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Abstract: Electron-transfer series are described for three ferric complexes of the pentadentate ligand 4,8,11-
trimethyl-1,4,8,11-tetraazacyclotetradecane-1-acetate (Mescyclam—acetate) with axial chloride, fluoride, and
azide ligands. These complexes can all be reduced coulometrically to their Fe(ll) analogs and oxidized
reversibly to the corresponding Fe(IV) species. The Fe(ll), Fe(lll), and Fe(IV) species have been studied
spectroscopically and their UV—vis, MOssbauer, EPR, and IR spectra are presented. The fluoro species
[(Mescyclam—acetate)FeF]™ (n= 0, 1, 2) have been studied computationally using density functional theory
(DFT), and the electronic structure of the Fe(IV) dication [(Mescyclam—acetate)FeF]>" is compared with
that of the isoelectronic Fe(IV) oxo cation [(Mescyclam—acetate)FeO]"; the different properties of the two
species are mainly due to the significantly covalent Fe=O x bonds in the latter.

Introduction highly oxidized corrolate complexes, some of which have been
claimed as examples of Fe(lV) compleXesut corroleate
ligands are also fairly easily oxidizédand it is believed that
these complexes are, in fact, Fe(lll) complexes of corrolate
radicals?10

In non-heme iron systems, the ligands bound to iron are
generally considered to be redox-innocent, and intermediates
containing Fe(IV) or Fe(V) have been postulated, and a high-
spin Fe(lV)-oxo intermediate has been observed and studied
spectroscopically in the case of the enzyme tawidestoglu-

Iron is the most prominent transition metal in biological
systems and is known to play an active role in the catalytic
cycles of many metalloenzymésBy far, the most common
oxidation states of iron in proteins are th€ and+3 states,
though higher oxidation states-¢ and+5) are often proposed
for specific intermediates in oxygen-activating enzymes and
model system3:> Because of these proposals, the chemistry
of heme and non-heme iron in its high valent states is currently

of intense interest, and synthetic routes to stable forms of these di 4 n addi Cd by oth
species have been sought. tarate dioxygenase.In addition to work done by other groups

A problem encountered in the chemistry of heme complexes in the synthesis and characterization of Fe(IV) complé%eys,

in their higher oxidation states is that the porphyrin ligand itself °Y' Iabg)ratory has produced evidence forzgnéﬁcand di-
can also be oxidized formingzaradical. In fact, in the class of ~ Nucleat’Fe(IV) coerglplexes Fe(V) CoerleXé% almd recentrlly
oxidizing enzymes known as cytochromes P450, intermediates€Ven Fe(V1) species. For the mononuclear complexes, we have
known as “Compound I" are believed to be the most active (7) simkhovich, L.; Goldberg, I.; Gross, Znorg. Chem2002, 41, 5433.
species in the catalytic cycle ultimately responsible for the (8) ,\S/Ih?r’:(r);’é? e g e by Koszama, B.; Giyko, D. T.; Kadish, K.
hydroxylation of C-H bonds in substrates and are also believed (9) Nardis, S.; Paolesse, R.; Licoccia, S.; Fronczek, F. R.; Vicente, M. G. H.;
i ~ H i idi Shokhireva, T. K.; Cai, S.; Walker, F. Anorg. Chem.2005 44, 7030.
to Contam ar_] Fe(IV) 0X0 umt_ Coordmat?d _tO an oxidized (10) Walker, F. A.; Licoccia, S.; Paolesse, R.Inorg. Biochem2006 100,
porphyrin radicaP In such species, the oxidation state of the 810.
; ; i idati (11) Price, J. C.; Barr, E. W.; Tirupati, B.; Bollinger, J. M.; Krebs, C.
iron would actually be higher if it were not for the oxidation of Biochemistry2003 42, 7497,

the porphyrin. Similar considerations have led to ambiguity in (12) Betley, T. A;; Peters, J. Q. Am. Chem. SoQ004 126, 6252.
(13) Cummins, C. C.; Schrock, R. Rorg. Chem.1994 33, 395.
(14) Chanda, A,; Popescu D.-L.; de Oliveira, F. T.; Bominaar, E. L.; Ryabov,
)
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Scheme 1 can be reversibly oxidized to their corresponding Fe(lV) species
(such oxidations are irreversible for cyclaracetate com-
m m oo plexes@* Third, the mononuclear azidd=e(IV) complex [(Me-
NH HN NH N cyclam—acetate)Fep(PFs), (hereafter designateébx) has been
[ j [ found to be photoactive producing the diamagnetic nitrido
Fe(VI) species [(Mgcyclam—acetate)PEN]2+ upon irradiation
NH HN NH HN

with 650 nm light in acetonitrile solutio#f. Thus, the coordina-
v v tion chemistry of the Mgyclam—acetate ligand with iron

extends access to high-valent Fe() Fe(VI).

Cyclam Cyclam-acetate In studying the first observation, an understanding of the
effects (mainly steric and electronic effects) responsible for the
m m spin state of ferric compounds of these ligands has been
H3C\N N/CH3 HaC\N N Tcoo reached? owing in large part to the work done by the
Meyerstein grouff on alkylated and nonalkylated macrocyclic
j [ ligands and their complexes. The second observation allows us
>N N >N N_ to gain uniqu_e insig_hts i_nto the natl_Jre of iron in its tetravalen;
H;C k) CH; H;C K) CH; state as the ligand field is changed in a controlled manner. This
is possible by studying [(Mgyclam—acetate)FeX]~ species
Mecyclam Mescyclam-acetate with various X anions (%=CI~, N3~, F7), which is the basis of

the experimental part of this report. The effect of a terminal

utilized the supporting tetradentate ligand cyclam (see Scheme®<© ligand on the electronic structure is also probed in this report

1) because of its properties as a spectroscopically and redox-neoretically by comparing [(Meyclam-acetate)FeF] with

innocent ligand, which can coordinate iron with four equatorial € iSoelectronic [(Mgeyclam-acetate)FeO] species, which

i imi 18 _
nitrogen donors akin to the coordination mode of a porphyrin S Similar to [(cyclam-acetate)FeGT **and the handful of Fe
ligand. (IV)-oxo complexes which have been characterized in the Que

A high-valent Fe(V)-nitrido species formulated as [(cyclam)- lab 7571723275 Finally, the third observation has enabled the
FeN(N,)]CIO, was characterized by our groébas well as a preparation and spectroscopic characterization of the second
similar Fe(V)-nitrido complex [(cyclamacetate)FeN]PFhav- Fe(VI) complex yet to be preparéd.
ing the modified cyclarracetate ligand® which has been  Results and Discussion
characterized in more detail than the former complex. In
particular, it should be noted that the original reports of  SynthesisThe oxo-bridged diiron(lll) species (Meyclam-
[(cyclam)FeN(N)]CIO, and [(cyclam-acetate)FeN]P& had acetate)Fe O—FeCk is a convenient starting material for the
claimed both of the complexes to be high spin<(%,), whereas  Synthesis of other complexes of the ddgclam—acetate ligand.
further study of the latter complex has conclusively shown it As shown in Scheme 2, the-(u-O)FeCk moiety is easily
to be low-spin with a nearly orbitally degenerate doublet ground hydrolyzed and removed as rust and the axial ligand can be
state?2 Using the cyclam-acetate ligand, we also reported that replaced by chloride, fluoride, or azide. Interestingly, if the
the complex [(cyclamacetate)Fe(OTf)]Pfreacts with ozone  hydrolysis is performed in a concentrated solution of KPF
to produce a very reactive green species which was formulatedPrecipitation of the bright-yellow chloro complex [(Msyclam-
as an Fe(IV)-oxo species ([(cyclaracetate)FeO]RFbased on acetate)FeCl]P# 1, occurs, whereas if a dilute solution of KPF
its Mossbauer Spectruﬂﬁ_After this work, the group of Que is used, only rust precipitates and if the resulting yellow filtrate
reported that the Corrosponding Fe('V)-OXO Comp|ex of the is allowed to Stand, CryStaIS of the bl’iIIiant-yeIIOW fluoro
ligand Mecyclam ([(Mecyclam)FeO(NCCH)](OTf),) was complex [(Mecyclam—-acetate)FeF]R§2, form over the course
stable enough that it could be crystallized and its crystal structure Of several days (this time allows the slow acid-catalyzed
has been obtained. hydrolysis of the Pganions to occur). It was subsequently found

Because the addition of methyl groups to the cyclam ligand that2 can be formed in much better yields and purity by heating
has been shown to be an effective method of stabilizing high &n @queous solution dfin air, which accelerates the hydrolysis
valent iron species, the addition of methyl groups to the Of the Pk anions. After a few minutes of heating, a rusty brown
cyclam-acetate ligand so as to produce Joclam-acetate is pr_ec_:lpltate appears in the f_Iask, and the resulting f||t_rate is
a logical extension of our previous work in this area with the Prilliant-yellow in color and yields crystals &upon standing.
original aim of further stabilizing Fe(IV) and Fe(V) species. In  USing a concentrated solution of KPBnd NaN, the azido
using the Mecyclam—acetate ligand, three surprising discover- : - -
ies were made. First, the Fe(lll) complexes of dyelam— 29 VBV?;;VHaJ,thi;_ﬁ'g;gFggﬁggb%e;fgséog;_ Neese, F.; Weyhdan..;
acetate were found to be high spin (whereas trans complexes(26) Meyerstein, DCoord. Chem. Re 1999 186 141. _ _
of cyclam-acetate and cyclam itself are always low sgi). ") K M H R, 3 Us Stiona, A7 Bukousig 4 £ Costas i Ho

Second, octahedral Fe(lll) complexes of Jdgclam—acetate 2003 100, 3665. ,
(28) Bukowski, M. R.; Koehntop, K. D.; Stubna, A.; Bominaar, E. L.; Halfen,

J. A.; Minck, E.; Nam, W.; Que, L., JiScience2005 310, 1000.
(22) Aliaga-Alcalde, N.; George, S. D.; Mienert, B.; Bill, E.; Wieghardt, K.; (29) Sastri, C. V.; Park, M. J.; Ohta, T.; Jackson, T. A.; Stubna, A.; Seo, M. S;

Neese, FAngew. Chem., Int. EQR005 44, 2908. Lee, J.; Kim, J.; Kitagawa, T.; Mhck, E.; Que, L., Jr.; Nam, W3. Am.
(23) Rohde, J. U.; In, J. H.; Lim, M. H.; Brennessel, W. W.; Bukowski, M. R.; Chem. Soc2005 127, 12494.

