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Abstract: From the reaction otis-[(cyclam)Fd'(Cl);]JCI (cyclam = 1,4,8,11-tetraazacyclotetradecane) with
hydroxylamine in water the octahedral nitrosyliron complettass-[(cyclam)Fe(NO)CI]|(CIQ) (1) and cis-
[(cyclam)Fe(NO)I]I @) have been isolated as crystalline solids. EPR spectroscopy and variable-temperature
susceptibility measurements established thaossesses @)= 1/, and2 anS= 3/, ground state; both species
are of the{ Fe-NO} 7 type. Electrochemicallyl, can be reversibly one-electron oxidized yieldirans|[(cyclam)-
Fe(NO)CIE", an{Fe—NO}® species, and one-electron reduced yieldiags-[(cyclam)Fe(NO)CI}, an{Fe—

NO} 8 species. These complexes have been characterizeds@NCsblutions by UV-vis and EPR spectroscopy;
both possess a singlet ground state. All of these nitrosyliron complexes, including [LFe @)D= %/5;

L 1,4,7-trimethyl-1,4,7-triazacyclononane) and He(NO)(ONO)(NQ)](CIO4) (S = 0; L' = 1,4,7-
triazacyclononane), have been studied by variable-temperatisgdlioer spectroscopy both in zero and applied
fields. The oxidation of is best described as metal-centered yielding a complex with ¥n($e= 1) coupled
antiferromagnetically to an NO(S= 1), whereas its reduction is ligand-centered and yields a species with a
low-spin ferric ion & = 1/,) antiferromagnetically coupled to an RO(S= 1/,). In agreement with Solomon

et al. 0. Am. Chem. Sod.995 117, 715) both{ Fe-NO}’ (S = 3/,) species in this work are described as
high-spin ferric § = %/,) antiferromagnetically coupled to an N@S = 1). Complexl is proposed to contain

an intermediate spin ferric ionS(= %/,) antiferromagnetically coupled to NO(S = 1). The alternative
descriptions as low-spin ferric antiferromagnetically coupled to N®= 1) or low-spin ferric with an NO
(S=0) ligand are ruled out by the applied field 8&bauer spectra.

Introduction represents the dianion of ethylenediaminetetraacetic acid and
L is 1,4,7-trimethyl-1,4,7-triazacyclononane. Both species are
of the type{Fe—NO}” (S = %/,) and the latter complex has
been structurally characteriZédand spectroscopically studied

by using X-ray absorptiof?P resonance Raman, magnetic
circular dichroism, electron paramagnetic resondftand, in

part, Mtssbauer spectroscopies as well as SQUID magnetic
susceptibility22In addition, SCF-X-SW!22and, very recently,
GGASZ density functional calculations have been reported. Table
1 lists some spectroscopic properties of these model complexes
and metalloproteins.

It is therefore rather discomforting that despite these enormous
spectroscopic efforts and calculations using the most advanced
computational programs available the conclusions with regard
to the best description of the electronic structure of this important
class off Fe~NO} 7 (S= 3,) complexes remains to be somewhat
controversiaf2While Solomon et al2 have presented compel-
ling spectroscopic evidence (with the exception ofdgloauer

Non-heme ferrous centers in a number of metalloproteins are
known to react reversibly with NO7 with formation of
paramagnetic nitrosyliron centers which according to the
Enemark and Feltham notatfbare of the{Fe—NO}” type.
These non-heme iron enzyme nitrosyl derivatives invariably
possess an EPR-activ@ = ¥, ground state. In inorganic
chemistry—1! two complexes have become archetype models,
namely [Fe(EDTA)(NO) and [LFe(NO)(N),],** where EDTA
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Table 1. Selected Spectral Parameters f&e—NO}7 (S = %/,) Systems

CN® 5, mmsta  AEg mms?P o(Fe—NO), deg v(NO), cnrtd ref
proteins
protocatechuate 4,5-dioxygenase/substrate 6 0.66 -1.67 1
deoxyhemerythrin 6 0.68 +0.61 2,3
deoxyhemerythrin FNO 0.77 1.08 3
putidamonooxin/substrate 0.68 —-1.4 4
ribonucleotide reductase 6 0.70 -1.7 5
isopenicillin N synthase 6 0.75 -1.0 6,7
isopenicillin N synthase-ACV 6 0.65 -1.2 7
model complexes
[Fe(5-Cl-salen)(NO)] 5 0.654 0.575 147(298 K), 127(175 K) 9
[LFe(NO)(Ns)2] 6 0.62 —1.28 155.6 1690,1712 this work
[Fe(EDTA)(NO)] 5 0.66 —1.67 156(5) 1776 1
[Fex(NO)(Et-HPTB)(Q.CPh)(BR)> 6 0.67 1.44 167 1785 10
cis-[(cyclam)Fe(NO)I]I @) 6 0.64 -1.78 1726 this work

a|somer shift at 80 K (or below} Quadrupole splitting® Bond angle from X-ray or EXAFS! NO stretching frequency.CN = coordination
number.’ Sign not determined

Table 2. Selected Complexes of tHg=e—NO}’ (S= %,) Type and EPR Spectra

A(**Nno), G

complex o o 03 A A As ref
HbNO 2.082 2.0254 1.9909 27.1 19.3 14e
MbNO 2.0728 2.0068 1.9850 18.6 14d
[(tpp)Fe(NO)] 2.102 2.064 2.010 12.6 17.2 17.3 13a
[(tpp)Fe(NO)(pip)] 2.080. 2.040 2.003 21.7 13a
[(tim)Fe(NO)(CHCN)] 2.02 1.99 1.97 24.0 13b
[(i-mnt)Fe(NO)p~ 2.043 2.039 2.031 16.0 14.5 12.2 13c
[(Meodtc)Fe(NO)] 2.046 2.039 2.028 12.6 12.2 14.9 13c,d
[(Ezdtc)Fe(NO)] 2.039 2.035 2.025 13.4 12.1 15.5 13ef
[(dasyFe(NO)Br} 2.015 1.988 13g
[(TpivPP)Fe(NO)(NOY - 2.085 2.032 2.01 24 16.5 16 51
spin crossover systems S=3%,=8S=1,
[(tmc)Fe(NO)F* 21
[(Salen)Fe(NO)] 9,13h
[(Salophen)Fe(NO)] 13i

spectroscopy) and calculations which favor a bonding model been reported to possess @r= %, ground staté# Five- and
which invokes high-spin Fé (S = %,) antiferromagnetically six-coordinate species of this type have been structurally
coupled to NO (S= 1) yielding the observe& = 2/, ground characterized but little advanced 'sgbauer spectroscopic data
state, Rodriguez et &have pointed out that the observed isomer are available to date. A few cases{&fe—NO}’ species which

shift in the M@ssbauer spectra dfFe—NO}7 complexes is exhibit high-spin = 3/,) = low-spin S= 1/,) equilibria have
intermediate between that of octahedral ferric and ferrous also been reported and structurally characterized.

species. Their density functional theoretical calculations has  Our strategy to gain a better understanding of the electronic
allowed them to trace these unusual isomer shifts to “strong structure of such species has been to design and synthesize a

valence electron delocalization within tHé&=e—NO}7 unit, ~ series of “isostructural” complexes and study each member by
whereby some electrons are almost equally shared by metal (i.ea combination of spectroscopic methods including a detailed
dx; and g, and NOz* orbitals.” variable-temperature Msbauer investigation in zero and ap-

It has been stated repeatedly in the literature thasdauer plied fields.

parameters and, specifically, the isomer shift do not readily allow | a recent papét we have shown that the isomer shift of a
the assignment of formal oxidation states in nitrosyliron series of iron complexes of the Werner type decreases linearly
complexeg:'®In no instance has a complete series of isostruc- with increasing formal oxidation statetrans[(cyclam)Fé-

tural octahedral complexes containing the thfEe—NO}6.7:8 (N3)2]° (S= 0), trans[(cyclam)Fé! (Na)2]+ (S= 1), [(cyclam)-
moieties been systematically investigated by this spectroscopic(N,)Fe! =N=Fé&V (cyclam)(N)]?+ (S= ¥, and3/, isomers), and

method. _ [(cyclam)F¢/(N)(N3)]™ (S = 3/,) where cyclam is the macro-
Similarly, {Fe-NO} " complexes with ai$= !/, ground state  cyclic amine 1,4,8,11-tetraazacyclotetradecane. Note that in this
have been reported in the literature (Table2Jhe nitrosyl  series the ® electron configuration of the iron ion varies
derivatives of myo- and hemoglobin (MbNO, HbNO) have also systematically by one-electron steps frofpy tto 4 (in O
(13) Wayland, B. B.. Olson, L. WJ. Am. Chem. Sod974 96, 6037. symm_etry) and all complexes contain an oct_ahedral sFeN
(b) Chen, Y.; Sweetland, A.; Shepherd, Rliforg. Chim. Actal997, 260, coordination polyhedron. In the latter two species the strong
163. (c) Mdler, E.; Sieler, J.; Kirmse, RZ. Naturforsch.1997 52b,919.
(d) Feltham, R. D.; Crain, Hnorg. Chim. Actal98Q 40, 37. (e) Doodman, (14) Lang, G.; Marshall, WProc. Phys. Socl966 87, 3. (b) Oosterhuis,
B. A.; Raynor, J. B.; Symons, M. C. R. Chem. Soc 969 2572. (f) Guzy, W. T.; Lang, G.J. Chem. Physl1969 50, 4381. (c) Spartalian, K.; Lang,

C. M.; Raynor, J. B.; Symons, M. C. R. Chem. Soc. A969 2987. (g) G.; Yonetani, TBiochim. Biophys. Acta976 428 281. (d) Dickinson, L.
Enemark, J. H.; Feltham, R. D.; Huie, B. T.; Johnson, P. L.; Bizot Swedo, C.; Chien, C. W.J. Am. Chem. Sod 971 93, 5036. (e) Chien, J. Cl.
K. J. Am. Chem. Sod977 99, 3285. (h) Haller, K. J.; Johnson, P. L; Chem. Phys1969 51, 4220. (f) Saucier, K. M.; Freeman, G.; Mills, J. S.
Feltham, R. D.; Enemark, J. H.; Ferraro, J. R.; Basile, Lndrg. Chim. Sciencel962 137, 752.

Acta 1979 33, 119. (i) Leeuwenkamp, O. R.; Plug, C. M.; Bult, A. (15) Meyer, K.; Bill, E.; Mienert, B.; Weyherfiier, T.; Wieghardt, K.
Polyhedron1987, 6, 295. J. Am. Chem. S0d.999 121, 4859.
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nitrido z-donor ligand is present whereas in the former two this
is not the case. Clearly, the Msbauer isomer shift is an
excellent marker for the given'@lectron configuration at the
iron ion.

