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ABSTRACT: Imidazolate-containing {Fe(NO),}® molecular squares
have been synthesized by oxidative CO displacement from the reduced
Fe(CO),(NO), precursor. The structures of complex 1 [(imidazole)-
Fe(NO),],, (Ford, Li, et al.; Chem. Commun. 2005, 477—479), 2 [(2-
isopropylimidazole)Fe(NO),],, and 3 [(benzimidazole)Fe(NO),],, as
determined by X-ray diffraction analysis, find precise square planes of
irons with imidazolates bridging the edges and nitrosyl ligands capping
the irons at the corners. The orientation of the imidazolate ligands in each

of the complexes results in variations of the overall structures, and

molecular recognition features in the available cavities of 1 and 3. Computational studies show multiple low energy structural isomers
and confirm that the isomers found in the crystallographic structures arise from intermolecular interactions. EPR and IR spectroscopic
studies and electrochemical results suggest that the tetramers remain intact in solution in the presence of weakly coordinating (THF) and
noncoordinating (CH,CL,) solvents. Mdssbauer spectroscopic data for a set of reference dinitrosyl iron complexes, reduced {Fe(NO),}'°
compounds A ((NHC-iPr),Fe(NO),), and C ((NHC-Pr)(CO)Fe(NO),), and oxidized {Fe(NO),}* compounds B ([(NHC-
iPr),Fe(NO),][BF,]), and D ((NHC-iPr)(SPh)Fe(NO),) (NHC-iPr = 1,3-diisopropylimidazol-2-ylidene) demonstrate distinct
differences of the isomer shifts and quadrupole splittings between the oxidized and reduced forms. The reduced compounds have smaller
positive isomer shifts as compared to the oxidized compounds ascribed to the greater s7-backbonding to the NO ligands. Mossbauer data
for the tetrameric complexes 1—3 demonstrate larger isomer shifts, most comparable to compound D; all four complexes contain
cationic {F e(NO)2}9 units bound to one anionic ligand and one neutral ligand. At room temperature, the paramagnetic, S = Y per

iron, centers are not coupled.

B INTRODUCTION

Prominent ligand donor sites in metalloproteins arise from
thiolate sulfur and imidazole nitrogen in the side chain amino
acid residues, cysteine and histidine, respectively. In both cases,
deprotonated forms produce anionic ligands that may serve as
terminal or bridging ligands. The bridging capacity is important
in the assembly of certain active sites as found in the cysteinyl
thiolate-bridged nickel—iron hydrogenase or in the bovine
erythrocyte superoxide dismutase containing a histidine imida-
zolate-bridged Cu—Zn active site, Figure 1. In the latter,
copper may replace zinc resulting in a dicopper unit with note-
worthy magnetic properties.3’4 In cases requiring valiant syn-
thetic efforts to build in steric bulk within biomimetic ligands in
order to prevent higher order aggregation and cluster formation,
approaches to small molecule models of these active sites have
been developed.” In fact, the clusters themselves may be of
interest for unique structures and for molecular properties such
as multiple redox events within a single molecule.

Dinitrosyl iron complexes (DNICs) comprise a special set of
organometallic-like units, typically found in mononuclear tetra-
hedral geometry, with additional ligands of neutral L or anionic X
types, or a combination: [LZFe(NO)ZT/O, [XzFe(NO)Z]f/Zf,
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and [LXFe(NO),]” " The charges shown on the formulas
reflect the possibility of two redox levels within the DNICs, in
Enemark/Feltham electronic notations® of {Fe(NO),}° or
{Fe(NO),}', oxidized and reduced states, respectively. The
EPR signal of g = 2.03 has been recognized as a characteristic
signature of a DNIC, obviously only arising from oxidized,
{Fe(NO),}’ forms.” Such DNICs have been detected in vivo,®
mainly arising from iron—sulfur cluster degradation in the
presence of excess nitric oxide when released from some extrinsic
NO-source,” as a metabolite, or produced as a response to
oxidative stress.'® Thiolato sulfurs, as protein-bound cysteine
or in low molecular weight forms from free cysteine or glu-
tathione, are assumed to be the major ligands of in vivo DNICs.”
Nevertheless, a range of natural donor ligands are known to
support DNIC formation in cellular media.”

That imidazoles, as neutral or anionic ligands, can also support
DNIC formation, has been explored by ourselves and others."' ~'*
When deprotonated, the distal nitrogen functionality in the
imidazolate ligands of [ (Imid),Fe(NO),]  canlead to aggregation
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Figure 1. Active site structures of (a) [NiFe]-hydrogenase and
(b) bovine erythrocyte superoxide dismutaste demonstrating bridging
cysteine or histidine (shown in blue) as found in metalloproteins.'”
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Figure 2. Structure and ball and stick rendition of a RRE in which
the {Fe(NO),}’ units are spaced 3.997 A apart resulting in noncoupled
S ="/, {Fe(NO),}’ centers.*

through bridging, yielding interesting molecular squares com-
prised of four {Fe(NO),}” units brid%ed by imidazolates." "> The
self-assembly of cationic {Fe(NO),}” into clusters is well-known
for thiolates in the ubiquitous Roussin’s red esters (RRE), (#-SR),-
[Fe(NO),1,, for example.'> Of note is that the {Fe(NO),}” units
in the RRE complexes are spin coupled (the Fe- - - Fe distance is
less than 3 A). Liaw et al. have designed a variation on the RRE as
shown in Figure 2 that spaces the {Fe(NO),}’ units at 4 A apart.
This diiron complex was found to have two noncoupled S = '/,,
{Fe(NO),}” centers.*

Magnetic susceptibility data demonstrate that each Fe within
the imidazolate tetramers reported by Li et al, [(Imid)Fe-
(NO),]4 (complex 1)"* and by us, [(Imid-iPr)Fe(NO),],
(complex 2),"" with Fe- - - Fe distances 6 A apart, can also be
considered as noncoupled, S = '/, units at room temperature.
This report will further explore the effect of sterically encum-
bered imidazoles on the structure and aggregation of these
interesting molecular squares.

