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Abstract: Mononuclear non-heme iron enzymes catalyze a variety of biologically important reactions involving
dioxygen, and yet, the non-heme ferrous active sites have been difficult to study by most spectroscopic methods.
A combination of near-infrared (NIR) magnetic circular dichroism (MCD) and variable-temperature, variable-
field (VTVH) MCD spectroscopies has been applied to 24 structurally defined mononuclear non-heme ferrous
model complexes to rigorously correlate spectral data with geometric and electronic structure. While general
trends for the excited-state splittings have been predicted by ligand field theory, these predictions are now
evaluated by systematically studying the NIR MCD spectra of a series of high8pin2) ferrous models

with a wide range of coordination numbers and geometries. VTVH MCD spectroscopy is used to probe ground-
state electronic structure, and a complete MCD intensity expression for non-Kramers systems that includes
z-polarization,B-terms, and excited states has been derived. This expression has been applied to these model
complexes to determine signs of the zero-field splitting and to obtain ground-state spin-Hamiltonian parameters,
which can be related to ground-state ligand field splittings. These experimental ground-state data are used to
develop the information content available from VTVH MCD, in particular the ability to probe specific tmetal
ligand bonding interactions for different coordination environments. The excited-state ligand field data are
used to construct a set of spectroscopic guidelines which, combined with the ground-state information, allow
one to clearly determine the coordination number and geometry of an unknown ferrous center, with the exception
of only a few ambiguous cases. Additionally, the MCD data provide insight into the origin of the MCD
C-term intensities and signs for low-symmetry ferrous centers. The results obtained through these model
studies now provide the basis for investigating ferrous active sites of non-heme iron enzymes to probe the
geometric and electronic structure of a site with respect to oxygen reactivity and understanding how differences
in structure correlate with differences in reactivity.

Introduction separated by I0q ~ 10 000 cnT? for biologically relevant N
) , , ) , and O ligands. Because th€;; — 5Eq transition corresponds
Non-heme iron active sites are present in a wide range of 1 {he (b (e)? — (t29%(e,)® one-electron promotion, the

enzymes pgrforminlgzavar_iety of important biological functions - gpjitting of theSE, excited state reflects the separation of the
involving dioxygen-* Unlike heme or irorrsulfur systems, o orpitals which is sensitive to the geometry of the site. For

non-heme iron centers are considerably less spectroscopicalless than octahedral symmetry, the double degeneracy of the
accessible, particularly the ferrous sites, which lack intense low- oy cited state is removed. and this splittingEq = E(de-y?) —

energy charge-transfer transitions and are often si.Ient in eIectronE(dzz), is sensitive to coordination number and geometry. NIR
paramagnetic resonance (EPR). A spectroscopic protocol hasyicp spectroscopy permits the direct observation of these ligand
therefore been developed to probe high-s@ir-(2) non-heme |y excited states which are difficult to see in absorption
ferrous sites utilizing near-infrared (NIR) magnetic circular - ghecroscopy, particularly for metalloproteins due to low extinc-
dichroism (MCD) spectroscopy to observe excited-state ligand o, coefficients and overlap with protein and buffer vibrations
field splittings and variable-temperature, variable-field (VTVH) i, the NIR spectral region. Ligand field calculations and studies
MCD to obtain the ground-state sublevel splittiig8. The D on a limited number of model complexes have predicted general
ground state for high-spin Fe (d) is split under octahedral  yanqgs for the NIR transition energies as related to the geometric
symmetry into a°Tpq ground state and &, excited state,  anvironment about a ferrous centér®

VTVH MCD is used to obtain ground-state electronic
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KramersMs = +2 doublet is lowest in energy and is further
split under a rhombic distortion by an amount The VTVH

v@eet al.

forms14-36 These are shown in Figure 1 and listed in Table 1
along with the ligand types and approximate site geont&try.

MCD data of theMs= +2 ground state display unusual nesting The model complexes were chosen so as to cover six- (6C),
behavior, which can be explained in terms of this rhombic ZFS five- (5C), and four-coordinate (4C) environments and a variety
and a nonlinear magnetic field dependence of the wave of geometric distortions with predominantly biologically relevant
functions® For positive ZFSD > 0), theMs = 0 singlet is O and N ligands. The 6C models range from ferrous hexaaquo
lowest in energy with thés = 41 doublet atD cm~! above. and hexaimidazole complexes to models with mixed N and O
It has been shown that these systems can display VTVH MCD ligation. The 6C ferrous site in Fefhas been included to probe
behavior qualitatively similar to that observed feZFS, but the effects of different ligand field strengths at a distorted
with larger nesting due to the fact that the associated zero-field octahedral ferrous center (Cl vs N/O). The 5C models are
splitting is governed by (2(D? + 3E?)Y2 — D — 3E if rhombic divided into those with approximate square pyramidal geometry
ZFS is included) rather thad, whereD is much larger than and those with approximate trigonal bipyramidal geometry.
0.” For both positive and negative ZFS systems, the VTVH Some of these are distorted from the ideal parent geometry as
MCD data are analyzed to extract the ground-state spin- would be found in low-symmetry protein environments. The
Hamiltonian parameters)(andg, for —ZFS andD andE for 4C models include near-tetrahedral complexes with Cl ligands
+ZFS), which can in turn be related to the axial£ E(dy) and a series of trigonally distorted complexes that have three
— E(dy)) and rhombic ¥ = E(d,) — E(dy,)) ligand field N ligands and a varied unique fourth ligand (CI, O, or S).
splittings of the’T,g ground staté. Because the§ orbitals are NIR MCD spectra have been measured and Gaussian fit for
sensitive tor-bonding effects, thesd»g splittings probe metat each model complex to determine the ligand field transition
ligand-interactions and thus can complement the excited-state energies, and these are used to experimentally evaluate the trends
data. in excited-state energies predicted by ligand field theory. The
This methodology has been applied to a number of mono- data are also used to determine experimentallyCiterm signs
nuclear non-heme ferrous enzymes to understand catalyticand intensities for ferrous centers with different coordination
mechanism on a molecular level and to probe structure/function numbers and geometric environments. A new closed-form
correlations as they relate to reactivity: superoxide dismitase, pmcp intensity expression including botty- and z-polarized
catechol 2,3-dioxygenadghthalate dioxygenaseyleomycin;® C-term contributions, along with those of temperature-indepen-
lipoxygenases} phenylalanine hydroxylaséand clavaminate  dent B-terms and excited states, has been developed for
synthasé?® Application to small inorganic complexes, however, analyzing saturation magnetization behavior. This expression
has been limited to a few structurally defined modelsin this is applied to the VTVH MCD data collected for 19 ferrous
study, we now investigate a broad series of mononuclear high-models to determine signs of the ZFS and to extract ground-
spin ferrous model complexes with varying coordination state spin-Hamiltonian parameters. These data are used to obtain
numbers and a range of geometries to correlate observed spectrajgand field splittings and descriptions of the ground state, which
features and electronic structure with geometric structure. MCD combined with the observed excited-state transitions give a

data have been collected for 24 model complexes which are complete description of the d-orbitals of the ferrous center. The

structurally defined in either their ferrous or isostructural
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results are evaluated to obtain a set of guidelines for determining
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Figure 1. Structural representations of the 6-coordinate (top), 5-co-
ordinate (middle), and 4-coordinate (bottom) ferrous models used in
this study. The isopropyl groups of the ligand L5a—c and4c have
been omitted for clarity; L has been pictorially abbreviated4d+g.
Structural information is not yet available f6f and5g, but a suggested
ligation is shown for the ligand systefh.
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of comparison for evaluating the nature of ferrous active sites
in non-heme enzymes.

Experimental Section

Commercial reagents were used without further purification: fluo-
rolube (Wilmad), poly(dimethylsiloxane) (Aldrich), mineral oil (white,
heavy; Mallinckrodt), glyceroti; (98 atom % D; Cambridge Isotopes
Laboratory), methyl; alcohold (99.8 atom % D; Aldrich), ethyts
alcohold (99+ atom % D; Aldrich), DO (99.9 atom % D; Aldrich).
The models [Fe(bD)s](NH4)2(SOs). (MCB Manufacturing Chemists,
Inc.) and FeGl (anhydrous; Johnson Matthey Alfa) were obtained
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commercially. Other model complexes were prepared as previously
described (see references in Table 1). All models except fe¥éH
(NH4)2(SOy)2 and [Fe(PY5)(MeOH)](OT#H are air-sensitive and were
stored in an inert atmosphere.

All samples for spectroscopy were prepared under an inert atmo-
sphere in a Mfilled glovebox. Mulling agents were degassed prior to
use by performing numerous freezgump-thaw cycles on an argon-
gas Schlenk line. Crystalline samples were hand-ground into a fine
powder using an agate mortar and pestle. Mulling agent (usually
fluorolube, but poly(dimethylsiloxane) and mineral oil were also used)
was added to the mortar and mixed with the powdered sample-fér 3
min. A drop of mull (~200xL) was placed on the center of an infrasil
quartz disk and a second quartz disk laid on top. The two disks were
placed on top of a neoprene spacer inside a copper MCD cell and held
in position by a copper plate. Tightening down the copper plate spread
the mull out evenly between the two quartz disks. Samples were
inspected under an optical microscope to confirm that the microcrys-
talline mull was homogeneous and then immediately inserted into the
MCD instrument under a high flow of helium gas.