In this work we report a related series of octahedral

nitrosyliron complexes, namelyrans[(cyclam)Fe(NO)CI]-
(ClOy) [an{Fe—NO}7 (S= 5) species]cis-[(cyclam)Fe(NO)I]I
[an{Fe—NO}7 (S= 3/,) species]irans[(cyclam)Fe(NO)CH"
[an{Fe—NO} ¢ (S= 0) species], anttans[(cyclam)Fe(NO)I?
[an {Fe—NO}8 (S = 0) species]. We have spectroscopically
(UV—vis, EPR, Mwsbauer) characterized their electronic
structures. The results show that 8&bauer spectroscopy is a
valuable tool for the correct assignment of oxidation levels.

Experimental Section

The ligand 1,4,8,11-tetraazacyclotetradecane (cyéfaamd com-
plexescis-[(cyclam)Fe(C})]CI*" as well as [LFe(NO)(h),]** have been
prepared as decribed in the literature.

cis-[(cyclam)®¢*Fe(Cl),]CI. To prepare’’Fe isotopically enriched
complexes the starting materieils-[(cyclamP®5FFe(Ch)]Cl was syn-
thesized as follows’Fe (34.4 mg) anéfFe (59.9 mg) foil was dissolved
in concentrated hydrochloric acid in the presence of air by heating to
reflux. The clear solution was dried in vacuo and t#&FeCk residue
was dissolved in dry methanol (10 mL). Addition of the ligand cyclam
(0.46 g; 2.44 mmol) and heating to refluxrf@ h produced a dark
yellow solution that was cooled to 20C. Dropwise addition of
30% HCI initiated the precipitation of brown microcrystallimés-
[(cyclam}®5Fe(Clp]Cl (35% 57Fe), which was filtered off. Further
addition of HCI to the solution produced colorless crystals of
[Hocyclam]Chk which were removed by filtration. Further addition of
HCI yielded another crop of crystallineis-[(cyclamP®57e(ChL)]CI.
Yield: 0.55 g (90%).

trans-[(cyclam)Fe(NO)(CI)](ClO4) (1). To a solution ofcis-[(cyclam)-
Fe(CIy]CI (0.20 g; 0.55 mmol) in water (20 mL) was added solid
[NH3OHICI (1.15 g; 16.5 mmol) whereupon the starting comptex
[(cyclam)FeCl)]CI started to precipitate again. To this yellow suspen-

Hauser et al.

Table 3. Crystallographic Data fotrans{(cyclam)Fe(NO)CI|CIQ
(2) and [L'Fe(NO)(NQ),](ClOy)

1 [L'Fe(NO)(NQ)2](ClOy)
chem formula GoH24ClLFeNsOs CeH1sCIFEeN;Oq
FW 421.09 406.54
space group Pbca Pn
a, 13.010(2) 13.450(2)
b, A 10.853(1) 8.1261(8)
c, A 23.692(4) 13.478(2)
p, deg 90 109.43(2)
v, A3 3345.3(8) 1389.2(3)
z 8 4
T,K 100(2) 100(2)
Peale, g CNTS 1.672 1.944
diffractometer used  Siemens SMART Siemens SMART
A(Mo Koy, A 0.71073 0.71073
u, cmt 12.52 13.41
no. of data 21031 8915
no. of unique data 3528 5814
no. of parameters/  244/0 439/47

restraints
R1%;, wR2 (all data) 0.054;0.124 0.046; 0.1207

aR1 = S (|Fo| — |F¢|)/3 |Fo| observation criterionl > 20(1). ® wR2
= [S[W(F2 — FAA/ 3 [W(Fs?)3 Y2 wherew = 1/6%(F?) + (aP)? + bP,
P = (Fo? + 2FAI/3.

data were collected by hemisphere runs taking frames af ®30.

The data sets were corrected for Lorentz and polarization effects and
for 1 a semi-empirical absorption correction was carried out using the
program SADABS? Crystallographic data are listed in Table 3. The
Siemens ShelXTt® software package was used for solution, refinement
and artwork of the structures. All non-hydrogen atoms were refined
with anisotropic displacement parameters. The hydrogen atoms were
placed at calculated positions and refined as riding atoms.

The oxygen atoms of the perchlorate anionlimere found to be
disordered over two sites. The two sets of atoms were refined with
occupancy factors of 0.67 and 0.33, respectively. A weak hydrogen
bridge between the cation and the perchlorate aniodgines rise to

sion was added dropwise 1.0 M aqueous NaOH with stirring at ambient a slight disorder of the iron complex. This results in abnormally large

temperature until at pH-67 a deep blue clear solution was obtained.
The color of this solution changed within 5 min to brown-red. Addition
of NaClG, (2.0 g) initiated the precipitation of brown microcrystals of
1. Yield: 0.08 g (36%). Slow recrystallization of the crude material
from acetonitrile solution produced single crystald guitable for X-ray
crystallography. Anal. Calcd for {gH24NsOsFeCh: C, 28.50; H, 5.74;
N, 16.63. Found: C, 28.3; H, 5.7; N, 16.3.

cis[(cyclam)Fe(NO)()]I (2). To a suspension dfis-[(cyclam)Fe-
(ClI)]CI (0.20 g; 0.55 mmol) and [NEOH]CI (1.15 g) in water (10
mL) was added Nal (3.0 g; 20 mmol). Immediately after the addition
of Nal an aqueous solution of 1.0 M NaOH was added dropwise with
stirring (pH 6-7) until from the reddish reaction mixture dark green
microcrystals precipitated which were rapidly filtered off, washed with
cold ethanol and diethyl ether, and air-dried. Yield: 0.20 g (67%). Anal.
Calcd for GoH24aNsOlFe: C, 22.24; H, 4.48; N, 12.97. Found: C, 22.1;
H, 4.3; N, 12.8.

[L'Fe(NO)(ONO)(NO)](CIO4). A solution of L'FeCk (0.8 g), where
L' represents 1,4,7-triazacyclononane, and Nafib g) in 0.10 M

thermal parameters for all atoms not lying on the-E&—Nyo axis of
the complex.

One of the two crystallographically independent cations ifiF@-
(NO)(ONO)(NG)](CIOy4) displays a disorder of the carbon atoms of
the 1,4,7-triazacyclononane backbone. This disorder was successfully
modeled by a split atom model for these C atoms with occupancy factors
of 0.65 and 0.35, respectively.

Physical Measurements.The equipment used for IR, UWis,
Méssbauer, and EPR spectroscopy has been described in ref 15. Low-
temperature EPR, magnetic "Skbauer spectra, and magnetization
measurements were analyzed on the basis of a spin-Hamiltonian
description of the electronic ground-state spin multiplet as is described
in detail also in ref 15.

Results

Preparation and Characterization of Complexes.To obtain
a deeper understanding of the electronic structures of a series

aqueous hydrochloric acid (120 mL) was stirred at ambient temperature of octahedral complexes containing ffee—NO} &78structural

for 1.5 h. To the filtered brown solution was added NagEKO (2.5
g). Upon storage at @C for 12 h a brown crystalline precipitate formed
which was collected by filtration. Yield: 0.46 g. Anal. Calcd fostGs-
ClIFeNsOq: C, 17.73; H, 3.72; N, 20.67. Found: C, 17.5; H, 3.7; N,
20.7.

X-ray Crystallographic Data Collection and Refinement. A
brown-violet single crystal ofl and a brown crystal of [lFe(NO)-
(ONO)(NQO,)](CIO4) were sealed in a glass capillary and mounted on
a Siemens SMART CCD-detector diffractometer equipped with a
cryogenic nitrogen cold stream at 100 K, respectively. Graphite
monochromated Mo K radiation ¢ = 0.71073 A) was used. Intensity

(16) Barefield, K. E.; Wagner, Anorg. Synth.1976 16, 220.
(17) Chan, P.-K.; Poon, C.-Kl. Chem. Soc., Dalton Tran$976 858.

motif as electronically unperturbed by the co-ligands as possible,
we used the redox-innocent macrocycles 1,4,7-trimethyl-1,4,7-
triazacyclononane (L) in the previously synthesized and struc-
turally characterized complex [LFe(NO)¢{N] ' ({Fe—NO}7,
S = 3,) and triazacyclononane (L in [L'Fe(NO)(ONO)-
(NOL)]CIO0411 {Fe—NO}5, S= 0), and in this work, 1,4,8,11-
tetraazacyclotetradecane (cyclam).

From the reaction otis-[(cyclam)Fe(C}),]Cl, a high-spin
ferric precursof with hydroxylamine in water at 20C we

(18) SADABS, Sheldrick, G. M., UniversitaGottingen, 1994.
(19) ShelXTL V. 5.0; Siemens Analytical X-ray Instruments, Inc.
Maddison, WI.
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Table 4. Selected Bond Distances (A) and Angles (deg)Laind
[L'Fe(NO)(ONO)(NQ)](CIO4)

Complexl
Fe-N1 2.005(3) Fe-N5 1.820(4)
Fe-N2 2.007(3) Fe-Cl 2.456(1)
Fe—-N3 2.010(3) N5-O1 1.006(4)
Fe—N4 1.996(3) Fe-N5-01 144.0(4)
Complex [L'(NO)(ONO)(NG,)](ClOy)
Fel-N1 1.644(4) FeiN6 1.999(4)
Fel-02 1.914(3) N+O1 1.163(5)
Fel-N3 1.969(4) N2-03 1.216(6)
Fel-N4 1.993(4) N2-02 1.322(5)
Fel-N5 1.996(4) N3-04 1.216(6)
Fel-02—-N2 125.1(3) N3-05 1.282(5)
02-N2-03 116.3(4) FetN1-01 171.2(4)
04—N3-05 122.4(4) FetN3-04 120.9(4)
Fel-N3—05 116.6(4)
Herr/ M
4 4
cis-{Fe-NO}  (2) | 4
3te 43
2 12
i -{Fe-NO
Figure 1. Perspective view of the monocation in crystalsloftop) 1}k rans-{Fe-NOY 41
and of one crystallographically independent cation in crystals of ]
[L'Fe(NO)(ONO)(NQ)](CIO4) (bottom). Small circles representNH 0 L , ) . . . o
protons while those of the methylene groups are not shown. 0 50 100 150 200 250 300
obtained upon addition of NaCl®rown microcrystals dfrans- T/K

[(cyclam)Fe(NO)(CDH](CIQ) (1). Using similar reaction condi-  Figure 2. Temperature dependence of magnetic momentéys, of
tions but adding Nal instead of NaCj@nd performing the solid samples ofl and2. The solid lines represent best fits using the
precipitation and workup more rapidly we obtained green Parameters given in the text.

microcrystals ofcis-[(cyclam)Fe(NO)I]I @).

