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(229, Table 1). The more twisted the helicene is, the more the
paratropicity of the 4nm system is quenched.*!

In order to study this phenomenon, we concentrated on
the proton chemical shifts at positions 9 and 10 of the substi-
tuted phenanthrenes. The same trend is observed for the
protons of the other positions. The 9,10 positions have the
largest charge density, as deduced from NMR spectra and
®B-HMO calculations for a doubly charged phenanthrene
(1?9). Without exception, the more twisted the phenan-
threne moiety is, the less the spectrum is shifted towards
higher field (Table 1). For example, in the spectrum of
phenanthrene dianion (12€/2Li®) the resonances of protons
at positions 9,10 are shifted to § = — 1.14, whereas the reso-
nances of the same protons in 2,4,5,7-tetramethylphenan-
threne dianion (32®/2Li®) are shifted to 6 = + 1.65. Thus, a
dramatic chemical shift difference of 2.79 ppm results from
the different paratropicities of 12© and 3?©. In the spectrum
of 2,4-di-tert-butyl-5,7-dimethylphenanthrene dianion (42€/
2Li®) those proton resonances appear at é = 2.49 and 2.28.
In all cases studied the same charge distribution pattern has
been observed. Changing the countercation, solvent, and
temperature did not affect the observed trend of line shape
and chemical shift differences.

The paratropicity of 4nn “antiaromatic” systems and the
line shapes of their 'H NMR signals thus correlate with the
degree of twisting. Since antiaromaticity (as well as aroma-
ticity) requires an efficient delocalization, we believe that
twisting of the system quenches its antiaromatic properties.
Therefore, the paratropic shift and the NMR line shapes can
be applied as probes for so-called ‘“‘antiaromaticity”.
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Correlations between Magnetism and Structure
in Dinuclear Cu"'Fe'" Complexes with Integer Spin
EPR Signals **

By Theodore R. Holman, Kevin A. Andersen,
Oren P. Anderson, Michael P. Hendrich,
Carlos Juarez-Garcia, Eckard Miinck,

and Lawrence Que, Jr.*

The relationship between structure and magnetism in cou-
pled dinuclear transition metal complexes has attracted great
interest among inorganic and bioinorganic chemists, due to
the unique physical properties of these complexes!! as well
as their relevance to biological systems.!*:?) The magnetism
of these systems depends on the electronic configurations of
the individual metal centers, which, in turn, determine their
fundamental spectroscopic properties. Recently, we have de-
veloped a systematic method for synthesizing heterobimetal-
lic complexes of the dinucleating ligand 2,6-bis(bis-2-pyr-
idylmethylamino)methyl)-4-methylphenol (Hbpmp),®! af-
fording a series of M"Fe'! compounds.'* 3 Herein, we report
the structures of two Cu''Fe™ complexes!®? of bpmp® which
exhibit integer spin EPR signals that correspond to their
markedly different magnetochemistry.!”

[CutFe™(bpmp)(0,CC,H;),)(PFy), 1a

[Cu"Fe™(bpmp)(Q,CCH , OCH,)(BPh,), - 0.22 CH,CO,H 2a

X-ray structure analyses of 1a!®®! and 2a!®'% revealed
the following features:

In 1a the cation consists of a discrete, dinuclear Cu''Fe™
complex (Fig. 1, top), in which the two metals are bridged by
the phenolate oxygen atom of the bpmp® ligand and by two
propionate groups. The Fe'---Cull distance is 3.401(4) A,
consistent with those of similar triply bridged dinuclear
cores!¥ The bpmp® ligand and the propionate groups
provide a six-coordinate, roughly octahedral ligand array
about each of the metal atoms in 1a, but the coordination
environment about the Cu® atom shows the effects of Jahn-
Teller elongation along the N2-Cu—O3 axis.

In 2a (Fig. 1, bottom), one of the bridging carboxylate
groups of 1ais replaced by a terminal methoxide ligand that
is coordinated only to the roughly octahedral Fe™ atom,
leaving the Cu" atom five-coordinate. One Cu-ligand bond
(Cu-01 = 2.176(4) A) is elongated considerably relative to
the other four in 2a; this pattern suggests that the bridging
phenolate oxygen atom, O1, is best regarded as the apical
ligand atom of a square pyramidal coordination array about
Cu". The Fe-O1 bond is also elongated due to the influence
of the methoxide ligand, as the strong Fe—~OCH,, interaction
affords a short (1.849(4) A) Fe-O bond and decreases the
affinity of the Fe for the phenolate bridge. The lengthening
of both M—O1 bonds in 2a, relative to those in 1a, is the
primary factor in the elongation of the Fe---Cu distance by
0.24 &, to 3.641(1) A.

