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Abstract: Diiron(ll) complexes with an oxygen-rich coordination environment were assembled with the dinucleating
dicarboxylate ligandsm-xylylenediamine bis(Kemp’s triacid)imide ¢{DK) and the more soluble analogue
m-xylylenediamine bis(propyl Kemp’s triacid)imide §AXDK). X-ray crystallographic analysis revealed that, in

most of the complexes, only one monodentate N-donor ligand is bound to each iron(ll) ion. In addition to XDK and
PXDK, a variety of other ligands bridge the dimetallic core including chloride, fluoride, triflate, or carboxylate. The
tris(carboxylate-bridged) complexes pe-XDK)(u-OCPh)(ImH)(O.CPh)(MeOH)] B) and [Fe(u-O,CC(CH)3)(u-
PXDK)(N-Melm),(O,CC(CH)s)] (4) have the same ligand composition as the diiron(ll) cores in the hydroxylase
component of methane monooxygenase (MMO) and in the R2 protein of ribonucleotide reductase (RNR). The
coordination environments of the two iron center8iand4 are inequivalent, with one iron being 6-coordinate and

the other being 4-coordinate. The bridging benzoate and pivalate ligands have an unusual coordination mode with
a Fe-O—C bond angle close to 180 Fits of magnetic susceptibility data collected for several of the complexes
between 300 ah4 K indicated that the two iron(ll) centers are weakly antiferromagnetically coupled with a coupling
constant which does not depend on the nature of the bridging ligandssidoer spectra of polycrystalline and
frozen THF solution samples ¢f exhibited two overlapping doublets of equal intensity, reflecting the different
coordination environments of the two iron(ll) ions. The nearly identicaksbauer parameters for the solid and
frozen solution samples indicate that the dinuclear core remains intact upon dissolution. Stopped-flow studies of the
reaction of3 and4 with O, in THF showed the rapid formatiofi{ ~ 74 s™* for 3 at 202.5 K and, ~ 300 s! for

4 at 197 K) of colored intermediates with broad absorption maxima near 660 and 670 nm, respectively. These
values are characteristic of peroxo-to-iron charge-transfer bands and similar to that observed depetexg)-
diiron(ll1) intermediate (Herox9 in the MMO reaction cycle.

Introduction and diiron model complexes have elucidated the geometry and
physical properties of the diiron cores at the active sites of these
proteins. A focus of current interest is to identify the structural
and electronic features responsible for the different mechanisms
by which these similar diiron(ll) centers react with dioxygen.
Hemerythrin is the only protein of this class which does not
activate dioxygen but, instead, binds it reversibly. The X-ray
structure of reduced Hr revealed two irons bridged by the
carboxylate groups of glutamate and aspartate residues and by
a hydroxide ior?# The terminal coordination sites are occupied
® Abstract published ifAdvance ACS Abstractecember 15, 1996. by five histidines, leaving one site available for dioxygen

Carboxylate-bridged diiron centers occur in the active sites
of several proteins involved in reversible dioxygen binding or
activation!? Significant examples include hemerythrin (Hf,
the R2 subunit of ribonucleotide reductase (RNR) fi&ngoli,>6
the hydroxylase component (H) of soluble methane monooxy-
genase (MMOY;2 rubrerythrin (Rr)>19 stearoylacyl carrier
proteinA® desaturasé} and the ferroxidase center of ferritif.
Over the past few years, studies carried out on both proteins

(Jreig, A L. Lippard, S. Jhem, Re. 1994 94 759 802 —ca binding. In all other proteins of the class, the coordination
766(5.) Nordlund, P.; Eklund, HCurr. Opin. Struct. Biol.1995 5, 75 spheres of the diiron core are mostly filled with oxygen-donor
(3) Holmes, M. A.; Le Trong, |.; Turley, S.; Sieker, L. C.; Stenkamp, R.  ligands and have either open sites or weakly coordinated water
E. J. Mol. Biol. 1991, 218 583-593. ) molecules, which favors interaction with dioxygen. The
E‘S‘g Hg'rré‘lﬁf]a"\"bf'éaﬁ‘;amp_',\ﬁc"l'_aé'i\gf_’"lgg'21??311%9176%3_737' involvement of iron(If) centers in the reduced enzymes facilitates
(6) Logan, D. T.; Su, X.-D.; herg, A.: Regnstmm, K.; Hajdu, J.; a four-electron reduction of dioxygen, and the carboxylate-rich
Ecklund, H.; Nordlund, PStructure1996 4, 1053-1064. ligand environment renders accessible high-valent iron species

(7) Rosenzweig, A. C.; Frederick, C. A.; Lippard, S. J.; Nordlund, P. - i ati
Nature 1003 366 537-543. which may be required for the activation procéds.

(8) Rosenzweig, A. C.; Nordlund, P.; Takahara, P. M.; Frederick, c. Mechanistic studies of the RNR and MMO systems have
A.; Lippard, S. JChem. Biol.1995 2, 409-418. identified intermediates involved in the activation of dioxygen.

(9) Gupta, N.; Bonomi, F.; Kurtz, D. M., Jr.; Ravi, N.; Wang, D. L.; |n ribonucleotide reductase, the enzyme which catalyzes the
Huzllnor;’dBe'MHa'fBe'?f.hiT:tsztryégga 3 3 . Nature Struct. Biol reduction of nucleotides to deoxynucleotides in the first com-
1996 3, 539-546. T ' "~ mitted step of DNA biosynthesis, a diiron(ll) center in the R2

(11) Fox, B. G.; Shanklin, J.; Ai, J.; Loehr, T. M.; Sanders-Loehr, J. subunit reacts with dioxygen to generate a stable, functionally
Biochemistryl994 33, 12776-12786.

(12) Harrison, P. M.; Arosio, Biochim. Biophys. Actd996 1275 161— (13) Rosenzweig, A. C.; Feng, X.; Lippard, SApplications of Enzyme
203. Biotechnology Plenum Press: New York, 1991; pp-685.
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completely characterized but has been tentatively assigned as a
high-valent iron(1V) species!28-30

Although numerous carboxylate-bridged diiron(lll) models
with a variety of multidentate nitrogen donor ligands have been
synthesized 36 the focus of current interest is to prepare diiron-
(I1) complexes, in particular, with the goal to obtain functional
models for RNR and MMQ:37 Because ligands bound to Fe-
(I) are kinetically labile, the synthesis of reduced model
complexes has been quite challenging. Only a few such
complexes are known, most of which have chelating polyni-
trogen donor ligands and are coordinatively saturéietf.
Reaction of most of these complexes with dioxygen resulted in
irreversible oxidation without the formation of any detectable
intermediates. In a few cases, stable or metastabpeE(oxo)-
essential tyrosyl radical. X-ray crystallographic studies of diiron(lll) intermediates were formet?234%%#but so far none

' mimic the chemistry of RNR and MMO, perhaps because the

reduced R2 revealed the t.WO ron atoms_bndged by _tWO coordination environment of these models differs substantially
carboxylate groups, each being further coordinated by a biden-¢., . that found in the protein active site.

tate carboxylate and a histidifie.Spectroscopic studies of In order to address this deficiency, we have prepared and
reduced R2 with dioxygen identified an intermediate, designed characterized a variety of diiron(ll) complexes with the dinucle-
X, the properties of which have been interpreted with models ating dicarboxylate ligandsn-xylylenediamine bis(Kemp’s
involving either two high-spin iron(lll) ions and a free radical  triacid)imide, HXDK, and the more soluble derivativer
bridging ligand**° or a mixed-valent big(-oxo)Fe(ll)Fe(IV) xylylenediamine bis(propyl Kemp’s triacid)imide, ;PXDK
species.18 Another incompletely characterized intermediate (Figure 2). As reported in a preliminary communicatf®XDK

has been proposed to be a diiron(lll) peroxide speiem allows for the preparation in good yields of a variety of diiron-
MMO, the enzyme system which converts methane to methanol (Il) complexes with different bridging ligands. In this paper
in the first metabolic step of methanotrophs, a similar diiron- we describe in detail the synthesis, X-ray crystal structure
(1) center, located in the hydroxylase component (MMOH), is determination, Mesbauer spectra, and magnetic properties of
responsible for dioxygen activation. The two iron(ll) ions in some of these and additional complexes. We also report

His 147

Glu144 |

Figure 1. Active site structure of the diiron(ll) core in the reduced
form of MMOH.

MMOH,q are bridged by two glutamate carboxylate groups,

preliminary kinetic studies of the reaction of pge-XDK)(u-

and the coordination spheres are completed by two additional O2CPh)(ImH}(O.CPh)(MeOH)] B) and [Fe(u-O,CC(Ch)s)(u-
monodentate glutamate residues and two weakly bound waterPXDK)(N-Melm),(O.CC(CHs)3)] (4) with dioxygen at low

molecules (Figure 13. Reaction of MMOHeq with dioxygen
affords Heroxa @ Spectroscopically characterized intermedi-
ate?021 Assignment of this species as a diiron(lll) peroxide
was facilitated by reference to Msbauer, optical, and resonance
Raman spectroscopic data ofi-feroxo)diiron(lll) model
complexe$22* Three such complexes very recently character-
ized by X-ray crystallograpi#y—2” and two by Mssbauer
spectroscop}?” support theg-1,2-peroxo)-coordination mode

temperature. These compounds, which represent good models
for the reduced forms of RNR and MMOH, form metastable
intermediates with absorption features in the th's spectra

(28) Lee, S.-K.; Fox, B. G.; Froland, W. A.; Lipscomb, J. D.; M,
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268 21569-21577.
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Carboxylate-Bridged Diiron(Il) Complexes

H,XDK, R = CH,

H,PXDK, R = (CH,),CH,

Figure 2. Schematic representation of the biscarboxylate ligands
H,XDK and H,PXDK.

characteristic of peroxide-to-iron charge-transfer bandsof (
peroxo)diiron(lll) species and similar to those obtained for the
Hperoxointermediate in the reaction cycle of MMO. Reactions
of the other diiron(Il) complexes, which have chloride, fluoride,
or triflate, as well as XDK, bridging ligands not present in the
proteins, did not show any such intermediate during their
reactions with dioxygen.

