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Abstract: Current theoretical and experimental evidence points toward X = N as the identity of the interstitial
atom in the [MoFe;Sg¢X] core of the iron—molybdenum cofactor cluster of nitrogenase. This atom functions
with ue bridging multiplicity to six iron atoms and, if it is nitrogen as nitride, raises a question as to the
existence of a family of molecular iron nitrides of higher nuclearity than known dinuclear Fe''V species
with linear [Fe—N—Fe]°"4* bridges. This matter has been initially examined by variation of reactant
stoichiometry in the self-assembly systems [FeX4]*"/(Me3Sn)sN (X = CI~, Br~) in acetonitrile. A 2:1 mol
ratio affords [FesN2Clio]*~ (1), isolated as the Et;N*salt (72%). This cluster has idealized C,, symmetry
with a planar antiferromagnetically coupled [Fe"4(us-N),]®* core containing an Fe;N, rhombus to which are
attached two FeCls units. DFT calculations have been performed to determine the dominant magnetic
exchange pathway. An 11:8 mol ratio leads to [Fe1oNsCli2]>~ (3) as the Et4N™ salt (37%). The cluster
possesses idealized D,, symmetry and is built of 15 edge- and vertex-shared rhomboids involving two
us-N and six us-N bridging atoms, and incorporates two of the core units of 1. Four FeN.Cl, and four FeNs-
Cl sites are tetrahedral and two FeNs sites are trigonal pyramidal. The cluster is mixed-valence (9Fe'" +
Fe); a discrete FeV site was not detected by crystallography or Méssbauer spectroscopy. The corresponding
clusters [FesN2Brig]*~ and [FeioNgBrio]°~ are isostructural with 1 and 3, respectively. Future research is
directed toward defining the scope of the family of molecular iron nitrides.

Introduction properties. 11 Nitrogen (as nitride) is located at the center of

The discovery of a light interstitial atom X (carbon, nitrogen, " F& tlrigonal prism with an average F&\ bond distance of
or oxygen) in the irormolybdenum cofactor (FeMoco) of 2:00 A Among the questions raised by the putatlvg interstitial
nitrogenase by high-resolution X-ray diffractfonecessitates nitrogen atom in the context pf c.hem|cal syntheS|§ are these.
a reexamination of certain properties of the cofactor so that the D0€s the atom exert an organlzatfnal_or template influence on
function of this atom may be ascertained. For example, possiblet® course of cluster assembly? Given theN-eofactor
biosynthetic pathways to FeMoco must be reformuldtéand fragment, can there exist a family of molecular iron-nitride
methods for the (as yet unrealized) chemical synthésithe clusters, and if so, can they be prepared by self-assembly, or
[MoFer(ua-Sk(uz-S)(ue-X)] cofactor core must be approached e other approaches necessary? Because the probable oxidation
. . . i i 6
in new ways. Analysis of the electronic parameters of the States in the resting state of FeMoco are fikFe*3Fe’],°
cofactor in three oxidation states indicates that the interstitial ("€ molecules of interest would include those with oxidation

. . . . L. 2
atom is present in all of them and that the likely identity is X State Fe=m.. _ _
= N > C > 05 Additional studies using density functional Molecular iron nitrides in the mid- to high-valent range are
theory concur with nitrogen being the most probable interstitial uncommon. The situation at the outset of this work is sum-

atom and address the influence of this atom on cofactor Marized in Figure 1, which illustrates two molecular types.
Terminal F&=N species have been detected spectros-

! Harvard University. copically2-15 Two variants of dinuclear bridged species with
* Carnegie Mellon University.
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L act asu» or us bridges in species whose highest nuclearity is
Nr“FI;w four. These clusters appear to follow a pattern of increasing
N oxidation state and nuclearity with increasing nitrogen atom
L basicity. The most basic ligand (B{#") has been found to form
a multiple iron-nitrogen bond® The question arises as to
Ng Ny whether iron-nitride clusters can be formed in self-assembly
<-30°C hv or A . reactions or whether multiple bond formation will intervene,
TPP hy Pc possibly favoring species no larger than dinuclear. The present
cyclam cyclam investigation was undertaken to address the issue of the existence
_I of a family of molecular iron-nitride clusters of higher nuclearity
N and, ultimately, to ascertain whether their features would be
?lﬁ;f':”l;;m;.l advantageous in the interpretation of cofactor structural and
NE__ N electronic properties. Herein we present the first two structural
types within the iron-nitride cluster series together with informa-
tion on their ground-state electronic structures.
terminal FeV linear Fe'V-N-Fe'l

Fe'V-N-Fe!V

Figure 1. Summary of the two types of molecular iron nitrides known
prior to this investigation. As indicated, the large majority were supported
by tetraazamacrocyclic ligands (cyclamnl,4,8,11-tetraazacyclotetradecane,
TPP = tetraphenylporphyrinaté(), Pc= phthalocyaninaté().

Experimental Section

Preparation of Compounds.All procedures were carried out under
a pure dinitrogen atmosphere using standard Schlenk techniques or an
inert atmosphere box. All solvents were distilled, deoxygenated, and
stored over molecular sieves prior to use. Ether and acetonitrile were
passed through an Innovative Technology solvent purification system.

FéV]5t (S= 0) have been prepared and isolatéd3 All such THF was d_is_tilled from sodium benzopheno'ne ketyl. All compounds
were identified by X-ray structure determinations (Table 1). The

species contain linear bridgés,26 and the majority of mixed- ds (MSIAN® and (ESNIE W = CL Broy

valence complexes are biased toward a delocalized electronicc®™Pounds (MmN and (EiN)FeXd (X = Cl, Bry® were
- . .. prepared as described. The''Feomplexes were twice recrystallized

ground state with iron atoms equivalent by $4bauer spec- from acetonitrile

troscopy. Such complexes are typified §y-g(TPP)2N], the i

. . - EtaN)4[FesN.Cl1o]. Neat (MeSnkN (0.26 g, 0.52 | dded

first molecular iron nitride prepareld.We note also the recent (EtaN)i{FeN:Clug. Neat (MeSniN (0.26 g mmol) was aclde

