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Communications

A Linear Triiron Core Structure Consisting of Fused
(u-Hydroxo)bis(u-carboxylato)diiron(III) “Kernels”

The search for novel polynuclear Fe(II) and Fe(III) complexes
with O,N donor ligands has been spurred by, among other things,
their occurrence in proteins, their interesting magnetic behavior,
and their potential use as catalysts for alkane oxidations.!”> A
recent report from this laboratory showed that use of the tridentate
nitrogen donor ligand tris(1-methylimidazol-2-yl)phosphine leads
to formation of [Fe;O(OAc),(TMIP),;]?*.%5  This complex
contains the now familiar (u-oxo)bis(u-carboxylato)diiron(III)
core, which can be capped by any of several different tridentate
ligands.! In order to explore the effects on core structure of steric
and electronic variations in the tridentate ligand, we introduced
a methyl group ortho to the coordinating nitrogens (N3) of the
constituent N-methylimidazolyl rings of TMIP, yielding tris-
(1,4-dimethylimidazol-2-yl)phosphine (T1,4DMIP).5  This
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seemingly minor change leads to assembly of an unprecedented
linear triiron core. [Fe;(u-OH),(u-OAc),(T1,4DMIP),]-
(PF¢); THF (1) was prepared by dropwise addition of a solution
of T1,4DMIP (1.0 g, 3.16 mmol) in 15 mL of water to a stirred
solution of Fe(ClO,);6H,0 (2.20 g, 4.76 mmol) and sodium
acetate trihydrate (0.860 g, 6.32 mmol) in 40 mL of water. The
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(3) Fish, R. H.; Konings, M. S.; Oberhausen, K. J,; Fong, R. H.; Yu, W.
M.; Christou, G.; Vincent, J. B.; Coggin, D. K.; Buchanan, R. M. Inorg.
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(4) Wuy, F.-J.; Kurtz, D. M., Jr.; Hagen, K. S.; Nyman, P. D.; Debrunner,
P. G.; Vankai, V. A. Inorg. Chem. 1990, 29, 5174,

(5) Abbreviations used: TMIP, tris(1-methylimidazol-2-yl)phosphine;
T1,4DMIP, tris(1,4-dimethylimidazol-2-yl)phosphine; THF, tetra-
hydrofuran; OAc, acetate; OBz, benzoate; biphme, bis(l-methyl-
imidazol-2-yl)phenylmethoxymethane; HB(pz),, tris(1-pyrazolyl)-
hydroborate(1-); N-Melm, N-methylimidazole.

(6) 1,4-Dimethylimidazole was prepared by a previously described proce-
dure’ and purified by fractional distillation. T1,4DMIP was prepared
by reaction of 1,4-dimethylimidazole and PCl, using the same procedure
as used to prepare other tris(imidazolyl)phosphines.® The crude material
was recrystallized from toluene. 'H NMR (8, ppm; CDCly): 2.15 (s,
3 H, 4-CH,), 3.55 (s, 3 H, N-CH,), 6.75 (s, 1 H, 5-H). *'P NMR (3,
ppm, relative to H,PO,; CDCl;): -26.81.
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Figure 1. Structure of the triiron complex in 2.4THF. View A shows
all core non-hydrogen atoms. View B omits all phenyl carbons but those
a to carboxylate carbons and includes H-bonded THF molecules. Both
views omit all but ligand nitrogen atoms of T1,4DMIP for clarity.
Structural and thermal parameters for the T1,4DMIP ligand are included
in the supplementary material.

reaction mixture was stirred for 3 h at room temperature, and
the resulting orange precipitate was collected by filtration and
dissolved in 20 mL of CH,CN. KPF, (0.900 g, 4.89 mmol) was
added, and the solution was stirred for 10 min, filtered through
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glass wool, and reduced to a volume of 10 mL under vacuum.
Orange crystals of 1 (1.4 g, 59 %) were obtained by vapor diffusion
of THF.? X-ray diffraction data on these crystals'® were sufficient
to establish that the cation is essentially isostructural with that
shown in Figure 1 (with acetato replacing benzoato ligands) but
were of insufficient quality to obtain accurate bond distances and
angles. A benzoate-bridged analogue, [Fe;(u-OH),(4-OBz),-
(T1,4DMIP),](PF,);°/,THF (2°°/,THF) was, therefore, prepared
by addition of 0.500 g (5.09 mmol) of benzoic acid to a solution
of 1(0.300 g, 0.199 mmol) in 10 mL of CH;CN. After 10 min
of stirring at room temperature and filtration through glass wool,
if necessary, orange crystals (0.26 g, 63%) were obtained by vapor
diffusion of THF.!! These crystals proved suitable for X-ray
diffraction.!?