Experimental Section

General Procedures and Methods. Solvents were dried and

J. Am. Chem. Soc., Vol. 119, No. 1, 1B97

(222 mg, 0.38 mmol) and B (77 mg, 0.76 mmol) in CkCl, (5 mL).
Addition of solutions of imidazole (52 mg, 0.76 mmol) in g&; (5
mL) and (MaN)(O,CPh) (222 mg, 1.14 mmol) in MeOH (5 mL)
yielded a deep yellow reaction mixture, which was stirred at room
temperature for 2 h. The precipitated Bisalts were filtered, and the
resulting filtrate was evaporated to dryness. The deep yellow residue
was dissolved in a mixture of MeOH/GHI, (2:1, ca. 2-3 mL), filtered
again if required, and layered with &t (~15 mL). After a few days,
deep yellow X-ray quality crystals of [R:-O.CPh){-XDK)(ImH) -
(O.CPh)(MeOH)}0.5MeOHH0 (3-0.5MeOH-H,0) were collected,
washed with CHCI, and EtO, and dried (280 mg, 66%). To separate
small amounts of [Fe(HXDKIMeOH),], which sometimes coprecipi-
tated with 3, the obtained solid was stirred in GEl, for 1 h. The
complex [Fe(HXDK)(MeOH),] remained in solution whereas the pale
yellow powder of3 was filtered and washed with . FTIR (KBr,
cm™1): 3304, 3139, 3062, 2966, 2933, 2900, 1729, 1685, 1608, 1536,
1494, 1460, 1414, 1381, 1334, 1281, 1264, 1248, 1228, 1194, 1185,
1138, 1087, 1070, 1026, 985, 958, 950, 943, 893, 851, 762, 715, 685,
660, 613, 473, 463, 449, 431. Anal. Calcd 8H,0, CssHeoNgO14-
Fe: C, 56.90; H, 5.59; N, 7.51. Found: C, 56.77; H, 5.42; N, 7.90.
[Fez(,u-OzCC(CH3)3)(,u-PXDK)(N-Melm) 2(020C(CH3)3)]'C5H 12
(4:CsH1o). To a solution of [Fe(HO)s](BF4)2 (402 mg, 1.2 mmol) in
MeOH (2 mL) were added the following solutions in the given order:
H>PXDK (450 mg, 0.6 mmol) and B\l (120 mg, 1.2 mmol) in Ck
Cl; (10 mL), N-methylimidazole (99 mg, 1.2 mmol) in GBI, (10
mL), and (MeN)(O.CC(CH)s) (315 mg, 1.8 mmol) in MeOH (3 mL).

distilled under nitrogen by standard procedures. Unless otherwise noted,The reaction mixture was stirredrf@ h atroom temperature, then the
reagents were obtained from commercial suppliers and used as receivedprecipitated BE~ salts were filtered, and the resulting pale brown

The ligand HXDK was prepared according to a literature procedt@.
All manipulations and reactions were carried out under an inert

solution was evaporated to dryness. The residue was dissolved in
mL of CH,Cl;, filtered again, and layered with pentanels mL).

atmosphere in a Vacuum Atmospheres glovebox or by using standardAfter ca. 15 h the precipitated off-white crystals, characterized by FTIR

Schlenk techniques. FTIR spectra in the range 48010 cn! were
obtained and manipulated by using a Bio-Rad SPC3200 FTIR instru-
ment. UV-vis spectra were recorded with a Hewlett-Packard 8452

as a mixture of predominantly BF salts, were separated. Pentane
(~15 mL) was added to the remaining solution, and the complexXfFe
O,CC(CH)3)(u-PXDK)(N-Melm),(O,CC(CHs)z)] - CsH12 (4-CsH1o) was

diode array spectrophotometer. Spectra of metastable dioxygen adductgrystallized by slow evaporation of the solvents. The obtained pale

were collected at low temperature with a specially modified Dewar
flask with quartz windows.*H NMR spectra were obtained on a Bruker
AC-250 spectrometer.

Synthetic Procedures. cis,cis-1,3,5-Tripropylcyclohexyl 1,3,5-
Anhydride Acid Chloride (1). The triacidcis,cis-1,3,5-tripropylcy-
clohexane-1,3,5-tricarboxylic aé#¥(45 g, 131 mmol) was allowed to
react with an excess of thionyl chloride (180 mL, 2.4 mol) by following

yellow X-ray quality crystals (470 mg, 60%) were washed with pentane.
FTIR (KBr, cm): 2960, 2929, 2874, 1734, 1690, 1604, 1539, 1485,
1457, 1437, 1423, 1361, 1245, 1227, 1189, 1109, 1090, 1028, 925,
896, 861, 793, 762, 739, 659, 615, 609, 540, 434. Anal. Calcd for
4-CsHyp, CeHi10NeO1Fe: C, 62.03; H, 8.08; N, 6.48. Found: C,
61.80; H, 7.95; N, 6.26.

[Fez(ﬂ-F)(ﬂ-XDK)( N-Me|m)z(MeOH)zAs(H20)0_5](BF4)'M80H

the procedure described for the synthesis of the analogous trimethyl(s.\MeOH). A solution of [Fe(HO)s(BF4). (67 mg, 0.2 mmol), kb

derivative®05! yielding 40 g (90%) of the acid chloride as a white
solid. *H NMR (250 MHz, CDC}): 6 2.72 (2H, d,J = 14.5 Hz),
2.11 (1H, d,J = 13.5 Hz), 1.95 (2H, m), 1.60 (2H, m), 1.49.17
(11H, m), 0.96-0.86 (9H, m).

m-Xylylenediamine Bis(propyl Kemp's triacid)imide, H,PXDK
(2). The acid chloridel (28.3 g, 81.9 mmol) was allowed to react
with 1,3-dimethyl-4,6-diaminobenzene (5.58 g, 40.95 mmol) and
4-(dimethylamino)pyridine (150 mg, 0.123 mmol) in dry pyridine
(~250 mL) by following the procedure described for the synthesis of
HoXDK.4%51 Recrystallization from hot MeOH or MeOH/E yielded
2 as a pale tan solid (20 g, 65%}H NMR (250 MHz, CDC}): 6
7.09 (1H, s), 6.62 (1H, s), 2.70 (4H, 8= 13.8 Hz), 2.37 (2H, d) =
13.0 Hz), 2.05-1.92 (10H, m), 1.521.19 (26H, m), 0.920.82 (18H,
m). FTIR (KBr, cnT?): 2961, 2934, 2874, 1734, 1706, 1685, 1509,

1465, 1457, 1437, 1405, 1374, 1327, 1314, 1248, 1184, 1118, 1108,

1054, 1034, 996, 921, 862, 782, 762, 737, 588, 538, 461, 450, 419.
Anal. Calcd for2, CsHgaN2Og: C, 70.56; H, 8.61; N, 3.74. Found:
C, 70.91; H, 8.67; N, 3.89.

[Fez(u-O2CPh)(u-XDK)(ImH) 2(0O,CPh)(MeOH)]-0.5Me-
OH-H,0 (3:0.5MeOH-H;0). A solution of [Fe(HO)s](BF.). (258
mg, 0.76 mmol) in MeOH (5 mL) was added to a solution eXBK

(49) Watton, S. P.; Masschelein, A.; Rebek, J., Jr.; Lippard, $.Am.
Chem. Soc1994 116, 5196-5205.

(50) Rebek, J., Jr.; Marshall, L.; Wolak, R.; Parris, K.; Killoran, M.;
Askew, B.; Nemeth, D.; Islam, NJ. Am. Chem. Sod.985 107, 7476~
7481.

(51) Marshall, L.; Parris, K.; Rebek, J., Jr.; Luis, S. V.; Burguete, M. I.
J. Am. Chem. S0d.988 110, 5192-5193.

(52) Jeong, K.-S.; Muehldorf, A. V.; Rebek, J., Jr Am. Chem. Soc.
1990 112 6144-6145.

XDK (58 mg, 0.1 mmol), BN (20 mg, 0.2 mmol), distilledN-
methylimidazole (16 mg, 0.2 mmol), ands8t(20 mg, 0.2 mmol) or
MesNOH-5H,0 (36 mg, 0.2 mmol) in 10 mL of CkCl/MeOH (1:1)
was stirred for 2 h. The reaction mixture was filtered, concentrated to
4-5 mL, filtered again if required, and layered with,@t(~15 mL).
The resulting almost colorless X-ray quality crystals of Jkze-)(u-
XDK)(N-Melm),(MeOH), s(H,0) 5| (BF)-MeOH (5-MeOH) were col-
lected, washed with MeOH and &, and dried under vacuum (yield
60 mg, 57%). It was difficult always to obtain pure material, because
BF,~ salts coprecipitated with and were difficult to separate. FTIR
(KBr, cm™): 3411, 3136, 2963, 2930, 1734, 1690, 1636, 1534, 1510,
1461, 1422, 1380, 1360, 1336, 1303, 1289, 1233, 1197, 1094, 1053,
1038, 957, 937, 878, 849, 828, 779, 765, 661, 620, 577, 474, 451.
Anal. Calcd forb, Cs HeiNeO11BFsFe: C, 48.64; H, 5.86; N, 8.01.
Found: C, 49.09; H, 6.18; N, 8.16.
[Fex(u-OTf)(u-XDK)(N-Melm) 3(MeOH)(H 0)](OTf) -MeOH-
CHCI;, (6-MeOH-CHCl,). Solutions of [Fe(HO)e](OTf), (92 mg,
0.2 mmol) in MeOH (6 mL), HXDK (58 mg, 0.1 mmol) and EN (20
mg, 0.2 mmol) in CHCI, (3 mL), and distilledN-methylimidazole (25
mg, 0.3 mmol) in CHCI, (3 mL) were mixed in the given order and
stirred fa 2 h atroom temperature. A very small amount of a green
precipitate was filtered, and the resulting pale yellow solution was
concentrated to-23 mL, filtered again if required, and layered with
Et,O (~15mL). The resulting colorless X-ray quality crystals of {Fe
(u-OTf)(u-XDK)(N-Melm)sz(MeOH)(H,0)](OTf)-MeOH-CH,Cl,
(6-MeOH-CHClI,) that deposited were collected, washed witbCEt
and dried under vacuum (yield 120 mg, 93%). FTIR (KBr,¢émn
3462, 3133, 2971, 2935, 1718, 1676, 1602, 1535, 1502, 1466, 1427,
1408, 1383, 1364, 1336, 1306, 1277, 1229, 1203, 1185, 1153, 1110,
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1095, 1031, 984, 962, 952, 944, 888, 854, 829, 764, 662, 637, 621,

572, 518, 478, 453, 427. Anal. Calcd #rCs7HeNgO16FeSFe: C,
43.94; H, 4.86; N, 8.72; F, 8.87. Found: C, 43.27; H, 4.85; N, 8.72;
F, 9.12.

[Fex(u-Cl)(u-XDK)( N-Melm) o(MeOH)s|(BF )-MeOH (7-MeQH).
Method A. A solution of HXDK (174 mg, 0.3 mmol) and BN (60
mg, 0.6 mmol) in CHCI, (3 mL) was added to a solution of [Fe{Bl)e]-
(BF4)2 (201 mg, 0.6 mmol) in MeOH (3 mL). Subsequent addition of
solutions of distilled\-methylimidazole (49 mg, 0.6 mmol) in GBI,

(3 mL) and E4NCI (51 mg, 0.3 mmol) in MeOH (3 mL) yielded a
colorless reaction mixture which was stirred foh atroom temperature.
The reaction mixture was filtered, concentrated te43mL, filtered
again if required, and layered withZx (~30 mL). The resulting pale
pink (almost colorless) X-ray quality crystals of fge-Cl)(u-XDK)-
(N-Melm)z(MeOH)](BF4)-MeOH (7-MeOH) that deposited were
collected, washed with MeOH and;ExX, and dried under vacuum (yield
280 mg, 84%). FTIR (KBr, cml): 3447, 3134, 2970, 2931, 1734,

Herold and Lippard

Initial iron atomic coordinates were obtained by using the direct method
program SHELXS-86° The remaining heavy atoms were located with
DIRDIF phase refinements and difference Fourier nfipabsorption
corrections based op scans were applied f&, 6, 8, and9,>” and an
empirical absorption correction (DIFABS)was applied for3. All
calculations for3 and6—9 were performed with a VAXstation 4000-
90 computer and the TEXSAN software pack&yeThe refinement

of 5was carried out with the SHELXTL software pack&geHydrogen
atoms were placed at calculated positions-(C= 0.95 A), with
hydrogen thermal parameters set equal td3d,2f the atom to which
they were bound. They were included, but not refined, in the final
least-squares cycles.