. P ” it to a solution of (EMN)[FeCl] (0.35 g, 1.07 mmol) in 11 mL of
report of a terminal =N complex and a dinuclear Fe acetonitrile, resulting in an immediate color change from pale yellow

nonlinear bridged nitride, both of which have phosphine g plack. The solution was stirred for 2 min and allowed to stand for
ligands?”-28While high-nuclearity iron carbonyls with interstitial 12 h. After the addition of THF (35 mL), black-orange crystals
nitrogen atoms, including [R&:-N)(CO)12]*~,2° [Fes(us-N)- deposited over 5 h. The crystals were collected, washed with successive
(CON4* 3 and [Fe(us-N)(CO) )3~ ,32 are well-established, no  aliquots of THF (3x 10 mL) and ether (2 10 mL), and dried in
mid- to high-valent iron nitrides with a nuclearity exceeding vacuo to give 0.21 g (72%) of product. Absorption spectrum (aceto-
two have been reported. Thus far, the most closely related family Nitrile): Amax (em) 292 (30800), 320 (sh, 27500), 540 (sh, 1870), 640
of Fe!/Fe!" clusters are derived from the generalized anions ngql-l%:o)é 15111_(73'0)7' fg_zéfhéfi?. 2’: f;g'z'-cﬁlcfigﬂfﬁﬁﬂ e

1— =R 3—37 — = t) 38—40 i 6- ’ L4, M, 140, ’ . ’ ’ . y Ny 1 . . ,
RN (R= RS, RePJ#7and RN~ (R = Ar, Bu)®Owhich % & " 0 8l 31.54: Fe, 1973 N, 7.37.

(EtaN)a[FesN2Brig. Neat (MeSnkiN (0.040 g, 0.079 mmol) was
added to a solution of (E)[FeBr] (0.090 g, 0.18 mmol) in 3 mL of
acetonitrile, resulting in an immediate color change from dark orange
to black. The solution was stirred for 30 min and allowed to stand for
8 h. After the addition of THF (25 mL), black, platelike crystals
separated over 12 h. The crystals were collected, washed with successive
aliquots of THF (3x 5 mL) and ether (2« 5 mL), and dried in vacuo
to afford 0.037 g (58%) of product. Absorption spectrum (acetoni-
trile): Amax (em) 253 (27000), 266 (sh, 26000), 314 (sh, 23000), 346
(25000), 460 (sh, 6900), 560 (sh, 2100) 665 (sh, 1240), 805 (800) nm.

oxidation states [Fé—N—Fe']** (S = 3/,) and [F&'—N—
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Table 1. Crystallographic Data? for Iron-Nitride Clusters?

(ELN),[1] (EtaN),[1]-2MeCN (EtN)4[2] (EuN)s[3]-2MeCN (EtaN)s[4]
formula GaoHgoClioFesNg CagHgeClioFesNg CaoHgoBrigFesNg CusH106Cl1oFeroN15 CaoH10Bri2FeioN13
cryst. syst. monoclinic monoclinic triclinic orthorhombic orthorhombic
fw 1126.92 1209.03 1571.52 1826.31 2260.25
space group P2:/n P2i/c P1 Aba2 Cmcm
a, 13.513(3) 10.064(5) 11.502(3) 43.52(2) 11.514(3)

b, A 12.731(3) 12.042(6) 11.882(3) 23.303(8) 25.738(5)
c, A 16.728(4) 24.16(1) 12.206(3) 15.201(5) 25.254(5)
o, deg 90 90 108.305(5) 90 90

B, deg 111.403(4) 90.52(1) 103.908(5) 90 90

y, deg 90 90 107.892(5) 90 90

v, A3 2679(1) 2928(2) 1398.5(6) 15417(9) 7484(3)

Z 2 2 1 8 4

Pcale, glc? 1.397 1.371 1.866 1.574 2.006

260 range, deg 4.14 t0 56.56 3.38t0 56.64 3.781052.74 1.881057.78 3.16 t0 52.92
GOF F?) 1.051 0.999 1.033 1.025 1.021
Ri¢/WR9% 3.25/7.20 3.60/7.84 2.38/5.21 4.16/9.15 6.27/15.43

a Collected using graphite monochromated Mg fédiation ¢ = 0.71073 A) afT = 193 K. P Designation of clusters: [EN2Clig]4~ (1), [FeN2Brig4~
(2), [FeroNgCliz® (3), [FeroNgBriz]®~ (4). Ry = 3[IFol — Fell/ZIFol. *WRe = { 3 [W(Fo? — F)3 [W(F?)7} 2

(EtaN)s[Fe1oNsCl1Z]. Neat (MgSnkN (0.56 g, 1.11 mmol) was added  and broken-symmetry (BS) states were obtained by single-point
to a solution of (EiN)[FeCL] (0.50 g, 1.53 mmol) in 4 mL of calculations, using tight convergence criteria. The DFT calculations
acetonitrile. The black solution was stirred for 30 s and allowed to for the ferromagnetic state (spin multiplicity parameterll) were
stand for 12-15 h during which black crystals precipitated. The crystals conventional and used the default guess. To obtain BS solutions, we
were collected, washed with successive aliquots of THE (8 mL) initiated SCF procedures with carefully prepared guess wave functions,
and ether (2x 5 mL), and dried in vacuo to afford 0.089 g (37%) of in which five a electrons were assigned to 3d-type orbitals localized
product. Absorption spectrum (acetonitril&)nax (em) 250 (sh, 63000) at Fe() and fivef electrons to 3d-type orbitals localized at ffethe
nm. Anal. Calcd for GoH10oClioFeoN1s: C, 27.49; H, 5.77; Cl, 24.35; remaining electrons were kept in the original default guess orbitals.
Fe, 31.96, N, 10.42. Found: C, 27.15; H, 5.65; Cl, 24.06; Fe, 31.78; The total number ofx electrons was taken equal to the total number
N, 10.24. of § electrons by setting the spin multiplicity parameter equal to 1.

(EtsN)s[FeidNgBr12]. Neat (MeSn)N (0.34 g, 0.68 mmol) was added  The spin-unrestricted version, UB3LYP, of the adopted functional was
to a solution of (EMN)[FeBr] (0.25 g, 0.50 mmol) in 3 mL of used. The Nosymm option of the SCF keyword was activated to enable
acetonitrile, causing a color change from dark orange to green-black. breaking of the orbital symmetry. The localized 3d-type orbitals for
The reaction mixture was allowed to stand for-1I5 h, during which the BS calculations were constructed by performing unitary localization
black, rectangular plate-shaped crystals deposited. The crystals wergransformations on default guess orbitals of intermel@;—d(j) type.
collected, washed with successive aliquots of THFx(3 mL) and The localization of the resulting orbitals was verified graphically with
ether (3x 5 mL), and dried in vacuo to yield 0.043 g (35%) of product. = GaussView, the visualization software of Gaussian, Inc. The Mulliken
Absorption spectrum (acetonitrile}max (em) 300 (58000) nm. spin populations are typically-4.0 (Fe{)), +4.0 (Fe{)) for the F

