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Figure 1. Planar and three-dimensional representations of the iron(Il)
cyclidene complexes [EEPhBzXy)](PF)2, Rt = m-xylyl, R? = benzyl,
R3 = phenyl.
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Introduction

There exists an ongoing interest in the chemistry of iron(Il) model compound¥ and also to some cobalt(ll) completes
dioxygen carriers, as is well documented by a number of that bind dioxygen reversibly.
reviews 3 reflecting the current state of knowledge and the  |n this study, we investigated the temperature and pressure
development of the field. Many porphyrin-based model systems dependence of the association and dissociation of carbon
have been developed, and their properties and reactions havenonoxide to and from the iron(ll) cyclidene complex [Fe
been summarized. Studies with dioxygen, the ligand of primary (PhBzXy)](PR). (Figure 1). From the reported thermodynamic
interest, are limited because of the destructive irreversible parameters, the energy and volume profiles have been con-
oxidation (autoxidation) reactions that accompany the ligand- structed and used as a basis for mechanistic interpretations and

binding process. the elucidation of the nature of the transition state.
Iron(ll) cycliden¢ compounds (Figure 1) are non-porphyrin

complexes that have received considerable attention as func-Experimental Section
tional mimics for naturally occurring heme proteins. The

binding reactions of small ligands, such as dioxygen and carbon ,.eared as described elsewhireThe chioride counteranion was
monoxide, have been studied extensively.A systematic replaced by a simple metathesis procediirécetonitrile, analytical
investigation of the reactions of the series of iron(ll) cyclidenes grade, was dried over,0s and subsequently distilled from,&0;.18

with carbon monoxide was performéid order to elucidate the  Tosylmethyl isocyanide (Aldrich) was used without further purification.
dependence of the kinetic and dynamic parameters on theliquid reagents were degassed and transferred into the argon atmosphere
structural features of these versatile compounds. Macrocycleglovebox. The carbon monoxide gas, 99.9% was obtained from Linde,
ligand substituents were found to have large effects on binding AG. Nitrogen gas was purified by passing through an oxygen scavenger
and dissociative rate constants, and steric interactions were foundt"d molecular sieves in order to remove residual traces of oxygen and

Materials. The iron(ll) cyclidene complex [Fe(PhBzXy)Cllewas

to dominate the observed effects.

We have devoted further attention to the mechanistic study to
of the reaction with carbon monoxide to attain a more detailed
insight into the reactions of such small molecules with the iron-

moisture, respectively.

The solutions for kinetic measurements were freshly prepared prior
measurements. The concentration of the complex solutions was
within the range (3£5) x 10°°M. The solubility of carbon monoxide

in acetonitrile used in our calculations was assuhtede 6.6 mM at

(I cyclidenes. Similar mechanistic studies have been success—-s °C and 1 atm. Solutions having carbon monoxide concentrations

fully applied to the reactions of myoglobins and hemoglobitfs

lower than saturation were prepared by mixing with Ax8turated

with dioxygen and carbon monoxide, to some porphyrin-based solutions, using Hamilton gastight syringes.
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Instrumentation. Ambient-pressure stopped-flow experiments were
performed using a Bio Sequential SX-18 MV stopped-flow reaction
analyzer from Applied Photophysics Ltd. adapted for anaerobic
conditions. The instrument allows temperature control withi®.1
°C. An observation optical path length of 10 mm was selected for our
experiments.