B EXPERIMENTAL SECTION

General Methods and Materials. Solvents were reagent grade,
further purified and degassed by a Bruker solvent purification system, and
stored over molecular sieves. Reagents, including nitrosonium tetrafluor-
oborate and benzimidazole, were purchased from Sigma-Aldrich Chemical
Co. and were used as received. Standard Schlenk-line techniques (N,
atmosphere) and an Ar-filled glovebox were used to maintain anaerobic
conditions during preparation, isolation, and product storage. Fe(CO),-
(NO),,'® [Na-18-crown-6-ether][Fe(CO)3(NO)],"” [ (Imid)Fe(NO), .,
complex 1,"* and [(Imid-iPr)Fe(NO),],, complex 2'* were prepared
according to published procedures.

Physical Measurements. Infrared spectra were recorded on a
Bruker Tensor 27 FTIR spectrometer in CaF, solution cells of 0.1 mm
path length. Solid-state samples were recorded using the Pike MIRacle

attachment from Pike Technologies for Attenuated Total Reflectance,
ATR, Infrared Spectra. Mass spectrometry (ESI—MS) was performed
by the Laboratory for Biological Mass Spectrometry at Texas A&M
University. Nanoelectrospray ionization in positive mode used an
Applied Biosystems QSTAR Pulsar (Concord, ON, Canada) equipped
with a nanoelectrospray ion source. Solutions were flowed at 700 nL/
min through a 50 #m i.d. fused-silica capillary that was tapered at the tip.
Electrospray needle voltage was held at 1900 V.

Elemental analyses of crystalline samples were determined by Atlantic
Microlab, Inc., Norcross, GA. EPR spectra were recorded in frozen
tetrahydrofuran (THF) using a Bruker ESP 300 equipped with an
Oxford ER910 cryostat operating at 10 K, and in THF or CH,Cl, solu-
tion at 298 K. 'H NMR spectra were recorded in d-THF using a Mercury
300 MHz NMR spectrometer.

Cyclic voltammograms were recorded on a BAS-100A electrochemi-
cal analyzer. All experiments were performed under an Ar blanket
in CH,Cl, solution containing 0.1 M [+-Bu,N][BF,] as electrolyte at
22 °C, a 3.0 mm glassy carbon working electrode, a Ag/AgNO; ref-
erence electrode, and a Pt coil counter electrode. All values have been
internally referenced to the Cp,Fe/Cp,Fe" couple set at zero.

Ambient Magnetism Measurements. Single crystals of 3 were
used for Evans’ method magnetic susceptibility (d-THF) with values in
the range of 1.45—2.05 up"®

Mossbauer spectra were recorded with a MS4 WRC spectrometer
(SEE Co., Edina, MN) with a 4.5—300 K closed-cycle refrigerated helium
system. The spectra were collected at 5 K with a 700 G field applied
parallel to the source of radiation. The spectra were analyzed with the
WMOSS software package (also SEE Co., Edina, MN). Chemical shifts
were calibrated relative to Fe metal foil at 298 K. Test compounds A
((NHC-iPr),Fe(NO),), B ([(NHC-iPr),Fe(NO),][BF,]), C ((NHC-
iPr)(CO)Fe(NO),), and D ((NHC-iPr)(SPh)Fe(NO),) (NHC-iPr =
1,3-diisopropylimidazol-2-ylidene) were prepared according to pub-
lished procedures.""

Preparation of [(Imid-benz)Fe(NO);l; (3). Method A. In a
100 mL Schlenk flask, 0.75 g (1.64 mmol) of [Na-18-crown-6-ether]-
[Fe(CO);(NO)] and 0.20 g (1.71 mmol) of [NO]BF, were dissolved in
15 mL of CH,Cl, and stirred for at least 10 min to produce Fe(CO),-
(NO),, which was vacuum transferred to a flask immersed in liquid
N,. To this was added a solution of 0.39 g (3.3 mmol) of benzimi-
dazole, Imid-benz, in 15 mL of THE, via cannula. Following overnight
stirring at 22°, solvent was removed in vacuo from the brown solution,
and 30 mL of CH,Cl, was added to dissolve the red-brown residue,
leaving behind the excess Imid-benz. Following filtration of the extract
through Celite, solvent was removed in vacuo to afford 0.235 g (68%)
of a brown solid, soluble in THF and CH,Cl,. X-ray quality crystals
formed from slow diffusion of pentane into a CH,Cl, solution of product
at 0 °C.

Method B. In a 50 mL Schlenk flask, 0.118 g (1.00 mmol) of Imid-
benz was dissolved in 5 mL of THF and then a freshly prepared THF
solution of Fe(CO),(NO), (1.00 mmol) was added into the flask by
cannula under a positive pressure of N at 22 °C. The reaction mixture
was stirred for 1 h after which IR monitoring indicated complete
formation of (Imid-benz)(CO)Fe(NO),. IR (THF): »(CO) 1993 (m),
v(NO) 1746,1701 cm™ "' Dry air was bubbled into the solution with a
color change within 10 s from greenish brown to dark brown. The
solution was concentrated in vacuo, transferred to a degassed test tube,
and layered with pentane to afford X-ray quality dark brown crystals
at —35 °C. Isolation of the crystals yielded 0.147 g (63%) of analytically
pure product. ¥(NO) IR (THF): 1801 (m), 1736 (s) cm™'. Mass
spectrometry (Nano-(+)-ESI MS): The parent ion (Fe4CygH,oN;40s,
m/z = 931) isotope bundle was not observed in the mass spectrum. Base
(100%) peak was centered at m/z 538 (Fe;C;4H,oNgOs, representing
Fe;(NO),O(Imid-benz),) with other intense bundles centered at m/z
478.9 representing loss of 2 NO from the base peak, and at m/z 655.9
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representing addition of one Imid-benz (+118 mass units) to the base
peak. For a sample of single crystals: Anal. Calcd. for Fe,C,3H,6N160s;
found, C, 36.1 (36.1); H, 2.17 (2.16); N, 23.7 (24.1).

