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Abstract: Reaction ofcis-[F€" (cyclam)C}]CI in acidic H,O/CHsOH or CH,CN/H,O mixtures with NaN at

50 °C produced upon addition of NaCl®@r NaPF the complextrans[Fe" (cyclam)(Ns)2]JCIO4 (18) or the
hexafluorophosphate sdlb, whereas at-18 °C the same reaction produceis-[Fe" (cyclam)(Ns)2](ClO4)

(2) (cyclam= 1,4,8,11-tetraazacyclotetradecane). The crystal structufdsarid2 were determined by single-
crystal X-ray crystallography. Complexés, b, contain a low-spin$ = /) and2, a high-spin ferric ion $

= %/,) as was established by variable-temperature magnetic susceptibility measurementssahdudioand
X-band EPR spectroscopy. The low-spians[(cyclam)Fé (N3),] and high-spircis-[(cyclam)Fé (N3),] species
were generated electrochemically in §HN solution and were characterized by 88bauer spectroscopy.
Photolysis oflain CH3CN at—35°C and 20°C with a Hg immersion lamp generated within 15 min a yellow
solution. EPR and Mssbauer spectra show that a single high-valent species wish=a#/, ground state is
formed: [trans(cyclam)Fe(N)}2(u-N)]2". The Mtssbauer spectrum at 80 K exhibits two quadrupole doublets
(ratio 1:1), indicating the presence of low-spil¥HS = 1) with isomer shift, at 0.11 mm s! and quadrupole
splitting, AEq, at 0.97 mm st andintermediate-spirFe"" (S = 3,) with § = 0.20 mm s* andAEq = 2.09

mm sL. The valencies in this mixed valent [F&-N)FeV]4*t core & = /,) are localized on the Mssbauer
time scale. In addition 18% of a low-spin'Feomplex &= 0) was found withd = 0.54 mm s?, AEq = 0.65

mm s 1. Photolysis of2 at —35 °C in CH;CN produced a yellow mixed valent dinuclear species witlSan

3/, ground state. For this species we propose the strucfaie (cyclam)Fd' (N3)} (u-N){trans-(cyclam)Fé’-
(N3)}]?" with an [Fé!'(u-N)FEV]?* core & = 3/,). The Mtssbauer spectrum at 80 K clearly shows that the
valencies are localized: two subspectra are detected (ratio 1:1) @t&.14 mm s, AEq = 0.81 mm s?
(FeV; S= 1) and (b)0 = 0.50 mm s, AEg = 1.89 mm s?! (F€"; S = %,). Strong intramolecular
antiferromagnetic coupling between the two iron sites produces the obrvéh ground state. The proposed
spin states and spin-coupling schemes for both photolysis products were proven by magissbaido and
EPR spectra. The formation of the dinuclear species requires the primary formation of a nitridoiron(V)
species:trans[N=F¢"(cyclam)(Ns)] . This intermediate has been detected during photolysis of froze@€EH
solutions oflaat 4 and 77 K by EPR and Msbauer spectroscopy. The species contains AmRegd, S=

3/) with an isomer shifty = —0.04 mm s* and a quadrupole splittingEq = —1.90 mm s? at 80 K. In
addition, a five-coordinate ferrous species has been identified as a primary photolysis product which is formed
via photolytic homolysis of the Be—N3 bond. Thus, simultaneous photddationand-reductionprocesses
occur during the photolysis dfain frozen solution. The electronic structure of the/ Bpecies was investigated
with EPR, magnetic Mssbauer spectroscopy, and spin-Hamiltonian analyses.

Introduction studied class of compounds. They are fairly readily synthetically
accessed from mononuclear azidoiron(lll) species via thermoly-
sis or photolysis. They have been shown to contain the linear
mixed valent [FéXu-N)Fe*9 core with an§ = ¥, ground state.
Since the Masbauer spectra of these species consist invartably
even at 4.2 K-of a single quadrupole doublet with isomer shifts,
0, ranging from 0.08 to 0.18 mnT§ it has been concluded
that the excess electron is fully delocalized (class Il according

to Robin and Da¥p).

Dinuclear g-nitrido)diiron complexes with porphinato(2-f
or phthalocyaninato(2£)12 ligands constitute an intensively

(1) Summerville, D. A.; Cohen, I. Al. Am. Chem. S0d976 98,1747.

(2) Buchler, J. W.; Dreher, &Z. Naturforsch., B: Anorg. Chem., Org.
Chem.1984 39B, 222.

(3) Scheidt, W. R.; Summerville, D. A.; Cohen, I. A.Am. Chem. Soc.
1976 98, 6623.

(4) Bottomley, L. A.; Garrett, B. Blnorg. Chem.1982 21, 1260.

(5) Schick, G. A.; Findsen, E. W.; Bocian, D. lrorg. Chem1982 21,
2885.

(6) Kadish, K. M.; Bottomley, L. A.; Brace, J. G.; Winograd, J.Am.

Chem. Soc198Q 102, 4341.

(7) Goedken, V. L.; Ercolani, Cl. Chem. Soc., Chem. Comm884
378.

(8) Bottomley, L. A.; Gorce, J.-N.; Goedken, V. L.; Ercolani, |@org.
Chem.1985 24, 3733.

(9) Kennedy, B. J.; Murray, K. S.; Homburg, H.; Kalz, \org. Chim.

Acta 1987 134 19.

10.1021/ja983454t CCC: $18.00

(10) Ercolani, C.; Gardini, M.; Pennesi, G.; Rossi, G.; Russdnorg.
Chem.1988 27, 422.

(11) Ercolani, C.; Hewage, S.; Heucher, R.; Rossilnérg. Chem1993
32, 2975.

(12) Ercolani, C.; Jubb, J.; Pennesi, G.; Russo, U.; Trigiantén&g.
Chem.1995 34, 2535.

(13) Robin, M. B.; Day, PAdv. Inorg. Chem. Radiocheni967, 10,
247.

© 1999 American Chemical Society

Published on Web 05/11/1999



4860 J. Am. Chem. Soc., Vol. 121, No. 20, 1999 Meyer et al.

We have recently reported that photolysis of mononuclear state +V to the metal ion which implies a 3delectron

non-hemeazidoiron(lll) complexes also generatesriitrido)- configuration at the metal ion. It is conceivable that intramo-
diiron complexes containing the linear [rell)Fef" core4 15 lecular anti- or ferromagnetic coupling between at Rd* S

but with an§ = 3/, ground state as in{[(Cls-cat)Fé »(u-N)] = 1) and a radical ligand= 1/,) produces the observesi=
where L represents 1,4,7-trimethyl-1,4,7-triazacyclononane and?/; or 3/, ground state, respectively.

Cls-cat is the tetrachlorocatecholate dianion. Thésktmauer In this paper we describe our efforts to study the electronic

spectrum revealetivo quadrupole doublets of equal intensity. structure of nitridoiron(V) species containing truly innocent
Mixed-valent species of this type were thus shown to belong auxiliary ligands by EPR and Msbauer spectroscopy. In two

to class | or Il with localized valencies. THg = 3/, ground recent papers we have shown that 1,4,8,11-tetraazacyclotet-
state results from an antiferromagnetically coupled high-spin radecane (cyclam) complexes of chromium@iixnd manga-
ferric (S= %) and an F¥ ion (S= 1). nese(ll)?2 namelytrans[(cyclam)M" (N3),]* (M = Cr, Mn),

It has been recognized from the earliest studies by Summer-are readily photolyzed with quantitative formation wans-
ville and Cohehand by Buchler and Dreh&that the formation [(cyclam)MV=N(Y)]"* complexes where Y represents a sixth
of the [Fefi-N)Fef*t core from azidoiron(lll) precursors most  ligand such as a linear bridgingsN CH:CN or CIQ;~, or
probably involves a very reactive nitridoiron(V) intermediate, CF,CO,~. Here we report the synthesis ofs- and trans
which in solution could attackin a bimolecular reactionthe [(cyclam)Fé' (N3)2](ClO4) and investigate their photochemistry
precursor with formation of dinitrogen and a ferrous intermediate at ambient temperature in solution and at low temperature in
which would finally combine with [(tpp)PéN], affording the frozen solution.
mixed-valent dinuclear speciefpp)Fe""" } »(u-N)] (eq 1-3). An additional point of interest concerns the product distribu-
The ligand tpp represents the tetraphenylporphinate dianion. tion during photolysis irfrozensolutions. As we pointed out
previouslyi® it is difficult to reconcile the product distribution
[(tpp)Fe" (N 2] %» [(tpp)Fe’=N] (1) of reported photolysis reactions of azidoiron(lll) complexé$
if a nitridoiron(V) species (photooxidation) is the only primary
v I product. The formation of species containing the [F)Fe}"
[(tpp)Fe’=N] + [(tpp)Fé (Ng)] = [{(tpp)F& o(N,)] — core in solution indicates to us that a phatucedferrous
2[(tpp)F€'] + 2N, (2) complex must be generated at the same time. Such a species
would not have been detected in the RR study of Nakamoto
6,17
[(tpp)FE'=N] + [(top)F€'] — [{ (tpp)FE %} o(u-N)] and Wagner
Results and Discussion

Although alternative routes and mechanisms have been dis- gyntheses and Characterization of Ferric Precursor
cussed in the literaturethe first step involving nitridoiron(V) Complexes.The reaction of yellovcis-[Fe' (cyclam)CB]Cl 23
intermediates is common to all of these proposals. in an HCIQ-acidic methanol/water mixture with an excess NaN
In 1988 Nakamoto and Wagner have presented resonanceyng heating of the solution to 5 yields upon addition of
Raman (RR) spectroscopic ewdg%ﬁa%,? for the occurrence of  NaCIQ, yellow brown, needle-shaped crystalstains[Fe -
[(tpp)F€’/N] during laser photolysis of [(tpp)H&N3)] in frozen (cyclam)(Ny);](ClO4) (1a). The same reaction in GEBN/H,0
solution at 30 K where the above bimolecular reaction steps iq \which HPR had been added produced the corresponding
yielding dinuclear species are effectively quenched. They have peyafluorophosphate saltlf). When the reaction was carried

identified av(Fe=N) stretching frequency at 876 cthwhich out at—18°C red microcrystals afis-[Fe" (cyclam)(Ny)2](ClO4)
is at much lower frequency than in the corresponding stable (2) were obtained.

complexes [(tpp)C=N] (1017 cnTY)8or [(tpp)MNV=N] (1047
cm1).1% At that time it had not been possible to definitively  qntormation of the coordinated cyclam ligands are clearly
establish the spin state of the putative [(Fppf)lﬂlaspeples kS discernible® 2 displays twoy(N—H) wagging bands at 863
=2 o °l2) but the lowr(Fe=N) frequency is suggestive of an 5,4 850 cm? and twod(CH,) deformation modes at 806 and
S = “> spin state where two electrons occupy the tWO 79g cnri whereas forla each of these modes exhibits only
mr-antibonding (with respect to the & bond)e-orbitals in a one band at 886 and 812 cfy respectively. In addition2

Ca, symmetric N=F€'N, core:’ On the other hand, Sellmann o, inits twov.dNs) stretching frequencies at 2078 and 2047
and co-worker® have recently reported a five-coordinate, cm 1, whereas inla only a single band at 2044 crhis

square-based pyramidal'fgpecies with ai$= /, ground state.  jpcarveds

In both of the_aboye cases the tetradentate auxiliary I.igands The crystal structures ofans[(cyclam)Fd! (Ns);](PFe) (1b)
employed are, in principle, not redox (or spectroscopically) ofcis-[(cyclam)Fé! (N3)2](ClO4) (2) have been determined

‘t‘)lnnocent’;lm tf;le iegsg t?r‘?t the _electro? df'Str]!bUt'O? m_r:ljy tr_10t by single-crystal X-ray crystallography at 293(2) and 100(2)
€ correctly retiected by the assignment of a formal oxidation respectively. The structures of the monocations are shown

In the infrared spectra ola and 2 the cis- and trans
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Figure 1. Perspective view and atom labels of the monocations in
crystals oflb (top) and2 (bottom). Small open circles represent amine
hydrogen atoms.

