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Macrocycles with unique properties provide new avenues for the design of novel catalysts and materials. Here,
we report, for the first time, the synthesis and characterization of the dimethyl-substituted bisbenzimidazole ligand
(Me;BBZ) and its manganese complex (MMe,BBZ). The MeBBZ ligand is similar to porphyrin and
phthalocyanine macrocycles in terms of its cavity size and metal-binding mode, but owing to electronic and
charge differences, it exhibits properties that make it distinct from its structural counterparts. For instance, the
optical spectra of bisbenzimidazoles lack transitions in the-8@® nm region. Perhaps the most significant
feature of the MgBBZ ligand, however, is its inherent nonplanarity. Geometric restraints within this nonplanar
ligand give rise to two atropisomers, which, when separated, could have potential in chiral catalysis and recognition.
In addition, here we show that this nonplanarity can help to promote unusual crystal-packing interactions. Within
the structure of the MrMe,BBZ complex, intermoleculat-stacking interactions of the phenyl and benzimidazole
groups lead to the formation of a distinct two-dimensional “staircase” lattice comprised of alternatirigé4BBZ
atropisomers. The potential significance of this structural arrangement is revealed by temperature-dependent
magnetic studies that indicate weak antiferromagnetic coupling between the metal ions in the crystal. Fine-tuning
of these long-range electronic and magnetic interactions could be useful for the design of novel molecular materials.

In nature, metallotetrapyrrole cofactors (hemes, corrins, F430) catalytic oxidation of organic substrates® and the fabrication
facilitate the sensing,®> transporf’ and catalysit14 of of novel materialg1~-23 In light of the general importance of
important biomolecules. Synthetic models of these cofactors these compounds, the study of tetrapyrroles and their related
have found use in numerous applications as well, including the metal complexes has remained an active area of research despite
extensive investigatio#p.20.24-28
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Figure 1. Comparison of porphyrins, phthalocyanines, and bisbenz-
imidazoles.

Phthalocyanines Bisbenzimidazoles

azole” ligand based on aminophenylbenzimidazole units (see
Figure 1). This macrocycle has the same ring size as a porphyrin
or phthalocyanine, suggesting that it might exhibit similar metal-
chelating behavior. Unlike these classical tetrapyrroles, however,
molecular mechanics calculations (HYPERCHEM, version 4.5,
Hypercube Inc.) predict that bisbenzimidazole complexes should
be inherently nonplanar. In light of the fact that this nonplanarity
leads to two distinct hands, bisbenzimidazole complexes may
have potential for promoting the chiral recognition of ligands
and substrates. In addition, bisbenzimidazole ligands offer

Kwok et al.

H2O mixture (200 mL, v/v= 1:1). Acetic acid (3 mL), 2-nitrobenz-
aldehyde (5.3 g, 35 mmol) in MeOH (50 mL), and Cu(OAERO (7.0
g, 35 mmol) in water (100 mL) were added sequentially to the stirring
solution. It was then heated to reflux under vigorous stirring for 3 h,
after which a pale-yellow precipitate was formed. The mixture was
filtered hot and then washed with water to afford a gray-yellow solid.
The precipitate was redissolved in EtOH (150 mL) and concentrated
HCI (24 mL), and then a solution of M&9H,0 (12.8 g, 50 mmol) in
water (100 mL) was added. The mixture was heated at reflux for 1 h,
resulting in a black slurry. It was then allowed to cool to room tem-
perature and filtered through a pad of Celite to remove the precipitated
CuS. The filtrate was neutralized with ammonium hydroxide to-pH
8—9 and then concentrated by rotary evaporation to yield a green-
yellow precipitate. After filtration and vacuum evaporation, 4-hydroxy-
methyl-2-(2-nitrophenyl)benzimidazole (5.55 g, 82%) was obtained
as a green-yellow solidR = 0.28 (hexane/ethyl acetate 1:2). *H
NMR (200 MHz, DMSO): 6 4.84 (broad s, 2 H), 5.22 (broad s, 1 H),
7.28 (m, 2 H), 7.49 (dJ = 6.8 Hz, 1 H), 7.7£8.06 (m, 4 H), 12.93
(broad s, 1 H). HRMS: Calcd for H11N303, 269.0800; found,
269.0845.

2-(2-Nitrophenyl)benzimidazole-4-carboxaldehyde (4) 4-Hy-
droxymethyl-2-(2-nitrophenyl)benzimidazol®) (2.69 g, 10 mmol) was
dissolved in a mixture of CECN/CH,Cl, (500 mL, v/iv= 4:1), and
then manganese dioxide (10 g, 120 mmol) was added. The solution

potential synthetic advantages over porphyrins. Because of theas stirred at room temperature and monitored by TLC. Once the

ease of substitution at the N-3 benzimidazole nitrogen, the
preparation of derivatized forms is relatively straightforward.

reaction was complete, the reaction mixture was filtered through a pad
of Celite. The filtrate was washed with NaHg@nd the water phase

. was extracted with CKCl,. The combined organic layer was washed

Here, we describe a convenient approach toward the synthesigyit prine and dried over N8Q.. Concentration by rotary evaporation

of the dimethyl-substituted bisbenzimidazole @88Z2) ligand
shown in Figure 1. Various metal complexes with this new
ligand have been prepared, and their optical, electrochemical,
and magnetic properties have been characterized. In this first

and subsequent column chromatography on silica gel using hexane/
ethyl acetate (1:1) as the eluent afforded 2-(2-nitrophenyl)benzimid-
azole-4-carboxaldehyde (2.2 g, 82%) as a light-yellow s&id= 0.38
(hexane/ethyl acetate 1:1).*H NMR (200 MHz, CDC#}): 6 7.47 (t,

report, we summarize the results that have been obtained ford = 7.6 Hz, 1 H), 7.63-7.82 (m, 3 H), 7.94 (dh = 7.5 Hz,J, = 1.5
the diprotonated ligand and its manganese complex. TheseHz 1 H),8.05(d) =77 Hz,J, = 1.6 Hz, 1 H), 8.10 (d) = 8.1 Hz,

studies reveal distinct differences between bisbenzimidazoles
and classical tetrapyrroles.

Experimental Section

H NMR spectra were recorded on a Bruker WM 200 (200 MHz)

1 H), 10.11 (s, 1 H), 11.21 (broad s, 1 H). HRMS: Calcd for

Ci14H9N3Os5, 267.0644; found, 267.0648.
2-(2-Nitrophenyl)benzimidazole-4-carboxaldehyde Ethylene Acet-

al (5). 2-(2-Nitrophenyl)benzimidazole-4-carboxaldehydg (6.27 g,

23.5 mmol) was dissolved in benzene (150 mL) and mixed with

ethylene glycol (6.5 mL, 118 mmol) ang-toluenesulfonic acid

monohydrate (0.450 g, 2.35 mmol). The mixture was heated to reflux

spectrometer. Spectra were referenced internally to the residual protonovernight, and the water was removed by azeotropic distillation. The

resonance of CDGI(6, 7.26 ppm) as the internal standard. Chemical
shifts () are reported as part per million (ppm) on thecale. Coupling
constantsJ) are reported in hertz (Hz). NMR spectroscopic terms are
reported by using the following abbreviations: s, single; d, doublet; t,
triplet; m, multiplet.

Unless otherwise noted, all materials were obtained from commercial
suppliers and used without further purification. Thin-layer chromatog-
raphy was performed on Whatman precoated silica gelskJplates.
Silica gel (Scientific Adsorbents Inc. 32-63 U, 4@n) was used for
column chromatography.