Stubna, A.; Munck, E.; Nam, W.; Que, L., JiScience2003 299, 1037. (30) Klinker, E. J.; Kaizer, J.; Brennessel, W. W.; Woodrum, N. L.; Cramer, C.
(24) Berry, J. F,; Bill, E.; Bothe, E.; Weyhefiiter, T.; Wieghardt, K.J. Am. J.; Que, L., JrAngew. Chem., Int. EQR005 44, 3690.

Chem. Soc2005 127, 11550. (31) Rohde, J. U.; Que, L., JAngew. Chem., Int. EQR005 44, 2255.
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Figure 1. Magnetic susceptibility data fdr from 2 to 300 K, which have
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Table 1. Mdssbauer Parameters from Zero-Field Spectra of
Frozen Acetonitrile Solutions of the Complexes
compound o, mmst AEg, mms™! T.K ref.

1red 1.08 2.75 80 this work

1red — MeCN bound 1.10 3.49 80 this work

lox 0.08 2.40 80 this work

22 0.39 0.95 42 25

2red 1.11 3.71 80 this work

20x 0.02 2.43 80 this work

3 — low spin 0.33 221 80 24

3 — high spin 0.35 0.84 200 24

3red 1.08 3.17 80 24

30x 0.11 1.92 80 24

been corrected for intrinsic diamagnetism as well as temperature-independent 2 This measurement was done on a solid sample.

paramagnetism (TIP). The solid line represents a least-squares fit of the
data based on a spin Hamiltonian simulation. (Inset) Fitting parameters.

Scheme 2
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complex [(Mecyclam—acetate)Fep)PFs, 3, forms as a deep-
red precipitaté* Compound3 is light sensitive and solutions
bleach with photoreduction to [(Meyclam—acetate)F&
(NCCHg)] " if left in ambient light for even a few houf,so it
is important that3 is crystallized in the dark.
Characterization of the Fe(lll) Species.The crystal struc-
tures and some of the spectroscopic propertiesarid3 have

Maossbauer data, which both sugge& salue of~ —4.5 cnt?!

(vide infra). By fixing theD value to—4.5 cnt! and allowing

a Weiss constant to be refined, a successful fit can be obtained,

which is the fit shown in Figure 1. The Weiss constant-df.4

cm~1is most likely due to Fe-Fe antiferromagnetic coupling

between iron centers in a chain structure.
H=Sg8B+ S-D-S (1)

The Mtssbauer parameters of all of the species described in
this paper are given in Tables 1 and 2 for spectra measured
either without or with an applied magnetic field, respectively.
The Mtssbauer spectrum of a solid samplelat 80 K and no
externally applied magnetic field shows considerable spin
relaxation with rates that are intermediate to the time scale of
the nuclear transition and Larmor precession. The spectrum
consists of a broad asymmetric trough from which the isomer
shift (§) and quadrupole splitting\Eg) are not readily deduced.

To determine these parameters, thésstmauer spectrum of the
solid was measured at 4.2 K in a strong applied magnetic field
of 7.0 T (see Figure 2a). The spectrum is well resolved but has
only weak magnetic splitting typical of a diamagnetic species
showing no internal field at the iron nucleus. The value9 of
andAEq could be determined from a simulation with the usual
nuclear Hamiltonian and the applied field to be 0.38 aid45

mm s1, respectively, and the asymmetry parameter of the
electric field gradient (EFG) tensow, is 0.3. The parameters
are rather unusual for high-spin Fe(lll) coordination compounds;

been previously reported, which have shown the molecules to particularly the high quadrupole splitting is remarkable and

adopt thetrans |l conformation of the cyclam ligand as shown
in Scheme 24
The spectroscopic properties bin the solid state, for which

largely exceeds the values found for the other ferric high-spin
species in Table 2. The Msbauer parameters instead resemble
those found fop-oxo bridged di-iron complexes like the (Me

good crystals could not be obtained, are in agreement with the cyclam—-acetate)FeOFegstarting complexd = 0.44 mm s1,

same structural formulation. The magnetic susceptibilityl of

|AEq] = 1.46 mm s%), which suggests that the carboxylate

is shown in Figure 1, where a temperature-independent valueshould function as a bridging ligand in a chain structure and

of T = 4.36 emu K mot? is seen above 50 K, which is in
agreement with the spin only value for &a= 5/, ground state:
2T = (1/2)(§(S+1)) = 4.375 emu K motl. Below 50 K, there
is a steep decrease T, and the value falls below 2 emu K

mol~! at 2 K, which exceeds the field saturation behavior

expected for the applied field & = 1 T, and thus indicates

either zero-field splitting or weak intermolecular spin coupling

or both. A fit of the data using the spin Hamiltonian given in
eq 1 @ is the Landefactor, D is the axial zero-field splitting
parameter is the Bohr magnetorB is the magnetic field,

andSis the spin operator), which only accounts for axial zero-

field splitting, results in a value o® = 10 cnT?, but this

that at least one of the F®(carboxylate) bonds is quite strong.
This may explain also the diamagnetism of the sample found
in the spectrum measured at liquid helium temperature. We
emphasize that the presence of a ft@xo dimer motif can be
excluded because such a bridging ligand would mediate strong
exchange interaction between the ferric ions of the ordér 10
cm~1, in contrast to the weak interaction found in the magnetic
data as well as the paramagnetic relaxation observed in the
Md&ssbauer spectrum recorded at 80 K.

Crystals ofl are poorly diffracting, and only a rough structure
was determined, which is so poor that the data will not be
presented here. Nevertheless, the connectivity which appears

was found to be too large to be in agreement with the EPR andin the structure is shown in Scheme 3 and it should be noted
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Table 2. Parameters from Applied Field Mdssbauer Measurements of Complexes in Acetonitrile Solution at 4.2 K

compound o, mmst AEg, mmst, y D,cm~%, EID (a, B, 7), deg? G0 0 02 (Ave Ay A), T ref.

1(solidyc 0.38 —1.45,0.3 n.d. n.d. n.d. n.d. this work
1 0.48 —0.40,0.7 —4.8(4),0.10 11,111,0 2.00 —22.0,—22.0,—19.5 this work
2 0.39 —0.95,0.40 +0.4(2), 0.12 - 2.00 —21.3,—21.3,—21.0 25

2red 111 +3.71,0.2 —2.0(2),0.20 0-8,0 2.00 —15.5,—-22.5,-13.4 this work
20x 0.02 +2.45,0.2 +22.(1),0 - 2.00 —20.4,—19.1,-2.% this work
3 — low spirP 0.34 —2.28,0.2 - 0, 66,0 1.78, 2.26, 2.70 —31.6,+24.8,—49.1 this work
3 — high spir? 0.41 —-0.93,0 +4.0(5), 0.3 - 2.00 —20.1 this work
3 — low spin 0.34 —2.43,0.3 - 0,69,0 1.78,2.26,2.70  —50.2,+47.4,-5.8 this work
3 — high spin 0.42 -0.32,0 +2.0(2), 0.3 - 2.00 —-20.89 this work
3ox 0.12 +1.92,0.1 +24.(1), 0.02 - 2.00 —15.4,—17.8,—2.3 24

aThe experimental errors are typically 0.02 mrhéor 6 and AEg; 0.01 forE/D; 10° for a,f3,y; 0.01 forg values; and 0.1 foA values. Those fob are
given in brackets? This measurement was done on a solid sanfdie.solid samples]l does not have an apical Cligand.d These are Euler angles
describing rotation of the EFG tensor with respect to the principal axes of the zero-field splitting &FseA,, value is not defined. Taken from the EPR
measurement a3 in solution (see Figure 4y.Constrained to isotropic values.

1.00 applied magnetic fields of 4.0 and 7.0 T (Figure 2b,c). These
g spectra show large paramagnetic hyperfine patterns typical of
0.95F H ferric high-spin ions with large zero-field splitting and were
C fitted using the spin-Hamiltonian given in eq 2 wigh= 5.
0.90f
L 7T =S <2 1 22 &2
oasf 42K A H=gsBS +D[S7 - 85+ 1)+ ED(E, —sy)]+
Srooay S AT — GBIl +H, @)
£
g Here,qg, 5, B, S andD are the same as described in edls
® the rhombicity term of the zero-field splitting tenséy,is the
§°'99: hyperfine coupling tensot,is the nuclear spin operatayy is
= 1.00f the nucleag factor (for57Fe), By is the nuclear magneton, and
Ho is the Hamiltonian describing the quadrupole interaction in
the excited-state of the iron (its main parameters belig
099 and#). The wide split hyperfine pattern with narrow lines and
distinct intensity ratios reveals the presence of a strong internal
0.98L. field of about 46 T at the Mssbauer nucleus and an “easy axis

10 5 10 of magnetization”. This is typical of a paramagnetic complex

Fioure 2. Mossh ira of solid (A) and acetonitrile solutions (8) of with small rhombicity and a large negatiievalue, or a fully
igure 2. M0ssbauer spectra of soli and acetonitrile solutions (B) o - e :
1 taken in applied magnetic field at the field strengths given at 4.2 K. The rhombic system. Because the rhombicity parametérisfound

solid lines represent simulations of the spectra \@ith 0 for (A) andS = to be small from the EPR spectig/D = 0.1 (see below), the
5/, for (B) and parameters given in Table 2. axial parameteb could be reliably determined from the field

dependence of the Msbauer spectra at 3 and 7 T. The

0 5
velocity [mm/s]

Scheme 3 simulations performed in the limit of fast spin relaxation yield
- _I 2+ D = —4.8 cnT?, as well as the components of the hyperfine
_| (( Mepge coupling tenso®gnSGn = (—22.0,—22.0,—19.5) T, with the
({ Mepge NAN/ anisotropy constraint to axial symmetry. The latter values
”N/ / represent a nearly isotropic hyperfine tensor that is in agreement
/) O=fFez=-- with the assignment of high-spin Fe(Ill) in which eatbrbital
O=/[Fey" =" 0=’</ ( contains one unpaired electron. Finally, the values,oAEq,
0=<¢_ J ( e and# determined from these spectra are 0.48 m 50.40
)-“ Me mm s1, and 0.7, respectively, and are in the range expected
Me for high-spin Fe(lll) complexes.

