 for parameters)): a) trifluoromethanesulfonate salt in MeCN/DMF 2 :3

(simulation of 2 complexes, see text, Table 2), b) chloro complex as chloride salt in MeCN/DMF?2 :3, and ¢)
chloro complex as chloride salt or trifluoromethanesulfonate salt (identical spectra) in DMF/H,0 2 :3

T
3200 3400

complex leads to a clean spectrum of a single species, and the structure probability is
identical to that in the crystal (see above, see electronic spectra in Table 2). The small
value of A and the large shift of Ag are consistent with a weak ligand field due to the
quenched Jahn - Teller effect (Cl~ trans to N(7), axial N(3)) and relatively weak in-
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plane bonds. In MeCN/DMF mixtures (various ratios, Fig. 3,a), there are always two
species present with various populations. The major species with an intermediate A
(159-10~* cm™!) probably has an elongated Cu—N(7) bond and an in-plane coordi-
nated MeCN donor. There are various possibilities for the second ‘isomer’ (e.g., an
elongation along Cu—N(3)). The spectra in DMF/H,O (Fig. 3,c) may be simulated
with a major species with a large value of A value (165-10~*cm™') and a minor
impurity. The major species probably has an elongated Cu—N(7) bond and a OH,
coordinated in-plane, the other probably has the quinoline—Cu—quinoline axis
elongated and two coordinated OH,. It appears that, while L1 and L2 lead to
structurally well-defined complexes, the structures of the Cu'' complexes L3 [22] and
L4 are metastable and, depending on the solvent and added anions, there are subtle
structural changes. This is also in agreement with the corresponding electronic spectra.
These are not discussed here in detail since the spectral resolution does not allow to
thoroughly analyze isomer mixtures. Also, even for apparently isomerically pure
samples, the resolution into the expected four transitions is not possible in the powder
(reflectance) and solution samples, and the corresponding assignments are not
unambiguous. However, the solid-state measurements clearly indicate that there are
two different structural forms.

The redox potentials are grouped in two sets. Those of L1 and L2 which are 5-
coordinate with an elongated Cu—N(7) bond are very negative, i.e., the + 2 oxidation
state is highly stabilized — L1 and L2 are known to form very stable Cu' complexes
[4][29]. With L3, there is partial quenching of the Jahn — Teller stabilization [3][7][22]
and a concomitant destabilization of the Cu™ complexes. This must also apply for L4
which, in addition, has a weaker ligand field (lower basicity, nucleophilicity, see above;
see also electronic spectra in Table 2).

With pentadentate bispidine ligands, there are a number of possible isomeric forms
(see discussion of the structural data). Ligands L5, and L6 are isomers and enforce
strongly different structures (see Fig. 2) with a strong (L5) or a weak (L6) bond to the
co-ligand; correspondingly, complexes with L6 generally have a much stronger ligand
field (see redox potentials, electronic and EPR spectroscopic parameters in Table 2).
Also, with L5 and corresponding derivatives, Jahn— Teller metastability was first
observed, and with the parent ligand L5 the Cuf complex with MeCN has an elongation
involving the two pyridine donors (the chloro complex has the elongation along the axis
involving N(7), see Table 1) [21]. All other ligands L7-L11 have a topology similar to
that of L6. However, with the bulkier aromatic N-donors at C(2) and C(4) (arl, ar2),
these all have pseudo-Jahn-—Teller elongations along the arl—Cu—ar2 axis (the
structures of the complexes with L7 and L8 are not known from single-crystal structural
analysis but by analogy, preliminary computational studies, and comparison of the
spectroscopic properties, these are assumed to be similar). Although the co-ligands are
pseudo-in-plane, these are significantly longer than those with the tetradentate ligands
L1 and L2 and believed to be less-strongly coordinated. The spectroscopic data indicate
that in solvent mixtures with H,O present, the co-ligands (e.g., C1") are substituted (see
EPR data in DMF/H,O, chloride vs. triflate salts), while in MeOH or MeCN (see
electronic spectroscopy, solution vs. solid), ClI- is not substituted.

The redox potentials are grouped into two sets with strongly negative (—400 to
— 600 mV for L5, L6, L7, and L9) or more-positive potentials (> — 100 mV for L8, L10,
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and L11). The lower stabilities of the oxidized form (more positive potentials) seems to
be a result of the third aromatic N-donor (in-plane with the two quinoline moieties,
methyl-substituted pyridine or six-membered chelate ring). The observation that, in
general, the solid-state and solution electronic spectra are similar and that all EPR
spectra are of single species, the structures in solution are assumed to be all similar, i.e.,
with elongations along arl—Cu—ar2 (except for L5 and L6). There is no obvious
correlation between the ligand-field properties (electronic and EPR spectra) and the
redox potentials. This is not entirely unexpected due to the differences in o- and 7-
contributions to the bonding of the different aromatic N-donors.
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Experimental Part