Physical MeasurementsMéssbauer spectra were recorded on two  solutions andt4.0 (Fe{)), —4.0 (Fej)) for the BS solutions, the sign
spectrometers using Janis Research Supervaritemp dewars that allowetlip being the hallmark of BS. The ideal spin populations for high-spin
studies in applied magnetic fields up to 8.0 T in the temperature range F€* dimers aret5; the deficit in the computed values is due to spin
from 1.5 to 298 K. Spectral simulations were performed using the delocalization toward the ligands. Isomer shifts were evaluated from
WMOSS software package (WEB Research, Inc., Edina, MN). Isomer the electron densities at the iron nuclei, using the calibration of
shifts are quoted relative to iron metal at 298 K. EPR spectra were Vrajmasu et af. The quadrupole splittings were calculated from the
recorded on a Bruker EPR 300 spectrometer equipped with an Oxford DFT values for the principal components of the electric field gradient
ESR 910 liquid-helium cryostat and an Oxford temperature controller. (—Vi —Vyy, —V,) at the iron nuclei using the expressiaqo = Y,eQ1
Absorption spectra were measured with a Cary Bio 50 spectrophotom-+ 7%3)Y2/,, the convention|Vi =< |V = |V4, and the nuclear
eter. quadrupole momer®(>Fe) = 0.16 barn.

DFT Calculations. Density functional calculations were performed X-ray Structure Determinations. Structures of the five compounds
with Gaussian 2003 (revision C.02)sing the functional B3LYP and in Table 1 have been determined. Suitable crystals aN)EFesN>X 1]
basis set 6-311G. The structure used for the calculations of exchange(X = CI-, Br-) and (EiN)4FesN,Clig]:2MeCN were obtained by
coupling constantsJ{ between iron atomsandj), isomer shifts §), addition of THF to the reaction mixture in acetonitrile. The solvated
and quadrupole splittingg\Eq) was obtained by geometry optimization  and unsolvated salts of [R,Cl;]*~ cannot be reliably distinguished
of the Co, symmetrized structure of [EW,Clig]*~ in which the Fe- by morphology. Crystals of (E¥)s[Fei1oNgCli2]-2MeCN and (EiN)s-
(2,2)Cl3 moieties are in the staggered conformation and the two-fold [Fe;(NgBri,] grew directly from the reaction mixtures. Crystals were
axis is perpendicular to the Felane (Figure 3). For computational  coated with paratone-N oil and mounted on a Bruker SMART CCD
convenience the geometry optimization was performed for the state in diffractometer which was operated at 193 K. Initial lattice parameters
which the spins of the four iron atoms are aligned ferromagnetically. were obtained from a least-squares analysis of more than 50 carefully
TheJ; values were calculated in diiron systems by replacing twid Fe  centered reflections using SMART software; these parameters were
ions in the geometry-optimized structure with two3G#ons. TheJ; subsequently refined against all data using SAINT. None of the crystals
values (using the convential)S-S) were obtained by the expression  showed significant decay during data collection. Absorption corrections
J = (E(F) — E(BS)/12.5% The energiesE) for the ferromagnetic (F)  were applied using SADABS. Space group assignments were based
on systematic absencessstatistics, and successful refinement of the
(43) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb, M. structures. Structures were solved by direct methods with the aid of

A.; Cheeseman, J. R., Montgomery, J. A, Jr.; vreven, T., Kudin, K- N3 o\, cassive difference Fourier maps and were refined against all data

Burant, J. C. et alGaussian 03Gaussian, Inc., Wallingford, CT, 2004. ;
(44) Noodleman, L.; Baerends, E.JJAm. Chem. Sod984 106, 2316-2327. using the SHELXTL 5.0 package. Thermal parameters for all non-
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hydrogen atoms were refined anisotropically. Hydrogen atoms were [FeX]" + N(SnMes);
placed at idealized positions and were refined isotropically. Three of
the five cations in the crystal structure of {N}s[Fei;oNgBriz] gave
evidence of disorder and were modeled accordingly; thermal parameters
of the disordered carbon and nitrogen atoms were refined anisotropi-
cally. Crystal parameters and final agreement factors are contained in

Table 1% Also isolated were black platelike crystals of fRJ[Fe:N,- X X | , );-E X . s
Clyq] in triclinic space grougP1 with a = 11.278 A,b = 11.609(4) A, 4 Xh'pe/N!..FfeJN-Fé‘-‘x
¢ = 11.952(4) A, = 107.71(3}, B = 103.56(2), andy = 107.50- AN LT |
(2)°. The structure of the cluster was the same as that in the monoclinic X3FE-N\FE/N-F6X3 T—FrTN‘F]e-T
form. f .Fe""NLquI'IN"'Feu

In the sections that follow, clusters are designdted as in Table X X X‘ﬁ X Ff X
1. X
Results and Discussion [FeaNzXol" [Fe1oNgX12)®

X =CI, Br

Synthesis of Clusters.In the synthesis of metal-nitride ) ) N _
o — Figure 2. Synthesis of the clusters [[:;X 1]~ and [FaoNsX17]®>~ (X =
complexes, sources of nitride include BJfll;~, NO, and much CI-, Br-). The molar ratios [FeX*:N(SnMe); are indicated.

less frequently, (MgSi)sN.*647In seeking other nitride-transfer
reagents more suitable for the goal at hand, the compounds+ FéV) penta-anion. Reaction 2 is suggested as the overall
(MesE)N (E = Si, Ge, Sn) were particularly attractive. One  stoichiometry for the formation a3, isolated in 37% yield.
example of their utility is the reaction of (M8i)sN with WClg
to form [Wa(u2-N)Clg] or [WNCI3] and MgSiCl#8 Given the 11[FeC}]* + 8(Me,Sn);N —
bond dissociation energy trend-SX > Ge—X > Sn—X at 5— o _
constant X451 and the bond energy differences {$i] — [FeroNgClipl™ + 24Me;SnCl+ [FeCl™ +4Cl (2)
[Sn—N] ~ 15—20 kcal/mol, stannylamines are potentially more
reactive as nitride sources. We were cognizant of the reporte
cleavage of SN bonds of (MgSn)N and other stannylamines
by metal-halide complexef§;52-56 with formation of molecular
metal nitrides in several cases. Accordingly, g8esN was
employed in this investigation as the nitride-transfer reagen
The synthetic schemes leading to two molecular iron nitrides
are depicted in Figure 2; clusters were isolated as blagk™Et
salts. The compound (M8n)N undergoes a rapid reaction wit
[FeCL]*™ when combined in a 2:1 mol ratio in acetonitrile
solution. The initial light yellow solution immediately changes

dA possible scenario is initial formation of [ENgCli]®~
followed by one-electron oxidation & The two clusters can
be distinguished by their U¥Vvisible spectra (Experimental
Section), and both obey Beer’s law in acetonitrile. In solution,
t these clusters are extremely sensitive to trace amounts of water.
Based on absorption spectra, clusterremains intact in
acetonitrile after 24 h. Decomposition does not exce&éb in
h 24 h; after 72 h~75% of the cluster remained.