High-pressure stopped-flow instrumentation described in the litera-
ture® was used to study the kinetics at elevated pressure. The complex
solutions for the high-pressure measurements were prepared and filled
into the syringes in the inert-atmophere glovebox. The carbon
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monoxide solution was delivered to the high-pressure-cell assembly 40
under ambient conditions. The temperature of the sample was 354
controlled by the thermostated circulation system of the high-pressure ’
cell. At elevated pressure, the solutions were kept for at least 20 min —~ 367
for temperature equilibration to 25:0 0.1 °C. Due to the relatively g 3.4 K
large scatter in the data, as is common for such air-sensitive compounds, c on
sets of ca. 10 kinetic traces were recorded at least 4 times for every - 329
pressure. The resulting kinetic traces were evaluated using the KINFIT 3.0= =
kinetic software package provided by On Line Instrument Systems
(oLIS).
UV —vis spectra of samples at elevated pressures were measured on 6
a Shimadzu UV 2100 spectrophotometer, equipped with a high-pressure Kot
cell, as described in the literatut®. The high-pressure sample cell
(pillbox cell) provides an optical path length of about 22 mm at ambient -8
pressure. The temperature was controlled-tb1 °C. —r
330 335 340 345 350 355
Results 1000/T. K
Influence of Temperature and Pressure on the Kinetics Figure 2. Eyring plot for the reaction of [F&PhBzXy)I(PR), with
of Reaction of Fé/L with CO. The complex [F&(PhBzXy)]- Cg in aceto};litri?epat ambient pressure. IE[xgerimengﬂE:on)ciitions: for

(PFe)2 exists in solution (acetonitrile) as a five-coordinate pinding, [FéL] = 3.2 x 105 M, 2 = 420 nm; for dissociation, [F&]
specie$. Iron is surrounded by four nitrogen donors from the =3.2x 10°5M, [CO] =3.3x 103M, [TMIC] =5 x 102M, 1 =
macrocycle in the equatorial positions. The outside axial 370 nm.

position is presumably occupied by a coordinated solvent
molecule (acetonitrile), whereas the second axial site is vacant
and available for the binding of small ligands. The coordination
of the sixth ligand to such iron(ll) complexes can be followed
by UV—vis spectral changes and is accompanied by a spin
change on the metal center. The magnetic moment of the 107
complex in acetonitrile solution has been determfriede 4.99
ug, Which indicates that solvent does not coordinate within the L
cavity and that the complex remains five-coordinate. It has been i
shown previousl§that carbon monoxide binding to the five-
coordinate, high-spin iron(ll) center in cyclidene complexes,
in the presence of a base molecule (B), can be described by the
simple bimolecular process shown in eq 1. Coordination of

127
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(B)FE'L + Co= (B)FE'L(CO) (1) 45

the sixth ligand, accompanied by a spin change at the iron(ll) pressure, MPa

center, results in characteristic isosbestic spectral changes irFigure 3. Pressure dependence of the equilibrium constant and
the visible region of the spectra. Under pseudo-first-order association and dissociation rate constants for the reaction 6f [Fe
conditions, the observed rate constant in the presence of exces§ NBZXY)I(PR). with CO in acetonitrile at 25°C. Experimental

CO is i b > For th | der i tiati conditions: for equilibrium studies, [FE] = 8.3 x 1075 M, 4 = 420
IS given by €q <. For the complex under Investgation, - ¢4 association process, [Hd = 2.3 x 1075 M, [CO] = 3.3 x

104 M, A = 420 nm; for dissociation process, [fF§ = 5.0 x 107
Kobs = Koit T Kon[CO] ) M, [CO] = 8.3 x 107* M, [TMIC] =5 x 1072 M, 2 = 370 nm.

[F€''(PhBzXy)(CHCN)](PFs)2, the second-order binding rate intercept in the usual way. The corresponding valueg\i&,,
constant,ky, Was determined at ambient conditions by the = 18 4+ 1 kJ mol! and AS,, = —108 £+ 4 J mor! K1,
stopped-flow technique from the dependenc_klog{cl)n the S:O The pressure dependence of the forward reaction for CO
concentration. Our value ¢¢= 9.9 x 1° M~ s™* at 25°C binding was studied by the stopped-flow technique in the range
in acetonitrile, obtained from the slope of the linear plot 4y 51 80 MPa. The reaction rate increases drastically with
(supplementqry Figure Sl. (Supporting Ipformatmn)), IS1n close increasing pressure, and even for the lowest accessible carbon
algqr?elme_nttwr;]h the ;:e\ﬁogzly dleége,r\;lw?efilvalu de’ us_ln_gll flash 1 onoxide concentration chosen for our experiments, the kinetic
gxoe?iﬁéitgfcgllqdﬁon%_ X S % under similar measurements at pressures higher than 80 MPa were limited
P ; by the mixing time of the instrument. A CO concentration of