X-ray diffraction studies oft were carried out on a Siemens CCD
X-ray diffraction system with graphite-monochromatized Max K
radiation ¢ = 0.710 73 A) controlled by a pentium-based PC running
the SMART software packadéas previously described. The crystal
temperature was maintained at 193 K with a Siemens LT-2A nitrogen

1678, 1617, 1533, 1509, 1462, 1422, 1404, 1380, 1361, 1244, 1196,cryostat. No appreciable decay was observed for the complex, as judged

1092, 1054, 1037, 957, 937, 849, 827, 765, 661, 616. Anal. Calcd
for 7-MeOH, CiuHesNeO1.BCIFsFe: C, 47.83; H, 6.02; N, 7.61; Cl,
3.21. Found: C, 47.03; H, 5.69; N, 7.60: CI, 2.82.

Method B. Solutions of [Fe(HO)s](BF4)2 (40 mg, 0.12 mmol),
distilled N-methylimidazole (13 mg, 0.16 mmol), and M¥CI (13 mg,
0.08 mmol) in a total amount of 5 mL of MeOH were added
successively to a mixture of [Fe(HXDKMeOH),] (8) (51 mg, 0.04
mmol) and E4N (12 L, 0.08 mmol) in CHCI, (5 mL) and stirred for
2 h. The pale yellow reaction mixture was filtered, concentrated to
4-5 mL, filtered again if required, and layered with,@t(~15 mL).
Pale pink crystals of7 that deposited were collected, washed with
MeOH and E4O, and dried briefly under vacuum (76 mg, 86%). The
material obtained had an FTIR spectrum identical to that isolated by
method A.

[Fe(HXDK) 2(MeOH);] (8). A mixture of HLbXDK (75 mg, 0.13
mmol) and E{N (13 mg, 0.13 mmol) in MeOH (3 mL) was added to
a solution of [Fe(HO)e](BF4)2 (22 mg, 0.065 mmol) in MeOH (3 mL).

A white precipitate immediately formed. Aft@ h the precipitate was
filtered, washed with BEO, and dried under vacuum (77 mg, 93%).
Crystals of8 suitable for X-ray diffraction studies were obtained by
layering a mixture of [Fe(kD)s](BFs). (51 mg, 0.15 mmol) and
H.XDK (88 mg, 0.15 mmol) in MeOH (10 mL) with a solution of
Et;N (30 mg, 0.3 mmol) in MeOH (10 mL). FTIR (KBr, cm): 2969,

by recollecting, at the end of data acquisition, the initial 50 frames of
the first data shell. The raw data frames were integrated by the SAINT
software packadé on a Silicon Graphics Indy workstation. The
structure of4 was solved by direct methods by using SIR#2and
was refined by full matrix least-squares and Fourier techniques with
TEXSAN.>®

Relevant crystallographic data for complex@s8 are summarized
in Table 1, and selected bond distances and angle3-férand7 are
given in Tables 2 and 3. A full crystallographic report, including
complete listings of atomic coordinates aBgl, anisotropic thermal
parameters, and intramolecular bond distances and angles is available
as Supporting Information (Tables S$26) together with complete
ORTEP diagrams oB—7 and 9 (Figures S2-S6 and S8) and the
numbering schemes for the XDK and the PXDK ligands (Figures S1
and S7).

[Fez(u-O,CPh)(u-XDK)(ImH) »(0O,CPh)(MeOH)]-0.5MeOH-
H,0 (3). Data were collected at 199 K with the—26 scan technique.
The positions of the Fe-, N-, and O-atoms, the carboxylate C-atoms of
XDK, and all non-hydrogen atoms of the imidazole and benzoate groups
were refined anisotropically. The thermal parameter of the C-atom of
the coordinated MeOH molecule is higBeq = 13(1), so we do not
rule out the possibility that this position is half occupied by a water
molecule. The largest peak in the final difference Fourier map was

2929, 1733, 1684, 1616, 1510, 1461, 1423, 1404, 1380, 1360, 1195,1.2 /A3, located in the vicinity of the MeOH molecule in the lattice.

1184, 1086, 957, 880, 849, 763, 758, 573, 537, 451. Anal. Calcd for
8, CseHssN4OrgFe: C, 61.97; H, 6.78; N, 4.38. Found: C, 61.38; H,
6.94; N, 4.33.

Reaction of [Fe(u-Cl)(#-XDK)( N-Melm) »(MeOH)3](BF ) (7) with
TIO,CCHs. Preparation of [Fex(u-O,CCH3)(u-XDK)(N-Melm) -
(MeOH)3](BF4) (9). A solution of thallium(l) acetate (13 mg, 0.05
mmol) in MeOH (2 mL) was added to a GEl; solution (4 mL) of
[Fex(u-Cl)(u-XDK)(N-Melm)(MeOH)](BF4) (7) (55 mg, 0.05 mmol).
After the reaction mixture was stirred for 30 min, the precipitated TICI
was filtered off. The resulting solution was reduced to a volume of
3—4 mL, and colorless crystals were obtained by(Etapor diffusion.

[Fex(u-F)(u-XDK)(N-Melm) 2(MeOH). s(H:0)o 5 (BF 4)-MeOH (5).

Data were collected at 213 K with the—26 scan technique. The
negative intensity data and 15 severe outlying reflections were omitted
from the refinement. The positions of all non-hydrogen atoms were
refined anisotropically, except for those of the disordered,; BF
counterion, the C-atom of one of the coordinated MeOH, C(2), the
disordered O-atom of a second coordinated MeOH, and the lattice
MeOH molecule, which were refined with isotropic temperature factors.
The previously communicated structtirewas rerefined with an
improved model for the disordered atoms. One MeOH molecule
coordinated to Fe(1) was disordered over two different positions and

The X-ray analysis showed the presence of both the dinuclear complexmodeled with two O-atoms, O(1) and O(1a), refined at half occupancy

[Fex(u-0,CCHe)(1-XDK)(N-Melm)(MeOH)s](BF ) (9) and the mono-
nuclear complex [Fe(HXDKJMeOH)] (8). FTIR (KBr, cni?)
(mixture of8 and9): 3410, 2981, 2928, 1739, 1671, 1622, 1538, 1464,

1411, 1380, 1364, 1336, 1315, 1230, 1196, 1099, 1067, 1012, 959,

853, 766, 661, 621, 520, 440.

X-ray Crystallography. General Procedures. X-ray diffraction
studies of3 and5—9 were performed with an Enraf-Nonius CAD-4F
Kappa geometry diffractometer and graphite-monochromatized &lo K
radiation ¢ = 0.710 69 A) by using methods described previoddly.

and bound to the same fully occupied C-atom, C(1). This solution

(55) Sheldrick, G. M.SHELX86. Program for crystal structure deter-
minationy University of Gdtingen: Gidtingen, Germany, 1986.

(56) Parthasarathi, V.; Beurskens, P. T.; Slot, H. JA8a Crystallogr.
1983 A39 860-864.

(57) North, A. C. T.; Phillips, D. C.; Mathews, F. 8cta Crystallogr.
1968 A24, 351—-359.

(58) Walker, N.; Stuart, DActa Crystallogr.1983 A39, 158-166.

(59) TEXSAN: Single Crystal Structure Analysis Softwafersion 1.6;

The crystal temperature was maintained by the use of an Enraf-NoniusMolecular Structure Corp.: The Woodlands, TX, 1993.

FR558-S liquid nitrogen cryostat. No appreciable decay was observed

for the six compounds, as judged by periodic monitoring of the

(60) Sheldrick, G. M.Siemens Industrial Automation, In@nalytical
Instrumentation: Madison, WI, 1994.
(61) SMART Siemens Industrial

Automation, |ncAnalytical

intensities of three standard reflections. A systematic search for the |nstrumentation: Madison, WI, 1994.

highest possible Laue symmetry was conducted by using TRAZER.

(53) Carnahan, E. M.; Rardin, R. L.; Bott, S. G.; Lippard, Slnarg.
Chem.1992 31, 5193-5201.

(54) Lawton, S. LTRACER II: A Fortran Lattice Transformation-Cell
Reduction ProgramMobil Oil Corp.: Paulsboro, NJ, 1967.

(62) Feig, A. L.; Bautista, M. T.; Lippard, S. thorg. Chem1996 35,
6892-6898.

(63) SAINT Siemens Industrial
Instrumentation: Madison, WI, 1995.

(64) Burla, M. C.; Camalli, M.; Cascarano, G.; Giacovazzo, C.; Polidori,
G.; Spagna, R.; Viterbo, Dl. Appl. Crystallogr.1989 22, 389-393.

Automation, Inc.Analytical
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Table 1. X-ray Crystallographic Information for [R&:-O,CPh){-XDK)(ImH)»(O,CPh)(MeOH)}0.5MeOHH,0 (3:0.5MeOHH0),
[Fex(u-0CC(CH)s)(u-PXDK)(N-Melm)y(OCC(CH)s)] - CsHiz (4-CsHu), [Fex(u-F)(u-XDK)(N-Melm)(MeOH), s(H20)o.5(BF4)-MeOH
(5:MeOH), [Fe(u-OTf)(XDK)(N-Melm);(MeOH)(H,0)](OTf)-MeOH-CHxCl, (6:-MeOH-CH,Cl,),
[Fex(u-Cl)(XDK)(N-Melm),(MeOH)](BF4)-MeOH (7-MeOH), and [Fe(HXDK)(MeOH),] (8)

3-0.5MeOHH,0 4-CsHy2 5-MeOH 6-MeOH-CH,Cl, 7-MeOH 8
formula FeCs3HeaNeO145 F&CoH11aN6O12  F&Ca3HesN6O12BFs  FexCagHegNgO17CI2FeS,  Fe:CaqHesNeO12BCIFs  FeGogHgeN4O1s
mol wt (g molY) 1134.83 1307.36 1081.52 1401.83 1104.99 1279.27
cryst system triclinic monoclinic monoclinic orthorhombic monoclinic monoclinic
space group P1 P2i/n P2i/n Pbcn R/n P2i/n
a(h) 12.631(2) 16.4202(1) 11.930(2) 22.57(1) 12.054(2) 14.509(4)
b (A) 16.889(4) 20.2320(3) 22.971(6) 23.165(3) 23.051(4) 14.749(1)
c(A) 17.640(3) 21.4976(3) 18.817(6) 22.636(4) 18.860(3) 15.591(6)
o (deg) 62.19(2)

f (deg) 72.58(1) 95.437(1) 92.93(2) 94.24(2) 94.28(4)
y (deg) 87.42(2)
V (A3) 3156(1) 7109.6(1) 5150(2) 11835(4) 5226(2) 3327(2)
z 2 4 4 8 4
pealc (g cnm3) 1.19 122 1.39 1.59 1.40 1.28
total no. of data 10693 26881 10083 11604 8468 5908
no.dof urgique 328C¢ 333¢ 6729 434°F 4350¢ 3462
ata
no. of parameters 518 465 611 658 404 421
Re 0.080 0.075 0.078 0.092 0.069 0.045
R,de 0.117 0.083' 0.226 0.118 0.095 0.053
Iar?_estI shift/esd, 0.000 0.003 0.009 0.005 0.000 0.000
inal

2 Observation criterioh > 30(1). ® Observation criterion > 25(1). SR = Y ||Fo| — |Fe|[/S|Fol- ¢ Ry = [Sw(|Fol — [Fc|)¥3wlFol3Y2 wherew =
1/0%(F) ando is defined in ref 53¢ WR2 = {[ 3 [W(F? — FA)A/ 3 [W(F?)3} 2, wherew = 1/[04(Fo?) + 0.1571P)% + 12.43P)] andP = [max(0F?)
+ 2F /3.