2,3-Diaminobenzyl Alcohol (2) Raney nickel £5 g) was placed
in a hydrogenation bottle and washed with THF three times before
being slurried in 50 mL of THF. 4-Hydroxymethyl-2,1,3-benzothia-
diazole® (5.0 g, 30 mmol) was then added. It was hydrogenated under
10 psi pressure at room temperature for 6 h. TLC was used to confirm
that all starting material had been consumed. The resulting reaction
mixture was filtered carefully through a pad of Celite and washed with
THF. After removal of the solvent, 2,3-diaminobenzyl alcohol (4.0 g,
96%) was obtained as a colorless crystalline sétid= 0.18 (hexane/
ethyl acetate/MeOH= 5:5:1).*H NMR (200 MHz, DMSO): 6 4.33
(broad s, 2 H), 4.36 (d] = 5.4 Hz, 2 H), 4.43 (broad s, 2 H), 4.96 (t,

J = 5.4 Hz, 1 H), 6.43 (m, 3 H). HRMS: Calcd fors8;0N.0,
138.0793; found, 138.0830.

4-Hydroxymethyl-2-(2-nitrophenyl)benzimidazole (3) 2,3-Di-

aminobenzyl alcohao? (3.45 g, 25 mmol) was dissolved in a MeOH/

(29) Jonas, R.; Paher, H.; Wurziger, HEur. J. Med. Chem1993 28,
141-148.

resulting solution was allowed to cool to room temperature and was
then neutralized with saturated NaHg @ashed with water and brine,
and dried over NgOs.. The compound was purified by column
chromatography on silica gel using hexane/ethyl acetate (1:2) as the
eluent to give 2-(2-nitrophenyl)benzimidazole-4-carboxaldehyde eth-
ylene acetal (4.552 g, 62.2%) as a yellow soRd.= 0.24 (hexane/
ethyl acetate= 1:2). 'H NMR (200 MHz, CDC}): 6 4.11 (m, 2H),
4.20 (m, 2H), 6.15 (s, H), 7.30 (m, 2 H), 7.577.83 (m, 3 H), 7.93
(d,J;=7.8Hz,J,= 1.3 Hz, 1 H), 8.13 (dJ; = 7.7 Hz,J, = 1.5 Hz,
1 H), 10.48 (broad s, 1 H). HRMS: Calcd forgEl13N304, 311.0906;
found, 311.0915.
1-Methyl-2-(2-nitrophenyl)benzimidazole-4-carboxaldehyde Eth-
ylene Acetal (6) A solution of 2-(2-nitrophenyl)benzimidazole-4-
carboxaldehyde ethylene acet8) (4.53 g, 14.6 mmol) in dry THF
(20 mL) was added to a stirring suspension of NaH (0.640 g, 60%
dispersion in mineral oil, 16.0 mmol) in dry THF (50 mL) at°C
under N. The mixture was then allowed to warm to room temperature
for 1 h, resulting in an orange solution. Methyl iodide (4.58 mL, 72.8
mmol) was syringed into the above mixture at room temperature under
N2. This mixture was stirred for 24 h undeg M give a yellow solution.
Water was added, and the aqueous layer was extracted withsCHCI
The combined extracts were washed with brine and dried ove3®la
After rotary evaporation, the resulting residue was purified by column
chromatography on silica gel using,€{CH,Cl, (3:1) as the eluent to
give the title compound (3.53 g, 74%H NMR (CDCls): ¢ 3.58 (s,
3 H), 4.02-4.19 (m, 4 H), 6.55 (s, 1 H), 7.337.41 (m, 1 H), 7.52
7.56 (m, 1 H), 7.627.75 (m, 4 H), 8.19 (dJ = 1.7, 7.9 Hz, 1 H).
HRMS: Calcd for G/H1sN304, 325.1062; found, 325.1050.
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1-Methyl-2-(2-aminophenyl)benzimidazole-4-carboxaldehyde Eth- refined isotropically. O(8A) acquired a very largevalue, while all
ylene Acetal (7) A solution of6 (0.85 g, 2.6 mmol) in 50 mL of MeOH the other oxygen atoms refined to fairly reasonablevalues. As a
was mixed with 85 mg of Pd/C and hydrogenated withaHa pressure result, O(8A) was removed from the model.
of 10 psi for 3 h. The mixture was then filtered, and the solvent was  The hydrogen atoms were included in the model at calculated
removed to give 0.76 g (98%) of the title compound as a white solid. positions using a riding model witbl(H) = 1.2U(attached carbon
H NMR (CDCl): 6 4.44 (s, 3 H), 4.694.90 (m, 4 H), 5.69 (broad atom). For a methyl group, the torsion angle that defines its orientation

s, 2 H), 7.44 (dJ = 7.8 Hz, 2 H), 7.8+8.05 (m, 4 H), 8.14 (dJ) = was allowed to refine, and these hydrogen atoms were assighg#ijo
1.6, 6.9 Hz, 1 H). HRMS: Calcd for £H17N30,, 295.1321; found, = 1.5Ucq(attached carbon atom). The final refinement cycle was based
295.1325. on all the 6703 intensities and 410 variables and resulted in agreement

[H2(Me2BBZ)](CIO 4), (8). 1-Methyl-2-(2-aminophenyl)benzimid-  factors ofR,(F) = 0.169 and wRZ?) = 0.258. For the subset of data
azole-4-carboxaldehyde ethylene ace®@l (0.62 g, 2.1 mmol) was with | > 20(1) the Ry(F) value is 0.097 (for 3768 reflections). The
dissolved in CHCN (15 mL) at room temperature, and then perchloric large R factors result from the disordered perchlorate group and the
acid (0.42 mL, 2.3 mmol) was added. The mixture was stirred at room weak intensities of the overall data set. The final difference electron
temperature for 2 days to yield a white suspension. It was then filtered density map contains maximum and minimum peak heights of 1.01

to give the title compound as a white powder (0.56 g, 80%)NMR and—0.92 e/B, respectively. The maximum peak is in the vicinity of
(DMSO): 6 4.06 (s, 6 H), 7.637.73 (m, 6 H), 7.81 (t) = 8.0 Hz, 2 the disordered perchlorate ion. Neutral atom scattering factors were
H), 7.94 (t,J = 7.6 Hz, 2 H), 8.04 (dJ = 7.4 Hz, 2 H), 8.10 (dJ = used and include terms for anomalous dispersion.

7.2 Hz, 2 H), 8.26 (dJ = 8.2 Hz, 2 H), 8.94 (s, 2 H). Crystals suitable (b) Structure of [Mn(Me ,BBZ)CI]|CI. The data collection crystal

for X-ray analysis were obtained from recrystallization from4CN. was an orange-red irregular plate. Data were collected on a Siemens
Anal. Calcd for [((MezBBZ)](ClO4)2: C, 53.97; H, 3.59; N, 12.59; SMART diffractometer with a CCD area detector (Siemens CCD 1K)
Cl, 10.64. Found: C, 53.94; H, 3.63; N, 12.66; Cl, 10.63. at the University of Toledo’s Instrumentation Center. Examination of

Synthesis of [Mn(Me,BBZ)CI|CI (9) . Perchloric acid (0.185 mL, the diffraction pattern indicated a triclinic crystal system. Unit cell
2.15 mmol) was added to a solution 8f(0.634 g, 2.15 mmol) in constants were obtained by a least-squares fit for 3807 reflections using
CH3CN. The resulting pale-yellow solution was stirred for 20 hNEt graphite monochromated ModKradiation ¢ = 0.710 73 A). A full
(0.5 mL, 13.6 mmol) was then added to form a yellow suspension that sphere of data were collected using thescan method with narrow
was stirred for 2 h, at which point, the solvent was removed by rotary frames of 0.8. Data integration was done with the SAINT software
evaporation. The product was triturated with water, filtered and washed (version 5.0, Bruker Analytic X-ray Systems). The data are 89.2%
with CHsCN, and then dried at room temperature to give the free complete to 2 = 60 and 98.6% complete t@2= 55°. An absorption
Me,BBZ ligand as a pale-yellow solid (0.45 g, 90%). HRMS: Calcd correction was applied to the data with the SADABS progfamith

for CsoH22Ng, 466.1906; found, 466.1914. the maximum and minimum effective transmission factors of 1.0 and
The [Mn(M&BBZ)CI]|CI complex @) was prepared by refluxing the ~ 0.822, respectively. Averaging the symmetry-equivalent reflections

unpurified free MeBBZ ligand (0.497 g, 0.92 mmol) with Mngl resulted in arRy value of 0.049.