Table 1. Selected Bond Lengths (A) and Angles (deg) férand
2

1b 2
Fe-N1 2.004(2)  FeN1 2.201(2)
Fe-N2 1.998(2)  FeN2 2.155(2)
Fe-N3 2.215(2)
Fe-N4 2.144(2)
Fe-N3 1.937(2)  FeN5 1.976(3)
Fe-N8 1.970(3)
N3—N4 1.180(3)  N5-N6 1.194(4)
N4—N5 1.145(4)  N6-N7 1.145(4)
N8—N9 1.210(4)
N9—N10 1.141(4)
N1-Fe-N2 94.95(10)  NiFe-N2 85.83(9)
N2—Fe-Nla 85.05(10)  N2Fe-N3 79.74(9)
N3—Fe-N4 84.97(9)
N4—Fe-N1 79.85(9)
Ni-Fe-Nla  180.0 N2-Fe-N4 158.63(10)
N2—Fe-N2a  180.0 Ni-Fe-N8 177.08(10)
N3—Fe-N5 176.78(10)
Fe-N3—N4 129.5(2) Fe-N5—N6 139.8(2)
N3-N4—-N5  176.4(3) N5-N6—N7 176.4(3)
Fe-N8—N9 132.0(2)
N8—N9—N10  176.6(3)

The tetradentate ligand cyclam adopts the most stadtes 111
configuratior?® The average FeNaminebond length at 2.001(2)

A is typical for such bonds where the central ferric ion has a
low-spin & electron configuration. The FeNgazge bond at
1.937(2) A is shorter and may indicate some Fe-toshback-
donation. Interestingly, itrans-[(cyclam)Mn" (N3),] ™ contain-

(26) (a) Bosnich, B.; Poon, C.-K.; Tobe, M. Inorg. Chem.1965 4,
1102. (b) Adam, K. R.; Atkinson, |. M.; Lindoy, L. Anorg. Chem1997,
36, 480.
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ing a high-spin MH' ion (d*) the Mn—Ngzi¢e bonds are longer
than the MR-Naminebonds due to a static Jahfieller elongation

of the Ns—Mn"'—N3 axis?? In trans[(cyclam)Cr(Ns),] 7, on the
other hand, the average €©Namine bond length is at 2.06-
0.01 A, whereas the two coordinatecsNligands in trans
position relative to each other are not equivalent: the twoe Cr
N3 distances are 2.030(4) and 1.924(4) A, respectively, but both
are shorter than the €ENaminebonds?! From this we conclude
that the observed compressed octahedrdtbiis not a simple
manifestation of the (in principle dynamic) Jahneller effect

of a low-spin ferric ion because the resulting ground st&te
would still be degenerate (), (dx,?)). In fact, magnetic
susceptibility and EPR measurements given below show that
the electronic ground state &b is nondegenerate and without
first-order orbital magnetic moment as ifBog ((Ayzy2),* (Cxy)?)
rather than arfEy ground state. The ligand-field picture that
could be anticipated from the molecular geometry must therefore
be corrected for covalent bond effects from the axial ligands
which render thex2,(y2 d-orbitals lower in energy than the
(xy)-orbital.

The structure of2 consists of cis-[(cyclam)Fé!(N3)2]™
monocations and uncoordinated perchlorate anions. Twoe Fe
Naminebond distances itrans position relative to each other at
2.150(2) A are shorter than the corresponding twaisiposition
at 2.208(2) A. This reflects theans-influence of the two azido
ligands (average FeNazige1.973(3) A). Both the FeNamineand
the Fe-Nazigebond distances i@ are significantly longer than
those inlb. This is due to an increased ionic radius of the high-
spin ferric ion in2 (0.785 A) as compared to the low-spin'Fe
ion in 1b (0.69 A).

From temperature-dependent magnetic susceptibility meas-
urements on a powdered sample Dfa nearly temperature-
independent magnetic moment of 589at 290 K (5.77ug at
50 K) was found in excellent agreement with the spin-only value
of 5.92 ug for an octahedral high-spin ferric ion. A spin-
Hamiltonian simulation$ = 5/,) of the magnetic data recorded
in the range 2300 K yielded a zero-field splitting parameter
ID| = 1.1 cnttandg = 2.0. In contrast, the magnetic moment
of 1bis 2.39ug at 298 K. Its temperature dependence 820
K) was simulated witl§ = 1/, andg = 2.27. This is indicative
of a low-spin octahedral ferric ion. The observations are irffine
with othercis/trans[(cyclam)Fé'(Y),]" complexes, e.g., for X
= Cl, NCS", where thecis-isomers contain a high-spin e
and the correspondingans complexes are low-spin.

The X-band EPR spectra @& and2 in CH3CN solution at
4 K are in agreement with the presence of low- and high-spin
configurated F& ions, respectively. Figure 2 shows these
spectra. The spectrum téis apparently one of axial symmetry
but simulations with rhombig-valuesg; = 2.40,g, = 2.31,
and gz = 1.91 give a better fit, which is in accord with the
2-fold rotation symmetry of cyclam and the bent axial azide
ligands. Theg-values can be explained in the crystal field model
for spin—orbit interaction of distorted low-spin,{)® complexes
developed by GriffitR” and extended by Tayl@®. This model
shows thaflahas a (¢, d,,)*(d,)* ground state with the unpaired
spin being in the almost puray)-orbital (99%). Two physically
equivalent solutions can be found for the assignmengst@fisor
components in a “proper axis systen¥V/A < 2/3)2 g =
(—2.40, 2.31-1.91) org = (—2.31, 2.40-1.91), where only
the x andy components are interchanged. From thealues
we find orbital mixing coefficients of 0.08%%), 0.1032), and
0.995ky) (or (y2 and &2 interchanged). The corresponding

(27) Griffith, J. S.Proc. R. Soc. London, A956 235 23—36.
(28) Taylor, C. P. SBiochim. Biophys. Actal977, 491, 137.
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Figure 2. X-band EPR spectra dfa (top) and2 (bottom) in frozen
CH:CN at 4 and 3 K, respectively. Experimental conditionka
microwave frequency 9.64 GHz, microwave power 490, modulation
amplitude 1 mT;2 9.65 GHz, 2524W, 1.4 mT. The simulations are
powder calculations performed with (effectivgyalues.lag = (2.40,
2.31, 1.91), anisotropic line width®V = (26.2, 25.2, 6.6) mT
(Lorentzians)2 superposition (1:1) of two subspectra (Kramers doublets
of S= 5/,) with g/’ = (8.7, 0.5, 0.5\W; = (7.0, 7.0, 7.0) mT andy’
= (4.13, 3.95, 4.70)W, = (25., 10., 4.5) mT. The inset shows the
ligand-field splittings of 1, orbitals forla

energy splittings of they§ orbitals have a strong tetragonal part
AIL = —5.76 as well as a significant rhombic contributipA

Al = 1.29, whered is the spin-orbit coupling constant. The
negative sign foA indicates that g is higher in energy than
the doublet (¢, dy,) (see inset in Figure 2).

The EPR spectrum ¢ exhibits two features at'gz 9 and
~ 4.3, which were successfully simulated with the following
two sets of effectivag-values for the zero-field split Kramers
doublets of a rhombi& = %, system withE/D = 0.26: gy =
3.95,9,/ = 4.13,g; = 4.70 andg, = 8.70,9 = g/ = 0.5.
Spectral differences of lowest and highest Kramers doublets with
the resonances close b= 9 are not resolved due to the close
similarity of both doublets aE/D =~ /3. From the intensity
variation of theg' = 4.3 signal of the middle Kramers doublet
measured in the range-30 K, a zero-field splitting parameter
ID| = 1.14 0.3 cnT! has been determined in accordance with
the magnetic data. This value is below the typical rangé&3
cm~1 found forD values of (five-coordinate) high-spin iron(lIl)
in porphyrins?® As the zero-field splitting of théA; ground
state in a simple pictuf@3lis due to spir-orbit coupling with
the first excited quartet termA, the low D value and the
correspondingly largéA1/*A, splitting reflect a much lower
10Dq splitting of g and b4 levels in the asymmetric iron moiety
of the cis-isomer than in th@éransisomer where the iron ion
experiences a strong ligand field in the plane of cyclam.

The zero-field Mesbauer spectra dfa and2 are shown in
Figure 3 (top), and Table 2 summarizes the data. The spectru

(29) Debrunner, P. G. Mgsbauer Spectroscopy of Iron Porphyrins. In
Iron Porphyrins Lever, A. B. P., Gray, H. B., Eds.; VCH: Weinheim,
1989; Vol. lll, p 137.

(30) (a)Maltempo, M. M.; Moss, T. HQuart. Re. Biophys.1976 9,
181-215. (b) Maltempo, M. MJ. Chem. Physl1974 61, 2540-2547.

(31) Neese, F.; Solomon, E.lhorg. Chem.1998 37, 6568-6582.
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of 1ain CH3CN at 80 K displays a single quadrupole doublet
with an isomer shiftd, of 0.29 mm s?, a large quadrupole
splitting, AEq, of 2.26 mm sl and a line-widthI", of 0.29
mm sL. In contrast, for2 dissolved in CHCN a quadrupole
doublet with small splitting is observed at 80 K:= 0.46 mm

s %, AEg = 0.29 mm s, T = 1.07(5) mm s*. These isomer
shift values are typical for low- and high-spin octahedral iron(lll)
complexes, respectively. The small quadrupole splitting of
reflects the “spherical” symmetry of thedf(e,)? configuration,
whereas the large splitting fdra results from the large orbital
contribution to the electric field gradient (efg) tensor forg)gt
configuration.

Magnetic M@ssbauer measurementslafat 160 K with 7 T
applied field (Figure 4A) revealed a negative sign\g, the
main component of the efg, and a moderately strong asymmetry
parameter = Vyx — Vy/V,, 0f 0.4. This is consistent with the
assumption that they, orbital is the half-filled orbital inlaas
deduced above from the ERRvalues. Thed, hole model with
AIA = —5.76 andV/A = —1.29 predicts a valence contribution
to the electric quadrupole splitting &Eq = —2.94 mm s?
andyn = 0.01. Here it has been assumed that a single “hole” in
a pured,y eigenstate produces a quadrupole splitting-@f2
mm s1.32 Since this factor depends on the radial distribution
<r~3>, where the average fosg includes all 3d electrons, the
deviation from experimentAEq = —2.26 mm s?) indicates
charge delocalization due to covalent bonds.

Application of 3-7 T magnetic fields at liquid helium
temperatures resolves the magnetic hyperfine splitting of solid
la as shown in Figure 4B. The asymmetry of the spectra is
typical of a highly anisotropic hyperfine coupling tensor and
resembles those of low-spin ferri-porphyrinateg334 Spin-
Hamiltonian simulations yield a coupling tens8vgngn =
(+2.29,—6.26,—25.39) T with the other parameters set to the
values determined from the measurements at 80 and 160 K or
from EPR. Considerable improvement of the fit was achieved
when the efg tensor was allowed to have a different orientation
thanA andg tensors so tha¥y,; was found almost alongy
(Euler anglesp = 78°, y = 90°). This shows that covalency
and lattice contributions to the efg cannot be neglected.

The signs and the symmetry of tife tensor components,
however, are again consistent with ttig hole description of
la Taking the orbital coefficients from the EPR analysis one
can calculate the Fermi contact, orbital and spin-dipolar
contributions toA.34-36 With the orbital reduction factor set to
k = 1 and the factor of the Fermi contact term assumed to be
«x = 0.35 we findA/gySn = P (0.27,—0.19,—0.79) T. AsP is
depending on the “hole” distribution, we treated it as a scaling
factor which accounts for delocalization of the “hole” spin over
3d and ligand orbitals. The best match of the experimeftal
tensor is found withP = 30.1 T and the corresponding
prediction values_\/gNﬁN = (8.26,—5.60,—23.64) T, which is
in reasonable agreement with the experiment and shows that
EPR and magnetic Mgsbauer spectra yield a consistent

(32) The valence contribution from an electron in a hypothetical pure
dyy orbital would yieldEq = +4.2 mms?, by taking<r—3> =5 g2 and
Q = 0.15 b and neglecting covalency and lattice contribution to the efg;
(a) Bominaar, E. L.; Guillin, J.; Sawaryn, A.; Trautwein, A. Rhys. Re.
B 1989 39, 72.; (b) Lauer, S.; Marathe, V. R.; Trautwein, A. Rhys. Re.
A 1979 19, 1852.

m (33) Walker, F. A.; Nasri, H.; Turowska-Tyrk, |.; Mohanrao, K.; Watson,

C. T.; Shokhirev, N. V.; Debrunner, P. G.; Scheidt, W.JRAm. Chem.
Soc.1996 118 12109-12118.

(34) (a) Safo, M. K.; Gupta, G. P.; Walker, F. A.; Scheidt, WJRAmM.
Chem. Soc199], 113 5497-5510. (b) Walker, F. A.; Huynh, B. H.;
Scheidt, W. R.; Osvath, S. R. Am. Chem. S0d.986 108 5288-5297.

(35) Oosterhuis, W. T.; Lang, Ghys. Re. 1969 178 439-456.

(36) Lang, G.; Marshall, WProc. Phys. Socl966 87, 3—34.
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Figure 3. Zero-field Mssbauer spectra of 35%Fe-enrichedla (80 K, 1.5 mM CHCN) and2 (3 K, solid) and their electrochemically one-
electron reduced CIN solutions (80 K, 1.5 mM). The sample of reducsi(A, bottom) was immediately frozen after Coulometric reduction at
-30°C. Samples taken after prolonged incubation in solution2@ °C showed strong enhancement of subspectrum Il and concomitant attenuation
of I. Subspectrum Il in (B) with) = 0.49 mm s, AEg = 0.90 mm s is most probably an [Fe—O—F€'"]4* contamination. This spectrum was

exclusively obtained when a reduced sampl@ o¥as oxidized by air.

Table 2. Mdossbauer Data of Ferric and Ferrous Complexes

o, AEg, T,
complex T,K mms! mms?! mms!
la CH;CN 80 0.29(5) 2.26(1) 0.29(2)
powder 80 0.28(6) 2.24(1) 0.27(1)
2 CH;CN 80 0.46(2) 0.29(3) 1.07(5)
powder 3 0.49(5) 0.26(1) 0.45(5)
trans[(cyclam)Fé(N3);] CHsCN 80 0.55(7) 0.72(4) 0.34(4)
cis-[(cyclam)Fé(N3);] CH:CN 80 1.11(7) 2.84(1) 0.45(1)

description ofla as a low-spin ferric complex with ¢d d,)*
(dyy)* ground state.