Table 2. Selected Bond Lengths (A) and Angles (deg) for,JeXDK)(-O,CPh)(ImH)(O,CPh)(MeOH)}0.5MeOHH,0O
(3-0.5MeOH-H,0) and [Fe(u-0,CC(CH)s)(u-PXDK)(N-Melm),(O,CC(CHs)s)]-CsH1z (4-CsH12)?

Bond Lengths

3 4 3 4

Fe(1)--Fe(2) 3.609(4) 3.584(3) Fe2D(13) 2.04(2) 2.048(8)

Fe(1)-O(X)° 2.12(1) 2.228(9) Fe(2)0(102) 1.97(2) 1.983(9)

Fe(1)-0(10) 2.10(2) 2.144(8) Fe(2)0(202) 1.98(1) 2.020(9)

Fe(1}-0(12) 2.20(1) 2.186(9) Fe(2N(3) 2.05(2) 2.07(2)

Fe(1)-0O(101) 2.06(1) 2.109(9)

Fe(1}-0(201) 2.15(1) 2.065(8) Fe(2)0(12) 2.52(2) 2.466(8)

Fe(1)-N(1) 2.13(1) 2.16(1) O(H-0(11) 2.50(2)

Bond Angles
3 4 3 4

O(X)—Fe(1)-0O(10y 85.6(5) 60.6(3) O(12)Fe(2)-0(13) 56.0(5) 57.4(3)
O(X)—Fe(1)-0O(12y 92.3(5) 94.2(3) O(12)Fe(2)-0(102) 93.4(5) 89.2(3)
O(X)—Fe(1)-0O(101p 177.2(6) 162.9(3) O(12)Fe(2)-0(202) 86.4(5) 89.1(3)
O(X)—Fe(1)-0O(201y 86.9(5) 97.2(3) O(12)Fe(2)-N(3) 162.5(5) 163.2(4)
O(X)—Fe(1)-N(1)° 94.4(5) 91.2(4) O(13)Fe(2)-0(102) 107.8(6) 107.0(3)
O(10)-Fe(1)-0(12) 90.4(5) 93.0(3) O(13)Fe(2)-0(202) 106.5(6) 110.2(3)
0O(10)-Fe(1)-0(101) 91.7(5) 102.4(3) O(13Fe(2)-N(3) 107.1(6) 106.0(4)
O(10)-Fe(1)-0(201) 172.5(5) 157.8(4) O(102Fe(2)-0(202) 138.2(5) 134.3(3)
O(10y-Fe(1)-N(1) 89.7(6) 94.7(3) O(102)Fe(2)-N(3) 96.4(6) 94.1(4)
O(12)-Fe(1)-0(101) 87.1(5) 89.1(3) O(202Fe(2-N(3) 95.7(6) 100.2(4)
0(12)-Fe(1)-0(201) 89.6(5) 87.6(3)
O(12)y-Fe(1)-N(1) 173.3(5) 172.0(4) Fe(3)O(12)-Fe(2) 99.3(6) 100.6(3)
O(101)-Fe(1)-0(201) 95.8(5) 99.8(3) Fe(£0(12)-C(Y)° 178(1) 175.3(9)
O(101)-Fe(1)}-N(1) 86.2(5) 87.5(4) Fe(2)0(12)-C(Y)* 80(1) 79.6(8)
O(201)-Fe(1)-N(1) 91.1(6) 85.9(3) Fe(2)O(13)-C(Y)° 102(1) 99.1(9)

a Estimated standard deviations in the last significant figure are given in parentheses. See Figures 3, 4, S1, S2, S7, and S8 for atom-labeling
schemes?X = 1in3and 11 in4. °Y = 18 in 3 and 16 in4.

was preferred over a model consisting of only one O-atom because it F(4a), F(5a), each refined at half occupancy. The largest peak in the
gave Fe-O distances closer to those found in the isostructural chloride- final difference Fourier map was 0.99/83, located in the vicinity of
bridged complex. Initial attempts to refine the C-atom, C(2), of the C(2).

second MeOH coordinated to Fe(1) at full occupancy resulted in high [Fe (p-OTf)(u-XDK)(N-Melm)s(MeOH)(H,0)](OTf) -
thermal parameters. The electron density was more satisfactorily MeOH-CH,Cl, (6:-MeOH-CH,Cl,). Data were collected at 199 K with
accounted for with C(2) refined at half occupancy, indicating that this the w—26 scan technique. The positions of all non-hydrogen atoms
site is probably half occupied by a8 and a MeOH molecule. The  were refined anisotropically, except for the disordered atoms of the
BF,~ counterion exhibited 3-fold disorder and was modeled with one bridging triflate and the lattice molecules, which were refined with
F-atom, F(2), refined at full occupancy; the residual electron density isotropic temperature factors. The bridging triflate exhibits a 2-fold
was modeled with two sets of three F-atoms, F(3), F(4), F(5) and F(3a), disorder which was modeled with the two coordinated O-atoms, O(10)
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Table 3. Selected Bond Lengths (A) and Angles (deg) forJreXDK)(u-F)(N-Melm),(MeOH)s](BF;)-MeOH (5-MeOH) and

[Fex(u-XDK)(1-Cl)(N-Melm),(MeOH)s](BF s)-MeOH (7-MeOH)?

Bond Lengths

5-MeOH 7-MeOH 5-MeOH 7-MeOH
Fe(1)--Fe(2) 3.397(2) 3.552(2) Fe@X(1)° 2.166(4) 2.462(4)
Fe(1)-X(1)° 2.230(5) 2.493(4) Fe(2)0(3) 2.233(6) 2.18(1)
Fe(1}-O(1yf 2.234(11) 2.21(1) Fe(2)0(102) 1.994(6) 2.009(8)
Fe(1)-0(2) 2.246(10) 2.21(2) Fe(2)0(202) 1.981(5) 1.99(1)
Fe(1)-0(101) 2.123(7) 2.10(1) Fe(2N(3) 2.089(7) 2.09(1)
Fe(1)-0(201) 2.089(6) 2.061(8) O(%)O(103y 3.01(2) 2.97(2)
Fe(1)-N(1) 2.149(7) 2.16(1) 0O(3)-0(204) 2.97(2) 2.84(2)
Bond Angles
5-MeOH 7-MeOH 5-MeOH 7-MeOH
X(1)—Fe(1)-0O(1y: 160.1(3) 167.5(3) X(BFe(2)-0(3p 171.3(2) 173.1(3)
X(1)—Fe(1)-0(2p 89.0(3) 94.8(4) X(1)Fe(2)-0(102y 91.7(2) 92.0(3)
X(1)—Fe(1)-0O(101p 87.3(2) 88.9(3) X(1)yFe(2)-0(202y 93.3(2) 94.6(3)
X(1)—Fe(1)-0(201y 93.3(2) 94.4(2) X(1yFe(2)-N(3)° 98.7(3) 94.6(3)
X(1)—Fe(1)-N(1)° 97.7(2) 95.1(4) O(3)Fe(2)-0(102) 89.3(3) 90.0(4)
O(1)-Fe(1)-0(2) 110.3(4) 97.8(5) O(3)Fe(2)-0(202) 80.2(2) 79.2(4)
O(1)—Fe(1)-0O(101) 73.7(3) 78.7(4) O(3)Fe(2y-N(3) 88.6(3) 90.2(4)
O(1)—-Fe(1)-0(201) 83.8(3) 85.6(3) O(102Fe(2)-0(202) 136.9(3) 133.7(4)
O(1)-Fe(1)-N(1) 88.8(3) 86.8(4) O(102)Fe(2)-N(3) 115.8(3) 119.7(4)
O(2)—Fe(1)-0(101) 174.5(3) 175.1(4) O(202Fe(2-N(3) 105.7(3) 105.4(4)
O(2)—Fe(1)-0(201) 86.3(4) 87.1(4)
O(2)—Fe(1)-N(1) 84.8(3) 84.6(5) Fe(H)X(1)—Fe(2y 101.2(2) 91.6(1)
0O(101)-Fe(1)-0(201) 98.0(2) 95.9(4)
O(101)-Fe(1)}-N(1) 91.6(3) 91.8(5)
0(201)-Fe(1)-N(1) 165.7(3) 167.9(5)

a Estimated standard deviations in the last significant figure are given in parentheses. See Figures 5, S1, S3, and S5 for atom-labeling schemes.

bX = Fin5and Cl in7. ¢ Fe(1)-O(1A), 2.214(13), irb.

and O(11), at full occupancy and two (O}€F; moieties, O(12a),
C(501a), F(1ayF(3a) and O(12b), C(501b), F(1bl(3b), refined with

dried and made strictly anaerobic by flushing with THF solutions of
sodium-benzophenone ketyl, as previously descrife@he formation

isotropic thermal parameters at 0.75 and 0.25 occupancy, respectively.of intermediates was studied in THF under pseudo-first-order conditions

The triflate counterion in the lattice was disordered around-axis

with an excess of ® Concentrations of the iron(ll) complexes were

and thus refined as half occupied, except for O(14), which was shared ~1.5 mM, and the dioxygen concentration at saturation was 10°fnM.
by both positions and thus refined at full occupancy. The largest peak Rate constants for the formation gfperoxo)diiron(lll) intermediates

in the final Fourier map was 1.2°83, located in the vicinity of the
disordered CHCI, molecule in the lattice.

[Fex(u-Cl)(1-XDK)(N-Melm) ,(MeOH)3](BF )-MeOH (7). Data
were collected at 163 K with the—26 scan technique. The positions
of the Fe-, Cl-, N-, and O-atoms and all the non-hydrogen atoms of
the N-methylimidazole were refined anisotropically. The phenyl ring
of XDK was treated as a rigid group and refined isotropically. The
largest peak in the final Fourier map was 0.78A8, located in the
vicinity of the MeOH molecule in the lattice.

[Fe(HXDK) 2(MeOH),] (8). Data were collected at 199 K with the
w—26 scan technique. The positions of all non-hydrogen atoms were
refined anisotropically. The largest peak in the final Fourier map was
0.37 /A3 located in the vicinity of a methyl group of the xylene linker.

