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A kinetic study of the reaction between a diiron(ll) complex'[fe-OH),(6-Mes-TPA),]2" 1, where 6-Mg-TPA

= tris(6-methyl-2-pyridylmethyl)amine, and dioxygen is presented. A diiron(lll) peroxo comple¥,(k€eD)-
(u-02)(6-Mes-TPA);]? 2 forms quantitatively in dichloromethane at temperatures fre8® to —40 °C. The
reaction is first order in [F&] and [Q,], with the activation parametersH* = 17 £ 2 kJ molt andAS = —175

+ 20 J moft K~1, The reaction rate is not significantly influenced by the addition gbtér D,O. The reaction
proceeds faster in more polar solvents (acetone and acetonitrile), but the yi2ig abt quantitative in these
solvents. Comples reacts with NO at a rate about®lfaster than with @ The mechanistic analysis suggests an
associative rate-limiting step for the oxygenatioripéimilar to that for stearoyl-ACR®-desaturase, but distinct
from the probable dissociative pathway of methane monoxygenasg!-8uperoxo F&Fe! species is a likely
steady-state intermediate during the oxygenation of complex

Introduction

A number of proteins utilize non-heme diiron centers to bind
or activate dioxygen. There are many similarities among these
proteins, including a common reaction between the reduced
diiron(Il) form and Q to yield a diiron(lll) peroxo adduct®
For the invertebrate oxygen carrier hemerythrin, this process is
reversible~11 However for several others (soluble methane
monooxygenast 13 stearoyl-ACP A°-desaturas# and fer-
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ritin%) a diiron(lll) peroxo species is the first intermediate to
be detected on the metabolic pathway for dioxygen utilization.
Class | ribonucleotide reductase (RNR), common to animals,
plants, and many simpler organisms, has non-heme diiron
centers in its R2 subunit, which participate in the generation of
a tyrosyl radical required as a catalyst for the reduction of
ribonucleotides to deoxyribonucleotidésThe R2 RNR protein
from Escherichia colihas been thoroughly studied and is
currently believed to function through 'fed', Fe'' Fe'' -peroxo,
Fe'FeV, and F&'Fe"-oxo states (Scheme 13721 The forma-
tion of a diiron(lIl) peroxo intermediate, while tentative for the
native R2 RNRE2 has been firmly established for the D84E
mutant?819

The biochemical importance of the diiron(ll) unit oxygenation
to diiron(l11) peroxo species has stimulated investigations at the
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level of synthetic inorganic model complexes during the past
decadé:23 Oxygenation of synthetic non-heme diiron(Il) com-
plexes with adjacent Baons usually gives oxo-bridged diiron-
(1) species as final products, but diiron(lll) peroxo adducts
can be often observed as intermediates and sometimes can even

be isolated and characterizé® 28 The known diiron(lll)

peroxo complexes are all unstable thermodynamically and can

form quantitatively only when the rate of their formation is much

higher than the rate of their decompositiié A limited number

of such reactions of a diiron(ll) complex with,Qo form a

diiron(lll) peroxo species have been studied in detail using

kinetic techniqued*2” The results complement the analogous

kinetic investigations of the native diiron(ll) proteihg®14

An alternative synthetic route to the diiron(lll) peroxo species
is the reaction between diiron(lll) hydroxo- or oxo-precursors
with H20,.232%-31 |n both cases, low temperature and/or fast
reaction techniques are usually required to observe and study
the diiron(lll) peroxo complexes due to their intrinsic instability.

Only a few such species are relatively stable at room temper-
ature®32 including oxyhemerythrin, which has a half-life of
about 1 day.

Intermediates other than ®gperoxo species have been
detected upon the oxygenation of'Feomplexes. A carboxy-
lato-bridged complex, [Fe(u-02CArToh,(4-BuCsHsN),], with
bulky ligands reacts with ©at —78 °C to give an equimolar
mixture of Fé'FeV and F&F€" species, which upon heating
converts into a hydroxo-bridged diiron(lll) complék.The Figure 1. Representations of the crystal structure of'fe-OH)(6-
reaction of Q with the [Fé';(u-OH)(u-O,CCRs)>(Mestacn)] Mes-TPA),]2*. (a) Ellipsoids drawn at the 50% probability level, and
complexes affords transient 'Hee" species (presumably via  the ligand hydrogen atoms are omitted for clarity (reproduced with
an outer-sphere electron transfer), several of which have beerpermission from ref 39. Copyright 2000 American Chemical Society).
isolated and thoroughly characteriz¥d. (b) Space-filling model generated by the CAChe 3.0 program.

One of the most versatile synthetic systems, which can model
both structural and functional aspects of the native non-heme
diiron proteins, are hydroxo- and oxo-bridged diiron complexes
with tris(2-pyridylmethyl)amine (TPA) and its derivatives, e.g.,

tris(6-methyl-2-pyridylmethyl)amine (6-MeTPA).35-38 Very
recently it has been shown that the diferrous'ige-OH),(6-
Mes-TPA),]2" complex 1 reacts with Q to yield a diferric
peroxo complex [P8,(u-O)(u-0,)(6-Mes-TPA),]2" 2, which
upon the addition of 1 equiv of acid converts into a high-valent

(23) Suzuki, M.; Furutachi, H.; awa, H.Coord. Chem. Re 200Q 200~

202, 105-129. [Fe' FeV (u-O),(6-Mes-TPA)]*" species capable of oxidizing
(24) Feig, A. L.; Becker, M.; Schindler, S.; van Eldik, R.; Lippard, S. J. 2,4,6-tritert-butylphenol to the corresponding phenoxy radical
- ISO_rg-/ShLemmlg% r?SI 259'32860kl- A Liooard. SIJAm. Ch (Figure 1, Scheme 2. In this reaction sequence, synthetic
@ Sgcl:g'lgéz "119??333c4—e3f1?_' v aKac, A Hppard, m-~hem-— diiron complexes can access each step proposed for the cycle
(26) Herold, S.; Lippard, S. J. Am. Chem. S04.997, 119, 145-156. of the_natlve RNR R2 protein (Scheme 1). The peroxo comple_x
(27) keClgl;X. D'SD'éL ggglgd%olgi; gﬂazlzguchl, T.J.; Lippard, S.J. 2, which can also be generated from the oxo-bridged diferric

m. em. S0 — . _ _ _ 2+ 31
(28) LeCloux, D. D.; Barrios, A. M.; Lippard, S. Bioorg. Med. Chem. precursor [F@ 2(u-0)(6 Me3.TPA)2] and HO,™ has been

