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Abstract: A series of dinuclear triple-
helical complexes of iron(ir) and co-
balt() with  bis[2-(pyrid-2'-yl)benz-
imidazol-5-ylJmethane ligands 2 were
compared with the analogous mono-
nuclear complexes of Fe(i1) and Co(iin)
with 2-(pyrid-2'-yl)benzimidazole ligands
1. With the dinucleating ligands 2 only
one complex is formed, in contrast to the
mononuclear complexes, for which step-
wise formation is observed. The crystal

helicate does not involve significant
distortion of the metal coordination
sphere, and that a decrease in metal—
nitrogen bond length results in a longer
metal — metal distance. Magnetic suscep-
tibilities were measured between 243
and 323K in CD;CN solution for
[Co(1a);]**, [Cox(2a);]**, [Fe(1b);]",
[Fe,(2b)s]*, [Fe(La),]** and
[Fe,(2a);]*. Cobalt(i1) complexes and
iron(i1) complexes with methyl substitu-

ents at the 6-position of the pyridine
rings are high spin and show Curie
paramagnetism with no significant met-
al-metal  interaction. = Complexes
[Fe,(2a);]** and [Fe(la);]** are spin-
crossover systems; the dinuclear com-
plex shows greater stability in the low-
spin form. Electrochemistry does not
allow the separation of the two oxida-
tion waves of [M,(2a);]**, but the 'H
NMR spectrum of [Co'Co™(2a);]**

structures of  fac-[Co(1a);](ClO,);-
EtCN and [Fe,(2¢);](ClO,),-4 CH;CN
are reported and compared with previ-
ously determined triple-helix structures
to show that the formation of the

Introduction

The synthesis of helical coordination complexes (helicates)
has attracted considerable attention lately and has been the
subject of a number of recent reviews.'")] The rapid self-
assembly of these sophisticated structures is typical of
supramolecular chemistry.’! The modification of both the
ligands and the metal ions is straightforward and has provided
insights into the relative importance of different factors in the
assembly process. Among the properties of the resulting
helical complexes, the chirality,[*®! electrochemistry,’"l and
energy transfer!'>% have been studied. We have previously
studied a series of triple-helix complexes in which two

[*] Prof. A.F. Williams, Dr. L. J. Charbonniere, Dr. C. Piguet,
Dr. E. Rivara-Minten
Département de Chimie Minérale, Analytique et Appliquée
Universite de Geneve
30 quai Ernest Ansermet, CH-1211 Geneve 4 (Switzerland)
Fax: (+ 41)22-702-6069.
E-mail: alan.williams@§chiam.unige.ch

Dr. G. Bernardinelli
Laboratoire de Cristallographie aux Rayons-X
Université de Geneve (Switzerland)

Chem. Eur. J. 1998, 4, No. 3

Keywords: helical structures -
netic properties - mixed-valent com-
pounds - N ligands -

© WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1998

shows the system to be a classII
mixed-valent system. The oxidation of
the metal ions is not a cooperative
phenomenon.

mag-

spin crossover

octahedral metal ions are complexed by three bis-bidentate
ligands of type 2 (Scheme 1).141 Surprisingly, racemization of
the enantiomerically pure triple helix (+)-[Co,(2a);]**
was very slow at room temperature!™”l relative to the isomer-
ization of the analogous mononuclear complex [Co(1a),]>*.[1°!
Further studies showed the origin of this inertness to be
the rigidity of the helical system, the reorganization
of the coordination sphere of one metal being im-
possible without perturbing the coordination sphere of the
other.

This observation raises the general question of the extent to
which the incorporation of a metal ion into a dinuclear helical
structure modifies its properties relative to a simple mono-
nuclear complex. Both electronic effects arising from the
relative proximity of the two metal ions and their interaction,
and mechanical effects due to the linking of two metal ions by
a relatively rigid binucleating ligand can be envisaged. The
inertness of the triple helix [Co,(2a);]** is an example of a
mechanical effect. A more subtle effect is seen in [Co,(2b);]**,
in which the methyl substituents at the 6-position of the
pyridyl moieties limit the approach of the pyridine rings to the
metal ion and thus influence the redox potential of the cobalt
ion;!% in this case the helical architecture is important in that
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Scheme 1. Ligands used or referred to in this work.

it holds the three interacting methyl groups on the same face
of the coordination octahedron.

Here we report on the structure, magnetism and redox
properties of the triple helices, with a view to evaluating the
importance of electronic and mechanical interactions. As in
isomerization studies,'®!'7l the properties of the dinuclear
triple-helix complexes of 2 are compared with those of
analogous mononuclear complexes of 1.

Results

Synthesis and characterization of complexes: The complexes
[FeL;]** (L=1a, 1b) and [Fe,L;]*" (L=2a, 2b, 2¢) were
isolated as crystalline perchlorate salts. The IR spectra
showed bands due to coordinated ligands and free perchlorate
ions, and the ESMS spectra showed the expected peaks for
[Fe(1);)** and [Fe,(2);]*". The dinuclear species also showed
peaks due to [Fe,(2);(ClO,),]#9* cations (x =1,2). The UV/
Vis spectra in acetonitrile (Figure 1) showed an intense band

486 — © WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1998

in the region 300-340 nm assigned to
t —m* transitions of the ligand. The com-
plexes [Fe(1a);)**, [Fe,(2a);]*" and
[Fey(2¢);]**  showed  metal-to-ligand
charge-transfer (MLCT) bands typical of
low-spin  Felll'201 jn  the region 520-
530 nm, which are responsible for their
violet colour. Complexes [Fe(1b);]** and
[Fe,(2b);]** are yellow and do not show the
charge transfer band, although [Fe(1b);]**
showed a weak shoulder at 385 nm (e=
972Mm~'cm~!) which may be due to a MLCT
transition that is shifted to higher energy in
a high-spin complex.