For some models, the mull data showed ligand field transitions on
top of an equally intense broad field-dependent background. In these
cases, a more complete data set was collected on the solution form of
the sample. Two of the models, [Fe(PMA)(MeOH)]CI and Li[Fe-
(MeEDTrA)(MeOH)], were studied in both their 5C solid form and
the 6C solvated form. In preparing solution samples, crystalline
material was dissolved in previously degassed deuterated methanol ([Fe-
(PY5)(MeOH)](OTf)), deuterated ethanol ([Fe(leiEl,, [Fe(TMC)-
Br]Br, [FeCL]?"), or D;O (Li[Fe(MeEDTrA)(MeOH)]) and mixed with
~50—-60% (vol %) degassed glycerd}- [Fe(PMA)(MeOH)]Cl samples
were prepared in a mixture of degassed methapekhanoléds in a
1/4 ratio. Solutions were injected into a 0.3-cm-thick neoprene spacer
sandwiched between two infrasil quartz disks and secured within the
MCD cell by a copper plate. After removal from the glovebox, solution
samples were either immediately frozen in liquid nitrogen or rapidly
inserted into the MCD instrument under a high flow of helium gas.

NIR (600-2100 nm) MCD spectra were recorded on a Jasco J200D
spectropolarimeter with a liquid nitrogen-cooled InSb detector and an
Oxford Instruments SM4-7T superconducting magnet/cryostat or the
upgraded SM4000-7T model, each capable of fieldswd T and
temperatures from 1.6 to 100 K. Depolarization of the frozen MCD
samples was determined to k&% by comparing the CD spectra of
a nickel (+)-tartrate solution placed before and after the sample. MCD
spectra are corrected for the natural CD and zero-field baseline effects
due to the optical quality of the frozen sample by subtracting the
correspondig O T scan at each temperature. The baseline-corrected
spectra were fit to Gaussian band shapes using a modified Levenberg/
Marqguardt constrained nonlinear least-squares fitting routine. Saturation
magnetization data were normalized to the maximum observed intensity
and fit as described in the text. Both the negative and positive ZFS
models were applied to the VTVH MCD data in determining the best
fit.

Results and Analysis

A. Ligand Field Spectra and Excited-State Splittings.
NIR MCD spectra were measured for seven 6C ferrous
complexes with distorted octahedral geometry (see Figure 1,
top): [Fe(HO)s|(SiFs), [Fe(H0)e](NH.)2(SQy)2 (Tutton’s salt),
[Fe(Im)]Cly, [Fe(PY5)(MeOH)](OTf, [Fe(PMA)(MeOH)]CI,
Li[Fe(MeEDTrA)(MeOH)], and FeGl The hexaaquo ferrous
complexes [Fe(ED)s](SiFs) and [Fe(HO)s](NH4)2(SOy), have
similar structures, with the former having a trigonal and the
latter a rhombic distortion of the iron center. The imidazole
ligands in [Fe(Im}]?" are arranged in a nearly octahedral
fashion, although there are no symmetry relations between any
of the imidazole groups. [Fe(PY5)(MeOR}] which has five
pyridines from the pentadentate PY5 ligand, has-Rebond
lengths typical for high-spin ferrous sites (2-15.20 A) and a
contracted axis along the-NFe—methanol direction with a 2.10
A Fe—N bond and a 2.04 A FeO bond. [Fe(PMA)(MeOH)}
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Table 1. Ferrous Model Complexes and Their Structural Type

coord no. (key) compleX Fet ligands approximate site geometry structure ref

6 6a [Fe(H0)6](SiFs) 60 dist.O;, (trigonal) 14,15
6b [Fe(H:0)el(NH 4)2(SOy)2 60 dist.On 16
6¢C [Fe(Im)]Cl2 6N dist.Op, 17,18
6d [Fe(PY5)(MeOH)|(OTH 5N, 10 dist.On 19
6e [Fe(PMA)(MeOH)]CI 5N, 10 distOn 20,21
6f Li[Fe(MeEDTrA)(MeOH)] 2N, 30, 10 distOy, 22
69 FeCh 6Cl dist.On, (~Daq) 23

5 5a FeL(OAc) 3N, 20 dist. square pyr. 24
5b FeL(OBz) 3N, 20 dist. square pyr. 24
5c FelL(acac) 3N, 20 dist. square pyr. 25
5d [Fe(TMC)Br]Br 4N, 1Br ~square pyr. 26, 27
5e [Fe(TMC)CI](BFs) 4N, 1CI ~square pyr. 26, 27
5f [Fe(PMA)ICI 5N ~square pyr. 20,21
5g Li[Fe(MeEDTrA)] 2N, 30 ~square pyr. 22
5h [Fe(Mestren)Br]Br 4N, 1Br trig. bipyr. 28
5i Fe(Medien)Ch 3N, 2CI dist. trig. bipyr. 30,31
5j [Fe(trpn)(MeCN)](OTf 4N, IN' ~trig. bipyr. 29

4 4a (FeCL)(NEt) 4Cl Ta 32,33
4b CsFeCk 4Cl dist. Tg (~D2q) 34
4c FeL(Cl) 3N, 1ClI distTy(~Cs,) 35
4d FeL(O-GFs) 3N, 10 dist.Ty 35
de FeL(O-GH3-2,6-Ch) 3N, 10 dist.Ty 36
Af FeL(S-GHs-4-NO,) 3N, 1S dist.Tq 36
49 FeL(S-GHs-4-tBu) 3N, 1S distTy 36

Table 2. Excited-State Transition Energies and Ligand Field Splittings for 6-Coordinate Models

complex methotl obsd transitiors 10D¢P ASES ref
6a [Fe(H:0)e](SiFs) MCD 9600 &) 10800 &) 10200 1200 7
abs 8400 10800 9600 2400 39
6b [Fe(H:0)e)(NH2)2(SO)2 MCD 9200 ¢) 10800 &) 10000 1600
abs 8700 10300 9500 1600 39
6¢C [Fe(Im)]Cl> MCD 10500 () 12500 () 11500 2000
McCD¢ 9500 () 10800 &) 10150 1300
abs 9800 11750 10775 1950 17
6d [Fe(PY5)(MeOH)](OTf) MCD 11000 &) 13000 &) 12000 2000
MCD¢ 11400 @) 12900 @) 12150 1500
6e [Fe(PMA)(MeOH)]Cl MCD! 10100 &) 12200 &) 11150 2100 10
6f Li[Fe(MeEDTrA)(MeOH)] MCD? 9200 () 11100 @) 10150 1900 38
69 FeCb MCD 6700 &) 7400 &) 7050 700
abs ~7000 ~7000 40,41
average ~10200 ~1800

aMCD data collected at 1:65 K. ?Values in cnT’. ¢ Signs of the MCD transitions are includeétData taken on solution form of sample.
¢ Excluding FeCl data.

is a 6C complex designed to model the active site in bleomy- where available. The two ferrous hexaaguo models have similar
cin?%21and has mostly N ligation with the PMA ligand binding ligand field spectra (Figure Ba,b) and show additional weak
through primary and secondary amines, an imidazole, a pyri- spin-forbidden transitions to higher enerfy[Fe(Im)]2* has
midine, and a deprotonated amide. X-ray absorption spectros-an MCD spectrum@c) similar to that of the hexaaquo models,
copy studie¥ show typical Fe-N bond lengths and a short  with the d— d bands shifted to slightly higher energy since
~2.00 A Fe-pyrimidine bond. [Fe(MeEDTrA)(MeOH)]was imidazole is a stronger-field ligand than water. Ligand field
synthesized to model the non-heme active site in phenylalaninetransitions are observed at highest energy for [Fe(PY5)-
hydroxylasé® and has predominantly O ligands in a mixed (MeOH)P+ (6d), which has five strong-field pyridine ligands;
oxygen and nitrogen distorted octahedral arrangeffeithe in fact, this complex can become low-spin rather easily by
iron center in FeGlis surrounded by six Cl anions in a layered changing the nature of the sixth ligafftl.The spectrum of [Fe-
lattice so that the effective site symmetry is distorted octahedral (PMA)(MeOH)[+ (6€) shows two transitions also to higher
(~D3q). energy relative to the hexaaguo complexes which indicates a

Low-temperature MCD spectra for the 6C models are stronger ligand field at the iron center, likely due to the strong
presented in Figure 2. (Gaussian resolutions are given in theFe—pyrimidine interaction. [Fe(MeEDTrA)(MeOH)]shows
Supporting Information.) Table 2 summarizes the observed d spectral featuressf) similar to those of the hexaaguo models,
— d transition energies, O values, andASEy splittings and as might be anticipated due to the largely O ligation. The d
compares these results to those from absorption spectroscopyl transitions for FeGlare observed at+7000 cnt! (6g) and

- - - - - . are shifted to lower energy in accord with the weaker ligand

Debruner, P. . Hodman, B, Hodgson, K. 0. Scloron, E. I Caradonnia, field strength of Cl relative to N or @ Thus it is found that
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(39) Cotton, F. A.; Meyers, M. DJ. Am. Chem. S0d.96Q 82, 5023~ Philos. Mag.1962 7, 495-498.
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(40) Jones, G. DPhys. Re. 1967, 155 259-261. (44) Lever, A. B. PInorganic Electronic Spectroscopgnd ed.; Elsevier
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Figure 3. Low-temperature (165 K, 7 T) MCD spectra of 5-coor-
dinate models with approximate square pyramidal geometry: FeL(OAc)
[Fe(Im)]?* (60), [Fe(PY5)(MeOH)i* (6d), [Fe(PMA)(MeOH)J (6¢), (5a), FeL(OBz) 6b), FeL(acac)%c), [Fe(TMC)(Bn)]* (5d), [Fe(TMC)-
[Fe(MeEDTrA)(MeOH)T (6f), and FeCl (6g). Ligand field transition (CDI* (58, [Fe(PMA)I" (5f), and [Fe(MeEDTrA)} (59). Ligand field
energies are marked by bars (see Table 2). The negative feature tdransition energies are marked by bars (see Table 3). The high-energy
high energy in6a is a spin-forbidden transitiof?; the high-energy intensity marked as CT irbf is due to low-lying charge-transfer
intensity marked as CT ie is due to low-lying charge-transfer  transitions'® Asterisks (*) indicate impurities isd,g.

transitionst® An asterisk (*) indicates impurities i6f (residual starting
material).