The core structure of the cation in 2:4THF is shown in Figure
1 and consists of two (u-hydroxo)bis(u-carboxylato)diiron(III)
“kernels” which are fused at the central iron. This central iron,
Fel, lies on a crystallographically imposed center of symmetry.
The presence of hydroxo rather than oxo bridges in the cation is
confirmed by the presence of three PF4~ anions per cation in the
crystal'” and by a well-resolved THF molecule (Figure 1B) whose
oxygen is well within hydrogen-bonding distance of O5 (061-05
= 2.663 (8) A). A notable feature of this hydrogen bond is the
nearly planar Fe1-05--(061)-Fe2 unit.'* Fel has an Oy co-
ordination sphere in contrast to the N3O, coordination sphere of

(9) Analytical and spectroscopic data for 1 are as follows. Anal. Calcd for
CuHuF,,Fc,NuOH,Psz C, 31.95; H, 4.06; N, 10.65. Found: C, 31.55;
H, 4.26; N, 10.32, 'H NMR at ~23 °C (5, ppm; CD,CN): 81.8, 77.9,
52.4,20.5, 18.4,9. Absorption spectral data (CH;CN; Mg, nm, (¢, M
em™)): 230 (31000), 265 (43 000), 310 sh (9900), 440 sh (500), 450
sh (440), 480 sh (280).

(10) Crystal data for 1: monoclinic, space group C2/c, a = 36.41 (1) A, b
= 11207 (4) &, c = 24.251 (7) A, B = 113.64 (2)°, R, = 11.5%.

(11) Analytical and spectroscopic data for 2 are as follows. Anal. Caicd for
CreH ooF 1sFe3N110445Ps: C,43.91; H, 4.81; N, 8.09; Fe, 8.09. Found:
C, 43.96; H, 4.91; N, 8.19; Fe, 8.79. 'H NMR at ~23 °C (¢, ppm;
CD,CN): 82.3, 80.0, 22.3, 19.4, 154, 9. Absorption spectral data
(CH,CN; Mgy nm (6, M7 cm™1)): 235 (86 000), 265 (64 000), 310 sh
(20000), 380 sh (6800), 440 sh (780), 480 sh (390).

(12) X-ray data for 2.4THF were collected on an orange, platelike crystal
of approximate dimensions 0.10 X 0.20 X 0.30 mm that had been sealed
in a glass capillary tube. Data were collected at 23 & 2 °C on an
Enraf-Nonius CAD4 diffractometer equipped with a graphite crystal
monochromator using Cu Ka radiation (A = 1.54184 X). Cell di-
mensions were determined by least-squares refinement of the angular
positions of 25 independent reflections in the 15-25° 8 range during the
normal alignment procedure. A total of 10052 (9644 unique) reflections
were collected over a 8 range of 2-75° using the w—26 technique with
variable scan width and scan range. After a Lorentz—poiarization
correction, averaging of redundant data, and elimination of systematic
absences, a total of 4863 reflections (F, > 30) were considered observed
and unique and were used in the structural analysis. A semiempirical
absorption correction was applied to the data.!® The structural analysis
was performed on a VAX 6210 computer using the Mo1EN structure
analysis program system.'* The structure was initially solved by direct
methods using sirss.!* Additional atoms were located in several dif-
ference Fourier maps and then refined by full-matrix least-squares
techniques, first isotropically and then anisotropically, to produce the
final structural result. The final cycles of least-squares refinement
employed non-Poisson weights modified by the Dunitz—Seiler techni-
que.' Crystal data for 24THF: Fe,P(F130,,N;,C;sHg,, fw = 2040.03,
triclinic, space group P1 (No. 2), @ = 13.296 (3) A, b = 13.839 (4) A,
c=15.471 (4) A, a = 97.48 (2)°, 8 = 114.28 (2)°, v = 105.77 (2)°,
V=2400 (4) A}, Z =1, Dy = 1.411 g cm™, Dy = 1.52 g cm™ (by
flotation in CHCl,/CCly), R = 9.5%, R, = 6.2%.