1999 7, 763-772. comprehensively characterized by mass spectrometry, EXAFS,
(29) Than, R.; Schrodt, A.; Westerheide, L.; van Eldik, R.; KrebsE&. resonance Raman, Msbauer, and UVvis spectroscopy3°
20 f{r'f;?{)%- ghgn.‘g%%klii;ﬁft AL Chem. Soc.. Dalton Trans Here, we present a kinetic and mechanistic study of the
(30) 19%;9 33’35'_35363_/ e ' N * formation of the diiron(lll) peroxo compleR from the diiron-

(31) Dong, Y.; Zang, Y.; Shu, L.; Wilkinson, E. C.; Que, L., Jr.Am.
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(32) Hagadorn, J. R.; Que, L., Jr.; Tolman, W.BBAm. Chem. So4998 (36) Que, L., JrJ. Chem. Soc., Dalton Tran$997, 3933-3940.

120, 13531-13532. (37) Hsu, H.-F.; Dong, Y. H.; Shu, L.; Young, V. G., Jr.; Que, L.,Jr.
(33) Lee, D.; Du Bois, J.; Petasis, D.; Hendrich, M. P.; Krebs, C.; Huynh, Am. Chem. Sod999 121, 5230-5237.

B. H.; Lippard, S. JJ. Am. Chem. S0d.999 121, 9893-9894. (38) zZheng, H.; Yoo, S. J.; Mk, E.; Que, L., JrJ. Am. Chem. Soc.

(34) Payne, S. C.; Hagen, K. $.Am. Chem. So200Q 122, 6399-6410. 200Q 122, 3789-3790.



2222 Inorganic Chemistry, Vol. 40, No. 10, 2001 Kryatov et al.

Scheme 2 8.1 mM at 25°C#? The solubility of NO was assumed to be similar,
H in the range of 510 mM 4344
o ‘0 0-0 The low content of water in the commercial anhydrous dichlo-
LFe! TRelL 2 LFe'' /‘Fe'”L romethane €1 mM H,O) allowed for cryogenic stopped-flow spec-
1 g -Hx0 0] 2 trophotometry. No interference with optical measurements at temper-
H atures from—80 to —40 °C was observed. When the lines of the
stopped-flow device were washed with dichloromethane, containing
2—3 mM H;O or more added on purpose (using solvent saturated with
/g water®), deposition of a light-absorbing material (presumably a-CH
L] N N

LFe"( CFelL LFe"( TFreML Cl, ice clathraté®) was registered at temperatures-e£0 °C or below
o) ; § 0] and complicated the measurements.

+

+H

]

ArO"  ArOH Temperature Dependence of Dichloromethane DensityA 100
mL glass volumetric flask with a long narrow neck was used. The neck
was equipped with a strip of graduated paper, and the flask volume
| A N | N was calibrated with watelf.A 105 mL sample of dichloromethane was
=N \z N__= placed into the flask, and its exact mass was determined by weight.
| The flask was equipped with a tiny stirbar and a thermocouple, their
volume was negligible as determined from the level of the liquid
meniscus. The volume of the liquid was determined &CSntervals
betweert25 and—40 °C, both on the drop and the rise of temperature.
The data were converted to density and corrected for the contraction
of the flask using the average thermal expansion coefficient of glass
(2.5 x 107 K™1).4 The data can be very satisfactorily represented by
[Fe"2(,u-OH)2(6-Me3—TPA)2]2+ +0,— a linear equation (eq 2), which was used to extrapolate the density of
dichloromethane at temperatures dowr-&0 °C. Equation 3 was used

Il 2+
[Fe" ,(u-O)(u-0,)(6-Mey-TPA),] " + H,O (1) to account for the change in reagent concentration in dilute dichlo-
romethane solutions with the change in temperature.

L = 6-Mes-TPA =

(1) precursorl and Q (eq 1).

Only one similarly detailed kinetic study was performed on
a series of three alkoxide-/carboxylate-bridged dinuclear model
complexes with five-coordinate iron(ll) centers, which exhibited —

- : : Cr = Cype (Ar/dyc) (3)
oxygenation reactions at low temperatures Ieadlng to peroxo
diiron(Ill) species** The dihydroxy-bridged six-coordinate
diiron(Il) complex 1 (Figure 1) studied here differs from the
prewpusly reporte_d c_omplexes N the ”f”‘t“”re of bridging ligands Scientific (Salisbury, Wiltshire, UK) SF-43 cryogenic stopped-flow
and in the co_ordlnatlon saturation of '_ts Feenters._WQ set instrument equipped with stainless steel plumbing, a 1.00 cm stainless
out to determine how such a change in the coordination of a stee| mixing cell with sapphire windows, and an anaerobic gas flushing
diiron(ll) complex would affect the dynamics of the formation  kit. The instrument was connected to an IBM computer with 1S-2 Rapid
of a diiron(lll) peroxo species. Kinetics software by Hi-Tech Scientific. The mixing cell was main-
tained to+0.1 K, and mixing time was-23 ms. The anaerobic kit of
the apparatus was flushed with nitrogen before and during the
experiments. All lines of the SF instrument were extensively washed
with oxygen-free, argon-saturated anhydrous solvent before charging
the mixing syringes with reactant solutions. In all kinetic experiments,
a series of 57 shots gave standard deviations within 5%, with overall
reproducibility within 10%.