Figure 2. Low-temperature (1:65 K, 7 T) MCD spectra of 6-coor-
dinate models: [Fe(D)s|(SiFs) (6a), [Fe(H0)s](NH4)(SOy). (6b),

(Gaussian resolutions have been omitted since threddbands
for the 5C models do not generally overlap and transition
energies are readily identified.) FeL(OAc) (Figures3), Fel-
(OBz) (6b), and FeL(acac)(c) show similar intense low-energy
positive features at-5500 cnt! and a second much weaker
transition at>10 000 cnt!, which shifts to higher energy
following the trend of OAc< OBz < acac. For weak-axial
square pyramidal complexes, the highest-energy transition is
to the d2_y2 orbital® The observed trend reflects the increasing
ligand field strength within the equatorial plane, particularly
the short Fe-O bonds in FeL(acac), which drives up the energy
'of the dz—2 orbital. The MCD spectrum of [Fe(TMC)BF](5d)
shows a more intense high-energy feature centered &t000
cm~! and a weaker component which grows in<&000 cnt.
(The additional feature at8500 cnt! is an impurity which
displays VTVH MCD behavior quantitatively different than that
of the band at-11 000 cn1? (vide infra).) Although the lower-
energy transition is not observed for [Fe(TMC)CI5e), the
highest-energy & d transition is observed at10 200 cnt?,

an energy lower than was found for [Fe(TMC)Br] From the
spectrochemical series, Cis expected to be a stronger-field
ligand than Br.** Increasing the strength of the axial ligand

6C ferrous complexes with N and O ligands show two features
in the 10 006-12 000 cnt! region, with average values of g
~ 10 200 cm! and ASEgy =~ 1800 cnr.

NIR MCD spectra were measured for seven 5C ferrous
complexes with approximate square pyramidal geometry (see
Figure 1, upper middle): FeL(OAc), FeL(OBz), FeL(acac), [Fe-
(TMC)Br]Br, [Fe(TMC)CI|(BFs), [Fe(PMA)CI, and Li[Fe-
(MeEDTTrA)]. The first three are structurally similar with three
equivalent N ligands and two O ligands from a bidentate acetate
benzoate, or acac group. One-f¢bond is the axial direction
with the two other nitrogens at nearly 9@nd the oxygens
completing the equatorial plane. The-FR@ bonds in FeL(OAc)
and FeL(OBz) are inequivalent, with one bond-&.23 A and
the other at~2.1 A; in contrast, the FeO bonds in FeL(acac)
are nearly equivalent and considerably shorter205 A. The
[Fe(TMC)(X)]" complexes contain four N ligands derived from
the tetradentate TMC ligand and vary in the occupation of the
fifth (axial) site. The N ligands are coplanar and the iron atom
is slightly shifted out this equatorial plane toward the axial
g%a?:c; d[aﬁse(lzg/lfgg g]r;d S[i'):(fé'\ggE/E;{?g&:g:&;sl'iggigf the from Br- to CI~ will shift thg metal out of the equatorial plape

The low-temperature MCD spectra of the square pyramidal and stabilize the -y orbital, lowering the energy of this

transition for [Fe(TMC)CIf. Both [Fe(PMA)I" (5f) and

5C complexes are presented in Figure 3, and the transition -~ . e
. o . . [Fe(MeEDTrA)I" (50) have mixed N and O ligation and show
energies and splittings are summarized in Table5&—(). fwo transitions at~5100 and~11 000 cm?, with the low-

energy bands being more intense. Thus, in general, the square

(45) Ciampolini, M.; Nardi, N.Inorg. Chem.1966 5, 1150-1154.
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Table 3. Excited-State Transition Energies and Ligand Field Splittings for 5-Coordinate Models

complex methot obsd transitiors 10D¢P ASESP ref
5a FeL(OAc) MCD 5500 §) 10700 @) 8100 5200
abs ~5600 ~10800 8200 5200
5b FeL(OBz) MCD 5600 {) 11550 @) 8575 5950
abs ~5600 ~10800 8200 5200
5c FelL(acac) MCD 5400+) 13500 () 9450 8100
5d [Fe(TMC)Br|Br McDd <5000 @) 11000 &) >6000
MCD n.o. 111004) >6000
5e [Fe(TMC)CI|(BFs) MCD n.o. 10200 £) >5000
5f [Fe(PMA)]CI MCD 5100 () 11200 @) 8150 6100 10
59 Li[Fe(MeEDTrA)] MCD 5050 ) 10220 ) 7635 5170 38
5h [Fe(Mestren)Br]Br MCD n.o. 9500¢) >5000
abs 3800 9800 6000 45
5i Fe(Medien)Ch MCD n.o. 8600 ) >5000
abs <4000 8400 >4500 30
5§ [Fe(trpn)(MeCN)](OTf MCD n.o. 11500 ¢) >5000
average ~5700

aMCD data collected at 1:65 K. ® Values in cnt. ¢ Signs of the MCD transitions are included. n=onot observed? Data taken on solution
form of sample.

MCD due to the range of the instrument. Thus, the excited-
state splitting for these complexes is largeg000 cnTl. The
spectrum of [Fe(trpn)(MeCN3T (5j) shows three bands which

150}
100+
50

o~ 0 are centered at5000,~8500, and 11 500 cmt. The lowest-
g o .
< sof energy transition shows temperature-independ®&sierm be-
'g 40t havior, rather than the usual temperature-depen@etgrm
g o \\/ ; behavior associated with high-spin ferrous sites (vide infra),
o 4o ‘ . . . . 5i indicating that this feature is due to a diamagnetic impurity.
€ coof ' ' o ' T The spectra from different preparations of [Fe(trpn)(MeCN)]
400F | I show different intensity ratios between thé3500 and 11 500
200F i 1 cm™! bands, with the higher-energy band-£0 times more
0 - - - - , intense. The VTVH MCD data at8500 cnt? fit to different
4 6 8 10 12 14 16 ground-state parameters than for the 11 500 chand (see
Energy (10° cm') section B), indicating different ground states and hence different

Figure 4. Low-temperature (165 K, 7 T) MCD spectra of 5-coor- species. Therefore, the weak feature at 8500 'ciw likely
dinate models with approximate trigonal bipyramidal geometry: [Fe- due to a small paramagnetic impurity and the 11 500%dnand
(Megtren)Br]* (5h), Fe(Megdien)Chb (5i), and [Fe(trpn)(MeCNJ" (5)). arises from the [Fe(trpn)(MeCN)] chromophore. This 11 500
Ligand field transition energies are marked by bars (see Table 3). For s -1 hand. which corresponds to the transition to taerbital
spectrurbj, an asterisk (*) marks a band due to a diamagnetic impurity, is at significantly higher energy than for the other trigonal

and a dagger (f) indicates a small paramagnetic impurity (see text). bipyramidal models. This can be attributed to a stronger axial

pyramidal complexes show two ligand field transitions in the Pond in [Fe(tron)(MeCNJ" compared to the relatively long

NIR region at>5000 and>10000 cm? with an average &xial bond in [Fe(Metren)Br]" (Fe-Br = 2.5 A) which
splitting of ASE; ~ 5700 cnt. destabilizes the 4l orbital. Therefore, while most trigonal

The second group of 5C ferrous complexes studied have bipyramidal ferrous models are weak-axial systems which show

approximate trigonal bipyramidal geometry (see Figure 1, lower € ligand field transition at 10 000 cnT?, strong-axial systems
middle): [Fe(Metren)Br]Br, Fe(Medien)Ch, and [Fe(trpn)-  Can show a band at10 000 cn1. The second lower-energy
(MeCN)](OTf). [Fe(Mestren)Br]* has one axial and three ligand field transition for trigonal bipyramidal geometry is
equatorial N ligands in a tripod arrangement from thestvés expected at<5000 c_rrr1 and cannot be observed in the MCD
ligand, with Br occupying the other axial site; the metal ion SPectra due to the instrument cutoff.
lies on a crystallographi€; axis and has effectiv€s, site NIR MCD spectra were measured for seven 4C ferrous
symmetry. [Fe(trpn)(MeCN3} is similar to the previous model ~ complexes (see Figure 1, bottom): [FgQUEts), CsFeCE,
but contains one additional carbon in the arms of the tetradentateFeL(Cl), FeL(O-GFs), FeL(O-GH3-2,6-Chb), FelL(S-GH.-4-
tripod ligand, which causes a moderate degree of disorder inNOy), and Fel(S-GHs-4-tBu). The first two models have
the crystal structur®® Fe(Medien)Ch has only a partial tripod  tetrahedral geometries, with Byy distortion of the [FeG]2~
ligand providing one axial and two equatorial N ligands; Cl center in CsFeCE. The five FeL(X) compounds have similar
ligands occupy the remaining axial and equatorial sites to structures, containing three N ligands with bond distances of
complete the coordination sphere. ~2.00-2.13 A. The models vary in the occupation and
Figure 4 shows the low-temperature NIR MCD spectra of orientation of the fourth ligand site. FeL(Cl) has approximately
these 5C complexes, and the transition energies and splittingsCs, site symmetry with the 2.2 A FeCl bond ~1° off the
are summarized in Table 3l{—j). [Fe(Mestren)Br]" (Figure normal to the plane of the three nitrogens. In FeL (¥}
4, 5h) and Fe(Medien)C} (5i) show a single MCD transition  the Fe-O bond is contracted at 1.84 A and oriented1° off
at 9500 and 8600 cm, respectively, in good agreement with  the normal to the plane of the Ns. This angle increasesty
the absorption spectra for these complexes. The absorptionfor FeL(O-GHs-2,6-Cb), which has a similarly short 1.88 A
spectra indicate a second band to lower energy4100 cnt?! Fe—O bond, giving a much more distorted geometry for this
for both models; however, these transitions are not observed incomplex. Both FeL(S-gHs-4-R) models have shorter FéN
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Table 4. Excited-State Transition Energies and Ligand Field Splittings for 4-Coordinate Models