[Fex(u-O2CCH3)(u-XDK)( N-Melm) A(MeOH)3|(BF 4) (9). Data were
collected at 199 K with the»—20 scan technique betweefl 3 26 <
33°. Because of the small number of unique reflections available, only
the Fe atoms were refined anisotropically. All the other atoms were
refined with isotropic temperature factors. The results revealed the
chemical nature of the product.

[Fez(,u-OZCC(CH3)3)(/1-PXDK)(N-Melm)2(02CC(CH3)3)]~C5H12
(4-CsH12). Data were collected at 193 K. The crystal quality was found
to be acceptable on the basis of initial unit cell matrices and reflection
profiles. The positions the Fe-, N-, and O-atoms were refined
anisotropically. The three methyl groups of the bridging pivalate ion
were rotationally disordered and modeled with two sets of three
C-atoms, C(18a), C(19a), C(20a) and C(18b), C(19b), C(20b), refined
at half occupancy. A disordered pentane molecule in the lattice was
modeled with one C-atom refined at half occupancy in two positions,
C(404a) and C(404b). The largest peak in the final Fourier map was
0.58 e/A3, located close to the disordereert-butyl group of the
bridging pivalate.

Stopped-Flow Kinetics Experiments. Data were collected on a
Canterbury SF-41 stopped-flow instrument equipped with a MG-6040
rapid scanning diode array spectrometer (Hi-Tech). The flow lines were

were derived from absorbance changes at 660 nm3jfand at 670
nm (for 4). Data were collected and analyzed with the IS-2 Rapid
Kinetics softwaré? and global analyses were carried out with
SPECFIT®

Md&ssbauer Spectroscopy.Mdssbauer spectra of polycrystalline
samples oB (75 mg),6 (85 mg),7 (75 mg), and4 (80 mg) dispersed
in BN powder and a frozen solution df(120 mg in~1 mL of THF)
were obtained by using a conventional, constant acceleration spec-
trometer. The spectrum of the intermediate of the reactiof with
dioxygen was obtained on a sample prepared by rapid freezing of a
THF solution (100 mg oft in ~1 mL) to which Q had previously
been added at 195 K and which had been stirred at 195 K for ca. 2 h.
They-ray source wa%Co in a Rh matrix maintained at 300 K. Isomer
shifts were referenced to iron metal at 300 K. Spectral parameters
were determined by least-squares fitting of the experimental data to
theoretically calculated spectra by assuming Lorentzian line shapes.

Magnetic Susceptibility Measurements. Variable temperature solid
state magnetic susceptibility measurement8 ¢26 mg), 6 (45 mg),
and7 (53 mg) were made by using a Quantum Design MPMS SQUID
susceptometer equipped with a 5.5 T magnet. Samples were loaded
in a drybox in gel capsules and suspended in plastic straws. The
susceptibilities of the capsule and the straw were measured at the same
fields and temperatures for accurate correction of their contribution to
the total measured susceptibility. Diamagnetic correctiorssf7.47
x 1076, —638.60x 1075, and—583.10 x 107® cm® mol™* for 3, 6,

(65) Feig, A. L.; Becker, M.; Schindler, S.; van Eldik, R.; Lippard, S. J.
Inorg. Chem.1996 35, 2590-2601.

(66) Oxygen and Ozon®attino, R., Ed.; Pergamon Press: Oxford, U.K.,
1981; Vol. 7.

(67)1S-2: Rapid Kinetics Software Sujtédi-Tech Scientific Ltd.:
Salisbury, England, 1994.

(68) SPECFIT: A Program for Global Least-squares Fitting of Equi-
librium and Kinetic Systems Using Factor Analysis and Marquardt
Minimization Spectrum Software Associates: Chapel Hill, NC, 1996.
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and 7, respectively, were calculated from Pascal's constaftend
applied. A total of 46 data points were collected at 5000 G in the
temperature range of4300 K. The dependence of the magnetization
versus the applied field was measured to ensure that the fields selected
for the variable temperature studies3p®, and7 were within the linear
presaturation regime of the magnetization versid§ curves for the

two compounds. The molar magnetic susceptibility data were fit to
the expression derived from the spin-only isotropic exchange Hamil-
tonianH = —2J5-$;, whereS, = S, = 2. This expression is given as

the first term in eq 1, wherex = J/KT, TIP is the temperature-

N 2 5 2 6x 12x 20x
=) g’ 26> + 1067 + 286" + 606°* |
KT 1+ 3e>+ 56 + 76! + 9™

4.375
P (@)

independent paramagnetispithe mole percentage of a paramagnetic
impurity, and 4.375F the expression for the susceptibility of &~ ]
5/2 impurity. For all three complexés 6, and7, no significant amount ~ Figure 3. ORTEP plot of [Fe(u-O,CC(CH)s)(u-PXDK)(N-Melm),-

of impurity was present, so the last term of eq 1 was omitpeet Q). (O2CC(CHy)a)]-CsHi (4-CsHa). For clarity, the hydrogen atoms are

Least-squares fits were carried out by using the program Mddel2. ~ omitted and all the atoms are depicted as ideal spheres. An ORTEP
plot showing the 50% probability thermal ellipsoids is given in Figure

Results and Discussion S8.

Synthesis and Structural Characterization. [Fe(u-XDK)-
(u-O2CPh)(ImH) »(O,CPh)(MeOH)] (3) and [Fey(u-O,CC-
(CHa)3)(u-PXDK)(N-Melm) (02CC(CH3)3)] (4). Models for
the Reduced Cores of RNR R2 Protein and MMOH. The
dicarboxylate ligandn-xylylenediamine bis(Kemp’s triacid)-
imide, HLXDK (Figure 2), facilitates the synthesis of homo- 3 limited by it . lubility i . lvent
and heterodimetallic complexes with a variety of different metal were fimited Dy 11S sparing Solubiiity in organic solvents
ions#9.7273 |solation of the remarkable diiron(lll) solvento (MeOH, CHCN, and THF)' Thus, we employed the more
complex [FeO(u-XDK)(MeOH)s(H20)](NOs), showed that this soluble H_»PXDK.and pivalate carboxylate ligands to prepare
dinucleating ligand provides kinetic stability to dimetallic the analogous tris(carboxylate-bridged) complex(f&,CC-
complexes, which cannot be achieved with simple carboxylate (CHs)3)(-PXDK)(N-Melm)(O,CC(Ch)s)] (4), which is indeed
ligands#® This enhanced stability enabled us to prepare several Very soluble in most organic solvents.
diiron(ll) complexes containing thigFex(u-XDK)} 2" core and, The structures 08 and4 were determined by crystallographic
depending upon the presence of other anionic species in solutionchemical analysis (CCA); ORTEP drawings are given in Figures
a variety of different third bridging ligands. The propyl 3 and S2 and selected bond lengths and angles in Table 2. The
derivative,m-xylylenediamine bis(propyl Kemp's triacid)imide,  two iron(ll) ions in 4, bridged by the two carboxylate groups
H.PXDK (Figure 2), affords analogous complexes with en- of PXDK and by a pivalate anion, are 3.584(3) A apart and

WhenN-Melm or py was added as an N-donor ligand under
the same reaction conditions used to prearéhe analogous
dinuclear complexes could not be obtained and the pentanuclear
complexes [Feus-F)2(u-XDK)2(L)4(O,CPh)], where L =
N-Melm or py, were isolated instedél. Reactivity studies with

hanced solubility in organic solvents. have distinctive coordination environments. Octahedral geom-
The complex [Fg{u-XDK)(u-OCPh)(ImH}(O.CPh)(MeOH)] etry at Fe(1) is achieved by coordinationimethylimidazole
(3) was assembled in good yields by allowing [FglhE|(BF4)2, and a bidentate pivalate ligand. The other iron, Fe(2), has only

the deprotonated ligand XDK, imidazole (ImH), and tetra- one terminal ligand, amN-methylimidazole, and is thus only
methylammonium benzoate to react in a 2:1:2:3 ratio in a 4-coordinate. The inner core &is analogous to that of,
mixture of CHCI,/MeOH. Excess benzoate increased the with the two iron(ll) ions, 3.609(4) A apart, bridged by the two
product yield. Crystallization occurred by layering with,@t carboxylate groups of XDK and by a benzoate anion. The
a concentrated MeOH/GRI; solution of3 (ca. 0.1 M). Atotal — pseydotetrahedrally coordinated Fe(2) is further bound by an

of four carboxylate groups, two nitrogen donor ligands, and a jmigazole, whereas the terminal sites of 6-coordinate Fe(1) are
solvent molecule, MeOH, are coordinated to the diiron center filed by a monodentate benzoate anion, an imidazole, and a

in 3. Except for the _solvent, the Iigan_d type and composition o514 molecule. The methanol is hydrogen bonded to the
ﬁfagzgg[;h thtose |nEthe r&ducehdﬂdtlrl]ron c%res loftMIMOHdand terminal benzoate ligand, O(%1)0(1), 2.50(2) A, a feature
© protein. =ven toug © carboxylale igands — gpared by terminal water and glutamate ligands in MMQH

are arranged in a different geometry, this complex represents Aeak interactions between Fe(2) and O(12), separated by

very close model for the electronic environment of the diiron . -
. _distances of 2.52(1) and 2.466(8) A #and 4, respectively,
cores in these enzymes. Only one other example of a carboxy distort the metal from tetrahedral geometry, opening of the

late-rich diiron(Il) complex with only a single monodentate .
N-donor ligand per iron center has been reported in the 0(102)-Fe(2)-0(202) angle to 138.5(3)in 3 and to 134.3-

literature4® (3)°in 4. The coordination mode of the bridging benzoate and
pivalate anions, with nearly linear bond angles of FeQ}f12)—

(69) O’Connor, C. JProg. Inorg. Chem1982 29, 203-283. — i = i

(70) Carlin, R. L.MagnetochemistrySpringer-Verlag: New York, 1986. C(.18) 178|(1)) Ir? 3and Fe(l)—O(lZ)—bC(1|6) .fill.7d5.3(9f Ig

(71) Vef, A.Model2. Fit and Ealuation Program Institut fur Anorga- 4’. Is unusual. This geometry cannot Q classine accor. Ing to
nische und Analytische Chemie, Johannes-Gutenberg-Uniiteh4itimz, either of the two standard ways by which carboxylate ligands
Germany, 1989. i i i i i i

(72) Yun, 3. W.: Tanase, T.. Pence, L. E.; Lippard, SI.JAm. Chem. ususlly bhlnd me_tal ions, that IT' via the syn or anti Ione_ palis.
S0¢.1995 117, 4407-4408. Rather, these bridging carboxylates may be regarded as involved

(73) Tanase, T.; Yun, J. W.; Lippard, Sldorg. Chem1996 35, 3585
3594. (74) Herold, S.; Lippard, S. Jnorg. Chem.1997, 36, 50-58.
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in a carboxylate shift® with a structure between the canonical
syn—anti and syr-syn coordination modes. Comparison of the
reduced and oxidized forms of the diiron cores in the R2 subunit
of RNR and in MMOH reveals significant carboxylate shift&,””
which presumably occur to open coordination sites or to allow
conformational changes required during the catalytic reaction
cycles’™ The relatively short Fe-Fe distances ir8 and 4,
3.609(4) and 3.584(3) A, respectively, reveal that such shifts
can occur in a concerted manner and do not require a significant
increase in metalmetal distance. One other example of a
molecule that displays a similar carboxylate coordination mode

is the trinuclear complex [CaZ(trot)s(6-MeQ)],”8in which a
bridging crotonate ligand links a tetrahedrally coordinated Zn-
(I) to the central octahedral Ca(ll) ion, the €@—C angle
being 170.0(2.7°