X-ray Crystallography. Crystalline samples of 3 obtained by both
routes described above (i.e., as isolated from CH,Cl, and from THF) were
coated in mineral oil, affixed to a Nylon loop, and placed under streaming
N, (110 K) in a single-crystal APEXii CCD diffractometer. X-ray diffrac-
tion data were collected by covering a hemisphere of space upon
combination of three sets of exposures. The structures were solved by
direct methods. H atoms were placed at idealized positions and refined
with fixed isotropic displacement parameters and anisotropic displacement
parameters were employed for all non-hydrogen atoms. The following
programs were used: for data collection and cell refinement, APEX2; 19 data
reductions, SAINTPLUS, version 6.63;>° absorption correction, SADABS ;2
structure solutions, SHELXS-97;* structure refinement, SHELXL-97.2®
Structure plots were generated in Mercury, version 2.3.>*

Computational Details. Density functional theory calculations
were performed at the BP86°>%°/6-311G(d,p)*” > level of theory
appropriate for dinitrosyl iron complexes containing N- and C-donor
ligands.*" Calculations of complexes 1—3 focused on fundamental
geometric features and orientation of the imidazolate ligands in the
gas-phase computations versus that experimentally found in the solid
state, and electronic features as referenced to V(o) vibrational data were
also determined. Three spin states, the quintet state (one unpaired
electron on each Fe(NO), unit; fully ferromagnetic), the singlet state
(fully antiferromagnetic, odd electron on each Fe), and the intermediary
triplet state were included in the calculations.

Calculations were performed utilizing the Gaussian 09 software suite.>>
Starting structures of both the X-ray crystallographic coordinates (for
1—3) as well as a highly symmetric “square-like” structure (for 3 only)
were employed in the optimizations. Additionally, complex 3 was calcu-
lated at the crystallographic geometry of 1 (up, up, up, up) and complex 1
was calculated at the crystallographic geometry of 3 (up, down, up, down)
in order to compare electronic energies of isomers. While the singlet states
of tetramers 2 and 3 optimized successfully by a typical unrestricted
density functional theory approach, the singlet state of tetramer 1 con-
verged with difficulty, so it was optimized using an initial guess generated
by the broken-symmetry formalism described by Noodleman et al.** and
recently described for similar dimeric copper systems.>*

In difficult to converge cases, loose SCF parameters (SCF = 10_4)
and smaller basis sets (6-31G) were utilized to produce a starting guess
for subsequent calculations. All data presented here was terminally
optimized at the BP86/6-311G(d,p) level of theory with a tight SCF
convergence of 10~ °. Subsequent frequency calculations were per-
formed analytically as implemented in Gaussian 09.*>

The vibrational frequencies of 1—3 were calculated both in the gas-
phase and solution-phase using the polarizable continuum model
(PCM) with CH,Cl, parameters. The slight degree of asymmetry of
the tetrameric units leads to multiple, near-degenerate vibrations, which
have been averaged to two absorbances in order to make comparisons to
the experimental data. Molecular orbitals were rendered in AGUI*® at an
isosurface value of 0.03. All energies were recorded as electronic energies
and converted from hartrees to kilocalories per mole (kcal/mol), and, in
the case of energy comparisons of isomers, the lowest energy isomer has
been set at 0 kcal/mol.

B RESULTS AND DISCUSSION

Synthesis and Composition. As described for the prepara-
tion of the [(Imid-iPr)Fe(NO),],; complex 2,'"' addition of
excess benzimidazole to freshly prepared Fe(CO),(NO), in a
mixture of THF/CH,Cl, results in a color change from orange to
red-brown and ultimately (the CO substitution is stepwise) an
infrared spectrum representative of an oxidized DNIC (V(yo) in

Figure 3. (a and b) Views of the thermal ellipsoid plot at 50%
probability of [(Imid-benz)Fe(NO),],, complex 3. The labels corre-
spond to the distance between opposite aryl C—C bonds at the widest
point and at the closest point. Red, O; blue, N; black, C; orange, Fe; gray,
H. (c) Two molecules from the extended packing diagram to show the
close contact of the benzyl groups of the closed portion to those of the
open portion. (d) Labeling scheme to demonstrate selected intermole-
cular C to C distances between benzyl groups of the closed portion to
the open portion. Nitrosyl groups have been removed for clarity. C—C
distances, A: C8—C12 3.610; C8—Cl11 3.587; Cl1—C4 4.926;
C11—-C3 4.497; C11—C2 3.837; C10—C2 3.506; C10—C3 3.940.

CH,Cl, = 1805(m), 1739(s))."" Deliberate addition of dry air to
the reaction mixture speeds up the reaction to completion within
seconds. Water was detected as a byproduct under these condi-
tions (Supporting Information Figure S1). Isolation and recrys-
tallization from CH,Cl,/pentane and from THF/pentane
yielded brown, X-ray quality crystals of complex 3, [(Imid-
benz)Fe(NO),],; excellent elemental analysis was achieved from
the high quality single crystals.