The distinction between high- and low-
spin complexes suggested by the UV/Vis
spectra was confirmed by the 'H NMR
spectra in CD;CN. The high-spin complexes
[Fe(1b);]** and [Fe,(2b);]** showed only
[MpLg]2n+ very broad peaks, while low-spin
[Fe,(2a);]*" and [Fe,(2¢);]** showed the
spectra expected for a diamagnetic D,

&
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Figure 1. UV/Vis spectra of [Fe(1a);]** (unbroken bold), [Fe(1b);]**
(dashed bold), [Fe,(2a);]** (unbroken), and [Fe,(2b);]** (dashed) in
acetonitrile at 22°C.

symmetric species, although the signals were slightly broad-
ened by the presence of traces of high-spin iron(i1). Figure 2
shows the 'H NMR spectrum of [Fe,(2¢);]*", and Scheme 2
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Figure 2. '"H NMR spectrum of [Fe,(2¢);]* in CD;CN at 22°C.
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8 9 11 Structural analysis:

7 /41\ /1‘3\ ,1'7\ 12 Crystal structure of fac-[Co(1a);](ClO,);-

3 5 ‘? ? 1|6 | 13 EtCN: The crystal structure of the complex

? > NS \\N,6\1/2\ )5~14’19\N/ shows a [Co(1a);]** cation with three non-

™~ 4/5\6/N\ 2= \7='£ 810 \N= 24 14 coordinated perchlorate anions and a slightly
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o \, et 0/O\N N’O\23_15 cell contains two cations with opposite abso-

9 Pt/ et lute configurations, and the crystal structure

N 7 Ve exhibits alternating planes in which the cations

Scheme 2. Numbering scheme for carbon and hydrogen atoms.

the atom numbering. The helical nature of the complex is
clearly shown by the ABX; spin system of the ethyl groups,
which gives rise to a multiplet around ¢ = 5.30. The 'H NMR
spectrum of [Fe(1a);]** at room temperature is composed of
broad peaks, poorly resolved and spread over a few tens of
ppm. This behaviour is attributed to the presence of both fac
and mer isomers and to a large fraction of high-spin Fe!! (vide
infra). Changing the solvent ([Dg4]acetone) or lowering the
temperature (243 K) did not improve the spectrum.

The complex [Co(1a);](ClO,); was obtained by oxidation
of [Co(1a);](C10,),!' in acetonitrile with H,O,/HCIO, and a
catalytic amount of [Cp,Fe](BF,). The '"H NMR spectrum of
the isolated salt shows 36 signals in the range 6 =0-10, and
this indicates a mixture of fac and mer isomers of the low-spin
cobalt(iir) complex. On oxidation, the mer/fac ratio changed
from 82/18 for Co!' to 64/36 for Co'. The inert Co'!
complexes were separated on a cation-exchange resin with
HCI as eluent. Evaporation of the acid after elution allowed
the recovery of the pure isomers but in very low yields,
probably as a result of partial decomposition in the acidic
medium. The purity of the isomers was verified by 'TH NMR
spectroscopy, which showed nine signals for the fac isomer
and 27 for the mer isomer. COSY and NOED:Iff experiments
allowed assignment of all peaks, including the 27 different
protons of the mer isomer. The fac isomer was eluted second
and was isolated as X-ray quality crystals of the perchlorate
salt by recrystallization from propionitrile/tert-butyl methyl
ether.

A notable difference between ligands 1 and 2 was observed
upon titrating the free ligand with M salts. With 1 both Co!!
and Fe!' showed stepwise formation of complexes, whereas
with the binucleating ligands 2 only [M,L;]*" was
observed; the UV/Vis spectra showed isosbestic
points. This was confirmed by factor analysis of the
spectroscopic titration data, followed by least-
squares fitting of the equilibria for ligands 1
[Egs. (1-3)]. For ligands 2 the equilibrium of Equa-
tion (4) was fitted. The stability constants are listed in
Table 1.

Figure 3. ORTEP™! stereoview of the fac-[Co(1a);]** cation. Ellipsoids are shown at the
50% probability level.

M>* + L = [MLP* (1)
[ML]* + L = [ML,J** 2)
[ML,J** + L = [ML;]* 3)
2M" 4+ 3L = [M,Ls]* 4)
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all have the A or A configuration. The pyridine
and benzimidazole rings are planar within
experimental error. No particular intermolec-

Table 1. Stability constants for complexes measured at 22°C in acetoni-
trile.

Metal Ligand  logf,; log 3, log f35 log 3,3

Fell la 6.4(2) 12.2(3)  17.6(3)

Fell 1b 6.1(3) 11.04)  152(4)

Co! la 7.8(1) 14.9(2)  21.2(3) ref. [16]
Fel! 2a 19.6(8)

Fell 2b 22.6(6)

Fell 2a 20.2(2)

Co!! 2a >25 ref. [10]
Co! 2b 21.9(2)  ref. [10]

ular interactions were observed. The cation is composed of
three 1a ligands coordinated to the Co! atom in a fac
arrangement; a pseudo-C; axis passing through the cobalt
centre relates the three ligands. The coordination sphere
around Co' is a pseudooctahedron flattened along the
pseudo-C; axis, as reported for [Co(bipy);]**.?!! The average
Co-N,, distance is 1.96(1) A, 0.03A longer than in
[Co(bipy)s]** and close to that in [Co,(2a);]°",® as is the
average Co—Nj, distance of 1.91(1) A. The average dihedral
angle between pyridine and benzimidazole rings on the same
ligand is 2.2°, and the average bite angle N, .-Co™-Ng, is 82.2°.
A stereoscopic view of the A-fac-[Co(1a);]** cation is shown
in Figure 3.

Crystal structure of [Fey(2¢);/(ClO,),-4CH;CN: The crystal
structure contains a [Fe,(2¢);]*" cation, noncoordinated per-
chlorate anions and acetonitrile molecules in large interstices
between the helices. The cation is a dinuclear triple helix
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(Figure 4) in which the three ligands are wrapped around a
pseudo-C; axis passing through the two iron atoms. It is
situated on a crystallographic C, axis that passes through the
C13 bridge of one ligand. No stacking between aromatic

Figure 4. ORTEP! stereoview of the [Fe,(2¢);]** cation.

groups was observed, and the structure shows no significant
intermolecular interactions. The pyridine and benzimidazole
groups are planar within experimental error. Helicity results
from rotation about the interannular C—C bonds of the
ligands, as observed previously for analogous helical com-
plexes.['3221 The unit cell contains four cations, two with A and
two with A chirality. The coordination sphere around the
Fe(i1) centre is a pseudooctahedron slightly flattened along
the pseudo-C; axis. The average Fe—N distances are Fe—N,,,
2.00(2) and Fe—Nj, 1.96(1) A, typical for low-spin Fe!
coordinated to imine nitrogen atoms.”’] The average bite
angle N,,,-Fe-Ng, is 80.8(7)°, almost identical to that found by
Elliott et al. (81.2°).°l The Fe —Fe distance is 9.163(5) A.

