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The complexes [Fe([9]aneN,S),][ClO,],, [Fe([9]aneN,S),][C10,]; and [Fe([9]aneNS,),][CI1O,], ([9]aneN,S = 1-thia-
4,7-diazacyclononane and [9]aneNS, = 1,4-dithia-7-azacyclononane) have been prepared and the latter two
characterised by X-ray crystallography. The M&ssbauer spectra (isomer shift/mm s™!, quadrupole splitting/mm
s71, 4.2 K) for [Fe([9]aneN,S),][CIO,], (0.52, 0.57), [Fe([9]aneN,S),][CI1O,]; (0.25, 2.72) and [Fe([9]aneNSs,),][C1O,],
(0.43, 0.28) are typical for iron(11) and iron(1r) complexes. Variable-temperature susceptibility measurements

for [Fe([9]aneN,S),][ClO,], (2-300 K) revealed temperature-dependent behaviour in both the solid state [2.95 pg
(300 K)-0.5 py (4.2 K)] and solution (AH® 20-22 kJ mol ™!, AS® 53-60 J mol ! K!). For [Fe([9]aneN,S),][C1O,],
in the solid state [2.3 pg (300 K)-1.9 pg (4.2 K)] the magnetic data were fit to a simple model (#= —AL-S + pL,)
to give the spin—orbit coupling constant (L) of —260 * 10 cm*. The solid-state X-band EPR spectrum of
[Fe([9]aneN,S),][ClO,]; revealed axial symmetry (g, = 2.607, g, = 1.599). Resolution of g, into two components

at Q-band frequencies indicated a rhombic distortion. The low-temperature single-crystal absorption spectra

of [Fe([9]aneN,S),][Cl0O,], and [Fe([9]aneNS,),][C10,], exhibited additional bands which resembled pseudo-
tetragonal low-symmetry splitting of the parent octahedral 'A,,— 'T,, and 'A,,— 'T,, transitions. However,
the magnitude of these splittings was too large, requiring 10Dgq for the thioether donors to be significantly larger
than for the amine donors. Instead, these bands were tentatively assigned to weak, low-energy S — Fe™' charge-
transfer transitions. Above 200 K, thermal occupation of the high-spin *T,, ground state resulted in observation
of the °T,,— °E, transition in the crystal spectrum of [Fe([9]aneN,S),][C1O,],. From a temperature-dependence

study, the separation of the low-spin 'A,, and high-spin *T,, ground states was approximately 1700 cm . The
spectrum of the iron(1r) complex [Fe([9]aneN,S),][C10O,]; is consistent with a low-spin d* configuration.

With the ready availability of the ligands 1-thia-4,7-diazacyclo-
nonane ([9]aneN,S),! 1,4-dithia-7-azacyclononane ([9]ane-
NS,),>* 1,4,7-triazacyclononane ([9]aneN;)* and 1,4,7-trithia-
cyclononane ([9]aneS;),® it is possible to prepare complexes of
one metal ion with the series of ligands [9]aneN; _ .S, (x = 3-0).
Our interest in this area arises from previous observations of
the effects of thioether co-ordination on the electrochemical,
redox, spectroscopic and magnetic properties of metal com-
plexes such as the macrobicyclic (Ng_ ,S,sar) (x=6, 3, 2, 1
or 0; e.g Ngsar = 3,6,10,13,16,19-hexaazabicyclo[6.6.6]icosane)
series for cobalt(ur)—cobalt(), chromium(ur), nickel(m),
copper(11), manganese(ll)-manganese(i) and iron(m)’ ¢ and
the cyclononane ([9]aneN,_,S.; x=3-0) series for nickel(1r)
and other metal ions.*'"™" We have chosen to investigate aspects
of the chemistry of iron(i) and iron(m) complexes of the
[Fe([9]aneN; _,S,),]"" series. In this paper the synthesis, mag-
netochemical, EPR and electronic spectroscopy of the com-
plexes [Fe([9]aneNS,),]**, [Fe([9]aneN,S),*" and [Fe([9]ane-

+ Supplementary data available: the single-crystal absorption spectra of
[Fe([9]aneN,S),][C1O,], at room temperature and 10 K. For direct elec-
tronic access see http://www.rsc.org/suppdata/dt/1998/2341/, otherwise
available from BLDSC (No. SUP 57394, 3 pp.) or the RSC Library. See
Instructions for Authors, 1998, Issue 1 (http://www.rsc.org/dalton).

Non-SI units employed: pg ~9.27 x 107 J T, G=10"*T.

N.,S),]** are described, as are the crystal structures for [Fe([9]ane-
NS,),]** and [Fe([9]aneN,S),]**. The properties of these com-
plexes are compared to those reported elsewhere for
[Fe([9]aneN,),]** and [Fe([9]aneS;),]*".

Experimental

The synthetic manipulations leading to the iron(i1) complexes
were carried out under dry nitrogen using standard Schlenk
techniques and a double manifold vacuum line, or in a VAC
Vacuum Atmospheres (HE-43-2) controlled atmospheres
laboratory. Methanol and ethanol were dried over magnesium
methoxide, acetonitrile over calcium hydride. All solvents
were stored under nitrogen after distillation. Carbon-13
NMR spectra were recorded with a JEOL JNM-GX400 NMR
spectrometer or a Bruker AC200F NMR spectrometer. The
compounds [9]aneN;,*> [9]aneN,S' and [9]aneNS,*™* were
prepared as described previously, [9]aneS; was purchased
from Aldrich Chemical Company and used as received. The
compounds [Fe([9]aneS;),][ClO,], and [Fe([9]aneN,),][ClO,],
were prepared by previously described methods.!”

