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Abstract: Carboxylate-bridged high-spin diiron(ll) complexes with distinctive electronic transitions were
prepared by using 4-cyanopyridine (4-NCCsH4N) ligands to shift the charge-transfer bands to the visible
region of the absorption spectrum. This property facilitated quantitation of water-dependent equilibria in
the carboxylate-rich diiron(ll) complex, [Fex(u-O2CAr™),(4-NCCsH4N),] (1), where ~O,CAr™ is 2,6-di-(p-
tolyl)benzoate. Addition of water to 1 reversibly shifts two of the bridging carboxylate ligands to chelating
terminal coordination positions, converting the structure from a paddlewheel to a windmill geometry and
generating [Fea(u-0,CAr™),(0,CArT),(4-NCCsH4N)2(H20),] (3). This process is temperature dependent
in solution, rendering the system thermochromic. Quantitative treatment of the temperature-dependent
spectroscopic changes over the temperature range from 188 to 298 K in CH,Cl, afforded thermodynamic
parameters for the interconversion of 1 and 3. Stopped flow kinetic studies revealed that water reacts with
the diiron(ll) center ca. 1000 time faster than dioxygen and that the water-containing diiron(Il) complex
reacts with dioxygen ca. 10 times faster than anhydrous analogue 1. Addition of { H(OEty),}{ BAr,}, where
BAr," is tetrakis(3,5-di(trifluoromethyl)phenyl)borate, to 1 converts it to [Fex(u-O2CAr™);(4-NCCsHaN)]-
(BAr,) (5), which was also structurally characterized. Mdssbauer spectroscopic investigations of solid
samples of 1, 3, and 5, in conjunction with several literature values for high-spin iron(ll) complexes in an
oxygen-rich coordination environment, establish a correlation between isomer shift, coordination number,
and N/O composition. The products of oxygenating 1 in CH,Cl, were identified crystallographically to be
[FeZ(//t-OH)2(#-02CATTOI)2(02CATTOI)2(4-NCC5H4N)2]‘2(H02CA|'TOI) (6) and [Fee(,u-O)z(,u-OH)4(u-02CArT°')6(4-
NCCsHsN)4Cl,] (7).

Introduction subtle differences among the crystallographically characterized

Carboxylate-bridged diiron units constitute a commonly €nZyme active sites, including the binding modes of the
occurring element in a growing number of dioxygen-dependent carboxylates and the existence of variable numbers of water
metalloenzyme&2 Important members of this class include the molecules. These distinctions and the surrounding polypeptide
R2 subunit of Class | ribonucleotide reductases (RNRR2), matrix alter the chemical properties of the core to achieve the
soluble methane monooxygenase (sMMOJatty acid desatu- physiologically defined enzyme functions. Understanding how
rase A%D),3%and toluene monooxygenase (ToM®Although these shared carboxylate-bridged diiron(ll) units work, how the
these metalloproteins share a common structural motif, their variable surroundings differentiate their chemical properties, and

diiron centers are tuned to achieve diverse functions. There arethe manner in which their dioxygen-activation mechanisms relate
to one another represents a challenging and active area of

research in bioinorganic chemistry.

(1) Holm, R. H.; Kennepohl, P.; Solomon, E.Ghem. Re. 1996 96, 2239

2314.
(2) Solomon, E. I; Brunold, T. C.; Davis, M. |.; Kemsley, J. N.; Lee, S.-K; i i

Lehnert, N Neese. F.. Skulan, A. 3. Yang, Y.-S.: ZhouCkem. Re. __Con5|derable effort has been expended to syntheS|_ze an_d stu_dy

200Q 100, 235-349. diiron complexes as analogues of the enzyme active sites in
(3) Stubbe, J.; van der Donk, W. £&hem. Re. 1998 98, 705-762. ; ; ;
(4) Logan, D.T.. Su, X.-D.; Aerg. A.; Regnstim, K.. Hajdu, J.. Ekiund, H.: order to enrich our understanding pf the chemlstry of these
. golrlqlund ff}r“?“.’éég%ﬁ 105%—}5024{| b B M Filey. - N systems at the molecular lev@IA major goal is to reproduce
® R e, et e ISok pog beg o T Flley JiNoMon e architecture of the enzyme active sites using carboxylate-
(6) Merkx, M.; Kopp, D. A.; Sazinsky, M. H.; Blazyk, J. L.; Mer, J.; Lippard, based ligand frameworks and then to investigate the oxygenation

S. J.Angew. Chem., Int. E001, 40, 2782-2807. . . ..
(7) Elango, N.; Radhakrishnan, R.; Froland, W. A.; Wallar, B. J.; Earhart, c. Of the resulting carboxylate-rich diiron(ll) complexes. Two

A.; Lipscomb, J. D.; Ohlendorf, D. HProtein Sci.1997, 6, 556-568. i i i
(8) Lindqvist, Y.; Huang, W.; Schneider, G.; ShanklinEMBO J.1996 15, features t.hat’ untll. now, have. best been appreaated mamly
4081-4092. through direct studies of the biomolecules themsélaesl by

(9) Broadwater, J. A.; Ai, J.; Loehr, T. M.; Sanders-Loehr, J. S.; Fox, B. G.
Biochemistryl998 37, 14664-14671.
(10) Sazinsky, M. H.; Bard, J.; Di Donato, A.; Lippard, S.JJ.Biol. Chem. (11) Du Bois, J.; Mizoguchi, T. J.; Lippard, S. Coord. Chem. Re 200Q
2004 279, 30610, and refs. cited therein. 200-202 443-485.
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theoretical method3 are the effects of water molecules in the
diiron coordination environment and the influence of the
surrounding polypeptide matrix. The importance of certain
amino acid residues in the surrounding polypeptide can be
probed by selective mutagenesig? The effect of water on the
oxygenation cycle has mainly been a focus of computational
studies, however. In recently published DFT calculations the
coordinated HO molecule, used as a hydrogen-bond donor, was
considered to be a key component in forming reactive inter-
mediate(s) upon oxygenation of the diiron(ll) siteThe
participation of water in the oxygenation chemistry of the diiron
protein core has also has been invoked@ studies in which
the labeled oxygen atom is not fully incorporated into the
products'®

Recently, we have begun to address the role that coordinate
water might play in the oxygenation cycle of carboxylate-rich
diiron sites in metalloenzymes by using small molecule synthetic
mimics. The reaction between water and carboxylate-rich
diiron(Il) complexes has been qualitatively investigated and
iron(ll) complexes with varying numbers of water ligands
isolated, revealing that the nature of the isolated carboxylate-
bridged diiron(Il) complexes is quite responsive to water present
in the reaction mixturé’-*8Herein we report our efforts to treat

lations were carried out under nitrogen in an MBraun glovebox. FT-
IR spectra were recorded with a Thermo Nicolet Avatar 360 spectrom-
eter. UV—vis spectra were obtained on a Hewlett-Packard 8453 diode
array spectrophotometer. During variable temperature-U¥ studies,
the temperature was controlled with an Oxford ITC 601 cryostat.
[Fex(u-0O2CArT)4(4-NCCsH4N)] (1). To a light yellow solution
of [Fex(u-OCAI™),(O,CAr™)(THF),] (1.85 g, 1.26 mmol) in CkCl,
(100 mL) was added solid 4-NGB4N (263 mg, 2.53 mmol), and the
dark red pink solution was stirred for 20 min. The solution was filtered
through Celite, and pentane was layered on top. Dichroic red pink
blocks ofl (1.44 g, 75%) formed overnight. The best crystals for X-ray
diffraction study were obtained by recrystallization from THF/pentane.
FT-IR (KBr, cm1) 3050 (w), 3021 (w), 2918 (w), 2862 (w), 2236 (W,
ve=n), 1609 (s), 1551 (w), 1513 (w), 1493 (w), 1440 (m), 1404 (m),
1384 (s), 1303 (w), 1215 (w), 1188 (w), 1109 (w), 1065 (w), 843 (W),

0814 (s), 789 (m), 762 (w), 727 (w), 706 (m), 580 (w), 558 (w), 526

(m). Anal. Calcd for1-0.5(CHCl,), isolated from methylene chloride,
CioHosFeN4OgCl: C, 73.93; H, 4.95; N, 3.57. Found: C, 74.44; H,
5.10; N, 3.40.

