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Recently, we reported the synthesis, structures, and certain
electronic properties of the first examples of molecular mid-
valent high-nuclearity iron nitride clusters.'! Four clusters
were obtained by self-assembly, [Fe,N,Cl]*~ (1),
[FeoNsCly,]>~ (2), and their bromide analogues (Scheme 1).
This work was motivated in part by the revelation, from high-
resolution protein crystallography, of a light atom X at the
centre of the Fe, portion of the MoFe;SyX cluster core in the
iron-molybdenum cofactor (FeMoco) of nitrogenase.””’ Con-
sideration of the electronic properties of the cofactor in three
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oxidation states has led to the order of likelihood of
N > O > C for the identity of atom X.F! Subsequent electron
nuclear double resonance (ENDOR) and electron spin echo
envelope modulation (ESEEM) evidence has been inter-
preted as disfavoring nitrogen as atom X.* Shortly after the
discovery of atom X, it was found that this atom does not
exchange under enzyme turnover conditions with dinitrogen,
suggesting that it serves a structural and/or electronic role in
the cofactor. In a chemical context, the presence of atom X
requires that any synthesis of a cluster analogue of FeMoco
incorporate atom X at some stage, and raises the possibility of
a template effect in the construction of the cluster core."
Further, the presence of atom X implies the existence of a
new class of clusters that possibly includes the generalized
fragment Fe,(u,-X).

We have pursued the exploratory synthesis of iron nitride
clusters in a continuing attempt to disclose structures and
structural principles that may be relevant to a synthetic
analogue of FeMoco and its biosynthetic precursor(s). The
desired clusters possess nuclearities exceeding two, differ-
entiating them from various binuclear species with Fe-N-Fe
bridges,” ! and are devoid of the carbonyl ligands present in
interstitial low-valent clusters such as [Fes(ps-N)(CO),,]~ 1!
and [Fes(u-N)(CO);s*~."2 The cluster products in the
assembly system of [FeCl,]” and (Me;Sn);N in acetonitrile
are primarily controlled by the molar ratio of the reactants
(Scheme 1), although the reactant ratio is not necessarily

[FeCly] + (Me3Sn)sN
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Scheme 1. Formation of clusters 1-3 in self-assembly systems with the
indicated molar ratios of [FeCl,]™:(Me;Sn);N.

expressed in the product composition. Clusters 1 and 2 were
isolated as Et,N* salts at [FeCl,] :(Me;Sn);N ratios of 2:1
(72 % yield) and 11:8 (37 % yield)." Herein, a 1:1 stoichiom-
etry affords the nitrido cluster [Fe;,;Ng(NSnMe;),Cl;,]*" (3;
18% yield), as well as two other clusters, [FegN,-
(NSnMe;)¢Cl;]*~ and the prismane [Fes(NSnMe,):Cls]™, as
highly air- and proton-sensitive Et,N" salts. The formation of
these two additional clusters from the mother liquor contain-
ing 3 presumably contributes to the relatively low yield of 3.

www.angewandte.de

© 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Cluster 3 contains several unique features (Figure 1).1%
Charge balance dictates a mixed-valent formulation of
12Fe™ +2Fe"; consequently, this is the first iron nitride
cluster to contain ferrous ions. The cluster has crystallo-

Figure 1. The structure of cluster 3; thermal ellipsoids are set at 50%
probability; primed and unprimed atoms are related by an inversion
center; methyl groups are omitted for clarity. Selected interatomic
distances [A] and angles [°]: Fe-Cl 2.239(8) (& of 6), Sn-N 2.100(2)

(& of 2), Fe-(1s-N) 1.969(4) (& of 6), Fe-(u-N) 1.902(12) (& of 12),
Fe5---Fe5' 2.783(2), Fe5-(w,-N) 2.004(6) (& of 4); N-Fe5-N 89.6(3)

(& of 4) and 171.0(2) (I of 2), Fel,2-(us-N)-Fe3',4’ 117.4(4) (& of 2),
Fe5-(u-N)-Fe 119.3(6) (& of 4: Fe6-Fe7), Fel—4-(u,-N)-Fe1-4 170(1)
(I of 4), (Ms- N) Fe-(us-N) 114(1) (I of 4: Fel-Fe4) 95.9(1) (I of 4:
Fel-Fe4), (u-N)-Fe-(u,-N) 95. 9(6) (& of 4: Fel-Fe4), (1s-N)-Fe-(p,-N)
96.2(3) (I of4 Fe6—Fe7) (ua-N)-Fe-(uy-N) 109.0(4) (& of 4: Feb—
Fe7), Sn-(1s-N)-Fe 120(2) (& of 6). In an interior rhomb
(FeINTFe5N4): Fel-N1 1.893(5), Fel-N4 1.918(5), Fe5-N1 2.003(5),
Fe5-N4 2.001(5), Fel---Fe5 2.694(1), N1--N4 2.829(2); N1-Fel-N4
95.8(2), N1-Fe5-N4 89.9(2), Fel-N1-Fe5 87.4(2), Fel-N4-Fe5 86.8(2). In
an exterior rhomb (Fe1N4Fe6N5): Fe1-N4 1.918(5), Fe1-N5 1.969(5),
Fe6-N4 1.904(5), Fe6-N5 1.969(5), Fel--Fe6 2.590(1), N4--N5
2.884(2); N4-Fel-N5 95.8(2), N4-Fe6-N5 96.2(2), Fel-N4-Fe6 85.3(2),
Fel-N5-Fe6 82.2(2).(5 =average.