CAUTION! although the perchlorate salts described in this
work do not appear to be sensitive to shock or heat, these
materials, like all perchlorates, should only be prepared in small
quantities and treated with caution.
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Syntheses

[Fe([9]aneN,S),l[C10,],. To a stirred methanol solution (20
cm?) of iron(ir) perchlorate hexahydrate (0.57 g, 1.57 mmol) a
methanol solution (5 cm®) of [9]aneN,S (0.5 g, 3.4 mmol) was
added dropwise. The solution was stirred for 0.5 h, during
which time a precipitate formed. The product was collected
on a filter, washed with methanol and dried under vacuum.
Crystallisation from aqueous solution at 4 °C resulted in a
crystalline product (yield 0.65 g, 60%) (Found: C, 26.2; H, 5.26;
N, 10.2. [C,H,3FeN,S,][ClO,], requires C, 26.3; H, 5.16; N,
10.2%). Metathesis with the hexafluorophosphate ion in water
produced [Fe([9]aneN,S),][PF¢], (Found: C, 22.5; H, 4.60; N,
8.8. [C1,HsFeN,S,][PF¢], requires C, 22.6; H, 4.42; N, 8.8%).
Visible spectrum [AM/nm (e/M~ ! cm™?!) in CH,CN]: 581 (37), 412
(44). Hegr 2.95 pg (300 K). The synthesis and characterisation of
this complex has been reported.?!

[Fe([9]aneN,S),]J[C10,];. This synthesis was carried out
aerobically. An ethanol solution (80 cm®) of iron(1m1) perchlorate
hexahydrate (1.84 g, 5.2 mmol) was heated at reflux for 0.5 h. To
the refluxing solution an ethanol solution (60 cm®) of [9]aneN,S
(1.52 g, 10.4 mmol) was added dropwise over approximately
3 h. The solution was heated under reflux for a further 12 h
during which a brown precipitate formed. At the completion of
the reflux period the mixture was permitted to cool to room
temperature and filtered. The product obtained was filtered,
washed with ethanol and dried in air (yield 1.55 g, 40%). The
product was recrystallised from concentrated perchloric acid
to yield bright orange crystals (Found: C, 22.0; H, 4.29; N,
8.4. [C,H,,FeN,S,][Cl1O,]; requires C, 22.3; H, 4.37; N, 8.7%).
UV/VIS spectrum: [A/nm (e/M~! cm™!) concentrated perchloric
acid]: 226 (11519), 244 (sh), 305 (7073), 450 (250). The
compound, when dried, decomposed on standing, but was
stable in acidic solution. g 2.3 pg (300 K).

[Fe([9]aneNS,),l[C10,],. To a stirred solution (20 cm®) of
iron(11) perchlorate hexahydrate (0.57 g, 1.57 mmol) under a
nitrogen atmosphere a methanol solution (20 cm®) of [9]aneNS,
(0.5 g, 3.35 mmol) was added dropwise. Immediately upon
commencement of the addition a pale purple precipitate
formed. The solution was stirred for a further 0.5 h to ensure
complete precipitation. The precipitate was removed by filtra-
tion, washed with methanol and dried under vacuum. The
product was recrystallised by dissolution in a minimum amount
of water, filtered and cooled to 4 °C; brilliant purple crystals
formed upon standing (yield 1.26 g, 65%) (Found: C, 24.2; H,
4.49; N, 4.5. [C,HyFeN,S,][ClO,], requires C, 24.8; H, 4.52; N,
4.8%). Metathesis with the hexafluorophosphate ion in water
produced [Fe([9]aneNS,),][PF,], (Found: C, 21.5; H, 4.01; N,
4.1. [C,H,6FeN,S,J[PF], requires C, 21.4; H, 3.90; N, 4.2).
0.49 pp (300 K). C-{'H} NMR (CD,CN): § 51.03, 50.33,
49.67 (CH,S); 36.56, 36.24, 34.98, 34.87, 34.52, 33.39 (CH,N).

Magnetic studies

Magnetic susceptibility studies were made using a Quantum
Design MPMS SQUID magnetometer with an applied field
of 1 T. The powdered sample was contained in a calibrated
gelatine capsule which was held in the centre of a soda straw
fixed to the end of the sample rod. The magnetization values of
the instrument were calibrated against a standard palladium
sample, supplied by Quantum Design, and also against
chemical calibrants such as CuSO,-5H,0 and [Ni(en),][S,0;].

Mossbauer spectroscopy

Maossbauer spectra were measured with a standard electro-
mechanical transducer operating in a symmetrical constant
acceleration mode. A conventional helium bath cryostat was
employed for temperature control with the sample maintained
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in exchange gas. Data were collected with an LSI based 1000
channel multichannel analyser. Velocity calibration was made
with respect to iron foil. Spectra were fitted with a Lorentzian
lineshape.

EPR spectroscopy

The X-(9-10 GHz, TE,,, rectangular cavity) and Q-band (34
GHz, TEy,, cylindrical cavity) EPR spectra were measured
on a Bruker ESP300E spectrometer. A flow-through cryostat
in conjunction with a Eurotherm (B-VT-2000) variable-
temperature controller provided temperatures of 120 to 140 K
at the sample position in the cavity. Lower temperatures
(minimum 2 K) were obtained with a flow-through Oxford
instruments ESR910 cryostat in conjunction with an Oxford in-
struments ITC-4 variable-temperature controller. Spectrometer
tuning, signal averaging and subsequent data manipulation
were performed with the in-built software (version 3.2). The
microwave frequency and magnetic field were calibrated
using an EIP 548 B microwave frequency counter and a Bruker
ER035M gaussmeter, respectively. The g matrices were extracted
from the EPR spectra of the iron(mm) complexes using the
SOPHE computer simulation software suite.”