The kinetic data from stopped-flow experiments were treated by two

d; = 1.370(2)— 0.00180(2J (T in °C) )

Stopped-Flow Kinetic Experiments. Kinetic measurements were
performed at temperatures from80 to —40 °C using a Hi-Tech

Experimental Section

General Considerations. Complex 1(ClO4), was prepared as
described previousl$? All manipulations of1(ClO,), and its solutions
were done inside a Vacuum Atmospheres glovebox with argon or by
using Hamilton airtight syringes. Acetonitrile (Aldrich, anhydrous),

acetone (Acros, anhydrous), and dichloromethane (Aldrich, anhydrous, . o -
stabilized with 50 ppm of amylene) were degassed, transferred into methods. In the integral method, kinetic curves obtained under pseudo-

the glovebox, and equilibrated with argon there. Dichloromethane first-order conditions over-23 half-lives were fit to eq 4. In the method
(Fisher,>99 9% GS/MS grade, not stabilized) was ;aldditionally treateq Of initial rates, kinetic data from the first-510% of a half-life were fit
with ba;sic alurﬁinum oxide. O,xygen and nitrogen (ultrahigh purity to a linear function giving A/dt as the initial rate of absorbance change.
grade, Airgas Northeast) were used as received. Nitric oxide (Airgas Equation 5 was L.Jsed to convert/dt |n_to the bL.“k pseUdQ'f'rSt'order
Northeast) was passed through a column with moist KOH pellets. "2t€ constanks, with Ae = (e, — «;) being the difference in the molar
Graduated mixtures of oxygen and nitrogen were prepared using Bel_absorptlon coefficients at and 1 (per mole of diiron complex).

Art gas flow meters. Saturated solutions of, @,—N, mixtures, and

NO in solvents were prepared by bubbling the gas through liquid for A=A — (A — Ajexp(kyt) (4)
20 min in a cylinder closed with a septum and thermostated at 20 or
25 °C. The solubility of Q in dichloromethane was accepted to be K = dA/dt (5)
5.80 mM at 20°C:4%41in acetone, 11 mM at 2%5C; and in acetonitrile, 1 A1)
(39) MacMurdo, V. L.; Zheng, H.; Que, L., Jmorg. Chem.200Q 39, (42) Achord, J. M.; Hussey, C. lAnal. Chem198Q 52, 601-602.
2254-2255. (43) Ivanisevic, A.; Reynolds, M. F.; Burstyn, J. N.; Ellis, A. B. Am.
(40) Battino, R. InOxygen and Ozonéattino, R., Ed.; Pergamon Press: Chem. Soc200Q 122 3731-3738.
New York, 1981; Vol. 7. (44) Lee, K. Y.; Kuchynka, D. J.; Kochi, J. Knorg. Chem.199Q 29,
(41) The Ostwald coefficient was converted into molar solubility of 4196-4204.
dioxygen using the following formulaS= L(P — Ps)/(TR), whereP (45) Stephenson, R. Ml. Chem. Eng. Datd992 37, 80—95.
is total pressurePs is the saturation vapor pressure of solveRis (46) Kaloustian, J.; Rosso, J. C.; Caranoni, C.; CarbonneRek. Chim.
the gas constant, aridis temperature. This formula accounts for the Miner. 1976 13, 334-342.

fact that the gas bubbled through liquid is being saturated and diluted (47) Lur'e, Y. Y. Spravochnik po analiticheskoi khimiKhimia: Moscow,
with the vapor of the liquid. 1979.
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The values ok; obtained by both methods agreed within 10% for 0.25
the experiments carried out in dichloromethane at temperatures from
—80 to —40 °C, which suggested that stopped-flow techniques could
be used under our experimental conditions for the time spans-8f 2 0.2
half-lives in the reaction betweeh and Q. In another series of
experiments, the stopped-flow feeding line with the light absorbing

solution of1 was closed, and a shot was made using only the colorless £ 0.15 4

solution of Q. The optical absorbance in the cell remained unchanged 4

for at least 20 min at-40°C and for up to 1 h at-80 °C, proving that é

the diffusion from feeding lines was negligible during this time. 2 014 Kops = 9.41 10 s
<

Results

Experiments in Dichloromethane. Starting solutions of 0.05 1

complex1 and dioxygen in dichloromethane were prepared at
20 °C, and the reaction between them was studied at temper- 0
atures from—80 to—40 °C. We found that the solvent contracts
significantly on cooling (e.g., by 8% from 20 te40 °C), which
can be accounted for by eq 2. It is interesting to note that the Time (s)
temperature contraction coefficient of @&, (1.3 x 1074 K1)
is nearly the same as those reported for GHQI2 x 104
K125 and EtCN (1.25x 1074 K~1).48

Commercial dichloromethane usually contains ca. 50 ppm 0.5 -
of “amylene” (a mixture of isomeric pentenes), which is added
as an inhibitor of autoxidation. Uninhibited GEl, should be
purified from the highly reactive products of autoxidation (HCI
and COCJ) and kept under an oxygen-free atmosphere. In
separate experiments, no difference in the course and the rate
of the reaction betweeth and Q was found in inhibited and
uninhibited dichloromethane. Thus, it appears that comflex
does not have pronounced reactivity with electron-rich alkenes,
a behavior similar to that of othew-1,2-peroxo diiron(lll)
complexes?®

Mixing the dichloromethane solutions df and Q under 0.3 . .
conditions of excess dioxygen at low temperatures (fro80 0 1000 2000 3000
to —40°C) leads to simple first-order kinetic traces as monitored
by spectrophotometry (Figure 2). The reaction is quite slow,
with a half-life of 5.5 min at-40 °C under the highest available ~ Figure 2. Representative kinetic traces of the reaction betwieand
concentration of oxygen (3.14 mM). The observed pseudo-first- 2)2( 'gr?r:fg#t’;?mitizfsnesgbé?i'%e‘jogé’ dStgppgg:t'O‘S’Ynsifgcefiog';‘;ﬁgft%'
order rate constants, determined by both the integral methOdCoFrjlditions: T E 60 °C;p[1]o E 0221 r¥1M and [Q]% _ 322 mM.
and by the method of initial rates, are wavelength independent
in the region of 406-800 nm (Figure 2). The optical absorbance
obtained immediately upon mixing is exactly one-half of the
value for the starting solution df in the entire spectral region
studied, suggesting that there is no fast chemical process durin
the mixing “blind” time of our stopped-flow apparatus—2
ms). Thus, even if an intermediate is formed in the reaction, its
steady-state concentration is too low for unambiguous detection.
It should be noted that stopped-flow spectrophotometry allows
only for the observation of the intermediates, which are
accumulated in a sufficient amount in the course of a reaction
and which have an optical spectrum distinct from other species
in the reaction sequence.