General. Chemicals (Aldrich, Fluka, Merck) were used without further purification; solvents were dried by
standard methods; solvents for cyclovoltammetry and spectroscopy were of the highest possible grade and used
as purchased. The N,6-dimethylpyridin-2-amine was prepared as described [30][31], the other aldehyde and
amine components used for ligand synthesis were commercially available. Electronic spectra: Varian Cary-1E
spectrophotometer (solns., 1-cm quartz cells) or Jasco V-570 instrument (diffused reflectance, TiO, pellets); A
max in nm, ¢ in M~' cm~L. IR Spectra: Perkin-Elmer 16-PC-FTIR spectrometer; samples dispersed in KBr discs;
in cm~'. NMR Spectra: at 200 (*H) and 50.3 MHz (C), Bruker AS-200 instrument; SiMe, or the solvent as
internal reference; 0 in ppm, J in Hz. EPR Measurements. Bruker ELEXSYS-E-500 instrument (usually DMF/
H,0 2:1; for other media, see Results and Discussion; at 125 K); the spin-Hamiltonian parameters were
obtained by simulation of the spectra with Xsophe [32][33]. Electrochemical measurements: BAS-100B
workstation with a three-electrode setup consisting of a glassy carbon working electrode, a Pt-wire as the
auxiliary electrode, and an Ag/AgNO; reference electrode (0.1lm Bu,N(BF,); solns. purged with N, before
measurement; scan rate 100 mV/s; the reduction potentials are reported with respect to Ag/AgNO;. Mass
spectra: Finnigan 8400 instrument; Nibeol =4-nitrobenzyl alcohol. Elemental analyses were obtained
performed in the analytical laboratories of the chemical institutes of the University of Heidelberg.

Piperidinones pLn: General Procedure. As described for other piperidinone precursors [7][14][26]: To a
soln. of dimethyl 3-oxopentanedioate in MeOH is added at 0° and under stirring within ca. 5 min the
corresponding aldehyde (2 equiv.) and an 41% agq. soln. of methanamine in a slight excess. The red-orange to
red-brown mixtures produce, when left stirring at r.t., a yellowish precipitate. This is filtered, washed with
MeOH and dried under vacuum: white or slightly yellowish products.

1-Methyl-2,6-bis(6-methylpyridin-2-yl)-4-oxo-piperidine-3,5-dicarboxylic Acid Dimethyl Ester (pL3) [23].
To a soln. of dimethyl 3-oxopentanedioate (3 ml, 20.6 mmol) in MeOH (8 ml) is added at 0°, during ca. 5 min, 6-
methyl-pyridine-2-carboxaldehyde (5 g, 41.3 mmol). Then a 41% aq. MeNH, soln. (2.16 ml, 24.7 mmol) is
added. The mixture turns red-brown, and when it is left stirring opened to air, a pale yellow solid appears after
some time. This solid is filtered, washed with MeOH ( — white product), and dried: 5.1 g (60%) of pL3. IR:
2986, 2945 (C—H str.); 2814 (Bohlmann band); 1726, 1648 (C=0); 1590, 1574 (arom. C—C str.). 'H-NMR
(200 MHz, CDCl;): 3.60, 3.74 (MeO (keto and enol)); 3.90-4.90 (aliph. H); 6.90—7.70 (arom. H); 12.4 (s, OH
(enol.)). BC-NMR (50.32 MHz, CDCl,): 38.0, 44.5 (Me—N(1) (keto and enol)); 52.6, 52.5, 52.1, 51.8 (MeO
(keto and enol)); 172.2, 171.4, 169.5, 167.2 (C=0 (ester of keto and enol)); 202.1 (C(4)=0). Anal. calc. for
C,H,sN;05: C 64.22, H 6.12, N 10.21; found: C 64.25, H 6.17, N 10.23. FAB-MS (Nibeol; pos.): 411 (M*).

1-Methyl-4-oxo-2,6-di(quinolin-2-yl)piperidine-3,5-dicarboxylic Acid Dimethyl Ester (pL4). As described
for pL3, with dimethyl 3-oxopentanedioate (2.17 ml, 15 mmol), MeOH (8 ml), quinoline-2-carboxaldehyde
(5 g,31 mmol), and 41% aq. MeNH, soln. (1.52 ml, 18 mmol): 4.8 g (66% ) of pL4. Light yellow solid. IR: 3054,
2981, 2946 (C—H str.); 2813 (Bohlmann band); 1739, 1724, 1709 (C=0); 1617, 1598, 1566 (arom. C—C str.).
'H-NMR (200 MHz, CDCl,): 3.58, 3.74, 3.80 (MeO (keto and enol)); 4.20-5.20 (aliph. H); 7.30—8.30 (arom.
H); 12.6 (s, OH (enol)). *C-NMR (50.32 MHz, CDCl;): 38.0, 44.5 (Me—N(1) (keto and enol)); 52.6, 52.5, 52.1,
51.8 (MeO (keto and enol)); 172.2, 171.4, 169.5, 167.2 (C=O0 (ester of keto and enol)); 202.1 (C(4)=0O). Anal.
calc. for C,sH,sN;O5: C 69.55, H 5.21, N 8.69; found: C 69.63, H 5.27, N 8.73. FAB-MS (Nibeol; pos.): 485 ([M +
H]).
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Bispidinones: General Procedure. To a suspension of the piperidinone in MeOH or EtOH is added atr.t. a
37% aq. formaldehyde soln. Then, the desired amine is added to the mixture which is refluxed for 30—60 min.
The mixtures produce, when left at r.t., a white to yellowish precipitate. This is filtered, washed with MeOH, and
dried under vacuum: white or slightly yellowish products.