[*] Prof. L. Que, Jr., T. R. Holman
Department of Chemistry, University of Minnesota
Minneapolis, MN 55455 (USA)
Prof. E. Miinck, M. P. Hendrich, C. Juarez-Garcia
Gray Freshwater Biological Institute, University of Minnesota
Navarre, MN 55392 (USA)
Prof. O. P. Anderson, K. A. Andersen
Department of Chemistry, Colorado State University
Ft. Collins, CO 80523 (USA)
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Fig. 1. Top: Structure of the dinuclear complex cation of 1a in the crystal.
Atoms are represented as spheres of arbitrary radii. Selected distances [A] and
angles [°]: Fe'Cu 3.401(4), Fe-O1 1.93(1), Fe-O4 1.90(2), Fe-O5 2.11(1),
Fe-N4 2,15(1), Fe-N5 2.15(2), Fe-N6 2.12(2), Cu-O1 2.01(1), Cu-O2 1.94(1),
Cu-03 2.31(2), Cu-N1 2.09(1), Cu-N2 2.15(1), Cu-N3 2.03(1), <Fe-O1-Cu
119.3(5). Bottom: Structure of the dinuclear complex cation of 2a in the crystal.
Atoms are represented as spheres of arbitrary radii. Selected distances [A]and
angles [°}: Fe---Cu 3.641(1), Fe-O1 1.975(4), Fe-03 2.016(4), Fe-04 1.845(4),
Fe-N4 2.255(5), Fe-N5 2.132(4), Fe-N6 2.175(5), Cu-O1 2.176(4), Cu-O2
1.945(4), Cu-N1 2.034(5), Cu-N2 2.006(4), Cu-N3 1.975(5), <Fe-O1-Cu
122.5(2).

The spectroscopic properties of the two complexes corre-
late well with their crystal structures. The Massbauer
parameters of 1b (6 = 0.46 mm/s; AE, = 0.42 mm/s) are
similar to those of other triply bridged complexes in this
series.'! In contrast, 2b (6 = 0.49 mm/s; AE, = 1.27 mm/s)
has the larger AE, value, most likely due to the presence of
the short Fe-OMe bond. Magnetic susceptibility studies! ]
indicate that the dinuclear center in 1b is antiferromagneti-
cally coupled (J = 50 cm ™! for # = JS,S,,S, =5/2,8, =
1/2), while the center in 2b is weakly ferromagnetically cou-
pled (/= —3 cm™!) (Fig. 2). This difference in coupling

[CuPFe"(BPMP)(0,CCH,),}(BPh,), 1b

[CuPFe"(BPMP)(O,CC,H,)(OCH,)[(BPk,), 2b

interaction can be rationalized by inspection of the magnetic
orbitals in the two complexes, assuming that the phenolate
provides the principal coupling pathway.!* %9 For 1a, the
Jahn-Teller distortion on the Cu" atom directs the magnetic

922 © VCH Verlagsgesellschaft mbH, D-6940 Weinheim, 1990 0570-0833/90/0808-0922 § 3.50+ .25/0
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Fig. 2. Experimental {¢>o) and theoretical (—) temperature dependence of x,, 7
for 1b and 2b. Fitting parameters: 1b, J= 50 cm™*, D, =0.5cm ™", E/D =
0.23, g,=g,=g, = 2.0, Do, = 0, g, =g, = 2.08, g, = 2.35; 2b, J= —3cm™’,
Dy, =08cm™?, E/D =023, g.—g,=g, = 2.0, D, = 0, g,=g, = 2.12, g, =
2.40.

orbital along the axis of the phenolate bond and allows it to
interact antiferromagnetically with the Fe'! magnetic or-
bitals. The elongation axis for the Cu" atom in 2a, however,
is along the phenolate bridge; this places the magnetic or-
bital in the plane perpendicular to the phenolate bond and
renders it orthogonal to the magnetic orbitals of the Fe!
atom, engendering the ferromagnetic interaction.
Interestingly, complex 1b gives rise to a low field EPR
signal at g = 8, while complex 2b exhibits signals at g = 12
and g = 8 (Fig. 3). The intensity of the low field resonances

]

G(')O
B (mT] —=

Fig. 3. EPR spectra of 1b and 2bin CH,CN (4 mm) at 3K. Ay 1b, B, | B;
B)2b, B,|B; C)1b, B, LB; D)2b, B, 1 B. The dashed spectrum in A is a
polycrystalline sample of 1b. The signal at g = 2.0 is a preparation-dependent
species, presumably a Cu" impurity. An extremely broad signal at g ~ 1.7 has
significant area under the absorption spectrum, but its origin is yet unclear.
Instrumental parameters: 9.1 GHz at 0.02 mW, all below microwave satura-
tion; modulation 100 kHz at 0.1 mT,,; dB/dT, 3.3 mTs~*. The frozen solution
spectra are all properly normalized.