The final absorbance extrapolated from the kinetic traces
allowed for the calculation of the optical spectrum of complex

2 (Figure 3). Parameters of the two bands in the calculated V\{avelengths, at.temperatL_lres freB0 to —40°C, are .ﬁt toa
spectrum of in dichloromethane arénax= 490 nm ¢ = 1050 single-exponential eq 4 with mean standard deviations of 2%
= =

+ 50 M-t cmY) and Amax = 640 Nm € = 1100+ 50 M-1 or less oyeraperiod of-23 half-lives (F.igure 2). No systematic .
cm1), which are in good agreement with the results of regular change in the valye of thg 'pseudo-flrst-or'der rate constant is
spectrophotometr§? This result confirms the validity of the ObSGY"ed on varying the |n|t|_al conc_t_entratlon bThus, the
stopped-flow technique even for the rather long time spans (up '¢2ction clearly is first order in the diiron(ll) compléx

T Y T

0 1000 2000 3000

0.55

0.45 4 Kops = 9.48 10 5™

0.4 4

Abs @ 420 nm

0.35 4

Time (s)

Thus, oxygenation of the diferrous compléxin dichlo-
romethane solution at low temperatures (fre1@80 to —40 °C)
leads to the clean formation of the diferric peroxo spe@es
gaccording to eq 1. Above-40 °C the yield of2 decreases
dramatically, suggesting that the peroxo complex is not suf-
ficiently stable at these temperatures. The spectral region near
640 nm is the most convenient region to monitor the reaction,
because the starting diferrous completxas a negligible molar
absorbance coefficient heresso = 20 M~1 cm (Figure 3).

Experimental Rate Law. The dependence of the initial
reaction rate on the starting concentration of comglexnder
excess oxygen at50 °C, is a straight line with a nearly zero
intercept (Figure S1). The overall kinetic curves at different

to 20 min at—40°C and 1 h at-80 °C) under our conditions The solubility of Q in dichloromethane is reported to be 5.8

(see also the Experimental Section). mM at 20°C %41 Taking into account thermal contraction (eqgs
2 and 3) and the 1:1 mixing ratio in the stopped-flow

(48) Karlin, K. D.; Wei, N.; Jung, B.; Kaderli, S.; Niklaus, P.: Zub&nker, experiments, the maximum accessible concentratior,af&3

A. D. J. Am. Chem. Sod.993 115 9506-9514. ca. 3.2 mM at the temperatures fren80 to —40 °C. Solutions
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Figure 3. Optical spectra ofl (triangles) and (squares) in dichlo-
romethane solution obtained in stopped-flow experiments&d °C.
The spectrum of is calculated from kinetic data (extrapolation on
infinite time).
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Figure 4. Initial rate of optical absorbance increase at 640 nm vs the
starting concentration of Oduring its reaction withl in dichlo-
romethane at-50 °C; [1], = 0.23 mM.
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Figure 5. Eyring plot for the reaction of ca. 0.25 mMwith ca. 3.2

mM O in dichloromethane based on second-order rate constants
calculated from initial rates (triangles) and from integral kinetic data
(diamonds).

5.5

betweenl and Q is a simple bimolecular process, its activation
parameters arAH* = 17 £+ 2 kJ molt andASF = —1714+ 20

J mol! K71, Standard states of the reagents are hypothetical 1
M solutions of complexl and Q in dichloromethane.

Influence of Solvent. Exploratory work was carried out in
acetone, acetonitrile, and a dichloromethaaeetonitrile mix-
ture (9:1 by volume) at low temperature 40 °C and below).
The optical spectra df in all solvents are almost identical{ax
= 420 nM,emax = 2400 M1 cm™1), suggesting that the nature
of the diferrous reagent does not differ significantly in these
solvents. The reaction df with O, in the CHCl,—CH;CN
mixture (9:1) proceeds with approximately the same rate and
activation parametersAH¥ = 17.5+ 2 kJ mol'l andASF =
—1724 20 J moft K™1; Figure S2) as it does in neat GEl,.

The reaction rates in MEO and MeCN are about 1.6 and 5
times faster than in C{€l,, respectively. However, the forma-
tion of 2 from 1 and Q in all solvents other than neat
dichloromethane is not quantitative (Table S3, Figures S3).

For example, in acetonitrile at40 °C, the maximum absor-
bance at 650 nm reached at 450 s (ca. 6 half-lives) is only 310
M~1cm™! (Figure S4) versus 1200 M cm™! expected for the

with smaller dioxygen concentrations were prepared using quantitative formation of in this solven£! Apparently, some

calibrated mixtures of @with No.
A plot of the initial oxygenation rates, measured-&i0 °C,
versus the initial concentration of,@s a straight line with an

byproducts form froml and Q in the polar solvents, but they
were not identified in this work.
Influence of H,O. The solubility of water in dichloromethane

almost zero intercept, as displayed in Figure 4. This result showshas been reported as 137 mM atZD and 62 mM at (°C.45

that the reaction is first order in dioxygen and confirms that it
is practically irreversible. Thus, the rate law for the formation

Below —0.8 °C, water falls out from this solution as the
clathrate, CHCI,34H,0, and the content of #D in the liquid

of 2 can be described by eq 6. The reaction is second-orderphase drops dramatica.

overall, its rate constark being 0.66(6) M st at —40 °C.
d[2)/dt = —d[1]/dt = k,[O,][1] = k,[1] (6)

Activation Parameters. The rate of oxygenation of in

When water solutions (220 mM) in dichloromethane
saturated with @are introduced into the stopped-flow lines at
low temperatures—40 °C or below), the accumulation of a
light-absorbing material, presumably the clathrate ,Clt
34H,0, is detected. With higher water concentrations no

dichloromethane slows down with the decrease in temperaturemeaningful kinetic or spectrophotometric data can be obtained.

(from —40 to —80 °C) with a van’t Hoff's coefficient of only
1.6 + 0.2 (Table S1). Raw kinetic data were converted into

With 2—4 mM H,O the interference is less severe, and the
stopped-flow spectrophotometer can be adjusted after every shot.

second-order rate constants using eqs 3, 5, and 6 (Tables S1The rate of the reaction betweénand Q in the presence of
S2). The Eyring plot of the data obtained by both the method water is slightly larger (ca. 10%) than it is in anhydrous

of initial rates and the integral method in the range fre®0
to —40°C is almost linear (Figure 5). Assuming that the reaction

dichloromethane (Table S3). It should be noted that the process
occurs in an evidently nonhomogeneous reaction mixture,
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ostensibly consisting of dichloromethane liquid phase saturated 3000
with water and a solid icelike phase.