Visible spectroscopy

Visible spectra of solutions were recorded with a Hewlett
Packard 8450 UV/VIS spectrophotometer. Electronic spectra
of single crystals were measured with a modified Cary-17
spectrometer. Low-temperature spectra down to 10 K were
obtained using a Leybold Heyaeus ROK 10-300 closed cycle
helium cryostat system.

Crystallography

Crystal data and refinement details. [Fe([9]aneN,S),][CIO,];,
C,,H,3CL,FeN,0,,S,, M = 646.71. Crystals were orthorhombic,
space group Pmnn, a =8.867(2), b =10.722(1), ¢ = 12.590(2) A,
U=1197.03) A’, Z=2, D,=1.794 g cm®, F(000) = 666, Mo-
Ka radiation, A =0.71069 A, p=12.11 em™", R(F,)=0.056,
R’ =0.068, w=6.66/c°F,+ 2.0x10™* FJ? [Fe([9]aneNsS,),]-
[C1O,],, C,HyCLFeN,0,S,, M = 581.36. Crystals were mono-
clinic, space group P2,/c, a=7.495(2), b=16.0544), c=
8.879(3) A, p=90.78(3)°, U=1068.3(5) A®, Z=2, D,=1.807 g
cm 3, F(000) = 600, Mo-Ko radiation, A = 0.71 069 A, pu=11.90
cm ™!, R(F,)=0.048, R’ =0.044, w = 1/cF >

For diffractometry the crystals were mounted on glass fibres
with cyanoacrylate resin. Lattice parameters at 21 °C were
determined by least-squares fits to the setting parameters of
25 independent reflections, measured and refined on an
Enraf-Nonius CAD4-F diffractometer with a graphite mono-
chromator. Intensity data were collected in the range
1 <0 <25° Data were reduced and Lorentz, polarization
and numerical absorption corrections were applied using the
Enraf-Nonius  structure determination package.®* The
structures were solved using the direct methods in SHELX 862
and were refined by full-matrix least-squares analysis with
SHELX 76.° Neutral complex scattering factors were used.?
Hydrogen atoms were included at calculated sites with fixed
isotropic thermal parameters. All non-hydrogen atoms with the
exception of disordered atoms were refined anisotropically.
Plots were drawn using ORTEP.*" Listings of bond lengths and
angles are given in Tables 1 and 2.

CCDC reference number 186/1017.

Results and Discussion
Syntheses

The mononuclear iron(i) complexes [Fe([9]aneN,S),]** and
[Fe([9]aneNS,),]** were synthesised by adding a methanolic

solution of the cyclononane ligands [9]aneN,S and [9]aneNS,,



respectively, to a stirred methanol solution of iron(i) per-
chlorate. The products formed were recrystallised from water.
The syntheses were carried out under an atmosphere of dinitro-
gen since the solutions of the complexes were air sensitive.
Metathesis with ammonium hexafluorophosphate in water
produced the hexafluorophosphate salt of the desired iron(ir)
complex. The synthesis of the [Fe([9]aneN,S),][C10,], complex
has been reported.?! Synthesis of the mononuclear iron(i)
complex [Fe([9]aneN,S),][ClO,]; was achieved by the slow
addition of an ethanol solution of [9]aneN,S to a refluxing
ethanol solution of iron(1r) perchlorate. The brown compound
was recrystallised from concentrated perchloric acid to give the
desired product which slowly decomposed in air. Attempted
synthesis of [Fe([9]aneNS,),][C1O,]; by addition of the ligand
directly to an iron(m) solution, or by oxidation of the iron(ir)
analogue, was unsuccessful.

The “C NMR spectrum of [Fe([9]aneNS,),]** (CD;CN)
showed a nine line pattern with two groups of resonances, one
in the range 6 49-51 assigned to the carbon atom adjacent to
the secondary amine, the second at & 33-37 arising from the
carbon atom adjacent to the thioether. The complex potentially
can exist in two geometric forms, the frans-[Fe([9]aneNS,),]*"
isomer with idealised C,, symmetry, expected to exhibit three
resonances, and the cis-[Fe([9]aneNS,),]*" isomer with molecu-
lar symmetry C, where each carbon is magnetically inequivalent
and hence six resonances are expected. The complexity of
the C spectrum suggests that both isomers are present in
solution. Similar *C NMR spectra have been observed for
the complex [Co([9]aneN,S),]**, and the pure isomers were
separated by fractional crystallisation and cation exchange
chromatography.?®*** For [Fe([9]aneNS,),]** the isomeric forms
were not investigated further, although one form preferentially
crystallised.

Acidic solutions of [Fe([9]aneN,S),][CIO,]; were stable,
but basic solutions of the complex rapidly decomposed.
This behaviour has been observed for complexes of [9]aneS;
and has been linked to the metal mediated deprotonation and
ring opening of the cyclononane to afford vinyl thioether
products.3®3!