[Fex(u-O,CAr 4F-PM),(4-NCCsH4N);] (2). To a rapidly stirred solution
of [Fex(u-O,CAIr*=PN),(O,CAr* PN o(THF),] (762 mg, 51.0 mmol) in
CH:CI, (50 mL) was added solid 4-NGH4N (106 mg, 102 mmol),
yielding a red solution. A red precipitate &f(512 mg, 65%) formed
immediately and was isolated by filtration and washed with pentane.
The solid (20.3 mg) was dissolved in @El, (10 mL), and exposure

the water-dependent equilibria quantitatively and to address theof the solution to pentane vapor diffusion yielded dichroic yellow-red

effects of water on the rate of oxygenation of the diiron(ll)
carboxylate complexes. These studies were facilitated by the
introduction of 4-cyanopyridine (4-NGEI;N) as a ligand,
which shifts the metal-to-ligand charge-transfer bands of the
starting diiron(Il) compounds into the visible region of the
spectrum. In addition, a correlation between isomer shifts in
the MGssbauer spectra and coordination number for high-spin

blocks, suitable for X-ray crystallography. FT-IR (KBr, cih 3056
(w), 2239 (W,vc=n), 1610 (s), 1569 (w), 1551 (w), 1509 (s), 1452 (w),
1404 (m), 1382 (s), 1299 (w), 1220 (s), 1159 (m), 1095 (w), 844 (m),
832 (m), 818 (m), 793 (w), 773 (w), 727 (w), 706 (w), 582 (w), 556
(m), 532 (w). Anal. Calcd for gHsFsFesN4Os: C, 67.88; H, 3.37; N,
3.60. Found: C, 67.55; H, 3.45; N, 3.72.

[Fez(,u-OZCAr To')z(OzCAI‘ T°|)2(4-NCC5H4N)2(OH2)2] (3) To a stirred
yellow solution of [Fe(u-O,CAr™h,(4-NCGsH,N)7] (49.5 mg, 29.8

iron(ll) carboxylate complexes was discovered through com- umol) in THF (1 mL) was added slowly 4 (7 uL) under nitrogen.

parison of the new diiron(ll) complexes with related ones in
the literature.

Experimental Section

General Considerations All reagents, including 4-NCgHN, were
obtained from commercial suppliers and used as received unless
otherwise noted. Dichloromethane, pentane, toluene, and THF were
saturated with argon and purified by passage through activat€ag Al
columns under argoH. Dioxygen (99.994%, BOC Gases) was dried
by passing the gas stream through Drierite. The compounds
[Fex(u-O2CAIT™)(O,CAIT)(THF),],2° where~O,CAr™ is 2,6-di- -
tolyl)benzoate?? [Fey(u-OCAr* PN, (CArPMN,(THF),],?° where
~O,CAr*—Phis 2 6-di--fluorophenyl)benzoat#;?? and { H(OEb),} -
{BAr}},2® where BAl,~ is tetrakis(3,5-di(trifluoromethyl)phenyl)bo-
rate, were prepared as described in the literature. Air-sensitive manipu-

(12) Gherman, B. F.; Baik, M.-H.; Lippard, S. J.; Friesner, RJAAm. Chem.
S0c.2004 126, 2978-2990.

(13) Skulan, A. J.; Brunold, T. C.; Baldwin, J.; Saleh, L.; Bollinger, J. M., Jr;
Solomon, E. I.J. Am. Chem. SoQ004 126, 8842-8855.

(14) Fox, B. G.; Lyle, K. S.; Rogge, C. Bcc. Chem. Re004 37, 421-429.

(15) Baik, M.-H.; Newcomb, M.; Friesner, R. A.; Lippard, S.Chem. Re.
2003 103 2385-24109.

(16) Moe, L. A.; Hu, Z.; Deng, D.; Austin, R. N.; Groves, J. T.; Fox, B. G.
Biochemistry2004 43, 15688-15701.

(17) Yoon, S.; Kelly, A. E.; Lippard, S. Polyhedron2004 23, 2805-2812.

(18) Yoon, S.; Lippard, S. J. Am. Chem. SoQ004 126, 16692-16693.

(19) Pangborn, A. B.; Giardello, M. A.; Grubbs, R. H.; Rosen, R. K.; Timmers,
F. J.Organometallics1996 15, 1518-1520.

(20) Lee, D.; Lippard, S. dJnorg. Chem.2002 41, 2704-2719.

(21) Du, C.-J. F.; Hart, H.; Daniel Ng, K.-Kl. Org. Chem1986 51, 3162—
3165.

(22) Chen, C.-T.; Siegel, J. S. Am. Chem. S0d.994 116, 5959-5960.

(23) Brookhart, M.; Grant, B.; Volpe, A. F., Jarganometallicsl 992 11, 3920—
3922.

Dichroic yellow-red needle crystals 8f(20.3 mg, 44%), suitable for
X-ray crystallography, were obtained by vapor diffusion of pentanes
into the solution. FT-IR (KBr, cmt) 3653 (w), 3423 (w, br), 2918
(W), 2235 (W,vc=n), 1609 (s), 1515 (s), 1452 (s), 1411 (m), 1381 (s),
1217 (w), 1190 (w), 1109 (w), 860 (w), 846 (w), 818 (s), 797 (m), 790
(m), 781 (m), 766 (w), 734 (w), 713 (w), 586 (w), 559 (m), 540 (w),
521 (w), 454 (w). Anal. Calcd for §gHsoFe:N4O10: C, 73.85; H, 5.16;

N, 3.59. Found: C, 73.85; H, 5.48; N, 3.81.

[Fex(u-O2CAr 4F~PN),(O,CAr 4F-Ph),(4-NCCsH4N)(OH5)J] (4). Com-
pound4 was synthesized as described ®and identified by X-ray
crystallography (yield 58%). FT-IR (KBr, cm) 3655 (w), 3420 (w,
br), 3054 (w), 2244 (Wyc=n), 1604 (s), 1510 (s), 1451 (s), 1409 (m),
1380 (s), 1301 (w), 1224 (s), 1160 (m), 1093 (w), 1011 (w), 852 (m),
833 (s), 814 (s), 807 (s), 789 (m), 773 (m), 733 (w), 712 (m), 701 (w),
556 (m), 527 (m), 464 (w). Anal. Calcd forgseFsFeN4O1g: C,
65.04; H, 3.47; N, 3.45. Found: C, 65.55; H, 3.57; N, 3.70.

[Fex(u-O2CAr T)3(4-NCCsH4N)Z][BAr ;] (5). To a stirred red-pink
solution of [Fe(u-0,CArT),(4-NCGH.N);] (14.5 mg, 8.7umol) in
CHxCl, (3 mL) was added 1 equiv dfH(OEb)2}{ BAr}}, yielding a
yellow solution under anaerobic conditions. The solution was filtered
through Celite, and pentane was diffused into it. Yellow-red blocks of
5(12.3 mg, 68%), suitable for X-ray crystallography, formed overnight.
FT-IR (KBr, cm?) 3051 (w), 2920 (w), 2237=n), 1614 (m), 1585
(s), 1514 (s), 1493 (s), 1436 (w), 1405 (m), 1385 (m), 1271 (m), 1219
(w), 1030 (w), 832 (s), 807 (s), 791 (m), 636 (w), 586 (m), 560 (w),
528 (W) Anal. Calcd f0r5-05(CHgCI2) or C107A5H7zBC|F24FezN4OGZ
C, 60.63; H, 3.41; N, 2.63. Found: C, 60.74; H, 3.56; N, 3.02.