The influence of water on the oxygenation of complelxas
also been studied in the GEI;—CH3;CN mixture (9:1). No
apparent formation of a solid phase interfering with optical
measurements is observed-é&80 °C with water concentrations
of up to 20 mM. The initial rate of the reaction betwekeand
O,, measured at 640 nm, is somewhat accelerated by water, by
ca. 25% at the maximum ] used (10 mM after mixing)
versus the “dry” solvent mixture (Figure S6). While this
acceleration is relatively small and should not be overestimated, E ]
the above experiments clearly show that oxygenatiod &f oL S S S NS R
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not retarded by water. 300 400 500 600 700 800 900
Influence of D,O. The reaction rate in neat dichloromethane Wavelength (nm)
with a small amount of added D (2-4 mM) was slightly Figure 6. UV-vis spectrum of the reaction product derived from

larger (5-10%) versus the anhydrous solvent-a40 °C, but bubbling NO inb a 1 mMsolution of complexL in CH,Cl,. Inset: the
the effect could not be measured more accurately due to theEPR spectrum of the same reaction mixture. EPR instrumental
deposition of a solid phase at the low temperature. The conditions: microwave power, 0.02 mW; microwave frequency, 9.26
experiments in the CyCl,—CHsCN mixture (9:1) at—50 °C GHz; modulation frequency, 100 kHz; modulation amplitude, 1 mT;
also showed that the effects ob® and DO on the reaction and temperature, 4.0 K.

rate are quite similar (Figure S6).

The hydrogens of the bridging hydroxide ligands in complex
1 should exchange relatively quickly with the solvent w&b&.
The similar effects of KO and DO on oxygenation rate suggest
that there is no significant isotopic effect upon the H/D
substitution in complex.

Influence of Acid. Acid has been shown to accelerate the
transformation of the diferric peroxo compl&into the high-
valent species [FEFeY (u-O)(6-Mes-TPA),]3" in acetonitrile
at —40°C.31 Thus, it would be interesting to determine if acid
can interfere with the formation & from 1 and Q.

Solutions of HCIQ (0.5—2.0 mM) were prepared in the GH
Cl;—CH3CN mixture (9:1), saturated with Qat 20 °C, and
introduced into the reaction with a 0.5 mM solutionloin the

Reaction with NO. Nitric oxide has been used extensively
as a probe for oxygen binding iron protéiti® and their
synthetic model§?58 Reactions with NO and £correlate in
their rates for a series of ferrous aminopolycarboxylates, with
the rates of nitrosylation being about 3 orders of magnitude
faster®® Thus, it would be interesting to determine if complex
1 can react with NO and what the rate of the reaction is
compared to the rate of oxygenation.

Bubbling NO gas through the dichloromethane solutiod of
at room temperature causes an instant color change from lemon
yellow to brown yellow. The UV~vis spectrum of the resulting
solution (Figure 6) features maxima at 428 nam= 1500 M1
cm 1) and 690 nm¢{ = 320 M~! cm™1) and a shoulder at 500
. ; . nm (€ = 900 Mt cm™Y). Its EPR spectrum shows signalsgat
same solvent at-50 °C. When= 2 equivs of acid are used,  _ 4 56 3 97, and 2.00 (Figure 6), consistent with the formation
formation of2 is not observed. Mixing ofl with excess acid ot o 5= 3/2 species. These spectroscopic properties are similar

leads to an almost instantaneous spectral change, which isg hose reported for [Fe(6-MaPA)(NO)(Q,CCOPh)T, (388
Complete within the 23 ms “blind” time of our StOpped-ﬂOW (Sh € 1200) 492( 720) and 690 nm€(240 M—]_ Cm—]_). g=

apparatus. No apparent changes occur in the following 30 min. 4.02, 3.93, 1.95¥7 so it is proposed that is converted to [Fe-

The resulting solution is nearly colorless, with the molar (6-M e o

. - > o -Mes-TPA)(NO)(OH)]'. Very similar visible spectral changes
absorbance not exceeding 50 Mem™ (per diiron unit) inthe 56 ghserved upon mixing the solutionslaind NO in stopped-
range of 406-800 nm. W'.th Ies.s than 2 mol of le@per 1 flow experiments at temperatures frond5 to—10°C in excess
mol of 1, the reaction is biphasic. The first stage is the almost .1 oxide (Figure 7). The reaction is much faster than the

mstantandecf)us reﬁcthon betwe@mnd_ aclld t;n ab1:2 rat|o‘,12as analogous reaction with dioxygen, the ratio of pseudo-first-order
measured from the decrease in optical absorbance at 420 NMyqcfigns heing 1.6 108 at —45 °C, under otherwise identical

This stage is complete within the mixing time<3 ms). Itis  ,qqitions. The apparent activation parameters/gé = 29
followed by a much slower reaction, which is seen as a decreasey 5 | 3 mort andAS = —77 + 15 J moft K-1 (Figure S7).
in absorbance at 420 nm and an increase at 640 nm. The rate
constant of this process, measured by the integral method at,
640 nm, is nearly the same as that obtained without acid. The

initial rates and overall spectral changes correspond to the sy coufal, D. E.: Tavares, P.; Pereira, A. S.; Hyunh, B. H.; Lippard, S.

A Summary of Experimental Results. The diiron(ll)
omplex1 (0.125-1.0 mM) reacts with dioxygen (16 mM)

decreased amount dfin the reaction mixture. J. Biochemistry1999 38, 4504-4513.

Thus, it appears that reacts very quickly with HCI@to (52) Haskin, C. J; Ravi, N.; Lynch, J. B.; Mok, E.; Que, L. Jr.
afford new Fe(ll i most probably the monomeri Biochemistry1995 34, 11090 11098.

( ) Species, Ost probably e onomeric (53) Carlson, M. L.; Regan, R.; Elber, R.; Li, H.; Phillips, G. N., Jr.; Olson,
[FE'L(CH3CN)n(H20),-n]** complexes. The products are un- J. S.; Gibson, Q. HBiochemistry1994 33, 10597-10606.
reactive with Q and do not influence the oxygenation of (54) Richter-Addo, G. B.; Legzdins, Rletal Nitrosyls Oxford University
remainingl Press_: New York, 1992.
' (55) Hoshino, M.; Laverman, L.; Ford, P. Coord. Chem. Re 1999
187, 75-102.