Comparison of the structures: The two structures described
above, together with those published previously for the
cations [Co,(2a);]**, [Co,(2b);]*+,!% and [Co,(2a);]°*,® allow
the structural differences resulting from a
change of metal ion or from introducing
steric repulsion into the ligand (e.g., 2b) to
be analyzed. To discuss the geometry of the
coordination sphere, we regard the pseu-
dooctahedron as being formed from two
tripods with C; symmetry (Scheme 3), one
formed by M-N, bonds,
and the other by M-Ny,

ideal octahedron 6=54.7°) and the twist angle w, which
measures the extent to which one tripod has been rotated
about the threefold axis relative to the other (w =60° for a
perfect octahedron, 0° for a trigonal prism).

The relative orientation of the two bidentate domains of
ligand 2 can be characterized by the torsion angles C2-C3-
C13-C16 and C3-C13-C16-C15 (Schemes 2 and 4). When
these angles are zero, the two bidentate domains are closest to

each other; as the torsion in-
\N : N—
N N

creases they move apart and
reach a maximum separation

{ )N N{ )
Scheme 4. The two torsion an-

for torsion angles of 180°. The
three pseudo-C, axes of the
pseudo-D; helicates require
these two torsion angles to be
equal in an ideal structure. The
second parameter used to char- !

. gles used to characterize the
acterize the overall structure of pening of the ligand 2.
the complex is the area S¢; of
the triangle formed by the three
hinge methylene carbon atoms C13 joining the benzimidazole
moieties. Large values of Sc;; imply that the helix is flattened
along the axis, and small values correspond to elongation
along the axis, which brings the ligand strands closer together.
Table 2 lists the values of these parameters, averaged under
the assumption of D; symmetry for the triple helicates and C;
symmetry for [Co(1a);]**. Since the 'H NMR spectra show
clearly that the complexes have D; symmetry in solution, this
averaging is reasonable.

The data in Table 2 show that the coordination sphere in
[Co,(2a);]°" is identical within experimental error to that of
fac-[Co(1a);]**; clearly the formation of the dinuclear triple
helix does not impose any strain upon the coordination sphere
of the metal ion. This would seem to be generally true for the
other complexes, since the metal —nitrogen distances agree
well with those reported for nonhelical complexes,?! with the
exception of [Co,(2b);]**, in which the methyl substituents of
the pyridine rings are known to repel each other.'” The
decrease in the bite angle on crossing the series is a reflection
of the increase in metal —nitrogen bond length.

The metal-metal distances in these complexes show
considerable variation, and it is interesting to correlate them
with the structural parameters of the helix. Imagine a triple-
helical complex [M,(2);]*** in which the M-N distance is

Table 2. Averaged structural parameters for triple helical complexes and fac-[Co(1a);]*+.

bonds.'”! The coordination

) Parameter fac-[Co(1a);]** [Co,(2a);]* [Fey(2¢)3]** [Coy(2a);]** [Coy(2b)s]**
Scheme 3. The  SPherecanthen be discussed y & 1.912(9) 1.9203) 1.963) 21103) 2.06(2)
: . . _ fe M-N(bzim) . . ST oA :
coordination oc-  in terms of the M=N dis- "= 2 1.953(12) 196(3)  200(1)  217(3)  2.29(6)
tahedron is re-  tances, the bite angle of the average dy x (A) 1.93(3) 1.94(3) 1.98(3) 2.14(4) 2.18(12)
garded as two G5 chelates, the dihedral angle  bite angle (°) 822(2) 83.1(2) 80.8(6) 76.6(9) 76.2(16)
Lr;;;iﬁinsh:;g)l(g; y of the bond joining the dihedral angle x ()1 1(3) 2(4) 3(3) 99) 20(5)
: .' benzimidazole and ovridine 0 ) 58.4(17) 57.8(14)  58.8(7) 602(20)  62(4)
is the flattening Zimicazoic anc pyrdamne - . 55.7(17) 557(15) 5425 505(15)  54.6(12)
angle, and w is  groups of the chelates, the . ) 55(2) 56(2) 53(4) 47(7)
the twist angle in-  flattening angles 6 of the s (A?) 22.5(10)  22.4(10)  23.9(10)  26.8(10)
dicating the “ex- rinods, which represent the  dy.y (A) 9.146(6)  9.163(5)  8854(4)  8.427(4)
tent to which the Ref. [8] [10] [10]

lower tripod is ro-
tated with respect
to the upper.

488 —

extent to which the octahe-
dron has been deformed
along the C; axis (for an

© WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1998

[a] The average torsion angle of the N-C-C-N fragment of the chelate ring. [b] The torsion
angles averaged are C2-C3-C13-C16 and C3-C13-C16-C15.
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suddenly shortened (for example, by oxidation or a high- to
low-spin transition). The bidentate domain will try to move
closer to the helical axis, and examination of a model shows
two ways in which it can do this: reduction of the C3-C13-C16
bond angle or an increase in the torsion angles C2-C3-C13-
C16 and C3-C13-C16-C15. We would expect the change in
the torsion angle to be less expensive energetically, and
indeed the C3-C13-C16 bond angles show no significant
variation in these structures. The torsion angles show a
considerable spread, but the average for assumed D; symme-
try shows the expected increase as the bidentate domains
move further apart and the metal —metal distance increases.
Similarly, C13 moves closer to the helical axis, and this leads
to a decrease in S¢;3. A further prediction of the model is that
the flattening angle 6 should decrease, as should the twist
angle w, but these angles are equally modified directly by a
decrease in metal —nitrogen bond length, which leads to an
increase in 0 and a decrease in w. It is difficult to ascertain the
relative importance of each effect in the changes in these
parameters. It does, however, seem clear that the metal -
nitrogen distance can influence the pitch of the helix and
therefore the metal — metal distance.

Magnetic properties of the complexes: The molar suscepti-
bilities and effective magnetic moments of complexes
[Co(1a)s], [Coy(2a):]*, [Fe(1b):]*", [Fex(2b)s]*,
[Fe(1a);]** and [Fe,(2a);]** were measured in CD;CN
between 240 and 330 K by the Evans method,?* adapted for
large diamagnetic contributions.*’!