[Fea(u-OH)2(u-O,CAr TOI)z(OzCAl’ TOI)z(4-NCCsH4N)2]‘2(H02-

CAr TOI) (6) and [F%w-o)z(ﬂ-OH)4(ﬂ-02CAr T°|)6(4-NCC5H4N)4(C|)2]
(7). A pink-red solution ofl (15 mg, 0.017 mmol) in CECl; (10 mL)
was saturated with dry dioxygen by bubbling over a period of 10 min,

J. AM. CHEM. SOC. = VOL. 127, NO. 23, 2005 8387
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Table 1. Selected Bond Lengths (A) for 1—42 5"Fe Mussbauer SpectroscopyZero-field Méssbauer spectra were
Ar W recorded on an MS1 spectrometer (WEB Research Co.) wiflca
1A)\2A Ar H,0 1Aj‘\’ oM source in a Rh matrix maintained at room temperature in the
?‘8,?/!0 2D Lo \O - O\ 76 Massachusetts Institute of Technology Department of Chemistry
Li—Fe; fé—Le 01}|=\e1 Fe‘z‘; Instrument Facility (MIT DCIF). Solid samples were prepared by
130/%0230 ‘B)go/ o VO/ L suspending ca. 30 mg of the powdered solids in Apeizon N grease and
AT 48 2¢ A" 28 1CT OH, packing the mixture into a nylon sample holder. Data were collected
Ar
Ar at 4.2 K, and the isomer shift) values are reported with respect to

natural iron foil that was used for velocity calibration at room

1and2 3and4 temperature. The spectra were fit to Lorentzian lines by using the
1 2 3 4 WMOSS plot and fit prograrf®

Fel--Fe2 2.7754(9) 2.7415(16)  4.4658(13)  4.4019(10) Resonance Raman SpectroscopjResonance Raman spectra were
Fel-O1A 2.032(3) 2.036(5) 2.0285(13)  2.0485(15) obtained by using an Arion laser with excitation provided at 514
Fel-0O1B 2.133(3) 2.120(5) 2.1475(13)  2.1565(15) nm. A monochromator (1200 grooves/nm grating) with an entrance
Fel-0O2B 2.3278(14)  2.3352(15) slit of 20 um and a TE-CCD-1100-PB-VISAR detector cooled to 243
Fel-O1C  2.016(3)  2.040(5) 2.0871(13)  2.0714(14) K with a circulating water bath was employed in a standard back-
Egi:?llbD Zzégf((j)) 223815((75)) 21505(16)  2.1412(18) scattering configuration. Data were collected at 296 K in dichloro-
Fel-O1W 2.1686(15)  2.1552(18) methane using an NMR tube. Each sample concentration was 6 mM.
Fe2-02A 2.131(3) 2.057(5) Measurements were made on more than one freshly prepared sample
Fe2-02B 2.010(3) 2.082(5) and in triplicate to ensure the authenticity of the results. The
Fe2-02C  2.145(3) 2.064(5) dichloromethane bands at 1156, 897, 704, and 286 evere used as
Fe2-02D  2.004(3)  2.070(5) an internal calibration standard. Data were processed using WinSpec

b
Fe2-L2 2.100(4) 2.097(7) 3.2.1 (Princeton Instruments, Inc.) and were further manipulated by

aNumbers in parentheses are estimated standard deviations in the Ias{(aleldagraph. o ] ) o
significant figures? L indicates the aromatic ring nitrogen atom in Stopped-Flow Kinetics Experiments All ambient-pressure kinetics

4-cyanopyridine. Atoms are labeled as indicated in Figures 1 and 2. experiments were carried out by using a Canterbury stopped-flow SF-
40 and MG-6000 rapid diode array system (Hi-Tech Scientific), fitted
green solution. The solution was filtered through with stainless steel flow lines and an argon-purged anaerobic attachment.
Teflon-lined stainless steel flow lines, adopted in the previous generation
of stopped-flow instruments, retain air and water, causing premature
oxidation or aquation of air-sensitive solutions. The instrument was
therefore rebuilt to avoid these problems. Solutionslafi CH,Cl,
(ca. 0.385 mM) were prepared in a glovebox under a nitrogen
atmosphere and stored in a gastight syringe prior to loading into the
stopped-flow apparatus. A saturated solution of dioxygen was prepared
by bubbling the gas through GHI, for 20 min in a round-bottomed

resulting in a yellow-
Celite, and pentane was diffused into it. Light green block§ ahd
yellow-brown blocks of7 were obtained after several days. Although
the structures o and7 could be determined by X-ray crystallography,
bulk samples could not be obtained.

X-ray Crystallographic Studies. Single crystals were mounted at
room temperature on the tips of quartz fibers, coated with Paratone-N
oil, and cooled under a stream of cold nitrogen. Intensity data were

collected on a Bruker (formerly Siemens) APEX CCD diffractometer flask closed with d maintained at 293 K. Th d
running the SMART software package, with Maxkadiation ¢ = ask closed with a septum and maintained at - The saturate

0.71073 A). Data collection and reduction protocols are described in CH2Clz solution of dioxygen containing 2 mM water was prepared by
detail elsewheré& The structures were solved by both direct and bubbling the dioxygen gas into a solution of that composition.
Patterson methods and refined BA by using the SHELXTL soft-
ware packagé> Empirical absorption corrections were applied with
SADABS ** part of the SHELXTL program package, and the structures  |n contrast to the relatively rich optical absorption spectra
were checked for higher symmetry by the program PLATOMII afforded by low-spin iron(ll) complexes, high-spin iron(ll)
non-hydrogen atoms were refined anisotropically. In general, hydrogen 5510465 with carboxylate-rich coordination environments are

atoms were assigned idealized positions and given thermal parameters , . S

equivalent to 1.2 (all other hydrogen atoms) times the thermal parameter%./plcally COIOrIeS.S’ making it difficult to apply standa}rd v

of the atom to which they were attached. Hydrogen atoms of the vis spectroscopic methods to foII_ow thel_r_chemls_try. For
bridging hydroxides and water molecules were located on difference 8X@MPple, the charge-transfer band in the visible region of the
electron density maps. In the structurelofour THF molecules were  SPectrum are well documented for low-spin iron(ll) complexes

assigned in the lattice and refined isotropically. The structur@ of  having pyridine ligand$?3°On the other hand, most high-spin

Results and Discussion

contains four CHCl, molecules in the lattice. In the structure &f iron(ll) complexes are colorless or at best light yell#t36
one BAr,~ anion was assigned to two positions, each with a half In our previous studies, the detection of water-dependent
occupancy factor and severe disorder. Four,Clfimolecules were interconversions in carboxylate-rich diiron(ll) complexes was

found in the lattice of compoun@l There were six CbCl, molecules achieved by using solid-state methods, chiefly X-ray crystal-
in the lattice of compound. Data collection and experimental details lograpy7-18 The inability to monitor these reactions in fluid
for the complexes are summarized in Table S1 (Supporting Information) o tion by spectroscopy prohibited their definitive assignment
and relevant interatomic bond lengths and angled fot are listed in I
i : as equilibrium phenomena. To treat the water-dependent reac-
Tables S2 and S3. Selected geometric details for complexdsare . . o . o
reported in Table 1. tions in a quantitative manner, assign equilibrium states, and
address the effects of water on the oxygenation of high-spin
(24) Kuzelka, J.; Mukhopadhyay, S.; Spingler, B.; Lippard, Sndrg. Chem. diiron(ll) complexes, an optical probe was highly desired. Just
2004 43, 1751-1761. ; ; : ;
(25) Sheldrick, G. MProgram Library for Structure Solution and Molecular SUC.h.a probe Was discovered with the introduction of 4-cyano-
Graphics Version 6.2, Bruker AXS: Madison, WI, 2000. pyridine as a ligand.
(26) Sheldrick, G. M.SADABS: Area-Detector Absorption Correctiddni-
versity of Gadtingen: Gatingen, Germany, 2001.