The cis and trans configuration of the coordinated ligand ion is displaced by only 0.086 A from the best plane defined
cyclam in2 and1, respectively, was clearly established by their by the four amine nitrogens which deviate by an average of
infrared spectrd? For 1 a singleout-of-planewagging mode, only 0.004 A from this plane. The sixth coordination sitelin
y(N—H) at 888 cnt?, and asingle rocking mode,0(CH,) at is occupied by a loosely bound chloride ion with an—f&

808 cnT, have been observed indicative of the trans config- bond length of 2.456(1) A.

uration. In contrast, fo two frequencies are observed for each  The electronic ground states band2 have been established

of these modesy(N—H) 862, 852, and(CH,) 805, 793 cm™. from variable-temperature and variable-field susceptibility
Thew(NO) stretching frequency has been detected at 1612 cm  measurements by using a SQUID magnetometer. Figure 2 shows
for 1 and 1726 cm! for 2. the temperature dependence of the effective magnetic moments

Complex2 must be rapidly precipitated from solution. We  of 1 and2 in an external magnetic fieldfd T and a best fit of
have found that these preparations invariably are contaminatecthe data. Both species are paramagnetic. The fit shown in Figure
with ~10% cis-[(cyclam)Fe! ()2]l (S= %/). It is not possible 2 for 1 has been obtained by using the following parameters:
to purify 2 by fractional recrystallization becaugésomerizes a fixed g = 2.012 which was determined from EPR measure-
fairly rapidly even at lower temperatures within a few seconds ments (see below) and a temperature-independent paramagnet-
yielding a trans-configurated species. ism, y7ip, Of 483 x 1076 cm?® mol~L. Thus1 possesses &B=

The crystal structure of has been determined by single- 1/, ground state of Fe~NO}”. In contrast, comple exhibits
crystal X-ray crystallography at 100(2) K. Figure 1 shows the an S = 3/, ground state. The fit of the data in Figure 2 was
structure of the monocation in crystals bnd Table 4 gives  gptained by including 12% of a paramagnetic impuritycist
selected bond distances and angles. The cyclam ligand is boung(cyclam)Fé! (1),]l (S= 5/,) as was determined from Mebauer
in its strain-free trans-I1I otwo-up/two-dowrconfiguration to spectroscopy (see below). The marked decrease of the magnetic

the central iron ion (R, S, S, R configuration at the chiral  moment of2 at temperatures’50 K is due to a large zero-field
nitrogen atoms). The average-Rdamine bond distance at 2.03 splitting of 2 which was modeled wittDs, = +12.6 cntl in

+ 0.01 A is in excellent agreement with simple low-spin ferric agreement with Mssbauer spectroscopic simulations forgn
complexes of the typrans{(cyclam)Feé!(X)] ". For example,  _'s, 5round state. In conjunction with the simulations of the
for X = N5~ an average EeNaminedlstange of 2-9& 0.01 A magnetic Ma@sbauer spectra we remeasured also the magnetic
has recently beer_1 dete_rmlngdl'he coordinated nitrosyl forms susceptibility of thes= 3, complex [LFe(NO)(N)2]** by using

a bent Fe-NO moiety with a b_ond angle at 144.0t4The Fe- variable fields (1, 4, 7 T). In contrast to the very large value
Nno bond at 1.820(4) A indicates considerable double bond Da» = 20 cnr! reported previousiy2e our data are best

character. The iron ion is bound in tieplane mode; the Fe described with a ZFS oDyy = +13.6 cnt (Figure S1,
Supporting Information).

(20) Poon, C.-KlInorg. Chim. Actal97Q 5, 322.
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Structurally characterized octahed{&le—NO}® complexes
are extremely rare. [(tmc)Fe(NO)(OH)](CIP(tmc = tetra-

methylcyclam) represents an early example which has not been
spectroscopically characterized due to its somewhat problematic

synthetic accessibilit§t In 1986 we had described the synthesis
of [L'Fe(NO)(NQ).](ClO4):2H,0 but at that time did not obtain
single crystalg! From its infrared spectrum we concluded that
this species contains a nitrosyl(dinitro)iron cordN=0) 1890;
vadNO») 1430; andvg(NO,) 1310 cntl. In an attempt to grow

single crystals we have now obtained an isomer of this complex

containing the nitrosyl(nitrito)nitroiron core, namely, fle(NO)-
(ONO)(NOY)I(CIOy). In the infrared twov(NO) stretching
frequencies at 1907 and 1885 thhare observed; the O-
coordinated nitrito ligand gives rise to tw@N=0) stretching
frequencies at 1477 and 1464 thand the N-coordinated nitro
group displays N-O stretching frequenciegdNO,) at 1439,
1419 and/(NO;) at 1315, 1306 cri. [L'Fe(NO)(ONO)(NQ)]-
(ClOy) is diamagnetic indicating a8 = 0 ground state.

Hauser et al.

{Fe-NO}®

0.14V

-1.30V

1 L L L

10 05 00 -05 -10 -15 -20
E/Vvs Fc'iFc

The crystal structure determination reveals that two crystal- " oxidation 1 40
lographically independent cations' fie(NO)(ONO)(NQ)]* are : 1 20
present in the crystals. The cation possesses two sources of i 1o
chirality. The iron ion is a center of chirality giving rise 1%, N

1 120
A configurations, and the three five-membered-Re-C—C—N 1 40
chelate rings of the 1,4,7-triazacyclononane ligand adopt either 54 02 o o2
a (A44) or a (066) conformation. Thus the diastereoma@AL)
andA(600) and their respective enantiomers(§d0), A(ALA) HuA
are present in equal amounts in the crystals. The latter are i 0
interrelated by a crystallographic gliding mirror plane. Figure Reduction
1 (bottom) shows the structure of one of these cationBgt I 20
(NO)(ONO)(NQy)]* containing a nearly lineaf Fe—NO}® — 10
moiety, an O- and an N-coordinated nitrito and a nitro group, 20
respectively. Table 4 gives selected bond distances and angles. -40

The most salient feature of this structure are the shortiNEgiine

distances at an average 1.996 A which are slightly shorter than

those inl, an{Fe—NO}’ (S= 1/,) species with av. FeNamine

= 2.004 A) and much shorter than those in [LFe(NQ)EN

an {Fe-NO}7 (S = 3,) species with av. 2.252 A. For
comparison, in the low-spin ferrous and ferric speciesp+3*

the average FeNaminedistance is found at 2.03 and 1.99%A,
respectively, whereas this distance>ig.10 A in all octahedral
high-spin ferric and>2.20 A in high-spin ferrous species. These
observations lend strong support to the notion that [LFe(NO)-
(N3)2] (S= 3%/,) contains a high-spin ferric ion whereaslitthe

gy metal orbitals (inO, symmetry) must, at least partly, be
unoccupied as in a low or intermediate spin ferric ion. On
extrapolation of this argument we conclude that a low-spit Fe
ion (S= 1) may be present in [Ee(NO)(ONO)(NQ)]*. The

-08 -1.0 -1.2 -14 -16 -1.8
E/Vvs Fct/Fc

Figure 3. Cyclic (top) and square-wave (middle) voltammograms of
1in acetonitrile at 298 K (0.10 M [(n-BulN]PFs supporting electrolyte,
glassy carbon working electrode, reference electrode Ag/AgNMe
potentials are referenced vs the ferrocenium/ferrocengfEgcouple.
Bottom: Cyclic voltammograms of the oxidation and reduction wave,
respectively, at scan rates 2.0, 1.0, 0.50, 0.20, 0.10, and 0.08,V s
respectively.

in three different oxidation levels, namely a dicatiofiiee—
NO} 6, a monocationid Fe-NO}7, and a neutraf Fe—NO}8
species. From the coulometric measurements it was established
that the oxidized{Fe—NO}® species is stable at ambient
temperature for at lea® h whereas the reducgde—NO} 8

form is only stable at-30 °C. Hence the oxidized and reduced

diamagnetic ground state is then attained by intramolecular species were readily investigated in solution by-hs, EPR,

antiferromagnetic coupling of this Feion to an NO (S= 1)
ligand.

Electro- and SpectroelectrochemistryFigure 3 displays the
cyclic and square-wave voltammogramdl.ah acetonitrile (0.10
M [(n-Bu)aN]PFs) at 20°C. In the following all redox potentials
are given vs the ferrocenium/ferrocene couple(Fc). Clearly,

and Massbauer spectroscopy.

Figures 4 and 5 show the results of the spectroelectrochemical
oxidation of1 at 20°C and of the corresponding reduction at
—30°C. The electronic spectrum afin CH3CN displays two
absorption maxima in the visible at 398 £ 300 M~ cm™?)
and 560 nmd{ = 145 M~ cm™1). Upon one-electron oxidation

two reversible one-electron-transfer waves are detected Where[hese maxima disappear and a new band at 362ens %00

the process aE;, = 0.14 V corresponds to a one-electron
oxidation generatingrans[(cyclam)Fe(NO)CR+ and that at
—1.30 Vs due to a reversible one-electron reduction affording
trans[(cyclam)Fe(NO)CH as was established from coulometric
measurements at appropriately fixed potentials. Thesists
(21) Hodges, K. D.; Wollmann, R. G.; Kessel, S. L.; Hendrickson, D.
N.; Van Derveer, D. G.; Barefield, E. KI. Am. Chem. Sod979 101,
906.

(22) Boeyens, J. C. A,; Forbes, A. G. S.; Hancock, R. D.; Wieghardt,
K. Inorg. Chem.1985 24, 2926-2931.

M~1 cm™) is generated.

Conversely, upon one-electron reductioriidhe position of
the two absorption maxima dfremains unchanged at 398 and
560 nm only their intensity increases 600 and~190 M~1
cm1, respectively. This is a remarkable result: the spectra of
1 andtrans[(cyclam)Fe(NO)CR+ are completely different in
nature whereas the spectra bfand trans-[(cyclam)Fe(NO)-
Cl]% are nearly the same. If one assumes that due to the overall
low intensity of all maxima in the visible these transitions are
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Figure 4. Spectroelectrochemical changes observed during the one-

electron oxidation ofL in CH;CN at 298 K. The arrows indicate the
appearance or disappearance of peaks during the oxidation.
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Figure 5. Spectroelectrochemical changes observed during the one-

electron reduction of in CH3CN at—30 °C. The arrows indicate the
increase in absorbance during reduction.

predominantly of e-d character, one arrives at the conclusion
that the{ Fe—NO} 7 and{ Fe—NO} & species have a rather similar
d" configuration implying that the added electron resides in a
a*(NO) ligand orbital. In contrast{Fe—NO} ¢ and{Fe—NO}’
must then have different"celectron configurations. In other
words, the one-electron oxidation bimay be considered to be

metal-centered and the one-electron reduction to be ligand-

centered (NO).