Complexes 1—3 are paramagnetic at room temperature, with
Evans’ method magnetic susceptibility measurements (d-THF
solution) indicating one unpaired electron per iron in complex 3.
The 'H NMR spectrum of complex 3 in d-THF (Figure S2)
displayed broad signals centered around 7.97 and 6.59 ppm
assigned to the Imid-benz ligand protons within the paramag-
netic DNIC; free Imid-benz has signals at 8.14 (singlet), 7.6
(multiplet), and 7.24 (multiplet).

Mass spectral data were acquired by the nanoelectron spray
ionization technique in the positive mode; however, only for
complex 2 was the parent ion observed (Fe,C,4H3sN¢Og,
isotope bundle centered at m/z = 900), and it was of very low
intensity. The base (100%) peak was centered at m/z 538
(FesNyOsC,H g, representing Fe;(NO)s(Imid-iPr),) with
other intense bundles centered at m/z 478.8 representing loss
of 2 NO from the base peak, and at m/z 647.9 representing
addition of one iPr-imidazole (+110 mass units) to the base
peak.'" Likewise for complex 3, the base (100%) peak was
centered at a three-iron unit, m/z 538 (Fe;Cy4H;oN3Os,

20428 dx.doi.org/10.1021/ja208384d |J. Am. Chem. Soc. 2011, 133, 2042620434



Journal of the American Chemical Society

* p

b)

Figure 4. Ball and stick representations of the structures of complexes 1—3
as derived from X-ray diffraction analysis and with canting of the imidazoles
emphasized by shaded planes. In each case, the view on the right is from a
rotation of 90° relative to the left. Acetone molecule in complex 1 has been
removed for clarity.

representing Fe;(NO)3(NO,) (Imid-benz),) (Figure S3). Other
fragments are described in the Experimental Section.

Molecular Structures. Two X-ray structures of complex 3, as
crystallized from THF and from CH,Cl,, were determined in
order to ensure that there was no solvent dependence on the state
of aggregation or the orientation of the Imid-benz ligands in the
tetramers. The X-ray diffraction analysis and the molecular
structure of complex 3, [ (Imid-benz)Fe(NO), ], are first reported
here and compared to those of complexes 1, [ (Imid)Fe(NO),],,"
and 2, [(Imid-iPr)Fe(NO),],."" Two views of 3 are given as
thermal ellipsoid plots in Figure 3; a full structure report is available
in Supporting Information. As was found for complexes 1 and 2
(Figure 4), the structure of 3 consists of an almost precise square
plane of irons, with nitrosyl ligands capping the irons at the corners
and imidazolates bridging the edges. The contrasting structural
features of complexes 1—3 are revealed from side views of the Fe,
plane, in Figures 4 and 5.

Interestingly, the imidazolate units are oriented differently
in the three tetramers in this series with respect to the position of
the C, and C,; units relative to the Fe, square plane, Figure 5.
A fourth structure shown in Figure S is that of a copper analogue,
described more fully below. Associated with the imidazolate orienta-
tion is a canting of imidazole ligand planes shown best in the shaded
planes of Figure 4. In complex 1, the methylene units of the imidazole
are all positioned to the same side and oriented in toward one another
(angle of intersection of the Fe, plane and imidazole planes = 53°),
closing off one side of the Fe, plane. On the opposite side, the
ethylene units, designated as the all “up” configuration in Figure S,
render a bowl-like open side that in the complete molecular structure
of Li et al. includes an acetone solvent molecule of crystallization."?
For comparison to complex 3, extended packing structures of
complexes 1eacetone and 2 are found in the Supporting Information.

i

2, [(Imid-iPr)Fe(NO),],
Up, down, up, down

1, [(Imid-H)Fe(NO),],
Up, up, up, up

\ / [

3, [(Imid-benz)Fe(NO),],
Up,down, up, down

[{Imid-H)Cu(C¢HsNy)l,*
Down,down, up, up

Figure S. Up and/or down orientations of imidazolate ligands of
complexes 1—3 and an analogous Cu-containing molecular square.®
“Up” and “down” refers to the orientation of the ethenyl (HC=CH)
group of the imidazolate with respect to the Fe, plane. Imidazole
substituents (in the case of complex 2 and 3) have been removed for
clarity. Red, O; blue, N; black, C; orange, Fe; dark red, Cu.

In complex 2, the C; methylene carbons and the C, ethylene
units alternate up and down positions such that the canting of
the planes renders both sides of the Fe, square plane blocked by
the inwardly pointing isopropyl groups, Figure 4b; as in 1, the
ethylene units are outwardly oriented. Complex 3, Figures 4c and
3, shows another variation, in that the aryl groups attached to the
ethylene unit are oriented outwardly and across from each other
on one side of the Fe, square plane (10.2 A across from aryl C—C
bonds at widest point) and inwardly on the other two (3.4 A
apart at the closest point). This configuration has the effect of
sterically blocking only one side of the Fe, plane and allows for
highly eflicient packing in the crystalline form as the closed side
of one unit can nest into the open side of another, see Figure 3
and Supporting Information. Note that the nested benzimida-
zolates have the benzyl groups arranged aryl edge to aryl plane
(as they are in the solid state form of benzene) rather than -
stacked. While the closest intermolecular Fe- - -Fe distance
is ~5.3 A, the closest intermolecular C---C distance (from
C10 of the nested benzimidazolate to C2 of the benzimidazolate
of the open portion) is ~3.5 A, Figure 3d. The separation of the
nested benzyl groups measured by C11 to the methenyl carbon
of the benzimidazolate of the open portion is ~3.6 A.

A view down the center of the squares in the packing diagrams
thus reveals a columnar cavity in complex 3; the centers of
complexes 1 and 2 are blocked by the included acetone molecule
or isopropyl groups, respectively. Graphics displaying these views
are given in Figure 6.