Bromide cluster® (58%) and4 (35%), isostructural witti
and3, respectively, were prepared by analogous methods. They
to black. When the reaction is monitored #y NMR, all the appear to be less stable in solution than the chloride clusters
stannylamine is consumed after about 15 min, and at the &1d @pparently decompose through a redox process. Crystals
completion of the reaction the only tin-containing product ©F (EuN)AFeBu], identified by isomorphism with (BN).-
detected is MeSnCl. Reaction 1 describes the formation of LMNBral,°” were isolated from a solution @in acetonitrile for

tetranuclear F& clusterl, obtained in 72% vyield. 24 h, together with an unidentified black powder, upon
introduction of ether or THF by vapor diffusion.

4[FeCL,]1_ + 2(Me,Sn)N — Cluster Structures. The stru_ctures of the Y™ salts of
_— clustersl—4 have been determined. Structureslaind 3 are
[Fe,N,Clyg™ + 6Me,SnCl (1) shown in Figures 3 and 4, respectively. Selected metric data
are collected in Tables 2 and 3. Discussion is limited to the
chloride clusters; their bromide analogueand4 are isostruc-
tural with near isometric cores.
(@) [FesNoClyg)*~. The dimensions of clustet are nearly
identical in the solvated and unsolvated crystals, and centrosym-

Further clusters were sought by varying the mol ratio of the
reactants. After some experimentation, an 11:8 ratio was found
to afford the decanuclear clustgas the mixed-valence (9ite

(45) See paragraph at the end of this article for Supporting Information available.

(46) EZeGhnicke, K.; Stiale, J.Angew. Chem., Int. Ed. Engl981 20, 413~ metry is imposed in both. Metric data (Table 2) refer to the

(47) Dehnicke, K.; Stiale, J.Angew. Chem., Int. Ed. EngL992 31, 955 unsolvated form. The [&N2]°" core contains an Fe(us-

(48) S257c§)3demeyer T.; Berg, A.; Gross, H.-D.;"Mar, U.; Dehnicke, K.Z N)2 core rhombus with FeN = 1.879(2) A, Fe--Fe= 2.6110-
Naturforsch.ﬁ.géé 400, j99é1004: T o T (6) A, N—Fe—N = 9195(6), and Fe-N—Fe= 8805(6y Each

(49) nggzy,ggd; ZTf_n%Séamam, D. R.; Wilante, . Mol. Struct. (THEOCHEM) iron atom is terminally coordinated by two chlorides, and each

(50) Basch, Hinorg. Chim. Actal99§ 252, 265-279. nitrogen atom is bonded by one Fe@Ghit (Figure 3). The B,

(51) Luo, Y.-R.Handbook of Bond Dissociation Energies in Organic Com- i i
pounds CRC Press. New York, 2003. op 28200, core closely approaches planarity. Small displacements of N

(52) Dilworth, J. R.; Hanich, J.; Krestel, M.; Beck, J.; $ti& J.J. Organomet. and Fe atoms from the Fe1N1Fe2 (0.05 A) and rhombus (0.12
Chem.1986 315 C9-C12. i H H i
(53) Plenio, H.; Roesky, H. W.; Noltemeyer, M.; Sheldrick, G.Ahgew. Chem., A) planes, reSpQCtlvely’ |mpart a _d|stor_ted t_”gonal . plane
Int. Ed. Engl.198§ 27, 1330-1331. geometry to the nitrogen atoms. The iron sites display distorted
54 fgsla’zYzﬁsoeeoS?&,égé W.; Schmidt, H.-G.; Noltemeyer, Kl.Naturforsch. tetrahedral stereochemistry with the principal distortion being
(55) Decker, A.; Fenske, D.; Maczek, Angew. Chem., Int. Ed. Endl996
35, 2863-2866. (57) Cotton, F. A.; Daniels, L. M.; Huang, horg. Chem.2001, 40, 3576~
(56) Reiss, P.; Fenske, . Anorg. Allg. Chem200Q 626, 1317-1331. 3578.

J. AM. CHEM. SOC. = VOL. 127, NO. 35, 2005 12381



ARTICLES Bennett et al.

[Fe N_CI n]d.- Table 2. Selected Interatomic Distances (A) and Angles (deg) of
4 "2 the [FesN2X10]*~ (X = CI, Br) Anion
(EtaN)[1] (EtN)4[1]-2MeCN (EtaN)[2]

Fel-N2 1.879(2) 1.88(1) 1.874(2)

Fe2-N 1.755(2) 1.758(2) 1.753(2)

Fel-Fel 2.6110(6) 2.624(1) 2.6088(9)

N1-Fe-NI'  91.95(6) 91.65(8) 91.86(9)

Fel-N1—Fel 88.05(6) 88.35(8) 88.14(9)

Fe2-N1—-Fel 140.62(9) 139.1(1) 135.8(1)

Fe2-N1-Fel 131.06(8) 132.0(1) 134.7(1)

Fel-X2 2.2434(2) 2.2594(7) 2.393(6)

Fe2-X2 2.274(5) 2.268(9) 2.411(6)

X—Fel-N 112.65(5)-116.67(5) 112.90(6)116.04(6) 113.69(A)114.77(8)
114(2) 114(1y 114.1(4%

X—Fe2-N 110.82(6)-113.89(5) 110.45(6)112.86(6) 108.53(8)114.53(7)
112(2) 111(1y 111(3)

X—Fel-X 108.48(2) 107.18(4) 107.92(2)

X—Fe2-X  105.30(2)-107.75(2) 106.06(4)109.45(3) 106.45(2)109.58(2)
107(1) 107(2y 108(2)

Fe2-Xxb 110 7 74

do(N1) —0.052 0.075 -0.12

dn(Fe2y 0.12 0.17 0.27

aMean valuesP Dihedral angle between the [Fel,N1,Aetiombic plane
and the [X,Fe2,FeRleast-squares fitted plane which approaches perpen-
dicular. ¢ Perpendicular displacement of N1 from [Fel,Fe2)Felane.
d Perpendicular displacement of Fe2 from theNkeplane. Symmetry
equivalents are denoted by primed atoms.