(49) Relatively slow protonation of bridging oxo ligands in some dinuclear (56) Zang, Y.; Que, L., Jinorg. Chem.1995 34, 1030-1035.
Mn'"; and MV, complexes is known, proceeding with rate constants (57) Chiou, Y.-M.; Que, L., Jrinorg. Chem.1995 34, 3270-3278.
of about 16 M~1s™1 at —20 °C .50 Hydrogen exchange involving the  (58) Feig, A. L.; Bautista, M. T.; Lippard, S. horg. Chem.1996 35,

bridging hydroxo ligands in the high-spin 'Eecomplex1 should be 6892-6898.

much faster, because of the significantly smaller degreeatfaracter (59) (a) van Eldik, RAbstracts of the 34th Conference on Coordination

of the Fé —O(H) bonds vs the MA—O or MnV—0 bonds. Chemistry Edinburgh, Scotland,-914 July 2000. (b) Schneppensieper,
(50) Carroll, J. M.; Norton, J. RJ. Am. Chem. Sod992 114, 8744— T.; Finkler, S.; Czap, A.; van Eldik, R.; Heus, M.; Nieuwenhuizen,

8745. P.; Wreesmann, C.; Abma, VEur. J. Inorg. Chem2001, 491-501.
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Figure 7. Optical spectra ol before (triangles) and after the reaction
with NO (squares) obtained by cryogenic stopped-flow technique.
Conditions: solution in CkCly; T= —45°C; [1], = 0.55 mM; [NO},
~ 2.5-5mM. Inset: a kinetic trace of the reaction betwdeand NO
measured at 520 nm.

in dichloromethane solution at temperatures fre®0 to —40
°C to form the diiron(lll) peroxo comple® almost quantita-

Kryatov et al.
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The formation oflain a bimolecular reaction betweérand
O, can be the first and rate-limiting step, followed by the fast
conversion ofla to complex2 (Scheme 3a). An alternative
possibility, indistinguishable from a formal kinetics viewpoint,
is that intermediatda forms in a reversible pre-equilibrium in
a small, spectroscopically undetectable amount, and converts
into another intermediatkb in a slow (rate-limiting) step, which
is followed by fast events, leading finally to comp2xScheme
3b). The rate of the overall reaction for this case is expressed
by eq 7.

d2] _  d[1] _ kK[1][O,]

d  dt  1+K[O,]

(7

If K[O7] <1, eq 7 turns into a second-rate order kinetic equation
with a composite rate constaki(obs)~ kK. Analysis of the
experimental kinetic data shows that the pre-equilibrium constant
K (Scheme 3b) would be quite sma#(10? M~1 at—50°C).%0

tively. The reaction is first order in both reagents. No detectable Since very low oxygen affinity is uncommon (although not
intermediates accumulate in the reaction mixture under the completely unprecedented) for Fe(ll) compleX&8,mechanism
conditions used. The apparent activation parameters of the3b is not considered to be a likely oxygenation pathway. The

process aré\H* = 17+ 2 J molt andAS = —1754+ 20 J
mol~1 K=1. The small amount of pentenes (ca. 1 mM) that is

associative rate-determining step (Scheme 3a) appears to agree
somewhat better with our experimental data. In particular, the

present in dichloromethane to stabilize the solvent does notactivation parameters for the oxygenationladre very similar

influence the reaction. The oxygenation afin acetone,
acetonitrile, and an acetonitritedlichloromethane mixture pro-

to those for several other known diiron(ll) complexes (vide
infra), suggesting a common mechanism. A large negative

ceeds with similar or faster rates, but is not a clean process; theactivation entropy is typical of an associative rate-limiting step.

yields of2 are only 25-60%, with unidentified byproducts also
being formed. Addition of water slightly accelerates the rate of
the reaction in neat Ci€l, and in the CHCI,—CHsCN mixture.

1b. Molecular Interpretation of the Mechanism. Complex
1 has both F& centers six-coordinated (Figure 1). The'Ka-
OH), diamond core is asymmetric, with a pair of strong (1.973

There is no substantial isotopic effect on oxygenation rate upon A) and a pair of weak (2.168 A) tte-OH bonds®® Thus, the

the H/D exchange in the Fe O(H,D)—Fé€' bridges of complex

1. Addition of strong acid in situ destroys the hydroxo complex
1in a very fast process, converting it into unreactivé gecies.
The diiron(ll) complexl reacts with NO about Fdimes faster
than with Q.

Discussion

1. Mechanistic ConsiderationsThe reaction between [ftg
(u-OH)(6-MesTPA);]?" (1) and Q to form [Fe' 5(u-O)(u-Oy)-
(6-Mes-TPA),]%" (2) is accompanied by the coordination of the
dioxygen molecule (involving the formation of two F&peroxo
bonds in the eventual-1,2 mode), the transfer of two electrons,
and the conversion of twa-OH ligands into oneg:-O ligand

dissociation of a weak FeOH bond and the formation of a
five-coordinate F& center could precede the reaction with a
new ligand, but it cannot be rate limiting, as indicated by kinetic
evidence: 1) the first order of the reaction rate with respect to
[04], 2) a highly negative value oASF (—175 J mot! K1)
and a small value ofAH* (17 kJ mof?), and 3) the strong
sensitivity of the reaction rate to the nature of the incoming
ligand (the reaction with NO is about 3fimes faster than that
with O,). These data strongly suggest an associative rate-limiting
step for the reaction. The direct attack of anpr@olecule on an
Fe'! center in complexd during or before the rate-limiting step
can account for the observations.