4H,0 (0.1824 g, 0.92 mmol) in C4€N. An orange mixture was The structure was solved by the Patterson method using SHELXS-

obtained upon stirring. The solution was refluxed for 20 h, and then 86! in P1. Full-matrix least-squares refinements basedr8rwere

the solvent was removed by rotary evaporation. The crude product wasperformed in SHELXL-932 The Mn complex packs in such a manner
purified by column chromatography (GEl,/hexane/MeOH= 3:1:1) that channels are formed that run along thexis direction and are

(R = 0.73) and then dried to give an orange solid (0.45 g, 82% yield). centered ay = z= 0. The CI ion resides in this channel along with
Crystals of the [Mn(MgBBZ)CI|CI complex suitable for X-ray analysis ~ some disordered water molecules. Because it was difficult to obtain a

were obtain by evaporation from GEN. Anal. Calcd for [Mn(Me- satisfactory model of the water molecules within this channel, the
BBZ)CIICI-4H,0: C, 59.03; H, 3.93; N, 13.77; Cl, 11.62. Found: C, density in the channel was accounted for using the SQUEEZE prégram
57.97; H, 3.84; N, 13.39; CI, 12.27. of PLATON.2® This program modifies the observed structure factors

Structure Determination/Refinement. (a) Structure of [Ha(Mez- by subtracting contributions from them on the basis of the electron

BBZ)](ClO4).. The data collection crystal was a yellow plate. Data density in the channel. In this case, the contributions of all of the
were collected on a Siemens SMART diffractometer with a CCD area electron density in the channel, including the @n, were subtracted
detector (Siemens CCD 1K) at the University of Toledo’s Instrumenta- from the observed structure factors. (This is the reason no positional
tion Center. Examination of the diffraction pattern indicated a mono- coordinates for the Clion appear in the table of atomic coordinates
clinic system. Unit cell constants were obtained by a least-squares fit in the Supporting Information.) This channel region occupies 224 A
for 6397 reflections using graphite monochromated Mo fiédiation per unit cell, and the electron density removed by this SQUEEZE
(A = 0.710 73 A). A full sphere of data was collected, and data Procedure amounts to 41 electrons/unit cell. This corresponds to two
integration was done with the SAINT software (version 5.0, Bruker Cl~ anions and one water molecule per unit cell.

Analytic X-ray Systems). The data were 88% complete d0=255". The hydrogen atoms were included in the model at calculated
An absorption correction was applied to the data with the SADABS positions using a riding model with(H) = 1.2U{attached carbon
program?® with the maximum and minimum effective transmission atom). For a methyl group, the torsion angle that defines its orientation
factors of 1.0 and 0.797, respectively. Averaging the symmetry- was allowed to refine, and these hydrogen atoms were assighiijo

equivalent reflections resulted in &t value of 0.056. = 1.8U¢q(attached carbon atom). The (0 2 2) reflection was omitted
The structure was solved by direct methods in SHELXS!@8ull- from the final refinements because it had a significantly laryg?)/
matrix least-squares refinements based F¥nwere performed in esd value than the other reflections. The final refinement cycle was

SHELXL-9332 While both perchlorate groups had large displacement based on all 7289 intensities and 345 variables and resulted in agreement

parameters for the oxygen atoms, one group was better behaved thafactors ofRy(F) = 0.128 and wRZ&?) = 0.120. For the subset of data

the other. An attempt was made to model the disorder in the perchlorateWith 1 > 2o(I) the Ry(F) value is 0.051 (for 3638 reflections). The

containing CI(2). There appears to be a second orientation for this groupfinal difference electron density map contains maximum and minimum

that can be obtained by rotating about the CH@Y5) bond. The peak heights of 0.23 and0.23 e/&. Neutral atom scattering factors

occupancy factors for O(6), O(7), and O(8) were each set at 0.65, while Were used and include terms for anomalous dispefSion.

those for O(6A), O(7A), and O(8A) were set at 0.35. Cl(2) and O(5)  X-band EPR Spectra of the Mn—Me,BBZ Complex. A 5 mg/

were refined anisotropically, while the disordered oxygen atoms were mL sample of the Ma-Me,BBZ complex was dissolved in methanol/
ethanol solution and frozen under liquid nitrogen to obtain a suitable

(30) Sheldrick, G. M.SADABS University of Gdtingen: Gdtingen,
Germany, 1997. (33) International Tables for Crystallographluwer Academic Publish-

(31) Sheldrick, G. MActa Crystallogr.199Q A46, 467—473. ers: Dordrecht, The Netherlands, 1992; Vol. C.

(32) Sheldrick, G. MSHELXL-93, Program for the Refinement of Crystal ~ (34) van der Sluis, P.; Spek, A. Acta Crystallogr.1990 A46, 194—-201.
Structures University of Gdtingen: Gdtingen, Germany, 1993. (35) Spek, A. L.Acta Crystallogr.199Q A46, C-34.
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glass. The EPR experiments were performed on a Varian E-109 X-band
spectrometer equipped with a E-231 TE-102 rectangular cavity and
interfaced to an IBM personal computer for accumulation and digiti-
zation of the spectra. The sample temperature was controlled by variable
temperature helium flow cryostat system (Oxford Instruments). EPR
spectra of the compound were taken at several temperatures: 4.2, 10,
30, 50, 77, 173, and 200 K.

Temperature-Dependent Magnetization Measurements of the
Mn—Me,BBZ Complex. Field- and temperature-dependent magnetiza-
tion measurements were performed on a Quantum Design MPMS
superconducting quantum interference device (SQUID) magnetometer.
Samples were held in either gel capsule or delrin screw-cap holders.
The diamagnetic correction of the sample and holdgr was
determined from a plot of the measured magnetic susceptibjlity,
vs inverse temperature. The correction was estimated from the intercept
upon extrapolation to infinite temperature. The magnetization of the
sample was measured between 0 and 55 kG at constant temperature C3
(1.9 K). The variable temperature behavior was determined between 2
and 300 K at constant field (500 G). The data were fitted to the €urie
Weiss law, ym = C/(T — #6), where yn is the molar magnetic
susceptibility.6 has the units of temperature (K) and was obtained
empirically from a plot ofym~* vs T. The spin of the systenf[ was
calculated from the susceptibility§ = NgPug®(S+ 1)/(3KT) = Nuer?/
(3kT)).

C4

15

Results Figure 2. ORTEP diagram of [R{Me;BBZ)](CIO,), (8).