(27) Spek, A. L.PLATON, A Multipurpose Crystallographic TodUtrecht (28) Kent, T. AWMOSS. Mssbauer Spectral Analysis Softwaxéersion 2.5,
University: Utrecht, The Netherlands, 2000. Minneapolis, MN, 1998.
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Synthesis and Structural Characterization of Diiron(ll)
Complexes [Fe(u-O,CAr T)4(4-NCCsH4N),] (1) and [Fe-
(1-OoCAr 4F=P),(4-NCCsH4N);] (2). A clue for how to access
high-spin diiron(ll) carboxylate complexes with visible absorp-
tion bands came from the electronic spectrum of the(lke
O,CArTN,(4-BuCsH4N),],2%37which has a shoulder at 370 nm
with € = 1400 cnt! M~1, thought to be a charge-transfer
transition from Fe(ll) to ar* orbital of the pyridine ligand

S1 display the structure and Tables 1 and S2 list selected
interatomic distances and angles. Two crystallographically
inequivalent square-pyramidal iron(ll) centers, separated by
2.7754(9) A, are linked by four bridging carboxylate ligands.
The 4-NCGH;N ligands coordinate to the iron(ll) sites in axial
positions through pockets that are generated by the four bulky
carboxylate ligands. Most of geometric featureslodre the
same as in previously characterized paddle-wheel complexes

(MLCT). If this assignment is correct, we reasoned that, by [Fex(u-O,CArT),(4-BuCsHsN),]%” and [Fe(u-O,CArTo),-
lowering the energy of the acceptor orbital, it should be possible (BAP~OM€),],38 where BA~OMe is 4-methoxylbenzylamine.
to narrow the energy gap between the states involved in this A powdered sample of is stable in the solid state in air for

transition. This hypothesis was tested by synthesizing 44RIGXC
analogues of [F£u-0,CArR)4(4-BuCsH4N),], anticipating a red
shift of the electronic transition. Upon addition of 2 equiv of
4-NCGHuN to a light yellow solution of [Fg(u-O,CArT™),-
(O2CArT)o(THF),] in CH.Cl,, the color instantaneously turned
to intense red-pink, affording the desired diiron(ll) complex
[Fex(u-OCArT),(4-NCGH4N),] (1) (Scheme 1). When isolated

over 2 months, judging by the maintenance of its distinctive
color.

Treatment of a light yellow CKCl, solution of [Fe(u-
OzCAI’4';Ph)2(02CAI'4PP'D2(TH F)2] with 2 equiv of 4-NCGH4N
afforded the red diiron(ll) complex [R@:-OCAr*FPh,(4-
NCGCsHaN)2] (2) (Scheme 1), which is the structural analogue
of 1 (Figure S2). Selected interatomic distances and angles are

from solution, however, the crystals developed fissures, probably listed in Tables 1 and S2. Sin@eis not very soluble in most
due to loss of solvent molecule(s) in the lattice. Figures 1 and solvents, further studies were performed mainly with compound

(29) Monat, J. E.; McCusker, J. K. Am. Chem. So@00Q 122, 4092-4097.

(30) Roelfes G, Vrajmasu V.; Chen, K.; Ho, R. Y. N.; Rohde, J.-U.; Zondervan,
C,; IaCr0|s R. M, Schudde E.P.; Lutz M,; Spek A. L.; Hage, R.; Feringa,
B. L, Munck E.; Que, L., Jrlnorg Chem 2003 42, 2639-2653.

(31) Lee, D; Llppard S. .]norg Chim. Acta2002 341, 1—-11.

(32) Hagadorn, J.R.; Que, L., Jr.; Tolman, W.BAm. Chem. Sod998 120,
13531-13532.

(33) Lee, D.; DuBais, J. L.; Pierce, B.; Hedman, B.; Hodgson, K. O.; Hendrich,
M. P.; Lippard, S. Jinorg. Chem.2002 41, 3172-3182.

(34) Lee, D.; Hung, P.-L.; Spingler, B.; Lippard, S.ldorg. Chem2002 41,
521-531.

(35) Lee, D.; Lippard, S. dJnorg. Chem.2002 41, 827—-837.

(36) Lee, D.; Pierce, B.; Krebs, C.; Hendrich, M. P.; Huynh, B. H.; Lippard, S.
J.J. Am. Chem. So@002 124, 3993-4007.

(37) Lee, D.; Du Bois, J.; Petasis, D.; Hendrich, M. P.; Krebs, C.; Huynh, B.
H.; Lippard, S. JJ. Am. Chem. S0d.999 121, 9893-9894.

1

Syntheses and Structural Characterization of Water-
Containing Diiron(ll) Complexes [Fex(u-OCAr T0),(0,-
CAr T0|)2(4 NCC5H4N)2(OH2)2] (3) and [Fez(,u -O,CAr 4F= Ph)
(OzCAI’4F7Ph)2(4-NCC5H4N)2(OH2)2] (4) Addition of 1 to a
CHCl, or THF solution containing a measured amount of water
resulted in an instantaneous color change from red-pink to light
yellow-red. Out of these solutions crystallized compouhd
following vapor diffusion of pentane into it. The structuref
is displayed in Figures 2 and S3, with interatomic distances

(38) Yoon, S.; Lippard, S. Jnorg. Chem.2003 42, 8606-8608.
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Figure 1. Top: ORTEP diagram of [R€u-O,CArT),(4-NCGHaN);] (1) Figure 2. Top: ORTEP diagram of [R€u-O,CArTo),(O,CAr N (4-
showing 50% probability thermal ellipsoids for all non-hydrogen atoms. NCCsH4N)2(OHy)-] (3) showing 50% probability thermal ellipsoids for all
Bottom: Structure with the aromatic rings of BICO,~ ligands omitted non-hydrogen atoms. Bottom: Structure with the aromatic rings of
for clarity. ArTlCO,™ ligands omitted for clarity and depicting H-bonding interactions

(dotted lines).

and angles listed in Tables 1 and S3. Two distorted octahedral .
iron(ll) centers are bridged by two carboxylate ligands with an PY X-ray crystallography, the large unit cell volume and severe

Fe--Fe separation of 4.4658(13) A. This value is 1.69 A longer disorder in the BAy™ counterion prohibited satisfactory re-
than the Fe-Fe separation of 2.7754(9) A hand arises from  finement. Drawings of are depicted in Figure S5. The two
water-induced shifting of two carboxylate ligands from a psgudo-tetrghedral iron(ll) sites with N@oordlnatmn_ geom-
bridging to a terminal chelating mode. The reaction typifies how €Ui€S are bridged by three carboxylates at an-Fe distance

the binding of water in carboxylate-bridged diiron(Il) complexes ©f 3-11 A. Two 4-NCGH.N ligands coordinate to the iron(ll)
can induce a dramatic structural change. The nonbridging sites through the pockets generated by the three bulky carbox-
coordination sites are occupied by 4-NEGN, water, and the  Y/ate ligands.