3,7-Dimethyl-9-oxo-2,4-di(quinolin-2-yl)-3,7-diazabicyclo[3.3.1 Jnonane-1,5-dicarboxylic Acid Dimethyl
Ester (L4). To a suspension of piperidinone pL4 (1.5 g, 3.1 mmol) in MeOH (20 ml) is added at r.t. a 37%
aq. formaldehyde soln. (0.6 ml, 8.07 mmol). Then a 41% aq. MeNH, soln. (0.33 ml, 3.94 mmol) is added, and the
mixture is refluxed for 1 h. The color gets pale yellow. After refluxing, the mixture is cooled down with the flask
opened to air. After one night, a white solid has appeared, which is filtered and washed with MeOH. This solid is
a mixture of the desired and nondesired conformation of the bispidinone and is refluxed again for 1 h. Then, the
suspension formed is filtered hot, and the solid filtered, collected, and dried: 0.7 g (42% ) of L4. IR: 3056, 2946
(C—H str.); 2843, 2792 (Bohlmann bands); 1734 (C=0); 1617, 1596, 1560, 1502 (arom. C—C str.). 'H-NMR
(200 MHz, CDCl;): 2.14 (s, Me—N(3));2.32 (s, Me —N(7)); 2.52 (d, 2] =12, H,,— C(6), Hx— C(8)); 2.98 (d, ] =
12, H,—C(6), H,,—C(8)); 3.93 (5,2 MeO); 4.99 (s, H-C(2), H-C(4)); 7.55 (dd,*J =70, *J=1.1, 1 arom. H);
7.58 (dd, 3] =170, 4 =1.1, 1 arom. H); 7.70 (dd, 3] =6.8, */=1.5, 1 arom. H); 7.73 (dd, 3] = 6.6, */ =1.5, 1 arom.
H);7.86 (dd,*J =8.1,47=0.8,2 arom. H); 7.99 (d, 3/ =8.1,2 arom. H); 8.30 (d, 3/ =8.5, 2 arom. H); 8.37 (d, 3/ =
8.5, 2 arom. H). "C-NMR (50.32 MHz, CDCl,): 43.3, 44.2 (Me—N(3), Me—N(7)); 52.2 (MeO); 60.9 (C(6),
C(8)); 62.2 (C(1), C(5)); 74.0 (C(2), C(4)); 168.2 (C=0 (ester)); 203.2 (C(9)=0). Anal. calc. for Cy;H;N,Os:
C 69.13, H 5.61, N 10.40; found: C 68.93, H 5.86, N 10.38. FAB-MS (Nibeol; pos.): 540 ([M +H]*).