Other Diiron(ll) Complexes. Attempts to prepare a hy-
droxide-bridged diiron(ll) complex by reacting [Fe®)s]-
(BF4)2, the deprotonated ligand XDK, ardtmethylimidazole
in the presence of 1 equiv of baseftor Me;NOH, yielded
instead the fluoride-bridged complex pe-F)(u-XDK)(N-
Melm),(MeOH), 5(H20)o 5/(BF4) (5). The bridging fluoride ion
originated from the tetrafluoroborate ion. Fluoride abstraction
from BF,~ readily occurs in the presence of base, which
stabilizes the resulting BRmoiety, and has often been used as
a synthetic tool to prepare transition metal fluoride com-
plexesi®8t In the presence of addedH(Cl, the isostructural
chloride-bridged complex [z€:-Cl)(-XDK)(N-Melm),(MeOH)]-
(BF4) (7) was assembled by following a similar procedure. When
[Fe(H:0)6](OTf), was used as the iron starting material, the
triflate-bridged diiron(ll) complex [F&u-OTf)(u-XDK)(N-
Melm)s(MeOH)(H,0)](OTf) (6) was isolated. A total of three
N-Melm ligands coordinate to the two iron centersgineven
though only 1 equiv per iron was available during the reaction.

The structures 05—7, determined by CCA, are presented in

Figures 4, S3, S4, and S9. Selected bond lengths and angle

for 5 and7 are given in Table 3. The metainetal distances

reflect the nature of the ligands which, together with the two
carboxylate residues of XDK, bridge the two iron(ll) ions. In
5, the small bridging fluoride ion gives rise to the shortest

Fe--Fe distance in the series, 3.397(2) A. The larger chloride

ion in 6 forces the iron ions to be slightly further apart,
Fe--Fe, 3.552(2) A, whereas the largest-FEe distance,
4.120(3) A, occurs in the triflate-bridged compléx Terminal
ligation of the{Fex(u-XDK)}2" core in all three complexes is
asymmetric, having both a 6- and a 5-coordinate center.
isostructural fluoride- and chloride-bridged complexeand

7, anN-Melm and two MeOH ligands complete the coordination
sphere of one iron, Fe(1), and a secdwd/elm ligand and
only one MeOH coordinate to the other, Fe(2). In the triflate-
bridged comple6, two N-Melm ligands and a water molecule
are coordinated to Fe(1), whereas a tHi-dlelm ligand and
one MeOH complete the coordination sphere of Fe(2). In all

Figure 4. ORTEP plot of [Fe(u-Cl)(u-XDK)(N-Melm),(MeOH)]-
(BFs)-MeOH (7-MeOH) showing the 50% probability thermal el-
lipsoids. For clarity, the hydrogen atoms are omitted.

side of the XDK ligand are hydrogen-bonded to carbonyl
O-atoms of the XDK imide group, O(8)0(204) 2.72(2) A, in
5, O(1)+-0(103), 2.97(2) A, and O(3y0(204), 2.84(2) A, in
7 and O(1)--O(103), 2.71(1) A, and O(2¥0(204), 2.86(1) A,
in 6. This feature is common among dinuclear XDK complexes
and probably further stabilizes theih??73

As expected, the average+© and Fe-N bond lengths for
the 6-coordinate Fe(1) ions are generally longer than those for
the 5-coordinate Fe(2) ion, (Fe@N(1))a, 2.154(6) A,
(Fe(2)-N(3))ay, 2.08(1) A, (Fe(1y O(CO))aw, 2.12(5) A, and
(Fe(2-O(COy ))aw, 1.97(1) A. The bridging fluoride ir5 is
bound slightly asymmetrically, being about 0.07 A closer to
£e(2) than to Fe(1), Fe(2)F(1), 2.230(5) A, and Fe(F(1),
2.166(4) A. The bridging chloride binds the two iron ions more
symmetrically, Fe(13Cl(1), 2.493(8) A, and Fe()CI(1),
2.462(4) A.

Reactions of [Fe(u-Cl)(u-XDK)(N-Melm) 2(MeOH)3](BF4)
(7) with Thallium(l) Salts. Mononuclear [Fe(HXDK) -
(MeOH);] (8). Attempts to substitute the chloride anion with
biologically more relevant ligands by reacting pgeCl)(u-
XDK)(N-Melm)(MeOH)](BF,) (7) with different TI* salts was
only partially successful. Reaction af with 1 equiv of

In the thallium(l) acetate in ChLCl,/MeOH afforded a mixture of

mononuclear [Fe(HXDK)YMeOH),] (8) and the tribridged
complex [Fe(u-O,CCHg)(u-XDK)(N-Melm),(MeOH)](BF4)

(9), as determined by CCA. BotB and 9 crystallized in
colorless blocks, and it was very difficult to distinguish them
from one another. Crystals & have a slightly more regular
shape. The X-ray analysis 8frevealed that the two iron(ll)
ions are bridged by the three carboxylate groups of XDK and

three complexes, the solvent molecules coordinated on the sam@cetate, and that the terminal ligands are arranged in the same

(75) Rardin, R. L.; Tolman, W. B.; Lippard, S. NMew J. Chem1991
15, 417-430.

(76) Aberg, A. Thesis, Stockholm University, 1993.

(77) Nordlund, P.; Sjberg, B.-M.; Eklund, HNature199Q 345 593~
598.

(78) Abbreviations used: crot, MeGFCHCO,; 6-MeQ, 6-meth-
ylquinoline; BIPhMe, bis(1-methylimidazol-2-yl)phenylmethoxymethane;
TPA, tris(2-pyridylmethyl)amine; HPTPN,N,N',N '-tetrakis(2-pyridyl-
methyl)-1,3-diamino-2-hydroxypropane, Et-HBTN,N,N ',N '-tetrakis({N-
ethyl-2-benzimidazolyl)methyl)-1,3-diamino-2-hydroxypropane.

(79) Clegg, W.; Little, I. R.; Straughan, B. Fhorg. Chem.1988 27,
1916-1923.

(80) Ten Hoedt, R. W. M.; Reedijk, lhorg. Chim. Actal981, 51, 23—

27.

(81) Zang, Y.; Jang, H. G.; Chiu, Y.-M.; Hendrich, M. P.; Que, L., Jr.

Inorg. Chim. Actal993 213 41-48.

manner as in the fluoride- and the chloride-bridged complexes
5 and6 (Figure S6)2 In the absence of other possible bridging
ligands, reaction o¥ with 1 equiv of TIBF, again resulted in
formation of mononuclea8.

The mononuclear compound [Fe(HXDiWeOH),] (8)
precipitated readily as a white powder from the reaction of [Fe-
(H20)6](BF4)2 with 2 equiv of HXDK in the presence of BN
in MeOH. Crystals suitable for CCA were obtained by layering
a dilute MeOH solution of [Fe(bD)s](BF4)2 and HXDK with
a MeOH solution of EfN. Compound8 also formed as an
undesired side product during many of the reactions between

(82) The unit cell parameters férarea = 11.982(1) A b = 22.839(7)
A, ¢ =18.649(3) A, ang8 = 91.56(1).
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u_/molecule [p

(b

Figure 5. ORTEP plot of [Fe(HXDK)(MeOHY),] (8) showing the 50%
probability thermal ellipsoids. For clarity, the hydrogen atoms are %
omitted. Selected interatomic distances (A) and angles (deg): Fe(1) ' YO o)
O(1), 2.103(3); Fe(10O(102), 2.095(2); Fe(HO(202), 2.119(2); 100 150 200 250 300
O(1)-Fe(1)-0(102), 92.7(1); O(1yFe(1)-0(202), 81.9(1); O(102)
Fe(1)-0(202), 94.24(9). Figure 6. Effective moment ge) per molecule versus temperature
(a) for [Fe(u-0.CPh){-XDK)(ImH) 2(0,CPh)(MeOH)] 8) (®), [Fe-
XDK and iron(ll) salts, even in the presence of N-donor ligands, (u-OTf)(u-XDK)(N-Melm)s(MeOH)(H,0)](OTf) (6) (O), and [Fe(u-
and precipitated out when these reactions were performed inCl)(u-XDK)(N-Melm)(MeOH)|(BFs) (7) (®) and of the molar
MeOH. To avoid the formation & in the Fe(ll)/XDK system, susceptibility {u) versus temperature (b) for [e-O.CPh)-XDK)-
a mixture of CHCl, and MeOH was usually employed as (ImH)(O:CPh)(MeOH)] @). The solid line corresponds to the best fit,
solvent. This strategy allowe8| which is soluble in CkCl,, obtained by using the parameters described in Table S7.
to convert to the desired dinuclear compounds. For example,
8 afforded the dinuclear, chloride-bridged comp¥efollowing
addition of 2 equiv of base and stoichiometric amounts of the
other ligands, as shown in eq 2.

Temperature [K]

values for the triflate-bridged compl@&dollow a similar trend.
At 300 K, 6 has auett value of 7.1%g which increases to 7.23
ug at 50 K, and then rapidly decreases to Suép7at 4 K. The
uei values for the chloride-bridged compl@&are smaller than
those for3 and6, but vary analogously with the temperature.
[Fe(HXDK)(MeOH),] + 2EGN + 3[Fe(HO)l(BF,), + The uer value slightly increases between 300 and 5Qulg;-
8 CH,Cl/MeOH (300 K) = 6.83ug andue#(50 K) = 6.94ug, and then rapidly
4N-Melm + 2Et,NCl ——— gr%ps tod57.01tug(z)a(t) 5KK. Th:aﬂeﬁ \t/altur(]es tfgr thetyhrtlee cr)mpI?);eesz
, 6, and7 a are close to the theoretical value of 7.
2[Fey(u-CI)(XDK)(N-Melm),(MeOH)I(BF,) (2) us calculated from the spin-only equation for the effective
7 moment of two independei@= 2 iron(ll) ions withg = 2.2.
The decrease qfs at lower temperature indicates that the two
high-spin iron(ll) centers are weakly antiferromagnetically

iron(ll) ion bound, in equatorial positions, by four O-atoms of . o .
. coupled. The molar magnetic susceptibility data were fit by
the carboxylate groups of two HXDK moieties and also by two using an expression derived from the spin-only Heisenberg

axial MeOH ligands. An ORTEP plot o8 is presented in Hamiltoni _ e R
i . S ! amiltonianH = —2JS-S,, whereS, = S, = 2. This simplified
Figure 5. This coordination mode for XDK is not unprec- analysis does not take into account spambit coupling and

edented. The same arrangement occurs in the analogous Mg- -~ o : : -
(I1) complex [Mg(HXDK)(H0)5].83 The asymmetric unit in a?)r?ofrléld splitting, which may be relevant in the case of iron

fgsa%ésgﬂ ;ﬁr;ﬁlvsetfs?;nh?gn?;:heT?;ﬁ;JIni'o\;]vggetr?é tléoga?égr; : The results of the best fits to the molar magnetic susceptibility
: y (xm) data for3, 6, and7 are shown in Figures 6, S9, and S10,