The EPR spectrum df in butyronitrile solution at 10 K is
that it appears that the molecules form chains with bridging qualitatively similar to that of the corresponding fluoro complex
carboxylate groups, according to the spectroscopic observations(2) and consists of a widely split and broadergs 5/, signal
The chloride ions and hexafluorophosphate anions are separatedue to large zero-field splitting exceeding the Zeeman splitting
from the positively charged chains. (D > ¢gfB). Resolved derivative signals are observed at effective

To break up the antiferromagnetic effects of the chain g values of 8.0, 5.6, and 4.0, which can be assigned t¢ 8e
structure and determine the properties of the individual mol- ms > = | 5/, 1/, > Kramers doubletd.« = 8 and 4) and the
ecules, the Msesbauer spectrum df was measured in aceto- | 55, 43/, > Kramers doubletder = 5.6) for a system with a
nitrile solution (~0.1 mM, 40% enriched witR’Fe). Again, the small rhombicity parameter & D ~ 0.1. The relative intensities
Mossbauer spectrum at 80 K with no externally applied field at various temperatures in the range 420 K indicate a
was not conducive to interpretation because of intermediate spinnegative axial zero-field splitting parameter. The spectrum in
relaxation, so two spectra were measured at 4.2 K at externallyFigure S1 was simulated similarly to that 2f and the zero-
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4.5 90
i =TT 1385
<35
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& ,  — simulation Te =_] 09K Il 2
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=ik - 3 TIP = 2.14¢” emu mol
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0 50 100 150 200 250 300 .
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Figure 3. Variable temperature magnetic susceptibility3qslotted ag T Figure 4. X-band EPR spectrum &in frozen acetonitrile solution in the

vs T. The black circles represent the data and the solid line represents a fit Presence of excess NBfs at 20 K. The majog values are labeled: those
of the data as described in the text with the fitting parameters given in the for the high-spin species in red, and those for the low-spin species in brown.
inset. The dashed line is a measure of how much of the sample is high spin
based on the simulation and corresponds to the scale on the right-hand sidqange. The function&ys and F.s were not refined, and their
of the plot. correspondingy and D values were fixed to the values given
field splitting parameter® = —4.0 andE/D = 0.12 were  above. The optimized parameters watd, Tc, andPns, which
determined, which are similar to those determined bgsauer ~ refined to the values given in the inset to Figure 3. The enthalpy
spectroscopy (vide supra). difference isAH = 813 J mol'! and may be used to calculate
The properties of have been previously reporféchs have ~ the ASof the spin crossover procesSHf = TcAS), which is
some of the properties &?2* although we present here a more 7.5 J mot* K™% It should be noted that 62% of the sample
detailed discussion d, with particular emphasis on its spin- does not undergo spin crossover and remains high spin in the
crossover behavior. The unusual temperature dependende of entire temperature range, and this agrees well with tfiesMo
found for 3 (Figure 3) is reproducibly observed in several bauer spectrum of the solid at 4.2 K (vide infra). Although it is
experiments and is a result of spin crossover. At room unusual thata portion of the sample remains high spin, it is not
temperature, theT value is 4.3 emu K mot, very close to without precedent, and several examples of similar systems are
the spin-only value expected for & %, system (4.375 emu  known in the literaturé?—3"
K mol~1). This value drops fairly steadily as the temperature is ~ Compound3 shows a sharp EPR spectrum in frozen aceto-
decreased, ultimately reaching a value~oR emu K mot* at nitrile solution in the presence of NBRF. The spectrum,
the lowest temperatures measured (2 K). This behavior can beshown in Figure 4, can be thought of as having two main
modeled as arising from a variety of different sources such as components, one having signalsge¢ = 9.0, 4.4, and 4.0, and
zero-field splitting or intermolecular spin pairing, and indeed a the other having signals & = 2.70, 2.26, and 1.78. The
hypothetical fit of the magnetic susceptibility data with the spin values of the latter species are in good agreement with a low-
Hamiltonian given in eq 1 treating only axial zero-field splitting  spin iron(lll) formulation (and have a larger anisotropic spread
gives a reasonable fit of the data, but a zero-field splitting value than theg values of [(cyclam-acetate)FefJPFs, which are 2.55,
D which is unphysically largel¥ = ~50 cnt?). 2.26, and 1.91), whereas the higlwek values of the former
The fact that a spin-crossover phenomenon is involved is bestspecies clearly indicate a species with a higher total spin, and
seen in the EPR and Msbauer spectra of the compound (vide these may be assigned to the high-spin spé€ies.
infra), in which both high-spin and low-spin components are It is remarkable that both high- and low-spin species are
seen at low temperatures. On the basis of this information, it is observed in the solution spectra because it means thad: a.
reasonable to simulate the susceptibility data in Figure 3 with undergoes spin crossover in frozen solution (not just in the solid
an ideal solution spin crossover model which also includes the state), b. as was seen in the solid-state susceptibility measure-
zero-field splitting of the high-spin state, as in eq 3. ments, the spin crossover is incomplete and a good portion of
the sample remains high spin at low temperatures, and c.

Fus— Fis relaxation between the two spi i i
. pin states is slow relative to the
2T=(1—-Py) AT 1 + Fis| * PusFus
1+ eXF{ R (f - 17)) (32) Terzis, A.; Filippakis, S.; Mentzafos, D.; Petrouleas, V.; Malliarisindrg.
C Chem.1984 23, 334.
3 (33) Timken, M. D.; Hendrickson, D. N.; Sinn, Eiorg. Chem1985 24, 3947.

(34) Chun, H. P.; Bill, E.; Weyheriilier, T.; Wieghardt, KInorg. Chem2003

Here,Fys is a function simulating the high-spin species based 42, 5612. . ) )
. _ _ 1 . . (35) Chun, H.; Weyherriller, T.; Bill, E.; Wieghardt, K.Angew. Chem., Int.
on eq 1 withg = 2.00, andD = 4.00 cn1! (also including a Ed. 2001, 40, 2489.

temperature_independent paramagnetism Component ofi2.14 (36) Ryabova, N. A.; Ponomarev, V. I.; Zelentsov, V. V.; Atovmyan, L. O.
3 1 . . . . . Kristallografiya 1982 27, 279.
1073 emu K mof?), Fis is a function simulating the low-spin  (37) Ryabova, N. A.; Ponomarev, V. I.; Zelentsov, V. V.; Atovmyan, L. O.

i i = i i Kristallografiya 1982 27, 81.
spemgs withg Z'OOiAH IS the. enthalpy difference l:_Jetween (38) Simulation of the high-spin species has thus far not been possible because
the high- and low-spin stateR is the gas constanTc is the the signals at 9.0, 4.4, and 4.0 do not correspond to any of the expected

iti i i transitions based on the rhombogram for&s 5/, system, though they
critical temperature (I'e" the temperature at which equal amounts are somewhat near the transitions expected for the fully rhombic E&3e (

of high- and low-spin species are present in the portion of the = 0.33 havingges = 9.6 and 4.3). It is I[J;:#;O possible that these signals

; ; arise from a weakly coupled dimer of sgif centers, though preliminary
sample that undergoes_spln_ Cross_'over)’ Bpglis the amount simulations are not conclusive. A Q-band spectrum of this species was
of the sample that remains high spin over the whole temperature  also measured, but the general shape of the spectrum is the same.
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Figure 5. Mdssbauer spectra of solRI(A) and in acetonitrile solutions
(B) taken in applied magnetic field at the field strengths given at 4.2 K.
The lines represent simulations of the spectra with spis %, for the
high-spin component (dashed-dotted line, labeled I8s7) 1/ for the low-
spin component (dashed line, labeled |.s.), and parameters as given in Tableall quite similar to those observed in the solid except that the

2. The high-spin contribution is calculated in the slow-relaxation limit in
the solid (A), 67% relative intensity, and in fast relaxation in solution (B),
30% relative intensity. From the low-spin component, spin relaxation was
found to be fast in the solid (A) but slow for the solution (B).

time scale of EPR (and also relative to théddbauer time scale
(vide infra)).

Both high- and low-spin species are seen in the low-
temperature Mssbauer spectra Bftaken either on the solid or
on a frozen solution. At 200 K, an acetonitrile solution 3f
shows a single asymmetric quadrupole doublet (with ap-
proximately 6 = 0.35 mm s!, AEp = 0.84 mm s?)
characteristic of a high-spin ferric species, but at 80 K, two
doublets are observed which were deconvoluted, one having
the same Mssbauer parameters as above and the other havin
a slightly lowerd of 0.33 mm s* and a largerAEq of 2.21
mm s, both indicative of low-spin Fe(l11¥* An applied-field
(7 T) Mossbauer spectrum of sol@lat 4.2 K was obtained
which shows a complex pattern (Figure 5, top). Knowing the
ratio of high- and low-spin components from the susceptibility
measurement, it is possible to deconvolute thisshmauer
spectrum into two parts, one for the high-spin species (account-
ing for roughly 60% of the total iron in the sample) and one
for the low-spin species (accounting for the remaining 40%).