complex method| obsd transitiorfs 10D¢P ES splitting ref
4a [FeCL](NEL,) MCD <4700 ()
MCD¢ <4700 ()
abs 4060 ~4000 46
ab CsFeCk MCD <4700 ()
4c FeL(Cl) MCD 5930 ) 6650 () 6290 720
ad FeL(O-GFs) MCD 6490 ) 7850 ) 7170 1360
4e FelL(O-GHs-2,6-Ch) MCD 6700 (+) 9610 (+) 8155 2910
4f FeL(S-GH44-NO,) MCD 5590 () 6600 ) 6095 1010
4g FeL(S-GH4-4-tBu) MCD 5670 () 7550 () 6610 1880
average ~7000 ~1600

aMCD data collected at 1:65 K. ?Values in cn1. ¢ Signs of the MCD transitions are includeétData taken on solution form of sample.

e Excluding [FeCl]?~ data.
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Figure 5. Low-temperature (165 K, 7 T) MCD spectra of 4-coor-
dinate models: FeL(CI¥E), FeL(O-GFs) (4d), FeL(O-GHs-2,6-Ch)
(49), FeL(S-GH4+-4-NO,) (4f), and FelL(S-GHs-4-tBu) (4g). Ligand

(O-CgH3-2,6-Ch). This excited-state splitting likely reflects the
increased distortion of the site as the-Béangle to the normal

of the Ns plane increases froml° (Cl) to ~11° (O-CsFs) to
~21° (0-CeH3-2,6-Ch). The FelL(S-GHs-4-R) models éf,9)
have nearly identical low-energy bands~a6600 cnt! and a
second transition at6600 cnm! (R' = NOy) and~7550 cn1?!

(R = tBu). Although the N-Fe—S angles are similar for the
two complexes, the energy of the second transition is likely
influenced by the substituent on the aromatic ring bound to the
sulfur ligand. The higher 1Dq value for the FeL(O-R) models
relative to the FelL(S-§H4-4-R) complexes indicates a strong
ligand field at the iron site which is attributed to the significantly
short~1.9 A Fe-0 bonds relative to the weaker & bonds.
Thus the 4C ferrous complexes generally show one to two
transitions centered at D@ ~ 7000 cnt! and split by 708-
3000 cnt?,

One striking feature in the MCD spectra of the ferrous model
complexes is the fact that the signs of the MCD transitions are
mostly positive. The spectra for the 6C models show only
positive MCD bands, as do all of those for the distorted 4C
models. Although the entire low-energy band for [F4Clis
not observed, it appears that the sign of this MCD transition is
negative. Of the 5C models studied, all of the MCD bands are
positively signed except for the highest-energy ligand field
transition for [Fe(TMC)CIt (5¢), [Fe(MeEDTrA)T (5¢), and

field transition energies are marked by bars (see Table 4). Spectra ofFe(Mgdien)Ch (5i).

the [FeCl]>~ models #a,b) have been omitted since just the tails of
the MCD transitions are observed due to the instrument cutef4&00
cmt,

bonds with the metal closer to the equatorial plane a8 A
Fe—S bonds that are oriented3°® (R" = NO,) and~5° (R’ =
tBu) off the normal to the Ns plane.

B. Saturation Magnetization and Ground-State Ligand
Field Splittings. At low temperatures, MCD spectra are
dominated byC-terms, whose intensity derives from the
differential population between Zeeman-split subcomponents of
a degenerate ground stdfe¢®? As the magnetic field H)
increases and/or the temperatuf¢ decreases, the population

The MCD transition energies and splittings for the 4C models Of the lowest-energy component grows and the MCD intensity
are summarized in Table 4. (Gaussian resolutions are providedincreases until the ground-state population is maximized, at

in the Supporting Information.) The MCD spectra of the
[FeCL]%~ models (not given) show the tail of their ligand field
transitions at the low-energy cutoff of the instrumerg700
cm~1, and absorption spectra place this — 5E transition at
~4000 cnt!. The distorted 4C complexes with predominantly
stronger-field N ligands show-¢ d transitions shifted to higher
energy (Figure 5). The spectrum of FeL(Cl) (Figure4s)
shows two features centered-a6300 cnt! which are split by

a small amount;~700 cnt!. Replacing Cl with O causes Dg
(Ty) to shift to higher energy;~7200 cn! for FeL(O-GFs)
(4d) and~8200 cn1? for FeL(O-GHs-2,6-Ch) (4€), as expected

which point the intensity saturates. This saturation magnetiza-
tion behavior is probed by measuring the MCD intensity at a
range of fields and a series of fixed temperatures. VTVH MCD
data for a representative ferrous model of each coordination type
(6b for distorted octahedrabb for square pyramidalsh for
trigonal bipyramidal, andc for distorted tetrahedral) are shown

in Figure 6. (The data for complexés,d, 5a,c,d,j, and4d,ef,g

are shown in the Supporting Information.) For each example,
the field or temperature dependence of the MCD spectrum is
presented, and the VTVH MCD data collected at the indicated
wavelengths have been normalized and plotte@W&KT and

for the increased ligand field strength of O vs Cl. The splitting VS 1KT, wheref is the Bohr magneton arklis Boltzmann’s

between the two bands has also increased relative to FeL(Cl)

to ~1360 cn1?! for FeL(O-GFs) and ~2900 cnt! for Fel-

(46) Furlani, C.; Cervone, E.; Valenti, \J. Inorg. Nucl. Chem1963
25, 159-163.

(47) Buckingham, A. D.; Stephens, P.Ahnu. Re. Phys. Chem1966
17, 399-432

(48) Piepho, S. B.; Schatz, P. K&roup Theory in Spectroscopy with
Applications to Magnetic Circular Dichroismdohn Wiley & Sons: New
York, 1983.
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Figure 6. VTVH MCD data for selected ferrous models. Top left: [FeQk](NH4)2(SOy),. (6b), temperature dependence of the MCD spectrum

at 7 T and VTVH MCD datad) collected at 1100 nm (arrow). Top right: FeL(OBB®b}, temperature dependence of the MCD spectrum at 7 T
and VTVH MCD data ¢) collected at 1800 nm (arrow). Bottom right: [Fe(Mren)Br]" (5h), field dependence of the MCD spectrum at 4.2 K and
VTVH MCD data ) collected at 1050 nm (arrow). Bottom left: FelL(CHd, field dependence of the MCD spectruiaK and VTVH MCD

data ¢) collected at 1740 nm (arrow). VTVH MCD data were collected at the indicated temperatures and at fieldsdrém t0.7 Tincrements

for 6b, 5b, and4c and in 1.0 T increments fdh. Fits (lines) to the VTVH MCD data were generated by the parameters in Table 5. Error bars are
equal to or smaller than the symbol size used.

constant. The saturation magnetization data for the ferrous

. . S . —ZFS (D <0) +ZFS (D> 0)
models, which are non-Kramers (integer spin) ions, display
nested isotherms, that is the data plottedf¥§2kT do not t2) M
superimpose. The data plotted v&TLin Figure 6 reveal that [X) 1) —
the saturated intensity increases nonlinearly with increasing field, | 2y¢ 5 g=8 +D g=8
indicating an unusual field dependence of the MCD intensity 0 10)
associated with the lowest component of the ground state. This
behavior is interpreted in terms of the magnetic field dependence ~2)
of the zero-field-split ground-state sublevels. HIZ HIY
For systems with-ZFS D < 0), the non-KramerMs= £2

doublet is lowest in energy. In the absence of a magnetic field
a rhombic distortion causes the doublet to split by an améunt
and mixes the wave functions to produgé= (|+20+ |—20/

