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Abstract: The kinetics of carbon monoxide binding and dissociation have been studied for a series of lacunar iron-
(I1) cyclidene complexes to elucidate the dependence of dynamic parameters on the various structural features of
these versatile compounds. Ligand substituents have large effects on the binding and dissociative rate constants,
and remarkably, four distinctly different steric effects have been observed. (1) Changing cavity size alters the rate
of CO binding by as much as 4 orders of magnitude, presumably by constraining access to the metal ion. (2)
Decreases in cavity size also can increase the rate of CO dissociation by a factor of 10 or so. (3) Placing bulky
groups in the path CO must follow to enter the cavity decreases the rate of binding because of steric effect (1), but
these same obstructions may also decrease the rate of dissociation by blocking the escape path and, possibly, fostering
geminate recombination. (4) Proximal ligand strain both decreases the rate of binding and increases the rate of CO
dissociation. In contrast, changes in the iron(l11)/(11) redox potential, which accompany ligand substitutions, were
found to have only a small impact on CO binding kinetics. The effects on the rate constants of the basicity of the
axial base and of solvent polarity were also investigated.

Introduction to heme proteins and model compoufid¥. Distal side steric
) o effects, generated by the positioning of bulky groups near the

Many studies have been performed on the binding of active site89 were differentiated from steric effects due to
dioxygen to hemoglobin, myoglobin, free hemes, and many gistortion of the porphyrin ring structuredoming and
chemically synthesized derivatives and models. In the case Ofrufﬂing_lod,lZ The former steric effects are reflected only by
iron dioxygen carriers, studies have generally been limited t0 changes in the binding rate constants with no alteration in
the prosthetic group of the natural products with the sole gissociation rates. For several model compounds, the changes
exception of the cyclidene complexes reported here. In addition ghserved in dissociation rate constants were attributed to the
to dioxygen, other physiologically important molecules, such second phenomenon, i.e., deformation of the porphyrin ring and,
as carbon monoxide, have been studied, and these have playegltimately, weakening the bond to the carbonyl ligand. The
an important role in elucidating the fundamental properties of cyclidene complexes have provided a unique opportunity to
these compounds. The affinities and kinetic parameters for theexamine these and other effects in a family of compounds whose
binding of small molecules to various dioxygen carriers vary siyctures are distinctly different from those of the porphyrins.
widely. Several recent reviews both discuss the fundamental The lacunar iron(ll) cyclidene compleX&s?! represent a
behavior of dioxygen carriers and summarize their known cjass of synthetic models for the naturally occurring dioxygen

structure-reactivity relationships. Matters of major concern - carriers that do not contain a porphyrin ring, having a neutral
include the thermodynamics and kinetics of binding and (6) Traylor. T. G.. Tsuchiya, S.. Campbell, D. . Mitchell, M. J.: Stynes
dissociation and the tendencies and mechanisms of oxidativep, \, . koga, 'N.3. Am. Chem. S0d985 107, 604." B ’
destruction by dioxygen (autoxidation) of the dioxygen carriers.  (7) Antonini, E.; Brunori, M. InHemoglobin and Myoglobin in their
Among the many factors that affect dioxygen and carbon reactions with ligandsNorth Holland Publishing Co.: Amsterdam, 1971.
g P : ; At (8) (@) Traylor, T. G.; Mitchel, M. J.; Tsuchiya, S.; Campbell, D. H.;

monox]de blndlng are the_ identity and QX|dat|pn state qf _the Stynes, D. V.- Koga, NJ. Am. Chem. S0d981 103 5234. (b) Traylor,
metal ion, distal steric hindrance, proximal ligand basicity, T.'G.; Campbell, D. H.; Tsuchiya, S.; Stynes, D. V.; Mitchel, M. J. In
proximal base strain, ligand electronic effects, and solvent Hemoglobins and Oxygen Bindinglo, C., Ed.; Elsevier North Holland,

i i i i Inc.: New York, 1982. (c) Traylor, T. G.; Koga, N.; Deardurff, L. A.;
polarity. ConS|d(_arat_>Ie attention has been devote_d to stu_dle_s OfSWepston, PUA Tbers, J. A. Am. Chem. Sod 984 106 5132.
the effect of steric hindrance on the process of ligand binding (9) () Coliman, J. P.; Brauman, J. I.; Doxsee, K. Roc. Natl. Acad.

Sci. U.S.A1979 76, 6035. (b) Collman, J. P.; Brauman, J. |.; Iverson, B.