The six most intense lines in the spectrum can be easily
ascribed to the high-spin component by their large magnetic
splitting indicating an internal field of about 45 T, and by
comparison with the applied field Msbauer spectra dfand
2. Spin Hamiltonian analysis of this subspectrum yields the
parameters given in Table 2, and it should be noted herejthat
and AEqg of 0.41 and—0.93 mm s, respectively, agree well
with the formulation as high-spin Fe(lll) and are similar to the
values found in the Mesbauer spectra dfand2. The same is

are negative, implying that the shape of the EFG tensor is
elongated along the ©Fe—X axis of the molecule. This is in
contrast to what is seen for ferric high-spin porphyrin species,
where the sign oAEq is nearly always positive, an effect which
we believe to be due to the bonding capability of porphyrin
ligands which Mecyclam—acetate lacks.

With the high-spin subspectrum well defined, it is possible
to simulate the minor subspectrum with &/ 1/, model using
the g values taken from the EPR spectrum and éhend AEq
values from the zero-field spectrum, which allows the asym-
metry parameter of the EFG tensgrand the hyperfine splitting
tensor components to be refined. Like its low-spin non-
methylated cyclamacetate analog, [(cyclafacetate)FepJPFs,
the AEq value of3 is negative AEg = —2.28 mm s, 7 = 0.2
for 3; AEg = —2.53 mm s, 7 = 0.40 for [(cyclam-acetate)-
FeNs]PFst®), and the hyperfine tensor components are highly
anisotropic ranging from-49.1 to+24.8 T in3. In [(cyclam—
acetate)FefJPFs, the range is from-41.2 to+35.0 T8 and
in both complexes thé,y component is positive and the other
two components are negative.

An applied field Mssbauer spectrum 8fwas also taken on
a frozen solution o8 in acetonitrile at 4.2 K (Figure 5, bottom),
which is similar in complexity to the spectrum of the solid.
Again, both high- and low-spin components are observed,
although the ratio of the two species here is roughly 30:70. For
the high-spin subspectrum, the refined parameters (Table 2) are

value of AEg appears to be decreased. In the low-spin
subspectrum, however, the values of théensor vary more
(from —50.17 to+ 47.44 T), though the general pattern that
Ay > 0; A, Azz < 0 is still true.

The spectroscopic data for the low-spin species warrants
further discussion. The anisotropy of tlgevalues may be
interpreted in terms of the ligand field model developed by
Griffith3® and Taylof® for description of the 3 low-spin
configuration in octahedral symmetry. Analysis of thealues
yields a ground state with 97% (dy)?(dy,, dy)® character and
in this analysis we have chosen thaxis to be the unique axis
(implying a hole in the ¢ orbital). The splittingA/4 between
the (d, dy;) and dy orbitals is 4.58, with a rhombic splitting

gbetween the g and g, orbitals of V/A = 2.82, wherel is the

spin orbit coupling parameter. The resulting valence contribution
to the EFG arising from theygorbital has its main component
along they direction. This agrees with the spin Hamiltonian
analysis of the magnetic Msbauer spectrum in which the Euler
angles ~ 70° is found, which is close to the expected value of
p = 90° to rotateV,, (the main component of the EFG tensor)
into they-axis. The spin-dipolar contribution to the anisotropy
of the magnetic hyperfine tensAmay also be predicted within
this ionic picture. The estimate yields a positive component for
A,y and negative values foA,, and A,, which fits the
experimental result. Moreover, this general picture agrees with
the previous analysis of [(cyclaracetate)FeCl]PFand [(cy-
clam—acetate)FepPFs, though the 4y splitting in low-spin3

is less rhombic than for the non-methylated azido spediés (
=5.7,VIA = 3.9) and resembles more the nonmethylated chloro
complex A\/A = 4.84,VIA = 2.39). The difference in the two
azido species likely arises from a difference in the-Re-N

true for the hyperfine tensor components. It should also be noted
that theAEq values for all three high-spin specigs2, and3
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(39) Griffith, J. S.Proc. R. Soc. London, Ser. A956 235, 23.
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Figure 6. Cyclic voltammograms of, 2, and3 in acetonitrile with 0.1 M W 1 th
NBu4sPFs supporting electrolyte. The numbers next to each wave are their avelength (nm)
correspondingsyz values inV vs ferrocene/ferrocenium. Figure 7. Electronic spectra dred, 2, and2ox obtined during controlled

. potential coulometry.
Table 3. Electrochemical Data? for Cyclam—Acetate and

Mescyclam—Acetate Complexes

the Fe(lV) chloro complex (vide infra). Coulometric reduction

compound ';ez+/$ FEeM\; " and oxidation ofl, 2, and3 allow study of the Fe(ll) and Fe-
| eFeCTR _5’2’640 1331(’;’ " : (IV) species by various techniques, the results of which are
[(cyclam-acetate)FeCllRF  —0. (rersibie) detailed below. | |
[(cyclam—acetate)FePFs  —0.750  0.990 18 Characterization of the Fe(ll) Species. The reduction
(irreversible) ' products ofl, 2, and 3 were investigated by spectroelectro-

1 —0.290 1380 thiswork - chemistry in the UV-vis region. The electronic spectra fared,
2 —0.614  1.230 this work ‘
3 ~0.360  1.150 24 3, and3ox have been previously reportétand those folred,

2, and2ox are shown in Figure 7. As seen from these spectra,
aSoIvgnt: MeCN; all potentials are referenced vs the ferrocene/ solutions of 2red and 3red are colorless, andred is no
ferrocenium couple. different. The lack of color indicates that the bands originating

angle in the two species; B) the additional methyl groups may ~ from the 5T,—°Eg transition of the ferrous ion must occur at
not allow this angle to become as acute as is found in [(cyelam >1000 nm. Also, any charge-transfer bands from the acetate
acetate)FelPFs (132°). or axial groups to the iron are shifted significantly into the UV.

Electrochemicallyl, 2, and3 behave similarly in acetonitrile Compounds2 and 3 were also studied by infrared spectro-
solutions. Their respective cyclic voltammograms are shown electrochemistry because in both compounds, very intense and
in Figure 6, and their redox potentials are collected in Table 3 important stretches are found in regions of the spectrum which
along with those of the analogous cyclaacetate complexes.  are not obscured by the solvent (acetonitrile) or electrolyte
Notably, whereas the complexes of cyclaacetate show only  (tetrabutylammonium hexafluorophosphate). Compoaisd
irreversible waves corresponding to the*®&" process, this 3 have carbonyl stretches at 1680 and 1677 ¢mrespectively.
process is reversible fall three complexes of Mgcyclam— In compound3, an intense band at 2090 ctis also present
acetate. Compoundsand3 are more easily reduced than their  which is the azido stretch. Infrared spectraBoéd, 3, and3ox
non-methylated analogs by 35800 mV, which is in agreement ~ are shown in Figure 8, which display both of these stretches as
with the difference in spin state between the two species andwell as some of the absorptions of the solvent and electrolyte,
agrees with the observations of the Meyerstein group on the which emphasize the limitations of these measurements. The
weaker donor strength ofl-alkylated cyclam ligand® In values highlighted in Figure 8 for thesNMind C=0 stretching
contrast to the greater stability of the ferrous species in the are also given in Table 4 along with the corresponding values
complexes of Mgcyclam—acetate, which is a thermodynamic from 2 and its derivatives. In both cases, the=Q stretch shifts
effect, the reversibility of the F&/4* couple in these complexes to lower frequency upon reduction to Fe(ll), which is in
represents a kinetic stability of the Fespecies. agreement with there being a weakerf®bonding interaction

Of the three methylated complexes, the fluoro com@es in the ferrous state and therefore mar@elocalization within
the most difficult to reduce, which agrees well with the fact the carboxylate moiety. The azido stretch 3ned is also
that the fluoride ion, a very hard base, prefers to form a strong observed at lower frequency than the corresponding baBd in
bond to the ferric ion, which is a harder acid than the ferrous indicating strongerr interactions between the azide ligand and
ion. The oxidation potentials increase in the sefies 2 > 1, the ferrous ion than is observed in the case of the ferric ion.
which may be considered a measure of how well each of the The reduction products df, 2, and3 have also been studied
three axial ligands stabilizes the tetravalent iron center. The factby Mossbauer spectroscopy by using electrochemically reduced
that the oxidation potential of the chloro complex is the highest samples ofl, 2, and3 enriched 40% ir?’Fe. Reduction ofl is
may also in part be due to steric crowding. The chloro anion complex. The Masbauer spectrum of coulometrically reduced
may not be able to form a short bond to the iron because it 1 shows two overlapped doublets (Figure S2) having the
could be hindered by the methyl groups. Indeed, we believe following parameters (see Table 13 = 1.08 mm s?, AEq;
this to be the main reason for the relative kinetic instability of = 2.75 mm s%; 6, = 1.10 mm s, AEg, = 3.49 mm s*.
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Figure 8. Infrared spectra o8red, 3, and3ox (with the chargen = 0, 1,
or 2, respectively) in the region between 1400 and 2300'd¢aken during

chronoamperometry to generate the Fe(ll) and Fe(lV) species. The dominant

bands at 2300, 2250, and 1500400 cnt? are absorptions of the solvent
and electrolyte, shown to emphasize the limited window of the system.
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shown in Figure S3 along with a spectrum of the same sample
measured in an applied magnetic field of 7 T. This was
simulated using the spin Hamiltonian analysis (see eq 2pfor

Numbers next to each band are the frequencies of the peaks, and a diagrare= 2, resulting in the parametrized values given in Table 2. The

of the molecule is shown in the inset, highlighting the two different
absorptions seen.