' Figure 7. Zeeman splittings of the ground-state sublevels oSan

2 non-Kramers system. FerZFS (left), theMs = £+2 components are

split by a rhombic distortiond) into the wave function$X(= (|+20
V2 and |YO= (|+20— |—20/v/2 (Figure 7, left). When a  + |—20)/v/2 and|YO= (|+20— |—20)/v/2; application of a magnetic
magnetic field is applied, the components of thg = +2 field further splits the doublet with @ ~ 8 and causes the wave
doublet are further split due to the Zeeman effect and the wave functions to mix in a nonlinear fashion. F&ZFS (right), the Zeeman
functions change in a nonlinear fashion, approaching ptel effect withH [0 Z couples theMs = 0 and one component of thés
and|—20at high magnetic field, as shown in Figure 7 (left). It = *1 with ag ~ 8, producing a temperature-dependent nonlinear
is this nonlinear field dependence of the wave functions that B-term. The effective ground-state splitting is expected to be larger
accounts for the observed nested saturation magnetizationfor *+ZFS than for=ZFS.
behavior, and simulations show that the magnitudedas field; thus, one expects no MCD intensity at low temperatures
directly proportional to the degree of nestihgFor +ZFS when only theC-term-inactiveMs = 0 sublevel is populated
systemsD > 0), the singleMs= 0 sublevel is lowestin energy  and nonzerd-term intensity at higher temperatures as khe
with the Ms = &1 doublet atD cm~! above (Figure 7, right). = +1 doublet becomes thermally populated. However, this type
When a magnetic field is applied parallel to the molecalaxis, of behavior is not observed in the VTVH MCD data collected
the energy of the ground-stalés = 0O level is independent of  for 19 ferrous models complexes. When a magnetic field is
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Table 5. VTVH MCD Fitting Parameters and Ground-State Spin-Hamiltonian and Ligand Field Parameterg'foidaels

complex 02 o MM B-ternf(%) Ed De Ee  |E/D| A2 V2 |VI2A] ref
6a  [Fe(H:0)(SiFs) 100 8 - <1 11 +12.0 07 006 4500 80 008 7
6b  [Fe(H0)s(NH4)A(SO2 67 87 — 0.8 38 — - = 200 130 0.33
6c  [Fe(Im)]Cl, 46 91 -0.15 1.1 26 — - - —500 300 0.30
6d [Fe(PY5)(MeOH)|(OTH 33 87 —0.09 0.7 23 — - = 1000 670  0.33
6e [Fe(PMA)(MeOH)ICI 24 90 — 0.2 - - - - —950 450 0.24 10
6f Li[Fe(MeEDTrA)(MeOH)] 4.4 93 —0.7 - 30 — - - —400 180 0.22 38
5a FeL(OAc) 40 87 — 1.0 21 — — — 800 530 0.33
5b FelL(OBz) 35 88 -0.12 0.5 40 — — — 800 530 0.33
5c Fel(acac) 0.6 9.3 -0.09 0.3 44 — — — —-2000 320 0.08
5d  [Fe(TMC)BrBrf 10 9.0 — 0.7 40 - - - —-1700 550 0.16
5 [Fe(PMA)ICI 33 85 — 47 - - - = 900 600 0.33 10
59 Li[Fe(MeEDTTrA)] 40 8 — 4.8 10 +7.3 1.3 0.18 +1000 440 0.22 38,53
5h  [Fe(Mestren)Br]Br 15 86 — 0.1 40 D)
5i  [Fe(trpn)(MeCN)](OTf} 14 90 — 0.3 44 (D)
4c  FelL(Cl) 20 89 -0.15 0.6 52 —20.8 3.8 0.18
4d  Fel(O-GFs) 13 88 — 0.4 36 -143 25 0.18
4e  FelL(O-GHs-2,6-Ch) 1.2 85 — 0.5 25 -—10.2 2.0 0.20
4f  FelL(S-GH4-4-NOy) 6.2 8 — 0.3 19 +125 2.7 0.21
49 FelL(S-GH4-4-tBu) 6.8 8 — 0.6 16 +11.9 2.0 0.17

aValues in cmt. P Value of M, /M,y with gn fixed at 1.0;z-polarization has been included only if the fit quality significantly improveReported
as a percentage of ti@@term intensity scaling factohs.im @ Energy of a singlet excited state (in chabove the centered energy of the ground-
state doublet¢ D andE (cm™1) obtained using a$ = 2 spin Hamiltoniar??  Data taken on solution form of sample.

applied perpendicular t8, theMs= 0 andMs= +1 sublevels
interact through an off-axis Zeeman efféas shown for the
case ofH||Y in Figure 7 (right). TheMs = 0 and one partner

of the Ms = +1 act as a pseudo-doublet withgee 8, while

the other partner oMs = +1 is nearly independent of field
and can be approximated asCaterm-inactive singlet excited
state (see Figure 7, right). The predicted VTVH MCD behavior
for this “three-level model” is qualitatively similar to that of
—ZFS with very large), since the ground-state ZFS is n@wv
cm™! (2(D? + 3E9)Y2 — D — 3E cm! with rhombic ZFS),
which is generally much larger than®? Thus analysis of the
VTVH MCD data allows one to distinguish the sign of the
ZFS: +ZFS systems are readily recognized by the large splitting
of the ground-state doublet combined with the presence of a
low-lying C-term-silent singlet excited state.

Quantitative analysis of the VTVH MCD data (intensity, field,
temperature) for ferrous systems allows one to extract ground-
state sublevel splittings and effectigevalues, as well as to
determine the polarization of a transition. The MCBterm
orientation averaged intensity expression for a non-Kramers
doublet ground state withky-polarized transitions has been
described previously. This equation has recently been ex-
panded to include-ZFS ground states’ We have now derived
a closed-formC-term intensity expression for non-Kramers
systems with botkxy- andz-polarized transitions, analogous to
the equation developed for Kramers systéft8. The complete
non-Kramers MCD intensity expression includingolarization
and singlet and doublet excited states, along with linear,

(49) Schatz, P. N.; Mowery, R. L.; Krausz, E. Rol. Phys.1978 35,
1537-1557.

(50) Bennett, D. E.; Johnson, M. IBiochim. Biophys. Actd987, 911,
71-80.

(51) Note that the Boltzmann factors for titerms differ from that
for the C-term because field-induced mixing is much greater for perpen-
dicular fields; therefore, the Zeeman splitting will be governedhywhich
is very small forS= 2 systems (see ref 3).

(52) For a+ZFS systemf = (Es — 6/2)/6 and+D = (6/3) + E +
23[62 + 60E]Y2, whered is the zero-field splitting of the pseudodoublet
ground state anHsis the energy of the singlet excited state using the three-
level model. For a-ZFS systemp andE are calculated fronkt = (6/6)

+ Y3[(0%2 + 6EgY2and—D = E + (E43) — (6/6), whered is the rhombic
ZFS of theMs = +2 ground state anHisis the energy of a singlet excited
state used to approximate the lower-energy component oMthes +1
excited state.

(53) These data have been refit from the original reference (ref 38) using
the +ZFS model and the updated fitting results are shown here.

temperature-independerB-terms is given in eq 1. (The

nl2

. H
Ae= Y {Asathmi I (g“l. cosze—ﬁ(M&-) gJ_ism2 OJﬁ—ai sm@d@}
i,doublets 0 Wi 1—‘,
+ X BHy; + Y ByHn, m

i,doublets m,singlets

where T;= \/ 6,-2 +{(gw ﬁHcosB)2 +{gy ﬁHsinG)2

(e~(Bi=Ti/ DIKT _ p~(Bi+Ti/D)/4T)

py (e—(Ej—Fj/Z)/kT+ e—(Ej+Fj/2)/kT) +
Jj.doublets

3 (e En/4T)

n,singlets

(e—(Ei—S,-IQ)/kT + o (Ei+d; /2)/kT)

vi= 2 (e—(Ej—ﬁjIZ)/kT + e-—(Ej+5j/2)/kT) + z (e—En/kT)
J,doublets n,singlets
(e-—Em/kT)
Ny =
™ 2 (e—(Ej—éj/Z)/kT+e—(Ej+5j/2)/kT) + Z (e—En/kT)

jdoublets n,singlets
derivation is included in the Supporting Informatiorf)is the
angle between the magnetic field and the molecutadis, Asatiim
is theC-term intensity scaling factogr, = gxy s fixed at either
0 (no z-polarization) or 1 (including-polarization)? (M/My)i
is the polarization ratidBym is theB-term, andg, is the energy
of each doublet and each singlen (E; = 0 cnY); a, yi, and
nm are Boltzmann population term. For systems with-ZFS,
d is the spitting of theMs = +2 doublet, and for-ZFS systems,
“o” = 2(D? + 3E)Y2 — D — 3E is the splitting ofMis= 0 and
one component oMs = +1 sublevels.

The complete MCD intensity expression in eq 1 has been
applied to the saturation magnetization data for the ferrous
models to extract ground-state spin-Hamiltonian parameders (
andg for —ZFS andD andE for +ZFS$?), and the results are
given in Table 5. Contributions from linear, temperature-
independenB-terms are generally small, less tha11%, and
most of the data for the models listed in Table 5 are well
described by the-ZFS splitting model forC-term intensity.
The data for four complexes are fit by tReZFS three-level
model: [Fe(HO)g(SiFs), which is known to have-ZFS54-56
[Fe(MeEDTrA)], and the two FelL(S-§4-4-R) models éf,g).

(54) Jackson, L. CPhilos. Mag.1959 4, 269-272.