Crystal structures

The single-crystal structure of [Fe([9]aneN,S),][C1O,]; shows
a centrosymmetric cation with the iron atom lying on a
2/m symmetry site, with two [9]aneN,S ligands facially co-
ordinating the iron. The complex is conformationally dis-
ordered to accommodate this symmetry. A view of the complex
cation [Fe([9]aneN,S),]** with the numbering scheme is shown
in Fig. 1 and listings of bond lengths and angles are given in
Table 1. The thioether atoms lie in the axial positions with a
S—-Fe-S angle of 180(1)°. The amine donors in the equatorial
positions complete the octahedral co-ordination of the iron(1r)
ion. The Fe-S bond length [2.272(1) A] is marginally shorter
than that reported for the low-spin iron(mr) complex [Fe([9]-
aneS;),][C10,]; [2.280(3), 2.2846(25), 2.276(3) Al,"® [Fe(THT),-
(TPP)]CIO, and [Fe(PMS),(TPP)]CIO, (THT = tetrahydro-
thiophene, PMS = pentamethylene sulfide and TPP =meso-
tetraphenylporphyrin) (2.336,,. and 2.341,,. A, respectively).®
The Fe—N bond distances are similar to those reported for other
low spin Fe-N (amine) systems.®

The structure of the iron(11) complex [Fe([9]aneN,S),][C1O,],
at 81 K has been reported? and was found to crystallise in
the monoclinic space group P2,/c with the Fe atom lying on an
inversion centre. At room temperature we found similar cell
dimensions{ but with the orthorhombic space group Pmch.

1 Crystal data for [Fe([9]aneN,S),][CIO,],, orthorhombic, space group
Pmch, a=28.094(2), b =8.6029(7), c=14.906(3) A; U=1037.93) A*,
T=294 K, Mo-Ka radiation L =0.710 69 A, Z =2, D,=1.751 gcm 3,
p(Mo-Ka)=11.72 cm™", R =0.042.

Fig. 1 An ORTEP plot of the complex cation [Fe([9]aneN,S),]*"

Table 1 Selected bond lengths (A) and angles (°) for [Fe([9]ane-
N,S),][CIO]s

S(1)-Fe(1) 2.272(1) N(1)-Fe(1) 2.006(3)
N(1)-Fe(1)-S(1) 86.6(1) C(1)-S(1)-Fe(1) 99.4(2)
S(1)-Fe(1)-S(1%) 180.0(0) C(2)-N(1)-Fe(1) 115.7(3)
C(3)-N(1)-Fe(1) 108.4(3) N(1)-Fe(1)-N(1%) 84.7(2)
N(1)-Fe(1)-N(1}) 95.3(2)

Symmetry operators:il —x,1 —y, 1 —z.iix,l —y, 1 — z.

The iron atom is located on a 2/m symmetry site and the
complex is necessarily disordered in order to accommodate this
symmetry as is the case for the Fe™ complex. Presumably
cooling to 81 K ‘freezes out’ this disorder resulting in
lower symmetry. Interestingly, the Fe—S and Fe—N bond lengths
in the two structures are indistinguishable.

Comparison of the reported structure of [Fe([9]aneN,S),]-
[ClO,], and that determined for [Fe([9]aneN,S),][ClO,]; shows
a contraction in the Fe-N bond lengths [Fe", 2.072(2),
2.063(7); Fe™ 2.006(3) A] expected on the basis that the ionic
radii decreases from Fe™ to Fe™. The contraction in Fe-N
bond length was also observed in the analogous complexes
[Fe([9]aneN;),]Cl, and [Fe([9]aneN,),]Cl; [2.03(1) and 1.99(2)
A, respectively].?*** The Fe-S bond distance in [Fe([9]ane-
N,S),][C10,], is also longer than that observed for [Fe([9]ane-
N,S),][CIO,]; [Fe"S 2.337(1) A, Fe'=S 2.272(1) A]. However,
it has been observed previously that upon reduction of [Fe([9]-
aneS;),][C10,]; to [Fe([9]aneS;),][ClO,],, a contraction of the
Fe—S bond lengths [2.280(3), 2.2846(25), 2.276(3) A to 2.251(1),
2.241(1), 2.259(1) A, respectively] occurs.” Blake et al."® ascribe
this to direct structural evidence for the m-acceptor properties
of the thioether donor atoms. They suggest that, as the transi-
tion from Fe™ to Fe™ occurs, n-back bonding increases with the
gain of one electron in the t,, orbitals, thereby increasing its
contribution to the bond, resulting in a shorter Fe-S bond
length. The length of the Fe—S bond of [Fe([9]aneN,S),][C10O,],
indicates a high-spin component as it approaches those dis-
tances observed in the few known high-spin iron(1) thioether
complexes, for example [Fe([16]aneS,)I,] [2.475(1) and 2.485(1)
A]%* and [Fe(STPP)CI] (STPP = 5,10,15,20-tetraphenyl-21-thia-
porphyrin) [2.388(3) A].%

The structure of [Fe([9]aneNS,),][C1O,], consists of the
cation [Fe([9]aneNS,),]** and two perchlorate anions. The
molecule lies at an inversion centre, with the secondary amines
lying trans to each other and the thioethers in the equatorial
plane of the molecule. An ORTEP drawing of the cation with
the numbering scheme is given in Fig. 2, with selected bond
distances and angles reported in Table 2. In [Fe([9]aneNS,),]-
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[C1O,], the Fe-S and Fe—N bond distances are typical of iron(1r)
in a low-spin configuration. The Fe-S bond distances of
2.249(10) and 2.248(1) A are similar to those observed in
[Fe([9]aneS,),]J[CI0,], [2.251(1), 2.241(1), 2.259(1) Al The
Fe-N bond distance of 2.038(4) A is similar to that reported for
[Fe([9]aneN,),]Cl, [2.03(1) A].** The complex [Fe([18]aneN,-
SO [Fe-N 2.022(4), 2.037(5) A; Fe-S 2.2578(17), 2.2588(16),
2.2673(16), 2.2674(15) A] has a similar arrangement of donor
atoms and similar bond lengths to those seen in [Fe([9]ane-
NS,),]**, with the secondary amines located trans and the
thioether donors located in the equatorial plane.*’