Table 4. IR Data for 2red, 2, 20x, 3red, 3, and 3o0x
C=0 stretch, cm™! N stretch, cm=! reference
2red 1630 this work
2 1680 this work
20X 1753 this work
3red 1633 2068 24
3 1677 2090 24
30x 1732 2037 24

Both species may be assigned to high-spin Fe(ll) complexes
due to their large isomer shifts and quadrupole splittings.
Because the two species have similai 9gloauer parameters,

electronicg values were fixed to be equal to*2.
Characterization of the Fe(lV) SpeciesCoulometric oxida-
tion of 1 at a potential of+1.5 V vs ferrocene/ferrocenium was
monitored by the changes in the WVis spectrum. For a simple
electron-transfer process (e.@.;~ 1lox + e7) the changes in
the UV—vis spectrum should be isosbestic during the entire
coulometry as the spectrum @fdisappears and the spectrum
of 1loxappears. In practice, however, isosbestic behavior is seen
during the first~100-200 s of the coulometry, but the newly
appearing band at 460 nm thereafter loses intensity nonisos-
bestically. From this experiment it is apparent that the oxidation
productlox is not stable and decomposes during the time of
the coulometry (even though the coulometry was carried out at
—25°C). Thus, it was not possible to produce a pure sample of

they are also presumed to _be struc_turally very similar, and it _is 1ox for spectroscopic study, but an aliquot of the reaction
proposed that both are six-coordinate and that one specieSyyy e taken during the coulometry but before decomposition

contains an axial chloro ligand whereas in the other, this ligand
has been replaced by acetonitdleThis proposal, however,
presents the problem of determining which species is actually
1red and which is the acetonitrile-bound species. To determine
this, reduction ofl was undertaken in acetonitrile with a mixture
of electrolytes. A 0.1 M electrolyte solution was used, but
instead of using NBiPF; as before, a mixture of 9:1 NBBF;

and NBuCl was used, which provides a large excess of chloride
ions in solution. The Mssbauer spectrum of the resulting

was frozen and a Mesbauer spectrum was measured at 80 K
(see Figure S4) where two species are clearly observable. The
main signal is broad and ill defined and is typical of the high-
spin ferric specied, but a sharp quadrupole doublet is also
observed with the parameteds= 0.08 mm s! and AEg =
2.40 mm st These are assigned as the Fe(IV) spetias
Notably, the quadrupole splitting is somewhat larger than that
observed forBox (for which AEq = 1.92 mm s1).24

We propose two possible reasons for the instabilityl ok

reduced species shows only one major signal having the samerpg first js that the chloride ion may be an ineffective axial
parameters as species 1 above, clearly identifying this speciegjganq for the complex because of its size. As discussed above,

aslred.

the chloride ion can be fairly easily removed in the ferrous and

The reactions involved in the above discussion are represented yic complexes and may not be able to bind closely to the
in Scheme 4, which also shows that a pre-equilibrium between o \/) center because of the steric effects of the methyl groups.

1 and an acetonitrile-bound Fe(lll) species may also occur, but
to only a small extent. The loss of chloridedned is believed
to be due mainly to steric reasons, but also due to the fact the
Cl—Fe(ll) bond will be weaker than the €Fe(lll) bond for
electrostatic reasons.

In contrast to this behavior, reduction®&nd3 give cleanly
one product as seen in their'gkbauer spectra. The spectrum
of 3red was previously reported and is consistent with the
formulation of high-spin Fe(ll), and the spectrum 2red is

(41) An alternative proposal is that one species is five-coordinate, but this should
lead to a much larger quadrupole splitting whereas the quadrupole splittings
observed are similar to those of the six-coordinate sp&riesand3red.
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Another consideration is that the electrode potential is very high
for the coulometric process, and if the equilibrium shown at
the top of Scheme 4 produces any free chloride ions in solution,
these may be oxidized to chlorine either by the electrode or
perhaps bylox itself. These points are interesting considering
the stability of a chloro-Fe(IV) complex, synthesized by Collins
et al*3 and of (corrole)FeCl species may may contain the Fe(IV)
ion.’

(42) TheA andD values determined in this fit are not unambiguously defined
and should be considered to be approximately correct.

(43) Collins, T. J.; Kostka, K. L.; Maock, E.; Uffelman, E. SJ. Am. Chem.
Soc.199Q 112, 5637.
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Figure 9. Mdssbauer spectra @bxin acetonitrile solution taken in applied
magnetic field at the field strengths given at 4.2 K (top three) and 15 K
(bottom trace). The solid lines represent spin Hamiltonian simulations for
S=1, assuming fast spin relaxation with the parameters given in Table 2.

Coulometric oxidation oP yields a pale-orange solutidf,
the electronic spectrum of which is shown in Figure 7. Here,

in the solid lines in Figure 9 is the result, but it is unfortunately
not a unique fit because the valueAfis undefined (any value
for Az; results in an identical simulation of the spectrum) and
D is correlated withE/D.%> Thus, only the relative magnitude
of D can be determined f&ox, but this is in good agreement
with the value determined fd3ox.

The spectroscopic details 8bx have been described previ-
ously; it is an octahedral Fe(IV) species with & 1 ground
state which has several absorptions in the-tiié region at
~330, 430, 540, and 650 nm. Interestingly, whdaox is
irrradiated with laser light at 650 nm in frozen acetonitrile
solution, the yellow diamagnetic dication [(Mgyclam—ac-
etate)FeNj" is formed, which is a genuine Fe(VI) specieB, (

S = 0) via photooxidation producing also one equivalent of
dinitrogen?!

Calculations on the Electron-Transfer Series [(Mecyclam—
acetate)FeF}+/2*, We previously reported calculaticsising
density functional theory (DFT) on the cation fragnnamely,
[(Mescyclam—acetate)FeF] These results shall be compared
here with new results for [(Meyclam—acetate)FeFjand [(Me-
cyclam—acetate)FeP} to gain more insight into the geometric
and electronic structures of these species. The optimized
geometry for [(Mgcyclam—acetate)FeF] was taken as a
starting point for geometry optimizations of the ferrous and

the intense bands in the visible region at 420 and 360 nm arefre(1V) species, and the main geometric results are collected
likely charge-transfer bands (acetate to iron charge transfer)together in Table 3¢ The calculated geometry of the ferric

which are low enough in energy to be observed in the visible

species is in good agreement with the known structurg, of

region. They are assigned as such due to the fact that they occuiyith the exception that the FeN distances are overestimated

in 1ox, 20x, and3ox and therefore are not altered when the by the calculatior?® therefore, reasonable agreement between
axial ligand is exchanged. The decrease in energy of thesethe calculated and actual geometries of the Fe(ll) and Fe(lV)
charge-transfer bands correlates nicely with the expectedspecies is expected, even though the exact structures of these
shortening of the FeO distance (vide infra) in the complex as  are not yet known. As expected, all of the iron-ligand bond
the oxidation state increases. The observed shifts in th® C  distances decrease upon increasing the oxidation state of the
stretching band in the IR spectrum (Table 4) also agree well jron due to the increased charge on the metal. All of the
with this interpretation, as will be discussed further below. calculated structures can be described as consisting of an
The Mtssbauer spectrum of a frozen acetonitrile solution of octahedrally coordinated iron center with an axially compressed
2ox prepared coulometrically consists of a single doublet with ligand surrounding. The FeF bond is in each case the shortest
0 = 0.02 mm s* and AEq = 2.43 mm s?, which agree with metat-ligand bond in the molecule and becomes shorter by 0.07
the assignment of the oxidation as being iron centered. Compar-to 0.10 A per increase in the oxidation state of the iron resulting

ing these data to those @bx and30x, the isomer shift values

in a steady increase in the calculated+ebond order (Table

of the complexes decrease in the series as the axial ligand is6). The corresponding change in the-F@ distance is 0.13 to

changed: F< Cl| < Ns. Because the isomer shift is directly

0.15 A, and the change in the average-Redistances is not

related to the electron density at the iron nucleus, this may beas drastic between the ferrous and ferric complexes but is

taken as an indication of the donating ability of the axial
ligands F, Cl, and bl Spectra of20x were also measured in
applied magnetic fields of 1, 4, dr7 T at 4.2 K andalso an
additional spectrum at 15 K drv T was measured (see Figure
9). The 4.2 K spectra show only limited magnetic splitting,
indicating an integer spin ground state with fairly large positive
zero-field splitting (resulting in anms = 0 state lowest in
energy). Becaus2ox could be either high spirS(= 2) or low
spin (§= 1), and both of these possibilities may result innan

= 0 ground state, both possibilities were employed to fit the
data. It was found that only th&= 1 model could account for
the splitting of the left line of the quadrupole doublet into three
lines, so theSs= 2 model was discounted. The fourth spectrum

at 15 K was then measured so that a more precise determination

of the zero-field splitting tensor could be made. The fit shown

(44) In this case, it was found to be necessary to perform the oxidatied@t
°C and in a glassy carbon vessel to prevent decomposition.

calculated to be-0.10 A from ferric to Fe(IV). Interestingly,
the average FeN distance never falls below 2.1 A, even in
the low-spin Fe(lV) structure, which is likely a result of the
steric effects of the methyl groups in the complex that cause
the Fe-N bonds to be longer than one would expect. This is
nicely shown by geometry optimization of the corrosponding
Fe(IV) fluoro complex of the cyclamacetate ligand (a hypo-
thetical molecule), which hasNH groups instead of NMe
groups. This model converges to a structure havingNré&ond
distances of 2.053 A, 0.06 A shorter than in the methylated
complex.

(45) In addition to the parameters from the axial model listed in Table 2, an
alternate simulation witld = 24.7 cnrt, E/D = 0.33 (the rhombic limit)
is also possible. In this case, tAevalues change tp—28.4,—16.0,—3.6}

T.