Metric parameters presented in Table 1 show similar
ZNno—Fe—Nyo in the range of 116.5—113.1° for 1 and 3;
the Imid-iPr analogue 2 average is 110.5°. The £ Npiq—Fe—Nipq
angles vary somewhat with complex 3 having the smallest, avg. =
105°. Likely to accommodate the additional steric bulk of the
isopropyl groups the C; unit of the imidazole ring, complex 2 has
a larger cavity as compared to 1 and 3: Fe to Fe average edge
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Figure 6. A view down the center of the squares demonstrating blocked
cavities for complexes 1 and 2 and an open cavity for complex 3.

Table 1. Selected Bond Distances (A) and Angles (deg) for
Complexes 1—3

1 2 3

Bond Distances (A)

Fe—Nimid avg 2.005(5) 2.036(11) 2.013(3)
N—O . 1.166(6) 1.194(13) 1.175(5)
Fe—NNo avg 1.694(5) 1.712(13) 1.687(4)
Fe---Fe (adj) 5.965 6230 6.039
5977 6253 6.015
Fe---Fe (cross) 8.697 8.755 8.278
8.183 8.898 8.761
Bond Angles (deg)
Nimia—Fe-Nimid avg 109.24(17) 110.72(5) 104.88(14)
Nno—Fe-Nno avg 114.8(2) 110.39(5) 114.15(19)
Fe—N—0 166.8(6) 164.02(11) 166.9(4)
Fe—Nimid-Crmid avg 128.9(3) 133.39(10) 127.3(3)
Avg. Deviation of Fe from Fe, Square Plane (A)
0.0094 0.0145 0.0219

Angle of Intersection of Fe, Square Plane With Imidazole Plane (deg)
129.8 107.8 117.5
58.7 68.5 70.3

distances are 6.24 A, 0.2 Alarger than that of 1 and 3; Fe to Fe cross
distances are ca. 8.8 A. The iron atoms are positioned at ca. 120°
relative to the carbons adjacent to the N-donors in the imidazolates;
thus, the vectors that connect the iron atoms do not include the
imid-nitrogen donors.

These DNIC tetramer structures are similar to those of
imidazolate-bridged tetracopper squares.”* The example shown
in Figure S finds the Cu(Il) corners capped by the 1,4,7-
triazacyclononane or tacn ligand.®> The overall charge of the
cluster is 4™. Copper to copper distances along the edges are 5.89
and 5.99 A, and the £ Ny,,;,4—Cu—Ny,iq are in the range of 93°3
This tetramer and other copper-containing analogues were
synthesized as mimics of histidine-containing metalloproteins
and examined for the ability of the bridging imidazolate to
mediate antiferromagnetic interactions. Variable temperature
magnetic susceptibility studies found antiferromagnetic interac-
tions between adjacent Cu(II) centers at low temperatures,
ascribed to a O-exchange pathway through the imidazolate
bridge,z"4 that optimized at Cu—Nppnig—Cimig angles of ca.
132°.3* We note that the analogous Fe—N,,iq—Cimiq angles in
complexes 1—3 are in the 127—133° range.

Computational Studies. The optimizations of 1—3, starting
from crystallographic structure coordinates of the single tetramer,

[{imid)Fa(NO),].

Seee

[(Imid-Benz)Fa(NO),],

3razen

Calc'd
Structure

Bosic,
(i&'
Figure 7. Experimental and computational structures and electrostatic
potentials for 1 (left) and 3 (right), with the calculated coordinates
shown taken from 3gyine. Both 3cu1c. and 3gogen are shown, with the

imidazolate groups held frozen in the latter shown outlined in red.
Electrostatic potentials were generated at an isosurface value of 0.01.

ESP

with the acetone molecule removed from the broad edge of the
bowlin 1, were performed on the singlet, triplet, and quintet states
of the molecules. The antiferromagnetic singlet state was found to
be of lowest energy, with the triplet and quintet states only slightly
higher in energy (for 1, 0.54 and 1.09 kcal/mol; for 2, 0.73 and
1.47 kecal/mol; and for 3, 0.88 and 1.61 kcal/mol, respectively),
indicating a very low energy barrier for spin flipping at room
temperature, increasing with the larger imidazolate and a greater
degree of molecular asymmetry. Energy diagrams for the isomers
are described in Figures S11—S13. Any coupling present in the
tetramer is expected to be weak due to the large distances between
the iron atoms. Consistent with this, room temperature Evans’
method magnetic susceptibility data indicates 1 unpaired electron
per iron.

The computational methodology used reproduced the vibra-
tional frequencies especially when solvation was included. The
vibrational frequencies for 1., and 3, for the gas-phase and
solution-phase are as follows: 1., 1824/1774 cm? (gp.) and
1813/1739 cm™ ' (CH,Cl,), similar to that found for Loy, 1805
and 1737 in CH,CL. Similarly, the frequencies for 3. were
found to be 1810/1767 cm ' (gp.) and 1797/1733 cm !
(CH,Cl,), matching well with the 3., CH,Cl, values of 1805
and 1739 cm ™ '. Additional results are found in Table S1.

The geometric parameters from optimized structures are
not significantly different between singlet, triplet, and quintet
states. Beginning from the orientations of the X-ray crystal struc-
tures, the calculated metric parameters of one unit of complexes
1—3 substantially match experimental values (see Table S1).
However, as shown in Figure 7 and Table S1, there are dif-
ferences in the canting of the imidazolate planes, particularly for
the benzimidazole of complex 3. The gas phase calculation of this
tetramer finds the imidazolate planes perpendicular (L) to the
Fe, plane and largely parallel to each other. This distinction
suggests a role for noncovalent interactions or crystal packing in
the solid state.