Ir;atg group; OdefDK tt)_ounbd tt\z |ront(kl]l) are “nk%q b¥ 3 (s)trotng respectively. The final parameter sets obtained from these fits
ydrogen-bond interaction between the noncoordinated L-aloms., o g, ymarized in Table 4. No corrections for paramagnetic

8(;8?3 (2201)é7254i8(i\)f Ath OE}l((le—)H(Z),b 1.5)8(:3) ’B;Z impurities or temperature independent paramagnetism (TIP)
. (201) t(b)i 37(8) .d' l:rdel\;l él_zogeg' on bm erla((; |otn were applied. For all three complexes a very small negative
IS present between coordinated Mer and a carony! L-atom, 51,6 was obtained foi, indicating that the two iron(ll) ions

of the diimide group of XDK, O(2)-O(204), 2.785(4) A, O(%y are very weakly antiferromagnetically coupled and that the

H(1), 0.73(4) A, O(204yH(1), 2.06(5) A. nature of the non-XDK bridging ligand does not have a

ce'vlt%glr']tetlgagofg?rttrlizsih\r/;enzbrlle ég@fggﬁurg nr;jagngﬂg $us- substantial influence on the magnitude of the coupling constant.
ptibiiity inu pou ’ The smallJ values obtained from these fits suggest that, for a

vn\:errt; ﬁ?ta'??: lat 5|000 Gf' nptliOtrs1 c;ft trme erff;ecrtlvi(ra] tr;&%netlc more accurate description of the magnetic interactions between
oment permolecule as a function of temperature the iron(ll) ions of these complexes, the zero-field spitting

gkr]ange ar; g|;_/en In Flgutr_e 6. The tbenzoatle-bn;ged;ohmplex parameterD, should be taken into account. Nevertheless, the
has an efiective magnetic moment per molecu ) whic data clearly indicate the presence of only very weak antiferro-
slightly increases from 7.28g at 300 K to 7.38ug at 50 K, magnetic interactions

whereupon there is a rapid decrease to 4861t 4 K. Theuen The magnetic properties of carboxylate-bridged diiron(Il)
(83) Yun, J. W.; Tanase, T.; Lippard, S.ldorg. Chem, in press. model complexes depend significantly on the nature of the

The X-ray structure o8 revealed an octahedrally coordinated
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Table 4. Mdssbauer and Magnetic Parameters for cally coupledJ = —0.54 0.1 cnT1.92 In reduced Hr, the two
[Eez(ﬂ'gzﬁph))ﬁ(%XKDK’\)l(:\')l”'ﬁ*)z(ol\zllcpoh'_)'('\/'eg"')]ogi)f- 5 iron(ll) ions are antiferromagnetically coupled withl2 > J
{ng&-CI)(p)t(f;(DK)()I\(l-Meliqr)g()fv(legH)g])((E';_Iba))]((?), ) (), z_—3%30m‘1, in agreement with the presence of a hydroxo
[Fex(u-0,CC(CHy)3)(u-PXDK)(N-Melm)(O,CC(CHy)s)] (4), bridge:
MMOH, and RNR MdOssbauer Spectroscopy Zero-field Méssbauer spectra of
5 AEq  Tip polycrystalline samples d3, 6, and7 were collected at 4 K.

compd (mm/s) (mm/s) (mm/s) J(cm™?) g ref Figures S11+S13 display the spectra and theoretical least-
3 135 304 017 —051(2F 2112} b squares fits to the data, and the resulting parameters are

112 283 017 summarized in Table 4. All three spectra show two overlapping
6 144 254 0.26 —0.31(1} 2.08(2} b doublets, with a 1:1 ratio of integrated absorption intensities of

119 270 015 the two spectral subcomponents, reflecting the two inequivalent
7 128 251 017 -045(2f 2.18(1f b iron(ll) centers in the dinuclear complexes. The values of the

1.20 3.03 0.13 . . h
4 134 294 015 b isomer shifts §) for the two doublets in the spectra®f6, and

115 3.17 0.15 7 are within the range expected for high-spin iron(ll) iGfs.
4(THF) 136 3.02 0.15 b The quadrupole splitting parameters are significantly different

114 315 015 for the two sites, reflecting their different coordination environ-
MMOH 1-3?; Z-SZ . 21 ments. We tentatively assign the smalleE, values (2.83,
RNR 11:;6 33;113 063’;22(;'1 g?_gg % 2.54, and 2.51 mm/s foB, 6, and 7, respectively) to the

' ' —05+ 0.1 T 6-coordinate Fe(1), which displays a more symmetric, octahedral

~Val cained by fiting the data with & Smoiified ] coordination sphere compared to the inherently more asymmetric
alues obtaine Yy Titting the data with a simplified expression H H
derived from the spin-only Heisenberg Hamiltonigh= —2J9S pentacoordinate center Fe(2) hand 7, and the distorted

where S, = S, = 2. This work.¢Isolated from Methylococcus tetrahedral Fe(2) ion i8, which might afford largeAEq values
capsulatugBath). ¢ Isolated fromM. trichosporiumOB3b. ¢ Reference  (3.04, 2.70, and 3.03 mm/s f8r 6, and7, respectively). Similar

91."Reference 92. assignments have been made for other diiron(ll) complexes

having inequivalent 5- and 6-coordinate sit@®® The isomer
bridging ligands. The reportedivalues range from-13 > J shift and quadrupole splitting values are comparable to those
> —26 cnt! for hydroxo and alkoxo, carboxylate-bridged obtained for the diiron(ll) centers of MM®%and RNR (Table
complexes84547to positive values between 1 and 15 Thnfior 4).9@

two ferromagnetically coupled iron(ll) ions in bisalkoxo and ~ Zero-field Mtssbauer measurements on polycrystalline and
bishalide complexe®¥.8184 A very weak antiferromagnetic ~ frozen THF solution samples dfwere made at 20 K to obtain
interaction, comparable to that found in the presgfé(u- more information about the stability of the dinuclear core in
XDK)}2* complexes, occurs in the tris(carboxylate-bridged) solution. _Figure 7 shows th_e traces ano_l the theoretit_:al Ie_ast-
complex [Fe(O,CH)4(BIPhMe)], J = —0.16(1) cntt3° For squares fits to the data, which resulted in an .almost identical
biscarboxylate complexes the value of the antiferromagnetic Set of parameters (Table 4). These results indicate that the
exchange coupling constant is also very smk# —1.5 cnt? biscarboxylate XDK gnd PXDK groups are very good ligands
in [Fex(O2CCHs)oL5](ClO4)2, where L= N,N -dimethylN,N '- not only for assembl!ng a variety of.duron_(ll). com.plexes but
bis(2-pyridylmethyl)ethane-1,2-diamifie,] = —1.7 cnt? in also,”vylth the cqntrlbutlon of a2+th|rd b.ndglng. ligand, for
[FeoL'o(H,0)](CIO),, where L = bis(2-pyridylmethyl)(2- stab|I|Z|n.g. the .Iablle{ Fez(,u-XDK)} " core in sqlutlon.
methylbenzoate)amirf§,andJ = —1 cr 2 in [FeO.CCH).- _Reactivity with O». The reactivity toward dioxygen of the
(TPA)](BPh)»42 A recent study of a series of structurally diiron(l1) comple>_<e§—7 was investigated at d|ff(_erent temper-
analogous tris(carboxylate-bridged) trinuclear iron(ll) complexes 2tUres and in different solvents. The two tris(carboxylate-
revealed that the sign of the weak exchange coupling betweenPridged) complexes [RG-O,CPh)fu-XDK)(ImH) o(O,CPh)-

_ ) . . -~ (MeOH)] (3) and [Fe(u-O,CC(CHg)s)(u-PXDK)(N-Melm),-
g:?rii?rt yg|7ron(ll) lons changes with small perturbations  in (O,CC(CHg)3)] (4), which have the same type of ligands as those

bound to the diiron center in the active site of MMOH, formed
Weak ferromagnetic exchange coupling has been reportedmetastable intermediates when allowed to react with dioxygen
for reduced MMOH fromMethylosinus trichosporiun®B3b, at low temperature. Addition of £at 195 K to a yellow THF
J=0.3% 0.1 cnT1.8-%0 Magnetic susceptibility data of the  solution of3 rapidly caused a color change first to deep green
reduced R2 component of RNR were fit to give a similar weak and then, after ca. 30 s, to orange. Stopped-flow kinetic
ferromagnetic exchange interactidns= 0.3(2) cnT.%1 A more experiments revealed that the formation of a green intermediate
detailed MCD saturation-magnetization study, however, dis- coincided with the rapid buildup of a broad band centered near
cerned that the two iron(ll) ions were weakly antiferromagneti- 660 nm. An intermediate with a similar absorption maximum
has been detected in the course of the reaction of the reduced
(84) Hendrich, M. P.; Day, E. P.; Wang, C.-P.; Synder, B. S.; Holm, R. diiron core of MMOH with Q, and has been assigned ag:a (

H.;(QASl;nI-?Ia('zeleII.Irlg)rgje(rizgnm-fgé '3|\?;’Ic2K8e4n82_i§8?36.J ; Toflund, HChem p_eroxo)diiron(lll) complex ('ﬂeroxé, on the basis of i.ts Uv
Soc., Dalton Trans1995 707-717. T "' ' vis, resonance Raman, and s&bauer spectroscopic param-

(86) Hemmert, C.; Verelst, M.; Tuchagues, JJPChem. Soc., Chem.  eters?%21 The extinction coefficient obtained after 64 ms, when
Commun.1996 617-618.

(87) Goldberg, D. P.; Telser, J.; Bastos, C. M.; Lippard, Sindrg. (92) Coates Pulver, S.; Tong, W. H.; Bollinger, J. M.; Stubbe, J.;
Chem.1995 34, 3011-3024. Solomon, E. I.J. Am. Chem. S0d.995 117, 12664-12678.

(88) Pulver, S.; Froland, W. A.; Fox, B. G.; Lipscomb, J. D.; Solomon, (93) Reem, R. C.; Solomon, E.J. Am. Chem. S0d.987, 109, 1216~
E. . J. Am. Chem. Sod.993 115 12409-12422. 1226.

(89) Hendrich, M. P.; Mack, E.; Fox, B. G.; Lipscomb, J. DJ. Am. (94) Dickson, D. P. E.; Berry, F. Mossbauer Spectroscopgambridge
Chem. Soc199Q 112 5861-5865. University Press: Cambridge, U.K., 1986.

(90) Fox, B. G.; Surerus, K. K.; Mk, E.; Lipscomb, J. DJ. Biol. (95) Rardin, R. L.; Bino, A.; Poganiuch, P.; Tolman, W. B.; Liu, S;
Chem.1988 263 10553-10556. Lippard, S. JAngew. Chem., Int. Ed. Engl99Q 29, 812—-814.