(46) The calculations were performed using two different basis sets of dguble-
and triple¢ quality. Though changing the basis set results only in minor
differences in the resulting geometries, for practical purposes, the results
of only the triple€ calculations shall be used in our discussion.
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Table 5. Geometric Data? for Calculated Structures of the [(Mescyclam—Acetate)FeF]™ Series, n =0, 1, 2

(Mescyclam— [(Mescyclam— [(Mescyclam— [(Mescyclam—
acetate)FeF acetate)FeF]* acetate)FeF]* acetate)FeF]*
2 (exp.)? S=2 S=5p S=1 S=2

Fe-F, A 1.848(2) 1.933 1.871 1.766 1.766
Fe—Nay, A 2.148[2] 2.248 2.221 2.115 2.201
Fe-O, A 1.979(2) 2.087 1.959 1.800 1.803
O—Fe-F, deg 175.5(1) 172.1 168.6 174.8 172.9
Ad(Fe—Ny), Ac 0.099 0.132 0.079 0.036 0.071
E, rel., kI mot?t 0 +50

aReported values are from calculations with BP86/TZVP. Geometries using SV(P) given in TaBlB&a.taken from ref 25 This is the distance of
the iron atom above the plane formed by the four amine nitrogen atoms.

Table 6. Calculated and Experimental Spectroscopic Properties of 2, 2red, and 20x

(Mescyclam— [(Mescyclam— [(Mescyclam—

2red acetate)FeF 2 acetate)FeF]* 20x acetate)FeF]**
2S+1 5 5 6 6 3 3 5
Fe 3d spin density — 3.66 - 4.18 - 2.14 3.57
Fe—F bond ordet — 0.5684 - 0.6783 - 0.8599 0.8569
v(C=0), cnrt 1630 1663 1682 1706 1753 1770 1765
giso 2.0 2.034 2.00 2.010 2.00 2.044 2.015
D,cm%, E/D —2.00, 0.20 —1.74,0.045 +0.4,0.12 +0.898,0.037 +21.9,0 +5.62, 0.029 +10.3, 0.324
o, mms? 1.11 0.99 0.39 0.43 0.02 0.086 0.102
AEg, mmst y +3.71,0.15 +2.83,0.136 —0.95,0.4 —1.22,0.29 +2.43,0 +2.31, 0.04 +0.474,0.528
A, MHz {—21.4,-31.0, {—21.54,-38.41, {—29.4,—29.4, {-31.3,-319, {-15.2,-13.8, {—4.1,—-33.0, {—24.6,—25.7,

—18.9 —39.3¢ —29.0 —-32.0 0} —33.3 —-31.%

aCalculated from Lavdin analysis® Fixed in simulation of the Mssbauer spectraValue could not be determined.

In the crystal structure d, the position of the iron atom is  exception that the average FN distance of 2.201 A is nearly
somewhat out of the equatorial plane formed by the four 0.1 A longer for the former, as has been previously noted in
nitrogen atoms of the cyclam ring, pulled 0.099 A out of this calculations of low-and high-spin Fe(I%0 specie$748 This
plane away from the acetate ligand (as calculated from a dummyis easily understood considering a simple ligand field model
position at the center of the mean plane described by the fourfor the d* Fe(IV) ion, which in an axially compressed octahedral
N atoms). This distortion is likely due to the mismatch between geometry will have the configuratiort,)?(cy,)*(cy,)* for the
the cavity size of the Mgyclam—acetate ligand and the ionic  low-spin state and (g)*(ck,)'(dy,)*(d—,?)* for the high-spin state,
radius of the ferric ion. The calculated structures of where now there is an electron in theg orbital that is

(Mescyclam-acetate)FeF, [(Mgyclam-acetate)FeF] and strongly antibonding with respect to the equatorial nitrogen
[(Mescyclam—acetate)FePT reproduce this distortion, which  atoms. Energetically, the high-spin state is calculated 50 kJ/
shall be calledAd(Fe-Ng4), and the value ofAd(Fe-N,) for mol above the ground triplet state (calculated from B3LYP).

the calculateq ferric structure (0.079 A) is in good quantitative The above trend in the orbital population as well as the trends
agreement with the crystal structure>fAd(Fe-N4) = 0.099 for the ferric and ferrous species are summarized in Figure 10,
A)'_ The calculated values of\d(Fe-Ng) increase as the \hich shows a semi-qualitative energy diagram (energies are
oxidation state of the iron is lowered, and hence as the ionic p,5eq on the calculated energies of quasi-restricted orbitals for

radius 9f the irop ion increases. In the;\errous species, thé\Fe _ each cas®) of the d orbitals and their occupancies across the
bond distances increase by only 0.02 A as compared to the femcseries from high-spin Fe(Il) to low-spin Fe(lll), high-spin Fe(lll),

s_pecies, which may indicate the limit of how mu_ch the cyclz_am low-spin Fe(IV), and high-spin Fe(IV). UHF natural orbitals

ring can stretch to accommodate the large radius of the hlgh-for the low-spin Fe(IV) species are shown in the right side of

spin ferrous ion, which is consequently pushed significantly out the Figure

of the N; plane by 0.13 A. The Fe(IV) ion is much smaller, o . . : .

and fits well into the cavity of the Mgyclam—acetate ligand inc':rggsilinsf:ecfrsdeg;je< |;onwd dyoflgaisfhgviz ee;e;?:p?(jct\gzmh
X! Xz ™~ z X~ L]

with only a small Ad(Fe-N,) of 0.036 A. It should be ‘ iaand field th h litati diction f
mentioned that the crystal structure ®thows no distortion, rom ligand fie t.eory. Another qua !tatlve prediction rom
ligand field theory is that as the oxidation state of the metal is

but this may be an artifact due to the fact that the iron atom in | i< th | : his is also i
3lies on a crystallographic center of inversion and is therefore Ncréased, so too is the value of 04 This is also in good
agreement with the results seen in Figure 10, as the energy

required to have @&d(Fe—N,) of 0 A. ) e 0
An advantage of DFT is the ability to calculate the properties separation between theycand g orbitals increases by 14%

of hypothetical molecules or real molecules with a different Petween high-spin Fe(ll) and high-spin Fe(lll), and by 38%
electronic structure from that observed in their ground state. Petween high-spin Fe(lll) and low-spin Fe(IV). This result
Using this approach, the Fe(IV) species [(declam—acetate)- correlates well with the more dramatic change in the iron-ligand
FeFP" was calculated in the unobserved high-spin ststes ( bond distances between the''®¢ couple as compared to the
2), so that more information about the electronic structure and Fe'! couple.
spin energetics of octahedral Fe(IV) complexes could be gained.

(47) Neese, FJ. Inorg. Biochem2006 100, 716.

Geometrically, the structure of high-spin [(Mgclam-acetate)- a5 Siiinehoom, J.C.; Neese, F.; Thiel, W. Am. Chem. So@00§ 127,
FeFE" is similar to the analogous low-spin structure, with the 5840.
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Fe(Il) Fe(IIl) Fe(lll)  Fe(IV)  Fe(IV)
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Figure 10. Energies of the 3d orbitals and electron configurations as a function of oxidation state and spin state calculated fosdyad(Meacetate)-
FeF]'" species (left). Contour plots of the valence 3d orbitals calculated fromsfffdtam—acetate)FeF] showing their interactions with various ligand
orbitals are shown to the right.

Plots of the iron 3d orbitals from [(Meyclam—acetate)- :ggg R Cetiretd
FeFP" are also shown in Figure 10, where it is clearly seen 1760 & Ok D
that they all have significant interactions with the orbitals of g 1740 [FeO]”
the ligands. There is a small but significant interaction of the S 17201 g TN )
dyy orbital with p orbitals of the two axial ligands, which causes ? :;gg e [FeF]’
a tilting of the dy orbital slightly out of the N plane. More C 1660 [FeFF*‘\
significant are the antibondinginteractions between the axial > 1640 =
ligands and the ,d and d, orbitals, which cause significant 1620 o
energy difference {4000 cntl) between the g orbital and 5
the nearly degeneratg,fd,, set. The ¢y orbital interacts b Lfio i A <t
with sigma orbitals of the four equatorial nitrogen atoms, and Calculated Fe-O Distance (&)
the dz orbital interacts with sigma orbitals of all of the ligand  Figure 11. Plot of the G=O stretching frequencies of [(Meyclam—
atoms and is therefore highest in energy. acetate)FePf, n = 0,1,2, as well as [(Mgyclam—acetate)FeO] against

. . the calculated FeO bond distances between the iron ion and the carboxylate
DFT was also used to calculate spectroscopic properties of gxygen atom in each species. Both experimental and calculate® C

the three members of the electron-transfer series{¢ytgam— stretching frequencies are given, and the solid and dashed lines represent
acetate)Fe}2+ for comparison with experiment to show the results of linear least-squares fits.