An additional calculation of complex 3 was performed; a
structure corresponding to a single tetramer in which bond
distances, valence angles, and dihedral angles of the cross
imidazolate groups that correspond to the broad edge of the
bowl were frozen to observe the effect on the cross imidazolate
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XA

Figure 8. Orientational isomers of 1 (up/down, left) and 3 (up/up,
right).
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Figure 9. EPR spectra of complex 1 in THF at 170 K (line width =
30 G), reproduced with permission from ref 13, copyright 2005 Royal
Society of Chemistry, 298 K (frequency at 9.45 GHz, line width = 14 G),
and in CH,Cl, at 298 K (frequency at 9.45, line width = 14 G); complex
2 in THF at 10 K (frequency at 9.49 GHz, line width = 43 G), 298 K
(frequency at 9.45 GHz, line width = 13 G), and in CH,Cl, at 298 K
(frequency at 945, line width = 12 G); and complex 3 in THF at 10 K
(frequency at 9.49 GHz, line width = 19 G), 298 K (frequency at 9.45
GHyz, line width = 18 G), and in CH,Cl, at 298 K (frequency at 9.44
GHz, line width = 14 G).

interactions corresponding to the narrow edge of the bowl
(3fozen)- In 3grozen in Which the arene rings of 3 opposite one
another (the rings shown as 10.2 A apart in Figure 3 and as
outlined in red in Figure 7) were held frozen, the arene rings
3.4 A apart were allowed to relax. In this conformation, that is,
with the observed canting as described in Figure 7 and in the
experimental structure, the distance between the unfrozen rings
expanded (see Table S1) and the calculated energy is 3.59 keal
higher than the optimized gas phase structure. It should be noted
that the opposite frozen structure was calculated (i.e., the close
arene rings held frozen with the distant arene rings allowed to
relax), and a similar effect was found, with the arene rings 10.2 A
apart optimizing to a structure whereby they approximate a
parallel orientation.

By computations, we explored the interchange of imidazolate
orientational isomers of 1 and 3 (Lyp/down and 3yp/up), creating
for 3 a “super-bowl” when in the (up, up, up, up) orientation,
Figure 8. The difference in energy between the two isomers of 1
is 0.82 kcal/mol, favoring the all-up configuration that is found in
the solid-state structure. As an acetone molecule crystallized in
the open bowl of complex 1, the energetic preference of this
orientation even in its absence was unexpected. For gas-phase 3,

C
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Figure 10. Scan reversals of the cyclic voltammograms to isolate
successive waves of complexes (a) 1, (b) 2, (c) 3 in 2 mM CH,Cl,
solution. All are referenced to Cp,Fe/Cp,Fe".

the all-up orientation is favored over the (up, down, up, down)
orientation, albeit by a mere 0.05 kcal/mol. This is in contrast
with the orientation in the crystallographic structure, implying
that intermolecular interactions are responsible for the observed
conformation. Structural details of these additional computed
isomers of 1 and 3 can be found in Figure 8 and Table S1.

Electron Paramagnetic Resonance Spectral Data. The EPR
spectra for complexes 1—3 (Figure 9) originate from paramag-
netic {Fe(NO),}” units, all of which at 295 K display a broad
isotropic signal at g = 2.03 (~ 2 mM THF solutions), character-
istic of DNIC complexes. In frozen THF at 10 K, complex 2
shows a rhombic signal with g-values of 2.0SS, 2.029, 2.012,
whereas complex 3 shows a broad isotropic signal with a g-value
of 2.029 similar to the signal seen at room temperature. Under
these conditions, 10 K in frozen THF, complex 1 also shows a
broad isotropic signal with a g-value of 2.021. In contrast, Li and
co-workers report a nine-line spectrum with N-14 hyperfine
couphng centered around a g-value of 2.031 at 170 K in THF
solution."® The line width of Li’s signal is ~13 G, while the line
width of the signal obtained for complex 1 in THF at 298 K is
14 G. An overlay of these spectra, Figure S7, suggests that the
isotropic signal of 1 at room temperature is an unresolved
envelope of the 9-line pattern seen for 1 at 170 K.

On the basis of the nine-line EPR spectrum, Li and co-workers
suggested that complex 1 dissociated in THF solvent to produce
a THE-bound monomer DNIC." To determine if there was any
observable effect with a noncoordinating solvent on the signal
shape or g-value, EPR spectra of complexes 1—3 were also
obtained in CH,Cl, solution at 298 K. In all three cases, a broad
isotropic signal is observed with a g-value closely matching that of
the EPR spectra taken in THF solution. No N-14 hyperfine was
observed in spectra recorded in both the THF or CH,Cl,
solutions under various conditions: decreasing the concentration
of the samples to ~0.5 mM or modifying the spectral parameters
(increasing scan time, increasing or decreasing the power, or
lowering the modulation amplitude). As the spectral line shapes
and g-values are similar in both THF and CH,Cl,, we assume that
the tetramers remain intact in solution. The similarity of v(noy IR
spectra in both solvents and in the solid-state support this
conclusion (see Figure S8).

Cyclic Voltammetry. The cyclic voltammograms of com-
plexes 1—3 were recorded in 2 mM CH,CIl, solution with
100 mM [+BuyN][BF,] as the supporting electrolyte. Potentials
were measured relative to a Ag/AgNOj electrode using a glassy
carbon working electrode and are referenced to Cp,Fe/Cp,Fe™.
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Table 2. Reduction and Oxidation Values Observed for
Complexes 1—3°

Epe (V) En(V) Al —Ed) (V) A(Bpa = Epa) (V)

1 —120 —~1.03 0.17 0.19
—1.39 —129 0.10

2 —129 —1.09 0.20 0.38
—1.67 —1.41 0.26 0.31°
—1.98

3 —1.12 —0.99 0.13 0.16
—1.28 —121 0.07

“In CH,Cl, solution (0.1 M ‘Bu,NBFE,). All experiments were recorded
using a glassy carbon working electrode and Pt counter electrode and
referenced to Cp,Fe/Cp,Fe” at a scan rate of 100 mV/s. * The potential
difference refers to the difference between the second and third
reductions.