3-Methyl-2,4-bis(6-methylpyridin-2-yl)-9-oxo-7-(pyridin-2-ylmethyl )-3,7-diazabicyclo[3.3.1 [nonane-1,5-di-
carboxylic Acid Dimethyl Ester (LT). As described for L4, with piperidinone pL7 (2.0 g, 4.86 mmol), MeOH
(25 ml), 37% aq. formaldehyde soln. (0.94 ml, 12.6 mmol), and 2-picolylamine (= pyridine-2-methanamine;
0.63 ml, 6.2 mmol) for 30 min: 1.45 g (55%) of L7. IR: 2976, 2941 (C—H str.); 2842, 2812 (Bohlmann bands);
1734, 1723 (C=0); 1592, 1573 (arom. C—C str.). 'H-NMR (200 MHz, CDCl;): 1.98 (s, Me—N(3)); 2.36
(s,2Me—C(6)); 2.57 (d,*J =117, H,—C(6), H,,—C(8)); 2.98 (d,J =117, H,—C(6), H.,—C(8)); 3.49
(s, CH,—N(7));3.76 (s, 2 MeO); 4.58 (s, H—C(2), H—C(4)); 6.92 (d, *J = 7.6, 2 arom. H); 7.15-7.30 (m, 2 arom.
H); 7.36 (¢,3] =76, 2 arom. H); 7.50-7.75 (m, 3 arom. H); 8.57 (d,3/ =4, 1 arom. H). C-NMR (50.32 MHz,
CDClL): 43.1 (Me—N(3)); 52.0 (MeO); 58.6 (C(6), C(8)); 62.2 (C(1), C(5)); 63.3 (Me—N(7)); 73.5 (C(2),
C(4)); 168.5 (C=0 (ester)); 203.4 (C(9)=0). Anal. calc. for C3)H3;N5O5: C 66.28, H 6.12, N 12.88; found: C
66.00, H 6.19, N 12.70. FAB-MS (Nibeol; pos.): 566 ([M + Na]*), 543 (M*), 485 ([M — CO,Me]").
3-Methyl-2,4-bis(6-methylpyridin-2-yl)-7-[ (6-methylpyridin-2-yl)methyl]-9-oxo-3,7-diazabicyclo[3.3.1]no-
nane-1,5-dicarboxylic Acid Dimethyl Ester (L8). As described for L4, with piperidinone pL8 (1.1 g, 2.67 mmol),
MeOH (15ml), 37% aq. formaldehyde soln. (0.52 ml, 6.94 mmol), and 6-methylpyridin-2-methanamine
(0.35 ml, 3.39 mmol) for 30 min: 0.45 g (30%) of pL8. IR: 3057, 2988, 2947 (C—H str.); 2835, 2807 (Bohlmann
bands); 1730 (C=0); 1592, 1574 (arom. C— str.). 'H-NMR (200 MHz, CDCL): 2.13 (s, Me—N(3)); 2.52
(5,2 Me—C(6) (Py)); 2.67 (s, 1 Me—C(6)); 2.80 (d, %] =12, H,,—C(6), H,,—C(8)); 3.13 (d, 2] =12, H,,— C(6),
H,,—C(8)); 3.60 (s, CH,—N(7)); 3.91 (5,2 MeO); 4.73 (s, H-C(2), H-C(4)); 7.07 (d, ] = 74,2 arom. H); 7.20
(d,3] =172, 2 arom. H); 749 (t,3/ =76, 2 arom. H); 7.65 (¢t,°J =77, 1 arom. H); 7.86 (d,>/ =72, 2 arom. H).
BC-NMR (50.32 MHz, CDCl;): 43.2 (Me—N(3)); 52.0 (MeO); 58.6 (C(6), C(8)); 62.2 (C(1), C(5)); 73.5 (C(2),
C(4)); 168.5 (C=0 (ester)); 203.5 (C(9)—0). Anal. calc. for C5;H3sNsO5: C 66.77, H 6.33, N 12.56; found: C
66.59, H 6.34, N 12.37. FAB-MS (Nibeol; pos.): 559 ([M +H]").
3-Methyl-9-oxo-7-(pyridin-2-ylmethyl)-2,4-di(quinolin-2-yl)-3,7-diazabicyclo[3.3.1 [nonane-1,5-dicarboxyl-
ic Acid Dimethyl Ester (L9). As described for L4, with piperidinone pL9 (1.5 g, 3.10 mmol), MeOH (20 ml),
37% aq. formaldehyde soln. (0.6 ml, 8.07 mmol), and 2-picolylamine (0.40 ml, 3.94 mmol) for 30 min: 0.97 g
(51%) of L9. IR: 3061, 2984, 2948 (C—H str.); 2840, 2797 (Bohlmann bands); 1754, 1734 (C=0); 1617, 1597,
1570, 1501 (arom. C—C str.). '"H-NMR (200 MHz, CDCl,): 2.01 (s, Me—N(3)); 2.65 (d, %/ =12, H,,—C(6),
H,—C(8)); 3.12 (d,*J =12, H,,—C(6), H.,,—C(8)); 3.59 (s, CH,—N(7)); 3.81 (5,2 MeO); 4.87 (s, H-C(2),
H-C(4)); 720-730 (m, 2 arom. H); 7.45 (dt, 3] =7.9,% = 1.1, 2 arom. H); 7.60 (dt, 3] =6.8,%/ =1.5,2 arom. H);
772 (d,*J =8.3, 2 arom. H); 7.87 (d, 3/ =8.4, 2 arom. H); 7.96 (d, ] =8.6, 2 arom. H); 8.18 (d, 3/ = 8.6, 2 arom.
H); 8.68 (d,3/=4.3, 1 arom. H). BC-NMR (50.32 MHz, CDCl;): 43.2 (Me—N(3)); 52.2 (MeO); 58.6 (C(6),
C(8));62.5 (C(1), C(5)); 63.3 (CH,—N(7)); 74.1 (C(2), C(4)); 168.2 (C=0 (ester)). Anal. calc. for C3sH33N5Os:
C 70.23, H 5.40, N 11.38; found: C 69.89, H 5.42, N 11.37. FAB-MS (Nibeol; pos.): 617 ([M +H]*).
3-Methyl-9-oxo-7-[2-(pyridin-2-yl)ethyl ]-2,4-di(quinolin-2-yl)-3,7-diazabicyclo[3.3.1 Jnonane-1,5-dicarbox-
ylic Acid Dimethyl Ester (L10). As described for L4, with piperidinone pL10 (1.1 g, 2.27 mmol), MeOH (20 ml),
37% aq. formaldehyde soln. (0.44 ml, 5.9 mmol), and 2-(pyridin-2-yl)ethanamine (0.36 ml, 2.89 mmol) for
90 min. After cooling down to r.t., the mixture is evaporated. The obtained sticky yellow gum is dissolved in