Recently the conditions for stabilization of the{d,)*(cly)*
ground states, instead of the more commog)i(, dy,)°
configuration, were systematically investigated for low-spin
ferri-porphyrinate$3:3437 |t was found that strong axiat-
acceptors induce significant ruffling of the porphyrins which
could be attributed to mixing of ironggland porphyrin a,(x)
orbitals. The orbital mixing is made possible by the twist of
nitrogen p orbitals out of the porphyrin mean plane. The
m-donation from the equatorial ligands changes the orbital
energies markedly in thatigbecomes higher in energy than
the d, dy, pair. In contrast, cyclam in theans-Il configuration

electrolyte) has been studied by cyclic and square-wave voltam-
metry. The potentials given are referenced versus the ferro-
cenium/ferrocene (FdFc) couple. Both species exhibit a
reversible, metal-centered one-electron reduction wav€at6
V for laand—0.62 V for2 at 20°C (scan rate: 200 mV3).
In addition, both complexes exhibit an irreversible oxidation
wave of+0.84 V which is assigned to the irreversible oxidation
of uncoordinated azide yielding the azide radical which rapidly
decomposes with formation of,N

Considering the differing cavity size of coordinatedns
andcis-cyclam ligands we anticipated thtaans-[(cyclam)Fé/ -
(N3)2] is low-spin, whereasis-[(cyclam)Fé (N3),] is high-spin.
This has been proven by Mebauer spectroscopy. An electro-
chemically generated sample of redudedvith 35% enriched
5"Fe showed two subspectra at 80 K: A major doublet | (80%
relative intensity) av = 0.55 mm s* and AEg = 0.72 mm
s 1 has been observed (Figure 3A, bottom). These values are
typical for octahedral low-spin ferrous complexesdjft con-
figuration,S= 0). In addition, a weaker (20%) subspectrum Il
ato = 1.11 mm st andAEq = 2.92 mm s has been observed
which corresponds to a high-spis-[(cyclam)Fé (N3),] species
(S = 2). A similar spectrum of the latter species has been
obtained from electrochemically one-electron redu@h

is a purec donor and, therefore, the above analysis does not CH,CN at 80 K: 6 = 1.11 mm s?, AEq = 2.84 mm s (Figure

apply for la
Characterization of Ferrous Complexes.The electrochem-
istry of laand2in CH3CN (0.10 M [N(n-butyl)]PFs supporting

(37) (a) Safo, M. K.; Walker, F. A.; Raitsimring, A. M.; Walters, W. P.;
Dolata, D. P.; Debrunner, P. G.; Scheidt, W.RAm. Chem. S0d.994
116, 7760-7770. (b) Inniss, D.; Soltis, S. M.; Strouse, C.EAm. Chem.
S0c.1988 110, 5644-5650. (c) Soltis, S. M.; Strouse, C. E.Am. Chem.
So0c.1988 110, 2824-2829. (d) Quinn, R.; Valentine, J. S.; Byrn, M. P.;
Strouse, C. EJ. Am. Chem. So0d.987, 109, 3301-3308 and references
therein.

3B, bottom). This shows that G8N solutions oftrans
[(cyclam)Fé (N3),] are not stable. Thazans— cis isomerization
was also followed by the appearance and gradual growing-in
of the current peak characteristic fois-[(cyclam)Fé (N3),] at
—0.62 V in square-wave voltammograms recorded after cou-
lometric reduction ofla. At —30 °C the slowtrans — cis
isomerization is complete withirnr1 h.

Photolyses at—35 and 20°C. Figure 5 shows the electronic
spectra oflaand2 in CH3CN solution at ambient temperature
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e LA after the illumination was started. At the beginning the rhombic
5 AR signal of the starting compleXis the only EPR active species
in solution; this signal gradually disappears upon illumination
and a new, well-resolved signal at higher field builds up. After
60 min of illumination this new axial signal is observed as the
dominant spectral feature (95%) at effectiygalues of g, ~
4 and ¢ ~ 2. Figure 7A shows the corresponding spectrum of
a sample which was enriched withFe for subsequent Ms-
bauer measurements. An excellent simulation of the EPR
spectrum was achieved with effectigevaluesg, = 3.85, g,
= 4.05,g; = 2.0. These values are typical of a spin quartet
species with nearly axial symmetryE/D = 0.02f8 and
dominating zero-field splittingl§ > hv ~ 0.3 cnT! at X-band).
The EPR-transitions occur only within the Kramers doublets
and the effectiveg-values for|S, + Y,> aregi = g/ =
go(St+Y2), 9/ = g, wheregy andg; are the intrinsiay factors
of the Zeeman interactio¥. The powder spectrum ¢84-3/,>
is highly anisotropic folE/D =~ 0 and therefore not observable.
Our results are consistent wi= 3/, andgp ~ ¢ ~ ge. ForD
> 0 the EPR silentS+3%,> doublet is D above the ground
state. From the temperature dependence of the EPR intensity
of theg ~ 4 signal we foundD = +9(&3) cn? (for details
see ref 15). Very similar EPR spectra have recently been
reported*15for a series of dinuclear, mixed-valent complexes
containing the linear [F&(u-N)FeV]4" core (Table 4). For these
complexes strong intramolecular antiferromagnetic coupling
between a high-spin ferricS(= %,) and a low-spin F¥¢ (S=
1) ion has been observed yielding &r= %, ground state. Thus
we propose that photolysis @fyields the dinuclea-nitrido
T bridged species{[cyclam)Fe(N)} 2(u-N)]?*.
6 4 2 0 2 4 6 We have also recorded the BEbauer spectrum of the yellow
1 acetonitrile solution o2 (35% enriched’Fe) which had been
illuminated for 60 min at—35 °C. The spectrum recorded at
Figure 4. Magnetically perturbed Nesbauer spectra dfa with the 80 K is shown in Figure 8A. The spectrum was satisfactorily
indicated fields applied perpendicular to thdeam. The sample was  fitted by three subspectra: (a) an intense symmetric quadrupole
as th_at uged f(_)r Figu_re 3A, top._The _solid lines are the result of a spin- goyblet 5 = 0.14 mm s?, AEq = 0.79 mm s (46% rel
Hamiltonian simulation as decribed in the text. intensity), (b) an asymmetric doubleté&t= 0.47 mm s, and
AEq = 1.89 mm s (47% rel intensity), and (c) a minor doublet
(7% rel intensity) at fixed parameteds= 0.46 mm s, AEq
= 0.29 mm s* which corresponds to that of the starting material
2.

Three observations are remarkable: (i) The areas of sub-
spectra a and b add up to 93% conversiof iofto the dinuclear
species; only~7% of the starting material is present. (ii) Only
a high-spin ferric § = %/,, subspectrum b) and an'E¢S= 1,

L ‘ subspectrum a) ion (ratio 1:1) are photolytically generated. Their
300 400 500 600 700 800 900 Mossbauer parameters summarized in Table 5 are very similar
A/ nm to those reported for other isolated and crystallographically
Figure 5. Electronic spectra dfa(—) and2 (- — -) in CHsCN solution characterized species containing the mixed-valent! (FeN)-
at 297 K. FeV]*t (S = 3,) core with (on the time scale of a Msbauer
experiment {1077 s)) localized valencies at the iron ions (class
and Table 3 summarizes the data. Both spectra are dominated or I1). (iii) No indication for the formation of ferrous or Fe
by intense charge-transfer bands in the ultraviolet and visible jons during the photolysis d? at —35 °C has been detected.
region. The line asymmetry of the high-spin ferric subspectrum b in

When a deep-red solution @in deaerated (Ar-blanketing  Figure 8A indicates magnetic broadening due to “intermediate”
atmosphere), dry acetonitrile was photolyzed with a Hg im- spin relaxation. The effect is much stronger for the ferric than
mersion lamp at-35 °C, a color change to bright yellow was  for the Fé¥ site, presumably because of the larger effective
observed within 60 min. Figure 6 shows the spectral ChaHQEShyperﬁne Coup"ng Components of |FqSee be|ow). In strong
observed as a function of time. During this process the intense gpplied fields (3-7 T) the relaxation rate decreases so that at

CT bands of2 at 487 and 247 nm lose intensity, and |ow temperatures (2515 K) the Méssbauer doublets split

Concomltantly, the CT band at. 327nm is shifted bathochromi- magnetica”y (Figure 9) Spin_Ham”tonian simulations per-
cally by 13 nm. Three isosbestic points~a400, 250, and-220
nm are observed. (38) Derived from the first-order perturbation expression $or 3/5:

. . . _ED=Y — gyl
We have followed the course of this photolysis by measuring (39) Tlrglugtxweiﬁ’V‘A. X.: Bill, E.: Bominaar, E. L.; Winkler, HStruct.

the EPR spectratal K of samples taken 10, 40, and 60 min  Bonding1991, 78, 1—95.
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Table 3. Electronic Spectra of Complexes in @EN Solution

complex Amax NM (€, L mol~tcm )2
1la 248(9.8x 103, 298(6.4x 10°), 342(6.5x 10%), 487(5.2x 109)
yellow solution after 15 min photolysis 395(2:910°9)
2 247(1.2x 109, 327(5.0x 10%), 399(3.0x 10%), 486(4.8x 109)
yellow solution after 60 min photolysis 340(6x11C°%), ~410(3.8x 1¢¥)sh

@ Molar absorption coefficients are all calculated per iron ion.

/103 M tem™! .1.0. t“» zlt ? g-values
12 "]
B
8 J sim.
4 . "
dr
dB
0 L
12 .
exp.
8 ]
1 1 1 l
100 200 300 400
4 1 B/mT
0 Figure 7. X-band EPR spectra (10 K) @in CHsCN (1.7 mM) after
> L L ! 1 60 min of photolysis at-35 °C (A) andlain CHsCN (1.7 mM) after
200 300 400 500 600 700 800 15 min of irradiation at 20C (B). The samples were aliquots of the
A/ nm preparations used for the correspondingsstmauer spectra shown in
Figure 6. Spectral changes observed during photolysi2 (ibp) and Figures 8 and 9 or 10. Experimental conditions: microwave frequency
1a (bottom) in CHCN solution at—20 and+20 °C, respectively. ~ 9.6439 GHz (A)/9.6445 GHz (B); power 2W (A)1 uW (B);
Spectra fo2 were recorded in 4-min intervals and thoseXain 1-min modulation amplitude 1.2 mT. The simulations are performed with

intervals. The isosbestic points appear ill-defined due to solvent (effective)g-values: (A)g = (3.85, 4.05, 2.0), Lorentzian ”.n@Z
evaporation during photolysis caused by passing Ar through the (10., 39., 20.) mT; (B)g' = (2.04, 2.06, 2.20), Gaussian lin¥¢ =
solution. (4.4, 6.9, 36.) mT.

formed with the total spii = 3/, allowed us to assign individual For strong spin coupling)(> D, gusB) as it can be expected
subspectra in the hyperfine pattern and to determine the signsfor u-nitrido dimers, the effectivé tensors of F& and Fé'

and magnitudes of efg and tensors; the parameters are for the total spin§ = %> can be rewritten in the intrinsic
summarized in Table 6. representation for the local electronic spins by using eq 9

The weak, widely split lines at about7 mm st clearly (Experimental Section). With the values summarized in Table
belong to a magnetic sextet with isomer shift, quadrupole 6 one obtainA(FeV)/gnfn = (—9.95,-10.45,— 1.17) T and
splitting, and relative weight according to the minor subspectrum A(F€")/gnAn = (—13.5,—-14.45,-22.7) T.

c from above (Figure 8A). Its contribution which was assigned ~ The magnitude of the isotropic component fof'He-16.88

to contaminating ferric starting materig)( is a typicalS= 5/ T) is significantly lower than the limit-22T for ionic high-
hyperfine spectrum with rhombic ZFE/D = ), isotropic spin ferric compounds. This deviation, as well as the large
coupling constantA = —20.6 T, positiveV,, and small anisotropy ofA(F€'), indicates significant spin-dipolar contri-
asymmetry parameter= 0.1. We claim that these parameters butions that originate from covalent spin delocalization. Also
characterize theis-[(cyclam)Fé'(N3),]* complex @). the very large quadrupole splitting of'Féndicates the influence

The magnetic properties to the major subspectra a and b inof covalency (the valence contribution to the efg from a
Figure 9 confirm the EPR interpretation that the photolysis “spherical” half-filled 3¢ shell with ionic ligands would be
product of2 is a spin-coupled dimer of Peand Fé'. The field- ~ vanishing). o
dependence of both species is determined by effective hyperfine Isomer shift and quadrupole parameters of th¥ Bée in
coupling components (Table 6, isotropic parts) that show the photolysis product d? resemble those of Fe=O species
opposite signs, as it is expected for antiferromagnetically in biological and synthetic porphyr#;*°lactone, and chloritt
coupled S|te§ with Iocall spins aligned antlparqllel and parallel (40) (a) Moss, T.; Ehrenberg, A.; Bearden, ABlochemistryL969 8,
to the total spin. The series of spectra was consistently simulated4159-4162. (b) Schulz, C. E.; Rutter, R.; Sage, J. T.; Debrunner, P. G.;
with ZFS parameter® and E/D taken from EPR and thus ga%er, L. PE'Oéh?yﬁtfg984 2?3 4;,11'3—'547?4- (t\CA)I Mar,‘f‘;g" D-:CVr\{e'SSv