We have also performed a coulometric one-electron oxidation
and a one-electron reductionbtlissolved in dimethyl sulfoxide
(dmso) at ambient temperature in a thin-layer electrochemical
cell and recorded the infrared spectra in the range 2000
cm™L. For the parent complekthev(NO) stretching frequency
is observed at 1620 cmiwhich upon oxidation disappears and
a new band at 1902 crh is observed which we assign to the
{Fe—NO} ¢ speciegrans|(cyclam)Fe(NO)CR*. Similarly, upon
one-electron reduction of at —20 °C the 1620 cm! mode
disappears but we have not been able to identify a n@vD)
stretching frequency for the generatfldle—NO}8 species in
our experimental spectral window. Under our experimental setup
using dmso as solvent this implies that thiiNO) frequency
must be below 1500 cm. When the fully oxidized or reduced
species were rereduced or reoxidized, respectivelyy(N®©)
mode of1 at 1620 cmt was fully regenerated indicating the
reversibility of the process. It is noted that for [(tmc)Fe(NO)-
(OH)](CIO4)2*CH3CN which represents the first structurally
characterized example for an octahedaé—NO} 6 species $

J. Am. Chem. Soc., Vol. 122, No. 18, 20@tB57
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Figure 6. Q-band EPR spectrum df in a CHCN/CH:OH (2:1)
mixture at 50 K. Conditions:v = 33.923 GHz; power 0.1 mW,
modulation amplitude 2 mT. Simulation parameters are given in the
text. Gaussian lines with angular- amgtdependent widths were used
with parametersV = (0.2, 0.2, 6.) mTC, = (0.36, 0.37,—1.) mT/
GHz, andC; = (20.7, 5.4, 6.9) mP8

= 0) thev(NO) mode has been observed at 1890 &ftimc =
tetramethylcyclamj! Scheidt et af? report av(NO) at 1937
cm! for six-coordinate [Fe(TPP)(NO)@D)](ClO,), also an
octahedra{ Fe—NO} ¢ specieg? For [L'Fe(NO)(ONO)(NQ)]-
(ClO4) two v(NO) bands at 1907 and 1885 chrorresponding
to the two crystallographically independent cations have been
observed.

On the other hand, the well-characterized diamagré&tee-
NO} 8 (S = 0) species containing a linear 810 moiety in,
for example, [LFe(NO)]" (L = P(OMe), P(OEt)),?* [Fe(NO)-
(nps)] (npz = tris(2-diphenylphosphinoethyl)aming)and other
five-coordinate organometallic phosphine compl@ké&dis-
plays »(NO) bands in the region-1730 4+ 20 cnt?. If our
reducedtrans[(cyclam)Fe(NO)CI§ would be of this type we
would have detected itg{NO) band using the above spectro-
electrochemical conditions. Thus these experiments point to a
different electronic structure of the reduced formlof

EPR Spectroscopy.The X-band EPR spectrum df in a
frozen solution of acetonitrile at 10 K displays a broad (13.5
mT) isotropic signal agiso = 2.012. It appears that intermo-
lecular dipolar spin couplings broaden the spectra and reduce
the spectral resolution, even in diluted sampleS@ uM).
However, at higher frequency (Q-band) the higher resonance
fields apparently decouple the molecular spins so that a
reasonably well resolved EPR spectruniaefas obtained. The
spectrum is shown in Figure 6. The simulation was achieved
by involving first-order hyperfine interaction to one nitrogen
(of the NO ligand) N, | = 1) with the parameterg = 2.0520,
gy = 2.0145,9, = 1.9698 andA(*N) = (112, 49.9, 59.1)x
104 cmt (117, 58, 64 G) with angular- anahy-dependent
Gaussian line shap@%This spectrum is remarkably similar to
those reported for many five-coordingtee—NO} 7 species with
an S= %, ground state containing porphinato and dithiocarb-
amato ligands (Table 2). Interestingly, it also resembles closely
spectra recorded for HoNO and MbN®:¢The large anisotropy
of the line width is characteristic fof Fe—~NO}7 species

(23) Scheidt, W. R.; Lee, Y. J.; Hatano, K. Am. Chem. Sod 984
106, 3191.

(24) Albertin, G.; Bordignon Elnorg. Chem.1984 23, 3822.

(25) Di Vaira, M.; Ghilardi, C. A.; Sacconi, Unorg. Chem.1976 15,
1555.

(26) Johnson, B. F. G.; Segal, J. A.Chem. Soc., Dalton Tran£972
1268.

(27) Hoffman, P. R.; Miller, J. S.; Ungermann, C. B.; Caulton, KJ.J.
Am. Chem. Sod 973 95, 7902.
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Figure 7. X-band EPR spectra & in CH;OH at 3.0 K as a function

of warm-up and freeze-quench experiments showing the isomerization

2— 1. Conditions: v = 9.645 GHz; power 2.& 10~* mW, modulation
amplitude 11.4 G. Simulation parameters are given in the text.

Hauser et al.

to trans-[(cyclam)Fe(NO)If with anS= %/, ground state. This
signal becomes the dominant signal; after three warm-ups only
this signal is observed. The resonancg at 4 has completely
vanished.

The signal ag ~ 4 is assigned to th8= 3/, ground state of
2 which is quite similar to that reported for [LFe(NO)}Y
The axial spectrum was simulated with effectiygaluesge"
= 3.99 andge® = 1.98, which are characteristic of thes =
+,0Kramers doublets in & = 3/, manifold with large zero-
field splitting (2D32 > uB) and axial symmetr§/Ds, ~ 0. A
plot of the EPR intensity o2, | x T versusT, is consistent
with the magnetic susceptibility residg, = +12.6 cnt™. Since
for axial zero-field symmetry thgms = 4-3/,0Kramers doublet
is EPR-silent at X-band, the intensity data are not very sensitive
for the numerical value oD3/, but they clearly show that the
resonance doublet is a magnetic ground state and, hence, that
D32 is positive. For [LFe(NO)(N).] the zero-field splitting is
very similar,Dz, = +13.6 cntl,

MdOssbauer Spectroscopy(a) Isomer Shifts and Quadru-
pole Splittings. Zero-field Mtssbauer spectra on solid samples
or frozen solutions of complexes were measured in the tem-
perature range 2295 K. All complexes show practically
symmetric quadrupole doublets in the whole temperature range.
The absence of magnetic hyperfine splittings also in the
paramagneti§¢ Fe—NO} ” compounds (in the solid state) shows
fast electronic spin relaxation with respect to the nuclear
precession rates. In this regime the internal fields at the nucleii
average to zero without externally applied fields. The obtained
zero-field quadrupole spectra were simulated with Lorentzian
doublets; the results are summarized in Table 5.

The spectra of [LFe(NO)(N.] and 2 show very similar
isomer shifts of 0.62 and 0.64 mmlsat 4.2 K (Figure S2,
Supporting Information). Isomer shifts in the range 6-6378
mm s ! have been observed for all octahedrae—NO}’ S=

containing four equatorial nitrogen donors. In general, smaller 3/, complexes including the respective sites in metalloproteins

line widths are observed in the direction of the-f¢O vector
as compared to the plane of four ligand nitrogen donord. In

additional coupling to protons of the secondary amine ligand

cyclam can cause a further increase in line width.
The S = 3/, ground state of th¢ Fe—NO}’ complex2 has

such as the nitrosyl derivative of deoxyhemerythfi@® = 0.68
mm s1) (see Table 1).
Also in line with previous data on octahed{de—NO}7 (S
= 3/,) species is the observed temperature-independence of the
quadrupole splittingAEq, of [LFe(NO)(Ns),] and 2 (4.2—295

been investigated by X-band EPR spectroscopy both in the solidK). In contrast, the isomer shifij, of the two complexes
state and frozen methanol solution in the temperature range 3increases slightly by 0.11 mntswith decreasing temperature

to 50 K.
Due to fast isomerization 02 — trans[(cyclam)Fe(NO)-
(D11 the solution EPR spectra &f have been obtained only by

in the range 2954.2 K, which is probably due to the second-
order Doppler effect. For thg Fe—NO}7 unit in nitrosyl
deoxyhemerythrine the same trend of the same magnitude is

using a special freeze-quench technique. The carefully degassedbserved. This is strong evidence for the notion that the
solvent methanol in an EPR tube was frozen and a few crystalselectronic structure is dominated by the comn{¢te—NO}’
of 2 were added to the frozen solution under an Ar blanketing moiety.

atmosphere. Upon a very brief warm-up of this mixture in the

The zero-field Masbauer spectrum @fat 80 K also consists

EPR spectrometer, until the methanol had liquified, these crystalsof a symmetrical doublet with an isomer shift of 0.27 mm s

sank slowly to the bottom of the cavity with dissolution of a
very small amount oR. Then the solution was immediately

and a quadrupole splittingAEg|, of 1.26 mm s (Figure 8,
middle). In the temperature range 4.0 K both isomer shift

frozen again and the spectrum was recorded. The result of suchand quadrupole splitting are temperature-independent within

an experiment is shown in Figure 7 where this liquifyeeze

process was repeated after 1, 2, and 6 min. The first recorded

spectrum displays a strong signabat 4 and a weaker isotropic

experimental error.
It is now an important observation that the isomer shift of
the cis and trans-“‘isomers2 and1, containing a{ Fe—~NO}”

signal atg = 2.01. Quantitation of these signals reveals that (s—3/,) and an{ Fe-NO}7 (S= ) moiety, respectively, differ
the latter accounts for 24% of the total intensity; it is assigned py 037 mm s, For the corresponding high-spin and low-spin

(28) The line widths for the field-swept spectrum are determined
according too(field) = sqrt(¥i=xy,.0i%i%), wherel; denotes the direction
cosines and; the angular dependent line widtt? = W, + Cy; *v + Y miCz; *
m2 where W, is the intrinsic residual line widthy is the microwave
frequency, andn = —1, 0, 1 is the magnetic quantum number of g
nucleus (= 1). For further details see for instance: Pilbrow, JTRansition
lon Electron Paramagnetic Resonand@arendon Press: Oxford, 1990.

forms of five-coordinate [(salen)Fe(NO)§ & 3/, = S= 1/)
this difference is smaller at0.16 mm s1.2 It is of significance
that this difference in isomer shifts at 80 K is 0.56 mm for
the high- and low-spin ferrous isomeeis-[(cyclam)Fé (Ns)2]
(S= 2) andtrans[(cyclam)Fé/(N3),] (S=0) and 0.17 mm<!
for their high- and low-spin ferric analogueis-[(cyclam)Fé/'-
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Table 5. Spin Hamiltonian and Hyperfine Parameters of Complexes

J. Am. Chem. Soc., Vol. 122, No. 18, 20@tB59

at4.2 K

trans-[(cyclam)-

trans-[(cyclam)-

trans[(cyclam)-  cis[(cyclam)-  [L'Fe(NO)(NQ);]*-

[LFe(NO)Ns)]  Fe(NO)CIF (1) Fe(NO)CIE* Fe(NO)CIP  Fe(NO)IT'I (2) (CIOy)
S 3/, Y 0 0 3/, 0
D3, cmt +13.6 +12.6
E/Da3j» 0 <0.01
eff 4.0,2.0 2.052, 2.015, 1.970 3.99,1.98
AT, T?) —213 —23.4 ~20.0
ASIgnT ~208 ~137 —2438
AL gnBN, T —-25.4 11.9 234
Areinx/nSN, TP —15.2 -14.0¢ ~14.3
Areqiy/OnGN, TP —14.9 —-8.x ~17.7
Aceqn, BN, TP —-18.2 +7.1¢ ~16.7
Asd OB ~16.1 —5.0¢ ~16.2
6, mmst? 0.62 0.27 0.04 0.27 0.64 0.03
AEg, mm st —1.28 +1.26 +2.05 +0.77 —-1.78 +1.37
n 0.2 <0.1 0 0.5 0.4 0.1
I mmst? 0.42 0.33 0.27 0.42 0.39 0.3

aHyperfine coupling tensor in the system of the total molecular s@ins %, and'/,, respectively? Hyperfine coupling tensor with respect to

local iron spin.c Aso = Yatr(Aseqny). @ Values with respect to a local iron
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Figure 8. Zero-field Mssbauer spectra at 80 K of solldmiddle):
the one-electron oxidized form df (top) in frozen CHCN (0.10 M
[(n-Bu)4N]PFs) and of the one-electron reduced{0%) form of 1
(bottom) where the minor spectrum- is that of1.