Fig. 2 An ORTEP plot of the complex cation [Fe([9]aneNS,),]*"

Table 2 Selected bond lengths (A) and angles (°) for [Fe([9]ane-
NS,),][CIO,],

S(1)-Fe(1) 2.249(1) Fe(1)-S(2) 2.248(1)
Fe(1)-N(1) 2.038(4)

S(1)-Fe(1)-S(1") 180.0 S(1)-Fe(1)-S(2) 89.17(5)
S(1)-Fe(1)-S(2) 90.83(5)  S(1)-Fe(1)-N(1) 86.3(1)
S(1)-Fe(1)-N(1}) 93.7(1) S(2)-Fe(1)-S(2)) 180.0
S(2)-Fe(1)-N(1) 86.0(1) S(2)-Fe(1)-N(1) 94.0(1)
N(1)-Fe(1)-N(1) 180.0 Fe(1)-S(1)-C(1) 105.1(2)
Fe(1)-S(1)-C(6) 99.0(2) Fe(1)-N(1)-C(5) 112.6(4)
Fe(1)-S(2)-C(2) 105.3(2) Fe(1)-S(2)-C(3) 98.1(2)
Fe(1)-N(1)-C(4) 115.4(3)

Symmetry operator: i —x, —y, —z.

Méssbauer spectroscopy

Maossbauer spectra of [Fe([9]aneN,S),][C1O,],, [Fe([9]ane-
NS,),J[C10,], and [Fe([9]aneN,S),][C10,]; were measured in
the absence of an applied magnetic field. The isomer shift (5)
and quadrupole splitting (AEq) for the [Fe([9]aneN;_ .S ),]""
(x=3-0; n=2 or 3) series are reported in Table 3. In
order to estimate the isomer shift for [Fe([9]aneN,),][C1O,],
(0.6 mm s') the Mdssbauer parameters for an analogous
low-spin Fe™ complex [Fe([14]aneN,)(CH,CN),][PF4], were
employed.®® Analysis of the change in isomer shift for the
series of iron(r) complexes suggested that as the number of
thioether donor atoms increased the isomer shift decreased.
The observed decrease in & may be explained on the basis of the
n-acceptor properties of the thioether donor, the m-acceptance
decreasing the d electron shielding of the s electrons around the
nucleus. No correlation between the quadrupole splitting
and the donor set in the same iron(11) series was observed. The
effect on the quadrupole splitting of the equatorial and axial
donor groups has been investigated for a series of low-spin
iron(if) complexes of general formula trans-FeA,B,.* A
decrease in AE, was observed when B was a better n-acceptor
than A, the axial ligand. A similar decrease is observed for
the complexes [Fe([9]aneN,S),][Cl10,], and [Fe([9]aneNS,),]-
[ClO,], (0.57 and 0.28 mm s~', respectively). Small lattice
contributions to AE, were excluded by the exclusive use of
perchlorate salts.®®

The magnitude of the isomer shift for the iron(ir) complex
[Fe([9]aneN,S),]** (0.25 mm s') is within the range reported
for low-spin iron(1r) complexes. As expected, the isomer shift
for the iron(1r) complex is smaller than that measured for the
iron(m) analogue [Fe([9]aneN,S),][C10,],, based on the relative
isomer shifts observed for the complexes [Fe([9]aneS;),]** (0.20
mm s~ ') and [Fe([9]aneS;),]*" (0.35 mm s !)."®* Whilst the isomer
shift for [Fe([9]aneN;),]Cl;-5H,0 (—0.02 mm s~ ) 8 is lower than
that for the thioether analogues, no correlation between the
number of thioether donors and the isomer shift is apparent.
Similarly, there appears to be no correlation between the num-
ber of thioether donors and the quadrupole splitting for the
iron(i) complexes. The large AE,, for [Fe([9]aneN,S),*" (2.72
mm s~ ') is comparable to that observed for [Fe([9]aneS;),]**
(2.02 mm s~ ') and may be ascribed to the tetragonal distortion
of the complex.

Magnetic susceptibility

The magnetic susceptibility for a ground solid sample of
[Fe([9]aneNS,),][C1O,], showed the typical temperature
independent susceptibility behaviour for a spin-paired complex
possessing a 'A, ground state.*’ The magnetic moment at 300 K
was 0.49 pg decreasing to 0.08 pg at 2 K.

Variable-temperature susceptibility measurements on a solid
ground sample of [Fe([9]aneN,S),][C1O,], in the range 2-300 K
exhibited a temperature-dependent magnetic moment. Between
4.2 and 150 K a magnetic moment of 0.5 pg was observed, and
this gradually increased to 2.95 pg at 300 K. The spin-only

Table 3 Isomer shifts (§) and quadrupole splittings (AEq) of iron(11) and iron(1r) complexes of [9]aneN; _ S, (x = 3-0) ligands

T/IK dmm s~
[Fe([9]aneS,),P+" 42 0.35
77 0.34
293 0.27
[Fe([9]aneNS,),** 42 0.43
[Fe([9]aneN,S),** 42 0.52
293 0.50
[Fe([9]aneS,), " 42 0.20
293 0.11
[Fe([9]aneN,S),]** 4.2 0.25
[Fe([9]aneN,),]* 298 ~0.02

“+0.01 mm s !, relative to a-Fe. ® Ref. 18.