bidentate terminal carboxylate ligands. The assignment of water MUssbauer Spectroscopy. Correlation of Isomer Shift with

as the ligand rather than hydroxide is based on the@i@aqua) Core Composition. Zero-field Mossbauer spectra of solid
distance, 2.1686(15) A, the location and refinement of the samples ofl, 2, 3, and5 were recorded at 4.2 K in the absence
associated hydrogen atoms in the X-ray structure determinationof an external field. These spectra are displayed in Figures S6
(O—H, 0.71 and 0.86 A), and charge considerations. Inter- and and S7 and Mssbauer parameters are listed in Table 2, which
intramolecular hydrogen bonding interactions between the metal-2lso includes results for related carboxylate-rich iron(ll) com-
bound water molecules and the carboxylate ligand are characterPlexes and enzymes of interest. Théddbauer spectra of both
ized by short G-H-+-O distances, ranging from 2.731 Ato 2.755 1 and 2 exhibit slightly asymmetric quadrupole doublets,
A (Figure 2, bottom). The intermolecular hydrogen bonds may Probably reflecting the inequivalence of the two iron atoms in
contribute to the observed hardness of the crystals. V@ien  the crystal lattice. By contrast, the iron centers of compad@ind
dissolved in anhydrous G&l,, a red-pink color is obtained  are crystallographically equivalent, resulting in spectra that are
instead of red-yellow, indicating that the coordinated water symmetric. The isomer shifts of these compounds compare well
ligands observed in the solid state are readily displaced from With those of other high-spin iron(ll) complexes having oxygen-

the first coordination sphere. Compoudds essentially iso-  rich coordination environments, indicating that compouhel8
structural with3 (Figure S4 and Table S3). and5 have high spin S= 2 ground state®

Synthesis and Characterization of [Fe(u-O>CAr T0)3(4- One obvious trend in the data of Table 2 is that iron(ll) sites
NCCsH4N)J(BAr ) (5) Upon Reaction of Compound 1 with with coordination number 4 tend to have lower isomer shifts
H*. When compound. was titrated with a CkLCl, solution of (1.0-1.1 mm s!) compared to coordinatively saturated iron(Il)

[H(OEt).l{BAr,} > the intense red-pink color disappeared centers{1.3 mm s?). A possible explanation for this trend is
following addition of ca. 1.2 equiv of the acid, generating a
yellow solution. Although the structure bfcould be determined  (39) Tshuva, E. Y.; Lippard, S. Them. Re. 2004 104, 987-1012.
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Table 2. Zero-Field Mdssbauer Parameters at 4.2 K for 1—3, 5, Carboxylate-Rich Iron(ll) Complexes, and Related Enzymes

coordination geometry d (mms?) AEq (mms™?) ref
[Fe(QCAr* P, (Hdmpz))] Td,2 N0, 1.04(2) 3.19(2) i
5 Td, NOs 1.04(2) 2.85(2) h
[Fe(QCArT™h,(1-Bnim)) Td, N2O2 1.08(2) 2.46(2) 31
[Fex(u-O2CArTN)3(0,CArT)(2,6-lutidine))] site 1 Td, NO3 1.05(2) 2.18(2) 31
site 2 Tbp? Os 1.23(2) 2.80(2)
[Fe(QCArT™h,(BPTA)] Thbp, N3O2 1.10(2) 3.52(2) 31
1 Sp¢ NO4 1.11(2) 3.02(2) h
2 Sp NO4 1.12(2) 3.00(2) h
[Fex(u-O2CAr™) 4(4—BuCsHaN)2] Sp NO4 1.12(2) 3.05(2) 20
[Fe(OCAr+—18BuPh,(2 2-bipy),] Tbhp N203 1.13(2) 2.91(2) 31
[Fez(/l-OZCATTOI)z(OchTTOI)2(C6H5N)2] pr, NO4 1.19(2) 290(2) 20
[Fex(u-O2CArT),(O,CArT),(Bnen)y] Tbhp NO4 1.19(2) 2.99(2) 35
[Fex(u-O2CArTN),(0,CArToN),(THF),] Tbp Os 1.26(2) 2.90(2) 20
[Fea(u-OH)a(u-O2CAr4—tBuPh,(14-OTf)(CeHsN).4] OhdNOs 1.27(2) 3.00(2) j
[Fes(u-OH)a(u-OCAr*=BUuPH,(1-OTF) 2(4—BUCsH4N) 4] Oh, NOs 1.26(2) 2.96(2) i
[Fes(u-OH)a(u-OCAr4=BUuPH,(1-OTF) o(3-FCsH4N)4] Oh, NOs 1.27(2) 2.90(2) j
3 Oh, NOs 1.29(2) 3.09(2) h
[Fex(u-OHp)2(u-OaCAIT) o(O,CArTNo(THF),] Oh, Os 1.31(2) 2.86(2) k
[Fex(u-OHg)2(u-O2CAr4F—PN(O,CAr P (THF)2(OHy)] Oh, Og 1.35(2) 3.26(2) 18
[Fes(us-OCHg)4(O2CArT),(HOCHs)q] site 1 Oh, Os 1.30(2) 3.53(2) i
site 2 Tbp, Os 1.17(2) 2.35(2)
MMOH 1.3¢ 2.87 |
1.39 2.4-3.1'9 m
RNR-R2 1.26 3.13 n
A9D 1.30 3.04-3.3¢ o]

aTetrahedral? Trigonal bipyramidal® Square pyramidaF Octahedral® Methylococcus capsulaty@ath).f Methylosinus trichosporiun®B3b. 9 Two
quadrupole doublet$.This work.! Supporting Informationl. Lee, D.; Sorace, L.; Caneschi, A.; Lippard, Slnbrg. Chem2001, 40, 6774.% Kelly, A. E.;
Lippard, S. J. Unpublished resuliLiu, K. E; Valentine, A. M.; Wang, D.; Huynh, B. H.; Edmondson, D. E.; Salifoglou, A.; Lippard, S. Am. Chem.
Soc.1995 117, 10174.™m Pulver, S. C.; Froland, W. A.; Fox, B. G.; Lipscomb, J. D.; Solomon,.B. Am. Chem. S0d.993 115 12409." Pulver, S. C;
Tong, W. H.; Bollinger, M. J., Jr.; Stubbe, J.; Solomon, EJ.IAm. Chem. S0d995 117, 12664.° Fox, B. G.; Shanklin, J.; Somerville, C.; Muk, E.;

Proc. Natl. Acad. Sci. U.S.A.993 90, 2486.

the following° The isomer shift is defined by the expression

termination (Figure S8) of which are supplied as Supporting

ineq 1, where S and A are two different chemical environments Information, contains three octahedral fCand a trigonal

6 = constantx (|p{0)sl* — [1{0)al) @
with S the sample ahA a reference absorb&rThe expectation
value |y40)s?| describes thes-electron density at the iron
nucleus. The isomer shift of an iron complex is dictated by two
major factors, a direct contribution frons4lectron density and
indirect contributions from the Belectrons that shield the
s-electrons from penetrating the nucléddsSince the direct

bypyramidal (@) iron(ll) sites and displays two quadrupole
doublets in a 3:1 ratio (Figure S9). It is noteworthy that the
iron(ll) sites with @ coordination environments have a larger
isomer shift of 1.30(2) mm/s than the iron(ll) site withs O
geometry, 1.17(2) mm/s in this compound.