(N3)2]™ (S= %,) andtrans[(cyclam)Fd' (N3),]* (S= 1/,).1° It

is remarkable that the observad of 0.37 mm s? for the pair

of complexes2 and 1 is exactly between the corresponding
differences for similar ferric and ferrous complexes. The
magnetic properties given below, however, show that it is not

the valence state of iron that is ambiguous in this case but rather

the spin states are unusual. The iron can be consistently
described as Fe(lll) fot and 2.

To measure the Nesbauer spectra of the one-electron
oxidized and one-electron reduced formslofve have used
35% °5Fe isotopically enriched and electrochemically gener-
ated these forms in acetonitrile solution (0.10 M [(n-B\i}
PF).

Figure 8 (top) shows the zero-field spectrum t&ns
[(cyclam)Fe(NO)CI}+ at 80 K. A single quadrupole doublet
with an isomer shift of 0.04 mm 3 and a quadrupole splitting
of 2.05 mm s is observed. Thus one-electron oxidationlof
decreases the isomer shift by 0.23 mih 4t is again instructive
to compare this shift with the corresponding shift of 0.26 mm

spin 8f= ¥, (intermediate spin).

s 1 observed for the complexésans[(cyclam)Fe (N3)2] (S=

0) and low-spintrans-[(cyclam)Fé'(N3),] ™ (S = 1/,).15 Thus
one-electron oxidation of thgFe—NO}” (S= ;) core in1to
{Fe—NO}® (S = 0) represents a metal-centered one-electron
oxidation.

The small isomer shift ofrans[(cyclam)Fe(NO)CR*, an
{Fe—NO}® system, deserves a comment. We are aware of only
one other report where even smaller isomer shift$@{04 and
—0.02 mm s! at 80 K have been reported for two five-
coordinate, structurally characterizgd=e—NO}® (S = 0)
species, namely [Fe(HL)NO](Ngp and [Fe(-CsH7).Q(NO)],
where HL is 2,4-pentanediane-bis{nethylisothiosemicarb-
azone) andr(-C3H7).Q is the dianion nitromalonedialdehyde-
bis(S-propylisothiosemicarbazonat®)The authors discuss the
electronic structure of these compounds as intermediate between
FeV(NO)~ (Fé¥Y S= 1 and NO S= 1) and F&'(NO) (Fe"
low spin S= 1/, and coordinated neutral NO = 1/,).

Figure 8 (bottom) shows the zero-field 8&bauer spectrum
of an~70% reduced sample dfwhich contains~30% of the
starting material, the Mesbauer spectrum of which is known.
Two quadrupole doublets in the ratio 68:32 are observed. The
most salient feature of this spectrum is the fact that the isomer
shift at 80 K oftrans[(cyclam)Fe(NO)CI} at 0.27 mm st is
within experimental erroidentical with that of 1. Only the
quadrupole splitting parameters differ significant§Eq| at
80 K is 1.26 mm st for 1 but only 0.77 mm st for the reduced
form which contains agFe—NO}8 moiety. We consider this
result remarkable because it proves that the additional electron
in the reduced complex does not change the s-electron density
at the iron nucleus and must, therefore, occupy* arbital of
the nitrosyl ligand which is not involved in nitrogen-to-iron
bonding. Thus in contrast to the above metal-centered one-
electron oxidation ofl the corresponding reduction is ligand-
centered.

Oxidation and reduction derivatives of ti&e= 3/, system
could not be studied directly by using thes-cyclam complex
2 because of its instability in solution. However, the oxidized
{Fe—NO}6 complex [L'Fe(NO)(ONO)(NQ)]* (S = 0) was
prepared as described above. The zero-fieldddauer spectrum
of the solid material (Figure S2, Supporting Information) shows
a pure, well-resolved quadrupole doublet. The isomer shift is
found at 0.02 mms! (0.03 mm st at 4.2 K) which is 0.6 mm

(29) Gerbeleu, N. V.; Arion, V. B.; Simonov, Yu. A.; Zavodnik, V. E.;
Stavrov, S. S.; Turta, K. I.; Gradinaru, D. I.; Birca, M. S.; Pasynskii, A.
A.; Ellert, O. Inorg. Chim. Actal992 202 173.
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Figure 9. Applied-field Mossbauer spectra of solid [LFe(NOYM
at 4.2 K. Simulation parameters are given in Table 5.

6

s 1 below the value found for thgFe—NO} 7 species [LFe(NO)-
(N3)2]. The quadrupole splitting is 1.37 mntis(temperature-

independent). A magnetically perturbed measurement performed

at 4.2 K (see below) reveals a change of signVefof the
electric field gradient on going from [Ee(NO)(ONO)(NQ)]*
where it is positive to [LFe(NO)(}.] where it is negative.

Hauser et al.
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Figure 10. Applied-field Mossbauer spectra of solid at 4.2 K.
Simulation parameters are given in Table 5.

to the large zero-field splitting (ZFS) &/k > 30 K). Since
fast spin relaxation prevails in the spectra of [LFe(NQ)¢N

For the purpose of an educated comparison we have alsoand 2, it is the thermal averages of the spin expectation

recorded the zero-field Misbauer spectra at 80 K of an
octahedral ferrous species, [FB(OGHs)3)sBr]™ (S= 0), and
its five-coordinate, trigonal bipyramidal nitrosyl iron complex
[Fe(NO)(P(OGHs)3)4BPhy (S = 0) of the {Fe—NO}8 type
which probably contains a linedfe—NO}8 moiety?® and a
v(NO) stretching frequency at 1734 cfn The first of these

value which determines the internal fielt = A3, In the

fast relaxation regime the internal field depends on the applied
field becausd$+ varies for variant Zeeman splitting of the
ground-state Kramers doublet. This behavior, however, is
modified by the mixing of magnetic sublevels due to competing
ZFS and Zeeman interaction which, hence, yields a measure of

complexes displays a symmetrical quadrupole doublet at 0.15the ZFS. On the basis of these considerations the magnetic

mm s! and a quadrupole splitting of 0.76 mmswhereas
for the nitrosyl complex these parameters a@02 and 1.85
mm s™1 (Figure S3, Supporting Information). The shifteD.2
mm s1 of the isomer shift on going from a low-spin ferrous
species to the corresponding nitrosyl irpe—NO} 8 species
indicates to us that the iron ion is more reduced in the latter
than in the former. Thus the electronic structure of [Fe(NO)-
(P(OGHs)3)4]BPhy can be described as ®8O™) (which we
prefer) or FENO*) (F€' S= %,, NO~ S= 1/,). A description

as F(NO") (Fe' S= 0, NO" S= 0) is not appropriate. Note
that this difference of isomer shifts on going from the intermedi-
ate spin of the Fe(lll) ion§ = 3/,) in [trans-(cyclam){ Fe" -
(u-N)FEV} (N3)2]2™ (S = Y5)'5 to trans[(cyclam)Fe(NO)CIf
(S= %,) is only 0.07 mm s!, which indicates to us that the

Mdossbauer spectra of [LFe(NO){N| and 2 are readily con-
sistent with the large ZFS paramet@s, determined from the
magnetic susceptibility data. In particular, the positive sign of
D32 is unambiguous from the magnetic anisotropy observed in
the spectra.

According to the axial symmetry of the ZFS interaction as
determined by the EPR spectra of both compouidd & 0),
the ground-state Kramers doubléb, +%,0shows an “easy-
plane” of magnetization. This means for the molecules in a
powder sample that the spin expectation values and the resulting
internal fieldsB™ are much stronger for applied fields in the
molecularx/y-direction (of the ZF-interaction) than for those
close to thez-direction. Therefore, the- andy-components of
the A-tensor are better determined by the simulations than the

iron ions in both complexes have the same oxidation state andz-component. The values &£ and A" are found to be very

similar d' electron configuration, namely intermediate spin ferric.
(b) Applied Field M&'ssbauer SpectraApplication of 1.5-7

T magnetic fields at liquid helium temperatures resolves the

magnetic hyperfine splitting of solid and [LFe(NO)(N),] as

close to each other for both compounds, whereas the fits of the
asymmetry of the hyperfine lines and the field dependence of
the magnetic splittings could be improvedaiff was allowed

to take larger values thade/ASf. In any case, the signs of

is shown in Figures 9 and 10. The spectra were readily simulatedthe A®" components are negative for bafh= 3/, complexes.

for anS= 3/, spin system in the limit of fast relaxation. These
Spin-Hamiltonian simulations yield hyperfine coupling tensors,
the sign and magnitude of the quadrupole splitting, and the
isomer shift with the other parameterg O, E/D) set to the
values determined from EPR and magnetic susceptibility

For magnetic Mesbauer spectra with strong internal fields
and dominating nuclear Zeeman interaction the quadrupole
interaction is determined in first order only by the components
of the electric field gradients (efg) tensor that are oriented along
the internal field. Since the internal fields for [LFe(NOX}

measurements. Details of the Spin-Hamiltonian analyses areare predominantly in thedy-plane only theVy and Vyy

described in ref 15; the parameters are given in Table 5.