. : . Jayara), K.; Gold, A.; Terner, J.; blll, E.; Trautwein, A. INOrg. em.
conflrms these values. It §hould1be mentioned that due to the1992 31 4404-4409 and references therein.
anisotropy of the electroni/,, £%,> ground-state Kramers (41) (a) Jayaraj, K.; Gold, A.; Austin, R. N.; Ball, L. M.; Terner, J.;
doublet which exhibits an “easy plane” of magnetization for :I\S/Iaﬁdon, D; V\\//eisTs, R, Fisc:e;&ll; DeCChian, f9'578g|é %ﬁ“ﬁﬁaﬁ"&

i i i i i 9 _ - chinemann, V.; Trautwein, A. Xlnorg. em. 36, .
fields appl_led indy 9r|entat|ons3, thex- andy: componen_ts of (b) Jayaraj, K.; Gold, A.; Austin, R. N.; Mandon, D.; Weiss, R.; Terner, J.;
the hyperfine coupling tensors are much better determined thang;j; ‘£ Mmiither, M.; Trautwein, A. XJ. Am. Chem. S04995 117 9079-
the z-components. 9080 and references therein.
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Table 4. EPR Spectra of Complexes Containing the'[geN)FeV]*t Core

complex SP Ox' oy g/ D,cm? ref
[{ LFe(Cl-cat} »(u-N)] 3, 3.99 414 2.00 125 14
[{ LFe(nadiol} 2(u-N)] 3, 4.00 4.12 2.00 %3 15
[{LFe(Phacac} («-N)
FeL(Cl-cat)[* 3, 3.96 4.07 1.98 2%5 15
[{ (cyclam)Fe(N)} 2(u-N)]?* 3/, 3.85 4.05 2.00 *3 this work
[{ (tpp)F& 2(u-N)] Y, 2.15 2.01 4
[{(pc)Fg 2(u-N)] Y, 213 2.03 8
[(tpp)Fep-N)Fe(pc)] Y, 2.10 2.005 11
[{trans-(cyclam)(Ns)Fe} (u-N)]>+ Y, 2.04 2.06 2.20 this work

aLigand abbreviations: Gicat= tetrachlorocatecholate{?, L = 1,4,7-trimethyl-1,4,7-triazacyclononane, nadiohaphthaline-2,3-diolate(2

~
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Figure 8. Zero-field M&ssbauer spectrum (80 K) &fFe-enriched
(35%) 2 in CH;CN (1.7 mM) after 60 min of photolysis at35 °C

(A) and 1ain CHsCN (1.7 mM) after 15 min of irradiation at 28C
(B). The fit (bold solid line) in (A) was obtained by three subspectra:
low-spin Fe” (a), high-spin F& (asymmetric line widths) (b), and an
impurity of 7% starting materia2 (c). In (B) the subspectra are low-
spin Fé' a, low-spin Fé' b', and 18% low-spin Pec'.

systems. Particularly the positive sign\éf; is consistent with
the low-spin $4* configuration and a low lying g orbital as it

is found there. In a ligand field picture of the{#(dy,)(d,,)*
ground state the (positive) valence contribution to the efg can
be described by the effect of two electron “holes” in.(d,)

and the orbital mixing due to spirorbital interactiorf243The
magnitude of the quadrupole splitting however is usually over-

Phacac= 1,3-diphenylpropane-1,3-dionate{®, tpp = tetraphenylporphinate?), pc = phthalocyaninate(2). ® Ground state of complex.

on the ZFS of the cluster spin multiplet is therefore only
marginal. The magnitudes &, and theA tensor components
of F€V are smaller than for most of the oxo-ferryl (porpyhrin)
systems. They match however well with the data ofithetrido
Fe''—N—F€V (non-heme) dimer complex published receftii?

In that study we found from molecular orbital calculations (spin-
polarized self-consistent charge ¥ethod), that considerable
spin and charge delocalization occurs betweeh &ed theu-N
bridge. The relative small positive values of the quadrupole
splitting could be particularly well-explained in this scheme,
which predicts considerable covalency and ligand contributions
with opposite signs relative to the dominating valence contribu-
tion.

The Mssbauer spectra in Figures 8A and 9 prove that the
interpretation invoking the photolytic formation of a mixed-
valent dinuclear species froghis correct. While it is very likely
that the configuration of the cyclam ligand of the [(cyclam)-
Fe''(N3)] fragment in theu-nitrido-bridged complex isis (only
then a localS = %/, spin state of the ferric ion can be attained),
it is unclear what the configuration of the [(cyclam)H&\3)]
fragment is in the product. In principle, botlcs- and atrans:
configuration are compatible with a low-spin 'FgS = 1)
electron configuration. The latter would require a fast —
trans isomerization step during the formation of the dinuclear
product. This could happen during the formation of a [(cyclam)-
Fe’(N)(N3)] intermediate as depicted in eq 4

cis-[(cyclam)Fé' (N,),]" ETZ trans-[(cyclam)Fe (N)(N,)]
4

In summary, we propose that photolysi2déads to a dinuclear
u-nitrido-bridged species containing a mixed-valent'[Ge
N)FeV]*+ § = 3/, core. We propose either structure A or B
shown in Scheme 1 for this species. Due to the fact that the
Mdssbauer parameters for thans-[(cyclam)FéY (N3)] moiety
in the photolysis products @andlaare very similar, we favor
structure A (see below).

The photolysis reaction dfa at —35 and 20°C using the
same reaction conditions as described above2fgives after

estimated in this picture. With reasonable assumptions for ~15 min of illumination a brown-yellow solution. Figure 6

tetragonal crystal field splittings one expects quadrupole split-
tings of about 2 mm ¢, whereas the experimental value is
less than half of that. Due to the spinrbit coupling the F&
spin triplet of the F&¥=0 species shows large zero-field splitting
on the order of 10 cmt. This value, however, is in the spin-
coupled [Fé' (u-N)FeV]** dimers from photolyze& practically

not measurable because the spin projection factoDfof the
FéV site is only?/3 in the magnetic ground state. Its influence

(42) Oosterhuis, W. T.; Lang, G. Chem. Physl973 58, 4757-4765.
(43) Paulsen, H.; Miler, M.; Grodzicki, M.; Trautwein, A. X.; Bill, E.
Bull. Soc. Chim. Fr1996 133 703-710.

shows the spectral changes observed during this period of
illumination; the CT bands at 500, 350, 300, and 250 nrhaof
lose intensity, whereas a new band~at00 nm appears. The
final spectrum is very similar to that of the photolysis prod-
uct of 2. Upon prolonged illumination of this solution for 2
and 12 h a color change from brown-yellow to green and then
to deep blue is observed. We have not characterized these
products.

The X-band EPR spectrum at 10 K of a 15-min photolyzed
solution oflais shown in Figure 7B which is to be compared
with the spectrum of the starting material shown in Figure 2.
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Table 5. Mdssbauer Parameter for Complexes Containing theufR§Fel* Core at 80 K

complexX S 6, mms?a AEg, mm s1Pb I, mmstc %o ref

[{ LFe(Cl-cat} 2(u-N)] 3, 0.52 1.67 0.77 45.6 14
0.09 0.81 0.22 45.2

[{ LFe(nadiol} »(u-N)] 3, 0.44 1.45 0.70 40.3 15
0.07 0.85 0.38 41.3

[L(Phyacac)Feg-N)Fe(Cl-cat)L]" 3, 0.60 2.00 1.70 44 15
0.04 1.13 0.31 44

[{ (cyclam)Fe(N)} 2(u-N)]2* 3/, 0.47 1.89 0.71 47 this work
0.14 0.79 0.36 46
0.46 0.29 1.10 g

[{ (tPp)F&é5} 2(u-N)] 1, 0.18 1.08 1.07 f

[{ (pc)FE-} 2(u-N)] Y, 0.06 1.76 10

[(tpp)FE(u-N)Fe5(pc)] 1, 0.11 1.47 11

[{trans-(cyclam)(Ns)Fe} o(u-N)]>+ Y, 0.20 2.09 0.36 40 this work
0.11 0.97 0.67 42
0.54 0.65 0.36 18

alsomer shift referenced va-Fe at 298 K Quadrupole splitting® Line width at half-heightd Relative intensity of signak Doublet with
asymmetric linewidths\ English, D. R.; Hendrickson, D. N.; Suslick, K. Borg. Chem1988 22, 367.9 Impurity. " Ligand abbreviations: Glcat

= tetrachlorocatecholate(?, nadiol= naphthalene-2,3-diolate{3, L = 1,

4,7-trimethyl-1,4,7-triazacyclononane, acapentane-1,4-dionatef2

), Phacac= 1,3-diphenylpropane-1,3-dionate{p, tpp = tetraphenylporphinate(?), pc = phthalocyaninate(2).
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Figure 9. Magnetically perturbed Mesbauer spectra @ in CH;CN

after 60 min of photolysis at-35 °C. The sample is the same as that
used for Figure 8A. The indicated subspectra are the result of spin-
Hamiltonian simulations wittg = 3, for FeV (a) and F# (b), andS

= 5/, for a 7% contribution of monomeric high-spin 'fFeg(c), as
described in the text.

Clearly, the rhombic signal dfahas changed into a new narrow
S = 1, signal withg,' = 2.04,g,’ = 2.06, andgs' = 2.20.
Quantitation of this signal by double integration yields 0.44
spins/Fe. This spectrum is very similar to those reported for
dinuclear, mixed-valent complexes containing the fFsjFel

Table 6. Spin Hamiltonian and Hyperfine Parameters of the
Solution Photolysis Products Containing the '[iie-N)FeV]*" Core
at4.2 K

photolyzed2 photolyzedla

Fe! FeV Fe! FeVv
S 3/2 1/2
D,cm? 9(£3)
E/D 0.02
] (1.98, 1.989, 2.06) (2.04, 2.06, 2.20)
Agpn, T —18.90 +3.98 —4.74 +9.05
A‘;‘ﬁ/gNﬂN, T —20.22 +4.18 —-12.97 +6.72
Agﬁ/gNﬂN, T —31.79 +0.47 —32.76 +0.75
A g —23.64 +2.88 —16.82 +5.51
Adagnpn @ —13.50 —9.95 —2.8 —13.57
Ajlgnpn @ —14.45 —10.45 -7.8 —10.07
Adonpn © —22.70 -1.17 197 -1.13
6, mms? 0.50 0.14 0.23 0.12
AEg, mm st —-1.89 +0.88 —2.10 +0.98
n 0.03 0.74 0.85 0.4
I,mms? 0.3 0.3 0.3 0.3

aTaken from (effective) EPR-values. Isotropic part;/sTr(Ac).
¢ Intrinsic A tensor components, derived from effective values by using
eq 9 or 10, respectively.
core with anS= 1/, ground state as the data compiled in Table
4 show. A small difference is found, however, in the symmetry
of the g-values. Whereas the porphyrin and phthalocyanin
dimers showgy > gy, the photoproduct ota has g > go.

The Mitssbauer spectrum at 80 K of a 15-min photolyzed
solution of a 35%°"Fe-enriched sample dfa confirms the
dimeric structure of the product; the spectrum is shown in Figure
8B. Lorentzian fits show the presence of two major quadrupole
doublets a and b of practically equal intensities and an
additional minor component.cSince subspectrum with 6 =
0.11 mm s?, AEg = 0.97 mm s?, and 42% relative intensity
is very similar to a of photolyze# (Figure 8A), it is assigned
to low-spin F& (S= 1). The parameters of species( =
0.20 mm st, AEq = 2.09 mm s1, 40% relative intensity) are
only slightly different from those ola starting material and
could be well attributed to low-spin ferric iron. Magnetic
Mossbauer measurements show, however, that this interpretation
with respect to the spin state is not consistent with the magnetic
hyperfine coupling scheme of and B and the dimer spig =
1/, (see below). Nevertheless, we can infer from these observa-
tions that the photolysis product dfa consists of a mixed-
valent u-nitrido dinuclear species containing now an [fe(
N)Fel™ core with an§ = ¥/, ground state antbcalizedFe"
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Scheme 1.Proposed Structures for the-Nitrido)diiron
Photolysis Products

and Fé&' valencies (class II).

2 12— [trans (cyclam){ F&" (u-N)F€"} (N,),]%* + 2.5 N,
(5a)

Thus we propose structure C for the photolysis productaf
(Scheme 1). This result contrasts considerably with the inter-
pretation of the Mesbauer spectra of the nitrido-bridged diiron
porphyrin and phthalocyanin complexes for which the iron sites
were found to be indistinguishable even at 4.2 K, at least on
the time scale of thé’Fe nuclear lifetime and quadrupole
precession time (I0—10"8 s). Hence,delocalizedvalences
have been proposéd-12 There is, however, a problem in this

Meyer et al.

product 8= %/,) or a low-spin ferrous compoun& & 0). Since

no high-spin signal was detected in the corresponding EPR
spectra, the explanation thdtroight be F&' can be ruled out.
Alternatively, the presence of [t¢u-oxo) dimers can also be
excluded because these usually show much larger quadrupole
splittings |AEg| > 1.0 mm s114154445Magnetic Mssbauer
measurements given below confirm thatscdiamagnetic$ =

0). We assume therefore that is a low-spin F&(cyclam)
complex which is formed during photolysis in addition to the
[FE" (u-N)FeV]*+ dimers. In accord with this interpretation the
Mossbauer parameters of dosely resemble those ofans-
[(cyclam)Fé/(N3)2] (Figure 3A, bottom) and low-spin He
porphyrinatesq = 0.4-0.5 mm s, AEg = 0.6-1.4 mm s%).%°

As the low-spin state in these systems is induced by strong
ligand fields due to six-coordination, we propose tHas@lso

a six-coordinate species. Presumably, it is generated by ho-
molytic Fe—N3 bond cleavage ofla and abstraction of ¥,
followed by binding of a CHCN solvent molelcule to ac-
complish the six-coordination of Ee

1a— trans{(cyclam)FE(N)(CH.CN)] + N, (5b)

This is the first experimental indication that formation of'Fe
is a relevant primary step in the photolyses of iron(lll) azides.