Co" complexes: The molar magnetic susceptibility of
[Co(1a);]** followed a Curie—Weiss law (y=C/(T-0)),
where C=2.9(3) cm*mol'K~! and 6=2(3) K. The small
value of 6 suggests essentially Curie-type behaviour for this
cobalt complex, and the effective magnetic moment was
constant, with an average value of 4.85 BM, typical of high-
spin Co" complexes.?) The dinuclear Co" triple helix
[Co,(2a);]* also showed Curie-type behaviour, with C=
6.2(1) cm*mol'K~! (§=—1(6) K for a Curie—Weiss fit).
The effective magnetic moment was constant, with an average
value of 703 BM. If the two metals in the helix are magneti-
cally independent, the magnetic susceptibility of the complex
would be expected to be the sum of the susceptibilities of two
mononuclear subunits equivalent to fac-[Co(1a);]**. The
observed value of 6.2(1) cm*mol~'K~! is indeed very close
to twice to that observed for [Co(1a);]**, and the slight
difference may be due to the fact that in solution [Co(1a);]**
is a 82/18 mixturel'® of mer and fac isomers. These results
indicate that the magnetic coupling between the two cobalt
ions is negligible in the triple helix, as expected from the large
intermetallic distance of 8.855 A. The value of € close to zero
is also consistent with two magnetically independent nuclei
with no significant interaction.

Fe'' complexes: The molar magnetic susceptibility of
[Fe(1b);]** (Figure 5) showed a slight deviation from Curie-
type behaviour, with C=3.7(1) cm*mol'K~! and 6=
—10(3) K. The nonzero value of € may arise from changes
in the mer/fac ratio with temperature,?’l although this was not

Chem. Eur. J. 1998, 4, No. 3
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Figure 5. yTas a function of T for [Fe(1a);]**, [Fe(1b);]**, [Fe,(2a);]** and
[Fe,(2b);]** in acetonitrile.

seen for [Co(1a);]>*.') The effective magnetic moment was
constant, with an average value of 5.24 BM, typical of high-
spin Fe!! complexes.’®! The magnetic susceptibility of the
dinuclear triple helix [Fe,(2b);]*+ followed Curie-type behav-
iour with C=74(1) cm*mol~'K~! (a Curie—Weiss fit gave
0=—3(4) K). As for [Co,(2a);]*, C was twice that of the
mononuclear analogue, indicating a negligible magnetic
coupling of the two nuclei in the triple helix. The effective
magnetic moment is constant, with a mean value of 7.65 BM.

For [Fe(1a);]** the magnetic susceptibility shows non-Curie
behaviour, the effective magnetic moment increasing with
temperature (Figure 5) as a result of a spin-crossover tran-
sition from the low-spin 'A; to the high-spin 37, electronic
state in pseudo-O, symmetry [Eq. (5)], which is well known

K <
1A, == °T, 5)

for Fe! complexes having polyimine-type ligands.?®! The
transition is described by the equilibrium constant K, which
is the ratio between the molar fractions of the high- and low-
spin configurations and may be obtained from Equa-
tion (6).") Here xys and x5 are the molar fractions of high-

iy — ks

and low-spin Fe', y., is the observed molar magnetic
susceptibility, yys and y;s are the susceptibilities for com-
pletely high-spin and low-spin complexes, (. is the effective
magnetic moment and uyg and y, g are the effective magnetic
moments for pure high-spin and low-spin complexes. By
taking u;s=0, and wuus=524BM from the value for
[Fe(1b);]?*, values for K, were calculated that led to AH®=
20.1(8) kJmol~' and AS°=67(3) mol'K~!, typical for this
type of complex.l'”2® The transition temperature T,, for
which xps = x;3=0.5, was 299 K. The plot of In K, against 1/T
was slightly curved; possible reasons for this deviation are: a)
a nonzero value of u;g, as observed for similar complexes®!
(however, variation of the value in the range 0-0.7 BM did
not improve the fit); b) the presence of Fe! impurities, which
we discount since this would require more than 10 % Fe'; and
c) a change in the mer/fac isomer ratio with temperature. This
has already been observed for tris(2-methylaminopyridine)-
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iron(i1) iodide.’”) In the solid state, this complex shows mer
high-spin and fac high-and low-spin isomers, but no mer low-
spin isomer at room temperature.

For the dinuclear triple helix [Fe,(2a);]**, spin crossover is
also observed, but the transition was far from complete, even
at the highest temperature. Clearly [Fe,(2a);]** is stabilized in
the low-spin form relative to [Fe(1a);]**. Using the values of
U s=0 and uyus=7.65 BM one can calculate K, for the
double spin transition [Eq. (7)].

K

[Fe(LS),(2a)]** [Fe(HS),(2a);]** O

A plot of In K, against 1/7T with the values for which u >
1 BM (to avoid large errors from a possible nonzero value of
ts) gave AH’=31.1(4) kIJmol~! and AS=76(3) Jmol'K!
and did not show the curvature observed for [Fe(la);]**,
which is consistent with this effect arising from a mixture of
mer and fac isomers. These values should be regarded as
indicative since a complete crossover was not observed, and it
is possible that, in the temperature range studied, the
transition takes place only to the mixed-spin species
[Fe(LS)Fe(HS)(2a),]*.

Electrochemistry and electron-transfer  properties:
[Fe(1a);]**, [Fe,(2a);]*" and [Fe,(2¢);]** had similar cyclic
voltammograms, with Fe''/Fe'' oxidation waves near + 0.8 V
vs. SCE (Table 3). The peaks were broadened due to the
presence of mer and fac isomers for [Fe(1a);]*" and by two

Table 3. Electrochemical data, E;, (AE,), for complexes as perchlorate
salts in acetonitrile (0.1m Bu,NPF). Ey, in V vs SCE; AE,, in mV.

Complex MM Ligand reduction Ref.
Fe(1a),]** +0.80 (75) —1.40 (100), —1.58 (90)
Fe,(2a);]**  +0.85 (100) —1.43 (100), —1.69 (110)
Fe,(2¢);]**  +0.84 (120) —1.41 (130), —1.71 (85)

—1.08 irrl®

— 148 irr

—1.17 (110), —1.33 irr

—1.19 (90), —1.68 irr [10]
—1.05 (90), —1.25 irr [10]
—1.13 (60), —1.71 irr

[

[

[

[Fe(1b),]** n.o.la
[Fe,(2b);]**  n.o.
[Co(la),*  +0.44 (90)
[Coy(2a),]*  +0.37 (160)
[Co,(2b);]**  n.o.

[

Coy(2¢)5]*  +0.38 (105)

[a] n.o.: not observed; irr: irreversible.

successive one-electron oxidations for [Fe,(2a);]** and
[Fe,(2¢);]*.P1 Ligand-centred reduction was observed at
potentials below — 1.4 V. [Fe(1b);]** and [Fe,(2b);]** showed
no wave corresponding to oxidation of Fe!, and at negative
potentials gave a broad, irreversible reduction wave. Succes-
sive sweeping of the potential showed the voltammograms to
be irreproducible, presumably because of deposition of
material on the surface of the electrodes.