In strong applied field (7 T) at 4.2 K both complexes show
an asymmetric magnetic six-line pattern with overall splittings
of 6.2 mm s for [LFe(NO)(Ns);] and 7.5 mm s! for 2. The
corresponding internal fields originate from induced spin

components of the efg-tensor are effective for the appearance
of the spectra. Since these components haveppesitesign

than the main componelt,and theapparentquadrupole shifts

in the magnetic hyperfine pattern are positi¥g; is in fact
negatie which is consistent with other examples{&fe—NO}”

expectation values of the electronic spin ground-state Kramers(S= %/,) systems (Table 1). For both complexes the asymmetry

doublet|%/,, +1/,0which is exclusively populated at 4.2 K due

parameter of the efg is found to be smajl£ 0.2-0.4). For
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[LFe(NO)(Ns)2] we could not detect significant orientational L
differences of the principal axis systems (pas) of the efg and 1.00 |3 A
ZF interaction, except for a minor rotation \@§, off from the
z-axis of the ZFS. Systematic searches yield an Euler-rotation 0.98
(BY) of the efg withg = 18°. For 2 the efg rotations appear to 096 L
be more complex. We found sizable Euler angles: 51°,
= 21°, y = 59 for the three rotations with respect to the axes 1.00
z, Yy, Z'. However, most significant is agaj = 21° which
means again that the main compon€pt is oriented away from - 0.96
the z-axis by about 28 similar as for [LFe(NO)(N);]. We °
mention that rotations around theaxis are less important ‘é’ 0.92
because of the high, almost axial symmetry of the ZFS and, @
similarly, the A-tensor. 8 1.00
The negativeA-tensor components of [LFe(NO)gN] and 2 14
support the suggested spin-coupling model for{tRe—NO}” kS
(S = 3/) unit which is based on the assignments of high-spin o 096
Fe' (S=5/;) and NO (S= 1). In this model the ground state
S = ¥, of the molecule results from strong antiferromagnetic 0.92
coupling between the two local spin systems. Since then the
spin of Fd! is parallel to the system spin, t#€"-tensor in the 1.00F
coupled system has the same (negative) sign as the intrinsic g5t 42K _
tensorAreqny. (This is at least true for the isotropic pate.) 17T
From an application of the WigneEckart theorem one deduces 0.90 ]
the relation of intrinsic and coupled-tensor components: 0.85 | ¥ |
Areqny = +57A°". The resulting intrinsic values &seqny are '
given in Table 5. The isotropic parss/gngn = —16 T for 6 4 202 4 6
both complexes are lower than that of typical “ionic”"Fe velocity [mms-]

- = 0 . . X
;nOIe(;I?S gjlo tq 2_2 TI): bl“llt a;re qUIt_elgosn:srlsIenr:.V\;]lthl that Figure 11. Variable-temperature, variable-field sbauer spectra of
ound tor in iron—sulfur clusters#: 5 Tf*which also 1, trans[(cyclam)Fe(NO)CI} (35% 5"Fe enriched), in CECN (0.10

experiencg significantly covalent bonds. M [(n-Bu)sN]PFs). Simulation parameters are given in Table 5.
The anisotropy of theA-tensor of [LFe(NO)(N);] was
recently explained by covalent delocalization saimeof the by a small anglgg = 6°. Interestingly, this angle resembles the

d-orbitals® Anisotropic covalency of d-orbitals is also the reason tilting angle & = 7.6° that was found between the normal of
for the large quadrupole splittings found in some cases Bf Fe the cyclam(nitrogen) plane and the axis through Fe and the
compounds, which in the “ionic” limit would show no or only  average of N and O atom positions.

small splittings due to the symmetry of the S-state ion. For  The isotropic part of thé\¢" tensor obtained fot is clearly

instance, similar large values such as those of [LFe(Ng)IN  negative,/str(A)/gySn = —8.4 T. This observation rules out
and2 or even larger ones are reported for various compounds the description ofl. as an antiferromagnetically coupled low-
with the (u-oxo)diiron(l11) unit.32 spin ferric ion § =1/,) and an NO (S = 1) ligand, since in

The magnetic Mssbauer spectrum df measured at 150 K this case the apparet tensor in the coupled spin system
with 7 T applied field as shown in Figure 11 (top) unambigu- would exhibit a positive isotropic part for a negative intrinsic
ously reveals a positive sign of the efg main-componént value of iron. Even if this argument might be obscured by
and a vanishing asymmetry paramejet O (error ranget-0.1). undefined signs of thg values, which can be a problem for
At liquid helium temperatures the applied-field spectra recorded low-spin Fé' (the Mtssbauer spectra are sensitive only for the
at1, 3.5, 5, ad 7 T show only rather broad lines and a relatively productg-A),%® the magnetic spectra df are not consistent
weak overall splitting, in accordance with the low total spin with the interpretation of low-spin Eeat all for the following
state. In addition, the weak magnetic splitting indicates also a reasons: (i) The efg does not match: The small anisotropy of
small isotropic part of the hyperfine coupling tensor. The thegvalues obtained from the EPR spectra would clearly mean
asymmetry of the spectra shown in Figure 11, in conjunction for a low-spin F&' interpretation that the electrethole in the
with a large quadrupole splitting, is typical of substantial (txg)® configuration has to reside in an energetically well isolated
anisotropy of the hyperfine tensor. Spin-Hamiltonian simulations d-orbital which is virtually not mixed by spinorbit coupling
which were performed witls = /,, g values taken from EPR, (3g? = 12.15). For instance, in the crystal-field model
and theg matrix elements all set positive, yield fara coupling developed by Griffith* and Taylor3® the best description df
tensorAcf/gySn = (—23.4,—13.7,+11.9) T. would be obtained with large axial and rhombic orbital splittings

When different orientations of efg am, tensor principal of A/A = 96 andV/A = £46, which corresponds to a situation
axes systems were allowed, the fits could be significantly of a practically pure configuration g di)*(dy,)* (or, equiva-
improved only by an Euler rotation of the efg around yhexis lently, (dy, dy)*(di)?). The resulting charge anisotropy of the
valence electrons caused by the electrbole in a single
“pancake”-shaped§ orbital would lead to a strongegative

(30) Srivastava, J. K.; Bhargara, S. C.; lyengar, P. K.; Thosar, B. V. In
Advances in Mgsbauer Spectroscopyhosar, B. V., lyengar, P. K., Eds.;

Elsevier: New York, 1983; pp4121. valence contribution to the main component of the’&fgither
(31) Miinck, E.Methods Enzymol 978 54, 346. (b) Huynh, B. H.; Kent, in the x- or the y-direction), which is in contradiction to the

T. A. In Advances in Masbauer Spectroscopyhosar, B. V., lyengar, P.

K., Eds.; Elsevier: New York, 1983; pp 49G60. (33) Huynh, B. H.; Emptage, M. H.; Nhek, E.Biochim. Biophys. Acta
(32) Rodriguez, J. H.; Xia, Y.-M.; Debrunner, P. G.; Chaudhuri, P.; 1978 534, 295-306.

Wieghardt, K.J. Am. Chem. Sod.996 118 7542-7550 and references (34) Griffith, J. S.Proc. R. Soc. London, A956 235, 23—36.

therein. (35) Taylor, C. P. SBiochim. Biophys. Actd977, 491, 137.
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experimental observation. Even if covalency and lattice con-
tributions significantly influence the actual values of the efg
components, it is difficult to envisage a reversal of the sign of
Vz,, particulary in this case of a strong axially symmetric efg.
(i) The symmetry of the magnetic hyperfine coupling tensor
Acff as can be derived from thgsthole description ofl is also

Hauser et al.

to the assumption that the antibonding-g¢¢ orbital is too high
in energy above theand the ¢ orbitals to be populated.
The resulting ground-state configuration is basically)f¢t,)*-
(dya1(GA)*.

High-field Mossbauer measurements (7 T, 4.2 K) of{ke—
NO} 8 and the{ Fe—NO} 6 species derived from by electro-

not consistent with the experiment: The orbital and spin-dipolar chemical reduction and oxidation, respectively, reveaSan

contributions toA in this modet3-3¢yield the largest, negative
component ofA in the direction of the efg main component,
whereas in the simulations of the spectra A% component
along the efgzdirection was found to be the weakest (and
positive).

0 ground state for both complexes, namigns[(cyclam)Fe-
(NO)(CI)]° andtrans[(cyclam)Fe(NO)(CI}*. Also, for [L'Fe-
(NO)(ONO)(NQy)]*, an {Fe—NO}® species, a diamagnetic
ground state has been established. We assume th&=h6
ground state of these complexes owes its origin to strong

These arguments led us to consider the alternative descriptionintramolecular spin couplings (see below). The magnetissvio

of 1, not as a low-spin A& complex but as an antiferromag-
netically coupled system ahtermediatespin ferric ion § =

3/;) and an NO (S= 1). Since in this picture iron has the major
local spin, the sign of the isotropic pafst" with respect to
the system spirg = 1/, is the same as that of the (negative)
intrinsic value. The value of the isotropic part turns out to be
rather weak in this model/gtr(Areqiy s=32) = —5 T), when
the experimental value for the system spin is converted
according to the spin-projection formuaequ s=s2 = +%s A°f.

bauer spectra (Figure S4) were simulated by using the isomer
shifts and the electric quadrupole splittings from the respective
zero-field spectra. All species, namely tiiege—NO}© and the
{Fe-NO}?8 derivatives of 1 and [L'Fe(NO)(ONO)(NQ)]*,
possess a positive sign of the quadrupole splitting and high axial
symmetry of the efg withy ~ 0. The low isomer shift and large,
positive quadrupole splitting with ~ 0 of the two preser{tFe—

NO} ¢ species are consistent with those observed for Werner-
type octahedral low-spin Becomplexes® The axial efg can

However, this does not contradict the basic assumption of be rationalized in a ligand field model for the spiorbit

intermediate spin A& because it is clear that spin-dipolar
contributions and covalent orbital delocalizations cannot be
neglected for a nitrosyl complex.

Iron(lll) intermediate spin states were first reported for five-
coordinate iron porphyrinates with square-pyramidal geontétry;

interaction of distorted octahedraldjtt complexes. In this model
the valence contribution to the efg originates from two electron
holes in the 4y subshell which is positive for a £g?(dy,)*(dy,)*
ground-state configuration of Fe**47 Thus the electronic
structures ofrans[(cyclam)Fe(NO)CR* and [L'Fe(NO)(ONO)-

but other examples with salen and dithiocarbamate and other(NO,)]*, both of which are of th¢Fe—NO} 6 (S= 0) type, can

ligands are also described in def#it*® The large pos-
itive quadrupole splitting£+3 mm s, » ~ 0) was recognized
as a characteristic feature of intermediate-spin ferric por-
phyrinates! Detailed analyses of EPR and §&bauer spectra

showed the presence of a highly anisotropic hyperfine tensor

with large, negative components #fy-directions and weak,
positive zcomponents. Both features, the positive, axial quad-
rupole interaction and the anisotropic magnetic hyperfine tensor
are very similar to what we found fdr. In the theoretical model
developed by Maltemgdthe “spin-Hamiltonian” parametets
are derived by mixing of close lyintA, and®A; orbital singlet

states. Square-planar geometry was taken as the starting poin
for the description of the spin-quartet ground state, according

(36) Oosterhuis, W. T.; Lang, Qhys. Re. 1969 178 439-456. (b)
Lang, G.; Marshall, WProc. Phys. Socl966 87, 3—34. (c) Safo, M. K,;
Gupta, G. P.; Walker, F. A.; Scheidt, W. R.Am. Chem. S0d.991, 113
5497-5510. (d) Walker, F. A.; Huynh, B. H.; Scheidt, W. R.; Osvath, S.
R.J. Am. Chem. S0d.986 108 5288-5297.