Magnetic M@ssbauer spectra were measured to probe the spin
density distribution and the coupling scheme of the photolysis
product ofla Figure 10 shows spectra recorded with applied
fields of 5 aml 7 T at 4.2 and 80 K. Theather small overall
splitting of less than 6 mm4 indicates weak internal fields
due to the low spin expectation value and weak hyperfine
coupling constants. At low temperatures 1% K) the spectra
could be simulated in the limit of slow spin relaxation. Figure
10C shows that at 80 K this is only insufficiently possible. On
the other hand, with applied field the limit of fast relaxation
was also not fully reached at temperatures up to 180 K.

We could not detect any resolved contribution from the
minority species 'c found in the zero-field measurement.
Particularly, no high-spin P& subspectrum was present like
(c) in Figure 9. Also, the shoulders in the experimental spectra
at about+3 mm s could not be attributed to & = %,
subspectrum even with unrealistically lo%values. Thus we
had to conclude that ¢s not a paramagnetic species. Accord-
ingly, a satisfactory fit to the measured spectra was possible by
adoptingS = 0 for ¢ (with AEq > 0, = 0), as shown in
Figure 10. This led us to conclude above thatsca ferrous
low-spin species.

The magnetic spectra show a remarkable field dependence
inasmuch as the outer prominent, more or less resolved lines at
—-2mms?i —-0.8mmst +1.3mms? +1.8 mm slincrease

interpretation inasmuch as the dimer spin is not consistent with their splitting with increasing applied field. This reveals a
valence delocalization, unless the delocalization mechanismpositive mean effectivé value for the corresponding iron site
would be only a fast dynamic process (electron hopping) and which, thus, must be the site that is spin-oriented in an
not a quantum mechanically coherent superposition. For mixed-antiparallel fashion with respect to the total dimer spin.
valent complexes with weakly interacting, bridged transition- Surprisingly, it was not possible to simulate this important
metal pairs the coherent processes (double exchange) are spirfeature of the spectra with the parameters of thd' Bie,
dependent and favor maximal spin multiplicity for the ground subspectrum 'b Particularly the large quadrupole splitting of
state, in contrast to the observation of energetically well isolated about 2.1 mm s! does not fit to the splitting pattern of the

S = 1/, states. Thdocalizedvalences in our complexes are, in

this sense, consistent with the theoretical considerations.
The nature of the minority component in the 8&bauer

spectrum of photolyzetia (c'; 18% relative intensity) cannot be

readily determined from the zero-field measurements. According

to isomer shifty = 0.54 mm s* and quadrupole splittindEq

= 0.65 mm s, it could be either a high-spin ferric deterioration

corresponding lines. In contrast, the pattern was easily repro-
duced with isomer shift and quadrupole splitting for theVFe
species, subspectrurh @o this end we had to introduce positive

(44) Sage, J. T.; Xia, Y.-M.; Debrunner, P. G.; Keough, D. T.; Jersey,
D.; Zerner, BJ. Am. Chem. Sod.989 111, 7239.

(45) Rodriguez, J. H.; Ok, H.; Xia, Y.-M.; Debrunner, P. G.; Chaudhuri,
P.; Wieghardt, KJ. Am. Chem. So&996 118 7542 and references therein.

J.
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Figure 10. Magnetically perturbed Mesbauer spectra @éain CH;CN

after 15 min of photolysis at 20C. The sample is the same as that
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Iron(lll) intermediate-spin complexes on the other hand are
relatively rare. A compilation of data for porphyrinates is found
in refs 29 and 46; other examples were also intensively studied,
like dithiocarbamates and salen compleXe4? The intermedi-
ate spin state in these compounds is related to five-coordination
(square-pyramidal geometry) with strong equatorial ligands or
with six-coordination and weak axial ligands. Some iron nitrosyl
complexes of the typd FeNG 7’ also show spinS = %/,
However, this state was recently described for a synthetic model
on the basis of X-ray absorption measurements and MO
calculations as a spin-coupled system composed of formally Fe
(S=%,) and NO (S=1)30

Usually square planar geometry was taken as the starting point
for theoretical descriptions of ferrig = 3/, systems, with the
assumption that the&l? orbital is strongly destabilized and
too high in energy to be populated. The corresponding formal
(dyy)?(dh)X(dy)X(dA)* configuration is consistent with most
experiments. Maltem8 pointed out that to some degree the
quartet statéA, is mixed into thefA; ground state of all ferric
high-spin porphyrins, and this accounts for, for instance the zero-
field splitting. The Maltempo model describes the magnetic
properties of the intermediate spin systems reasonably well on
the basis of spin-mixing betweei\, and A; states. TheA
tensors, particularly those of the intermediate-spin porphyrinates
show large anisotropies due to strong sgiipolar contributions
that are correctly predicted in this picture (at least concerning
the symmetry). For the (g?(di,)*(dy)*(dA)* ground-state, strong
dipolar fields are found to oppose the isotropic Fermi contact
contribution in thez-direction and to enforce it in they-plane.

The “inverse” symmetry, however, is found fa(Fée') in the
photoproduct ofLla (Table 6): A; is large and negative, and the
x- andy-components are small. We cannot probe other magnetic
properties of the Ft site in the dimeric photolysis product of
laindependently since spin coupling is apparently the dominant
interaction. It appears, however, that théensor anisotropy is

used for Figure 8B. The indicated subspectra are the result of spin-not consistent with the usual ground-state configuration

Hamiltonian simulations witlg = %/, for Fé¥ @ and Fé' b', andS=

0 for a 18% contribution of low-spin Hec', as described in the text.

A values for & On the other hand, the broad, hardly resolved
features of the spectra could be rather satisfactorily simulated
with large quadrupole splitting of land an anisotropic negative

(dyy)?(Ax)X(dy)X(dA)?! of Fe!' (S= 3y).

Also the experimental efg contradicts the usual electronic
structure for intermediate-spin complexes. A hypothetical pure
(dyy)?(dh)X(dy)(dA)* electronic ground state leads to a vanishing
valence contribution to the efg. Nevertheless, the investigated
intermediate spin complexes show typically large positive

effective A tensor. The parameters of the simulation are given quadrupole splittings of more than 2 mmlsand a small

in Table 6.

The positive effectiveél tensor for F& and the negativé
tensor for F¥ have the important implication that ®emust
have alower local spin than P8, i.e., F&' cannot be low-spin

asymmetry parameter. The positive sign/gfimplies excessive
negative charge in the equatorial plane which must arise from
strong covalency effects. The iron(lll) site in the photolysis
product of 1a, however, shows a large negative quadrupole

(& = Y2). With the reasonable assumption based on the gpjitting, also of about 2 mm$, but with a large asymmetry

corresponding isomer shift and quadrupole splitting, th&f Fe

d is still low-spin (S, = 1) we have to conclude that ey’ is

intermediate-spif(S = %>) in order to understand the cluster
spin § = 1/, and the effectiveA tensors of the subspectra a

and B in the photolysis product ofa. When the effectiveA
tensor components of Feand Fé' are converted to intrinsic

values with the assumption that the respective local spins are
S =1 (FeV) andS = 3, (F€") one obtains with spin projection

factors according to eq 104(F€)/gySn = (—13.57,—10.07,
—1.13) T andA(Fe")/gnfn = (—2.8,—7.8,-19.7) T.

The A-values for F& compare very well with those of Fe
in the photolysis product of theis-isomer2, according to what

was found before for isomer shift and quadrupole splitting (see

parameter. Although the negative sign is not very significant
in this case (since the asymmetry parametées close to 1, the

(46) (a) Scheidt, W. R.; Osvath, S. R.; Lee, Y. J.; Reed, C. A.; Shaevitz,
B.; Gupta, G. Plnorg. Chem.1989 28, 1591-1595. (b) Gupta, G. P.;
Lang, G.; Reed, C. A;; Shelly, K.; Scheidt, W. R.Chem. Physl987, 86,
5288-5293.

(47) (a)Niarchos, D.; Kostikas, A.; Simopoulos, A.; Coucouvanis, D.;
Piltingsrud, D.; Coffman, R. EJ. Chem. Physl978 69, 4411-4418. (b)
Ganguli, P.; Marathe, V. R.; Mitra, Snorg. Chem.1975 14, 970-973.

(c) Ganguli, P.; Hasselbach, K. M. Naturforsch1979 34a 1500-1506.
(d) Wells, F. V.; McCann, S. W.; Wickman, H. H.; Kessel, S. L
Hendrickson, D. N.; Feltham, R. Dnorg. Chem.1982 21, 2306-2311.

(48) Koch, W. O.; Schmemann, V.; Gerdan, M.; Trautwein, A. X,;
Kriger, H.-J.Chem—Eur. J.1998 4, 686-691.

(49) (a) Kuang, X.-Y.; Morgenstern, |.; Rodriguez, M.-ehys. Re. B

Table 6). This confirms again that both the photolysis products 1993 48, 6676-6679. (b) Kuang, X.-Y.; Morgenstern-Badarau Phys.

of 1a and of2 possess an [Fe{N)Fel*" core with localized

Status Solidi BL995 191, 395-400.
(50) Brown, C. A.; Pavlosky, M. A.; Westre, T. E.; Zhang, Y.; Hedman,

valences and with apparently very similar coordination at the g :'Hodgson, K. O.; Solomon, E. I. Am. Chem. S0d.995 117, 715

FeV ion, namelytrans[(cyclam)FéV].

732.
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limit at which Vyy has the same magnitude s but opposite — 1 Fell(1)
sign), the asymmetry might owe its origin to contributions of Feli2Qy—
valence and covalency. 1a — Fell(3)

The isomer shifts of the known intermediate-spin complexes ——1 Ox
are in the range 0-30.4 mm s1 2946748 \which is intermediate 1.00 I '
between typical values for low-spin and high-spin complexes. : T N ﬁf
For Fé' in the photolysis product ola the isomer shift is A :

somewhat below the value of the starting complex This

points toward an increased covalency instead of a decreased

interaction, as would be expected if weakening of the axial 0.98
bonds in the photoproduct had induced the intermediate spin
state. Taking together the spectroscopic observations of the
unusually low isomer shift, the unusual efg and the “inverted”
symmetry of theA tensor, we are tempted to suggest that a
new strongaxial bond, namely, the nitrido-iron bond, leads to
the spin quartet ground state of'F@n the photolysis product

of la. One could envisage basically linear geometry as the
starting point for the understanding of this species. Then the
dZ2 orbital would be too strongly destabilized to be populated
in the spin quartet state. Further experimental and theoretical
investigations concerning the influence of firitrido bridge

will address these questions.

Photolyses at 4 and 77 KThe above photolyses have been
carried out in the liquid phase where rapid bimolecular dimer- 1.00 rrpes
ization processes yielding complexes containing the [Hé¢
Fel*t cores § = 3/, or 1/,) prevent the build-up of the putative
mononuclear intermediateans[N=F¢e"(cyclam)(N\y)]*. There-
fore, we have carried out a series of photolysis experiments in
frozenacetonitrile solution oflaand2, where the immobilized 098}
reactants should not be able to undergo subsequent bimolecular
processes and, thus, allow the spectroscopic detection of primary

)
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intermediates. In this program thens[Fe" (cyclam)(Ns)2]* L g 8_0 KI

complexlain contrast ta2 has the advantage that its narr@w 4 -2 0 2 4

= 1, EPR signal should not overlap with the low-field )

resonances of th& = 3/, spectrum that is anticipated for the velocity / mms-1

target F¥=N intermediate. Therefore, we have investigated the Figure 11. Zero-field Mssbauer spectra (80 K) &Fe-enriched (35%)

low-temperature photolysis products b first. lain CH3:CN (1.7 mM); (A) after 70 min of irradiation at 419 nm at
Several techniques were used to prepare EPR aissbémier liquid-nitrogen temperature (method Il); (B) after subsequent annealing

of this sample at 160 K for 15 min; (Cain CH;CN (1.7 mM) after
irradiation with an HBO lamp at 4.2 K in the Nsbauer cryostat
(method 1). Virtually the same spectrum was obtained at 4.2 K
immediately after irradiation at 4.2 K.

samples, including in situ photolysis at 4.2 K, in the respective
spectrometer cryostats. The best results with high yields of the
primary products were obtained by illuminating finely ground,
frozen solutions in liquid nitrogen (method Il, Experimental
Section). A zero-field Mesbauer spectrum of such a preparation fit results are given in Table 7 for three different photolytic
after 75 min of illumination at 419 nm is shown in Figure 11A. preparations.