The cyclic voltammogram obtained for [Co,(2¢);]** was
very similar to that previously found for [Co,(2a);]**.l1%
Surprisingly, however, [Co(1a);]** exhibited a Co"/Co™
oxidation wave at +0.44V, significantly higher than the
values for [Co,(2a);]** and [Co,(2¢);]**. Note that the mer/fac
ratio decreases from 82/18 for [Co(1a);]**['] to 64/36 for
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[Co(1a);)**, as determined by NMR spectroscopy after
oxidation.

Since the cyclic voltammetry experiments gave little
information on the stability of the mixed-valent helicates, a
synthetic approach was adopted. Equimolar amounts of
[Co,(2a);]* and [Co,(2a);]°" were mixed in CD;CN and the
'H NMR spectrum of the solution monitored. Immediately
after mixing, the spectrum corresponded to a mixture of the
starting materials, but after 30 min a new species with a
spectrum showing 17 signals was clearly visible, and this
steadily increased to an equilibrium value over one day. The
spectrum of the new species could be analysed in terms of
eight signals typical of a benzimidazole-pyridine ligand bound
to Co™, as in [Co,(2a);]%*, and eight signals typical of the
ligand bound to a paramagnetic Co™ centre. The final signal,
assigned to the methylene bridge joining the two halves of the
ligand, appeared as a broad AB spin system at 6 =— 0.82. This
spectrum corresponded that expected for a localized mixed-
valent complex [Co,(2a);]>" with one paramagnetic and one
diamagnetic centre, and the assignment was confirmed by
COSY and NOEDiff measurements. The clear separation of
the diamagnetic and paramagnetic domains of the complex
indicates a class II mixed-valent complex and implies that
intramolecular exchange between Co!' and Co™ centres is
slow on the NMR timescale, presumably as a result of the
considerable change in Co—N bond lengths and the spin
change upon electron transfer.?*3! The long time required for
the establishment of equilibrium [Eq. (8)] is, however,
probably a result of the highly unfavourable outer-sphere
term associated with the interaction between +4 and +6
ions in acetonitrile in the absence of added electrolyte.

Keomp
[Co™(2a);]* + [Co™y(2a),]"" == 2[Co"Co™(2a);]* ®)

Integration of the signals of the different complexes
allowed the calculation of the comproportionation constant
Keomp="06.5(1) in CD,CN. This is slightly higher than the
statistical value of four®? and implies that the oxidation of one
Co' centre does not favour the oxidation of the other and that
the process is noncooperative. From K, one may calculate
AE,,, the difference in oxidation potential between
the couples [Co,(2a);]*/[Co,(2a);]>" and [Co,(2a);]**/
[Co,(2a);]°* by Equation (9).5% This value is in accord with

AE, = (RTIF)InK gy = 46 mV )

the broadening (AE, =105 mV) observed for the oxidation
peak in the cyclic voltammogram of [Co,(2a);]**. Elliott et
al.’ have prepared a series of dinuclear triple helices of Fel!
with 4,4'-disubstituted 2,2'-bipyridine ligands in which the
length of the spacer can be varied. They have used the
electrochemically determined values of AE,, and the inter-
metallic distances r from X-ray crystallography or molecular
modelling calculations to calculate ¢, the dielectric constant of
the medium. The values for ¢ lie between 12.3, the value for
pyridine, and 39, the value for the solvent acetonitrile. For
[Co,(2a);]>*, with an estimated value of r as the average of the
isovalent Co and Co™! helices, 9.00 A, we obtain a value for &
of 34.7.
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Discussion

We now return to the question raised in the introduction
concerning the nature of the differences between mono- and
dinuclear species. Clearly, in the systems studied here the
electronic interactions are weak, as shown by the magnetic
behaviour of the high-spin systems, by the single metal-
centred oxidation or reduction peak observed electrochemi-
cally, and the value of the comproportionation constant Ky,
of 6.5(1) for [Co,(2a);]°*+, which is close to the statistical value
of four. Given the relatively long metal —metal distances, this
is not unexpected. Mechanical interactions are, however,
more important, and are undoubtedly responsible for the
major difference in formation equilibria: the dinuclear ligands
show only one complex [M,(2);]***, while the mononuclear
ligands give mixtures [M(1),]**, n =1-3. The formation of the
dinuclear complexes thus obeys the criteria for a strict self-
assembly reaction as defined by Lindsey.) The fac arrange-
ment of the methylpyridine moieties in the dinuclear com-
plexes results in steric repulsions between methyl groups in
the 6-positions; this was found previously for Co™ ') and has
now been shown to influence the oxidation potential of Fe!l
and the magnetic spin state, as has been reported previously
for spin-crossover complexes.?43]

The dinuclear complexes differ significantly from the
mononuclear species in two properties: the oxidation poten-
tial of [Co(1a);]** and [Co,(2a);]*" and the spin-crossover
transitions of [Fe(1a);]** and [Fe,(2a);]*". Both oxidation of
Co" and the transition of Fe' from high spin to low spin
require shortening of the metal —nitrogen bonds as a result of
removing two electrons from the antibonding e, orbitals. The
shortening is 0.15—-0.20 A both for spin crossover?33 and for
oxidation (Table 2), and therefore similar forces will be
exerted by the metal ion upon the ligand strands as a result
of these transitions. The complex [Co,(2a);]** is more readily
oxidized than [Co(1a);]**, and [Fe,(2a);]** shows greater
stability in the low-spin state than [Fe(1a);]**; both observa-
tions suggest that the dinuclear system favours the form with
the shorter bond lengths.

This is not the only possible explanation: it was suggested
on the basis of theoretical calculationsB®37] that spin crossover
takes place by means of a trigonal twist, and the degree of
trigonal twist has been correlated with the amount of high-
spin form present; low values of the twist angle o correspond
to the high-spin state.?>3! If this is so, then constraints in the
helical structure might prevent the untwisting necessary to
lead to the high-spin state. As we have discussed elsewhere,
Bailar and Ray-Dutt twists are impossible for these triple-
helix structures.'®! This restriction of twisting would not,
however, be expected to stabilize the Co' oxidation state in
[Co,(2a);]°", and so the size-selectivity argument, which
explains both effects, seems preferable.