(b) [Fe1oNgCl12]5~. The composition and structure of cluster
3lead to the mixed-valence core formulation'[BGEEY (u3-N),-
(ua-N)g]”*. Cluster 3 has no crystallographically imposed
symmetry but approaches idealizBg, symmetry (Figure 4),
in which case six core atoms (e.g., in the set FelFe2Fe5N1N3N4)
are unique. Inspection of the structure reveals three types of
nitride-bridging interactions. Atoms N(3,6) bridge in a T-shape
(u3-NT1), N(1,2,7,8) assume trigonal pyramidal bridge stereo-
Figure 3. Structure of [FeN,Clig]*~ from the side (upper) and down the  chemistry [is-Ny), and N(4,5) adopt a butterfly arrangement
ideal!zedCz axis (Iowgr) showing 50% probability ellipsoids and the atom- (us-Nyr). To provide an economical description, bond distances
Iabelmg' sphem(_a. Primed and unprlrzu_ad'atoms are related by a crystal-are averaged, and bond angles are collected under this symmetry
lographic inversion center. [E&2Brig*" is isostructural (not shown). !

(Table 3), which represents a good approximation except for
the restricted N-Fe—-N angle of the rhombusc@ 92°). The four angles in the N3Fe5-N4 set. These and other structural
FexN2 portion of the cluster approaches idealif®gl symmetry.  elements are referred to by a member of a symmetrically
However, the displacements of Fe(2,above and below the  equivalent set. The structure consists of 15 fusefFdistorted
rhombus plane lowers the symmetry@a,, and the inequiva-  rhomboids (hereafter, for simplicity, rhomboids). Four rhom-
lence of the angles FeN1-Fel/Fel further reduces the  poids (FeIN1Fe5N3) share two edges each at the exterior of
symmetry toCi. As viewed down the Fe2N1-N1'-Fe2 the structure. The iron atoms occur in FeNt)(ua-Ny)Cla
vector, the chloride ligands are in a staggered conformation. distorted tetrahedral sites. These rhomboids are conjoined by
The Fe-Cl distances inl (2.24-2.27 A) are longer than in  the twous-Nt atoms and Fe5 and Fe6, which possess distorted
[FeCL]*~ (2.182 A)%8 This expansion is confirmed by DFT  trigonal bipyramidal Fe(s-N1)(1a-Nip)2(a-Npr)2 coordination.
geometry optimizations for these systems and may be due togight interior rhomboids (Fe2N1Fe5N4) share three edges each.
the large negative charge of the cluster. These can be visualized as two distorted cubes sharing a

In the context of related structures and structural features, common rhomboidal face (Fe5Fe6N4N5) in which all edges
we note the two previous examples of trigonal planar nitride, are shared. The top (Fe2N1Fe3N2) and bottom faces of the
found in [CpMo3O(us-N)(SMe)]*® and the classic Défene dicube portion are rhomboids in which the iron atoms are in
complex [Ir(us-N)(SQs)s(OHz)3]*~.%° The only other cluster  distorted tetrahedral Fef-Ny)2(1a-No)Cl sites. ClusteB can
to contain the planar [MN2]®" core is [Cp%Ala(us-N)2- be visualized as an [EH4]5~ entity sandwiched by two neutral
(N(SiMe)2),].6* Planar and nonplanar [Fes-O)]®* cores are  [Fe,N,Clg] units, derived froml by removal of four chloride
found in a variety of complexé%® and present an atom |igands.

connectivity analogous to that dfand2. The data of Table 3 reveal that all rhomboids have comparable
i i i - < >
(58) Cotton, F. A.; Murillo, C. A.lnorg. Chem.1975 14, 2467-2469. me.ar.] dimensions, with FeN—Fe gqo and .N_Fe_N = 90",
(59) Sﬁollhammer, P.;Bilon, F. Y.; Talarmin, J.; Muir, K. W.J. Organomet. Individual Fe-N bond lengths occur in the interval 1-:82.04
Chem.1998 560, 245-251. ; o At ;
(60) Ciechanowicz. M.: Grifih, W. P.. Pawson, D.: Skapski, A. Chem. A. \'}'he.re is no clear |pd|cat|on frqm bond lengths of a discrete
Commun1971, 876. FeV site. The exterior rhomboids have the shorter—Re

(61) Schulz, S.; Haing, L.; Herbst-Irmer, R.; Roesky, H. W.; Sheldrick, G. i — i ;
M. Angew. Chem-. Int. EA994 33 969970 distances (e.g., FeIN3 = 1.823(7) A), resulting in the four

(62) Armstrong, W. H.; Roth, M. E.; Lippard, S. J. Am. Chem. S0d.987,
109, 6318-6326. (64) Celenligil-Cetin, R.; Staples, R. J.; Stavropoulos,|Rorg. Chem.200Q
(63) Gorun, S. M.; Lippard, S. Jnorg. Chem.1988 27, 149-156. 39, 5838-5846.
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[Fe, N.CI ]5- this work. Its occurrence in synthetic iron species is thus far

108712 confined to the low-valent carbony! cluster RECOY=]2~ and
several of its derivative®:57 If the scope is expanded to the
solid stateus-N bridges are found in phases sucheaBe;N
andy'-FeN.%8

Electronic Properties. To probe their ground-state features,
clustersl and3 have been examined by Msbauer spectroscopy
and3 by EPR spectroscopy. Spectra are shown in Figur€g 5
Mdssbauer parameters are collected in Table 4. In addition, DFT
calculations have been performed drio ascertain the major
exchange pathways.

(a) [FesNoClyg]*~. MoOssbauer spectra recorded in zero
magnetic field and in a magnetic field of 8.0 T applied parallel
to they-ray beam are shown in Figure 5. The spectrum of Figure
5A consists of two nested quadrupole doublets whose isomer
shifts are in the range commonly observed for high-sgir
5/;) Fe''. The observation that the iron sites are equivalent in
pairs is in accord with the X-ray structure. The 8.0 T spectra
recorded at 4.2, 77, 100, and 160 K were essentially identical.
The features of the 4.2 K spectrum (not shown) can be fitted
well by assuming that the cluster spin of the ground stat is
= 0. Close inspection of the data shows that the sample contains
an unknown contaminant accounting for ca. 5% of the total iron.