T University of Kansas. L.; Sessler, J. L.; Morris, R. M.; Gibson, Q. H. Am. Chem. S0d.983

* University of Erlangen-Nirnberg. 105 3052.

® Abstract published i\dvance ACS Abstractgune 1, 1997. (10) (a) Momenteau, MPure Appl. Chem1986 58, 1493. (b) Momen-
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11, 105. (b) Traylor, T. GAcc. Chem. Red.981 14, 102. Huel, C.; Lhoste, J. MJ. Chem. Soc., Perkin Trans.1®87,249. (c) El-
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R2 clidene ring is especially facilitative of formation of a lacéha
RN " R2 . n within which the small molecule can bind.
R3 \N/R\ In our studies, this special structural feature, the cavity, and
Y R N-F the modification of its dimensions have been demonstrated to
X N, N v be very sensitive tools for distinguishing among different steric
)C Je R! effects. Very small changes in the cavity size, produced by
X N Y v T ; . :
L X \ \ variations of the substituent groups on the distal S|d_e_of the
YK )Y/N_ /Fe'N‘/\ macrocycle, have been proven to influence the affinity for
RISy X NS TN carbon monoxide binding and the rates of both the association
ke Y and dissociation processes. By increasing steric hindrance near
Y the active site we are able to observe distinctive changes, not
Figure 1. Planar and three-dimensional representation of iron(ll) only in the association process, as observed in the porphyrin
lacunar cyclidene complexes. chemistry, but also in the reverse process of carbon monoxide
dissociation.

tetraaza macrocyclic ligand instead. Because of their unique In this paper, we report systematic equilibrium and kinetic
structures, these complexes (Figure 1) have a hydrophobic cavitystudies of carbon monoxide binding to iron(ll) cyclidene
into which small ligands may enter and bind to the metal atom, complexes. This work provides an evaluation of the influence
at what is called an axial site. A second axial position, opposite of steric and electronic factors, the basicity of the axial ligand,
to the one in the cavity, is usually occupied by a bulky and solvent properties on carbon monoxide binding and dis-
nitrogenous base, commonly present in large excess. Asociation rates and on CO affinity.

particular strength of this family of complexes arises from the

broad variations in structural parameters that are readily Experimental Section

accessed. To study the influence of varying these ligand |on(i) cyclidene complexes were synthesized as described
parameters, cyclidene ligands have been prepared with variationsisewheré518-20 All chemicals used in this work were of analytical
involving the substituents RR2, R3, X, and Y (Figure ). The grade or better. Solvents were purified by recommended procetlures,
abbreviations used throughout this paper for the metal cyclideneand were degassed prior to use. Liquid reagents were treated similarly.
complexes list the metal ion with the X and Y substituents, if Carbon monoxide and nitrogen gases were passed through Ridox
different from hydrogen, on each side of the metal ion, followed (Fischer) in order to remove residual traces of dioxygen and water.
by the substituents RR?, and R according to the following Solutlons of the iron(ll) cyc_lldene complexes were all fre;hly_
scheme: (X)Fe(Y)RRZRL Changes in Rdirectly alter the prepareq_ln_a glovepox under nitrogen :_atmosphere prior to the kinetic
cavity size, a change that is expected to generate steric effectsand equilibrium studies. The concentration of the complex was usually

hile all th b | ic off In the range of (+5) x 1075 M, and measurements were performed
while all three R groups may contribute to electronic effects. X i, acetonitrile in the presence of 1.5 M 1-methylimidazole, with the

and Y are also expected to exert steric effects. exception of the investigations directed at the influence of solvent and
For the lacunar cobalt(ll) and iron(ll) cyclidene complexes axial ligand. To the best of our knowledge, the solubility of carbon
the equilibrium constants for £binding and the resistance of = monoxide in acetonitrile has not been reported, and an estimated value
the O carrier to autoxidation depend strongly on the ligand of 6.6 mM at 25°C and 1 atm was used in our calculatigfs.
substituents. Further, like the heme-based dioxygen carriers, Equilibrium Measurements. Equilibrium constantsk®, were
carbon monoxide adducts of several lacunar iron(ll) cyclidene determined by :;pectrophotometnc titrations. Absorbanc_e chang(_es in
complexes have previously been prepared, and Characterizedthe spectral region from 300 to 550 nm were recorded with a Varian-

and an X-ray crystal structure determination has been rep¥rted. Cary 2300 spectrophotometer connected to an 1BM PC. This config-
uration allows automated data collection and instrument control.