Experimental Section

Materials: Solvents and starting materials were purchased from Fluka AG
(Buchs, Switzerland) and used without further purification unless otherwise
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stated. Ton-exchange column chromatography was performed with Sepha-
dex SPC25 (Sigma) or Dowex 1X2 (Fluka).

Spectroscopic and analytical measurements: UV/Vis spectra were recorded
in acetonitrile at 103 to 10~*M concentration in quartz cells of 1 and 0.1 cm
path length in Perkin—Elmer Lambda 5 and Lambda 2 spectrometers.
Spectrophotometric titrations were performed as described previously.[']
Absorbance data were collected at ten different wavelengths, and the
number of absorbing species was determined by factor analysis. The data
were then fitted to the proposed equilibium model by the procedure
described by Gampp et al.’” The average difference between observed and
calculated absorbances was typically 0.003 absorbance units. IR spectra
were obtained from KBr pellets in a Perkin—Elmer 883 spectrometer.
Cyclic voltammograms were measured on Tacussel PRGE-DEC or BAS-
CV-50 W potentiostats linked to a function generator. A three-electrode
system was used, with a stationary Pt disc as working electrode, a Pt
counterelectrode and a nonaqueous Ag/Ag* reference electrode. The inert
electrolyte was Bu,NCIO, (0.1m in CH;CN), previously recrystallized from
ethanol. Acetonitrile was freshly distilled over P,Os and passed through an
alox I column prior to use. The reference potential was standardized with
[Ru(bipy);](ClO,),.[*) Voltammograms were recorded at 100 mVs~! and
analysed according to established procedure.*! ES-MS spectra were
recorded on a Finnigan-Mat SSQ 7000 spectrometer at the Mass Spectro-
scopy Laboratory of the University of Geneva. 'H and '3C NMR spectra
were recorded on a Varian Gemini 300 spectrometer; chemical shifts are
relative to TMS as internal standard; the temperature was calibrated as
previously described.[*!l Magnetic susceptibilities in CD;CN were meas-
ured by the Evans method®! on the Varian Gemini 300 spectrometer, with
modifications for a superconducting magnet.[”l Data were corrected for
diamagnetic contribution of the ligand with the molar susceptibility of 2a
for dinuclear triple helices and half of this value for the mononuclear
complexes.?>#] The apparent molar susceptibility measured for 2a was
—4.44 x10~*cm?*mol~! at 293 K for a concentration of 0.024M. Molar
susceptibilities of the complexes were measured at 10 K intervals between
243 and 333 K. The densities of solutions in acetonitrile d, were corrected
for temperature.?>#

Molar susceptibilities were converted to effective magnetic moments u. by
Equation (10).['] Elemental analyses were performed at the Microanalyt-
ical Laboratory of the University of Geneva. Metal contents were
determined by atomic absorption spectroscopy after acidic mineralization.

T.MW( Av S,.c
Hy =2.828\/ S,c (T'{*S/.C.ZO—WZJJ (10)

Preparation of the ligands: The ligands 5-methyl-2-(1-methylbenzimidazol-
2-yl)pyridine  (1a),'!  6-methyl-2-(1-methylbenzimidazol-2-yl)pyridine
(1b),"** bis[5-(1-methyl-2-(5'-methyl-2'-pyridyl)benzimidazolyl) Jmethane
(2a),1°1  bis[5-(1-methyl-2-(6'-methyl-2'-pyridyl)benzimidazolyl) Jmethane
(2b),' and  bis[5-(1-ethyl-2-(5'-methyl-2’-pyridyl)benzimidazolyl) me-
thane (2¢)!'") were prepared according to literature procedures.

Preparation of the complexes: Caution! Combinations of perchlorate salts
with organic solvents are potentially explosive and should be handled with
the necessary care.”] The complexes [Co(1a);](ClO,),- MeOH!") and
[Co,(2a);](ClO,), ' were prepared according to literature procedures.

[Fe(1a);](C10,4),: Compound 1a (67 mg, 0.031 mmol) was dissolved in
CH,Cl, (2 mL), and Fe(ClO,),-6H,0 (36.3 mg, 0.1 mmol) in acetonitrile
(8 mL) was added. The violet solution was evaporated to dryness, the solid
was dissolved in acetonitrile (2 mL) and ether was added to the solution
until precipitation began. The mixture was cooled (—20°C) and the violet
solid collected by filtration to give 92.4 mg (96 %) of [Fe(1a);](ClO,),-
2H,0. FeC,,H3NyCl,05-2H,0: caled C 52.50, H 4.52, N 13.12; found C
52.50, H 4.34, N 12.80; IR: 7 =3119, 3063 [v(CHATr)]; 1602, 1584 [v(C=C),
v(C=N)]; 1473, 1442 [6(CH;)]; 1090, 622 cm™! [v(ClO,)]; UV/Vis (aceto-
nitrile): Ay, (¢) =332 (63060), 520 nm (4530); ES-MS (CH;CN): m/z =
362.8 ([Fe(1a);)**, 100%), 224.1 ([1a+H]*, 20%).

[Fe(1b);](C10,),: The complex was obtained similarly to [Fe(1a);](ClO,),
from Fe(ClO,),-6H,0 (61mg, 0.168§ mmol) and 1b (112.4 mg,
0.050 mmol). After drying (6 h/1072Torr/50°C), 122mg (77%) of
[Fe(1b);](Cl0O,), - H,0 was obtained as a yellow solid. FeC,H3NoCl,O4-
H,0: caled C 53.51, H 4.39, N 13.38; found C 53.11, H 4.22, N 13.30; IR:
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7=3074 [v(CHAT)]; 1603, 1570 [v(C=C), »(C=N)]; 1483, 1438 [0(CHS3)];
1089, 622 cm™! [v(ClO,)]; UV/Vis (acetonitrile): A,,,, (¢) =310 (57050), 385
(sh) nm (972); ES-MS (CH,CN): m/z =362.8 ([Fe(1b);]**, 100%), 271.6
([Fe(1b),(CH,CN)**, 41%), 224.1 ([1b+H]*, 20%).