(13) North, A. C. T.; Phillips, D. C.; Mathews, F. S. Acta Crystallogr. 1968,
A24, 351.

(14) Mol EN, An interactive Structure Solution Procedure; Enraf-Nonius:
Delft, The Netherlands.

(15) Burla, M. C.; Camalli, M.; Cascarano, G.; Giacovazzo, G.; Polidori, G.;
Spagna, R.; Viterbo, D. J. Appl. Crystallogr. 1989, 22, 389.

(16) Dunitz, J. D.; Seiler, P. Acta Crystallogr. 1973, B29, 589.

(17) Neither PF¢ anion in 2:4THF occupies a crystallographic inversion
center, which generates apparently four PF,™ units per cell rather than
the three expected. However, difference maps and subsequent refine-
ment indicated only half-occupancy of the PFg~ unit surrounding P3.
Many peaks in the final difference map were near the P3 site, indicating
a disordered unit. Occupancy of the P3 site may be shared with a
solvent THF molecule.

(18) Pertinent angles (deg) around O5: Fel-O5~Fe2, 123.9 (2); Fel-05-
061, 120.2 (3); Fe2—05-061, 115.4 (3). Their sum is 359.5° vs. 360°
expected for coplanarity.
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Figure 2. 'H NMR spectra in CD,CN at ~23 °C of (A) [Fey(u-
OH),(¢-OBz),(T1,4DMIP),](PFy)s*/,THF and (B) [Fey(s-OH)y(u-
OACc),(T1,4DMIP),](PF¢)yTHF. Spectra were obtained on a Bruker
AC-250 spectrometer. Assignments are listed above the paramagneti-
cally shifted resonances.

the outer iron atoms, Fe2, and also has significantly longer Fe~O
bond distances than does Fe2. This statement applies to both the
hydroxo bridge with Fe1-05 = 1.964 (2) A vs Fe2-05 = 1.933
g) A and the carboxylato bridges with Fe1-01,2(av) = 2.046

vs Fe2-03,4(av) = 1.942 A, This asymmetry can be attributed
to the relative trans effects of the negatively charged O vs neutral
N ligands on Fel and Fe2, respectively. The Fe2-O(carboxylato)
bond distances in 2 appear to be unusually short, when compared
with those of similar (u-carboxylato)diiron(IIT) complexes.”* For
example, while the average Fe2-N bond distance in 2 is only
~0.03 A shorter than the Fe-N bond distances in [Fe,O-
(OAC),(TMIP),])?*,* the average Fe2~O(carboxylato) bond dis-
tances in 2 are nearly 0.1 A shorter than the corresponding dis-
tances in [Fe,O(0OAc),(TMIP),]**. A small trans effect of the
hydroxo bridge in 2 on the Fe2-N bond distances is also evident,
with Fe2-N23 = 2.144 (4) A vs Fe2-N13,33(av) = 2.116 A,

The only other structurally characterized complex known to
contain a (u-hydroxo)bis(u-carboxylato)diiron(III) core is [Fe,-
(OH)(OACc),(HB(pz);),]*, which shows an N;0; coordination
sphere around both iron atoms.®® The average of the Fe-N bond
distances for Fe2 in 2, 2.130 A, is only slightly longer than that
in [Fe,(OH)(OAc),(HB(pz),),]*, 2.102 A, and the Fel-O5-Fe2
angle, 123.9 (2)°, and Fel-Fe2 distance, 3.4400 (7) A, in 2 are
both nearly identical to the corresponding parameters in [Fe,-
(OH)(OAC),(HB(pz)5),]* (123.1 (2)°, 3.439 (1) A). However,
the latter complex does not exhibit the asymmetry in iron coor-
dination spheres and Fe—O bridge bond distances noted above for
2.