AEg/mm s Spin state, S
0.33 0

0.33

0.32

0.28 0

0.57 0

0.45 Intermediate spin
2.02 L

1.91

2.72 L

0.98 L
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magnetic moment for the high-spin d® configuration is 4.90 pg
whilst the low-spin state is diamagnetic.*’ The temperature
dependent behaviour of the magnetic susceptibility displayed
by this complex is typical of a thermally induced high-spin
(HS) == low-spin (LS) transition between the high-spin 5T2g
(tye'e,”) and low-spin 'A, (t,,°) ground states.*' The magnitude
of the magnetic moment at 300 K indicates that the spin-state
transformation is not complete at this temperature.

The solution magnetic susceptibility of [Fe([9]aneN,S),]**
also exhibited a temperature dependence. Given that the two
spin states are derived from a singlet 'A,, and a quintet *T,,
ground state, the equilibrium constant K, for the process,
[Fe([9]aneN,S),I*" (t,,°) == [Fe([9]aneN,S),I*" (t,.'e,?) is given
by equation (1), where m = mole fraction of the spin isomer,

My (Mexpa — M) (1)

K. = =
nyg (Hﬁs - u:xptl)

eq

s and p, represent the magnetic moments for the low-spin and
the high-spin isomer, respectively. The values for the high-
and low-spin moments are taken from the spin-only values,
4.90 and 0 pg, respectively,® although the precise magnitude of
the high-spin magnetic moment depends on effects such as the
spin—orbit coupling, electron Zeeman effects and low symmetry
distortions, and values employed previously range from 5.5
to 4.9 pp."**? Assuming values for p,, of both 4.9 and 5.5 pg,
the thermodynamic parameters (AH® 20-22 kJ mol™!; AS°®
53-60 J mol ™' K™ calculated from plots of InK,, versus 1/T
are similar to other values reported for analogous thermally
induced high-spin —= low-spin transitions in Fe™ com-
plexes.*** The dominant enthalpic term is provided by inner-
sphere reorganisation, such as the change in metal-ligand bond
length** exhibited in [Fe([9]aneN,S),][CIO,], compared
to the low-spin complexes [Fe([9]aneNS,),][C10,], and [Fe([9]-
anesS;),|[ClO,,.

The magnetic susceptibility for [Fe([9]aneN,S),][ClO,],
(4.2-300 K) follows the Curie-Weiss law in the region 300 K
(2.3 pg) to 4.2 K (1.9 pg). The higher than spin-only value for
the magnetic moment for iron(t) (300 K, 1.73 pg) arises from
an orbital contribution associated with the degenerate °T,,
ground state, although the combination of spin—orbit and
low symmetry splitting will quench this to some extent. The
measure of the axial splitting is detailed in the analysis of the
EPR spectra, see below. Using the g matrix obtained from the
EPR investigation, the magnetic susceptibility data were fit to a
simple model (#= —AL-S + pL,) to estimate the spin—orbit
coupling parameter, A, and the axial ligand-field parameter, p.
Maintaining p/A as —2.915, determined from the EPR analysis,
the magnetic susceptibility data can be fit using a value of

=-260%10 cm™ !, with p~760 cm %" The low-spin d°
configuration has been observed previously for iron(1r) amine
complexes such as [Fe(Ngsar)]Cly;-H,O [2.55 pg (295 K); A=
—300£50 cm™; u=400%100 cm™'],'* [Fe([9]aneN;),]Br,:
5H,O [2.3 pg (295 K)L,* [Fe(dtne)]Bry:3H,0 [dtne = 1,2-
bis(1,4,7-triazacyclonon-1-yl)ethane] [2.7 pg (293 K)],*® and
[Fe(diammac)]** (diammac = 6,13-dimethyl-1,4,8,11-tetraaza-
cyclotetradecane-6,13-diamine) [2.20 pp (295 K); A=-310
cm ™ p =940 cm.¥

EPR spectroscopy

The anisotropic frozen solution EPR spectra of [Fe([9]ane-
N,S),I** are typical of a low spin d* (S=1) electron configur-
ation in a distorted octahedral field (Fig. 3). The solid-state
X-band spectrum of [Fe([9]aneN,S),]** reveals an axially sym-
metric low-spin iron(i) ion, with g, =2.607 and g, = 1.599. At
Q-band frequencies the perpendicular resonance is resolved
into two components, characteristic of a rhombically distorted
low-spin iron(1r) centre. Computer simulation of this spectrum
yielded the g values g, =2.687, g,=2.526 and g, =1.599. The
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Fig. 3 Multifrequency EPR spectra of [Fe([9]aneN,S),]*". (a) Q-band
solid-state spectrum, v = 33.935 70 GHz, T'= 120 K (the six resonances
around g =2 arise from Mn" in the Suprasil quartz EPR tubes); (b)
SOPHE computer simulation of (a); (c) X-band solid-state spectrum,
v=9.298 261 GHz, T'=120 K; (d) SOPHE computer simulation of (c)

difference in g, values obtained from the X- and Q-band spectra
arises from the non-linearity of the magnetic field at high
fields = 16 000 gauss. Thus the estimate of g, from the X-band
spectrum is more reliable. Resolution of the g, and g, reson-
ances in the solid-state Q-band spectrum reveals a greater
insight into the actual symmetry and hence a more accurate
analysis of the spectrum from this complex is possible. The
degree of rhombicity is best judged by the absolute value of
R/p, where p and R are the axial and rhombic distortions,
respectively, as this avoids the approximation of a spin—orbit
coupling parameter. The three g values from the simulation
were analysed to determine the values of p and R, employing
methods reported previously.® For [Fe([9]aneN,S),|[ClO,]
[R/p| =0.197 demonstrating the rhombic distortion the [9]ane-
N,S ligand places on the iron(11r) ion.