Superimposed on the effects of coordination geometry is the
N/O composition of the coordination environment of iron for
the compounds in Table 2. Of particular interest are carboxylate-
bridged diiron(ll) species with a single N- and a variable number

contribution in the series of ferrous complexes in the table is of O-atom donors, which includes compourtis3 reported

fixed, only the indirect contributions are variable. The shielding

here. These environments represent possibilities for the reduced

can be considered as arising from the nonbonding influence of forms of bacterial multcomponent monooxygenases and related

the 3 electronic configuration of iron(ll), attenuated by
covalency in which ligands donate an effective total of x
electrons from their filled orbitals to the metad-8rbitals and
by covalency involving donation of an effective number y of
3d metal electrons intar* ligand acceptor orbitals. Thus, the
effective number of shieldingdelectrons Kes) can be de-
scribed byNeit = 6 + x — y. Because the complexes listed in
Table 2 have ligand frameworks that are only weaklgcidic,
the y contribution can be considered to be negligible. The
covalency contributiony, is expected to follow the order six-
> five- > four-coordination. Larger isomer shifts will therefore
occur for complexes having highBk¢ values, as observed for
the compounds listed in Table 2. The complex[keOMe)s-
(O2CAr™h,(HOMe)](HOMe), the synthesis and structure de-

(40) Dabrowiak, J. C.; Merrell, P. H.; Stone, J. A.; Busch, DJHAmM. Chem.
So0c.1973 95, 6613-6622.

(41) Drago, R. S.Physical Methods in ChemistryW/. B. Saunders Co.:
Philadelphia, PA, 1977.

(42) Gibb, T. C. InPrinciples of M@sbauer SpectroscopZhapman & Hall:
New York, 1976; pp 93101.

non-heme diiron enzymés?® The isomer shift of the diiron(Il)
sites in reduced SMMOH is reported to bel.30 mm s
which is in the range of six coordinate N@on(ll) sites. This
comparison suggests that the metal centers in the enzyme may
be six-coordinate. The X-ray structural work indicates six
ligands in the vicinity of each iron atom, with some of the water
molecules interacting only weakly with the diiron(ll) centér.
The correlation between coordination number andsbbauer
isomer shift for the NQcomplexes in Table 2 should assist the
interpretation of results for other carboxylate-bridged diiron
proteins in the literature.

Electronic and Resonance Raman SpectroscopyThe
4-cyanopyridine ligand affords a valuable spectroscopic signa-
ture for monitoring the chemistry of its carboxylate-bridged
diiron(ll) complexes. A similar strategy for investigating the
ferrous heme in a cytochrome P450 appeared recently, while
this report was in preparatidf.The intense colors af and2

(43) Whittington, D. A.; Lippard, S. J. Am. Chem. So@001, 123 827—838.
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Figure 3. UV —vis spectra of [Fgu-O,CArT),(4-NCGHsN);] (1) and
[Fe2(u-OZCAr4';Ph)4(4-NC05H4N)2] (2) in CH.Cla. 12 L
observed in the solid state are also evident in,Clhisolutions =
of the compounds, witlinax values occurring at 510 nne & c 1F
2200 cntt M~1) and 480 nmd = 2300 cnt! M), respectively &
(Figure 3). Considering that the iron(ll) sites2ére coordinated fr_, 08 |
by carboxylates with more electron-withdrawing groups, the g
observed difference (blue shift) in the energy of the electronic e o6l
transition supports a MLCT assignment. To gain more insight 8
into the origin of this unusual electronic transition, the resonance g o
Raman (rR) spectrum dfwas measured in Gi€l, solution at 2 T
ambient temperature with excitation at 514 nm. The result is <
presented in Figure S10, which displays the spectra aifid, 02 |
for comparison, 4-NCgHyN (literature data). Several strong
resonance-enhanced peaks appeared in the 700 ton1800 0 L L ! L
cm! region for 1. These features are also present in the rR 0.003 0.0035 0.004 _2-0045 0.005 0.0055
spectrum of the 4-NC&14N ligand, indicating that the chro- 1/T(K))

mophore involves the N-donor ligand. On the basis of the high figyre 4. (Top) Uv—vis spectra of [Feu-0,CAIT),(4-NCCsHaN)7] (1)
intensities of the electronic transitions, the blue shift of the more in THF, measured at variable temperatures. (Bottom) The absorbance change

electron-poor iron(ll) complex, and the resonance enhancedat _4?0 m {'rt] to eqlt?i thet',inetfedpfesem? atr']eaSt'Sﬁuafes f“t to the gata
A _ : ;o points, an € resulting estimated errors 1or the each parameter are snown

peaks correspondln.g to the 4-NE@GN ligand, the visible bands 1 parentheses in the text.

of 1 and 2 are assigned to an Fe(ly 4-NCGH4N charge

transfer (MLCT) transition. a quantitative treatment of the equilibrium. A mathematical
Equilibria in Coordinating Solvents. No marked thermo- ~ €quation describing the model of eq 2 is derived in Appendix
chromism ofl occurs in CHCI, or toluene solutions df. When 1 (Supporting Information), which assumes no change in the

coordinating solvents such as THF, acetonitrile, or benzonitrile €xtinction coefficient) of 1 over the entire temperature range.
are employed, however, the visible band bfis absent at  The resulting thermodynamic parametersaté= 19.0 (6) kJ
ambient temperature and grows in as the temperature is lowerednol ™, AS = —16.2 (16) J mot* K™%, andeago = 4650 (280)
(Figure 4, top). The effect is fully reversible. This solvent- M™cm™, with R = 0.9996, and the fit is shown in Figure 4
dependent thermochromism was further investigated in THF (Pottom). The observed thermochromism arises from the small
solution, where the complex is more soluble. Addition of 2 equiv Positive enthalpy and negative entropy for the reaction. The
of 4-NCGsH4N to a THF solution ofL at ambient temperature ~ €lectron-withdrawing cyano group of the 4-NGGN ligand
restored its red color, indicating the existence of the equilibrium Weakens its donor strength, contributing to the small positive

depicted in Scheme 2 and described by eq 2, enthalpy. The large excess of the coordinating THF solvent
displaces the 4-NC4i4,N ligands from 1. Because of the
1+ 2(THF)=W + 2(4-NCGH,N) ) tendency for coordinating solvents to react witturther studies

were carried out in noncoordinating GEl».

i _ Tol Tol itti
where W is [Fe(u-O:CArT®)(OCAr'e),(THF),]. Fitting the (44) Ost, T. W. B.; Clark, J. P.; Anderson, J. L. R.; Yellowlees, L. J.; Daff, S.:
measured absorbance change over a temperature range afforded = Chapman, S. KJ. Biol. Chem2004 279, 48876-48882.
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Scheme 2
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Water-Dependent Reactions.Recently we reported the anhydrous CHCl, at room temperature, the UWis spectrum
observation of water-dependent interconversions involving of the resulting red-pink Anax = 510 nm) solution exactly
the compounds  [F€u-OHy)(1-OCArT),(O,CArT)o(4- matches that of. Dissolvingl in CH,Cl; that is saturated with
IBUGsH4N),]Y7 and [Fe(OHy)a(u-OxCAr+F—PM,(O,CArF—Ph) - water produces the electronic transition at 460 nm, characteristic
(THF);].1"18 A quantitative treatment of the putative equilibrium  of 3 in the solid state. These results indicate thand3 are
processes was not possible, however, due to the absence ofelated by a water-dependent equilibrium. Y¥s spectra of a
optical spectroscopic bands for following the reactions in CH,Cl, solution of3 were measured over the temperature range
solution. When the yellow-red compourlis dissolved in 283 K to 193 K (Figure 5). Upon lowering the temperature from
273 to 203 K, there is a gradual shift of the peak maximum
from 510 to 460 nm, with two isosbestic points at 480 and 360
nm. The peak at 510 nm originates from compotnend that
at 460 nm is assigned to a water-containing compdinthe
two isosbestic points suggest thatand 3 are the only
spectroscopically active species involved in the thermochromic
behavior over the temperature range from 273 to 203 K. Below
203 K, however, the absorbance at 460 nm continues to increase
and the isosbestic points disappear.