Ligand Synthesis A number of strategies were explored for functionalities. Dimerization and cyclization of the resulting
the synthesis of the dimethyl-substituted bisbenzimidazole phenylbenzimidazole precursor gave the desired:B@&
macrocycle. One successful route is shown in Scheme 1. Theligand.
precursor 4-hydroxymethyl-2,1,3-benzothiadiazal$?? was Structural Studies. The correct identity of the M&BZ
reduced with Raney nickel to yield 2,3-diaminobenzyl alcohol ligand was confirmed by the crystal structure of its diprotonated
(2). The phenylbenzimidazole backbone was formed by the form shown in Figure 2 (see Tables 1 and 2). The structure
condensation of with 2-nitrophenyl-1-carboxaldehyde using shows that, as expected, the benzimidazole framework is
copper acetate coupling conditio¥sjielding compound. The methylated on the outer benzimidazole nitrogens, N(5) and N(6),
benzyl group oB was allowed to oxidize to the corresponding and that protonation occurs on the inner benzimidazole nitro-
aldehyde 4, in the presence of manganese dioxide and then gens, N(1) and N(3). Perhaps the most interesting feature of
converted to the acetd, by reaction with ethylene glycol. With  this structure is the clear nonplanarity of the diprotonated ligand.
the aldehyde and amine functionalities masked as acetal andlhis result is significant because it demonstrates that the
nitro groups, respectively, incorporation of a methyl group at observed ruffling of MeBBZ is intrinsic to the ligand and is
the N-3 benzimidazole nitrogen could be achieved by treatmentindependent of bound metal (vide infra).
of 5 with methyl iodide in the presence of sodium hydride,  The structure of the corresponding MMe,BBZ complex
yielding 6. Reduction of the nitro group d with hydrogen, was obtained as the dichloride salt, as is depicted in Figure 3
catalyzed by Pd on carbon, followed by the addition of (see Tables 1 and 3). For consistency, atoms are labeled
perchloric acid unmasked both the amine and carboxaldehydeaccording to the same naming scheme as for the diprotonated

Me;BBZ ligand. The divalent manganese ion in the Mn
(36) Jonas, R.; Klockow, M.; Lues, I.; Retier, H.; Schliep, H. J.; Wurziger, ~ M€2BBZ complex is five-coordinate and has a distorted square
H. Eur. J. Med. Chem1993 28, 129-140. pyramidal geometry. The average bond distances are 2.12 A
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Table 1. Crystallographic Data for [[{Me-BBZ)](ClO,). (8) and
[Mn(Me;BBZ)CI]CI-xH20 (9)

8 9
formula GoH24CIoNgOg  C3oH25CloMnNg + X(Hzo)
fw 667.45 592.38
temp, K 293 293
cryst syst monoclinic triclinic
space group P2:/n P1
a, 8.7086(2) 8.1128(3)

b, A 28.8382(7) 13.3182(6)
c, A 11.9403(3) 14.3727(6)
a, deg 90 67.527(1)
p, deg 100.147(1) 87.063(1)
y, deg 90 83.148(1)
Z, formula unit 4 2

vV, A3 2951.8(1) 1424.7(1)
dearcas g CNT3 1.50 1.38

Ucalcs MML 0.284 0.686

no. data collected 18 805 16 307
no. unique data (all) 6743 7290

no. variable parameters 410 345

R1,°WRZ (20) 0.097, 0.216 0.0515, 0.1007
R1,°WRZ (all data) 0.169, 0.258 0.1283, 0.1203
gof onF?(all data) 1.039 0.899

20n the basis of the Mn complex onlyR; = ¥ ||Fo| — |Fq||/3|Fol.

cWR2(F?) = [YW(Fe2 — FAZIW(FAZY2 w = 1/[0%(F?) + (0.084P)?
+ 7.8966°], whereP = (F,? + 2F2)/3 for 8, and w= 1/[0*(F¢?) +
(0.051P)? + 0.000(P], whereP = (F2 + 2F2)/3 for 9.

Table 2. Selected Bond Distances (A) and Angles (deg) for
[H2(Me:BBZ)](ClO,)2 (8)

N(1)-C(29) 1.342(6) N(6}C(16) 1.400(6) C(13}C(14) 1.470(7)
N(1)-C(1) 1.372(6) N(6)-C(15) 1.470(6) C(16}C(17) 1.383(7)
N(2)-C(22) 1.270(6) C(1}C(2) 1.388(6) C(16YC(21) 1.386(7)
N(2)-C(23) 1.413(6) C(1}C(6) 1.414(7) C(17¥C(18) 1.362(8)
N(3)-C(14) 1.334(6) C(2)C(3) 1.390(7) C(18YC(19) 1.390(8)
N(3)-C(21) 1.380(6) C(3YC(4) 1.384(8) C(19¥C(20) 1.397(7)
N(@4)-C(7) 1.262(6) C(4yC(5) 1.382(7) C(20¥C(21) 1.392(6)
N(4)—C(8) 1.423(6) C(5rC(6) 1.384(7) C(20¥C(22) 1.459(7)
N(5)—C(29) 1.344(6) C(6YC(7) 1.461(7) C(23YC(28) 1.396(7)
N(5)-C(2) 1.398(7) C(8yC(9) 1.394(7) C(23YC(24) 1.405(7)
N(5)-C(30) 1.477(6) C(8YC(13) 1.400(7) C(2AC(28) 1.414(7)
N(6)—C(14) 1.337(6) C(12YC(13) 1.391(7) C(28}C(29) 1.464(7)
C(29)-N(1)-C(1) 110.1(4)  C(1FC(2)-C(@3) 122.0(5)
C(22-N(2)-C(23)  118.8(4) C(BC(2)-N(5) 106.5(4)
C(14)-N(3)-C(21)  110.3(4) C(3}C(2)-N(5) 131.5(5)
C(7)-N(4)—C(8) 118.8(4)  C(4FC(3)-C(2) 116.8(5)
C(29)-N(5)-C(2) 108.7(4)  C(51C(4)-C(3) 121.5(5)
C(29-N(5)-C(30)  127.9(5)  C(4}C(5)-C(6) 122.9(5)
C(2)~N(5)—C(30) 123.1(5) C(5)C(6)-C(1) 115.6(4)
C(14)-N(6)-C(16)  108.7(4)  C(5%C(6)-C(7) 121.7(5)
C(14)-N(6)-C(15)  127.8(4) C(B-C(6)-C(7) 122.6(4)
C(16)-N(6)—C(15)  123.2(4)  N(4}C(7)-C(6) 120.7(4)
N(1)~C(1)-C(2) 106.5(4)  C(9-C(8)-C(13) 119.0(4)
N(1)—C(1)-C(6) 132.3(4)  C(9-C(8)-N(4) 121.3(5)
C(2)-C(1)-C(6) 121.2(4)  C(13YC(8)-N(4) 119.7(4)
C(12-C(13)-C(8)  119.8(5) C(19YC(20)-C(22)  121.3(4)
C(12)-C(13)-C(14) 120.5(5) N(3}C(21)}-C(16)  105.9(4)
C(8)-C(13)-C(14)  119.7(4) N(3}C(21)}-C(20)  131.9(4)
N(3)—C(14)-N(6) 108.4(4) C(16YC(21)-C(20)  122.2(4)
N(3)-C(14)-C(13)  124.9(4) N(2C(22-C(20)  120.7(4)
N(6)—C(14)-C(13)  126.7(4) C(28)C(23)-C(24) 119.6(5)
C(17)-C(16)-C(21) 121.4(5) C(28)C(23-N(2)  118.7(4)
C(17)-C(16)-N(6)  132.0(5) C(24yC(23)-N(2)  121.7(5)
C(21)-C(16)-N(6)  106.6(4) C(23yC(28)-C(27) 119.7(5)
C(18)-C(17)-C(16) 117.3(5) C(23)C(28)-C(29)  120.6(4)
C(17)-C(18)-C(19) 121.7(5) C(2AC(28)-C(29) 119.7(5)
C(18)-C(19)-C(20)  122.0(5)  N(1}C(29)-N(5) 108.2(4)
C(21)-C(20)-C(19)  115.3(5) N(1}C(29)-C(28)  124.9(5)
C(21)-C(20)-C(22)  123.4(4) N(5rC(29)-C(28)  126.9(4)

for the Mn—N(benzimidazole) and 2.26 A for the MiN(imine)
nitrogens. One chloride serves as the axial ligand of the
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Figure 3. ORTEP diagram of [Mn(MgBBZ)CI|CI (9).

manganese ion with a MaCl bond length of 2.319 A. Like
the diprotonated M@&BZ ligand, the Mr-Me,BBZ complex
is nonplanar.