0 200 400 800

is approximately four times stronger when the microwave
magnetic field B, is parallel to the static field B (parallel
mode). The signal positions and enhanced parallel field in-
tensities are indicative of transitions between levels of an
integer-spin system.!??) The spectrum of polycrystalline 1b
(Fig. 3 A, dashed) is similar to that of the dilute, frozen solu-
tion spectrum. This indicates that intermolecular magnetic
interactions are small for the polycrystalline material and do
not significantly affect the determination of J. The tempera-
ture dependence of the resonance at g = 8 for the complex
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1b (Fig. 3A) indicates that it results from a ground-state
doublet. A temperature study of complex 2b indicates that
the signals at ¢ = 12 and g = 8 (Fig. 3B) are from ground
and excited doublets, respectively. The line positions and
temperature data suggest the following: for complex 1b, the
g = 8 resonance is from the ground state with S = 2 (antifer-
romagnetic coupling). For complex 2b, the g = 12 signal is
from the lowest doublet of the ground state with S = 3 (fer-
romagnetic coupling) and the g = 8 signal is from an excited
doublet of either the S = 2 or $ = 3 manifolds. The relative
signs of the exchange couplings are in agreement with the
magnetization results. The observation of integer spin sig-
nals from 1b and 2b and their correspondence to the magne-
tostructural data provide us with a set of complexes for
further studies of integer spin systems and their spectroscop-
ic manifestations.

Experimental

1a: A methanolic solution of Hbpmp (20 mL, 3.8 mm) was treated sequentially
with 1 equiv. of Fe(NOyj);, 1 equiv. of Cu(NO;),, and 2 equiv. of NaO,CC,H;
to produce a purplish brown solution. After addition of 1 equiv. of NH,PF,,
the solution was allowed to evaporate slowly to yield the crystals used for the
X-ray diffraction study.

1b: A methanolic solution of Hbpmp (20 mL, 3.8 mM) was treated sequentially
with 1 equiv. of FeCl,, 1 equiv. CuCl,, and 4 equiv. of NaBPh,, resulting in 2
green solid (75 % yield) formulated as [Cu"Fe™bpmpCl,}(BPh,),. Treatment of
an acetone solution of the green complex with 2.2 equiv. of AgO,CCH, afford-
ed a purplish brown solution, which was filtered to remove the AgCl solid.
Vapor phase diffusion of ethyl acetate into the acetone solution furnished crys-
tals of 1B (50% yield). UV/VIS (CH,COCH,): 4, = 500 am.

2b: A methanolic solution of Hbpmp (20 mL, 3.8 mMm) was treated sequentially
with 1 equiv. of Fe(NO,);, 1 equiv. of Cu(NO;),, and 4 equiv. of NaO,CC,H;
to produce a red/brown solution. Metathesis with NaBPh, yielded a brown
solid, which was recrystallized from acetone/methanol to yield crystals with the
composition 2b- C,H;CO,H (75% yield). UV/VIS(CH;COCH;): i, =
485 nm.

2a: This complex was synthesized according to the procedure for 2b with the
exception that NaO,CCH; was used in place of NaO,CC,H;.
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Torand Synthesis by Trimerization—New Receptors
for Guanidiniam **

By Thomas W. Bell* and Jia Liu

Toroidal complexing agents having exceptionally rigid, vet
accessible cavities, may be composed entirely of smaller rings
fused to form the perimeter of a macrocycle.!'*?) The first
examples of such hosts, termed “torands”, are 1'?! and the
parent dodecahydrohexaazakekulene.!!! Preorganization of
six pyridine dipoles by the hexagonal framework of 1 leads
to exceptionally stable complexes of alkali metal cations.!”
Extension of this architecture to a molecular cleft ! afforded
“hexagonal lattice receptor” 2,1 which tightly binds a neu-
tral organic molecule (urea), despite the inherently weaker
interactions between neutral hosts and guests. Here we de-
scribe effective syntheses of a larger torand (3) and its non-
macrocyclic analogue (4), as well as the formation of 1:1
complexes between both new hosts and guanidinium chlo-
ride.

The 1,8-naphthyridine units of both new receptors were
synthesized via Friedlander condensation of heteroaromatic
o-aminoaldehydes with annelated cyclohexanones (Scheme
1). The common intermediate in the syntheses of 1-4 is
benzylideneketone 5, which was prepared in five steps from
cyclohexanone and pentanal by previously described meth-
ods!?3! (23% overall yield). Condensation of 5 with 4-
aminopyrimidine-5-carboxaldehyde gave 6, which under-
went acidic hydrolysis to aminoaldehyde 7, isolated as its
HCl salt. Condensation of 7 with 5, followed by ozonolysis
afforded diketone 2, as previously reported.!! This urea re-
ceptor was then converted into novel guanidinium receptor
4 in one step by alkaline condensation with 2-aminonico-
tinaldehyde.

A key to our new torand synthesis is the discovery that the
o-aminoaldehyde functionality of 7 survives ozonolytic
cleavage of the benzylidene group. Crude ketoaminoalde-

[*] Prof. T. W. Bell, J. Liu
Department of Chemistry, State University of New York
Stony Brook, New York 11794-3400 (USA)

[**] This work was supported by the National Institutes of Health (PHS Grant
GM 32937).
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