From the observation that the 77, 100, and 160 K high-field
spectra can be well simulated 8= 0, we infer a lower limit
for the dominant exchange coupling constant based on the
following arguments. The idealizddb, symmetry of the F&N,
portion suggests that the exchange coupling can be described
by three coupling constants. Using the numbering scheme below,
these are J J( = Jiz = Jig = oz = \]24), Jio, and Jas.
Consequently, we apply the exchange Hamiltonian in eq 3 with
S=S=5=S =" CouplingS; + S, = S1p, s + Sy =

Figure 4. Structure of [FeNgCl12]>~ from the side (upper) and down the
idealizedC; axis (lower) showing 50% probability ellipsoids at the atom- 3 4
labeling scheme. [ReNgBri2]°~ is isostructural (not shown).

ua-Nip atoms lying above (N1) or below (N7) the fielane of Sas, S12 + Szs = S with the restrictions 0< S, < 5, 0 < Sy

bonded atoms by 0.380.17 A. The planes Fe2Fe3N1N2 and <5,and|S; — Sy =< S=< S+ Sy y|e|ds the energies e of

Fe5Fe6N4NS5 are essentially perfect (atom deviatief97 A) eq 4 where the constant terrd§(S + 1) (S = %, i = 1,4)

and parallel (dihedral angles 0,50.7), as is the plane that affect all levels have been dropped.

FelFe4Fe7Fel0 (0.£D.12 A) containing the four terminal iron

atoms of the cluster and the plane N1IN2Fe5Fe6N7XB.(04 He,= I(S°S; + S°S,+ S,,5;+ S,°S) +

A) locating six interior atoms of the dicube portion. The interior J,S1°S, + 33,55°S, (3)

atoms Fe5 and Fe6 reside in distorted trigonal bipyramidal sites,

as indicated by the parameters for Fe5, especially the nearlye(SS;»S:) = Y ISSHL) + (I, — HS S+ 1) +

I|_near N1-Fe5-N7 arrangement. Because of angular deforma- (J3s— )Su(Sy+ 1)} (4)

tions and the short Fe(5Ns interaction of 1.915(4) A compared

to the mean of 2.02(2) A for the other four bonds, the site To estimate the exchange coupling constadnfls,, andJss, we

symmetry of Fe(5) i€, rather tharDsn. As would be expected,  have performed DFT calculations using the broken symmetry

the dimensions of the B, rhomboids compare rather closely  approact#6%70We have simplified the computational problem

with those of the imido-ligated cores of [£g,-NR),Cls]?~ and by substituting two G¥ for two Fet. By placing G&" into

the faces of the cubanes [ff@s-NR),Cl,]2—17:0,39.40
In all iron molecular nitride clusters, there is no reported (66) Lzag'cocoF’M'-él‘Dngar';n%'H%Upé;fl‘gmgAT %2':3_%er:ﬁlﬁ’_'ékclt?él?gng'zazsghe"i'

occurrence of @&z-N or aus-Ny atom. Theus-Nyr bridging mode 1-8.

i i 1- i U (67) Della Pergola, R.; Garlaschelli, L.; Manassero, M.; Sansoni, M.; Strumolo,
has been established in WCO):LZ] and its substitution D.; Fabrizi de Biani, F.; Zanello, Rl. Chem. Soc., Dalton Tran2001,

products?®:32.:6566The us-N structural element, of prime interest 2179-2183. N

because of its presence in FeMdcmas not encountered in ~ (68) fgf‘it;s' H.; Rechenbach, D.; Zachwieja JUAlloys Cmpds1995 227,
(69) Noodleman, LJ. Chem. Physl981, 74, 57375743.

(65) Gourdon, A.; Jeannin, Yd. Organomet. Cheni992 440, 353—366. (70) Rodriguez, J. H.; McCusker, J. B.. Chem. Phys2002 116, 6253-6270.
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Table 3. Bond Distances (A) and Angles (deg) of [Fei;oNsCli5]® under Idealized D,, Symmetry

distance/angle? n° mean/range distance/angle? nb mean/range
/A3-NT(3,6): Fe(1710)
Fel-N3 4 1.823(7) FexCl1 8 2.26(2)
Fe5-N3 2 1.91(2) FezCI3 4 2.216(5)
Fel-N3—Fe5 4 87.7(2)88.9(2) FetFe5 4 2.600(9)
Fel-N3—Fe7 2 169.3(3), 176.8(2) FeFe3 2 2.68(3)
1a-Nip(1,2,7,8% Fe2-Fe5 8 2.69(3)
Fel-N1 4 1.87(2) Fe5Fe6 1 2.757(1)
Fe2-N1 8 1.934(9) N+Fel-N3 4 97.0(2)-97.5(2)
Fe5-N1 4 2.01(2) NEFe2-N2 4 91.0(2)-93.3(1)
Fel-N1—-Fe2 8 122.2(2y147.3(2) NEFe5-N3 4 89.4(2)-90.6(1)
Fel-N1—-Fe5 4 84.2(1)87.2(2) N3-Fe5-N4 4 124.9(2)-140.7(2)
Fe2-N1—-Fe3 4 86.6(2)88.3(2) N4-Fe5-N5 2 94.1(2), 94.3(2)
ua-Npi(4,5F N1—-Fe5-N4 8 88.8(2)-91.5(1)
Fe2-N4 4 1.89(2) NtFe5-N7 2 176.5(2), 178.6(2)
Fe5-N4 4 2.03(2) Nt-Fel-Cl1 8 106.8(1)-115.7(1)
Fe2-N4—Fe5 8 85.7(2)87.9(2) NI-Fe2-CI3 8 117.1(1)-128.2(1)
Fe5-N4—Fe6 2 85.7(2), 86.3(2) CHFel-CI2 4 105.87(6)-112.22(7)
Fe2-N4—Fe8 2 170.9(3), 171.1(3)

aType included in average or range; other members of the set are symmetry-reNtedber in the sett T, T-shaped? tp, trigonal pyramidal® bf,
butterfly.

Table 4. Mossbauer Parameters of Clusters 1 and 3

site o (mm/s) AEq (mm/s) n? 0 - 42Ko00T
[FesNoClyg]4—P FeNCg 0.42(1) —2.24(3) 0.3(2) A
FeNCl» 0.41(1) +1.08(2) 0.6(3)
[FeioNsCly)°> ¢ FeNCl, 0.35(1) 1.08(% —
FeNsCld 0.36 0.64 e
FeNgd 0.32 0.34 e 2

ap = (Vix — Vyy)/Vzz P 4.2 K. €150 K. 9 Provisional values; see text.