The general features of the MiMe,BBZ complex have
similarity to manganese tetrapyrroles (porphyrins and phthalo-
cyanines). Both manganese(ll) porphyrins and bisbenzimid-
azoles favor a five-coordinate square pyramidal geometry and
bind the metal around the equatorial plane. Moreover, the-Mn
N(benzimidazole) and MACI distances of the MarMe,BBZ
complex are in the range of those of structurally characterized
five-coordinate Mn(Il) porphyrins, with an average 2.1 A for
Mn—N(porphyrin) bond distances and 2.37 A for M@l(axial)
distances’ 38 The Mn(I)-~N(imine) distances of the Mn
Me,BBZ complex are slightly longer, however.

Similar comparison with the phthalocyanines is complicated
by the fact that no five-coordinate Mn(ll) phthalocyanines have
been structurally characterized to date. Four-coordinate Mn(ll)
phthalocyanines, however, have been isolated and exhibit shorter
Mn(ll) —N(pyrrole) bond distances of 1.94 &40 The smaller
“central hole” size of phthalocyanines relative to porphyrins has
been used to explain its shorter MN bond lengths$? Although
for different reasons, this issue is likely relevant to theB®&Z
ligand as well.

One structural feature that may be influenced by the size of
the metal-binding pocket is the out-of-plane metal distance. In
both Mn(ll) porphyrins and the MnMe,BBZ complex, the
central Mn ion is significantly shifted away from the mean
ligand plane. In the case of Mn(lIl) porphyrins, the distance of
the Mn ion from the mean porphyrinato plane has been reported
to be 0.56 A for Mn(Il)(TPP)(1-methylimidazo)* (TPP=
mesetetraphenylporphyrin) and 0.614 A for Mn(I1)(TPP)&I.

In the present study, the Mn ion of the MiMe;,BBZ complex
is shifted 0.796 A from the mean plane of the four nitrogen
ligands and 1.05 A from the mean plane formed from the 22
atoms that are conserved between porphyrins and th8RE

(37) Gonzalez, B.; Kouba, J.; Yee, S.; Reed, C. A.; Kirner, J. F.; Scheidt,
R.J. Am. Chem. Sod975 97, 3247-3249.

(38) VanAtta, R. B.; Strouse, C. E.; Hanson, L. K.; Valentine, 1. \m.
Chem. Soc1987, 109, 1425-1434.

(39) Kirner, J. F.; Dow, W.; Scheidt, W. Riorg. Chem1976 15, 1685
1690.

(40) Mason, R.; Williams, G. AJ. Chem. Soc., Dalton Tran979 676—
683.

(41) Kirner, J. F.; Reed, C. A.; Scheidt, W. R. Am. Chem. Sod.977,
99, 2557-2563.
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Table 3. Selected Bond Distances (A) and Angles (deg) for

[Mn(Me;BBZ)CI|CI-xH,0 (9)

Mn—N(@3) 2.118(2) Ma-N(2)
Mn—N(1) 2.127(2) Mr-N(4)

N(1)-C(29) 1.339(3) N(6)}C(16)
N(1)-C(1) 1.385(3) N(6)-C(15)

N(2)-C(22) 1.289(3) C(1}C(2)
N(2)—C(23) 1.433(3) C(1)C(6)
N(3)-C(14) 1.342(3) C(2)C(3)
N(3)-C(21) 1.388(3) C(3)C(4)
N(4)-C(7) 1.280(3) C(4}C(5)
N(4)-C(8) 1.438(3) C(5yC(6)
N(5)—C(29) 1.365(3) C(6)C(7)
N(5)-C(2) 1.392(3) C(8}C(9)

2.257(2) Mr-CI(1)
2.277(2)

1.385(3) C(13YC(14) 1.479(4)
1.458(3) C(16YC(21) 1.385(4)
1.391(4) C(16¥C(17) 1.395(4)
1.412(4) C(17¥C(18) 1.377(4)
1.395(4) C(18YC(19) 1.382(4)
1.371(4) C(19¥C(20) 1.404(4)
1.393(4) C(20¥C(21) 1.404(4)
1.397(4) C(20¥C(22) 1.454(4)
1.459(4) C(23)YC(24) 1.386(4)
1.389(4) C(23YC(28) 1.407(4)

2.3186(10)

N(5)—C(30) 1.466(3) C(8)¥C(13)
N(6)—C(14) 1.367(3) C(12YC(13)

1.412(4) C(27C(28) 1.394(4)
1.376(4) C(28YC(29) 1.477(4)

N(3)~Mn—N(1) 128.88(9) N(2-Mn—N(4) 145.30(9)
N(3)~Mn—N(2) 84.81(8)  N(3-Mn—CI(1) 117.68(7)
N(1)~Mn—N(2) 80.55(8)  N(LyMn—CI(1) 113.38(6)
N(3)—Mn—N(4) 79.65(8) N(2-Mn—Cl(1) 109.65(7)
N(1)~Mn—N(4) 85.39(8)  N(4¥-Mn—CI(1) 105.05(6)
CR9-N(1)-C(1) 106.2(2) C(R2ZN(-C(23) 116.3(2)
C(29)-N(1)~Mn 127.7(2)  C(22N(2)-Mn 130.1(2)
C(1)~N(1)~Mn 125.8(2)  C(23}N(2)~Mn 113.5(2)
C(14-N@3)-C(21) 105.7(2)  C(13YC(8)-N(4) 121.1(2)
C(14)-N(3)~Mn 127.4(2) C(12yC(13)-C(8)  118.7(3)
C(21)-N(3)~Mn 126.9(2)  C(12}C(13)-C(14) 120.2(3)
C(7)-N(4)—C(8) 118.0(2)  C(8YC(13)-C(14)  121.1(2)
C(7)-N(4)~Mn 129.6(2)  N(3FC(14-N(6)  111.3(2)
C(8)~N(4)~Mn 112.2(2)  N(31C(14)-C(13)  122.5(2)
C9-N()-C(2)  107.3(2)  N(6-C(14-C(13)  126.0(2)
C(29-N(5)-C(30) 129.5(2)  C(2BC(16)-N(6)  106.3(2)
C@2-N(B)-C(30)  122.9(2) C(2BC(16)-C(17) 122.0(3)
C(14)-N(6)-C(16) 107.1(2)  N(6}C(16)-C(17)  131.7(3)
C(14-N(6)—C(15) 129.0(2)  C(18YC(17)-C(16) 117.1(3)
C(16)-N(6)—C(15) 123.6(2) C(1AC(18)-C(19) 121.7(3)
N(1)-C(1)-C(2) 109.4(2)  C(18yC(19)-C(20) 121.8(3)
N(1)—C(1)-C(6) 130.0(2)  C(19yC(20)-C(21) 116.3(3)
C(2)-C(1)-C(6) 120.6(2)  C(19YC(20)-C(22) 119.5(3)
C(1)-C(2)-N(5) 105.9(2)  C(21}C(20)-C(22) 124.1(2)
C(1)-C(2)-C(3) 122.6(3) C(16)C(21)}-N(3)  109.5(2)
N(5)—C(2)-C(3) 1315(3)  C(16yC(21)-C(20)  121.0(2)
C(@)-C(3)-C(2) 116.4(3)  N(3-C(21)-C(20)  129.5(2)
C(3)-C(4)-C(5) 122.4(3)  N(2¥C(22-C(20)  124.5(2)
C(4)-C(5)-C(6) 121.6(3)  C(24yC(23)-C(28) 119.5(3)
C(5)-C(6)-C(1) 116.3(3)  C(24yC(23-N(2)  119.2(2)
C(5)-C(6)-C(7) 119.1(3)  C(28YC(23)-N(2)  121.3(2)
C(1)-C(6)-C(7) 1245(2) C(AC(28)-C(23) 117.8(3)
N(4)—C(7)-C(6) 124.4(3)  C(27C(28)-C(29) 120.3(2)
C(9)-C(8)-C(13)  119.6(3)  C(23)C(28)-C(29) 121.8(2)
C(9)-C(8)-N(4) 119.2(3)  N(IFC(R9-N(BE)  111.3(2)
N(1)-C(29)-C(28)  123.0(2)