HEeLVETICA CHIMICA ACTA — Vol. 88 (2005) 661

Et,0 (15 ml) and refluxed again for 30 min. After one night with the flask opened to air, the pale yellow solid is
filtered off and dried: 0.62 g (43%) of L10. IR: 3056, 2948 (C—H str.); 2853, 2813 (Bohlmann bands); 1730
(C=0);1617,1596, 1568, 1501 (arom. C—Cstr.). 'H-NMR (200 MHz, CDCl;): 2.05 (s, Me—N(3));2.59 (d, %] =
12.5, H,,—C(6), H,,—C(8)); 2.70-3.00 (m, CH,CH,—N(7)); 3.11 (d,%/ =12.5, H.,,—C(6), H.,—C(8)); 3.86
(s,2Me0O); 4.90 (s, H-C(2), H—C(4)); 7.05-7.15 (m, 2 arom. H); 7.40-7.70 (m, 5 arom. H); 7.78 (dd, 3] =8.2,
4J=1, 2 arom. H); 791 (d, 3] =8.5, 2 arom. H); 8.20 (d, 3/ =8.6, 2 arom. H); 8.28 (d, 3/ =8.6, 2 arom. H); 8.52
(m, 1 arom. H). BC-NMR (50.32 MHz, CDCl,): 43.3 (Me—N(3)); 52.3 (MeO); 57.1 (CH,CH,—N(7)); 58.6
(C(6), C(8)); 62.2 (C(1), C(5)); 73.9 (C(2), C(4)); 168.2 (C=O0 (ester)). Anal. calc. for Cy;H;5sNsO5: C 70.57, H
5.60, N 11.12; found: C 69.60, H 5.73, N 11.24. FAB-MS (Nibeol; pos.): 631 ([M +H]").

3-Methyl-7-[ (6-methylpyridin-2-yl)methyl ]-9-oxo-2,4-di(quinolin-2-yl)-3,7-diazabicyclo[ 3.3.1 Jnonane-1,5-
dicarboxylic Acid Dimethyl Ester (L11). As described for L4, with piperidinone pL11 (1.15 g, 2.38 mmol),
MeOH (15ml), 37% aq. formaldehyde soln. (0.46 ml, 6.18 mmol), and 6-methylpyridin-2-methanamine
(0.35 ml, 3.39 mmol) 1 h. After cooling with the flask opened to air, and after two days, the white solid (mixture
of isomers) is collected and refluxed again for 30 min in MeOH. The suspension formed is filtered hot and the
collected solid dried: 0.45 g (25%) of L11. IR: 3058, 2983, 2949 (C—H str.); 2842, 2804 ( Bohimann bands); 1737,
1724 (C=0); 1617, 1597, 1577, 1501 (C—C str.). 'H-NMR (200 MHz, CDCl;): 2.01 (s, Me—N(3)); 2.59
(5, Me—C(6) (Py)); 2.65 (d,*J=12.6, H,,—C(6), H,—C(8)); 3.11 (d,J=12.6, H,;—C(6), H.,,—C(8)); 3.52
(s, CH,—N(7)); 3.82 (5,2 MeO); 4.86 (s, H—C(2), H-C(4)); 7.00-720 (m, 2 arom. H); 7.53 (dd,*J =70, ‘] =
1.1, 1 arom. H); 7.56 (dd, 3] =170, ¥/ =1.1, 1 arom. H); 7.67 (dd,*J =70, ¥/ =1.5, 1 arom. H); 7.70 (dd,*J] =70,
47=1.5,1arom. H); 781 (dd,3J =8.1,*J =1.1,2 arom. H); 7.95 (d, 3/ =74, 2 arom. H); 8.02 (d, 3/ =8.5, 2 arom.
H); 8.30 (d,%/=9.2, 2 arom. H). *C-NMR (50.32 MHz, CDCl,): 43.2 (Me—N(3)); 52.2 (MeO); 58.9 (C(6),
C(8));62.5(C(1),C(5)); 74.1 (C(2), C(4)); 168.1 (C=0 (ester)). Anal. calc. for C;;H;3NsO5: C 70.57, H 5.60, N
11.12; found: C 70.36, H 5.72, N 11.06. FAB-MS (Nibeol; pos.): 653 ([M + Na]*), 631 ([M + H]").

Copper(Il) Complexes: General Procedure. A suspension of the ligand (ca. 150 to 200 mg) in MeOH is
mixed with the soln. of a copper salt (CuCl,-2 H,0O or Cu(BF,),-6 H,0) in the same solvent. Most of the
complex formations lead to clear solns., in some cases the product precipitates. The colors observed are various
shades between deep blue and green. To precipitate the complexes from the solns., Et,O is added. The collected
solids are filtered and dried.