¢y and the sign oAEq have not been determined. LS A

sites 2 and 4, sites 3 and 4, and sites 1 and 2, exchange pathways
linking sites 1 and 3, sites 1 and 2, and sites 3 and 4,
respectively, are isolated. Because of nearly identical tetrahedral
ionic radii (Fé* 0.63 A, G&* 0.61 A)/* Ga* is known to
substitute isomorphously for high-spin ¥&2 While such
substitution will have some effect on the exchange pathways
to be evaluated, we expect that they will impose no major
perturbations. The DFT results show that the changes in the 5
Mulliken charges of the critical Fé and nitrido sites, for which

the exchange pathway is evaluated, are sn¥ll.{ €). Using

the same geometry-optimized strucfidfer the three cases, we 1 T T T T T T T
obtained the antiferromagnetic coupling constdnts261 cnr?, 08 4 2 02
Jip = 140 cn}, andJz, = 29 cnTL. Although the accuracy of Velocity (mm/s)

these calculations is difficult to assess in the absence of suitablerigure 5, M6ssbauer spectra of polycrystalline fEL[FesN,Clig recorded
experimental data, the results suggest that the exchange pathwaf) in zero field at 4.2 K and (B,C) at 77 K in an applied field of 8.0 T.
described byl is dominant. The solid line in (A) is a least-squares fit to two nested doublets yielding

. . . . . . the parameters in Table 4. The solid line in (B) is a spectral simulation
With the information obtained by DFT calculations, it follows  gpiqined by assuming fast relaxation of the electron spinJandi0 cn.

from eq 4 that the diamagnetj§, S;2, Ss4, Ms[= |0, 5, 5, @ The theoretical curve in (C) was obtained by assundirg 100 cntl. A

state is the ground state and that the first excited spin multiplet J-value of 100 cm* produces at 7 K a vanishingly small internal magnetic

|11, 5, 5,MChas energyl. The magnetic hyperfine interactions field at th_e nucleus_, and the _S|m_ulat|0n is essentially indistinguishable from
. . . . . that obtained for diamagnetic sites.

of the four high-spin ferric ions are expected to be isotropic

and described bAS:1i, with Ay = A; andAs = A Whenthe  Typical A-values of high-spin ferric sites afe = —(27 to 29)

Absorption (%)

77K 80T

J=100cm’”

electronic system is in the first excited state 5, 5,ML[] these MHz, and we have usefi = —28 MHz to establish a lower
terms can be expressed&§:1; with the system spis= 1" jimjt for J from the analysis of the 8.0 T, 100 K spectrum. The
methodology of determining from spectra of spin-coupled

(71) Shannon, R. DActa Crystallogr.1976 A32 751-767. A ; . X
(72) Maelia, L. E.; Koch, S. Alnorg. Chem.1986 25, 1896-1904. clusters with a diamagnetic ground state has been described
(73) This structure was obtained by geometry optimization of the ideaized previously75'76

structure. The optimization was performed for the state in which the spins '

of the four iron atoms are aligned ferromagnetically. In our experience,

spin ordering has only a minor influence of metgand distance. (75) Kauffmann, K.; Munck, E. In Spectroscopic Methods in Bioinorganic

(74) The calculation of the Mssbauer spectra in the present case is equivalent Chemistry Solomon, E. I., Hodgson, K. O., Eds.; ACS Symposium Series
to calculating spectra for an antiferromagnetically coupled & cluster 692; American Chemical Society: Washington, DC, 1998; pp 2%
described byHexch = JSi*S, with S, = S, = ¥/, and using for the intrinsic (76) Krebs, C.; Bollinger, J. M., Jr.; Theil, E. C.; Huynh, B. #.Biol. Inorg.
A-values half the magnitude of typical high-spin ferric sites. Chem.2002 7, 863-869.
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Figure 6. X-band EPR spectrum of polycrystalline Ejs[Fe;oNsClig]
recorded at 2.2 K with 10 mT modulation at 100 kHz and 208/
microwave power. The dashed line is a spectral simulatiogfgr= 1.99,

Omia = 1.83, andymin = 1.33. To account for the broadness of the lines, the
g-values were distributed on a Gaussian witksx = 0.0896.

3(I)0 375
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Figure 7. Mossbauer spectrum of polycrystalline {Ejs[Fe;oN4Cli2]
recorded at 150 K in zero field (A). The spectrum shown in (B) was obtained
by removing the line width contribution of t#éCo(Rh) source by a Fourier
transform procedure. The solid line in (B) outlines the doublet of the;FeN
Cl, sites. The solid line in (A) is the result of a least-squares fit obtained
by assuming three doublets with a 4:4:2 area ratio, keefiligando of

the FeNClI; sites fixed to the values in (B).

To provide an indication of the sensitivity of the method, we
consider the 77 K spectrum of Figure 5B and C and show in
Figure 5B a theoretical spectrum (solid line) fbr= 40 cnTt.

It can be seen that the calculated splittings are too small,
implying that the assumed population of tBe= 1 multiplet is

too high. Correct splittings are obtained for 90 cnt? (Figure
5C); for J = 90 cntl, the spectra are essentially independent
of J and identical to those of a diamagnet. The DFT value is
consistent with the empirical inequality.

DFT calculations for geometry-optimized clusfeusing the
Con symmetric, staggered conformation with the two-fold axis
perpendicular to the Eehomb and ferromagnetic spin alignment

(77) Magnetic susceptibility measurements Jdrave not been attempted. This
approach is problematic because the small paramagnetic magnetization of

the cluster has to be evaluated in the presence of an unknown paramagnetiq81

impurity.

yield the M&ssbauer parameteds= 0.36 mm/s AEq = 1.38
mm/s, andy = 0.3 for the F&'N,Cl, site, andd = 0.36 mm/s,
AEq = —2.91 mm/s, and; = 0.5 for F&'NCI; site. For
calculation of the isomer shift, we have used the previously
established calibrati6rwhich, however, does not include any
nitrido species. In our previous work, we had estimated that
the DFT calculations should givevalues to withint0.04 mm/

s. A large negativé\Eq for a spherical F& ion, as observed
for the terminal iron atoms, indicates a sizable compilation of
ligand electrons along one of the spatial directions, here along
the Fe-N axis. While the calculated parameters do not closely
match the experimental result (Table 4; the deviations are not
atypical for DFT calculation$"9, they distinguish correctly
between the two coordination environmentslof(We show
below that the site witAEq = +1.08 mm/s corresponds to
Fe''N.Cly.)