(37) Debrunner, P. GMossbauer Spectroscopy of Iron Porphyrins
Debrunner, P. G., Ed.; VCH: Weinheim, 1989; Vol. Ill, pp 13234. (b)
Scheidt, W. R.; Osvath, S. R.; Lee, Y. J.; Reed, C. A.; Shaevitz, B.; Gupta,
G. P.Inorg. Chem.1989 28, 1591-1595.

(38) 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.
(e) Kuang, X.-Y.; Morgenstern, |.; Rodriguez, M.-hys. Re. B 1993
48, 6676-6679. (f) Kuang, X.-Y.; Morgenstern-Badarau,Ahys. Status
Solidi B1995 191, 395-400.

(39) Kostka, K. L.; Fox, B. G.; Hendrich, M. P.; Collins, T. J.; Rickard,
C. E. F,; Wright, L. J.; Mack, E.J. Am. Chem. S0d.993 115 6746.

(40) Kentel, H.; Kaplinger, |.; Jger, E.-G.; Grodzicki, M.; Sclnemann,
V.; Trautwein, A. X.Inorg. Chem1999 38, 2320. (b) Koch, S.; Holm, R.
H.; Frankel, R. BJ. Am. Chem. Sod.975 97, 6714. (c) Gupta, G.; Lang,
G.; Reed, C. A.; Shelly, K.; Scheidt, W. B. Chem. Physl987, 86, 5288.

(41) Dolphin, D. H.; Sams, J. R.; Tsin, T. Bhorg. Chem.1977, 16,
711.

(42) Maltempo, M. M.J. Chem. Phys1974 61, 2540-2547. (b)
Maltempo, M. M.; Moss, T. HQ. Re. Biophys.1976 9, 181—-215.

(43) Neese, F.; Solomon, E.lhorg. Chem.1998 37, 6568-6582.

be described as low-spin ®e(S = 1) coupled antiferromag-
netically to an NO (S= 1) ligand.

Discussion

Rodriguez et at.have recently reported a detailed sébauer
study and density functional theory calculation on the nitrosyl
derivatives of deoxyhemerythrin which contains a high-spin

'ferrous site with isomer shift and quadrupole splitting at 1.21

and+2.66 mm s1, respectively, and a nitrosyl iron sifé&e—
NO}7 (S= %/,) with 0.68 and+0.61 mm s, respectively. While

he isomer shift for the former was considered to be normal
Etypical) for an octahedral ferrous ion in an oxygen/nitrogen
donor environment, the latter value has been considered
“unusual” or not typical (in fact enhanced) with respect to a
normal high-spin ferric ion or, conversely, reduced with respect
to a high-spin ferrous ion. They concluded that an isomer shift
of 0.68 mm s is intermediate between high-spin ferrous and
ferric and does not allow an oxidation state assignment.

In contrast to this interpretation we would like to point out
that the isomer shift is only considered to be unusual because
there are but few high-spin ferric complexes reported to date
with such large isomer shift. For example, Lippard etfalave
structurally characterized a{1,2-peroxo)diiron(Ill) complex

(44) Moss, T.; Ehrenberg, A.; Bearden, A. Biochemistry1969 8,
4159-4162. (b) Schulz, C. E.; Rutter, R.; Sage, J. T.; Debrunner, P. G.;
Hager, L. P.Biochemistryl984 23, 4743-4754. (c) Mandon, D.; Weiss,
R.; Jayaraj, K.; Gold, A.; Terner, J.; Bill, E.; Trautwein, A. Korg. Chem.
1992 31, 4404-4409 and references therein.

(45) (a) Jayaraj, K.; Gold, A.; Austin, R. N.; Ball, L. M.; Terner, J.;
Mandon, D.; Weiss, R.; Fischer, J.; DeCian, A.; Bill, E.; tfler, M.;
Schinemann, V.; Trautwein, A. Xlnorg. Chem.1997, 36, 4555-4566.

(b) Jayaraj, K.; Gold, A.; Austin, R. N.; Mandon, D.; Weiss, R.; Terner, J.;
Bill, E.; Mither, M.; Trautwein, A. XJ. Am. Chem. S0995 117, 9079~
9080 and references therein.

(46) Oosterhuis, W. T.; Lang, Q. Chem. Physl973 58, 4757-4765.

(47) Paulsen, H.; Miher, M.; Grodzicki, M.; Trautwein, A. X.; Bill, E.
Bull. Soc. Chim. Fr1996 133 703-710.

(48) Kim, K.; Lippard, S. JJ. Am. Chem. S0d.996 118 4914.



Octahedral Nitrosyliron Complexdd-e—NQO} 678

—~ 0.6
5" 204
% 0.2
£ 0.0
c 44
k<) S 02
5
i Y, F&" Fe" Fé'
S 34 X
Q u
© e
=
S 24
g high spin 2
4
S 4.
low spin

00 02 04 06 08 10 1.2
isomer shift § mm s™

Figure 12. Plot of the formal oxidation state of the iron ions in
complexes vs the isomer shiff: cis-[(cyclam)Fé(N3);] (a); cis-
[(cyclam)Fé'(N3),] " (b); [EtaN][FeVCl(z*MAC*)] (c); trans
[(cyclam)Fé (N3);] (d); trans-[(cyclam)Fé! (N3)o] ™ (€); [(cyclam)(Ns)-
Fe'=N=Fé&" (N3)(cyclam)F* S= %, (g); [(cyclam)(Ns)Fe"'=N=F¢"-
(N3)(cyclam)f™ S = ¥, (f); trans[(cyclam)F&/(N)(N3)]™ (h); trans
[(cyclam)Fe(NO)CR* (q); trans|[(cyclam)Fe(NO)CIf (r); trans
[(cyclam)Fe(NO)CHR (s); cis-[(cyclam)Fe(NO)I]I ¢), [LFe(NO)(Ns),]
(u), and [LFe(NO)(ONO)(NQ] ™ (v). The inset shows the isomer shift
difference Ad, between high and low spin complexes in a similar ligand
environment at a given common oxidation state™(FE€", or Fd').

that contains two octahedral high-spin ferric iong@Fe) and
exhibits in frozen toluene solution at24.K a Mossbauer
spectrum consisting of a symmetrical doublet with isomer shift
and quadrupole splitting of = 0.66 mm s* and AEq = 1.40
mm st (' = 0.15 mm s%). This isomer shift corresponds
exactly to the value reported for the peroxodiferric intermediate
of methane monooxygena$tSince the oxidation level of the
O," bridge is unequivocally peroxide (&), the assignment
of a+IIl oxidation state for both iron ions is also unequivocal.
The Fe-Operoxo bond is relatively short and displays covalent

character. It resembles in this respect the situation in nitrosyliron

or nitridoiron complexes.

In the following we attempt to correlate in a more general
fashion M@sbauer isomer shifts with formal oxidation states
of a given iron ion or, more to the point, with thé dlectron
configuration of the central iron ion in a series of structurally
very similar, preferably octahedral, complexes. In Figure 12 we
have plotted the isomer shifts (at 4.2 K) of thregh-spin
configured complexes, nametis-[(cyclam)Fé (N3),] (S= 2),1°
cis[(cyclam)Fd' (N3),] ™ (S = ), and [ExN][Fe'VCl(i*-
MAC*)] (S = 2)%° which we labela, b, andc, respectively.
Ha[#*MAC*] is the tetradentate ligand 1,3,8,11-tetraaza-13,13-

diethyl-2,2,5,5,7,7,10,10-octamethyl-3,6,9,12,14-pentaoxocy-

clotetradecane which is coordinated to af’Fen very much

J. Am. Chem. Soc., Vol. 122, No. 18, 2001863

(N3)]* (S = 3/5)'® which are labeled, e, andh in Figure 12.
The oxidation state-1V is attained in two isomers of [(cyclam)-
(N3)Fe"'=N=F&" (N3) (cyclam)E" with either an§ =3, 0r §

= 1/, ground state. Both give rise to two quadrupole doublets
(F€" (S= 3, or Y,) and F& (S= 1)) for each complex; the
isomer shift of both P¥ (S = 1) ions in the two isomers is
nearly identical (label§ andg in Figure 12). Again the isomer
shift increases linearly with decreasing oxidation nuniber.
Interestingly, the change of isomer shift per one-electron change
of d" configuration is significantly smaller (only 0.19 mm%
than that for the above high-spin complexes. Note that all low-
spin complexes considered here have an octahedrak FeN
coordination polyhedron; three contain the strardpnor ligand
nitride which is bound to high-valent iron in a quite covalent
fashior® but the other two do not.

Closer inspection of the two straight lines in Figure 12 reveals
an interesting facet of this analysis. From the plot we can
immediately see that a high-spifow-spin crossover affects
the isomer shift in a different fashion for each oxidation state
(see the inset in Figure 12). A very large positié (high-
low spin) of ~0.6 mm s is observed for ferrous complexes;
for ferric complexes this difference is still positive but smaller
at +0.2 mm s, on going to F& this difference becomes
negatve, —0.2 mm s. Thus high-spin P¥ complexes have a
smaller isomer shift than their low-spin counterparts, and for
Fe'' and Fé¢ high- and low-spin species it is the other way
around.

Up to this point the above analysis should not be controver-
sial. Obviously, the conclusions drawn rely heavily on the
structural (and electronic) similarity of complexes chosen to
generate a “series”. We do not claim that these correlations hold
for all iron complexes, e.g. [Fe(C)¥ /4~ complexes do not
fit into the picture. Nevertheless, the concept has heuristic value
as we attempt to show now.

{Fe—NO}’ (S = %,). The complex [LFe(NO)(M),] has
played a role model for nitrosyl iron complexes of the type—
NGO}’ (S = 2/,). In-depth spectroscopic investigatidhsind
calculationg'? have led to the conclusion that it can be best
described as a high-spin ferric ion coupled to a NS = 1)
yielding the observe8= 3/, ground state. At 4.2 K this complex
has an isomer shift 6f-0.61 mm s®. Adding this data point to
the plot in Figure 12 (labelet) immediately shows that the
isomer shift falls very close to the linear correlationapfb,
andc if an oxidation state oft-1ll is assumed. In principle, the
measured isomer shift could also be achieved by a low-spin
ferrous ion § = 0) using correlatiord, e, f, g, andh but this
necessitates the description of ffee—NO}7 (S= %/,) species
as Féd (S= 0) coordinated to an NOradical which must then
possess arS = 3, configuration. This is of course not
acceptable. Thus Msbauer and Fe K-edge energy X-ray
absorption spectroscopy (XAS) are fully in accord with a

like cyclam except that the four nitrogen donor atoms are amidessqrmalism where a high-spin ferric ion is antiferromagnetically

rather than amines in cyclam. The monoanionic complex is five-
coordinate (FebCl). These three complexes are for all our
purposes considered to be “isostructural”. Their isomer shifts
increase linearly with decreasing configuration d, o5, d*. In
other words, a constant shift of the isomer shift of 0.57 mn s
per one-electron change is observed for this series.