3958 J. Am. Chem. Soc., Vol. 120, No. 16, 1998 v@eet al.

Scheme 1 graphs which related and g, to the ligand field splitting
5B, (dyy) parameters-A and|V/2A|.3% From these results, the effective
gi value is expected to fall between 8 and 10 &nd limited
5ng A to <7 el For systems with+ZFS, the VTVH MCD fit
S (dx) results are used to obtainD and |E|, which in turn relate to
EC v ) +A andV. (See ref 3 for further details.)
7 This methodology has been applied to the 6C and 5C ferrous
model complexes to obtain ground-staig drbital splittings,
which are also included in Table 5. The sign of the ZFS is
given unless the system is at the rhombic lifW/2A| = 0.33).
In general, the 6C complexes, which have ladgealues, show
a small splitting of the4 orbitals regardless of the sign of the
ZFS, |A| < 500 cntl. Exceptions occur for [Fe(PMA)-
(MeOH)]™ and [Fe(PY5)(MeOH¥, which have large\ values,
corresponding with the unusually smélvalues. Conversely,
the square pyramidal 5C complexes, which have smaller
values, show largegg orbital splittings,|A| > 800 cnt®. The
magnitude of-A is largest for FelL(acac) and [Fe(TMC)B;]
which have axial splitting patterns (sméll/2A| values), and
smaller for the remaining square pyramidal models which have

The results in Table 5 show relatively small polarization ratios,
indicating that the ferrous & d transitions are primarilyxy-
polarized. Although smallz-polarization contributions are
important to include since they affect the magnitudeyocénd
often greatly improve the goodness of fit. Tl values
obtained fall in a narrow range of 8:®.3. Error analysis of
the fits and simulatiorfsshow that the VTVH MCD data are
most sensitive to the value éf which ranges from<1 to ~10
cm? (the latter for+ZFS).

The value of is found to be larger for 6C complexes (Table
5, top), generally) > 4 cn 2, than for 5C complexes (Table 5,
middle), correlating with the larger nesting observed experi-
mentally for 6C relative to 5C models (Figure 6). Thealues . o
for the )[/Fe(HZO)e]” complexes obtair(1eo? throggh the VTVH rhomblg Sp"t““g pattelrns|‘(//2A| ~ 0'33,’)' )

MCD analysis agree with ground-state splittings determined by  FOr trigonal bipyramidal SC ferrous sites with, symmetry,
far-IR spectroscopiesd = 9.9 cnt ! for [Fe(H:0)e](SiFe)%® and th_e orbital ground state is the doubly degenettéd,d,) state,

8 = 6.4-6.7 cn? for [Fe(HO)(NH4)ASOW25" There are with the5E (G Ghe-y?) and®A; (d2) states above, corresponding
two 6C models which deviate from the general trend of 4 to —ZFS29% Experimentally, the VTVH MCD data for trigonal
cm L, both of which have at least one strong-field ligand at the PiPyramidal complexes are well described by th&FS non-

ferrous site: [Fe(PMA)(MeOH)], which has a short Fe Kramers doublet model andl values are smally < 2 cn ™.
pyrimidine bond, and [Fe(PY5)(MeOH)], which has five Whlle o is a measure of the rhpmblc ZFS. qf the site and
pyridine ligands. In contrast to the largevalues observed for ~ Increases with increasing rhombicity, the origin of the small
the 6C models, the 5C complexes show smaller ground-stateMagnitude ofo for the trigonal bipyramidal case lies in the
splittings with & < 4 cnrl. Four of the square pyramidal spln—orblt .coupll.ng. interactions. From ref 3, in-state spin
complexes havé values in the 34 cnr! range, while two  OrPit coupling within the’E (d,dy;) ground state splits the
show much smaller values,= 0.6 cnr for FeL(acac) and sut_)levels |nFo five doublets, _and a rhombic distortion furth_er
= 1.0 cnr 2 for [Fe(TMC)BI]*. All of the trigonal bipyramidal splits these into two sets of flve_, the lowest-energy set having
5C models were found to have smallvalues,d < 2 cmi . adoublet_hdouble.t—smglet (negative ZFS) pattern. Out-of-state
The 4C models (Table 5, bottom) show either a small degree SPin—orbit coupling from the ground state to both the and
of nesting and-ZFS © < 2 cnmY) or rather large nesting(> 5A; excited states removes the degeneracy of the Iowest-en_ergy
6 cnrY) and+ZFS O ~ +12 cntY). The largem values are non-Kramers doublet so that these two components are split by
found for the two FelL(S-@4+-4-R) models, while smalb a small qmount@. Bepause the states involved m_out-of-state
values are seen for FeL(Cl) and both FeL(O-R) models, which SPin—orbit coupling with the ground state are at higher energy
have strong axial FeX bonds. for trigonal bipyramidal complexes (_generalfysooo and
For the 6C and square pyramidal 5C complexes, the ground-”9000 le)“‘f”h"?‘” for square pyramidal complexga [~
state spin-Hamiltonian parameters obtained from the saturation800—2000 cnm), this effect is calculated to be small, and thus
magnetization analysis can be used to determine the orbital® IS 9enerally smaller for trigonal bipyramidal than for square
splittings of the®T,, ground state. The triply orbitally degener- Pyramidal geometry. _
ate 5T, state is split by an axial ZFS distortion, = E(k,,y) _ Inthe case of 4C geometry, the (d¢-y, d7) state is lowest
— E(dy), and a rhombic distortiony = E(d) — E(d,), as N energy with the triply degenerald; (di, dyz dy) state at
depicted in Scheme 1. Wheis negative, théE (d,d,;) state  10Dq (Tq) above. Because tH& (de-y, dz) ground state has
is lowest, indicating a weak axial direction which corresponds no orbital angular momentum, &= 2 spin Hamiltoniaf? is
to —ZFS; conversely, a positive value afindicates a strong ~ @PPropriate to describe the sublevel splittings. From the values
axial system and-ZFS. Because theT,, state has both spin ~ Of D in Table 5, both—ZFS and+ZFS ground states are
and orbital degeneracy, a spin Hamiltonian is not adequate toobserved experimentally for the 4C models. In the case of
describe the sublevel splittings. InsteadTa, Hamiltoniar5 tetragonally distorted sites, the sign of the ZFS corresponds to
must be used which includes spiarbit coupling ¢) along with ~ @n elongation or a compression alongia & D4 distortion

axial and rhombic ZFS and Zeeman effects, as given in@q 2. Pathway: elongation produces &4z ground state ane-ZFS
and compression gives gdjround state and-ZFS8 Most

75 Y F2_1 lyf 2_f2
H( ng)_/l(L.S)+A{LZ _EL(LH)}*TV(LX -L)+ %)) (57) Doerfler, R.; Allan, G. R.; Davis, B. W.; Pidgeon, C. R.; Vass, A.
7 g 7 & 7 8 J. Phys. C: Solid State Phy$986 19, 3005-3011.
[3{(L)c +250H, +(L, +28))H,, +(L, +252)HZ} (58) There is a typographical error in the earlier references for this
equation (refs 3 and 5).
For systems with-ZFS, solutions of eq 2 are used to obtain  (59) Furlani, C.Coord. Chem. Re 1968 3, 141-167.
(60) Wood, J. SProg. Inorg. Chem1972 16, 277—486.
(55) Champion, P. M.; Sievers, A. J. Chem. Physl977 66, 1819 (61) Ciampolini, M.Struct. Bondingl969 6, 52—93.
1825. (62) Abragam, A.; Bleaney, BElectron Paramagnetic Resonance of
(56) Gnezdilov, V. P.; Eremenko, V. V.; Peschanskii, A. V.; Fomin, V.  Transition lons Dover Publications: New York, 1986.
I. Fiz. Nizk. Temp. (Kig) 1991, 17, 253-258. (63) Varret, F.; Hartmann-Boutron, Ann. Phys1968 3, 157—168.
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Figure 8. Experimental d-orbital energy level diagrams for 6C (left), 5C (middle), and 4C (right) models obtained through combining the excited-
state transition energies and the ground-state ligand field analysis results from Table 5. (See Table 1 for compound naieg)urttestate

for trigonal bipyramidal 5C and distorted tetrahedral 4C sites are also spht{B90 cn1* from ligand field calculations); however, these splittings

are not indicated as they are not determined from experiment.

of the 4C models in this study have trigonal distortions arising d-orbitals. VTVH MCD spectroscopy has been used to
from the presence of one unique strong or weak ligand which determine the sign of the zero-field splitting, to calculate ground-
defines the trigonal axis: FeL(Cl)4€) and the FelL(O-R) state spin-Hamiltonian parameters, and in the case of 6C and
complexes 4d,@ have strong axial interactions andZFS square pyramidal 5C sites, to obtain the ligand field splitting
experimentally, while the FeL(S¢84-4-R) models 4f,g) have of the bg orbitals of the ground state. For trigonal bipyramidal
weaker axial strengths antdZFS. From ligand field calcula- 5C and distorted tetrahedral 4C sites, the VTVH MCD data
tions, application of a strong-axial trigonal distortion to tetra- give insight into the’E ground states. Combining these data
hedral geometry does not remove the degeneracy offhe produces an energy level diagram for the d-orbitals, and Figure
ground state, as expected from group theory, but the wave8 shows these diagrams for the ferrous complexes studied.
function descriptions change, approaching(g, dyy) due to Ligand field theory has been used to provide a general model
the increased interaction alo#g(the prime indicates quantiza-  for correlating the excited-state splittings with the geometry of
tion along the trigonal axis). When a small rhombic perturbation a given ferrous centé® Examination of the NIR MCD spectra

as is appropriate for these 4C models is applied, the ground-collected for a wide range of ferrous models verifies the general
state orbital degeneracy is lifted. Inclusion of sporbit ligand field trends and lends insight into why these trends occur.
coupling over all quintet states in the strong-axial case splits Experimentally, the 6C distorted octahedral ferrous models with
the Ms sublevels so that an isolated doublet is lowest in energy N and O ligation (Figure 8, left) show two transitions centered
with primarily Ms = +2 character. This corresponds+@FS at 1q (On) =~ 10 200 cnt! and split by an average value of