The 'H NMR spectra (Figure 2) and magnetic moments of
1 and 2 nicely confirm the persistence of the triiron core in solution.
The assignments given in Figure 2 are based on peak area ratios,
deuteriation of the acetate methyl, and comparisons to spectra
of an extensive set of Fe(III)~imidazole complexes studied pre-
viously in our laboratory.?! The two sets of doublets with ~2:1
area ratios are assigned to the 5-H and N-CH; of the imidazolyl
rings in the T1,4DMIP ligand. These doublets reflect the
structural trans effect referred to above; the imidazolyl ligands
cis to the hydroxo bridge have the shorter Fe~-N distances and,
therefore, show the larger shifts.*?! The crystal structure of 2
shows that the cis and trans 4-CH; groups are both significantly

(19) Que, L., Jr.; True, A. E. Prog. Inorg. Chem. 1990, 38, 97.
(20) Armstrong, W. H.; Lippard, S. J. J. Am. Chem. Soc. 1984, 106, 4632.
(21) Wuy, F.-J; Kurtz, D. M., Jr. J. Am. Chem. Soc. 1989, 111, 6563.
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closer to Fe2 than are the 5-H or the N-CHj, and the expected
dipolar broadening leads to assignment of the relatively broad
feature at ~9 ppm to the unresolved cis and trans 4-CH; reso-
nances. We?! and others? have previously shown that the bridging
acetate chemical shifts in di- and trinuclear Fe(III) complexes
vary monotomcal]y with solution magnetic moments per iron atom
and with the pairwise antiferromagnetic coupling constants, —J,
in the A, = -2J§, .8, formalism. Solution magnetic moments
measured at ~296 K in CD;CN by the Evans method?!' gave
effective magnetic moments of 4.00 ug/Fe for 1 and 4.01 up/Fe
for 2. These magnetic moments together with the bridging acetate
chemical shift of 1 (52.4 ppm) at the same temperature indicate
that the pairwise antiferromagnetic coupling between adjacent
iron atoms in the cores of 1 and 2 is significantly stronger than
that in the isostructural core of [Fez(OH)(OAc)z(HB(pz),)Z]
(4.42 pp/Fe, 68.7 ppm, —J = 17 cm™ *).”  On the other hand,
comparisons of the same parameters indicate that the antiferro-
magnetic coupling between adjacent iron atoms in the cores of
1 and 2 is significantly weaker than that between the iron atom
pairs in the “basic iron acetate” cluster [Fe;(u;-O)(u-OAc)q(NV-
Melm);]* (3.34 ug/Fe,?! 30.7 ppm,2' ~J = 30 cm™' %), Thus,
these comparisons indicate that the pairwise antiferromagnetic
coupling strength between adjacent iron atoms in the cores of 1
and 2 is within the range 17 cm™ < -J < 30 cm™.

The 5’Fe Massbauer spectrum of solid 1 (not shown) at 250
K shows a broadened but unresolved doublet with isomer shift
(quadrupole splitting) of 0.41 (0.74) mm/s; these values indicate
high-spin ferric iron and are close to those of two (u-hydroxo)-
bis(u-acetato)diiron(III) complexes.'* At 1.8 K in a weak applied
field (2.2 kG), the Mdssbauer spectrum of 1 shows at least eight
resolved components. Such a complex magnetic spectrum is
indicative of a paramagnetic ground state. An X-band EPR
spectrum at 15 K of a frozen solution of 1 in acetonitrile showed
a strong first-derivative feature with zero-crossing at g = 4.29 and
a much weaker feature at g = 9.46. This EPR spectrum is
consistent with a S, = 3/, ground state for 1, as expected for
a complex consisting of three paramagnetic centers with S| = S,
= S3 5/, and anuferromagne'uc coupling only between adjacent
pairs of centers; i.e., J;; = Jy3, and Jy3 = 0.8