High conversion of the starting compoutd (typically 80%) The comparatively high yield of the new spedi@X obtained

and formation of a distinct main product are recognized from by illuminations at 77 K (method ) as well as at 4.2 K (method
the strong attenuation of the original spectrum (Figure 3A, top) 1) shows thatOX is a primary photolysis product ofa

and the appearance of a dominating new quadrupole doubletRepeated measurements on samples stored in liquid nitrogen
with a significantly lower isomer shift thafia (subspectrum showed that this product is stable at 77 K for weeks. After
OX). Additional lines at high velocities around-2 mm st annealing the sample at 160 K for 15 min it was found that the
indicate the presence of further, somewhat less abundant ironintensity of theOX signal dropped by only~10% (Table 7).
species with large isomer shifts and large quadrupole splittings, To our surprise however, the annealing experiment revealed a
which are characteristic of fféons (subspectrgell(1), Fell(2), marked instability of one of the Hespecies formed by
Fell(3), see Scheme 2). The deconvolution of the experimental photolysis. Figure 11B shows that after annealifgll(1)
spectrum into these subspectra is the result of least-squares fit@ssentially disappeared, wherdzedl(2) remained unchanged
with Lorentzian doublets which were performed simultaneously and the relative intensity of theell(3) signal increased from

for up to six experimental spectra from preparations with 6 to 27%. This shows that at leasell(1) is also a primary
different light exposure times, wavelengths, and sample prepara-photolysis product ota. The Mtssbauer parametersieéli(1)

tion techniques including in situ photolysis at 4.2 K (Figure (6 =0.95 mm s, AEq = 4.13 mm s?) closely resemble those
11C). The respective subspectra were forced to be consistenbf high-spin, five-coordinate Feporphyrins with ionic axial

for the different experimental conditions by using the same ligands such as GO, (0 = 1.03-1.05 mm s?, AEg =
Mdossbauer parameters for all experimental spectra, except for4.01-4.25 mm s1).5 Therefore, we assigfell(1) to five-

the line widths and intensities of the doublets which were treated coordinate [F&(cyclam)(Ns)]™ (S = 2) with cyclam in its

as independent variables for each experimental spectrum. The'planar” trans-configuration (Scheme 2). We propose that
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Scheme 2.Preparation and Labels of Ferrous Complexes
I. Electrochemical reduction:
trans-[(cyclam)Fe'(N3),]CIO4 (1a)
CH3CN l +e
trans-[(cyclam)Fe'l(N3),] %» cis-[(cyclam)Fe'((N3),]
S=0 §=2
(same as reduced 2)
Il. Photolysis of 1a in frozen CH3CN at 4 or 77 K:

trans-[(cyclam)Fe"(N3),]CIO4 (1a)

lhv

trans-[(cyclam)FeV(N)(N3)]t +  trans-[(cyclam)Fe"(Ng)]*
five-coordinate S = 2
“Fell(1)"

local
melting?

annealing
to 160 K

trans-[(cyclam)Fe!\(NCCHs)(N3)]
six-coordinate S = 0
"Fell(3)"

cis-[(cyclam)Fe”(NCCHa)(Na)]+
six-coordinate S = 2
"Fell(2)"

Fell(1) is formed fromlavia homolytic Fd'—N3 bond cleavage
where therans-configuration of cyclam is trapped in the frozen
matrix.

The Mssbauer parameters of low-spin, six-coordiriedas
[Fe'(cyclam)(Ns),] given above (Figure 3A, bottom, |) are
virtually identical to those oFell(3) in the photolyzed samples.
Therefore, the parametersieéll(3) were fixed to those values
in the fits in order to reduce the number of variables. Thus, we
assignFell(3) to low-spin, six-coordinatérans-[Fe'(cyclam)-
(N3)X] where X might be a solvent molecule. It is then tempting
to assume that during annealirkgll(1) is converted td-ell(3)
by coordination of a neighboring GEBN solvent molecule.
Finally, the M@sbauer parameters BEII(2) are quite similar
to those of electrochemically generatg[Fe' (cyclam)(Ns)2]
(Figure 3B, subspectrum II) which in liquid solution has the
most stable configuration. During photolysis in frozen solution
the corresponding six-coordinat&s-species with a coordinated
solvent molecule might have been formed from thens
complexla by local melting immediately after photon absorp-
tion. During annealing at 160 K, however, its abundance
remained stable because local melting does not occur.

If no care was taken to avoid contamination of the sample
with water and/or oxygen before low-temperature photolysis,
the photolyzed samples showed a much lower amount bf Fe
species than that obtained with oxygen-free samples. In
particular, Fell(1) was usually completely absent. Instead,
another broad subspectrum appeared in thieslauer spectra
with a high isomer shifts ~ 0.5 mm s (indicative of Fé'
high-spin) and large quadrupole splittidd=o ~ 1.9 mm s
This spectrum might represent an unknown decomposition
(oxidation or hydrolysis?) product; it is quite similar to
complexes containing an [Me-O—F€'"]*" moiety with anti-
ferromagnetically coupled high-spin ferric ioHs:>4443We have
independently synthesized such a species, nanfelg-(cy-
clam)Féd'} »(u-0)(u-CO3)](ClO4)2:3H,0 the details of which

(51) Bominaar, E. L.; Ding, X.-Q.; Gismelseed, A.; Bill, E.; Winkler,

H.; Trautwein, A. X.; Nasri, H.; Fischer, J.; Weiss, Rorg. Chem1992
31, 1845.
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will be reported elsewhere. This complex displays asbtmuer
spectrum at 80 K, consisting of a single quadrupole doublet
with parameter® = 0.47 mm s, AEg = 1.32 mm s,
Over-photolyzation of (dry or moist) samples by prolonged
or more intense illumination especially with wavelengd#00
nm also leads to another new, very broadsgloauer subspec-
trum with Fd" (low-spin) characterd = 0.3 mm s, AEqg =
2.2 mm s1). This is apparently a deterioration product, the
formation of which limited also the formation of the target
compound in higher yields during in situ illumination of thin
sample layers at 4.2 K or in EPR tubes (method I).

Low-temperature photolyses at 77 and 4.2 Koif[Fe'-
(cyclam)(Ns)2] (2) yielded only small amounts of a product in
<5% vyield which displayed a spectrum (not shown) which is
comparable to that dDX. The major intensity of the product
Mdssbauer spectra was found for a subspectrum dvith1.06
mm st and AEg = 2.75 mm s which is close to that of
Fell(2) which we attributed to a six-coordinate ferrous species.
This means that under the present low-temperature conditions
homolytic cleavage with concomitant binding of a solvent
molecule dominates. Therefore, we did not investigate the
photolysis of2 in further detail.

X-band EPR spectra of the photolysis productslafwere
recorded on aliquots of the Mebauer preparations (method
II). The EPR spectrum depicted in Figure 12 was recorded by
using the same sample as was prepared fos¥lauer spec-
troscopy (Figure 11A). The original signal of low-spita
(Figure 2) drastically lost intensity, and new signals aroghd
= 4 and 2 are observed. The spectrum shows strong line
broadening, probably due to the presence of trace amounts of
0y;52 overall, however, the features are characteristic of a spin
guartet with axial symmetry/D ~ 0, and moderately large
zero-field splitting,D > hv (0.3 cnT1).3953 A corresponding
spin-Hamiltonian simulation with parameters taken from the
Md&ssbauer analysis (see below) is shown as solid line in Figure
12B. According to this simulation, the main intensity of the
spectrum ay ~ 4 originates essentially from {1/, — +1/,)”
transitions forB field orientations close to they-plane. Level
schemes as depicted in the inset of Figure 12 show, however,
that also inter-doublet transitions and-§, — +3/,)" transitions
occur due to weak ZFS witfD| = 0.38 cnT?, E/D = 0.094. In
the powder summation these transitions give rise to a broad
distribution of resonance absorptions. In the simulation large
angular-dependent Gaussian line-width&£ (60, 60, 120) mT)
were used to match the broad experimental pattern. Since the
Mdossbauer spectra above showed that the other photolysis
products oflaare EPR-silent ferrous compounds, one can infer
thatOX is the spin-quartet species observed in the EPR spectra.

Interestingly, the broad axial EPR spectrunmX in Figure
12 is very similar to those reported for isoelectronic (porphyrin)-
MnV=0 complexes’-545¢ The same broad axial signal gt
~ 4 with a trough ayg < 2 has been observed for this M&O

(52) Freshly prepared EPR samples showed obscure signals in a broad
field range, which changed drastically to what is shown in Figure 12 when
the cold sample tube was evacuated for 20 min without warming above 77
K. This process is reversible; the initial shape of the spectrum before
evacuation can be restored by exposure of the sample to dry (liquid) air.
We assume that during packing of the frozen solution powder at 77 K into
the EPR tube, triplet @condensed into the material and then physically
interacted with the paramagnetic iron species due to (dipolar)-spim
interaction. At least in the relatively weak magnetic fields used for X-band
EPR this can lead to severe spectral distortions.

(53) Mabbs, F. E.; Collison, CElectron Paramagnetic Resonance of d
Transition Metal Compound&lsevier: Amsterdam, London, New York,
Tokyo, 1992.

(54) Groves, J. T.; Stern, M. KI. Am. Chem. S0d.987, 109, 3812.
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Table 7. MoGssbauer Parameter of the Low-temperature Photolysis ProdutttsMéasured at 80 K

relative intensities, %

subspectrum J, mmst? AEg, mm st T, mms? method IF annealed method f
lad 0.28 2.26 0.35 17 16 48
OX —0.04 1.90 0.40 54 44 26
Fell(1) 0.95 4.13 0.35 12 3 7
Fell(2) 0.95 2.42 0.78 11 10 10
Fell(3)¢ 0.55 0.72 0.35 6 27 8

54/29 44/40 26/25

ratio OX/Y Fell9

2 Photolyzed at 77 K for 70 min at 419 nm (method I1); corresponding spectrum in Figure?Baine sample as described in a), annealed at
160 K for 15 min, corresponding spectrum in Figure 1$1Bhotolyzed at 4.2 K in the Mgsbauer cryostat for 30 min with OSRAM HBO lamp
(method I); corresponding spectrum in Figure 11C, practically the identical result was obtained in a zero-field measurement at ABd€ixed
to values of pure starting compléa (Table 2).¢ 9, AEq fixed to values ofrans[(cyclam)Feé (Ns);] (Table 2)." Average value; asymmetric line
widths were allowed; the high-energy line was 60% broader than the low-energy Ra¢io of relative intensities dDX vs Fell(1) + Fell(2) +

Fell(3). " Typical errors ofé and AEq are +0.02 mm s*.

106 4 2 g-values
TTrT 7 1 T T
64 20 1.0 g-values
A m
q
Ry g
ar =
dB 0 200 400 600 800

B/mT

| L | L 1 1 1 L 1 L |

100 200 300 400 500 600

B/mT
Figure 12. X-band EPR spectra (10 K) dfa in CHsCN (1.7 mM)

after low-temperature photolysis (method I1). The sample was an aliquot

of the Mssbauer sample used for the spectrum in Figure 11A. Before
measurement it was evacuated for 20 min at 77 K. Experimental
conditions: microwave frequency 9.451 GHz, microwave power 200
#W, modulation 1.25 mT and 100 kHz. The solid line is a spin-
Hamiltonian simulation$ = 3%,) with parameters as given in Table 8.
The inset shows the energy levels of & 3/, multiplet according to

eq 7 for the same zero-field parameters as a function of applied field
in x-direction. The vertical lines indicate EPR transitions at 9.451 GHz.

species. Even the zero-field splittin®| = 1.3 & 0.3 cnT?
which was inferred from comparisons with other mononuclear
Mn"Y compound¥ is similar to the value for the Me=N species.
Very similar spectra have also been published for (porphyrin)-
Mn"V(X), complexes with X= N3, NCO, and OCH for which
ID| > 0.6 cnT! was estimate& Slightly lowerD values in the
range 0.1450.245 cn! are reported for isoelectronic (por-
phyrin)CH (CI)(X) complexes, where X represents one of a
series of neutral ligand.

In the 77 K preparations we did not detect significant
contributions from azide radicals,s\ which should form in
the same amount as 'Fevhen Fd' —azide bonds are homolyti-

(55) Czernuszewicz, R. S.; Su, Y. O.; Stern, M. K.; Macor, K. A.; Kim,
D.; Groves, J. T.; Spiro, T. Gl. Am. Chem. S0d.988 110, 4158.

(56) Smegal, J. A.; Hill, C. LJ. Am. Chem. S0d.983 105 3515.

(57) Richens, D. T.; Sawyer, D. 7. Am. Chem. S0d.979 101, 3681.

(58) Camenzind, M. J.; Hollander, F. J.; Hill, C. Inorg. Chem1983
22, 3776.

(59) Sommerville, D. A.; Jones, R. D.; Hoffman, B. M.; Basolo,JF.
Am. Chem. Sod 977 99, 8195.

cally cleaved. Only in in situ photolyses at 4.2 K the corre-
sponding narrow free radical EPR signagiat 2.0 is observed.
The signal disappeared completely at liquid nitrogen tempera-
tures. We assume thatsNradicals can diffuse rapidly and
decompose to give Neven in the frozen matrix.

Magnetically perturbed Mgsbauer spectra were measured to
establish independently the spin state and the magnetic properties
of the photolysis produd@X. An annealed sample was selected
for these measurements because it has a relatively low high-
spin Fé content which does not contribute a subspectrum with
unknown paramagnetic behavior. Spectra recorded witfi 3
T applied field at different temperatures are shown in Figure
13 together with simulations f@X andFell(3). The magnetic
pattern of the latter (27%) was straightforwardly calculated
because for the low-spin iroi3& 0) only the sign ol,, which
is the main component of the electric field gradient (efg), and
the asymmetry parametgrof the efg are unknown. The 16%
spectral contribution of nonphotolyzed starting matetevas
subtracted from the experimental data by using parameters
obtained independently from measurements of glaeThe
weak (10%) contamination dfell(2) (S = 2) was neglected

in the spin-Hamiltonian analyses.

Since the X-band EPR spectra©X showed perturbations
from spin—spin interaction with molecular £ we refrained
from analyses of magnetic Mebauer spectra with applied fields
<3 T. One can reasonably expect that in stronger fields the
dipolar spin interactions, which for intermolecular couplings
usually are of the order 1® cm™ or less, can be neglected
because the spins are decoupled by the Zeeman effect (2.1 T
us = 1 cmh), and hence, the paramagnetic propertie©xf
can be observed.