The similarity of the g values for [Fe([9]aneN,S),]*" in the
solid state and solution (g, =2.758, g,=2.516 and g, = 1.580)
indicates that the geometry around the iron(II1) centre is similar
in both states and the complex retains its integrity upon dis-
solution in acidic solution. The slight differences in the g values
are attributed to the symmetry distortion of crystal packing
forces present only in the solid state.

It has been reported that no EPR spectrum was observed
for the complex [Fe([9]aneN;),]*" between 100-295 K, an
observation attributed to the fast spin-lattice relaxation times
of low-spin iron(m).*! Analysis of the EPR spectrum (X-band)
of [Fe([9]aneS,),]*" at 77 K resulted in the determination of
g,=2.328 and g,=1.942.* The observation of the low-spin
iron(i) signal for [Fe([9]aneS;),]** and [Fe([9]aneN,S),]** and
not [Fe([9]aneN,),]** is probably due to the deviation of the
former two complexes from octahedral symmetry which
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decreases the electron spin-lattice relaxation time due to a
greater energy separation of the ground and nearby excited
states, Orbach relaxation.®> An EPR spectrum of [Fe([9]ane-
S,),]** was also measured at Q-band frequencies to determine if
the complex was indeed axial or if it was rhombically distorted,
with the separation of the perpendicular resonance into its
component g, and g, values not being resolved at X-band
frequencies. No resolvable splitting of the perpendicular
resonance was observed, indicating that if a rhombic distortion
exists in the complex [Fe([9]aneS;),]** it is smaller than the line
width of the perpendicular resonance. The crystal structure
of [Fe([9]aneS;),]** reveals two axially elongated Fe—S bond
distances.' The distortion of the [9]aneS; ligand on the iron(1ir)
centre is only in the z axis with the x and y axes equivalent. This
is in contrast to the [9]aneN,S ligand which places a rhombic
distortion on the x, y and z axes.

Electronic spectroscopy

The electronic spectra of [Fe([9]aneN,S),]**, [Fe([9]aneNS,),]**
and [Fe([9]aneN,S),]** were investigated in solution and as
single crystals. The visible spectra of the first two complexes
appear typical of octahedral low-spin iron(mr), with d—d bands
corresponding to the 'A;,— 'T,, and 'A,;,—> 'T,, spin-
allowed transitions or their low-symmetry split components.
The band positions at room temperature (solution spectra) and
10 K (single crystal spectra) are given in Table 4. Solution data
for [Fe([9]aneN;),]*" and [Fe([9]aneS;),]** complexes are also
included. An increase in 10Dg is observed from N¢ to S
co-ordination demonstrating that for low-spin iron(i) the
thioether donors exert a stronger ligand field than amine
donors, a point which has been previously noted in the litera-
ture.'"!® The 1700 cm™! difference in 10Dgq from Ny to S4 co-
ordination is similar to that found for the analogous cobalt(1ir)
complexes."" The nephelauxetic parameter, B = Beompiex/ Brree ion
decreases markedly with the number of thioether donors from
0.54 (Ny) to 0.36 (S¢) reflecting the high degree of covalency in
the iron(ir)-thioether bond. The value of B for [Fe([9]aneS;),]*"
(0.36) is lower than that reported for [Fe(CN)g]*~ (0.49) where
the metal-ligand bond also has a large degree of m-acceptor
character.*

The single-crystal absorption spectra of [Fe([9]aneN,S),]-
[C1O,], at room temperature and 10 K exhibits three bands at
16 650, 20 550 and 25 250 cm™" (SUP 57394). It is tempting to
assign the two lowest energy bands to pseudo-tetragonal split-
ting of the 'T,, state into 'A, and 'E components and the
band at 25250 cm™ to the unsplit 'A,,— 'T,, transition.
Since the 'A; —— 'A, transition depends only on the in-plane
ligand field strength, in this case that of the amine donors, it is
expected to lie at approximately the same energy as the parent
octahedral 'A,,—— 'T,, transition in [Fe([9]aneN;),]*" which
indeed it does. Within the simple angular overlap model,** the
apparent 3900 cm™" splitting of the 'T,, state, assuming the
higher energy component is assigned to the 'A; —— 'E transi-
tion, is given by equation (2) where xy and z denote the

A('Ty) = =312 [eg(xp) — e,(2)] + 2 [e(xy) — ex(2)] =
—1[10Dg(xy) — 10Dg(2)] (2)

equatorial and axial donors, respectively. On the basis that
e.(S) = e,(N), an assumption which holds well for Co™ ¢
plexes,'™!! the above expression results in an unrealistic value
of ¢,(S) = —2000 cm'. Furthermore, the energy difference of
10Dg(z) — 10Dg(xy) =7800 cm™' indicates that the axial
thioether donors exert a much stronger ligand field than the
equatorial amine donors and this is not consistent with the
10Dq values for the [9]aneSq and [9]aneN, complexes of iron(Ir)
reported in Table 4 which differ by only 1700 cm ™. Also, the
Fe"S bonds in [Fe([9]aneN,S),]** are approximately 0.07 A
longer compared to those in [Fe([9]aneS;),)*" and accordingly
one would have expected a significant reduction in Dg(z) in the
former complex, not an increase. In fact, the 3900 cm ™! splitting
is similar to that reported for [Fe([14]aneN,)(CN),]** and it
seems very unlikely that the axial thioether donors could exert a
ligand field strength comparable to CN™. Consequently, we feel
that assignment of the band at 20 550 cm ™ to the 'A,—— 'E
transition arising from the tetragonal splitting of the 'T,, state
is not credible and therefore an alternative assignment is
sought. On this matter, we have previously observed weak, low-
lying n(S) —> Fe™ ligand-to-metal charge-transfer transitions
in Ni" complexes involving thioether donors between 22 000
and 26 000 cm™~'.% The fact that such a transition has moved to
even lower energy (20 550 cm ™) in [Fe([9]aneN,S),]** is not too
surprising given the rather long Fe"™-S bond distances in this
complex.