A possible explanation for the observed, reversible thermo-
chromism is the addition of water moleculesltcas displayed
in Scheme 3. Dissolution ¢f effects the dissociation of water
molecules from the diiron site, generatiigBinding of water
molecules tol decreases the absorbance at 510 nm while
increasing that at 460 nm, indicating the generation of compound
3. The disappearance of isosbestic points below 203 K can be
explained by both the increased overall molar concentration of
all components in solution as temperature decreases and the
0 . . . . . . . | turbidity arising from the generation of the clathrate -
240 320 400 480 560 640 720 800 34H,0 at low temperature. The formation of such a clathrate
Wavelength (nm) below —40 °C in 2-4 mM H;O in CHCI; has been noted
previously*® A mathematical equation describing this model
0.7 (eq 3) is derived in Appendix 2 (Supporting Information).

0.7

06

05 |

Wavelength (nm)

Absorbance
o
=

T

o
w
T

01 |

065 L 1+ 2H,0=3 (3)

Fitting the temperature dependence of the observed absorb-
ance change at 510 nm resulted in the thermodynamic and
spectral parameterAH = — 95 (11) kJ mot?!, AS = —253
055 - (47) I mott K1, es10= 2001 (26) M cm for 1, andesio=
1090 (8) Mt cm™! for 3 with R = 0.986 (Figure 5, bottom).

05 | The negative enthalpy results from the energy of bond formation
between water and the diiron(ll) site, and the negative entropy
corresponds to a formally termolecular reaction. Although water
binding is not tight at room temperature, it becomes very
favorable at low temperature. Recently reported oxygenation
04 - ° studies of diiron(ll) complexes in a carboxylate-rich coordination
° environment described, without explanation, the inhibition of
0.35 ] ] 1 intermediates generated at low temperature by a trace amount
0.0035 0.004 0.0045 0.005 of water#® We suggest that the binding of water molecules to

06 |-

0.45 |-

Absorbance at 510 nm

-1
1/T (K ) (45) Kryatov, S. V.; Rybak-Akimova, E. V.; MacMurdo, V. L.; Que, L., Jr.
, . Inorg. Chem.2001, 40, 2220-2228, and refs. cited therein.
Figure 5. (Top) UV—vis spectra of [Fgu-O2CAr™)4(4-NCGHaN)2] (3) (46) Krygtov, S. V.; Chavez, F. A.; Reynolds, A. M.; Rybak-Akimova, E. V.;
in CHxCl,, measured at variable temperatures. (Bottom) The absorbance Que, L., Jr.; Tolman, W. Binorg. Chem2004 43, 2141-2150, and refs.
change at 510 nm fit to eq 3. cited therein.
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Scheme 3
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their carboxylate-rich diiron(ll) complexes at low temperature Table 3. Rate Constants (klobs)® for Oxygenation of 1 in CHyCl,

may be the cause of this behavior. temperature (K) Klops
The properties observed for the present complexes have not 293 1.4(3)
yet been encountered for diiron(ll) units having nitrogen-rich 283 0.71(6)
environments, suggesting perhaps that carboxylate-rich coor- 273 0.40(2)
dination spheres might be especially amenable to supporting ggg 8:?885
diverse geometries depending on the amount of water available. 243 0.045(5)

Our findings thus suggest the possible occurrence of related
water-dependent equilibria in enzymes having several glu- *Kloosis defined by the following reaction:
tamate or aspartate ligands bound to their diiron centers, and
variable numbers of water molecules are indeed encountered at
the active sites of sMMOHM RNR-R24 A°D,8 and
ToMOH 1 In reduced SMMOH, for example, there are two derived from time-dependent absorbance changes by using a
water molecules, compared with no water molecules at all at honlinear least-squares fitting procedure based on eq 4, where
the diiron(ll) core of A°D. During catalysis the accessible

amount wfaltér at the non-heme dﬁron(ll)ysites may differ even A= As = (A = AJexp(kod) )

more and function to allow a shared structural motif to achieve A. andA, are the optical absorbances at infinite and zero times,

its diverse roles. _ respectively. The fast oxygenationbin solution contrasts with
Effect of Water on the Oxygenation Rate of Compound 5 ghserved inertness to,Gn the solid state, indicating that

1. The influence of water on the oxygenation chemistry of e reactive species in solution may not have a quadruply
carboxylate-rich diiron(ll) complexes is of interest because the bridged diiron(ll) structure. An equilibrium between doubly and

active sites in reduced SMMOH contain two water molecules g adruply bridged isomers dfin the solution state is likely to

in the first and second coordination spheres. Such water may oceyr, with concomitant carboxylate shifts. Such an equilibrium
modulate the oxygenation reactions of the diiron(ll) centers in |55 peen proposed and is generally accepted for the analogous
the enzyme. The reaction of compourddwith dioxygen complex, [Fe(u-O,CArT,(4-BuCsH4N)2].36 One of these

instantaneously produces a light yellow-green solution. The isomers, probably a doubly bridged complex, would react with
kinetics of this process were followed by stopped-flow spec- dioxygen.

troscopy, monitoring the charge-transfer band, a broad feature Competition between dioxygen and water fowas inves-

centered at 510 nm fot (Figure 6). When examined in the  qated hetween 193 and 293 K by using stopped-flow kinetics.
presence of excess dioxygen, the decay of compdtntows To obtain pseudo-first-order conditions, the concentrations of
a pseudo first-order rate law. Rate constants (Table 3) Were \ater, and dioxygen were maintained at 0.19, 1.00, and 2.9

0.5 mM, respectively. The reaction proceeds through the extremely
fast generation of a species that absorbs at 460 nm and
subsequently decays (Figure 7). The first steps were only
0.4 detectable at temperatures below 223 K and went to completion
within 1 s. The time-dependent absorbance changes follow a
pseudo first-order rate law and the fit results are listed in Table
4. The second step proceeds considerably more slowly than the
first. The decay at 460 nm also follows a pseudo first-order
rate law, and rate constants were determined by a linear squares
fit to eq 4. The kinetic behavior can be rationalized by the
following scenario (Scheme 4). The species with an absorption
maximum at 460 nm, the formation of which is correlated with
the decrease of the band at 510 nm, is assigned as the water-
containing compoun@, generated by aquation tf(see above),

and the decay of this peak occurs through oxygenation. This
analysis provides two important insights. First, aquatiofh isf

at least 1000 times faster than oxygenationlofThe rate

Wavelength (nm) constant for aquatiorkobg of 1 at 223 K is 63.5(8) !, whereas
Figure 6. Spectral changes occurring during oxygenatiorldfl.74 x
104 M) without water in CHCI, at 273 K over 20 s. (47) Nordlund, P.; Eklund, HJ. Mol. Biol. 1993 232 123-164.

klobs .
Fey(Il,11) + O,——final product

o
w

Absorbance
=
%]
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2 Table 5. Selected Interatomic Distances (A) and Angles (deg) for
c 6&
©
‘S Fel--Fe2 2.8323(10) Fe206 2.033(3)
§ Fel-O1 1.950(3) Fe2N3 2.127(4)
Fel-02 1.978(3) 08-01 2.888(5)
Fel-03 2.045(3) 08-011 2.639(5)
Fel-0O5 2.076(3) 010-013 2.636(5)
Fel-O7 1.955(3) 0160-02 2.814(6)
Fel—N1 2.132(4) FetO1-Fe2 43.50(10)
Fe2-01 1.999(3) FetO2—Fe2 43.33(10)
= Fe2-02 1.945(3) O+Fel-02 88.19(14)
0 Fe2-04 2.053(3) O+Fe2-01 87.75(14)
330 380 430 480 530 580 630 680
Wavelength (nm) aNumbers in parentheses are estimated standard deviations of the last

) . significant figure. Atoms are labeled as indicated in Figure 8.
Figure 7. (Top) Spectral changes that occur during the reactidh(&f60
x 1074 M) with dioxygen and water in CkCl; at 213 K over 1 s. (Bottom) Table 6. Selected Interatomic Distances (A) and Angles (deg) for
Spectral changes that occur during oxygenatiof (f.60 x 10~4 M) with 74
dioxygen and water in C¥€Cl, at 253 K over 10 s.