[Fe,(2a);](C10,),: Compound 2a (100 mg, 0.218 mmol) in CH,Cl, (1 mL)
was added to Fe(ClO,), -6 H,O (53 mg, 0.146 mmol) in acetonitrile (5 mL).
The solution, which immediately turned deep violet, was evaporated to
dryness, the solid was dissolved in acetonitrile (1 mL), and methanol was
slowly diffused into the solution. After filtration and drying (2 h/10-2 Torr/
20°C), 120.6 mg (84 %) of deep violet crystals were obtained. Fe,Cg;H7gN 5.
Cl,044-2H,0 - CH;CN:: caled C 54.46, H 4.37, N 13.56; found C 54.33, H
4.70, N 13.34; UV/Vis (acetonitrile): A, (¢)=332 (141000), 534 nm
(12800); 'H NMR (300 MHz, CD,CN, 25°C, TMS): 6 =2.04 (s, 18 H), 3.42
(s, 6H), 3.67 (s, 6H), 4.95 (s, 18 H), 6.85 (d, 6 H), 7.59 (d, 6H), 8.34 (d, 6 H),
9.61 (s, br, 6H), 10.44 (d, 6H); *C NMR (75.44 MHz, CD;CN, 25°C): 6 =
20.8, 37.5 (CH;); 40.9 (CH,); 117.3, 117.8, 127.5, 132.6, 140.9, 157.3 (CH);
137.7,138.1, 1473, 152.7, 166.5 (br), 163.5 (br, Cyy)-

[Fe,(2b);]1(Cl0,),: Fe(ClO,),-6H,0 (50.0 mg, 0.137 mmol) in acetonitrile
(1 mL) was added to 2b (95 mg, 0.207 mmol) in CH,Cl, (2 mL). The deep
yellow solution was stirred for 5 min and evaporated to dryness. The solid
was dissolved in the minimum amount of acetonitrile, and precipitation was
achieved by addition of diethyl ether to the concentrated solution and
cooling the mixture to —20°C to give 124 mg (93 %) of [Fe,(2b);](ClO,),-
4H,0 as a yellow powder. Fe,Cg;H7NsC1,0-4H,0: caled C 53.38, H
4.43, N 12.88; found C 53.29, H 4.40, N 12.87; IR: 7=3079 [v(CHAIr)];
1604, 1570 [v(C=C), v(C=N)]; 1486, 1431 [6(CH;)]; 1091, 622 cm™
[»(ClOy)]; UV/Vis (acetonitrile): A, (¢)=320nm (94280); ES-MS
(CH;CN): m/z =371.7 ([Fey(2b)s]**, 100%), 271.6 ([Fe,(2b);](CIO,)]*+,
8%), 459.6 ([2b+H]", <5%).

[Fe,(2¢);]1(C10,),: The complex was obtained similarly to [Fe,(2a);](ClO,),
from Fe(ClO,),-6H,0 (192mg, 0.053 mmol) and 2c¢ (38.6mg,
0.079 mmol) to give deep violet crystals of [Fe,(2¢);](ClO,),-4.6H,0
(43 mg, 79 %). Slow diffusion of methanol into a concentrated solution of
the complex in CH;CN gave crystals suitable for X-ray diffraction.
Fe,CosHooN15Cl,0y- 4.6 H,O: caled C 54.41, H 4.88, N 12.28; found C
54.59, H 5.01, N 12.21; '"H NMR (300 MHz, CD;CN, 25°C, TMS): 6 =1.81
(t,3] = 6.6 Hz), 2.05 (s, 18H), 3.38 (s, 6 H), 3.90 (s, 6 H), 5.25 (m, 12H), 6.85
(d, 6H), 7.61 (d, 6H), 8.33 (d, 6H), 9.62 (brs, 6H), 10.24 (d, 6H); *C NMR
(75.44 MHz, CD;CN, 25°C): 6 =16.9, 21.6 (CH;); 41.2 (CH,); 117.6, 117.8,
128.1,133.6, 1417, 156.9 (CH); 136.2, 137.4, 146.7, 155.0, 158.5, 165.8 (Cyuar);
IR: #=1604, 1570 (C=C, C=N), 1091, 622 cm~! (ClO,); UV/Vis (aceto-
nitrile): A, (€)=332 (134000), 532nm (12650); ES/MS (CH,CN):
miz=393.4 [Fey(2¢);]**, 556.8 [Fe,(2¢),(ClO,) [P+, 885.2 [Fe,(2¢);(ClO,), "

[Co(1a);](C10,);: [Co(1a);](ClO,), - MeOH (413 mg, 0.49 mmol) was dis-
solved in acetonitrile (10 mL) and H,0O, (100 pL, 30 % in water) and HCIO,
(130 uL, 70 % in water) were added together with [Cp,Fe]BF, (2 mg) The
solution was heated for 14 h at 40°C. After cooling, the solution was
concentrated under reduced pressure and the complex precipitated by
adding a saturated solution of LiClO, in water. The red-orange solid was
collected by filtration, washed with cold water, dissolved in 5mL of
acetonitrile and diluted to 100 mL with water. The complex was absorbed
on Dowex 50 WX 2 cation exchange resin in the H* form (10 g). The resin
was placed on a column of the same resin (diameter 1 cm, length 50 cm).
Elution with increasing concentration of aqueous HCI (1-4m) gave two
distinct bands corresponding to the two isomers; the mer isomer was eluted
first. Fractions of the mer isomer were collected, evaporated to dryness and
dissolved in the minimum amount of MeOH. The insoluble residue was
filtered off and the complex precipitated by addition of THF. Recrystal-
lization from methanol/acetone gave 98 mg (24 %) of orange mer-[Co-
(1a);]CL;. 'H NMR (300 MHz, CD;0D, 25°C, TMS): 6 =2.37 (s, 3H), 2.40
(s, 3H), 2.48 (s, 3H), 4.41 (s, 3H), 4.44 (s, 3H), 4.65 (s, 3H), 5.23 (d, 1H,
3J="77Hz), 5.31 (d, 1H,3/=7.7 Hz), 5.46 (d, 1H, 3/ =7.6 Hz), 7.03 (t, 1H,
3J =76 Hz), 723 (dt, 1H, 3/ =73 Hz, 7 <1 Hz), 729 (t, 1H, 3/ =8.0 Hz),
7.52 (t, 1H, 3/=79 Hz), 7.55 (s, 1 H), 7.56 (t, 1H, 3/ =9.1 Hz), 7.63 (t, 1H,
3J=8.0 Hz), 7.75 (s, 1H), 7.77 (s, 1H), 791 (d, 1H, 3/ = 8.4 Hz), 797 (d, 1H,
3J=8.0Hz), 7.99 (d, 1H, 3/ =8.5 Hz), 8.45 (d, 1H, 3/ =79 Hz), 8.46 (d, 1 H,
3J=8.3Hz),8.54 (d,1H,3/ =82 Hz),8.73 (d, 1H,3/=8.4 Hz),8.86 (d, 1 H,
3J=82Hz), 8.89 (d, 1H, 3/=8.4Hz); BC NMR (75.44 MHz, CD;0D,
25°C): 0=19.24, 19.42, 19.50, 34.25, 34.35, 34.39 (CH;), 114.72, 114.74,
114.80, 114.99, 115.02, 115.43, 127.98, 128.16, 128.25, 128.45, 128.46, 128.72,
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128.81, 128.98, 129.27, 145.23, 145.78, 146.01, 154.90, 155.00, 155.37 (CH),
137.66, 138.02, 138.51, 139.06, 139.19, 139.22, 144.00, 144.43, 144.46, 146.06,
146.52, 147.45, 152.11,152.70, 152.75 (Cquy); IR: 7= 3040 [v(CHAr)]; 1606,
1583, 1550 [»(C=C), »(C=N)]; 1481, 1416 [0,m(CH;)], 831, 743
[0(CHATr)]; UV/Vis (acetonitrile): 4, (¢) =338 nm (38700).