N(5)-C(29)-C(28)  125.7(2)

ligand. These larger out-of-plane distances for the;BBZ
complex may be an indication of a smaller metal-binding pocket
or could reflect the ability of the M@BZ to twist and
accommodate the requirements of the metal ion.

Crystal Packing in Mn—Me,BBZ. Analysis of the crystal
packing interactions in the MAMe,BBZ crystals reveals
another interesting consequence of the unusuaBRE& ligand
geometry. Because of the twist of the M8Z ligand and the
fixed planarity of the phenyl and benzimidazole units, [Mn-
(Me;BBZ)CI]* molecules arrange themselves into two-dimen-
sional layers comprised of alternating [Mn(MEBZ)CI]™
atropisomers (Figure 4). In the crystal, each Mvie,BBZ
complex interacts with three other molecules of the opposite
hand via z-stacking interactions (Figure 4). Two of the
intermolecularsz-stacking interactions involve benzimidazole
rings of adjacent [Mn(MgBBZ)CI]*™ molecules. These interac-
tions are found on opposing sides of thevie;BBZ complex
such that if “L” represents one hand and “7” the other, then
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linear L-7-L-7-L-7 chains are formed along the direction of the
benzimidazole stacking. The distance between stacked benz-
imidazole rings is 3.44 and 3.35 A for the two distinefland

7-L stacking interactions, respectively. The third intermolecular
interaction involves the phenyl rings of two [Mn(Y&BZ)-

CI]™ molecules located on different-T:L-7-L-7 chains. The
intermolecular distance between the phenyl rings here is 3.85
A. Only one of the two phenyl rings of each [Mn(M&BZ)-

Cl]* molecule is involved in intermolecular interactions. The
other phenyl ring forms one side of an intermolecular channel.

Because the phenyl and benzimidazole stacking interactions
within the Mn—Me,BBZ crystal are directed in perpendicular
directions, they generate an unusual lattice comprised of two-
dimensional “staircase” layers. These layers lie in the plane
generate by the andc axes of the crystal, termed tiAeplane.

The three-dimensional lattice is generated by translation of these
“staircase” layers by one unit cell length along theaxis,
resulting in stacks of “staircase” layers each of which is slightly
horizontally shifted from the layer above and below.

Because of the low symmetry of the crystal, molecules of
the same hand lie above one another alongattexis. This
results in the formation of columnar chains of [Mn(dB&8Z2)-

CI]™ units directed in the-a and—a directions. The axial ligand

in each chain is directed along theaxis as well. Importantly,

as in porphyrins, covalent interactions between bisbenzimidazole
units must occur through their axial ligands. Hence, this
arrangement offers the possibility of generating covalent denor
acceptor chains along tleaxis.

Perhaps of greater significance is the fact that the extensive
sr-stacking interactions within the MrMe,BBZ crystal promote
greater cohesion of the molecular bisbenzimidazole units than
are typically found in crystals of metalloporphyrins or phthalo-
cyanines. Within each layer, the intermolecular vin
distances are 8.997 and 8.971 A through the twoahd L7
benzimidazole-stacking interactions, respectively, and 11.400
A through the phenyl-stacking interaction. The distance between
layers is the length of tha axis or 8.113 A.

These intermolecular interactions could be of particular
importance in the design and synthesis of materials that require
cooperative electronic and/or magnetic couplings. For example,
in the molecular magnet formed from linear chains of
[MnTPPJT[TCNE]~ donor-acceptor pairs, ferro- or ferrimag-
netic interchain coupling is a requirement for observed ferri-
magnetic behavior. In crystals of [MNnTPRTCNE]~, the
intermolecular Mar-Mn separations across the chains are 13.269
and 14.932 A for atoms in the same plane, while the out-of
registry Mn—Mn separations are 11.006, 11.823, and 13.838
A. Because the strength of the electronic and magnetic coupling
is distance-dependent, the shorter-Wvin interchain distances
in Mn—Me,BBZ crystals compared to corresponding porphyrin
and phthalocyanine crystals suggest that the—Mie,BBZ
“staircase” layer could be a favorable structural motif for the
design of novel materials. Studies designed to take advantage
of these observations are currently underway.

Optical Spectra. The optical spectrum of the diprotonated
Me;BBZ ligand exhibits strong absorptions in the ultraviolet
region (Figure 5). Major bands are found at 2355 3.17 x
10* M cm™), 270 € = 3.14x 10* M cm™), and 302 nm{ =
2.84 x 10* M cm™1). The Mn—Me;BBZ complex exhibits
similar transitions, but energies appear red-shifted (Figure 5).
Two broad bands centered at 243 nm=3.50x 10* M cm™1)
and 328 nm{ = 4.78 x 10* M cm™1) are observed.

For comparison, porphyrins typically exhibit a strong Soret
absorption around 400 nm and less intense Q-bands centered
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Figure 4. (top) Stereoview of the two-dimensional “staircase” layer. THelL-7-L-7 benzimidazole stacking interactions are aligned horizontally.
The phenyt-phenyl stacking interactions are aligned vertically. The channel lies at the origin. (bottom) Perpendicular view showing arrays of
aligned atropisomers. Binding of ligands between successive molecules could potentially lead teadoaptor chains.

60000 T T T T these optical energies and extinction coefficients among bis-
benzimidazoles and classical tetrapyrroles suggests that the
spectra of the M@BBZ ligand and Mr-Me,BBZ complex likely
result fromzaz—x* transitions as well. Unlike porphyrins and
7 phthalocyanines, however, bisbenzimidazoles do not appear to
exhibit the low-energy Q-band absorption. One interesting
7 consequence of the absence of a Q-band is the lack of significant
absorptions in the visible spectrum (from 500 to 900 nm). This
7 outcome could have important ramifications for the practical
use of bisbenzimidazoles in nonoptical materials, particularly
7 those applications where visible absorptions would be detri-
mental.