w;shstlz((aj?:g%gz:Sr?cltri%rr]l(lcln)f fgﬁ:'dfrr;?uvrv:?nct?,r:?gnmgr;m?io 0.33 mM was selected to study the pressure dependence of the
P 9 observed rate constant for the binding of CO. Under the

to 30°C. The values ok, determined from the CO concentra- loved . tal diti th tion |
tion dependence d¢psat five different temperatures are reported lemp oye ?prelrlm?r?]a dcct)n fl |0nst,h € reverse dreac lgn IS nof
in the Eyring plot (Figure 2), and the activation enthalpy and '°N9€r N€giigivie.  The data Irom the pressure dependence o

activation entropy were estimated from the slope and the (€ reverse reaction (see below) were used to correct the
observed rate constants for CO binding according to eq 2. The

(20) Fleischman, F. K.; Conze, E. G.; Stranks, D. R.; KelmReu. Sci. plot of the second-order binding rate constakyy)( versus
Instrum. 1974 45, 1427. pressure is linear, as shown in Figure 3. The value of the
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Table 1. Thermodynamic Parameters for the Reaction of the Fe(ll) Cyclidene Complex and Myoglobin with CO

Fe+ CO— FeCO FeCO— Fe+ CO Fe+ CO=FeCO
complex parameter association dissociation overall reaction
Fe'(cyclidene) AG, kJ mol 50.2+ 1.7 74.0+ 3.8 —23.8+4.2
AH, kJ mol? 18.0+ 1.3 82.8+ 2.9 —64.84 3.2
AS, Jmolrt K™ —107.5+ 3.8 29.7£ 8.4 —137.2+£ 9.2
myoglobin AG, kJ mol? 41.0+ 1. 80.2 —39.3
AH, kJ mol™* 17.1+ 0.8 61.9 —44.8
AS, JmoltK™? —81.2+2.12 —61.1 —20.1
2 Reference 8° Reference 13.
activation volumeAV* o, = —36.7 £ 0.9 cn® mol~! was difference in the kinetically determined volumes of activation,
obtained from the slope of the plot according to eq 3. AV° = AV¥, — AV¥ = —48.3+ 1.1 cn® molL.
In i i
AV = —R Gl 3) Discussion

p The binding of carbon monoxide to the iron(ll) center in heme

The reverse rate constaky, was determined by the method ~Model complexes is usually descriBédh terms of a three-
described in the literatur@ which involves the displacement ~ Stge process (eq 4). In eq 4 the [He@®] intermediate is a

of thg bqund CO by tosylmethyl isocyanide. The regctlon was Heme+ CO= [Heme CO] = HemeCO 4)
studied in the presence of an excess of tosylmethyl isocyanide,

under which condition the release of the CO becomes the rate-geminate contact pair, in which the CO molecule is not

determining step of the displacement reaction &d corre- coordinated to the iron, but it is present in a kinetically distinct
sponds directly tdor. The reaction was found to be indepen-  hosition within the heme pocket.

isocyanide (550 mM) concentrations within the given ranges.  foyr-stage mechanism has been defldadcording to eq 5. The
The observed value d§r = 0.56 s in acetonitrile at 25°C

and ambient pressure is in reasonable agreement with the valugdemeP+ CO=[HemeRICO] =
kot = 1.2 s* obtained previously by calculation frok= ko [HemePCO] == HemePCO (5)
Koft.

The temperature and pressure dependencies of the decarbaadditional intermediate, [Hem#€O], is the so-called protein-
nylation rate constant were studied by the stopped-flow tech- separated pair, in which CO is dispersed within the protein
nigue in the ranges from 10 to 3C€ and from 0.1 to 100 MPa,  matrix. High-pressure kinetic studies on heme proteins and
respectively. The observed temperature and pressure dependsome model porphyrin compourfds* established that the rate-
encies are plotted in the Figures 2 and 3, respectively. The determining step in egs 4 and 5 is bond formation between the
plots are linear over the ranges studied and the values obtainedron center and the CO molecule. Negative activation volumes
were AH*o = 83 & 3 kJ mott, AS' = +30 £ 8 J mol? for the overall CO association rate constant have been found
K1, andAV¥*s = +11.6+ 0.7 cn? mol=1. for several heme proteins and model compouids;14 see