(b) [Fe1oNsCl12)>. An X-band EPR spectrum of polycrys-
talline 3 at 2.2 K is shown in Figure 6. The shape of the EPR
spectrum of3 is very temperature sensitive. Below. &K the
spectra exhibit passage effects, especially in the central portion
of the spectra. (Decreasing our standard 100 kHz modulation
to 12.5 kHz did not improve the situation.) At > 8 K the
spectra broadened due to increased spin relaxation. The spectrum
of Figure 6 is characteristic of a = /, ground state, with
g-values afgmax = 1.99 andgmin = 1.33. The dashed line drawn
through the experimental data is a spectral simulation using the
parameters specified in the figure. Our simulations do not match
well the minimum around 400 mT. It is possible that the sample
contains a contaminant that contributes a feature aroune 370
380 mT, although saturation studies did not give any evidence
for such a contaminant. Alternatively, a nonsimulated solid-
state effect may operate. Roughlgmq = 1.81-1.86. It is
noteworthy that the spectrum of polycrystalliBextends tag
~1.33. This is reminiscent of the situation in certaid"Fe'
clusters with local high-spin states for which zero-field splittings
are comparable in magnitude with the exchange coupling
constantJ.89 The “D/J mixing” shifts g-values considerably
upfield. Above 10 K, the EPR spectrum broadens considerably,
perhaps by Orbach spin relaxation involving low-lying spin
multiplets.

The Missbauer spectrum of polycrystallir®eat 150 K is
presented in Figure 7A. At this temperature, the electronic spin
is in the fast fluctuation limit and only quadrupole doublets are
observed. To increase resolution, the line width contribution of
the C&/(Rh) source has been removed by a Fourier transform
procedure’! the resultant spectrum is shown in Figure 7B. At
least two types of iron environments can be discerned. One type,
accounting for ca. 40% of the iron, is indicated by the simulated
quadrupole doublet (solid line). Its Mebauer parameteis =
0.35 mm/s (corresponding & ~ 0.39 mm/s at 4.2 K after
correction for the second-order Doppler shift) akilo = 1.08
mm/s closely match those for the'd,Cl, sites. Since these
sites are the only ones thatind3 have in common, we assign
these parameters to them (Table 4). Formally, cluateas one
FeV site. A localized F¥ site is expected to exhibit a smaller

(78) Neese, Flnorg. Chim. Acta2002 337, 181-192.
(79) Zhang, Y.; Mao, J.; Oldfield, EJ. Am. Chem. SoQ002 124, 7829~
7839.
(80) Sage, J. T.; Xia, Y.-M.; Debrunner, P. G.; Keough, D. T.; de Jersey, J.;
Zerner, B.J. Am. Chem. Sod.989 111, 7239-7247.
) Dibar-Ure, M. C.; Flinn, P. A. InMdssbauer Effect Methodology
Gruverman, |. J., Ed.; Plenum Press: New York, 1971; pp-282.
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isomer shift (typically—0.2 to 0.2 mm/s) than those of ferric 11 T), generally the signature of antiferromagnetic coupling
sites. The FEFeV nitride-bridged dinuclear complexes (Figure involving high-spin ferric sites. Another group of ca. four iron
1) at 7#130 K have isomer shifts 0f0.10 to 0.04 mm/ sites exhibits negative internal fieldBi{ ~ —15 T).
s19-21.82\We have not been able to find a site with an isomer

shift in this range. However, given the symmetry of the cluster, Summary

it is likely that delocalization occurs, perhaps over at Fev
pair or a 3F¥FeVY portion of the cluster not involving HeN,-
Cl, sites. The back_-transformed spectrum of Figu_re 7B indicates ¢ o chiometry in the self-assembly systems [FéX(MesN)s-
that a representation of the central feature requires at least twog, (X= CI", Br) in acetonitrile at ambient temperature. The
doublets. We have not been able to obtain entirely satisfying cluster [FQNZCIlo],4‘ of overall idealizedCo, symmetry,
fits by making the structurally reasonable assumption that the contains a nearly planar, antiferromagnetically coupled-[Fe

ron sn_es d0f3' QCCI;: n .4:i:.2 OC‘;“AF"?‘“OQI: 'I:‘ rf]'t for this (us-N),]®" core. DFT calculations indicate that the dominant
constrained ratio Is shown In Figure 7A, in which the parameters exchange pathway involves pairs of'Fatoms that are interior

of the four F&'N,Cl, sites have been fixed at= 0..35 mm/s and terminal to the R8I, thomboid. The cluster [FeNsClo]5",
a}ndAEQz 1.08 mm/s. The other values forthcommg from the of overall idealizedD, symmetry, is built up by edge- and

fit, 6 = 0.36 mm/s and\Eq = 0.65 mm/s for four sites andl vertex sharing of 15 B&l, rhomboids involvings-N andus-N

= 0.28 mm/s and\Eq = 0.64 mmy/s for four sites and = bridging atoms. The cluster is mixed-valence (8Fe FéV);

0_'32 mm/_s andA_EQ = 0.34 mm/s for two sites, should be however, the P¥ site could not be identified crystallographi-
viewed with caution. . cally or by Mossbauer spectroscopy. It remains to be seen

The low-temperature Mssbauer spectra o8, recorded \ noer the core structures of these clusters are deep thermo-

between 2 and 30 K in applied fields up to 8.0 T are very gy mic sinks, particularly in view of the occurrence of the
complex. In low field, and perhaps in high fields as well, the [Fes(1s-N);] grouping in both clusters. The realization of nitride-

spec_tra sufferf fLom Spmjp'? mter_actc;onz,l Mor:eoveg tEiR bridging multiplicities exceeding four and additional cluster
g-anisotropy of the ground electronic doublet shown by _topologies remain as synthetic goals in the elaboration of
suggests that the magnetic hyperfine interactions are anisotropiG . J1c lar iron nitrides

as well. Further, it is not clear whether the anisotropy of the

g-values reflects constituents with intrinsically anisotropic  Acknowledgment. This research was supported by NIH Grant
g-values, as could be expected if the pentacoordinate sites weresM 28856 at Harvard University and by NSF Grant MCB 042
low spin, or whether these anisotropies reflect mixing of 4494 at Carnegie Mellon University. We thank Zachary Shiffler
narrowly spaced spin multiplets by zero-field splittings. (The for assistance in collecting Msbauer spectra.

spin-coupled manifolds o8 comprise 16—-10° microstates,

depending on the spin-state assumptions for the pentacoordinate Supporting Information Available:  Crystallographic data for
sites.) Mssbauer data, however, reveal that a group of (probably the compounds in Table 1 (in CIF format) and the complete

four) iron sites exhibit positive internal magnetic fieldg{ ~ citation of ref 43. This material is available free of charge via
the Internet at http://pubs.acs.org.

This work demonstrates that mid-valent molecular iron
nitrides of nuclearities 4 and 10 can be prepared by variation

(82) English, D. R.; Hendrickson, D. N.; Suslick, K. I80rg. Chem1983 22,
367—368. JA052150L
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