In the spectra of [Fe([9]aneN,S),][C1O,], an additional lower
energy band is observed at approximately 9500 cm™' which
exhibits pronounced temperature dependence (Fig. 4). The
band is assigned to the *T,,— °E, transition associated with
the analogous high-spin Fe™ complex. The temperature
dependence is attributed to a high-spin/low-spin thermal equi-
librium and can be analysed using the Boltzmann distribution
equation (3), where I, is the intensity at 7T,, the temperature

(-~ EI0.695 08K T)

I (©)

=] —
T— 70 e(—EI0.695 08T,)

where there is no absorbance of the high-spin component, and
I is the absorbance at temperature, 7. Using this expression,
the energy separation, E, of the high-spin, *T,,, and low-spin,

I
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Fig. 4 Temperature dependence of the 9500 cm' band in the single-
crystal absorption spectra of [Fe([9]aneN,S),][ClO,],

Table 4 Spectroscopic data“ for [Fe([9]aneN,S; _ ),]*" (x = 3-0)

Complex Medium® A—> 'Ty,
e([9]aneNs), olution

[Fe([9]aneN;),]** Soluti 16 650(6)

[Fe([9]aneN,S),]** Solution 17 200(56)
Crystal 16 650, 20 550¢

Fe([9]aneNS,), olution 18 150(37)

(9 S, Soluti 8 150(3

Crystal 18 400

[Fe([9]aneS;),J** Solution 19 150(53)

A — 'Ty, 10Dgq B B
25850(17) 18 950 575 0.54
24 650(36)

25250

24 250(44)

23700, 26 950

25300(52) 20 690 385 0.36

“ Transition energies, 10Dg and B all in cm ™. * Solution spectra measured at room temperature, crystal spectra at ~10 K. ¢ These bands may not arise

from d—d bands (see text).
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Fig. 5 The single-crystal absorption spectra of [Fe([9]aneNS,),]-
[ClO,], at room temperature (—) and 10 K (——-)

'A,,, ground states is calculated at approximately 1700 cm™,

consistent with temperature dependence observed for the
magnetic susceptibility. For high-spin iron(i1) complexes, the
*T,,—> °E, transition corresponds directly to 10Dg. The
smaller value of 9500 cm ™! for 10Dg compared to the low-spin
complex where 10Dg =17 200 cm™*, is a result of the longer
metal-ligand bonds arising from the occupation of the anti-
bonding e, orbitals in the ground state of the high-spin com-
plex. Although the °E, excited state is Jahn-Teller active,
tetragonal splitting of this band is not observed.

The single-crystal absorption spectra of [Fe([9]aneNS,),]-
[ClO,], at room temperature and 10 K are shown in Fig. 5. The
splitting of the lower energy 'A,,—> 'T,, transition is not
resolved but the low-temperature band is distinctly asymmetric.
At first glance, it appears that a prominent low-symmetry
splitting of approximately 3000 cm ™! occurs for the higher lying
'A;,— 'T,, transition but, once again, the magnitude of
this splitting is unrealistic given the similar 10Dg values for
the [9]aneN; and [9]aneS; ligands, and therefore we turn to the
possibility of one of the components being due to a weak, low-
lying n(S)—> Fe™ ligand-to-metal charge-transfer transition.
Of the two components, only the higher energy band at 26 950
cm™! leads to an acceptable value for the Racah B parameter
and therefore is assigned to the 'A,,— 'T,, transition. The
shift of the m(S)—> Fe™ charge-transfer transition over 3000
cm ! to higher energy compared to [Fe([9]aneN,S),]*" is not
unreasonable given the 0.07 A shorter Fe"S bond distances
present in the [Fe([9]aneNS,),]** complex.

The electronic spectra of low-spin iron(ir) complexes have
not been extensively investigated. In addition, the spectra are
complicated by the presence of intense, low-lying ligand-to-
metal charge-transfer transitions which partially obscure the
d—d transitions. Low-spin iron(111) in octahedral symmetry has a
*T,, ground state with lower-lying transitions to *T,g, *T,,, 2A,,,
’T,, and ’E, excited states possible in that order. The single-
crystal absorption spectrum of [Fe([9]aneN,S),][C10,]; exhibits
bands at approximately 20 000, 21 500 and 23 000 cm ! and are
tentatively assigned as spin-allowed d—d transitions to the *A,,,
’T,, and *E, excited states, respectively. These assignments do
not take into account any tetragonal splitting of the octahedral
states but nonetheless are consistent with those previously
reported for the low-spin iron(i) complexes [Fe(diammac)]**
and [Fe([9]aneS;),]**.*""® The solution spectrum also exhibits
intense bands at approximately 32 800 (7070 M~ cm™") and
44250 cm™* (11 519 M~ ! cm ™), presumably due to S —— Fe™

and N—— Fe'" ligand-to-metal charge-transfer transitions,
respectively.
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