The magnetic Msesbauer spectra @X depicted in Figure
13 A—D show a broad pattern with several resolved features
that reflect the effect of competing nuclear quadrupole and
Zeeman interactions. The magnetic interaction is determined
by the magnitude of the effective fieBe = B — B, where
Bt = A<S>/gyAn is the internal field. The overall splitting
of about 5 mm s! for the most prominent features @X
implies a relatively small internal field of 15 T; outer shoulders
in the spectra, however, indicate also the presence of molecular
orientations in the powder sample with larger fields. Details of
the spectral pattern depend on the magnitude of the applied field
at 1.8 K, whereas the total splitting is less field-dependent. The
broad lines are characteristic of angular distributions of the
internal field with respect to the efg principal axes. Temperature
elevation €3 T (Figure 13D) induces new components in the
spectrum with larger splitting than those of the ground state.
One can conclude from these qualitative observations that (i)
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Figure 13. Magnetically perturbed Mesbauer spectra of irradiated
la(method Il) obtained at liquid helium temperatures with the indicated

perpendicular applied fields. The sample was the same as that used fo

Figure 11B. The contributions of residual starting matetial(16%
relative intensity) are subtracted from the experimental data. The
indicated subspectiéell(3) andOX are spin-Hamiltonian simulations
for S= 0 andS = %, respectively, as described in the text.

the isotropic part oBin is relatively weak (with respect tBnt

= 55 T for Fé'' high-spin for example) due to either a small

spin expectation valueS> or to a small isotropic part oA;

(i) since the internal field appears to follow largely the direction
of the applied field, the magnetic anisotropy of the electronic
ground state is small or the ZFS is weak; (iii) the internal fields
are stationary on the Misbauer time scale.

These considerations f@X were further substantiated by
computer simulations based on egs 7 and 8, and the result i
shown as solid lines in Figure 13. Isomer shift and quadrupole
splitting were fixed in the simulations to the values from zero-
field measurements at 4.2 K, the electrogicalues were fixed
to 2.0, and the efg ané tensor were kept collinear to the
principal axes of the ZFS. For the low-spin ferrous contribution,
Fell(3), a diamagnetic spectrum was generated for which only
the asymmetry parametgrand the sign oAEq were variables.
The subspectr®X andFell(3) were superimposed with relative
weights of 62 and 38%, according to the ratio of their relative
intensities of 44 and 27% in the original zero-field spectrum of
the annealed sample. A genetic algoritAnwas used for a

J. Am. Chem. Soc., Vol. 121, No. 2048939

Table 8. Spin-Hamiltonian and Hyperfine Parameters of the
Low-Temperature Photolysis Product bd
trans[FeY(N)(cyclam)(Ns)] ™ (OX) (S = 3/)

D,cm? —0.37+0.15

E/D 0.095+ 0.05

s 2.0

AlgnBn, T (—13.3,—-10.6, 2.5) £:0.2)
6, mmsib —0.04+0.01

AEg, mm stP —1.90+ 0.02

n 0.6+ 0.2

aFixed to an isotropic value®. Taken from zero-field measurements
at 4.2 K.

least-squares optimization for the entire data set of six spectra.
The result was refined with a downhill simplex procedtire.
The final parameter set f@X is given in Table 8.

According to the qualitative observations, the ZFS parameter
D turned out to be relatively smat+0.38 cnt?) in conjunction
with low rhombicity E/D = 0.095. The negative sign d,
however, is essential for the simulations in order to reproduce
the field dependence at 1.8 K. At 7 T, the strongest field used
in this study, the ZFS is dominated by the electronic Zeeman
interaction which means that tine levels are in the order®/
2++++3/5) with exclusive population of theng = —3%/,) ground
state at 1.8 K. The spin expectation vata8> then is oriented
essentially parallel along the applied field, irrespective of the
field orientation in the molecular frame. The powder spectrum
is therefore sensitive to the entifetensor. As the applied field
decreases, excitedy states are increasingly mixed into the
ground level, and the internal field due to the increasing
influence of ZFS tends to point along the molecwalirection,
owing to the negativdd parameter with the low-lyingns =
+3/, Kramers doublet in weak field. The extent of level mixing
depends on the magnitude of the ZFS and, thus, can be used to
determine the ZFS parameters. Increasing the temperature at
moderate or weak field affects the population of excited levels
and, hence, probes also the ZFS.

The fit of the field dependence of the spectra fr@ix
requires a very anisotrop tensor with positiveh; component.
"The isotropic contributiod/sTr(A)/gnSn is only —7.1 T. The
asymmetric and broad absorptions in the spectrum arise from
the anisotropic internal field strength due to anisotrofiin
conjunction with the angular distribution of field orientations
in the powder sample. The most prominent lines owe their origin
to the relatively large solid-angle contributions where the angular
components of the anisotropi& tensor are close to zero
(because of the presence of negative and positive rAain
components). Significantly, a corresponding spin-Hamiltonian
analysis of the magnetic Msbauer spectra @X with the
assumption of low-spirS = 1/, ground state did not give
satisfactory fits to the field dependence of the spectra. Hence,
the spin stat&s = 3/, for OX is unambiguously established by
Mdssbauer spectroscopy.

S The EPR and Nssbauer data described above clearly show

that photolysis with UV light ofrans[(cyclam)Fé!' (N3)2](ClOg)
produces an intermediate with &= 3/, ground state and unique
Mdssbauer parameters with an isomer shift-@.04 mm s?!
at 80 K and a large quadrupole splitting-efL.9 mm s. We
propose the following structure for this species: a six-coordinate
cationtrans[N=Fe"(cyclam)(Ns)] " (Scheme 3).

It is quite remarkable that the isomer shifts of (i) low-spin
la(dd), (ii) its one-electron reduced, low-spin ferrous forrf)(d

(60) Goldberg, D. EGenetic Algorithms in Search, Optimization, and
Machine Learning Addison-Wesley: Reading. MA, 1989.
(61) Press: W. H.; Flannery, B. P.; Teukolsky, S. A.; Vettering, W. T.

systematic search in the parameter space with simultaneousNumerical RecipgsCambridge Unversity Press: Cambridge, 1990.
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Scheme 3.Photolysis Products dfA in Frozen Acetonitrile
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temperature intermediate appear to be linearly correlated with Figure 14. Plot of the isomer shifty, of complexes vs the formal

the formal oxidation states of the iron ions. This is shown in
Figure 14.

Theoretically, the Mesbauer isomer shift is a linear function
of the charge densitj’(0)|%x at the5’Fe-absorber nucles,
eq 6

0 =—af[W(0); — C} (6)

oxidation state of the respective iron ion. Complexes from left to
right: [Fe/=N]?": trans[N=F¢’(cyclam)(N;)]* or trans[N=F¢'-
(cyclam)P*, [Fe" (u-N)FeV]* (S = ¥,): FeV in the solution photolysis
product of 1a, [F€Y(u-N)Fe"]** (S = 3,): FeV in the solution
photolysis product o, [FE"]3": low-spin Fé' in 1a, [F€']?": low-
spin Fé in one-electron reducetia.

unambiguous Pécharacter is L i[FeOg].5>¢7 In this highly
covalent compound which possesses also®h&sh-spin §=

wherea. accounts for general electronic and nuclear properties 3/,) configuration the isomer shift is0.41 mm s1.57 This low
and C is a calibration constant depending on the isomer shift value for the oxygen-coordinate ¥é comparison withd =

reference scale. The charge dens$##{(0)/%s at the nucleus is
primarily determined by the s-electron densityrat<0) which

is sensitively affected by chemical bonds due to (i) direct
alteration of the s population or (ii) indirect shielding of the
nuclear potential by changes in the d population. Owing to the
negative sign in eq 6, direct increasing of the s population
decrease®, whereas increasing the d population increases
and vice versa. Approximately linear correlations of isomer
shifts with formal oxidation states can be expected if the
covalent variations in both s and d orbitals are small or
practically linear. This behavior can be expected for the

—0.04 mm s?! for the F&=N intermediate is qualitatively
consistent with the stronger-interaction of six strong oxygen
m-donor ligands in LgFeQs] in comparison with essentially
only one nitridosr-donor ligand in our case. Increasing cova-
lency (within comparable systems) leads to more negative
isomer shifts due to increased “delocalization” of iron 3d charge
into the chemical bonds as well as due to directly increased
iron s population, as the result of enhanced 3s-/4s-contributions
to low-lying bonding MO's with ligand orbital&? In this sense
the coordination of Péwith six oxygen-donor ligands is more
covalent than the coordination in the'FeN intermediate with

complexes assembled in Figure 14. In the whole series the ironone z-donor and fives-donor ligands. This suggests that the
i(_)ns are octahedrally coordinated with relatively “r_igi_d” equato-  dy,dy; orbitals in the nitrido intermediate which are antibonding
rial ligands from a macrocycle and smooth variations in the with respect to the axial ligand are only moderately destabilized

axial ligation. The complexes with [fe=d", and F& are clearly
six-coordinate, and from the perfect match of the isomer shift
correlation one can infer that the \=eN intermediate is also

by interaction with nitrogen ,ppy orbitals, which is in accord
with the observe®= 3/, high-spin state due to £g*(dy,)*(dy,)*
configuration. The same conclusion was earlier drawn from

six-coordinate. Schematically, the axial coordination in the series resonance Raman data for a corresponding (porphyNriRe

can be described assNFe—Nj3 for Fe!' and Fé', N3—Fe=N

for F€V, and N\—Fe=N for Fe". Important for the consistency
of the correlation diagram is also the fact that the formal
electronic configuration of all complexes is 3g)t(ey)°.

nitrido specied’ It is further substantiated by the low zero-
field splitting of theS = 3/, state which is in the usual range
for 3d® complexes, as it was observed, for instance, for many
octahedral G compoundg$8.6°

Isomer shifts of highly oxidized compounds have been related  The large, negative quadrupole splitting ofVFeN as well

to oxidation states befof&®° partly based on the basis of
theoretical charge densities derived from molecular orbital
calculation$* The highest oxidation state considered in such a
correlation was that of Féin ferrates®4 which has the lowest
isomer shift of all compounds measuréds= —0.91 mm s1.%6

To our knowledge the only other example of " d&bauer
spectroscopically characterized octahedral iron complex with

(62) Giilich, P.; Link, R.; Trautwein, AMossbauer Spectroscopy and
Transition Metal ChemistrySpringer-Verlag: Berlin, Heidelberg, New
York, 1978.

(63) Greenwood, N. N.; Gibb, T. Gldssbauer Spectroscopghapman
and Hall Ltd.: London, 1971.

(64) Guenzburger, D.; Esquivel, D. M. S.; DanonPiys. Re. B 1978
18, 4561.

(65) Russo, U.; Long, G. J. Msbauer Spectroscopic Studies of the High
oxidation States of Iron. IModssbauer Spectroscopy Applied to Inorganic
Chemistry Russo, U., Long, G. J., Eds.; Plenum Press: New York, London,
1989; Vol. 3, p 289.

(66) Wertheim, G. K.; Herber, R. Hl. Chem. Physl962 36, 2497.

as the high anisotropy of the hyperfine coupling tes@annot

be explained straightforwardly in a simple valence bond picture.
According to the formally half-filled 4 shell, the valence-
contribution to the ef§f should be zero. A similar situation is
encountered in dimeric Fe—O—Fé&*" units which also show
large quadrupole splittings of up to 2.45 mm $>70.71despite

the “spherical” half-filled 3d valence shell of high-spin3Fe
There, the corresponding large efg’s were attributed to non-
spherical distributions of the charge of the ligand sphere and to
covalency of the valence electron configuration ot'Faith a

(67) Demazeau, G.; Buffat, B.; Pouchard, M.; HagéHenuP.Z. Anorg.
Allg. Chem.1982 491, 60.

(68) Pedersen, E.; Toftlund, Hhorg. Chem.1974 13, 1603.

(69) Singer, L. SJ. Chem. Phys1955 23, 379.

(70) Atkin, C. L.; Thelander, L.; Reichard, P.; Lang, &.Biol. Chem.
1973 248 7464.