Multiple and overlapping redox events are observed for each
complex. The cyclic voltammograms of complexes 1—3 in the
cathodic region are given in Figure 10; the scans are reversed at
different potentials for each complex in attempts to isolate
individual redox events. The redox potentials for each complex
are listed in Table 2.

For complexes 1 and 3, two reductive events are observed
at —1.20 and —1.39 V and —1.12 and —1.28 V, respectively.
Isolation of the successive waves suggest that the oxidation
events observed upon scan reversal are associated with the
corresponding reduction, that is, for complex 3, the reductive
event at —1.12 Vis associated with the oxidative event at —0.99 V
and the reductive event at —1.28 V is associated with the
oxidative event at —1.21 V. The square wave voltammograms
display broad peaks, rather than well-defined, separated peaks,
suggesting that there are multiple overlapping events associ-
ated with the two main events of the cyclic voltammograms
(Figure S9). For complex 2, three reduction events are observed
at —1.29, —1.67, and —1.98 V. Again, isolation of the successive
waves suggest that the oxidation events upon scan reversal
at —1.09 and —1.41 V are associated with the events at —1.29
and —1.67 V, respectively. The square wave voltammogram is
even broader, also suggesting the presence of several redox
events in the —1.29 to —2.0 V region. The patterns of the cyclic
voltammograms are consistent with previously studied polyme-
tallics that have multiple redox events.***’

Assuming that the tetramers remain intact in CH,Cl, solution
during the electrochemical experiment, we might expect to
observe four individual, {Fe(NO),}*/'° redox events. The broad
and poorly defined events in both the cyclic voltammograms and
square wave voltammograms suggest that, if indeed four reduc-
tion events exist, they must occur at similar voltage values,
resulting in signal overlap. Other neutral {Fe(NO),}’ com-
plexes, such as (NHC-iPr)(SPh)Fe(NO),'" and (Ar-nacnac)Fe-
(NO)Z,38 show reversible, well-defined redox couples in THF at
E,/»=—1.33and —1.34V, respectively (Figure S10c; S10aand b
have CV’s of neutral reduced species for comparison). As imida-
zole is a weaker donor compared to N-heterocyclic carbenes,
and imidazolates are weaker donors than thiolates and diketi-
minates,'! we expect reduction of 1—3 to be slightly easier (more
positive), on the basis of typical donor/acceptor ability argu-
ments. This is the case for all three complexes.

The small difference (<0.2 V) between the first and second
reduction potentials for complexes 1 and 3 (Table 2), compared

()],

absorption [%]

velocity [mm/s]

Figure 11. The S K Mossbauer spectra for tetrameric complexes 1—3 in
frozen THF solution in an applied field of 700 G.

with previously reported polymetallic complexes,®® suggest sub-
stantial localization of the reduction events. For complex 2, the
slightly larger AE values (0.38 or 0.31 V) suggest somewhat
greater delocalization of the reduction events; that is, the first
reduction seems to have a greater effect on the subsequent
reductions.

Mossbauer Spectroscopic Studies. As frozen solution sam-
ples at ~50 mM in THF solvent, complexes 1—3 exhibit sharp
quadrupole doublets at S K (Figure 11) with isomer shifts of
0.270, 0.289, and 0.276 mm/s, respectively, and quadrupole
splitting parameters of 0.700, 0.717, and 0.768 mm/s, respec-
tively. For comparison, Mossbauer data were also obtained
for a set of related, well-characterized, monomeric DNICs; these
spectra and corresponding structures are given in Figure 12.
Competing/complicating effects in heteroligated complexes
requires cautious interpretation of Mossbauer data and careful
comparisons to reference compounds. A classic and detailed
study of neutral Fe(CO),(NO),, (PPh;)(CO)Fe(NO),, and
(PPh;),Fe(NO), reports small positive isomer shifts (ranging
from +0.027 to +0.110 mm/s), with more positive values correspond-
ing to the better donors, poorer 7r-accepting phosphine deriva-
tives. The quadrupole splitting values range from 0.332 to 0.687
mm/s.* Salts of anionic [Fe(CO);NO] showed small and
negative isomer shifts (ca. —0.08 mm/s).>” In the current descri-
ption of the redox states of DNICs, these classic organometallics
contain reduced {Fe(NO),}'® units, such that the electric field
gradient at Fe is implied to be buffered by substantial electron
delocalization.

More recently, Mossbauer data have been reported and inter-
preted for the reduced and oxidized [(Ar-nacnac)Fe(NO),] /°
complexes (Ar-nacnac = 2,6-diis0133rogylpheny1) prepared and
characterized by the Lippard group.”®*’ The isomer shifts for the
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Figure 12. The S KMossbauer spectra of test complexes A—D in frozen
THE solution in an applied field of 700 G.

reduced and oxidized forms are extremely close, 0.22 and 0.19 mm/s,
respectively.*® As NO ligands are notoriously “non-innocent,” and
the Ar-nacnac ligand is also potentially redox-active, the question of
ligand-based versus metal-based redox process in the Lippard system
was addressed by Ye and Neese in DFT studies.*” Their computa-
tions find that the 3d orbitals for iron in the reduced DNIC are
energetically close to the NO 77* orbitals resulting in strong 7-
backbonding and thus a smaller isomer shift than what might be
expected for a metal-based reduction.