as is found experimentally for the strong-axial moddis;e. ASEg =~ 1800 cml. Square pyramidal 5C models (Figure 8,
Application of a weak-axial trigonal distortion shifts tRe middle) have a larger average excited-state splittikty ~
ground-state wave function descriptions towarg,(dy,) due 5700 cnt! and show two transitions at 10 000 and>5000
to a stabilization alongz. Inclusion of a small rhombic  cm™. The 5C trigonal bipyramidal models (Figure 8, middle
perturbation and second-order spiorbit coupling (to the’T, right) also have a large excited-state splittirg000 cn1?, but

low-symmetry-split excited-state components) produces a ground-show only one transition generally10 000 cnt?, and the
state splitting pattern in which the two lowest-energy sublevels second transition is below the range of the NIR MCD instrument
are split by a large amount with a third sublevel close in energy. (<4700 cnt?). 4C tetrahedral models show one transition at
Rotation of theD tensor to be along’ shows that the lowest <5000 cnt?, and distorted tetrahedral 4C models with pre-
two sublevels act as ads = +2 pseudodoublet. This larger dominantly N and O ligation (Figure 5, right) show two
splitting and off-axis field behavior corresponds+@FS and transitions at an average value ofdid)(Tg) ~ 7000 cnt! with
correlates with the experimental data for the weak-axial FeL- excited-state splittings 0£3000 cntl. The origin of these
(S-GHs-4-R) models. Thus, the sign of the ZFS for trigonally  trends can be understood in terms of the ligand field effects
distorted 4C ferrous sites is correlated with the strength of the associated with the geometric structure of the ferrous site.
axial interaction and provides information about the nature of  The small excited-state splitting for 6C sites is due to nearly
the ground-state orbital which contains the redox-active electron. equal ligand fields in the, y, andz directions for a distorted

) ) octahedral complex. [Fe@®)s](SiFs) (Figure 8,6a) shows the
Discussion smallest MCD excited-state splitting®Ey = 1200 cnt?, which

Ferrous active sites have previously been the least spectro-27iS€s from the fact that the hexaaquo ferrous lon o the
scopically accessible form of the non-heme iron enzymes, yet fluorosilicate lattice has only a slighty distortion fromph. '
the study of these sites is of critical importance as they play In contrast, the hexaaqup ferrous ion site in Tutton’s salt, [Fe-
major roles in oxygen and substrate activation. In this study, (H20)el(NH)2(SQu)2 (6b), is more distortet and clonsequently
we have used MCD spectroscopy applied to a wide range of Nas a larger excited-state splittin§Eq = 1600 cm*. Removal
mononuclear ferrous model complexes to obtain a rigorous ©f @ ligand from an octahedral site to produce a SC square
correlation of excited-state spectral features and ground-statePYramidal geometry causes the ligand field interactions along
electronic structure with the geometric structure of a ferrous Zt0 be significantly different than alongy, and so, the square
site. NIR MCD has been used to observe ligand field transi- (64) Hamilton, C. L.; Scott, R. A.; Johnson, M. B_ Biol. Chem1989
tions, which correspond to the energies of the excited-state 264, 11605-11613.
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pyramidal complexes show a much larger average excited-statdigandz-interactions at the site. In these models, the presence
splitting than do the 6C models. The position of the highest- of o-donor,-acceptor ligands at short distances from the iron

energy transition reflects metaligand o-interactions in the

(pyrimidine in 6d and pyridine in6€) gives rise tosz-back-

equatorial plane of the square pyramidal site: stronger equatorialbonding which significantly affects the energy of thg t

interactions will destabilize @-y2 and increase the energy of
the transition to this orbital, as illustrated by the high energy of
this band for FeL(acac) (Figure 8¢). In contrast, weaker
equatorial interactions which loweredy? are coupled with
stronger axial metalligand interactions which increase the
energy of ¢ so that the excited-state splitting is reduced, as
seen for FeL(OAc) (Figure &a).

Like the square pyramidal complexes, the trigonal bipyra-

d-orbital(s) involved. In fact, both [Fe(PMA)(MeOH)]Jand
[Fe(PY5)(MeOH)} show moderately intense low-energy metal-
to-ligand charge-transfer (MLCT) transitions associated with
m-back-bonding: the absorption spectrum of [Fe(PMA)-
(MeOH)]™ shows multiple transitions at13 006-20 000 cnT?
(e & 2000 M1 cm~1) which have been assigned as’Fe~
pyrimidine MLCT transitiong? and [Fe(PY5)(MeOH%" shows
one MLCT transition at~27 600 cn1?! (e ~ 1600 M1 cm™1).19

midal 5C models also show a large excited-state splitting of The lower energy of the MLCT transitions for [Fe(PMA)-

>5000 cntl. These sites are distinguished by exhibiting only
one transition in the NIR MCD spectrum at10 000 cnt?,
whereas a second transition -a6000 cnt?! is observed for

(MeOH)]t indicates strongett-back-bonding in this complex,
which is reflected in the smallérvalue ¢ = 2.4 cn1?) relative
to [Fe(PY5)(MeOH)}" (6 = 3.3 cnTl). Therefore, while 6C

square pyramidal sites. The high-energy transition, correspond-ferrous sites normally show a small orbital splitting of the

ing to the energy of the Zlorbital, is below 10 000 crt for
two of the trigonal bipyramidal models (Figure 8h,i) as
predicted by ligand field theory, but lies at10 000 cnt? for
[Fe(trpn)(MeCN)¥+ (5j), which has a stronger Feaya

interaction than the other models. Therefore, a single transition

at >10 000 cn1?! for trigonal bipyramidal species indicates a
relatively strong metatligand interaction along. The low

ground state|(\| < ~500 cnT?), larger splittings signat-back-
bonding at the ferrous site (along with the presence of low-
energy charge-transfer bands), which can make a significant
contribution to reactivity.

Compared to typical 6C complexes, square pyramidal 5C sites
show smallerd values,d < 4 cnTl, and larger values oA,
|A| > ~800 cnT?, resulting from the removal of a ligand along

energies of the ligand field transitions which are characteristic z. Within this range, the square pyramidal ferrous models fall

of the 4C models (Figure 8, right) correlate with the lowebt0
values for tetrahedral vs octahedral sitesgqTy) = (—%o)
10Dq (On) in the crystal field limit). The splitting of thex§

into three categories: weak-axial, rhombic, and strong-axial.
FeL (acac) (Figure &c) and [Fe(TMC)Brt (5d) are examples
of the weak-axial square pyramidal species, in which the metal

excited-state orbitals varies over the series of distorted 4C is only slightly shifted out of the equatorial plane. These models

models and the larger the orbital splitting, the more distorted
the site, as seen for FeL(Osids-2,6-Ch) (Figure 8,4€). Thus,
with a few defined exceptions, the NIR MCD excited-state data

have smalld values § < 1 cnTt) and correspondingly large
—A values (—A| > 1500 cm?) resulting from the weak
interaction alongz, which stabilizes ¢ and d,, and from the

provide a set of spectroscopic guidelines for determining the metal being nearly coplanar with the equatorial ligands, which
coordination number and geometry of a ferrous site and are increases the energy of,d As the metal is shifted out of the

complemented by the information content available from the
ground-state data.

Once the geometry of the a ferrous site is known, the VTVH

equatorial plane, the MLaia interaction increases and the
energy of ¢y is lowered so that the¢ d-orbitals are closer in
energy. This produces smaller values|&f as seen for FelL-

MCD ground-state analysis provides supplemental geometric (OAc), FeL(OBz), and [Fe(PMAY)] (Figure 8,5a,b,€), which

and electronic structure information, which varies with coor-

have|A| ~ 800—900 cnt!. Rhombic distortions which split

dination number. The 6C ferrous models generally show large dy, from d,; are now on the order of the axial splitting so that

values ofd, 6 > 4 cnrl, which are correlated with a small
ligand field splitting of the 44 d-orbitals,|A| < 500 cnt? (see
Figure 8, left). Additionally, the 6C models show nearly
rhombic splitting patterngV/2A| ~ 0.33, which is understood

in terms of small variations in the y, andz directions which
are nearly equal in a distorted octahedral complex. ([F@F
(SiFg) is the exception which has an axial ground-state splitting
pattern,|V/2A| = 0.08, due to the high site symmetry of the
hexaaquo ferrous ion in the host lattice (vide supra).) Given
that the g splittings are generally rhombic, the sign of the ZFS
reflects the energy order of these three d-orbitalgFS for

that the threes} orbitals are evenly spaced, producing rhombic
splittings (V/2A| ~ 0.33) for these models. If the metal is
shifted further out of the plane due to a strong axial interaction,
then dy becomes the ground state and+&FS system is
produced. This is seen for [Fe(MeEDTrA)] (Table 5 and Figure
8, 5g), which is less rhombic and has a positive value\of
+1000 cntl. Thus, for 5C complexes, the magnitude|Af,
which is inversely proportional t8, reflects the strength of the
axial Fe-L bond: large and negativ& values indicate a weak
axial interaction, smaller values ¢A| and rhombic splitting
patterns indicate moderate-to-strong axial interactions, and

the lowest-energy and middle orbitals closest in energy and positive A values indicate a strong axial bond.