From the activation parameters of the forward and reverse supplementary Table S1 (Supporting Information). The positive
reactions, the overall enthalpy and entropy changes werevalues ofAV*,, found for the reactions of dioxygen or other
estimated, and the data are listed in Table 1. The determinedligands with heme compound$;*2were associated with ligand
thermodynamic and activation parameters enable us to construcentry, or the diffusion process through the protein matrix, as
the complete energy and volume profiles for the binding of the rate-limiting step. Moreover, the activation entropy often
carbon monoxide to iron(ll) cyclidene complexes. corresponds in sign to the activation volume; i.e., positive/

Influence of Pressure on the Equilibrium of the Reaction negative activation volumes are accompanied by positive/
of F€'L with CO. The overall reaction volume for reaction 1  negative activation entropié3.
was determined according to the method described in the In general, bond formation is expectétb show a negative
literature!? An equilibrium mixture of the coordinately unsatur-  value of AV¥,,. The quantitative interpretation &fV+,, for
ated and carbonylated species was subsequently exposed teeaction 4 can include several contributions, such as the intrinsic
increasing pressure from 0.1 to 150 MPa, and the shift in volume change (negative contribution) due to an overlap of van
equilibrium toward the product was then detectable from the der Waals spheres during the bond-forming process, and
absorbance changes, as shown in supplementary Figure SZontributions that arise from a spin change on the ferrous center,
(Supporting Information). The equilibrium constant at ambient i.e., quintet to singlet transition (negative contribution), desol-
pressure was calculated from the measured kinetic parametersyation processes of the binding ligand (positive contribution),
K = kon/kott = 1.84 x 10* ML, and in the case of the heme proteins also positive contributions

The equilibrium constants at elevated pressure were estimatedassociated with the structural changes in the protein matrix.
from the absorbance changes at 420 nm, using extinction The energy, entropy, and volume profiles for carbon mon-
coefficients of 1.67x 10* and 1.29x 10* M~ cm™1 for Fé'L oxide binding to the iron(ll) center in [E€PhBzXy)(CHCN)]-
and FELCO, respectively. The plot of log as a function of (PFs)2 are presented in Figures 4 and 5. The energy profile
pressure is shown in Figure 3. The reaction volume estimated (Figure 4a) clearly shows that the activation barrier for the
from the slope of the linear dependencél°® = —47.7+ 2.4 forward reaction is significantly smaller than that for the back-
cm® mol~L. This thermodynamically determined value/o¥° reaction, which results in a substantially negative reaction free
is in excellent agreement with th&V° estimated from the enthalpy. Furthermore, the association process is characterized

(21) Traylor, T. G.; Tsuchiya, S.; Campbell, D. H.; Mitchell, M. J.; Stynes, (22) van Eldik, R.; Asano, T.; le Noble, W. Chem. Re. 1989 89, 549.
D. V.; Koga, N.J. Am. Chem. S0d.985 107, 604. (23) van Eldik, R.; Kelm, HRev. Phys. Chem. Jpri98Q 50, 185.
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Figure 5. 5. Volume profile diagram for the reaction of [REhBzXy)]-
Fe'l() + cO (PR;)2 with CO in acetonitrile at 25C.
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contrast, the dissociation of carbon monoxide, using tosylmethyl
isocyanide, is characterized by a positive activation entropy,
ASfor = 30 J mot! K2, and a positive activation volume of
+11.6 cn? mol~L. In addition, the overall reaction volume is
significantly more negative than that expected for only the
disappearance of CO into the vacant site of the complex.