graphically imposed inversion symmetry, but has nearly ideal
noncrystallographic C,, symmetry. It contains eight interior
W,-nitrogen atoms that are bound only to iron atoms, and four
exterior p;-nitrogen atoms that are each bound to the tin atom
of one SnMe; moiety and three iron atoms. The four
independent py-nitrogen atoms (N1-N4) occupy butterfly-
shaped (C,, symmetry) environments, as exemplified by the
angles Fel-N1-Fe2=171.2(3)° and Fe5-N1-Fe7=119.2(2)°.
The two independent p;-nitrogen atoms (N5 and N6) occur in
trigonal pyramidal SnNFe; fragments. All iron atoms except
Fe5/Fe5" occur in highly distorted tetrahedral Fe(u;-N)(uy-
N),Cl units. The tin sites are more nearly tetrahedral.

The inner FegNg portion of the [Fe,(ps-N)s(ps-N),]*" core
may be described as a close-packed cube; the remaining Fe6/
Fe6’ and N5/NS', and Fe7/Fe7 and N6/N6' atoms are
displaced outward from adjacent cube faces. The FesN, face
defined by Fel-Fe5 and N1-N4, and its symmetry equivalent
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are parallel and nearly planar. Within each of these FesN,
faces, the atoms are connected into four edge-sharing Fe,N,
rhombs. The Fe, and N, planes of each FesN, face are
perfectly planar, and the dihedral angle between them is 0.6°.

The Fe6/Fe6', Fe7/Fe7’, N5/N5', and N6/N6' atoms define
anearly perfect Fe,N, plane, which is located between the two
Fe;N, faces and extends beyond them to form the exterior of
the cluster. The three planes are connected through four pairs
of edge-sharing Fe,N, rhombs. As typical examples of the
geometry, the dihedral angle between the planes of the
exterior rhombs sharing an Fe6—NS5 edge is 115.3°, and the
dihedral angle between the planes of the exterior and interior
rhombs sharing an Fel—N4 edge is 118.5°. Thus, the cluster is
built from 16 Fe,N, rhombs.

The Fe,N, sides of the inner FegNg cube are also nearly
planar and intersect at right angles. For example, the atom
deviation from the Fe,N, plane defined by Fel, Fe2, Fe3’,
Fed4’, N1, and N3’ is 0.048 A, and the dihedral angle between
this plane and that defined by Fel’, Fe2, Fe3, Fe4’, N1, and N3’
is 89.8°. The Fe6/Fe6’, Fe7/Fe7', N5/N5', and N6/N6’ atoms lie
0.92-1.13 A above the side Fe,N, planes.

The nexus of each FesN, face of the cluster is the Fe5/Fe5’
site, which lies on the pseudo-fourfold axis. These iron atoms
have square planar coordination environments, with an
average Fe—(j1,-N) distance of 2.004(6) A and an average N-
Fe-N angle of 89.7(3)°. The Fe5 atom deviates by 0.224(1) A
from the Fe,(1-4)N,(1-4) plane of the face, and by 0.158(3) A
from the N, plane, in the direction of Fe5'. As a result, the
Fe5--Fe5' separation is 2.783(2) A, 0.58 A shorter than the
Fel--Fe3' distance of 3.364(1) A between the faces. The
N1---N3' distance between directly opposite nitrogen atoms is
3.098(7) A.

The Fe,N, rhomb emerges as the dominant structural
feature of 3. The dimensions of two typical rhombs are given
in Figure 1. An apparent manifestation of the rigid connec-
tivity of the fused rhomb core is the large departure from
tetrahedral geometry at the iron sites. At the Fel site, for
example, the three Cl-Fe-N angles and the N1-Fel-N5 angle
are in the range 114.1(2)-116.3(2)°, while the remaining N1-
Fel-N4 and N4-Fel-N5 angles are constrained to 95.8(2)° by
their inclusion in two different Fe,N, rhombs. The Fel-N1
and Fel—N4 bond lengths in the first rhomb average to
1.91(2) A, while the Fel—N5 distance in the second rhomb is
1.969(5) A. The same situation (but with different metric
parameters) applies to the other tetrahedral iron sites.