Chloro[dimethyl 3,7-Dimethyl-9-oxo-2,4-bis(quinolin-2-yl-kN )-3,7-diazabicyclo[3.3.1 [nonane-1,5-dicarb-
oxylate-kN%, kN’ Jcopper(2+) Chloride Trihydrate ([Cu(L4)CI]CI-3 H,0): UV/VIS (MeOH): 668 (100), 870
(77). UVIVIS (MeCN): 668 (100), 870 (77). UV/VIS (TiO,): 705, 896, 1200. IR: 3054, 3007, 2950 (C—H str.);
1728 (C=0); 1617, 1595, 1569, 1507 (arom. C—C str.). Anal. calc. for C;;H;,CL,CuN,Os -3 H,0: C 52.51, H 4.83,
N 7.90; found: C 51.99, H 5.13, N 7.58. FAB-MS (Nibeol; pos.): 620 ([CuL4 + H,0]").

Dimethyl 3,7-Dimethyl-9-oxo-2,4-bis(quinolin-2-yl-kN )-3,7-diazabicyclo[ 3.3.1 Jnonane-1,5-dicarboxylate-
kN, kN7 (trifluoromethanesulfonato-xO )copper(2+) Trifluoromethane Sulfonate Hydrate Methanol ([Cu-
(L4)OTf]OTF-H,0-MeOH). UV/VIS (MeOH): 640 (89), 720 (sh). UV/VIS (MeCN): 595 (sh), 710 (115).
UV/VIS (TiO,): 625, 730, 1125. CV (MeCN): E,,=—74mV (AE=77mV). Anal. calc. for Cy;H3;,CuF.
N,0,5S,: C 42.97, H 3.82, N 5.90; found: C 42.71, H 4.03, N 5.91.

Chloro{dimethyl 3-Methyl-2,4-bis(6-methylpyridin-2-yl-kN )-9-oxo-7-[ (pyridin-2-yl-kN )methyl]-3,7-diaza-
bicyclo[3.3.1]nonane-1,5-dicarboxylate-xN* kN’}copper(2 +) Chloride Trihydrate ([ Cu(LT)CI]Cl-3 H,0).UV/
VIS (MeOH): 725 (70). UV/VIS (MeCN): 725 (70). UV/VIS (TiO,): 725, 1120. IR: 3062, 2950, 2919 (C—H
str.); 1734 (C=0); 1599, 1572 (arom. C—Cstr.). CV (MeCN): E;, = - 691 mV (AE =184 mV). EPR (DMF/
H,02:1,125K): g, =2.275, A, =158 G, g, =2.060, A, =9 G. Anal. calc. for C3)H3;CL,CuN;Os-3 H,0: C49.22,
H 5.37, N 9.57; found: C 48.92, H 5.45, N 9.47. FAB-MS (Nibeol; pos.): 643 ([CuL7Cl]"), 661 ([CuL7Cl+
H,0]*).

Dimethyl 3-Methyl-2,4-bis(6-methylpyridin-2-yl-kN )-9-oxo-7-[ (pyridin-2-yl-kN )methyl]-3,7-diazabicy-
clo[3.3.1]nonane-1,5-dicarboxylate-xN3,kN’}copper(2+) Bis[tetrafluoroborate(l —)] Dihydrate ([Cu(L7)]-
[BF,],-2 H,0). UV/VIS (MeOH): 695 (57). UV/VIS (MeCN): 670 (66). UV/VIS (TiO,): 695, 1200. IR:
3064, 2954, 2916 (C—H str.); 1744, 1715 (C=0); 1599, 1572 (arom. C—C str.). CV (MeCN): E,, = —450 mV
(AE=87 mV). EPR (DMF/H,0 2:1, 125K): g,=2.273, A|=158 G, g, =2.060, A, =9 G. Anal. calc. for
C3H33B,CuFgNsO5-2 H,O: C44.11, H 4.57, N 8.57; found: C 44.34, H 4.78, N 8.45. FAB-MS (Nibeol; pos. ): 643
([CuL7Cl +2 H,0]*"), 661 ([CuL7Cl +3 H,0]").

Chloro{dimethyl 3-Methyl-2,4-bis(6-methylpyridin-2-yl-kN)-7-[ (6-methylpyridin-2-yl-kN)methyl ]-9-oxo-
3,7-diazabicyclo[3.3.1]nonane-1,5-dicarboxylate-kN* kN’}copper(2+) Chloride Hydrate ([Cu(L8)Cl]CI-
H,0). UV/VIS (MeOH): 700 (61), 830 (49). UV/VIS (MeCN): 705 (70), 835 (74). UV/VIS (TiO,): 742,
850, 1210. IR: 3048, 3000, 2952 (C—H str.); 1730 (C=0); 1600, 1573 (arom. C—C str.). EPR (DMF/H,0 2:1,
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125K): g||=2.294,A||=152 G, g, =2.062, A, =9 G. Anal. calc. for C;;H;,CL,CuN;O;s-1 H,0: C 52.43, H 5.25,
N 9.86; found: C 52.46, H 5.29, N 9.79. FAB-MS (Nibeol; pos.): 621 ([CuL8]*"), 657 ([CuL8Cl]*).