(91) Atta, M.; Scheer, C.; Fries, P. H.; Fontecave, M.; Latour, J.-M. (96) Lynch, J. B.; Juarez-Garcia, C.; Mek, E.; Que, L., JrJ. Biol.
Angew. Chem., Int. Ed. Endl992 31, 1513-1515. Chem.1989 264, 8091-8096.
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Figure 7. Mdéssbauer spectra at 20 K of (a) a polycrystalline and (b)
a THF frozen solution sample of [Ka-O.CC(CH)s)(u-PXDK)(N-
Melm),(O,CC(CHs)3)] (4). The solid lines are the theoretical fits
corresponding to the superposition of two inequivalent iron sites. See
Table S5 for derived Mssbauer parameters.

the concentration of the green intermediate reached a maximum,
was~170 Mt cm™! per diiron site. This value is about 1 order
of magnitude smaller than expected for peroxo-to-iron charge-
transfer bands found in othem-peroxo)diiron(lll) model
complexes Amax = 580-700 nm, ¢ 1300-3600 M1
cm1)22.23.25-27.4547.97and in Hyeroxo (Amax = 600—650 Nm, €625

= 1500 M1 cm™1).20 The low value indicates that the present
green fi-peroxo)diiron(lll) intermediate is never fully formed
during the course of the reaction. Its decomposition must
therefore occur at a higher rate than for the protein and possibly
involves the bimolecular reaction between a diiron(ll) and a
(u-peroxo)diiron(lll) species, which occurs for other diiron(ll)
model complexe55
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Figure 8. Spectral changes observed every 4 ms for a total of 64 ms
in the reaction of [Fgu-O,CPh)g-XDK)(ImH) 2(O,CPh)(MeOH)] (1.63
mM) (3) with excess @in THF at 202.5 K. The inset shows a kinetic

trace at 660 nm for the first second of the reaction.
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Figure 9. Spectral changes observed every 104 ms for five traces and
every 730 ms for a total of about 10 s in the reaction of,(f€--
CC(CHb)3)(u-PXDK)(N-Melm),(0.CC(CH)3)] (1.63 mM) (@) with
excess @in THF at 197 K. The inset shows kinetic traces for the
decay of the purple intermediate (670 nm) and the growth of the red
species (470 nm) for the first 10 s of the reaction.

(2) and O(12) present in the reduced form. The negatige

value is consistent with an associative process, as expected for

Figure 8 shows spectrophotometric changes observed everyO2 binding.

4 ms up to 64 ms for the reaction 8fwith O, at 202.5 K.

The kinetic trace recorded at 660 nm (Figure 8, inset) showed

Kinetic studies carried out under pseudo-first-order conditions that the decay of the green intermediate followed higher-order
with excess dioxygen and monitored by time_dependent absor-kinetiCS, in agreement with a pOSSible bimolecular decomPOSi-
bance changes at 660 nm showed simple first-order buildup oftion process. The U¥vis spectrum of the orange product
the peroxide species. Rate constants ranging from 74 to 110remained unchanged as long as the reaction mixture was kept
s 1 were obtained for a 1.63 mM THF solution ®tt different ~ at 195 K. The solution rapidly turned yellow-orange upon

temperatures between 202.5 and 213.2 K. An Eyring plot Warming to room temperature and gave rise to a slightly different

(Figure S14) of these preliminary data provided approximate
values for the activation parametersii* ~ 11 kJ mot! and

ASf ~ —150 J mot! K~1. These values are in general accord
with those obtained from detailed kinetic studies of the formation
of the (u-peroxo)diiron(lll) complexes generated by reaction
of [Fex(HPTP)(QCPh)](BPh). and [Fe(Et-HPTB)(Q,CPh)]-
(BF4)2 with an excess of @in propionitrile®®> Because the
bridging XDK ligand is quite rigid, in order for au{peroxo)-
diiron(lll) intermediate to form, the bridging benzoate would
have to change its coordination mode, possibly forming a chelate
to Fe(2). Such a shift would not require a high activation
energy, and would be facilitated by the interaction between Fe-

(97) Kitajima, N.; Tamura, N.; Amagai, H.; Fukui, H.; Moro-oka, Y.;
Mizutani, Y.; Kitagawa, T.; Mathur, R.; Heerwegh, K.; Reed, C. A.; Randall,
C. R.; Que, L., Jr.; Tatsumi, KI. Am. Chem. S0d.994 116, 9071-9085.

UV —vis spectrum with absorption bands at 548 and 468 nm,
characteristic of theuoxo)diiron(lll) or (usz-oxo)triiron units
(Figure S15p498-100

Similar intermediates were observed during the reaction of
4 with dioxygen at 195 K. Addition of @to a colorless THF
or CH,Cl, solution of4 caused the initial formation first of a
deep purple intermediate with a broad absorption band near 670
nm, which rapidly converted to a red species with a band at
470 nm. Figure 9 shows spectrophotometric changes observed
every 104 ms for the first five traces and then every 730 ms for
a total of about 10 s for the reaction dfwith excess @ in

(98) Gorun, S. M.; Papefthymiou, G. C.; Frankel, R. B.; Lippard, S. J.
J. Am. Chem. S0d.987, 109, 4244-4255.

(99) Armstrong, W. H.; Roth, M. E.; J., L. S. Am. Chem. S0d.987,
109 6318-6326.

(100) Gorun, S. M.; Lippard, S. Jnorg. Chem.1988 27, 149-156.
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ments showed higher-order kinetic behavior for the formation
of this complex, monitored by time-dependent absorbance
changes at 450 and 650 nm (Figure S16, inset). This result
suggests that the green intermediate may correspond to one or

266 |

© 260 more species resulting from aggregation processes.
Ed
2
5 .
§ 262 Summary and Conclusions
260k~ KN Stable carboxylate-bridged diiron(ll) complexes were pre-

TRy TS T Ry a— pared in good yield by using the dinucleating ligand XDK and

its more soluble analogue PXDK. All the isolated complexes

Figure 10. MGssbauer spectrum at 20 K of a THF frozen solution of have a third bridging Ilganq, either chloride, flgorlde, tiflate,
the products of the reaction of [fe-O;CC(CH)s)(u-PXDK)(N- or another carboxylate anion. Two of the tris(carboxylate-
Melm),(0,CC(CHy)3)] (4) with O, at 195 K. The solid lines are the ~ bridged) complexes, [R@:-XDK)(u-OCPh)(ImH)(O-CPh)-
theoretical fits corresponding to the superposition of two inequivalent (MeOH)] (3) and [Fe(u-O.CC(CHg)s)(u-PXDK)(N-Melm),-

iron sites. See the text for derived N&bauer parameters. (O2CC(CH)3)] (4), are closely related to the reduced diiron
cores in MMOH and RNR R2 protein. Their composition
matches exactly the ligand types in the proteins, although
arranged in a slightly different way, and thus reproduce the

L . electronic environment of the two iron(ll) ions. The X-ray

the case of8. The decay of this intermediate and subsequent L .
buildup of the red species, monitored by the time-dependent str_ucture_s oB and4 revealed_ brl_dglng benzoate and pivalate
absorbance changes at 670 and 470 nm, respectively, followed?MONS with an unusual coordination mode. The-Be-C bond
higher-order kinetics (Figure 9, inset), again indicating possible @ngle is almost linear, and the O-atom interacts only weakly
aggregation processes. As observe(ﬁfdhe red intermediate with the second iron center. The coordination mode of these
was stable at 195 K and decomposed to a yellow-green speciedridging carboxylates is intermediate between the more common
with absorption bands characteristic of oxo-bridged polyiron- syn—anti and syr-syn modes and may facilitate further
(1) units upon warming to room temperature. carboxylate shifting to allow for reaction with,O Mdssbauer

To obtain more insight into the nature of the red intermediate, spectra of polycrystalline and frozen THF solution samples were
a Massbauer sample was prepared by adding dioxygen at 195it to almost identical parameters, indicating that the complexes
K to a THF solution of4, which was then frozen and measured gtay assembled in solution. Stopped-flow studies of the reaction
at 20 K (Figure 10). Two doublets were observed having equal ¢ 3 5nq4 with dioxygen at low temperature revealed the rapid
intensity and with similar isomer shifts, 0.53 and 0.59 mm/s, formation of colored intermediates, the first of which has an

but very different quadrupole splitting, 2.03 and 0.73 mm/s, absorption maximum characteristic for peroxo-to-iron charge-
respectively. The values of the isomer shifts are within the range P . - P g

expected for high-spin iron(lll) ions. The larger quadrupole transfer bands |np4(-peroxo)d||ron(lll) complex, analogous to
splitting is in the range of values found fau-pxo)diiron(lll) what has been observed during the reaction cycle of MMO.

complexes$* whereas the second doublet might arise from a

mononuclear iron(lll) spgcies. The;e preliminary data indicqte Acknowledgment. This work was supported by grants from
that more than one species may be involved during the reactiony,e National Institute of General Medical Sciences and AKZO.
of the tris(carboxylate-bridged) complex@and4 with dioxy-
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ligand, were allowed to react with dioxygen at low temperature. collecting gnd fitting the Mesbauer daFa and to A. M. Valentine
No transient color changes were noted, although the originally for help with the stopped-flow experiments.
colorless CHCI; solution gradually turned yellow-orange, which
typically signifies oxidation. This result may indicate that
monoatomic bridging ligands in these complexes, in conjunction
with the difficulty of XDK to undergo a carboxylate shift, make . . . .
it difficult to form the (u-peroxo)diiron(lll) species. Reaction anisotropic thermal parameters, aqd mtramolecular'bond dis-
of these complexes with dioxygen may therefore involve '@nces and angles fo8—8, and figures representing the
intermolecular processes. For example,ght be activated ~ numbering scheme for the XDK (Figure S1) and the PXDK
at the terminal, solvent-occupied sites of two different diiron- (Figure S2) ligands, complete ORTEP plots 37 and 9
(1) molecules. Addition of Qat 195 K to a colorless Ci€l, (Figures S3-S8), plots of the molar susceptibility,g) versus
or THF solution of the triflate-bridged complex however, temperature, together with the best fits, Goand7 (Figures S9
caused a color change to green. The buildup of this species,and S10), Mssbauer spectra 4 K of polycrystalline samples
which was monitored by UVvis spectroscopy, was complete of 3, 6, and 7 (Figures S1+S13), the Eyring plot for the
after several hours. Absorption bands characteristia-@o)- reaction of3 with O, (Figure S14), and the UVvis spectra of
diiron(l1l) and (us-oxo)triiron units were observed at 650, 450,  the species obtained after addition of © 3 and 6 (Figures

364,_and 318 nm and became_ broader upon Warmir_lg of t_h6815—816) (83 pages). See any current masthead page for
solution to room temperature (Figure S16). The weak intensity ordering and Internet access instructions

of the 650 nm absorption band excluded assignment as a (
peroxo)diiron(lll) species. Preliminary stopped-flow experi- JA9628563

Velocity (mm sh

THF at 197 K. The pseudo-first-order rate constant for the
formation of the presumed:{peroxo)diiron(lll) intermediate,
approximately 300! at 197 K, is larger than that obtained in
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