0200 300 400 500 500 700 EPR Spectroscopy of the Mr-Me,BBZ Complex. The

A () EPR spectrum of the frozen MiMe,BBZ complex (Figure 6)
Figure 5. Optical spectrum of the diprotonatedfiMe,BBZ)](ClO.), Sh_OWS SIX S_harp I_Ines centeredgat: .2 chara_lc_terlstlc of a high-
ligand and the [Mn(MgBBZ)CICI complex. spin Mn(ll) ion with a small zero-field splitting. As expected,

only the transitions within thes = —1/, <> ms = +%/, manifold

near 600 nnf2-44 Phthalocyanines behave similarly. Strong are observed. The observed nuclear hyperfine splitting is typical
Soret and Q-band absorptions are observed in the vicinity of of a high-spin manganese iofA{ = 95+ 1 G).
320—-370 and 676-690 nm, respectivel§&-46 The similarity of Above 173 K, the hyperfine components are broadened
because of relaxation effects. However, at temperatures lower
(42) Falk, J. EPorphyrins and Metalloporphyrins: Their General, Physical ~ than 173 K, the spectrum sharpens to reveal lines of lower

and Coordination Chemistry, and Laboratory Methpdsisevier ; ; ; "

Publishing Company: Amsterdam, 1964. intensity between the major transitions that are resolved. These
(43) Gouterman, MOptical Spectra and Electronic StructyrBolphin,

D., Ed.; Academic Press: New York, 1977; Vol. lll, Part A, pp1i65. (45) Moser, F. H.; Thomas, A. IThe Phthalocyanines: PropertieGRC
(44) Loew, G. H.Theoretical Inestigations of Iron Porphyrind_ever, A. Press: Boca Raton, FL, 1983; Vol. 1.

B. P., Gray, H. B., Eds.; Addison-Wesley Publishing Company: (46) McKeown, N. B.Phthalocyanine MateriajsCambridge University

Reading, MA, 1983; pp 487. Press: Cambridge, U.K., 1998.
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- T;nglggd with Dl = 105G Figure 7. Comparison of the magnetic susceptibility data (open circle)

and the calculated susceptibility curves determined using e§snith
variouszJk values (0.1 to about—0.6 K).

the extent of any sizable intermolecular magnetic interaction.
The experimental data are shown in Figure 7. At room
temperatureS ~ 2.5 anduerr = 5.96, consistent with a high-
spin Mn(ll) ion. The Curie constantC] and Weiss correction
(0) obtained are 4.47 and0.97, respectively. The negative
provides a measure of the zero-field splittirig) @nd the near-
neighbor superexchange interactiods (

Following earlier work, the susceptibility data were fitted
using a model proposed by Watan#end McElearney et &P
in which the intermolecular exchange interactions were treated

) ) as a perturbing molecular field. First, we write the total spin
Figure 6. EPR spectra of [Mn(M&BBZ)CI|CI (9): (a) experimental Hamiltonian of a single ion as

data (solid line) and calculated spectrum (dashed line) simulated without

inclusion of second-order effects on transition probabilities and

dx"/dB

1
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Magnetic flux density (Gauss)

2
forbidden transitions with|JA] = 95 G and |D| = 105 G. (b) H=gB8SH - DS, 1)
Experimental data (solid line) and fully simulated spectra (dashed line)
computed with the samgd| and |D| values as for (a). The energy levels for the ion for different orientations of the

. . ) » . magnetic field along the molecular y, z axes can be readily
smaller transitions are in the correct field positions to be assigned cjcylated. Using these results, we obtain the following expres-
to theAms = +1, Am = +1 forbidden transitions, and all 10 gjons for the anisotropic magnetic susceptibility:
expected transitions are discerned. These spectral features are

indicative of a nearly cubic environment for the high-spin Mn(ll) 2 _ _
ion, which is consistent with the out-of-plane distortion of the W= ZNQZ#B 1+9e D 4 25 ¢ 4D (2)
metal from the mean ligand plane. KT 1+ g DD 4 g EDIKD)

The value ofD, the axial splitting parameter, may be
estimated from the intensity of the transitidigsnother method 29+ 8KT _ 11KT g 2Dk _ 5KT g oD/kT)
involves analysis of the intensity ratios of the allowed transi- , _ NG D 2D D 3)
tions8 An upper limit of 156-200 G or 0.015-0.02 cnT! was 0 KT 1 + @ 2D/KD 4 g6DIKT)

estimated foD by this procedure. A more reliable determination

was obtained by spectral simulation using the program EPR- For high-spin Mn(ll), the moleculay values are isotropic. The

NMR (Department of Chemistry, University of Saskatchewan, molecular exchange field is then introduced by adding an

Canada). In this manner, the observed spectrum could beexchange term into the spin Hamiltonian. In the mean field

simulated to best-fit both the positions and intensities of the approximation g;J;S-S is replaced byA-S[S[) the thermal

forbidden lines. We obtaine| = 95 G andD = 0.01 cn1* equilibrium approximation and wheeis the molecular field

from these simulations. The calculated EPR spectrum using coefficient. The relation betweetrS[S0and 2SS is

these values shows good agreement with the experimental data

(Figure 6). —22]”3-51 ~ =273 3= AS B0 4)
Magnetic Susceptibility Measurements of the Mn- I

Me,BBZ Complex. In light of the unusual molecular packing

within the Mn—Me;BBZ crystal, temperature-dependent mag- where —2zJ = A and z and J denote the number of nearest

netic susceptibility measurements were performed to determineneighbors and the exchange integral, respectively. The molecular

(47) Kuska, H. A.; Rogers, M. TRadical lons Kaiser, E. T., Kevan, L., (49) Watanabe, TJ. Phys. Soc. Jprl962 17, 1856-1864.
Eds.; Wiley-Interscience: New York, 1968; pp 63866. (50) McElearney, J. N.; Losee, D. B.; Merchant, S.; Carlin, RPhys.
(48) Allen, B. T.J. Chem. Phys1965 43, 3820. Rev. 1973 B7, 3314-3324.
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exchange field is then

=z,
NQZ#B |

where yi' is the exchange-corrected susceptibility actually
measured and wheké denotes the external field. The resulting
exchange fields are assumed to be collinear.

Thus, there is an additional field turned on in the presence
of the applied or measuring field. Accordingly,

H H, i=1I,0 (5)

M; = xi(H; + H/") (6)
By definition the measured susceptibility is given by
= lim )

The exchange-corrected susceptibility is then given by [com-
bining eqgs (5-7)]

,= Xi
' 2z]

Xi
1 —
(NgzluBz

For powder samples, we obtain

Xi

) 8)

(9)

Figure 7 shows the fit to the experimental data in the form
of ypowded VS temperature plots. For the best fitk = 0.4 K
(0.278 cntt) andD/k = 0.01 K (0.007 cm?). From these two
results, it is clear that the value dhas a more significant effect
on the susceptibility data than the zero-field splitting. In fact, a
wide range ofD values fit the data fairly well (0.011 K),
indicating that the zero-field terms cannot account for the
observed magnetic features. Ginsberg et'dlave noted a
similar zero-field-independent magnetic susceptibility for a
dimeric system with intramolecular antiferromagnetic exchange
interaction.

From the sign of], the exchange interaction is also anti-
ferromagnetic in the present case. While the weak antiferro-

Xpowder: (ZXD' + XII')/3

Inorganic Chemistry, Vol. 39, No. 11, 200@375

phthalocyanines, however, while the potential of the Mn(ll)/
Mn(ll1) phthalocyanine couple is-0.1 V vs SCE, the second
oxidative wave centered at 0.86 V vs SCE originates from a
reversible ligand oxidatioPf Comparison of these redox
potentials suggests that porphyrins and phthalocyanines are
better at stabilizing higher oxidation states, the origin of these
different redox properties being the difference in the inherent
charges of the tetrapyrrole (dianionic) and bisbenzimidazole
(neutral) ligands. It will be interesting to learn how these redox
differences are reflected in the catalytic chemistry of metal
bisbenzimidazole complexes.