In summary, the cycllldene family of complexes is partlgularly Equilibrium constants for axial base coordination were determined by
useful for the exploration of the fundamental structtfienction spectrophotometric titration on a Shimadzu UV 2100 spectrophotometer,
relationships of dioxygen carriers for the following reasons. (1) using a Hamilton microliter syringe.

Small molecule binding depends strongly on ligand sub-  The solutions of the complexes were placed in a gas-tight quartz
stituents!®19.2F23 (2) Cyclidene structures are easily varied in cell of 1 cm path length and equilibrated to a temperature of (25.0
several appropriate ways. (3) Much highly detailed structural 0.3) °C. Carbon monoxide/nitrogen mixtures of known composition

information is available on cyclidene complexéd5 (4) And were generated with use of a Tylan TO-28 controller with model FC-
because of its preferred conformation, the 16-membered cy-260 mass flow controllers and compressed gas cylinders of the pure
gases.
(15) (a) Herron, N.; Zimmer, L. L.; Grzybowski, J. J.; Olszanski, D. J.; Electrochemical Measurements.Cyclic voltammetry experiments

Jackels, S. S.; Callahan, R. W.; Cameron, J. H.; Christoph, G. G.; Busch, were performed with use of a single-compartment cell. The working
D. H. J. Am. Chem. S0d.983 105, 6585. (b) Goldsby, K. A.; Beato, B.

D.; Busch, D. H.Inorg. Chem.1986 25, 2342. (24) Alcock, N. W.; Lin, W. K.; Cairns, C.; Pike, G. A.; Busch, D. H.
(16) Busch, D. H.; Zimmer, L. L.; Grzybowski, J. J.; Olszanski, D. J.; J. Am. Chem. S0d 989 111, 6630.
Jackels, S. S.; Callahan, R. W.; Christoph, G.Rgoc. Natl. Acad. Sci. (25) Alcock, N. W.; Padolik, P. A.; Pike, G. A.; Kojima, M.; Cairns, C.
U.S.A.1981, 78, 5919. J., Busch, D. HInorg.Chem.199Q 29, 2599.
(17) Herron, N.; Cameron, J. H.; Neer, G. L.; Busch, DJHAM. Chem. (26) Alcock, N. W.; Lin, W. K.; Jircitano, A.; Mokren, J. D.; Corfield,
So0c.1983 105, 298. P. W. R.; Johnson, G.; Novotnak, G.; Cairns, C.; Busch, Onbig. Chem
(18) Cairns, C. J.; Busch, D. Hnorg. Synth.199Q 27, 261. 1987 26, 440.
(19) Padolik, P. A.; Jircitano, A. J.; Alcock, N. W.; Busch, D. IHorg. (27) (a) Battino, R.; Rettich, T. R.; Tominaga, J. Phys. Chem. Ref.
Chem.1991, 30, 2713. Data 1983 12, 163. (b) Perrin, D. D.; Armarego, W. L. F.; Perrin, D. R.
(20) Busch, D. H.; Olszanski, D. J.; Stevens, J. C.; Schammel, W. P.; Purification of Laboratory Chemical2nd ed.; Pergamon Press: New York,
Kojima, M.; Herron, N.; Zimmer, L. L.; Holter, K. A.; Mocak, J. Am. 1980.

Chem. Soc1981 103 1472. (28) (a) Carbon monoxide solubility was estimated from the linear
(21) Chia, P. S. K.; Masarwa, M.; Warburton, P. R.; Wu, W.; Kojima, dependence (R= 0.987) of the Ostwald coefficient for the dioxygen vs
M.; Nosco, D.; Alcock, N. W.; Busch, D. Hhorg. Chem1993 32,2736. Ostwald coefficient for the carbon monoxide in 15 different solvents at 25
(22) Stevens, J. C.; Busch, D. B. Am. Chem. Sod.98Q 102, 3285. °C and partial gas pressure of 1 atm. (b) Seidell, A.Slubilities of

(23) Busch, D. H.; Jackson, P. J.; Kojima, M.; Chmielewski, P.; Inorganic and Metal Organic Compound®. van Nostrand Company,
Matsumoto, N.; Stevens, J. C.; Wu, W.; Nosco, D.; Herron, N.; Ye, N.; Inc.: New York, 1940. (c) Koval, C. A.; Noble, R. D.; Way, J. D.; Louie,
Warburton, P. R.; Masarwa, M.; Stephenson, N. A.; Christoph, G.; Alcock, B.; Reyes, Z. E.; Bateman, B. R.; Horn, G. korg. Chem.1985 24,
N. W. Inorg. Chem.1994 33, 910. 1147.
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electrode wa a 3 mm diameter glassy carbon Kel-F electrode I T
(Bioanalytical systems), the secondary electrode a platinum wire, and | , 4
the pseudo-reference electrode was a silver wire. The experiments were
performed with a Princeton Applied Research (PAR) programmer model