convincipgly that all of the redox rgactions are metal based and Calculation ofg andD tensors was also performed to compare
that2ox indeed represents a genuine example gf an 'octahedralwith the experimental data fc, 2red, and 2ox. In general,
Fe(IV) complex. These properties are summarized in Table 6 44 agreement between calculated and experimental values is
and compared to experimental values. It should be noted thatypseryed. In particular, it should be noted that the negative sign
the calculated properties @have already been reported and 4t the p for 2red, which is unusual because high-spin ferrous
d|scuss_ed, and are shown here to facilitate comparison with theporphyrin species such as reduced cytochrome P450 and
properties of2red and 2ox hemoglobin have positiv® values® is also suggested by the
The trend in the €0 stretching frequencies of the [(se calculation. The calculated value of [(Mecyclam—acetate)-
cyclam—acetate)FeP} series is remarkably well reproduced FeFE* is also in reasonable agreement with the value obtained
by the calculations, though it should be noted that all of the for 2o0x, since the sign is correct though the calculated value is
calculated €O stretching frequencies are uniformly 280 too low, due to reasons discussed more thoroughly elsevitere.
cm~1 higher than the experimental values. The@ stretching Both 2ox and 3ox have relatively largd values ¢20 cnt?),
frequencies correlate linearly with the calculated-Eedistance which appears to be a hallmark 8= 1 Fe(lV) species as
to the bound carboxylate arm, and this correlation is shown in similar results have been found in various ferryl complexes as
Figure 11 for the set of both calculated and experimertaC well as an Fe(IV) complex synthesized by the Collins group
stretching frequencies. Also shown is the calculatedDGstretch having a macrocyclic equatorial ligand and two axial isonitrile
for an Fe(lV)-oxo species, [(Meyclam—acetate)FeGt (vide ligands®® The large D values in these species have been
infra) which also fits into this correlation very well. It appears attributed to spin orbit coupling of excited states, and in
that this correlation is electrostatic in origin and can be explained particular the low-lyingS = 2 excited-state into the ground
simply that as the FeO bond becomes stronger, the-0=0 state?®
acetate group has leasdelocalization and therefore the=© Mdssbauer parameters and hyperfine coupling tensors may
bond is more like a true double bond. This is also reflected in also be calculated using DFT with good accur&ey. The
the C=0 bond orders calculated fronbaiin analysis of (Me- (49) Debrunner, P. G. llvon Porphyrins Part It Lever, A. B. P., Gray, H. B.,
cyclam—acetate)FeF, [(Mgyclam—acetate)FeF], and [(Me- Eds.; VCH: Weinheim, 1989; Vol. Ill, pp 137.
cyclam—acetate)FePT, which increase from 2.11 to 2.21 to  (60) Collins, T. J.; Fox, B. G.; Hu, Z. G.; Kostka, K. L.; Mok, E.; Rickard,

C. E. F.; Wright, L. JJ. Am. Chem. S0d.992 114, 8724.
2.29. (51) Neese, Flnorg. Chim. Acta2002 337, 181.
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Table 7. Calculated Properties? of [(Mescyclam—Acetate)FeO]*

s=1 5=2
Fe=0, A 1.666 1.663

Fe—Nay, A 2.103 2.200

Fe-0, A 1.945 1.933

O—Fe—F, deg 176.0 175.1

Ad(Fe-Ny), A 0.085 0.121

E, rel., kJ mof? 0 +11

Fe 3d spin density 1.34 3.13

Léwdin Fe=O bond order 1.5491 1.5622

»(C=0), cnt 1717 1713

Oiso 2.018 2.013

D, cm L, E/D +5.15, 0.007 +6.975, 0.01

o, mmst 0.128 0.18

AEg, mms y —0.243,0.623 —1.587,0.111

A, MHz {—4.07,—29.80,—31.2% {—24.63,—26.45,—42.06

aGeometries were calculated using BP86/TZVP. Geometries using SV(P) are given in Table S2.

Table 8. Mdossbauer and Spin Hamiltonian Parameters for (FeO)2™ Species?

[(cyclam— [(Me4cyclam)FeO [(BPMCN)-

acetate)FeO]OTf [(TPA)FeO(X)?* (NCCHy)](OTf), [(TMCS)FeO]* FeO(NCR)]** [(H,0)sFeO?
2S5+1 3 3 3 3 3 5
D,cm %, E/D +23,0 +28,0 +28,0 +35,0 +19, 0.15 +9.7,-P
o,mms1? 0.01 0.01 0.17 0.19 0.10 0.38
AEg, mmst, y 1.37,0.8 0.92,0.9 +1.24,0.5 —-0.22,0 1.75,0.8 —0.33,0
Axx, Ay, Azz MHZ —32,-32,-14 —32.4,-32.4,-6.9 —34,—-28,—4 —23,-22,-5 —30,—23,-2 —b,—28,-28
reference 18 27 23 28 27 16,17

a Structures for abbreviated ligands are given in the referefidésiue not determined.

calculated isomer shifts and quadrupole splittings of the
[(Mescyclam—-acetate)Fel} series agree well with the values
obtained experimentally fa, 2red, and2ox. In particular, the
change in sign oAEq for the Fe(lll) species is well reproduced
as has been previously mentiorfédHyperfine constants
describing the interaction of the unpaired spin with #ee
nuclear spin have also been calculated, though it should be
mentioned that the experimental values #ved and 20x are

not very well defined, and therefore quantitative comparison is
not appropriate. Qualitatively speaking, however, the basic
pattern of theA values calculated for [(Mgyclam—acetate)-
FeFF" (all threeA values being negative, one small and two
large and nearly equal) is similar to what has been observed
for ferryl species, as well as iBox, where theA values are
more well defined.

Spectroscopic properties were also calculated for the hypo-
thetical high-spin [(Mecyclam—acetate)FeF] dication € =
2) to compare with what is known for the low-spin Fe(lV)
species. The €0 stretch,g value, and isomer shift are not
very different from what is calculated for the low-spin species,
but the calculate® value of 10.3 cm? for the high-spin species
is nearly twice as large as that of the low-spin species and is
rhombic rather than axial. Although thHixvalue is significantly
larger than that reported for the five-coordinate high-spin Fe(IV)
complex of Collins (3.7 cn11),52 it agrees well with theD
value reported for the ferryl aquo ion [¢B)sFeOF" (+9.7
cm~1).16.17 One major difference between high- and low-spin
[(Mezcyclam—acetate)FeFf is that the calculated quadrupole
splitting of +0.47 mm s? for the high-spin species is much
smaller than the calculated value for the low-spin speei@s31
mm s 1) and from the observed value-2.43 mm s1). This

(52) Sinnecker, S.; Slep, L. D.; Bill, E.; Neese,Iforg. Chem2005 44, 2245.
(53) Kostka, K. L.; Fox, B. G.; Hendrich, M. P.; Collins, T. J.; Rickard, C. E.
F.; Wright, L. J.; Minck, E.J. Am. Chem. S0d.993 115 6746.
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observation further supports our assignmen2ax as being a
low-spin Fe(IV) complex rather than being high-spin.
Fe(IV)-Fluoro vs Fe(IV)-Oxo: Isoelectronic Cousins.We
may consider the (Fef¥) moiety to be isoelectronic to (Fe®)
Because there is now a considerable wealth of spectroscopic
and structural data for Fe(lV)-oxo species due to recent synthetic
breakthroughs in the Que I1&bjt is pertinent to compare the
electronic structure and properties of [(Mgclam—acetate)-
FeFE+ with those of the corresponding oxo complex, [@ve
cyclam—acetate)Fed], which may be considered as an analog
of the complex [(cyclamracetate)FeO]OTf which was previ-
ously reported in our grou}y. Geometric and spectroscopic
properties of the hypothetical cation [(htgclam—acetate)-
FeQOJ" have been calculated and are presented in Table 7 and
shall be here compared to the properties of known (FeO)
species which have been collected in Table 8.

The calculated geometry of [(Meyclam—acetate)FeO]is
in good agreement with the known structural data on #eO
species; in particular the F© bond distance of 1.67 A is very
close to that observed in the crystal structure of [{6§elam)-
FeO(NCCH)](OTf),, 1.65 A. This distance is interestingly
shorter than the calculated FE distance for2ox by ~0.1 A,
emphasizing the difference in bond orders for the two species.
The calculated FeO bond order, 1.55, is considerably greater
than the Fe-F bond order, 0.86, clearly reflecting more
bonding in the ferryl species. The £© bond to the acetate
arm in the ferryl complex is elongated by 0.15 A as compared
to the Fe(IV)-fluoro species, reflecting the greater trans influence
of the short Fe=O multiple bond.

As seen in Table 8, a large positive zero-field splitting value
(>10 cnm?) is typical of ferryl species. Indeed, all of the non-
oxo Fe(IV) species presented here share this characteristic, and
this is reproduced in the calculation of both the Fe(IV)-fluoro
and —oxo species to the same degree of accuracy. In both
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species, an axiaD of ~+5 cnm! is calculated, which is a  S= 1 state’* This is also remarkably smaller than the calculated
surprising result because theoretical analysis of zero-field energy difference between low- and high-spax (50 kJ mof?)
splittings in ferryl species reveals that the triplet-quintet energy and is so small that thB= 1 andS= 2 states of this complex
gap is one of the major factors contributing to the ldbgealue. should be considered to be very close in energy. We currently
In the case of the F&F species, however, this energy difference plan to synthesize the complex to determine the nature of the
(50 kJ mot?) is computed to be much larger than in the case ground state experimentally.

of the Fe(@" species (11 kJ mot) which should lead to ®
value in the former ion which is much smaller than in the ferryl
species. We suggest that the unusually ldbgealue for the A new family of non-oxo Fe(IV) complexes is presented and
fluoro complex is due to the fact that the covalency of theFe  characterized by spectroelectrochemistry,slmauer spectros-
bond is much lower than that of the & bond, which allows copy, and DFT calculations. The calculated and spectroscopi-