(71) Lynch, J. B.; Juarez-Garcia, C.;"Mek, E.; Que, LJ. Biol. Chem.
1989 264, 8091.
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short (1.79 A) oxo bond® In our case we adopt the same trans-[(cyclam)Fée" (N3);]X (X = ClO4 (1a), PFs (1b)). To a hot
arguments for the Fenitrido group. However, we can specif- ~ (~50°C) HCIO, acidified solution of NaN (2.0 g, 30.8 mmol) (pH+
ically exclude again strong covalency of the antibondiggrigh 5) in a CHOH/H,O mixture (50 mL, 10:1) was addets-[(cyclam)-
orbitals as major origin of the efg, because population deficiency 7€' ClCI (0.50 g, 1.38 mmol), whereupon a deep red solution was

: . e . . obtained. Caution: effervescence of HY. The solution was stirred
?c]; irr:issx?)giﬁl:n\{[\gucl)ctj)gé?\l/(;t?oazsmve sign g, in contrast at 50°C for 45 min and filtered. Addition of a saturated solution of

NaClOy in CH3OH (10 mL) initiated the precipitation of yellow-brown
. needle-shaped crystals b& Yield: 0.50 g (83%). The same reaction
Conclusion in a CHCN/H,0 mixture (1:1) which was acidified with HR&fforded
We have shown in this investigation that low-spians at 4°C prismatic single crystals suitable for X-ray crystallography of
[(Cyclam)Fé” (N3)2]+ (d5 S = 1/2) ylelds upon One_electron 1b. An(.:ll. Calcd fo.r Q0H24N1.0F8C|Q1 (1a): C, 27.31; H, 5.50; N, 31.86.
reduction a low-spin ferrous complévans{(cyclam)Féd (N3);] Founa: C’|27'47é”H’ 5'47'|N' 31.62. amEd CLICH
(d6 S = 0), whereas the isomeric compleis-[(cyclam)Fé'- cis{(cyclam)Fe" (Na)2J(CIO4) (2). cis{(cyclam)FE CLICI (034
T . e g, 0.94 mmol) was added to a solution of Na(4.0 g 15.4 mmol) in
(N3)2] " is high-spin (8 S= */) and affords upon one-electron  cp.oH (80 mL) at —18 °C which was carefully acidified with
reduction the corresponding high-spin ferrous forfhge= 2). perchloric acid (pH~ 5). The cooled red solution was stirred for 30
Photolysis oflaand?2 in dry acetonitrildiquid solutionwith min. A red microcrystalline precipitate @ slowly formed at—18 °C
UV —visible light efficiently generates dinuclear species contain- which was collected by filtration, washed with cold €bH and diethyl
ing the [Fey—N)Fe]“* core in >80—90% vyield. The reaction ether, and air-dried. Yield: 0.38 g (91%). Single crystal? stiitable
of 1aproduces a species with &= Y/, ground state with two for X-ray crystallography_v_vere grown from a saturatedsOH solution
on the Mmsbauer time scale nonequivalent iron ions which are f 2 at =25°C atter addition of NaCl@ Anal. Calcd for GoHaNao
assigned to oxidation states'Fand Fé’. Thus, this species is gi%‘lo‘ C,27.31; H, 5.50; N, 31.86. Found: C, 27.45; H, 5.69; N,
a mixed-valent class Il complex withlacalizedexcess electron. Bhu

. Physical Measurementsinfrared spectra (4684000 cn?) of solid
2+
The proposed structure i¢tfans{(cyclam)Fe(N)]} (u-N)] samples were recorded on a Perkin-Elmer 2000 FT-IR/FT-NIR

Whe"? an lntermedlate_-spln ferric io8 € 3/2)_ and a Iow-s_pln spectrometer as KBr disks. Cyclic voltammetric and Coulometric
Fev ion (S = 1) are intramolecularly antiferromagnetically measurements were performed o6 B G equipment (potentiostat/
coupled, giving rise to the observ&l= 1/, ground state. galvanostat model 273A) on acetonitrile solutions of samples containing
Photolysis of2 in CH3CN liquid solutionproduces a similar 0.10 M [N(n-but)]PFs as supporting electrolyte. UWis spectra of
mixed valent, dinucleag-nitrido bridged species but with an solutions were measured on a Perkin-Elmer Lambda 19 spectropho-
S = 3, ground state. Mssbauer spectroscopy clearly shows tometer in the range 2601600 nm. Temperature-dependent magnetic

that the valencies afecalizedand comprise a high-spin ferric susceptibilities of powdered samples were measured by using a SQUID
(S = 5) and a low-spin P¥ ion (S = 1). Intramolecular magnetometer (Quantum Design) at 1.0 T {2300 K). Corrections

. . . for underlying diamagnetism were made by using tabulated Pascal
3
antiferromagnetic coupling generates the obserfee- constants. X-band EPR spectra were recorded on a Bruker ESP 300E

ground state. For this species we propose the following structure gpectrometer equipped with a helium flow cryostat (Oxford Instruments

as the most likely one:{frans{(cyclam)Fé"(Ng)]} (u-N){ cis- ESR 910). Mesbauer data were recorded on an alternating constant-
[(cyclam)Feé'(N3)]}]#*. acceleration spectrometer. The minimum experimental line width was
Finally, photolysis oflain frozenCH3;CN solutionat 4 and 0.24 mm s? (full width at half-height). The sample temperature was
77 K generates a mononuclear species wittan 3/, ground maintained constant either in an Oxford Instruments Variox or an
state and Msesbauer parameters which are indicative of an Oxford Instruments Mssbauer-Spectromag 2000 cryostat. The latter
oxidation state+V at the iron ion with an (g)%(ch,)%(dy,)* is a split-pair superconducting magnet system for applied fields up to

electron configuration. We propose that these spectral features® | Where the temperatures of the sample can be varied in the range

are due to the nitridoiron(V) speciggans[N=Fe"(cyclam)- 1.5-250 K. The field at the sample is oriented perpendicular to the

i " o y-beam. The%Co/Rh source (1.8 GBq) was positioned at room
(Ng)]™. In addition, we have shown thahotoreductionvia temperature inside the gap of the magnet system at a zero-field position.

Fell—N3 bond h(imolys_is generates a five-coordinatens Isomer shifts are quoted relative to iron metal at 300 K.
[(cyclam)Fé (N3)] species with ars = 2 ground state. These Low-temperature EPR, magnetic ¥&bauer spectra, and magnetiza-
results are summarized in Scheme 3. tion measurements were analyzed on the basis of a spin-Hamiltonian

description of the electronic ground-state spin multiplet
Experimental Section

_ 2 _ 2 _ a2 -
Preparation of Complexes.The ligand 1,4,8,11-tetraazacyclotet- He=DIS,” — S(S+ 1)/3+ (EID)(S S )] +ugB-gS (7)

radecane (cyclarmd and the complexis-[(cyclam)Fé' Cl,]CI?® were ) ) .
prepared according to published procedures. whereS= 5/, S= 3/, or S= Y/, is the spin of the corresponding system

s7Fe-enriched species were prepared as follows. Mefifie (98%) andD andE/D are the axial and rhombic zero-field parametersSor

(34.4 mg) and®®Fe (foil) (59.9 mg) were dissolved in concentrated > 1/,. For the_ §imu|ation of the I_Vksbaue_r spt_actra we have taken into

aqueous HCI (20 mL) with heatin§/5FeCl was obtained by complete ~ 2ccount additionally the hyperfine Hamiltonian

evaporation of the acid under reduced pressure (rotary evaporation).

The residue was dissolved in @BH (10 mL). To this solution the

ligand cyclam (0.49 g, 2.44 mmol) was added. After the mixture was ) ) . . _ )

heated to reflux for 60 min, a clear yellow solution was obtained. To Where=S= is the electronic spin expectation valueis the hyperfine

the cooled solution 30% aqueous HCI was added dropwise, whereuponcUPling tensor/ is the nuclear spin ané, is the usual nuclear

a microcrystalline precipitate afis-[(cyclam) 575! Cl,]Cl formed quadrupole Hamiltoniaf?7® Spin-Hamiltonian simulations of EPR

which was collected by filtration. Yield: 0.59 g (94%). Electrospray spectraswere performed with a program which was developed from

ionization mass spectrometry (ESI) confirmed the isotopic labeling with theS= 2 routines of Gaffney and Silverstoft@nd which specifically

35% 57Fe. makes use of the resonance-search procedure described therein. The
Caution. Although we have not encountered any problems it should ™ (73) Trautwein, A. X.; Bill, E.; Bominaar, E. L.; Winkler, HStruct.

be noted that perchlorate salts are potentially explosive. Small quantitiesBonding1991, 78, 1.

should be prepared only and handled with the appropriate care. (74) Gaffney, B. J.; Silverstone, H. J. Simulation of the EMR Spectra
of High-Spin Iron in Proteins. IBiological Magnetic ResonancBerliner,
(72) Barefield, K. E.; Wagner, Hnorg. Synth.1976 16, 220. L. J., Reuben, J., Eds.; Plenum Press: New York, London, 1993; Vol. 13.

Hiye = S'A“l — gyByBel + Ho (8)
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EPR and Masbauer spectra of the dimeric photolysis products of
complexesla and 2 were analyzed with the assumption of strong
exchange coupling of the local spiBs(|J/Di| > 1). In egs 7, 8, then,

the total spin of the respective dimer ground state was inserted, and in
eq 8 effectiveA tensorsAc, were used instead of the intrinsic values
for the local iron spins. From an application of the Wign&ckart
theorem the following relations of effective and intringic tensor
components are derived:

(@) S=1Fe"), S="(Fe"), §=7,
A(FeY) = =%, A*"(FéY) (9a)
A(Fe") = +%, A*(Fe") (9b)
b) s=1Fd"), s,=7Fe"), §=",
A(FeY) = =%, A*(FéY) (10a)
A(F") =+, A*(Fe") (10b)

Photolysis Experiments.Photolysis reactions at35 and 20°C
were carried out in variable-temperature quartz cells through which a
stream of Ar gas was passed. A Hg immersion lamp (Osram, HPK
125) produced the UV-visible light used for irradiation or, alternatively,
an Osram HBO 200 light source for the experiments in frozen solutions.

Photolyses of EPR and Msebauer samples in frozen solution were
first performed in situ at 4.2 K in the respective spectrometer cryostats
(method ). For the EPR experiments the light of a Hg lamp (OSRAM,
HBO200) was collimated and focused on a flexible quartz-fiber light
guide and passed through the illumination grid of an EPR rectangular
TE102 cavity (Bruker, ER4102) into a helium flow cryostat (Oxford
Instruments ESR910) with quartz assembly. The ferric starting complex
(1.75 mM in acetonitrile, 35% enrichedifFe) was in a 4-mm standard
EPR tube which was cooled during illumination with a high flow of
liquid helium (~1.5 L/hr). It was rotated stepwise by Q0For the
corresponding Mssbauer preparations the light of the Hg lamp was
passed into a 4-mm quartz-rod that reachedm into the variable-
temperature insert of an Mebauer cryostat (Oxford Instruments,
Variox or Spectromag 2000) with horizontglbeam. The flat Mes-
bauer absorber was a thin layer (1 mm) of frozen solution on a 0.5-
mm Delrin support which was tilted against thebeam by about 70
(out of the plane-normal) and by about°28gainst the light coming
from the top. The sample holder had openings for efficient absorber
cooling, and the cryostat insert was kept at about 800 hPa of helium
exchange gas. During illumination (10 min to 2 h) the flow of liquid
helium coolant through the heat exchanger was kept at about 1 L/hr.
We estimate that the sample temperature did not exceed 15 K.

After initial measurements had shown that the photolysis products
are stable up to 120 K another preparation protocol was applied for
photolyses at 77 K, which started with powders of finely ground, frozen
solutions under liquid nitrogen (L) (method II). The ferric starting
material (1.75 mM in acetonitrile, 35% enriched wWiflre) was slowly
pipetted into a quartz cup filled with LN The frozen drops were
carefully milled in LN, by an ordinary magnetic stirrer which was
placed under a Styrofoam vessel with £ Which prevented excessive
boil-off from the quartz cup. These manipulations were performed in
a polyethylene glovebag under a dry, Btmosphere. When a fine
powder was obtained, the LLNbath with stirrer and quartz cup was
transferred to a laboratory photolysis reactor (Rayonet Model RPR-
100, equipped with 16 tubes for light in the range +83.9 nm). After

Meyer et al.
Table 9. Crystallographic Data for Complexd$® and 2
1b 2

formula Q0H24F5F9N10P CloH24N10FeC|Q1

formula wt (gmol™) 485.2 439.7

color and habit orange/octahedron red/octahedron

crystal system monoclinic monoclinic

space group P2:/n P2,/c

a, 7.858(1) 13.641(2)

b, A 13.323(2) 8.851(1)

c A 9.335(1) 15.266(3)

p, deg 102.95(1) 99.53(1)

Vv, A3 952.4(2) 1817.7(1)

A 2 4

T, K 293(2) 100(2)

dearca grCcm3 1.692 1.607

radiation, ¢, A) 0.71073 0.71073

u, mmt 0.952 1.018

R12 0.033 0.040

WR2 0.086 0.085

ARL= 3 [[Fo| = lIFcll/XIFol. ®WR2 = [F[W(Fo* — F&)2/ 3 [W(Fo) ]

illumination for 20-90 min with permanent stirring of the dispersed
sample in LN the quartz cup was taken back to an open; ldth
outsite the reactor where the sample powder was transferred with spatula
and Teflon plungers to a Misbauer cup (made of Delri@ 10 mm,
height 9 mm) and a short (60 mm lorng,4 mm) EPR tube. From test
measurements with a small Pt-100 sensor we estimate that the sample
temperature during transfer never exceeded 77 K for more than a few
seconds and did not rise above 120 K.

X-ray Crystallography. A yellow-brown crystal oflb and a red
crystal of2 were sealed in glass capillaries. Graphite monochromated
Mo Ka radiation ¢ = 0.71073 A) was used throughout. Crystal-
lographic data are listed in Table 9. Intensity data were collected on
an Enraf-Nonius CAD4 diffractometer using tlwe-26 scan technique
for 1b at 293(2) K and those & on a Siemens SMART CCD-detector
system equipped with a cryogenic nitrogen cold stream at 100(2) K.
Data collection fo2 was performed by a hemisphere run taking frames
at 0.30 in w. The data were corrected for Lorentz and polarization
effects. A semiempirical absorption correction using the program
SADABS’® was performed for2, whereas forlb no absorption
correction was carried out. The Siemens ShelX®oftware package
was used for solution, refinement, and artwork of the structures. Both
structures were solved and refined by direct methods and difference
Fourier techniques performed on DEC Alpha workstations. Neutral atom
scattering factors were usédAll non-hydrogen atoms were refined
anisotropically. All hydrogen atoms were placed at calculated positions
and refined as riding atoms with isotropic displacement parameters.
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