The coordination of the @molecule should be accompanied

and a water molecule (involving a proton transfer and breaking by the simultaneous electron transfer from one or both Fe

of two Fe-Oon) bonds). The results of kinetic experiments ~centerst A polar transition state is also suggested by the

described above help us to understand the sequence of eventgcceleration of the reaction betwegrand G in more polar

and to determine the rate_”miting Step of the overall process. solvents. The five-fold increase in the OXygenation rate in neat
la. Formal Mechanism.The clear first order dependence acetonitrile, as compared to neat dichloromethane, cannot be

of the reaction rate with respect to bdtland Q indicates that  attributed to the coordination of GEN to one or both iron

their association occurs during or before the rate-limiting step. centers, because no acceleration was observed in &lgH

Water dissociates after the rate-limiting step, since the presenceCHsCN mixture (9:1), in which the coordination of acetonitrile

of additional water does not retard the reaction. Thus, we canis expected to be almost as likely as in neatsCN.

postulate the existence of an intermediat@),( which is an

adduct ofl and Q in composition. This intermediate does not

accumulate to any appreciable extent as indicated by kinetic

spectrophotometric measurements.

(60) Taking into account that concentrations of up te 202 M O, were
used without any detectable (within 10%) deviation from the first order
in [Oy] (see Figure 3).

(61) Momenteau, M.; Reed, C. &£hem. Re. 1994 94, 659-698.
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Scheme 4. Possible Alternative Pathways for the eventually give complexX. The transformation ofla into 2
Oxygenation of Complex 1 involves the formation of a second +&02) bond between the
H o other iron center and the coordinated dioxygen and breaking of
o} +0, OH (I)’ another Fe-OH bond. Two possible alternative pathways (b, ¢
LFe" TRl LFe'\ _Fe"L or b, ¢) are shown in Scheme 4. The substitution of the terminal
1 0 S hydroxide (pathway b, c) should be more favorable than the
H substitution of a bridging hydroxide (path, kt’), especially
b b taking into account the relatively high acidity oft@OH ligand,
which would facilitate an intramolecular proton transfer (step
b) followed by the easy elimination of coordinated water (step
OH, O,O IH(,D—Q Y C). Experimentgl finding§ suggest that Wgtgr elimination is fast
Lre'l FellL LFe Fe'L and cannot be involved in a rate-determining step, because the
3 overall reaction is not retarded by water. The proton transfer

o HO OH
c , also cannot be a part of the rate-limiting step, as follows from
C . . . .
. the absence of a detectable isotopic effect in the experiments
-H,0 H0
0-0

with H»O and BO.
w2 The activation parameters of the reaction with N&Hf =
Lret\g et 29 kJ mott and ASF = —77 J mot! K—1) suggest that both
2 the nitrosylation and oxidation of compléxmay share a similar
associative mechanism with a somewhat later transition state

propose a concerted mechanism for the a@dition, leading in the formgr case, leading to a partial compensation effect
directly to a diiron(lll) u-1,2-peroxo complex. However, the ~PetweenAH andAS'.
two Fé' ions in the starting complex are not sterically 2. Comparison with Other O Binding Metal Complexes.
accessible for such an attack because of the shielding by twoA very limited number of reactions between a diiron(ll)
bulky 6-Mes-TPA ligands (Figure 1). More probable is a Precursor and dioxygen to form a peroxo diiron(lll) complex
stepwise mechanism involving terminal monodentate coordina- have been studied in detail by kinetic techniques and character-
tion of the @ molecule to one of the iron centers, forming a ized by activation parameters: the oxygenation of myohem-
nl-superoxo FeFg! Comp]ex_ In this case, the h|gh|y unfavor- erythrin from Themiste ZOSteriCOJéll soluble methane mon-
able activation entropy can be assigned to the steric hindranceoxygenase fronMethylococcus capsulatidstearoyl-ACPA®-
at the six-coordinate feion in complexl. desaturase frorRicinus communj& and three model complexés

A purely associative (A) mechanism for the &ldition would (Table 1). All of these reactions are irreversible, except for the
require a seven-coordinated'Feenter in the adduct. Although ~ o0xygenation of hemerythrin (Hr). Hr is similar to compl&in
seven-coordinate ferric complexes are well-known, including a that it has a hydroxo-bridge between the twd' Fens in its
recently characterized Healkylperoxo specie® the presence  reduced form. Upon oxygenation, theOH ligand in Hr donates
of the bulky 6-Me-TPA ligands around the F-OH), core its proton to the nascent peroxo group, giving--® and an
in complex 1 creates substantial steric hindrance about the 71-OzH ligand connected by a hydrogen bon@omplex1 has
coordination sites (Figure 1) and may be expected to inhibit & secongi-OH ligand, which can condense witlyaO.H ligand
coordination of a seventh ligand. Breaking of a long weak Fe  to form au-O; ligand and HO. This condensation may account
OH bond in the asymmetric Kg-OH), core will probably for the observed irreversibility of the overall reaction between

accompany the entrance of the yand. Such a mechanism 1and Q. The existence of an'-superoxo Fk*aFe“.I intermediate
(1) is common for 3d transition metal complexes, including has been postulated for Hind MMO'2 and considered for other

Fd' and Fd! 63 diiron enzymes! but so far not observed directly.

The nl-superoxou-hydroxo FEFe" complex is a likely The majority of the reactions listed in Table 1, including the
candidate for the putative intermedidi@proposed in the formal ~ oxygenation ofl, appear to have an associative rate-limiting
mechanisms (Scheme 3). Formation of this intermediate from step, since they are first order in J0and have significantly
the dinuclear bishydroxo bridged compléxand dioxygen negativeASF values (175 to—46 J mott K—1). Two systems
involves breaking an Feu-OH bond and forming one Fe in Table 1 differ from this trend. The oxygenation of reduced
O(oz) bond (accompanied by a formal electron transfer, since MMO is zero order in [Q], has positiveAS!, and the largest
dioxygen adducts are usually best formulated d$-Beperoxo AH* (92 kJ mot?), all of which suggest a dissociative rate-
speciesd (Scheme 4). The value of the activation enthalpy (17 limiting step. This hypothesis is confirmed by the observation
kJ mol1) is nearly the same as that observed for other reactionsthat the nitrosylation of the reduced form of MMO is indepen-
in which the association of £and an F& center to form an dent of [NO] and proceeds with nearly the same rate as its
Fel'-superoxo adduct is believed to be the rate-limiting step, oxygenatior®! The oxygenation of a synthetic diiron(ll) complex
including the oxygenation of myoglobilAH* = 21 kJ mot?) [Fex(HPTMP)(OB2)E* has an intermediat&H* (42 kJ mot?),
and monomeric hemoglobit\{H* = 24 kJ mot1).1° The highly a moderately negativAS* (—63 J mot't K71, and a partial
unfavorable activation entropy can be assigned to the steric(0.65) order in [@], indicating a complex mechanisthWith
hindrance at the six-coordinate'Fen in complexl, as argued the very limited number of systems investigated thus far, it is
above. still unclear what factors determine whether an oxygenation