Conclusions

more efficient spir-orbit coupling contributions to thB value. cally observed changes ih, 2, and 3 upon oxidation and
The hyperfine tensor values are also similar for both¥efad reduction are consistent with the presence of iron-centered redox
FeCG* species because for both the Fe(IV)-fluoro andxo processes. This gives us a unigue opportunity to observe Fe-

speciesA values ofA;; < Ay &~ Agz are calculated and this  (Il), Fe(lll), and Fe(IV) complexes with essentially the same
pattern fits well the experimental examples (Table 6 and 8). ligand sphere. In all cases, the complexes become more highly
From the survey of Mssbauer parameters of low-spin ferryl  colored as the oxidation state of the iron increases, as is expected
species (Table 8), the quadrupole splittings can vary over a widedue to the shortening of the metdigand bond distances (and
range (from—0.22 to+1.24 mm s?, though often the signis  hence the lowering in energy of LMCT bands in the electronic
not well defined because of the large asymmetry paramgter ~spectrum). For the serieded/2/20x, the calculated structures
whereas the isomer shifts generally are limited to the range of indicate a contraction adll of the iron-ligand bond distances
0.01 to 0.19 mmst. Thus, the quadrupole splitting parameter Upon increasing oxidation number, andig)(ck)*(dy)* ground
is apparently very sensitive to the coordination sphere of the state configuration is found fa2ox. The Fe(IV)-oxo species
molecules, but not in a readily predictable way. This contrasts [(Mescyclam-acetate)FeO]is isoelectronic to the cation @ox
with the octahedral non-oxo Fe(1V) species presented here wherebut is different from the fluoro complex in many ways, all of
a large positiveAEq value is observed. Because in both oxo- Which are related to the increased covalency of the@elouble
and non-oxo species theJf(dy,)'(dy,)* configuration leads to bond in the ferryl species. This strong covalent bond affects
the same valence contribution to the electric field gradient (EFG) the Fe(IV) center by elongating the iron-ligand banains to
tensor (which should lead to AEq value that is large and  the Fe=O bond, slightly increasing the isomer shift, significantly
positive), the effect of the more covalentF® double bond is decreasing the quadrupole splitting, and increasing the separation
to decrease thAEq value significantly. between thel,, orbital and thed,, anddy, (which are strongly
In fact, it is unfair to assign the {g2(ck,)(dy)* configuration ot antibonding with respect to the oxygen atom). The last effect
to Fe(IV)-oxo species because theahd d, orbitals form strong causes weak electronic transitions to appear in the absorption
covalentrr bonds top orbitals of the oxygen atom. The singly ~ SPectrum of ferryl species in the range from 500 to 1100 nm,
occupied orbitals in ferryl species are essentially-Bex* which are absent in the case 26x
orbitals having 60.3% Fe 3d character and 34.8%dbaracter
and these are raised in energy 5 000 cnt! above the
doubly occupied g orbital, similar to what has been found from pr;‘;’r‘:;agczgfdiﬁg”;g'etﬁe('\gg\i’gjgl‘;i;%tg:fe)gep?&;;%w"éas
i + 54 i itti 3"
Rg;na?hﬂyzésle?)‘el[(,(\cvﬁ)éﬁlmFsiglal ;:a”l-l_-[t;lfs Iiggten:grlgl r;gs cyclam—acetate)FeF]Rfcan be prepared from (Meyclam—acetate)-

. . . L Fe—O—FeC} as previously reporte®, but we also report here a new
large in20x, in which a splitting of only 4,500 crt between method below that leads to better purity. All solvents and reagents were

the dy and d dy; occurs. This result agrees well with the | sod as received.

differences in the electronic spectra 2dx and typical ferryl [(Mescyclam—acetate)FeCl]PF (1). Solid (Mexcyclam-acetate)-
species. The latter species typically have a number of bandsFe-0—FeC} (0.100 g, 0.188 mmol) was mixed with a solution of
with € < 500 M~! cm™1 in the region from 500 to 1100 nm, KPFs (0.208 g, 1.13 mmol) in 5 mL of water for 14 h, causing the
whereas this region in the spectrum 2dx is empty. These slow precipitation of a bright-yellow powder. This was collected by
bands for the ferryl species have been assigned as d filtration and dried in air to yield 61 mg (61%) of the product. IR (KBr,
transitions®* arising in the visible to near IR range due to the €M ): 3454 m, br, 2906 w, 1682 s (&0), 1456 m, 1340 w, 1297 m,
large value of 1. In 20x, the corresponding bands will be much 1105, W, 1089 w, 996 w, 955 m, 923 w, 839 vs éPHfM w, 714 w,
higher in energy due to both the smaller valuelbfand the S57's. E‘% mass spectrurmyz, amu): 399 (M-PF)”, 355.3 (M~
value of 1q of around 30 000 crt and would undoubtedly P -CI)". Anal. caled for GeaNJFeCIPR: C 33.63, H 5.83, N

. 10.46%. Found: C 34.25, H 5.75, N 10.24%.
be masked by the very intense charge-transfer bands from 350 [(Mescyclam—acetate)FeF]PF (2). A solution of [(Mecyclam—

Experimental

450 nm. acetate)FeCl|PF0.056 g, 0.105 mmol) in 20 mL of water was heated
The high-spin § = 2) state of [(Mecyclam—acetate)FeC] gently to 80 for a few minutes during which time a light-orange
was also calculated and was found to be only 11 kJ ktugher precipitate (rust) was observed. The mixture was filtered to give a
in energy than thé& = 1 ground state, which is a remarkable brilliant-yellow solution, which was concentrated and allowed to
difference to the case of [(Meyclam)FeO}*, in which the high- evaporate slowly in air. After 1 week, large crystals of the fluoro

spin state was calculated to be 54 kJ nah energy above the complex had grown, which were collected and washed witDEt
Yield: 20 mg, 37%. Complete evaporation of the solution yields a
(54) Decker, A.; Rohde, J. U.; Que, L., Jr.; Solomon, El.IAm. Chem. Soc. messy mixture. IR (KBr, cmf): 3455 w, br, 2969, w, 1682 s (€0),
2004 126, 5378. 1470 m, 1338 w, 1298 s, 1262 w, 1154 w, 1107 w, 1092 w, 1059 w,
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Computations. The species (Mgyclam—acetate)FeFJ = 2),
[(Mescyclam—acetate)FeF] (S = Y, and S =%,, data previously
reported), [(Mescyclam—acetate)FeFt (S= 1, 2), and [(Mecyclam—
acetate)FeQ] (S= 1, 2) were used as models for density functional
theory calculations, which were performed using the ORCA program
packageé® The initial geometry of [(Mecyclam—acetate)FeF] (S =
s/;) was taken from its crystal structure as described previgualyd
optimized using the BP86 functional and using the SV(P) and TZVP
basis set8%5” These optimized geometries were used as starting
geometries for (Mgyclam—acetate)FeF and [(Meyclam—acetate)-
FeFF™ (S= 1, 2), whose geometries were optimized in the same way.
The optimized geometries of [(Meyclam—acetate)FeR] were used
as starting geometries for the geometry optimization of fdylelam—
acetate)FeQ] For all structures, the tripl&-optimized geometries were
used for calculations of the total energy and all properties. Vibrational
frequencies were calculated using the BP86 functional using a numerical
differentiation of analytic gradients with an increment of 0.005 Bohr.
In the high-spin [(Mecyclam—acetate)FeF] dication, a negative

1023 w, 969 w, 918 w, 841 vs (RF 822 s, 746 w, 712 w, 558 s, 543
m. ESH mass spectrmnf’z, amu): 374 (M-PF)*. Anal. calcd for
CisH310:N4sFePF: C 34.70, H 6.02, N 10.79%. Found: C 34.80, H
6.10, N 10.58%.

[(Mescyclam—acetate)FeN]PFs (3). To a mixture of Megcyclam—
acetateFe O—FeCk (0.300 g, 0.563 mmol) and 1.5 mL of MeOH was
added solid Na®l(0.366 g, 5.63 mmol), resulting in a deep-red mixture,
to which a solution of KPE(0.622 g, 3.38 mmol) in 15 mL of water
was added. The resulting red mixture was stirred in the dark for 14 h,
resulting in a red solid and red supernatant solution. The solid was
collected by filtration, washed with ED, dried, and extracted with
acetonitrile to give a brilliant red-orange solution. This was allowed to
evaporate slowly in the dark to yield a crop of large red crystals, which
were collected, washed with EtOH and:@&t and dried in air. Yield:
175 mg, 57%. The compound is somewhat light sensitive in solution.
IR (KBr, cm™): 3432 s, br, 2090 vs (), 1671 s (G=0), 1465 m,
1367 m, 1296 m, 1023 w, 968 w, 956 w, 916 w, 844 sgjPF44 w,

558 m. ESH# mass spectrummf/z, amu): 397.2 (M-PR;)*. Anal. calcd

for CisH310.N;FePR: C 33.22, H 5.76, N 18.08%. Found: C 33.10, = "'~
H 5.23, N 17.24%. vibrational frequency of-9 cn* was observed, but the geometry was

[NEt4[5FeCl)]. A sample of5’Fe foil (32 mg, 0.56 mmol) was not reoptimized because the frequency is small and does not correspond
dissolved in hot concentrated HCI (over Pt foil, to expedite the process). {0 @n important vibrational mode of the molecule and since the
The resulting yellow solution was cooled to room temperature, and calculated molecule is a hypothetical one. In all other cases, no negative
the solvent was removed in a rotary evaporator yielding an orange solid frequencies were observed, indicating that the structures correspond
residue. This was dissolved in a minimal amount of EtOH. (L), to potential energy minima. Zero-point vibrational energies and thermal
and added to a solution of excess NEt which was also dissolved in corrections were taken from these frequency calculations. Total energies
a minimal amount of EtOH~1 mL). Upon mixing, a soft-yellow were calculated with the B3LYP functional. ‘dsbauer parameters
precipitate appeared, and the mixture was stirred-8@ min to ensure (including magnetic hyperfine tensors) were calculated at the B3LYP
complete reaction. The solid was collected by filtration, washed with level using the triplez basis set and an expanded CP(PPP) basi5 set
Et,O, and dried in air. Yield: 154 mg, 83%. Isotopically enriched for iron, as described previoustyThe g tensors and tensors were
compounds were prepared using a 40:60 ratio of [NEFeCl] and calculated according to previously developed procedifs’® Orbitals
normal [NEg][FeCly]. ([NEts][FeCly] is the starting material used to  were visualized using the Molekel progr&mn.
synthesize (Mgyclam—acetate)Fe O—FeCk.)
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