Likewise, the square planar geometry at the FeS5 site is the
result of rigid rhomb connectivity. It is probable that this site
contains Fe" ions, as the Fe5—N bond lengths are similar to
the average Fe"~N bond lengths in the complexes [Fe(OEP)]
(OEP =2,3,7,8,12,13,17,18-octaethylporphyrinato;

2.00(2) A),"¥l [Fe(TPP)] (TPP = 5,10,15,20-tetraphenylpor-
phyrinato; 1.966(2) A),'¥ and [Fe(OMP)]> (OMP=
5,5,10,10,15,15,20,20-octamethylporphyrinogenato;

1.93(1) A),'" which all have square planar coordination
geometries and S=1 ground states. (Note that with the
more flexible porphyrinogenato ligands, the Fe"™-N bond
distances in square planar complexes are approximately 0.04-
0.05 A longer than the Fe""-N values."'”") The mean Fe—Cl
distance of 2.240(9) A within the 12 FeN,Cl fragments is
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consistent with the expected value for an Fe' ion in a

(distorted) tetrahedral site, as judged by the Fe™'—CI distances
0f 2.24-2.27 A in 1 and of 2.29-2.33 A in salts of [FeCl,]*~.['¥

Initial magnetic measurements suggest an S=2 ground
state for 3. At295 K, the value of yyT'is 5.89 cm® Kmol ' in an
applied field of 0.05 T. xy 7 remains nearly constant to 115 K,
and decreases to 4.80 cm*Kmol™! at 5K (see Supporting
Information). Variable-field magnetization data at 2.0K
reveal that the magnetization approaches saturation at a
value of approximately 4 Nyg in a field of 5T. The §=2
ground state may arise from 12 antiferromagnetically coupled
S =73/, Fe" ions that are additionally coupled to two S =1 Fe!!
ions. Accordingly, square planar Fe"N, complexes, such as
those mentioned above and phthalocyaninatoiron(IT),™
usually have triplet ground states.

The Mossbauer spectrum of (Et,N),3 at 42K was fit
under the assumption of a 6:1 site ratio: a doublet at an
isomer shift of 6 =0.38 mms~' with a quadrupole splitting of
AEo=0.77 mms ' corresponds to the majority Fe' ions, and
a doublet at 0 =0.48 mms ! with AE,=2.11 mms ! corre-
sponds to the minority Fe ions (see Supporting Information).
This fitting is compatible with the oxidation state assignment
from the analysis of the magnetic data.

Several common features are emerging for iron nitride
clusters. In structural terms, all of the clusters are built by the
edge-sharing of Fe,N, rhombs. In binuclear and cluster iron
nitride complexes, the five nitrogen-centered structural
elements in Scheme 2 have been identified, and the coordi-

a b c) fe
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Fe—N—Fe _N—TFe N—Fe
Fe/
Fe
linear or bent trigonal planar T-shaped
d) f|:e e) e
Fe Fe Feuw,,
S~ _N—Fe
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butterfly-shaped trigonal pyramidal

Scheme 2. Structural elements (idealized) found in iron nitride clusters
with nuclearities of 2 (a), 4 (b), 10 (c—e), and 14 (d).

nation environment of the iron atoms in Scheme 2b-¢ is
tetrahedral, square planar, or trigonal bipyramidal. The
presence of Fe,N, rhombs is reminiscent of iron sulfide
cluster chemistry, in which twelve structural types result from
the edge- and/or vertex-sharing of Fe,S, rhombs. !
Although three iron oxidation states (II, III, and IV) are
found in iron nitride clusters, only two (I and IIT) are found in
weak-field iron sulfide clusters. Lastly, in all of the binary iron
nitride phases, except FeN, the atomic ratio of iron to nitrogen
is greater than one, which is also the case in 1-3. However, the
structural elements noted here do not occur in Fe,N, Fe;N,
Fe,N, or Fe(N,.”>%! The present work represents a further
step in elucidating the synthetic and structural chemistry of
iron nitride clusters.
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Experimental Section

All manipulations were carried out under a dinitrogen atmosphere in
a glovebox. Anhydrous acetonitrile (Burdick & Jackson; <10 ppm
water) was dried over molecular sieves (4 A). Diethylether and THF
were distilled from sodium benzophenone ketyl and stored over
molecular sieves (4 A).

(Et,N),3: A pale yellow solution of (Et,N)[FeCl,]? (0.33 g,
1.01 mmol) in acetonitrile (0.85 mL) was added to an emulsion of
(Me;Sn);N™®! (0.52 g, 1.02 mmol) in acetonitrile (0.85 mL). The black
solution was stirred for Smin and allowed to stand at room
temperature for 11 h. The black mother liquor was decanted from
black rectangular plates of other cluster products. The decanted
solution was left standing for an additional 24 h, over which time large
black truncated rhombohedra separated. The crystalline solid was
collected by carefully decanting the mother liquor, washed with THF
(5x3mL) and ether (3x3 mL), and dried under vacuum to afford
0.033g (18%) of product. Elemental analysis (%) caled for
C,Hy16ClFe NigSny: C 20.71, H 4.55, Cl 16.67, Fe 30.64, N 8.78,
Sn 18.61; found: C 20.65, H 4.60, C1 16.74, Fe 30.58, N 8.75, Sn 18.49.
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