The new structure reported here adds to the small but growing
list of triiron~carboxylate core types and further illustrates the
recently recognized structural flexibility inherent in polynuclear
ferric~carboxylate chemistry.!* The trans configuration of the
hydroxo bridges around the central iron atoms of 1 and 2 is
unusual if not unique in discrete polynulear ferric complexes. The
synthetic procedure for 1 is completely analogous to that for
[Fe,O(OAc),(TMIP),]%*, but we have detected no diiron(III)
complexes using T1,4DMIP. Examination of space-filling
structures of [Fe,O(OAc),(TMIP),]?* shows that steric overlap
of methyl groups ortho to those coordinating nitrogens which are
cis to the oxo bridge on adjacent iron atoms is likely to destabilize
the analogous diiron complex with T1,4DMIP. Reactivities of

(22) Arafa, I. M.; Goff, H. M.; Davis, S. S.; Murch, B. P.; Que, L., Jr. Inorg.
Chem. 1987, 25, 2779.

(23) This difference is difficult to attribute to differences in bond distances
and angles between 2 and [Fez(OH)(OAc)z(HB(pz),)z]*' The bridging
hydroxide is believed to provide the main pathway for magnetic su-
perexchange, and in addition to the nearly identical Fe—(u-OH)-Fe
angles in the two complexes noted above, the average Fe—u-OH bond
distance in 2, 1.948 A, may not be significantly different from that in
[Fe,(OH)(OAc)Z(HB(pz)g)z]"‘ 1.956 (4) A2 Similarly, the average
Fe~O(carboxylato) distance in 2, 1.994 A, is probably not signifi cantly
different from that in [Fez(OH)(OAc)z(HB(pz),)z] 1.999 A.2®

(24) lz)ozi%blowski, C. T.; Wrobleski, J. T.; Brown, D. B. Irzorg Chem. 1981,

, 671.

(25) (a) Girerd, J.-J.; Papaefthymiou, G. C.; Watson, A. D.; Garup, E,;
Hagen, K.; Edelstein, N.; Frankel, R. B.; Holm, R. H. J. Am. Chem.
Soc. 1984, 106, 5941. (b) Cannon, R. D.; White, R. P. Prog. Inorg.
Chem. 1988, 36, 264.

(26) The only other triiron—carboxylate complex of which we are aware that
has a “linear” iron atom geometry is [Fe,(OAc)s(biphme),].¥” This
complex contains Fe(II) and three carboxylato bridges, one of which
is monodentate, between adjacent iron atoms.

(27) Rardin, R. L.; Bino, A.; Poganiuch, R.; Tolman, W. B.; Liu, S.; Lippard,
S. J. Angew. Chem., Int. Ed. Engl. 1990, 29, 812.

1 and 2 and synthetic routes to similar trimetal complexes are
currently being explored. Preliminary results show that the mixed
oxo/hydoxo-bridged complex [Fe3(u-0)(u-OH)(u-02CR)4
(T1 4DMIP)2]2+, whose triiron core is isostructural with that in
1 and 2, is readily accessible.?®
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Synthesis and Crystal Structure of a Vanadium(V)
Complex with a 2-Hydroxy Acid Ligand,
(NH,),[V(OC(CH,CH,),C00)(0),);: A Structural Model
of both Vanadium(V) Transferrin and Ribonuclease
Complexes with Inhibitors

Monomeric and polymeric vanadates are potent inhibitors for
a variety of enzymes including ATPases, phosphatases, and nu-
cleases.!” V(V) can bind tightly into the active sites of these
enzymes in a trigonal-bipyramidal geometry. This interaction is
thought to mimic the hydrolytic transition states of their enzymic
reactions.> Such a geometry has been established by X-ray
crystallography® in the complex formed when ribonuclease A is
inhibited by vanadate and uridine. More recently, the first X-ray
structure of a V(V) synthetic model that mimics this coordination
geometry has been published.* However, it contains a trigonal
bipyramid of one chloride and four oxygen donors about the V
center,’ unlike the vanadate/uridine/ribonuclease complex.® In
addition, it is unstable at room temperature, both in the solid state
and in solution.’ We report here the first example of a trigo-
nal-bipyramidal V(V) complex with five oxygen donors which is
a good structural model for the vanadate/uridine/ribonuclease
complex. It is remarkably stable both in the solid state and in
aqueous solutions at room temperature. The complex is also the
best structural model that has been reported for the proposed active
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265-269.
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