ENTROPY, Jmol 1K1
)
(=]

A
[=}
.

t

-108 + 4

60T 8L It is also known that Pe-CO bond formation or bond
breakage is accompanied by a spin change on the metal center.
801 From structural studies on the five-coordinate, high-spin iron-
" () cyclidene complexe$,it is known that the iron atom is
100+ (LFe” ~CO) displaced from the ligand plane. In forming the six-coordinate,
low-spin iron(ll) complex, the metal moves toward the plane
120 of the equatorial nitrogens. Several studies have been reported
30:8 wre'co on various iron(ll) complexes that exist in high-spilow-spin
1404 electronic state equilibrigg28 and those studies have shown
that the volume changes associated with the spin transition of
REAGCTANTS | TRANSITION STATEI PRODUCTS déiron(ll) fall in the range from 4 to 22 cimol~%, depending
REACTION COORDINATE on the solvent and ligand structulre around the nrétal see
Figure 4. 4. Free energy (a) and entropy (b) diagrams for the reaction supplgme_ntary Table S2 (Supportlng_lnformatlor_l). The volume
of [Fe! (PhBzXy)](PR)» with CO in acetonitrile at 25C. of activation found for the dissociation of CO in the present

study lies within this range of values and suggests that®@
bond cleavage involves a LS to HS transition during which the
metal center partially moves out of the ligand plane. In terms
of the overall volume profile, this means that, during the binding
of CO, the large volume collapse observed in going to the
transition state is mainly associated with the disappearance of
CO into the ligand pocket during partial FEO bond formation.
Following the transition state, there is a HS to LS change on
the iron(ll) center during which bond formation is completed
and the metal center moves into the ligand plane. During the
reverse process, the change in spin state accompanied by iron-

by a significantly negative activation entropyS*,, = —108 J
mol~1 K~ (Figure 4b), which is consistent with the entrance
of CO into the cavity. Furthermore, the activation volume for
the binding of CO is significantly negative;36.7 cn? mol~™.
This volume collapse is very close to the partial molar volume
of CO that has been reported in the literature to be 33mpi!

in aqueous solutidfi and 44 crd mol~t in 1,2-dichloroethane

at 25°C.2* The apparent similarity of the values suggests that
carbon monoxide completely disappears within the cavity of
the complex in the transition state. Substantially positive
contributions toAS', and AV*O”. resultlng from deSO|Vat|0n. (55) DiBenedetto, J.; Arkle, V.; Goodwin, H. A.; Ford, P.@org. Chem.
processes are not expected, since as it has been established ™ 1g9g5 24 456,

previously that the iron(ll) cyclidenes exist in acetonitrile  (26) McGarvey, J. J.; Lawthers, |.; Heremans, K.; Toflund JHChem.
solution as five-coordinate species, with a vacant coordination ___Soc., Chem. Commui984 1575.

site on the axial side protected by the ligand superstructure. In @7 f’oegtgghi K. Binstead, R. A.; West, R.JJ.AM. Chem. S0d.97§

(28) Binstead, R. A.; Beattie, J. K.; Dewey, T. G.; Turner, D.JHAm.
(24) Schneider, K. J.; van Eldik, Rorganometallics199Q 9, 1235. Chem. Soc198Q 102, 6442.
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(I moving out of the ligand plane and partial FEO bond corresponds mainly to the loss of the degrees of freedom of the
cleavage is required in order to reach the transition state, afterCO. In the dissociative direction, the iron spin state has been
which CO escapes out of the ligand pocket and accounts forchanged from low spin to high spin and the bond has been
the large volume increase following the transition state. Thus greatly weakened, which is also indicated by a relatively large
the transition state for the process can be vizualized as a high-positive entropy change. The reverse reaction thus corresponds

spin iron(l)—CO species. The overall reaction volume-ef7 to a late transition state in terms of the-ReéO bond breakage.

cm?® mol™! therefore consists of ca-35 cn? mol™! for the
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to the volume change associated with entry of the CO into the ing kinetic parameters for the reaction of several Fe(ll) complexes with
cavity, and a late (product-like) transition state for the dissocia- CO and thermodynamic parameters for the LS/HS equilibria of several
tion reaction, since the spin state has changed, implying Fe(ll) complexes, and Figures S1 and S2, illustrating the determination
substantial bond breakage and movement out of the ligand plane©f the second-order rate constant for the binding of CO and the
The entropy changes reflect this same perspective on the exten%ﬂerm'”?t'o” of the reaction volume for the binding of CO (4 pages).
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