{Dimethyl 3-Methyl-2,4-bis(6-methylpyridin-2-yl-kN )-7-[ (6-methylpyridin-2-yl-kN ))methyl]-9-o0xo0-3,7-di-
azabicyclof3.3.1]nonane-1,5-dicarboxylate-kN° kN”jcopper(2+)  Bis[tetrafluoroborate(l1 —)]  Dihydrate
([Cu(L8)][BF,],-2 H,0). UV/VIS (MeOH): 635 (59), 685 (64). UV/VIS (MeCN): 611 (100), 679 (100).
UV/VIS (TiO,): 651, 790, 1010. IR: 2951 (C—H str.); 1728 (C=0); 1605, 1574 (arom. C—Cstr.). CV (MeCN):
E\,=-94mV (AE=75mV). EPR (DMF/H,02:1,125 K): g, =2.295, A, =152 G,g, =2.062, A, =9 G. Anal.
calc. for C3H;35B,CuF¢N;Os-2 H,O: C 44.81, H 4.73, N 8.43; found: C 44.70, H 4.96, N 8.29. FAB-MS (Nibeol;
pos.): 621 ([CuL8]"), 639 ([CuL8 +H,0]"), 657 ([CuL8 +2 H,0]").

Chlorofdimethyl 3-Methyl-9-oxo-7-[ (pyridin-2-yl-kN)methyl]-2,4-bis(quinolin-2-yl-kN)-3,7-diazabicy-
clo[3.3.1]nonane-1,5-dicarboxylate-kN3 kN’}copper(2+) Chloride Trihydrate ({Cu(L9)CIJCI-3 H,0). UV/
VIS (MeOH): 700 (55), 750 (sh). UV/VIS (MeCN): 700 (55), 750 (sh). UV/VIS (TiO,): 700, 750, 1070. IR:
3057, 2997, 2943 (C—H str.); 1723 (C=0); 1608, 1593, 1569, 1504 (arom. C—C str.). EPR (DMF/H,0 2:1,
125 K): g,=2.266, A =163 G, g, =2.058, A, =9 G. Anal. calc. for C;sH;;Cl,CuNsOs -3 H,0: C53.77, H4.89, N
8.71; found: C 53.83, H 4.85, N 8.66. FAB-MS (Nibeol; pos.): 697 ([CuL9 + H,0]"), 733 ([CuL9Cl + H,O]*).

{Dimethyl 3-Methyl-9-oxo-7-[ (pyridin-2-yl-kN )methyl]-2,4-bis(quinolin-2-yl-kN )-3,7-diazabicyclo[3.3.1]-
nonane-1,5-dicarboxylate-xN3,kN"Jcopper(2+) Bis[tetrafluoroborate(1 —)] Dihydrate ([Cu(L9)][BF,],-
2 H,0). UV/VIS (MeOH): 665 (sh), 685 (53). UV/VIS (MeCN): 655 (65). UV/VIS (TiO,): 655, 737, 1120.
IR: 3064, 2953 (C—H str.); 1730 (C=0); 1610, 1595, 1571, 1507 (arom. C—C str.). CV (MeCN): E,,=
—383mV (AE=78mV). EPR (DMF/H,0 2:1, 125K): g, =2.267, A, =163 G, g, =2.058, A, =9 G. Anal.
calc. for C3sH33B,CuFgN;Os-2 H,O: C 47.68, H 4.33, N 7.72; found: C 48.07, H 4.34, N 7.73. FAB-MS (Nibeol;
pos.): 780 ([CuL9(BF,)]*).

Chloro{dimethyl 3-Methyl-9-oxo0-7-[2-(pyridin-2-yl-kN )ethyl]-2,4-bis(quinolin-2-yl-kN )-3,7-diazabicy-
clo[3.3.1]nonane-1,5-dicarboxylate-xN° kN’}copper(2+) Chloride Trihydrate ([Cu(L10)CI]CI-3 H,0). UV/
VIS (MeOH): 655 (60), 680 (64). UV/VIS (TiO,): 745, 795 (sh), 1180. IR: 3040, 3002, 2949, 2914 (C—H str.);
1721 (C=0); 1607, 1595, 1568, 1507 (arom. C—C str.). EPR (DMF/H,0 2:1, 125 K): g,=2.290, A, =158 G,
g.=2.064, A, =9 G. Anal. calc. for C3;H;5CL,CuN;Os-3 H,0O: C 54.31, H 5.05, N 8.56; found: C 53.91, H 5.13, N
8.97. FAB-MS (Nibeol; pos.): 693 ([CuL10]").