Intermediatela must undergo a second electron transfer, a follows a dissociative or associative pathway.
proton transfer, and the elimination of a water molecule to Al reactions in Table 1 with probable associative pathways
have similarly smallAH* values (15-22 kJ mof?); this is

(62) Wada, A.; Ogo, S.; Watanabe, Y.; Mukai, M.; Kitagawa, T.; Jitsukawa, it inati
K.: Mastda, H.: Einaga, Hnorg. Chem.1999 38, 3592-3593, apparently characteristic of the coordination of 10 an Fé

(63) Jordan, R. BReaction mechanisms of inorganic and organometallic C€Nter. The oxygenation rates of dinuclear iron(ll) complexes,
systemsOxford University Press: New York, 1998. which are relatively slow in this case, are limited by the

Based on the highly negative value A, it is tempting to




2228 Inorganic Chemistry, Vol. 40, No. 10, 2001 Kryatov et al.

Table 1. Activation Parameters for the Formation of Diiron(lll) Peroxide Complexes from Diiron(Il) Precursors and O

order AH* ASF
starting Fé, complex solvent T:C in [O4] (kJ mol?) (I mortK™Y) ref.
1 CH.Cl, —80°—40°C 1 17+ 22 —175+ 207 this work
[Fex(HPTP)(OBz)}* EtCN —70°—20°C 1 16.5+ 0.4 —114+2 24
[Fex(EtHPTB)(OBz)p* EtCN —75°—10°C 1 15.4+ 0.6 -121+3 24
[Fex(HPTMP)(OB2z)* EtCN —45°+20°C 0.65 422+ 1.6 —63+6 24
Hr H.0 +5°+25°C - 0.6+ 0.2 —58+2 7
Hr H,0 - 1 17 —46° 11
MMOH H>,O +3°+35°C 0 924+ 17 88+ 42 13
A9D H,O +6°+24°C - 22 —134 14

a Standard statesil M solution in dichloromethané Calculated fromAH, AS, AH*y, and ASq.

activation entropy, which may depend on the steric hindrance are remarkably Sim"a]'? regardless_ Of. the nature_ of the active
about the F& sites. Indeed, complek has both Féions six- site (mononuclear iron(ll) porphyrin in myoglobin and hemo-
coordinated and the most unfavorable (negativé) (Table 1). globin, dinuclear iron(Il) in hemerythrin, or dinuclear copper-

All other studied diferrous enzymes and model compounds have(l) in hem_ocyani?). All of them provide pathways for low-barrier
at least one Recenter with an unsaturated coordination sphere ©XY9enation AH*from 17 to 32 kJ/mol) and do not suffer from

(five- or even four-coordinate ftp!113.14.29An increase in steric unfavorable (large negative) activationl erltlr?g)y, having
hindrance at the oxygen-binding site, leading to more negative valut_es n the range fror60 to+20 J m(_)f K -2 As aresult,
(unfavorable) activation entropy of oxygenation, is well docu- O binding to respiratory metalloprot_elm_sl '?O\gry fast at room
mented for mononuclear iron(Il) and cobalt(Il) dioxygen car- ten[;peraturel»(.sr., %r.' thet order of th. St')- ’ h gii
riers® The low barrier associative oxygen binding to the five- |oxyge'r\1AMg IF?éC]RﬁROXyg;!nt ac |v?x1&9r:jon (teme liron
coordinate diiron(ll) model complexes, studied by Lippard and Zgéy;nlees—(lo“ t'm,es slo er, arr: deSr Egrz:)ya-rable-cgrslg'tg(gg;?\)els
co-workers**is typical for the oxygenation reaction at a vacant u : wer u P i -
metal site. A smallAH* value for the @ binding to the limited e;mount of avrlﬂlable data show that both a relatively
dihydroxy-bridged six-coordinate diiron(ll) complei deter- high AH* (92 kJ mfr forgMMO) and unfavorably negative
mined in this work is unexpected, since an'F®H bond AS (—134 kJ mof_ for A -fjes_aturase) may account for the
breaking event is necessary for the formation of the peroxo slower rates. Th(_e different klne_t|c parameters fpr the two groups
complex?2. It is interesting that the rate-limiting step for the of metalloproteins are consistent with their physiological

six-coordinate diiron(Il) complex still involves the F©, bond functions (dioxygen transport versus activation).

formation. Conclusions
The rates of dioxygen binding to different classes of synthetic
model complexes vary substantiathf*Dicopper(l) complexes
have been studied the most thoroughly, yielding examples of
both very fast and relatively slow oxygenati#hActivation
enthalpies of these reactions were usually quite low (ranging
from nearly zero tet-30 kJ moi1), with unfavorable activation

The reactions between a hydroxo-bridged diiron(ll) complex
with dioxygen and nitric oxide have been studied by cryogenic
stopped-flow spectrophotometry. The reaction withi€ads to
a peroxo-bridged diiron(lll) complex, resembling the first step
in the reactivity of several natural nonheme diiron proteins. The
) - 8 mechanistic results suggest an associative rate-limiting step for
entropies (from-167 to—_66_J mof™ K ) accounting E?r tlhe the oxygenation of the diiron(Il) precursor, similar to that of
cases of slow oxygen binding. An “open sgper-oxo_(Clnf . _stearoyl-ACP A% desaturase, but distinct from the probable
complex was inferred in SOme cases as an |ntermed|ate_ with Agissociative pathway of methane monoxygenase. The existence
low steady-state concentration, but was not observed directly. of a steady-state intermediate, most likelyzgrsuperoxo Fé&

Some mononuclear iron(ll) and cobalt(ll) models are capable g comple, is also inferred by the analysis of the experimental
of very efficient low barrier dioxygen binding at a metal center ata

with a vacant coordination site, with the rates comparable to

those for hemoglobin and myoglokifh®6-6’Reactions involving Acknowledgment. This work was supported by the National
metal-solvent bond breaking in the rate-limiting step are usually Institutes of Health (grant GM-38767 to L.Q.), by an award
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