175, PAR potentiostat model 173 and the output was directly recorded | 291
on paper with a Houston Instruments model 200 XY recorder. Redox {3@.81
potentials for the Fe(lll)/Fe(ll) couples were determined under nitrogen 55, 73

_~DELTA ABSORBANCE
T
|

L 1 t 1
SECONDS

atmosphere in an acetonitrile solution of 0.1 M tetrabutylammonium 3@ 6] 5
hexafluorophosphate, using ferrocene as an internal standard. § E

Kinetic Measurements. Rapid kinetic experiments were undertaken ‘Za' 3 \2 g
on a modified Durrum Dionex Stopped Flow Spectrophotometer Model | 384 4
D-110, interfaced with a Northstar Horizon computer. Software for |£@.31 N s
the data collecting and processing was provided by On Line Instrument | .21 N8

Systems, Inc. Kinetic data were acquired under pseudo-first-order | 4 ;]

conditions ([FeL]< [CQ]) after in situ photodissociation of the CO 2 aj
adduct of the iron(ll) complexes with a flash gun (Achiever model " 3ee 402 508 con
260AF) interconnected with a triggering mechanism, providing a dead Wavelength(nm)

time of 10 ms. The solutions were placed in a 1-cm quartz cell, and Figure 2. UV—vis spectral changes upon carbon monoxide binding

the temperature was maintained at (2%00.5) °C. The change of 5 Trgi(PhMeG[16]Cyc)CIIPF in a 1.5 M 1-methylimidazole/aceto-
absorbance was followed as a function of time for at least tWo itriie mixture at 25°C: (1) Pco = 0 Torr; (2)Pco = 766 Torr. Inserts

wavelengths in the visible region of the spectrum. show kinetic curves observed avé s atPco = 766 Torr and 380
A cryo-stopped flow instrument from Hi-Tech Scientific, Model SF- (top) and 460 nm (bottom).

41, was used to determine the dissociation rate constants for some

complexes according to the procedure described by Traylor®eal. Melm — 1 .
this experiment, a solution of the carbon monoxide adduct of the iron Ke'em = (2.94 0.1) x 10° M~* was obtained from a plot of

cyclidene complex was mixed with a solution of tosylmethyl isocyanide, /(A — Ao) vs 1/[Melm]. . .
and the change of absorbance was followed in a 1-cm optical cellata The second class of iron(ll) cyclidenes are chlorohexafluo-
temperature of (25.& 0.1) °C. rophosphate salts. These complexes exist in acetonitrile solution
In the studies of the base concentration dependencies, the stoppedvith the chloride anion coordinated to the iron. The equilibrium
flow experiments were performed with the Bio Sequential SX-18 MV constants for chloride binding were foufidlto be very large,
Stopped Flow Reaction Analyzer from Applied Photophysics Ltd. i the range of 10to 1 M~L. In the presence of 1-meth-
a?:;gtﬁ:jmfor anaelr Obt'c dclf’r;d't'?ns' Ar_r:not;?erv?tr:on olpttl_ca: paftrll(lﬁngt: ylimidazole, the existence of axial base equilibria between the
0 Was SElecteq Tor our expenments. 1he SOltions of Known o, 4 ang 1-methylimidazole species has been establi§hed.
CO concentrations in these studies were prepared by mixing liquid | di f d th 15 M . i
solutions (saturated with CO and AN using Hamilton gas-tight n our S_tu, les, we found that ,a o concgntratlon 0
syringes. 1-methylimidazole (see below) is sufficiently high for the
5-coordinate, 1-methylimidazole complex to constitute 99.99%
Results and Discussion of the iron species. The isosbestic behavior observed for the
binding of CO, and the base concentration independent kinetic
traces are indicative of a simple equilibrium between the
as 5-coordinate, high-spin species. Like other complexes with 5-coordinate Melm complex and the CO. Detailed study of
» Nign-spin Sp : : P the equilibria in systems containing chloride and 1-methylim-
tetraazamacrocycles, the spin state of iron(ll) cyclidene com- . .
- ok : i idazole support these conclusions.
plexes depends on coordination at both axial positions. Whereas R . - .
The equilibrium constant for chloride binding was determined

the 5-coordinate complexes are high spin, binding of a sixth L . :
ligand produces the related low-spin species. The process is?Y fitration of FEPhBzXy(PK), with tetrabutylammonium

usually accompanied by UWis spectral changes and can also chloride, according to eq 2.