Discussion

Nonplanarity of Bisbenzimidazole ComplexesOne of the
most important features of the MBBZ ligand is its intrinsic
nonplanarity. Analyses of the diprotonated JB8Z and Mn—
Me;BBZ structures suggest that the driving force for this ruffling
stems from two types of steric interactions: (1) interactions
between the protons of the Schiff base with those on the phenyl
ring (the C(7-H hydrogen with the C(9yH hydrogen, and
the C(22>H hydrogen with the C(24)H hydrogen); (2)
interactions within each phenylbenzimidazole group between
the methyl substituent and the neighboring phenyl ring (the
C(15) methyl group with the C(12)H hydrogen, and the C(30)
methyl group with the C(2AH hydrogen (Figures 3 and 4).

In addition, geometric constraints require that specific atoms
within each phenylbenzimidazole unit be collinear (atoms C(29),
C(28), and C(25) being one set and atoms C(10), C(13), and
C(14) being the other). The net effect of these steric interactions
and geometric constraints is a significantly twisted ligand with
two distinct and well-defined ligand planes.

The extent of nonplanarity for different MBBZ complexes
can be evaluated by simply determining the out-of-plane
distances of each ligand atom from the mean plane of the four
liganding nitrogen atoms. These out-of-plane distances have
been calculated for both the diprotonated,BBZ ligand and
Mn—Me;BBZ complex and are shown in Figure 8. The relative
shifts (both above and below the plane) for the atoms in common
in both complexes reveal that the diprotonated:B&Z ligand
is more nonplanar, providing further evidence that bisbenz-
imidazole ruffling is an inherent feature of the ligand.

While a comparison of the nonplanarities of bisbenzimid-

magnetic coupling determined from these measurements would@zoles and porphyrins is more difficult, an analysis of their

not be favorable toward the preparation of ferrimagnetic

general features can be undertaken. In porphyrins, the displace-

materials, these data do support the notion that the “staircase’Ment of the G, and G, carbons is commonly used to estimate

motif can mediate weak electronic and magnetic interactions.
The sign of these exchange-coupled interactions (ferro- or

their nonplanar distortior®.For the MeBBZ ligand and Mnr-
Me,BBZ complex, the G atoms correspond to C(6), C(13),

antiferromagnetic) could be dependent on subtle alterations atC(20), and C(28), while thegatoms correspond to N(5), C(2),

the metal center (i.e., metal species, extent of ruffling, symmetry
of the metal environment). Further studies of other related

C(9), N(6), C(16), and C(24). The maximumnCand G,
displacements for several Mn(ll) porphyrins and the two

complexes should help to elucidate the factors that modulate Me2BBZ structures reported in this work are tabulated in Table

the nature of these intermolecular couplings.

Electrochemical Studies While cyclic voltammetry meas-
urements of the M@BZ ligand provide no evidence for ligand-
based redox activity, similar measurements of the-\e,BBZ
complex reveal a quasi-reversible redox wave for the bound
manganese ionAEgeak = 66 mV). A Mn(ll)/Mn(lll) redox
couple centered at 0.53 V vs ferrocene/ferrocenium (0.99 V vs
SCE) is observed in acetonitrile.

Manganese(ll) porphyrins also exhibit metal-centered oxida-
tions with Mn(11)/Mn(l11) and Mn(l11)/Mn(IV) redox potentials
of —0.2 and~1.0 V vs SCE, respectiveRZ>3 In Mn(ll)

(51) Ginsberg, A. P.; Martin, R. L.; Brookes, R. W.; Sherwood, RInGrg.
Chem.1972 11, 2884-2889.

4. These comparisons indicate that the ligand out-of-plane
distances for our ME8BZ compounds are significantly larger
than for porphyrins.

(52) Guilard, R.; Perie, K.; Barbe, J.-M.; Nurco, D. J.; Smith, K. M;
Caemelbecke, E. V.; Kadish, K. Mnorg. Chem.1998 37, 973~
981.

(53) Jeon, S.; Bruice, T. Gnorg. Chem.1992 31, 4843-4848.

(54) Lever, A. B. P.; Minor, P. C.; Wilshire, J. lhorg. Chem1981, 20,
2550-2553.

(55) Scheidt, W. R.; Lee, Y. Btruct. Bondingl987, 64, 1-70.

(56) Kirner, J. F.; Scheidt, W. Rnorg. Chem.1975 14, 2081-2086.

(57) Hill, C. L.; Williamson, M. M. Inorg. Chem.1985 24, 3024-3030.

(58) Scheidt, W. R.; Hatano, K.; Rupprecht, G. A.; Piciulo, Plnorg.
Chem.1979 18, 292-299.

(59) Navaza, A.; de Rango, C.; Charpin,Atta Crystallogr.1983 C39,
1625-1628.
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Figure 8. Perpendicular displacement of each atom, in units of 0.01 A, from the mean plane of the four nitrogen atoms that bind metal ions:
labeling scheme (left); [{Me,BBZ)](ClO4). (8) (center); [Mn(MeBBZ)CIICI (9) (right).

Table 4. Comparison of the Displacements of the &nd G reveal significant ruffling that is distinct from the classical modes
Atoms in Representative Nonplanar Porphyrins and the exhibited by porphyrins. The low symmetry of the ligand and
Displacements of the Corresponding Atoms in the Two its inherent nonplanarity lead to two distinct atropisomers that
Bisbenzimidazole Structures . . : .
in principle could be separated and used to prepare chiral shift

average absolute reagents and catalysts. Of equal interest is the unusual crystal-
distortion __displacement packing interactions exhibited by the Mivie;BBZ complex.
compound mode G Co?  ref The extensiver-stacking and compact metainetal distances

[H2(Me:BBZ)](CIOa), twist 93 136 suggest that materials based on bisbenzimidazoles have potential
[Mn(Me BBZ)CIICI twist s 110 for greater three-dimensional magnetic and electronic couplings
[\I/\I/Inrf(TTi?)((lF-’%Eélllr}?y ?lj)fm 38 Zlg gg than those found in typical porphyrin and phthalocyanine
[Mn(TPP)(2,6-LutNO}|CIO»  ruf 44 17 57 materials. Another major difference between porphyrins and
Mn(TTP)(NO¥ sad 16 35 58 bisbenzimidazoles is in their charge and electronic structures.
H,TPP* P sad 6 90 59 These differences could provide bisbenzimidazole complexes

aValue in A x 1% ® TPP: dianion of 5,10,15,20-tetraphenylpor-  With distinct properties that could lead to their use in new
phyrin. 1-Melm: 1-methylimidazole. 2,6-LutNO: 2,6-dimethylpyridine- applications. Indeed, recent studies describing the use of the
N-oxide.¢ TTP: dianion of 5,10,15,20-tetgatolylporphyrin. unigue properties of bisbenzimidazoles in sensing and catalysis

will be reported in due course.
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Summary and Conclusions Supporting Information Available: Cyclic voltamogram of the

We have synthesized a new class of nonplanar porphyrin Mn—Me;BBZ complex and listings of the additional crystallographic
analogue as the first step toward the development of novel data (coordinates and anisotropic thermal parameters). This material
catalysts and molecular materials. The structures of the dipro- is available free of charge via the Internet at http:/pubs.acs.org.

tonated MeBBZ ligand and the [Mn(MeBBZ)CI]* complex IC991322A