In a second series we correlate, as above, knlmmaspin
iron complexes?® trans[(cyclam)Fé (N3)2] (S = 0), trans
[(cyclam)Fe!'(N3)2] ™ (S = %,),15 and trans[(cyclam)Fe/(N)-

(49) Liu, K. E.; Valentine, A. M.; Qiu, D.; Edmonson, D. E.; Appelman,
E. H.; Spiro, T. G.; Lippard, S. J. Am. Chem. So0d.995 117, 4997. (b)

Liu, K. E.; Valentine, A. M.; Wang, D.; Huynh, B. H.; Edmonson, D. E;
Salifoglou, A.; Lippard, S. JJ. Am. Chem. Sod.995 117, 10174.

coupled to an NO (S= 1) ligand. Exactly the same arguments
hold for cis-[(cyclam)Fe(NO)I]I (data pointi in Figure 12) and
for all {Fe-NO}7 (S = 3/,) species including the nitrosyl
derivatives of non-heme proteins listed in Table 1.

{Fe—NO}7 (S = 1/,). For complexl the isomer shift at 4.2
K has been determined to be 0.27 mm.sThe trans-cyclam
ligand in octahedral ferric or ferrous complexes enforces in
general a low-spin configuration. Recently a few cases have
been reported where this trans configuration also stabilizes an

(50) Jistel, T.; Miler, M.; Weyherniller, T.; Kressl, C.; Bill, E;
Hildebrandt, P.; Lengen, M.; Grodzicki, M.; Trautwein, A. X.; Nuber, B.;
Wieghardt, K.Chem. Eur. J1999 5, 793.
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intermediate spin stat&S(= 3/,) at a ferric ion394° Using the
two correlations in Figure 12 one could expect an isomer shift
of 0.64— 0.2 (difference h.s.-l.sF ~0.4 mm s for 1, if we
assume a high-spin ferric ion adopting a low-spin electron
configuration § = ;). Clearly, data point is off the line
defined byd, e, f, g, andh, but not far. As pointed out above,
the description ofl as low-spin ferric § = 1/,) antiferromag-
netically coupled to NO (S= 1 or 0) is not compatible with
the applied-field Mssbauer spectra, but the description with
an intermediate spin ferric iorS(= %/;) antiferromagnetically
coupled to an NO (S= 1) ligand is.

Hauser et al.

{Fe—NO}8 (S = 0). All diamagnetic complexes of this
electronic structure reported to date are five-coordinate (trigonal
bipyramidal) and possess a linear-#¢O moiety. The co-
ligands are invariably strong-acceptors such as phosphines
and phospited*27 Their »(NO) stretching frequencies are
usually observed in the range 173020 cntl. This class of
complexes represents the least well characterized with regard
to their electronic structure. Most authors imply a description
involving a low-spin ferrous ion§= 0) coordinated to an NO
(S=0!). As we have shown for [Fe(NO)(P(QBs)3)4]BPhy,2*
this {Fe—NO} 8 (S= 0) species possesses a very small isomer

Pure intermediate spin, five-coordinated complexes containing shift of —0.02 mm s! at 80 K. We have argued above that

an Fd'N4X coordination polyhedron have been reported to have
isomer shifts of, for example, 0.48and 0.14 mm sL,2® which

is somewhat smaller than the isomer shift of low-spin ferric
complexes at~0.3 mm s1. We have showi? that the dinuclear
complex [frans(cyclam}{ Fe" (u-N)Fe€V}(N3)2]2" (S = o)
consists of an octahedral Féon (S= 1) antiferromagnetically
coupled to aroctahedralintermediate spin ferric ior§= %/,).

Its Mossbauer spectrum at 80 K displays two quadrupole
doublets with isomer shifts at 0.20 mm!dor the ferric and at
0.11 for the F& ion. The difference of isomer shifts on going
from 2 to 1 can then be calculated as 0.640.2 (difference
h.s.-l.s.)— 0.1 (difference l.s.-i.s 3 0.3 mm s1, which nicely
corresponds to the observed value foof 0.27 mm s?. This
estimate is further supported by the distinctly more negative
isomer shift of a genuineljow-spinferric {FeNG 7 (S= )
complex, namely the recently published compound [Fe(NO)-
(TC-515)]51 The iron in this system which is five-coordinate
but otherwise has rather similar ligandslashows an isomer
shift of only 0.06 mm s1. Thus M@ssbauer spectroscopy gives

such species are probably best described 88N species
because their “innocent” low-spin ferrous counterparts display
a larger isomer shift at 0.15 mmsfor [Fe'(P(OGHs)3)sBr] ™
(S=0).

Clearly, the electronic structure of reduckchamelytrans
[(cyclam)Fe(NO)CI} (S = 0), must be very different. We do
not observe a(NO) band at~1730 cnt! and its isomer shift
has been determined to be 0.27 mm which is exactly the
same value as that far Consequently, we propose an electronic
structure invoking a low-spin ferric ior8(= /,) antiferromag-
netically coupled to the dianionic radical RO(S = %,). We
expect the FeNO unit to be strongly benio(FeNO)~ 110-
13C°) and the N-O distance approaching that of a single bond
with »(NO) < 1500 cnT. More experimental spectroscopic data
(Mdéssbauer and EXAFS) are called for on this interesting class
of compounds; the above interpretation is admittedly speculative
and rests entirely on the validity of the correlations in Figure
12.

{Fe—NO}® (S = 0). Octahedral diamagnetifFe—NO}®

a reasonable indication of the nature of the electronic structurecomplexes are structurally well characterized, the earliest

of 1 as intermediate spin ferriSE ¥5,) antiferromagnetically
coupled to NO (S=1).

Recently, the Mesbauer spectra of two distinctly different
crystalline forms of [Fe(TpivPP)(NO)(NJ] ~, a six-coordinate
porphinato complex of Fe—=NO}7 (S = /) type, have been
reported?which display distinctly different isomer shifts at 0.28
mm s (4.2 K) for form 1 and 0.35 mm= (4.2 K) for form
2. Applied-field Mtssbauer spectra for these two forms have
not been reported. It is tempting to assign the following
electronic structures using the correlation in Figure 12: form
1, intermediate-spin ferricg= 3,) coupled antiferromagneti-
cally to NO~ (S= 1), and form 2, low-spin ferric§ = /,)
coupled to NO (S = 1). The authors have pointed out the

examples beingcis-[Fe(NO)(SCN(CzHs)2)2(NO2)]*® which
exhibits av(NO) band at 1835 cmt and [Fe(ttp)(NO)(HO)]-
ClO42 with av(NO) band at 1937 cri (see also ref 21). The
oxidized form of1, namelytrans-[(cyclam)Fe(NO)CR*+ (S=

0), and [LFe(NO)(ONO)(NQ)]* fit well into this series. Their
small isomer shifts clearly indicate to us that the one-electron
oxidation ofl is metal-centered in nature. These isomer shifts
are in perfect agreement with other octahedrdt K& = 1)
species such as the 'Fdons in [(cyclam)(N)Fe!'=N=F¢V-
(cyclam)(Ny)]2+ (S = 3/, or /5,) for which an isomer shift of
0.11 mm s! has been determiné8On the basis of Figure 12
we can assign the following electronic structures to{the—
NO} 8 species: a low-spin Fe(S= 1) ion antiferromagnetically

similarity of the spectra of these model complexes to those coupled to an NO (S= 1) ligand. This has also been suggested

measured for NO-bound hemes, e.g. g@ffeeme in diheme
cytochromecd; nitrite reductas® and siroheme in the hemo-
protein subunit oE. coli sulfite reductasé?

by Gerbeleu et & for five-coordinate [Fe(HL)(NO)](NG) with
an isomer shift of+0.04 mm s? at 80 K.

It appears that this model is also supported by the spin-densityConclusion

distribution on the FeNO fragment which was determined for
nitrosylated hemes(= 1/,). Whereas the most sophisticated
DFT calculation® still do not yield a very illustrative picture

in this respect, the experimental data derived from EPR
measurement$®’ indicate that nearly 30% of the spin-density
resides on the NO ligand in these complexes.
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In this study we have shown that ™&bauer spectroscopy is
a very useful spectroscopic tool for the elucidation of the actual
electronic structure of a series of nitrosyliron complexes of the
type {Fe—NO} 6758 In particular, the isomer shift}, is a very
sensitive parameter for the assignment of oxidation states of
the iron ions (and, indirectly, of the nitrosyl ligand). We have
shown that a consistent interpretation can be achieved by using
an ionic bonding model for these complexes with defined metal
oxidation states: Fé& (low- and intermediate-spin electron
configuration 8= 1/, and?,), respectively, antiferromagneti-
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cally coupled to an NO (S= 1) or high-spin F& (S = 5) Supporting Information Available: Tables of crystal-
antiferro_magnetically_ coupled to an N@S= 1)) and F& (S lographic and structure refinement data, atom coordinates, bond
= 1) antiferromagnetically coupled to NQS= 1). Fortrans- lengths and angles, anisotropic thermal parameters, and calcu-

[(cyclam)Fe(NO)CH, an{Fe—-NO}® (S= 0) species, we arrive  |ated positional parameters of H atoms for compleeand

at the conclusion that a low-spin ferric iors (= /) is [L'Fe(NO)(ONO)(NQ)J(CIO
. ) . 4) (PDF) and an X-ray crystal-
antiferromagnetically coupled to an RO(S = %2) fon. Our 1,0 hhic 'file in CIF format. Figures S1, S2, S3, and S4

results are in excellent agreement with those of Solomon et aI.di laving variable-temoerature. variable-field maanetization
for all {Fe—NO}7 (S = 3/,) species where the high-spin ferric splaying variable-lemperature, variable-ie agnetizatio

(S= 5,) electron configuration has been independently estab- CUrves of [LFe(NO)(N)]; variable-temperature zero-field és-
lished by Fe K-edge XAS, magnetic circular dichroism, Pauer spectra of [LFe(NO)@)¢], 2, [L'Fe(NO)(ONO)(NQ)]-
resonance Raman, EPR, and $dbauer spectroscopy? (ClOy), [Fe' (P(OGHs)3)sBr](ClO4), and [Fe(NO)(P(O@Hs)s)4]-
BPhy, and applied field Mesbauer spectra at 4.2 K vhns
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