The compounds chosen here as references for the tetramers
1—-3 contain spectator ligands with varying donor/acceptor
properties (Figure 12)."" Test compounds A and C are reduced
{Fe(NO),}"® complexes. Complex A contains two strongly o-
donating NHC ligands bound to the Fe(NO), unit, whereas for
complex C, one of the NHC ligands is replaced with CO, a
weaker o-donor, but a stronger 77-backbonding ligand. Both the
isomer shift and the quadrupole splitting are smaller in the latter,
and are consistent with recorded data for (Ph;P)(CO)Fe(NO),
and (Ph;P),Fe(NO),.*” Complex B, containing two strongly o-
donating NHCs, is the cationic, oxidized, {Fe(NO),}’ analogue
of complex A. Complex D, also in redox level {Fe(NO),}’, is a
neutral complex containing an anionic, strong o-donor/strong 7-
donor, phenyl thiolate (SPh ™), and a strongly O-donatin% NHC.
Note that the isomer shifts of the reduced {Fe(NO),}"° com-
plexes A and C are distinctly lower than for B and D, the oxidized
{Fe(NO),}’ complexes. The analogous {Fe(NO),}’ complex as
a dithiolate, [(PhS),Fe(NO),] ", has Mossbauer parameters
(6 =0.18(2) mm/s and AEq = 0.69(2) mm/s) similar to D.*"*
Although A and C contain Fe in a formally reduced state relative
to B and D within the DNICs, the isomer shifts are found at lower
values compared to those of B and D, suggesting greater -
backbonding in the reduced complexes.

Test {Fe(NO),}’ complexes B and D also demonstrate this
trend, where B contains two NHC ligands and has an isomer shift
of 0.114 mm/s, while D contains only one NHC ligand, and a
strong 7t-donor in the PhS™ ligand, but has a only slightly larger
isomer shift of 0.151 mm/s.

The isomer shifts of tetramers 1—3 are significantly larger than
those of the test complexes, with the closest match coming from
complex D, the complex containing the neutral, NHC ligand, and
the anionic SPh™, overall rendering the oxidized Fe(NO), unit
within the DNIC neutral. That is, the tetramers may be analyzed
as containing cationic {Fe(NO)2}9 units, bound to one anionic
and one neutral imidazole nitrogen. The larger shifts may be due
to the fact that the o-donating ability of the N-donors of the
imidazole ligand, in a bridging mode, is less than that of the NHC
and anionic thiolate. Note that the similar isomer shifts of the Ar-
nacnac DNIC redox pair and that of the tetrameric complexes
1—3 suggest comparable electronic environments produced by
N-donors, one of which is anionic on the {Fe(NO),}’ unit.

B SUMMARY AND COMMENTS

Despite the presence of bridging imidazolates in biomolecules as
well as a variety of inorganic complexes, to our knowledge, only one
DNIC containing bridging imidazolate ligands, complex 1, was
reported previous to this study." Tetrameric complexes 1—3 form
as molecular squares; the orientation of the imidazolate ligand with
respect to the Fe, plane in the crystal structures is influenced by both
steric interactions of the imidazolate substituents and crystal-packing
forces. The computationally optimized structures suggest that in gas
phase or in solution there should be small energetic differences in the
orientation of the imidazolates, and thus, the imidazolate ligand plane
should be flexible in the absence of crystal packing forces.

EPR spectroscopic studies find g-values of ~2.03 for all three
tetrameric complexes; however, N-14 hyperfine coupling is not
observed. There are few examples of DNICs that exhibit hyperfine
coupling in their EPR spectra.**~* Any correlation between
DNIC structure and observation of hyperfine coupling to N-donor
ligands or the NO ligands still remains unclear. Interestingly, the
analogous copper based imidazolate molecular square also has an
isotropic, temperature-independent EPR signal with no distinct
N-14 hyperfine coupling. However, at low temperatures (below
100 K), a second spectral component with wide splittings is
observed and assigned to the triplet state of the Cu tetramer.”

The Mossbauer data reported here, as one of the few examples
thus far for DNICs in different redox levels, characterizes the
oxidized {Fe(NO),}’ complexes to have larger positive isomer
shifts than the reduced {Fe(NO),}'* analogues. While the nature
of the spectator ligands varies within the four reference complexes
as compared to the tetramers, the precise source of differences in
quadrupole splitting parameters awaits more detailed interpreta-
tions through simulations. It is clear however that along with the
v(NO) IR data, Mossbauer spectroscopy could become a useful
tool in detecting the presence of both oxidized and reduced
DNICs in biological systems, and their response to ligand fields.

Biological Implications. Histidine-containing DNICs have
been observed via EPR spectroscopy upon nitrosylation of several
proteins containing histidine residues, including aconitase, mamma-
lian ferritin, and the iron—quinone complex of photosystem IL*~*
From these studies, it is not clear whether the histidine residues were
bound through the neutral N or the deprotonated N of the imidazole
ring. Importantly, pH studies have demonstrated that deprotona-
tion of the imidazole N—H occurs at a pK, of 14.5; however,
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when histidine is bound to Fe in the case of a 2Fe2S center, this pK,
is lowered to 7.85.*°° Thus, under physiological pH conditions,
the possibility of histidine deprotonation leads to the prospect of
aggregation of nitrosylated Fe in histidine-containing proteins as seen
in the inorganic imidazolate-containing Fe(NO), aggregates dis-
cussed here, and as is known for copper(Il) imidazolates. Whether
the DNIC containing clusters could form in the cellular environment
or what their function might be has yet to be discovered.
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© Supporting Information. Additional spectroscopic and
computational details, X-ray crystallographic data (CIF) from
the structure determination and full list of metric parameters for
complex 3; complete ref 32. This material is available free of
charge via the Internet at http://pubs.acs.org.
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