+ZFS for the middle and highest-energy orbitals closest. Thus

The ground-state analysis for the trigonal bipyramidal 5C

small changes in the geometry can shift the relative energy of models shows that these are described bytAES model with

the middle orbital and reverse the sign of the ZFS. It is
important to recognize that for the near-rhombic 6C models,

smalld values < 2 cnt L. This is understood in terms of the
high energy of the orbitals involved in out-of-state sparbit

the nature of the ground-state d-orbital which contains the redox- coupling with the ground state, E£dy?, dy) ~ 3000-4000
active extra electron can be the same for both negative orcm-1, as compared t@A| < 2000 cnr? for square pyramidal
positive ZFS and the sign in these cases merely reflects smallsites (see Figure 8, middle). Although 5C ferrous sites are often

structural differences at the site.

Two of the 6C models, [Fe(PMA)(MeOH)](Figure 8,6d)
and [Fe(PY5)(MeOHR" (6€) show unusually smald values
and correspondingly large values [@| ~ 1000 cntl. This
large splitting of the 4y orbitals is indicative of unique metal

distorted between the limits of square pyramidal and trigonal
bipyramidal geometry, it is important to recognize when the
structure of a ferrous center is strongly distorted toward the
trigonal bipyramidal limit as these sites lack an open coordina-
tion position for oxygen reaction. A strong indicator of the
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geometry of a pentacoordinate ferrous site is the energy of theexcited-state splitting in this example identifies the spectrum
excited-state transitions, complemented by the ground-stateas resulting from a 4C species. As a tetrahedral ferrous site is

information. Trigonal bipyramidal geometry is clearly identified
when only a single transition is observed<at0 000 cn1t and
0 is <2 cnrl. Likewise, a ferrous site cannot be trigonal
bipyramidal if the VTVH MCD analysis yields &ZFS ground

further distorted toward square planar geometry, the energies
and splitting of the two ligand field transitions incred<e,
approaching~8000 and~20 000 cnt! at the square planar
limit, and a+ZFS ground state is expect&d.Therefore, a case

state. Square pyramidal geometry is readily recognized if the may arise in which the MCD spectral features in the 5000

excited-state transitions lie &5000 and>10 000 cnt! and

the ground-state analysis yields= 3—4 cnr! (rhombic-type
square pyramid). Additionally, a square pyramidal-like geom-
etry is assigned whenever two transitions are observe&@d0
and~10 000 cn1! since the associated lower-energy transition
for trigonal bipyramidal sites lies below the range of the NIR
MCD instrument. (The-10 000 cnt! band in square pyramidal
centers can shift to lower energy for strong-axial sites and will
shift to higher energy for weak-axial sites.) It is less clear as
to which site geometry is appropriate when only one transition
is observed at or above 10 000 chand the ground state has
a—ZFS pattern with) < 2 cnTl. One possible assignment is
a strong-axial trigonal bipyramidal geometry, in which the d

13 000 cnt? region do not clearly distinguish between a 4C
site which is strongly distorted toward the square planar limit
and a near-rhombic or strong-axiatZFS) square pyramidal
5C site.

Thus the VTVH MCD results have been used to develop the
information content available through the ground-state data for
each coordination type. In 6C ferrous centers, the presence of
unusually largez, orbital splittings,|A| ~1000 cn?, identifies
strongm-back-bonding interactions, which may play a role in
the oxygen reactivity of non-heme iron enzynié$® Because
6C sites generally show smal}brbital splittings that are nearly
rhombic, the sign of the ZFS does not provide specific electronic
structure information. In contrast, the sign of the ZFS for square

excited state is shifted to higher energy due to the strong axial pyramidal 5C sites is an important indication of the strength of

interaction (for examplegj in Figure 8). Alternatively, a weak-

the axial bond. Weak-axial sites hav&FS withd < 2 cnr'!

axial square-pyramidal geometry with a large excited-state and a largez; splitting (—A| > 1500 cnt?l), while increasing

splitting and relatively low 1Dq value could cause the lower-
energy band to shift below the instrument cutoff-&000 cnr?!
so that a single band-10 000 cm! with 6 < 2 et is

the axial strength produces a near-rhombic site With 3—4
cm - and a reducedy splitting (A| ~ 800 cnt?) until a strong-
axial, +ZFS limit is reached. In trigonal bipyramidal 5C

observed. With the exception of this case, the combination of centers, the ground-state sublevel splitting is smatf,2 cnr?,

excited-state transition energies and ground-state analysisdue to the high energy of the excited states involved in out-of-
provides sufficient information to recognize a 5C ferrous center state spir-orbit coupling with the ground state, and this small
which has approximate square pyramidal vs trigonal bipyramidal magnitude o may aid in distinguishing trigonal bipyramidal
geometry and therefore an open coordination position for from square pyramidal geometry. For 4C ferrous centers, the
potential oxygen reactivity. ground-state analysis has been used to correlate the sign of the
Although 4C ferrous active sites have been implicated in ZFS with the strength of the axial interaction in trigonally
binuclear non-heme iron enzym®&sthey have not yet been  distorted tetrahedral sites and to obtain information about the
observed in mononuclear ferrous enzyrffedNevertheless, it ground-state d-orbital which contains the redox-active extra elec-
is important to be able to recognize the spectroscopic charac-tron: a strong axial distortion produces-&FS system and a
teristics of a tetracoordinate ferrous ion. The ground-state ground state which is mostly &y, dyy), and a weak-axial
analysis for the trigonally distorted 4C models shows that the trigonal distortion produces &ZFS system and a {g dy;)-
sign of the ZFS correlates with the strength of the axial ligand: like ground state.
a strong axial bond produce<ZFS and a weak axial interaction Finally, the data from this study provide insight into the origin
producestZFS. The ground-state parameters determined from of the MCD intensity for ferrous sites. Expansion of the MCD
the VTVH MCD fit are similar to those obtained for other C-term expression shows that two perpendicular nonzero electric
coordination numbers; therefore, the excited-state spectraldipole transition moments\;) are required:Ae = g,MMy +
features provide a more direct method for identifying 4C sites. g,MM, + gMyM,.4868 For axially distorted 6C or 5C ferrous
As shown in Figure 8 (right), nearly tetrahedral 4C models have complexes, the E ground state has orbital degeneracy, as shown
one characteristic ligand field transition at very low energy, in Figure 9 (left) for the case of@,, distorted square pyramidal
<5000 cnt?, and the distorted 4C models show two transitions site. Ligand field transitions from the.(E) ground state to
in the 5006-7500 cnT? region, split by<3000 cnt®. There- the dz (A1) and g2y (B1) excited states aney-polarized and
fore, 4C ferrous complexes are generally distinguishable from should therefore exhibit nonze@term (andA-term) intensity.
6C sites, which show higher transition energies, and from 5C From the experimental MCD data, one finds that the orbital
sites, which have larger excited-state splittings. As the distor- degeneracy of the ground state is removed due to rhombic
tions from tetrahedral geometry are more pronounced, the distortions ¢ = 0) for all of the model complexes studied.
excited-state splitting may increase so that the spectrum of aConsidering a rhombically distorted square pyramidal site with
4C site may begin to look like that of a square pyramidal 5C C,, symmetry® (Figure 9, right), transitions from the,dA(B5)
site. FelL(O-GHs-2,6-Cb) (Figure 8,4€) is an example of this, ground state to the Adand gz-2 orbitals are electric dipole
where the ferrous site is significantly distorted from tBg allowed only in they direction. Without a second perpendicular
parent symmetry and the position of the highest-energy band istransition moment, these transition will show r@term
near those observed for 5C complexes, although the smallerintensity. However, transitions from the first excited statg, d
(By), to d2 and gz are electric dipole allowed in thedirection
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low-temperature crystal structure at higher resolution (Minor et al.
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also likely present in the 4C structure.
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degeneracy is lifted, buk and y transform as different irreducible
representations.
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in fact, be greatly distorted from the related compounds.
rhombic distortion However, more limited structural distortions from the inferred
> ferrous geometry can also lead to the MCD sign reversal if the
de-y and dz orbitals transform as different irreducible repre-
sentations, for example, througtCa,(ag) rather than &,,(o,)
distortion of the C4, parent geometry (i.e., one which ap-
xy M proximately maintains a mirror plane between metaand
bonds rather than along bond8) Further detailed insight into
AL@ A the MCDC-term signs and intensities for specific low-symmetry
ferrous sites will require quantitative calculations using the
spin—orbit-corrected many-electron wave functions and transi-
B, () Ay () tion polarizations for these 8dsystems, such as has been
B ) performed for d (one-hole) sitegl72.74.75 Thus, theC-term
By ~—===— B; 02 intensity mechanism for Iow-symm_etry fer_rous sites is found
Cay Cy, to arise from ground-state spirbit coupling between the
rhombically split set of ¢, dy, orbitals, and the fact that most
symmetry (left) and a distorted square pyramidal site @ithrsymmetry .Of the transitions h‘f’“’e the same pc_>sitive sign may be understood
(right) showing the direction of the electric dipolg, f/, 2) allowed In term_s of the eXCItedeta_te d-orbltals_, transforming as the same
transitions from the @ d,, ground-state components. irreducible representation in the effective symmetry point groups
appropriate to these models. This study has defined the
(Figure 9, right). Out-of-state spirorbit coupling between the ~ information content of the VTVH MCD methodology for non-
dy, and g orbitals will introduce some-polarization into the heme ferrous sites and should *_5|gn|f|cantly aid in the analysis
y-polarized transitions from the ground state, thereby allowing Of parallel data on metalloproteins.
for nonzeroC-term intensity. (Transitions from thedorbital

—— B ALy

Xy J*

Figure 9. MCD selection rules for a square pyramidal site w@h
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