Fractions of the fac isomer were collected, evaporated to dryness, dissolved
in S mL of water and precipitated with saturated NaClO, in water. Slow
diffusion of fert-butyl methyl ether into a concentrated solution of fac-
[Co(1a);](ClO,); in propionitrile afforded red prisms suitable for X-ray
diffraction. Yield: 37 mg (6 %) CoC,H;3gNyCl,0,, - C;HsCN: caled C 49.93,
N 12.94, H 4.11; found C 49.68, N 12.84, H 4.13; '"H NMR (300 MHz,
CD;CN, 25°C, TMS): 6 =2.37 (s, 3H), 4.44 (s, 3H), 524 (d, 1H, /=
8.6 Hz), 707 (m, 1H), 7.20 (s, 1H), 7.55 (m, 1H), 7.89 (d, 1H, 3/ =8.5 Hz),
8.25 (d, 1H, 3/=8.4 Hz), 8.56 (d, 1H, 3/ =83 Hz); *C NMR (75.44 MHz,
CD;CN, 25°C): 6 =19.70, 34.92 (CH,), 114.87,115.08, 127.73, 128.11, 128.54,
144.51, 154.64 (CH), 138.10, 139.14, 144.24, 144.80, 151.71 (Cya); IR: 7=
3123 [v(CHATr)], 2242 [v(C=C)], 1605, 1585, 1545 [v(C=C), v(C=N)], 1482
[0(CH3)], 1089, 621 [v(ClO,)]; UV/Vis (acetonitrile): A, (¢)=334
(44000), 521(sh) nm (180).

Crystal structure of fac-[Co(1a);](Cl0,);- EtCN: Co(C,H 5N3);(C;HsN)-
(Cl0y);, M,=1082.2, F(000)=1116. Red prism, 0.076 x 0.24 x 0.24 mm,
mounted on a quartz fibre with RS3000°. Triclinic, P1, Z =2, a =11.201(1),
b=13487(1), c=17434(1)A, a=84.657(4)°, [=80.094(4)°, y=
65.895(5)°, V=2367.4(4) A3, from 23 reflections (37 <26 < 62°), Peaea=
1.52 gem 3. Cell dimensions and intensities were measured at 170 K on a
Nonius CAD4 diffractometer with Cug, radiation (1 =1.5418 A), w—20
scan; two reference reflections measured every 45 min showed variations
less than 3.00([). (4 <260 < 110°); 5930 measured reflections, of which 5019
were observable (|F,|>40(F,)). Data were corrected for anomalous
dispersion, Lorentzian polarization and absorption effects (u =5.033 mm,
absorption coefficient A*, min 1.471, A* max 2.938).14! Solution by direct
methods with MULTAN 874! all other calculations used the XTAL 3.21481
system and ORTEP II* programs. The 21 aromatic hydrogen atoms were
refined isotropically; non-hydrogen atoms were refined anisotropically
with atomic scattering factors and anomalous dispersion terms taken from
ref. [50]. Full-matrix least-squares refinement on |F| with weights of
1/0*(F,) gave final values of R=0.079, R,=0.054 for 704 variables
and 5019 contributing reflections. The mean shift/error on the last cycle
was 0.0027, and the maximum was 0.078. The final difference electron
density map showed maximum and minimum of +1.20 and —0.87 ¢ A3,

Crystal structure of [Fe,(2¢);](Cl10,),-4CH;CN:  Fe,(CsH3Ng)s-
(C10,)4,(CH;CN),, M,=2133.6, F(000) =4440. Violet prism, 0.20 x 0.25 x
0.25 mm, mounted in a capillary containing mother liquor. Monoclinic, C2/
¢, Z=4, a=27.193(6), b=15.477(5), c=24.814(3) A, f=96.00(2)°, V=
10386(4) A3, from 28 reflections (11 <26 < 23°), Peyeq = 1.36 g cm3. Cell
dimensions and intensities measured at room temperature on a Stoe
STAD 14 diffractometer with Moy, radiation (1 =0.71069 A), w—26 scan,
two reference reflections measured every 60 min showed variations of
about 7% during data collection, and data were corrected for this drift.
10019 measured reflections, 3 <2 6 < 40°, 4849 unique reflections, 2809 ob-
servable (| F,|>40(F,)); R,,=0.082 for equivalent reflections. Data were
corrected for anomalous dispersion and Lorentzian polarization, but not
absorption (1= 0.454 mm™"). Solution by direct methods and other
calculations as above. Non-hydrogen atoms of the cation and one
perchlorate refined anisotropically, other atoms isotropically and hydrogen
atoms in calculated positions. Full-matrix least-squares refinement on | F|
with unit weights gave final values of R=0.082, R,,=0.082 for 658 vari-
ables and 2785 contributing reflections. The mean shift/error on the last
cycle was 0.012, and the maximum was 0.38. The final difference electron
density map showed a maximum and minimum of +0.72 and —0.78 e A=3.
The cation lies on a twofold axis passing through C13a. One perchlorate is
perfectly ordered (refined with anisotropic displacement parameters for Cl
and O), the second is totally disordered (two sites for Cl). Four acetonitrile
molecules were found, essentially located in large interstices between
helices. One methyl group of the ethyl substituents is disordered and was
refined on two sites with population parameters of 0.5.

Crystallographic data (excluding structure factors) for the structures
reported in this paper have been deposited with the Cambridge Crystallo-
graphic Data Centre as supplementary publication no. CCDC-100318.
Copies of the data can be obtained free of charge on application to CCDC,
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