Fel--Fe2 3.064(4) Fe2010 2.059(7)
Table 4. Rate Constants kZ2sbs and k3obs for Oxygenation of 1 in Fe2--Fe3 2.960(3) Fe206 2.085(7)
CH,Cl, with Water Fel--O1 1.881(7) Fe2012 2.019(8)
Fel-02 2.029(7) Fe307 2.063(7)
temperature (K) k2o (5742 temperature (K) K3ops (5712 Fe1l-03 2.004(7) Fe3N2 2.181(9)
203 62.8(5) 203 14.6(7) Fel-04 2.042(8) Fe3CI(1) 2.311(3)
218 43.0(24) 283 9.1(10) Fel-0O11 2.103(7) FetO03—Fe2 99.9(3)
213 23.7(17) 273 5.5(5) Fe2-03 1.999(7) FexO4—Fe2 97.5(4)
208 11.1(8) 263 2.7(2) Fe2-04 2.034(9) Fe2012—Fe3 95.7(3)
203 5.1(2) 253 1.21(17) ] ] o
198 2.5(1) 243 0.39(12) aNumbers in parentheses are estimated standard deviations of the last
233 0.12(1) significant figure. Atoms are labeled as indicated in Figure 9.

into the light greenish-yellow C}Cl, solution generated upon

@ k2ps andk3ops are defined by foIIowing the reaction: s ) ¢
oxygenation ofl affords crystals, an inseparable mixture of the

2nbs

1+H,0+0,— 3 > final product quadruply bridged diiron(lll) comple® and the hexairon(lIl)
specie¥. The structure 06 is depicted in Figure 8, and selected
that for oxygenation Klop9 at 243 K is 0.045(5) . This interatomic distances and angles are listed in Table 5. Two

dramatic difference in rate constants may originate from the distorted octahedral iron(lll) atoms are bridged by two hydroxide
small but obvious size difference between water and dioxygen and two carboxylate ligands. The-F&e distance of 2.8323(10)
and the hydrogen bond donating ability of the former. Second, A is in the ~2.85 A range typical for previously reported
the water-containing compourreacts with dioxygen ca. 10-  quadruply bridged{ Fe(«-OH),(4-O,CR);} 2" cores®® Two

fold faster than does. We suggest that the lability of the water intramolecular hydrogen bonding interactions occur between the
ligands in3 affords an open coordination site for dioxygen terminal, metal-bound carboxylates and the bridging hydroxo
binding (Scheme 4), an event that may facilitate-B2 bond groups, with O-H---O distances of 2.818(6) and 2.888(5) A.
formation, which is presumably the rate-determining step for In addition, two carboxylic acids (H&ZAr™') are located in

oxidation. proximity to the terminal carboxylates in the crystal lattice,
Isolation and Structural Characterization of Iron(lll) generating hydrogen-bonding interactions.

Complexes [Fe(u-OH)2(u-O2CAr T),(O,CAr T01),- The hexairon(lll) specieg was isolated with compounél

(4-NCCsH4N)2]-2(HO,CAr ™) (6) and [Fes(u-O)2(u-OH) 4(u- Its structure is best described by the diagrams in Figure 9, and

O,CAr T9)g(4-NCCsH4N)4(Cl)2] (7). Vapor diffusion of pentane  a list of selected interatomic distances and angles is included
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Figure 8. Top: ORTEP diagram of [F£u-OH)a(u-O2CArT),(O,CAr'),-
(4-NCGsH4N)2(OHy)2]2(HO,CAr™)), (6) showing 50% probability thermal
ellipsoids for all non-hydrogen atoms. Bottom: View of the structure with
the aromatic rings of AP'CO,~ ligands omitted for clarity.

Figure 9. Top left: ORTEP diagram of showing 50% probability thermal
ellipsoids for all non-hydrogen atoms. Top Right: The aromatic rings of
ArTlCO,~ ligands are omitted for clarity. Bottom: View of the structure
with the aromatic rings of AP'CO,~ and 4-NCGH4N omitted for clarity.

in Table 6. The structure of, which has an inversion center,
combines two gz-oxo)triiron(l1) units through four OH and
two ~O,CAr™ bridging groups. Four octahedral and two
distorted trigonal bipyramidal iron(lll) sites result. It is note-
worthy that the structure of also contains two Cl ligands

experiment was performed in the absence of light, the same
mixture of 6 and 7 resulted, indicating that a photochemical
reaction is not involved in generating the Ginion.

Mechanistic Considerations.Based on the spectroscopic,
structural, and kinetic data obtained, a mechanism is proposed
to account for the observed chemical conversions (Scheme 4).
An equilibrium between the doubly and quadruply bridged
isomers ofl in the solution state can occur through carboxylate
shifts. One of these isomers, most likely the doubly bridged
complex, reacts with dioxygen faster than the other, quadruply
bridged one. This explanation accounts for the marked difference
in the oxygenation of solid versus solution sample&.dh the
competition between water and dioxygen, aquation occurs first
and the resulting aqua complex then reacts with dioxygen. The
faster reaction rate of the aquated species comparedigo
ascribed to the favorable formation of an available coordination
site generated by rapid, reversible dissociation of water. Oxida-
tion of the solvent, CECl,, generates Cl anions, which
coordinate to the iron(lll) site, leading to reorganization of the
diiron species to hexanuclearThe dissociated carboxylic acid
interacts with a diiron(Ill) unit through hydrogen-bonding in
compoundb.

Summary

High-spin 4-cyanopyridine diiron(ll) carboxylate complexes
with distinctive charge transfer transitions in the visible region
have been prepared and used to investigate quantitatively their
water-dependent reaction chemistry. Utilizing optical spectros-
copy, we were able both to determine the thermodynamic
constants for the water-dependent equilibrium and to monitor
kinetically the effects of water on the oxygenation of the
diiron(ll) complex 1. We propose that a rapidly exchanging
water molecule in3 will generate an open coordination site,
accelerating the oxygenation step compared to the reaction under
anhydrous conditions. The final products of oxidation are the
dinuclear comple»6 and a Cf-containing iron(lll) oligomer.
Finally, by comparison of the new diiron(Il) complexes with
related ones in the literature, we established a correlation
between Magsbauer effect isomer shifts and coordination
number for high-spin iron(ll) complexes in an oxygen-rich
coordination environment. The trend was rationalized on the
basis of the s-electron density at the iron nucleus across the
series.
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Supporting Information Available: Experimental details for
the synthesis and characterization of fzEeOMe),(O.CArToh,-
(HOMe)|(HOMe), including X-ray crystallographic information
(Tables S1, S4; Figure S8); Table S1, also summarizing X-ray
crystallographic information forl—7; Tables S2 and S3
providing geometric parameters fdt—4; Figures StS5
showing ORTEP diagrams including atom labels for5;

coordinated to each of the octahedral iron(lll) sites. When the Figures S6, S7, and S9, illustrating 'B&bauer data and fits for
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1-3, 5, [Feyu-OMe)(O.CArT),(HOMe)](HOMe), and This material is available free of charge via the Internet at
[Fe(O,CAr*—PM,(Hdmpz}]; and resonance Raman spectra of http://pubs.acs.org.

1 and 4-NCGH4N at 23°C (Figure S10). Derivations of eqs 2

and 3 are also supplied as Appendices 1 and 2, respectively.JA0512531
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