{Dimethyl 3-Methyl-9-oxo-7-[2-(pyridin-2-yl-kN )ethyl]-2,4-bis(quinolin-2-yl-kN )-3,7-diazabicyclo[3.3.1]-
nonane-1,5-dicarboxylate-xN°,kN"}copper(2+) Bis[tetrafluoroborate(l —)] Tetrahydrate ([Cu(L10)]/BF,],-
4 H,0). UV/VIS (MeOH): 656 (64), 685 (65). UV/VIS (MeCN): 645 (96), 670 (95). UV/VIS (TiO,): 650,
715,1125. IR: 3061, 2955 (C—H str.); 1739, 1716 (C=0); 1610, 1593, 1569, 1508 (arom. C—Cstr.). CV (MeCN):
E,,=-78mV (AE=72mV).EPR (DMF/H,02:1,125 K): g, =2.290, A; =157 G,g, =2.064, A, =9 G. Anal.
calc. for C3;H;3sB,CuFgNsOs-4 H,O: C 47.33, H 4.62, N 7.46; found: C 4738, H 4.64, N 7.49. FAB-MS (Nibeol;
pos.): 693 ([CuL10]").

Chloro{dimethyl 3-Methyl-7-[ (6-methylpyridin-2-yl-kN )methyl]-9-oxo-2,4-bis(quinolin-2-yl-xN)-3,7-dia-
zabicyclo[3.3.1]nonane-1,5-dicarboxylate-kN°,kN’Jcopper(2 +) Chloride Trihydrate ({Cu(L11)CIl]Cl-3 H,0).
UV/VIS (MeOH): 690 (75), 820 (60). UV/VIS (MeCN): 690 (75). IR: 3038, 3006, 2946 (C—H str.); 1727
(C=0); 1608, 1595, 1571, 1505 (arom. C—C str.). EPR (DMF/H,0 2:1, 125K): g,=2.292, A|=152G, g, =
2.060, A, =9 G. Anal. calc. for C3;H;5CL,CuN;Os-3 H,O: C53.77, H 4.89, N 8.71; found: C 53.89, H 5.00, N 8.43.
FAB-MS (Nibeol; pos.): 693 ([CuL11]").

{Dimethyl 3-Methyl-7-[ (6-Methylpyridin-2-yl-kN )methyl]-9-oxo-2,4-bis(quinolin-2-yl-kN )-3,7-diazabicy-
clo[3.3.1]nonane-1,5-dicarboxylate-kN°kN’}copper(2+) Bis[ (tetrafluoroborate(l —)] Dihydrate Methanol
([Cu(L11)][BF,],-2 H,0-1 MeOH). UV/VIS (MeOH): 650 (41), 790 (45). UV/VIS (MeCN): 635 (83), 690
(94). UV/VIS (TiO,): 635, 750 (sh), 790, 980 (sh). IR: 3053, 3005, 2955 (C—H str.); 1736, 1731 (C=0); 1595,
1572, 1504 (arom. C—Cstr.). CV (MeCN): E;, =—-69 mV (AE=80mV); EPR (DMF/H,0 2:1, 125 K): g, =
2291, A,=152G, g, =2.060, A, =9 G. Anal. calc. for C;;H;5B,CuFN;Os-2 H,0 -1 MeOH: C 48.82, H 4.64, N
749; found: C 48.85, H 4.75, N 7.56. FAB-MS (Nibeol; pos.): 693 ([CuL11]*), 711 ([CuL11+H,O]"), 725
([CuL11+MeOH]").

Crystal-Structure Determination. Single crystals of L8, L11, [ Cu(L4)(Cl)]*, [Cu(L4)(F)]*, [Cu(L9)(Cl)]*,
[Cu(L9)(OCH;)]*, [Cu(L11)(Cl)]*, [Cu(L10)(FBF;)]*, and [Cu(L10)]**, appropriate for X-ray structural
analysis, were obtained by slow Et,O diffusion into solns. of the ligands and complexes in MeOH. Crystal data
and details of the structure determinations are listed in 7able 3. Intensity data were collected at low temperature
on a Bruker AXS-SMART-1000 area detector (MoK, radiation, 2 0.71073 A, w-scan). The structures were
solved by direct methods and refined by full-matrix least-squares, based on F? with all reflections by using the
SHELXTL programs [34]. In [Cu(L4)F]*, H-atoms were inserted in calculated positions. In the other
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structures, they were located and refined (except some of the Me groups). In [Cu(L4)Cl]*, disordered solvent
molecules could not be refined. A correction of the data was applied with the routine SQUEEZE [35]. CCDC
255791 -255799 contain the supplementary crystallographic data for this paper. These data can be obtained free
of charge via www.ccdc.cam.ac.uk/conts/retrieving.html (or from CCDC, 12 Union Road, Cambridge CB2 1EZ,
UK (fax: +44-1223/336-033: e-mail: deposit@ccdc.cam.ac.uk).
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