be observed iftH NMR spectra that are characteristic of the o

spin state. Magnetic moment data determifi&r a series of FéIL(CH CN)+ CI” K;i Fé'L(CI_) +CHCN (2)
cyclidene derivatives in a variety of solvents indicate the s s

presence of only high-spin, 5-coordinate complexes. In addition o . )
to four nitrogen donors from the cyclidene ligand, the external The titration was monitored at the wavelength used to determine

JMeim 420 nm, and also showed isosbestic behavior, giving

Lacunar cyclidene complexes of the formula' fRPR2R-
[16]Cyc) have been shown previoukly}>to exist in a solution

axial position is occuppied by the base molecule present in KF
P PP Y P = (1.3 £ 0.3) x 10* M~L. Combining egs 1 and 2

solution. Presumably, the bis(hexafluorophosphate) salts of Kre ) . N .
iron(ll) cyclidenes in acetonitrile solution have a solvent provides an estimate of the equilibrium constant for the reaction

molecule coordinated at the external axial site as the fifth ligand. ©f 1-methylimidazole with [F§PhBzXy)CI|PFs to replace the

This is readily displaced by a stronger nitrogen donor base chloride ligand; the value rect™™ = KeM/Ke™ = (0.22
molecule, (equation 1). + 0.03). Thus, as stated above, a large excess of 1-methylim-

idazole is required in order to assure that only a single

KeMelm 5-coordinate species is present in solution.
F'L(CH,CN) + Melm < Fd'L(Melm) + CH,CN (1) In the presence of carbon monoxide, CO binds at the second
axial site of the metal. Typical spectral changes occurring
The process is accompanied by isosbestic-Wi¢ spectral during CO binding to the iron(ll) cyclidene complexes are

changes with no indication of the formation of a third species, shown in Figure 2, with the corresponding kinetic curves as
such as the 6-coordinate-#e—B hemochrome. Thus the insets.

spectral changes accompanying the addition of 1-methylimid- Because it is critically important to the mission of gaining
azole (Melm) to FEPhBzXy(PF). in acetonitrile solution are  control over the system in order to limit CO binding to a simple
characterized by the disappearance of an absorbance maximursystem involving only the gaseous component and a single
at 420 nm. Well-defined isosbestic points show the formation predominant iron species, initial experiments were directed at
of the 5-coordinate 1-methylimidazole species and the value of competing axial base equilibria and the CO binding process.
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~

Kon
- Fel”" + Co= FeL(COY* (4)

The carbon monoxide concentration dependence of the observed
5 pseudo-first-order rate may be readily derived for the above
kinetic model and is shown in eq 5.

Kobs = Koft T Korl COJ %)

A typical plot of kops Versus the concentration of CO is shown
2 . in Figure 4. The slope corresponds to the second-order rate
constant for carbon monoxide bindink,f). The dissociation
rate constantkyy) is estimated by extrapolating to zero carbon
monoxide concentration. Overall, the binding rate constants

1 T T T T T T T T T
-0.02 0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16

[Melm], M (kor) Were determined with a standard deviation of less than
Figure 3. The 1-methylimidazole concentration dependence of the 5%. _ . _
observed rate constant for the CO binding td (P&BzXy[16]Cyc)- The values of the dissociation rate constakgg)(obtained
(PR)2 in acetonitrile 25°C. [F€'] = 2.6 x 1075 M, [CO] = 0.66 mM, from the intercept have much higher errors. Reliable values of
A =370 nm. korf could not be obtained for those complexes that bind carbon

monoxide very rapidly, since in those ca&gsis much smaller

Scheme 1 than the produdk,{CO]. For complexes in which Rs either
KeeMem of the polymethylene chains (GHd or (CH)s, ko was
Fe!'L(CH3CN) + Melm + CO <—==>Fe''L(Melm) + CH3CN + CO determined by an independent metfoihy which the CO
Ukl “kz molecule from the carbon monoxide adduct is replaced by
tosylmethyl isocyanide. The conditions were chosen such that
Fe''L(CH3CN)(CO) Fe''L(Melm)(CO) the dissociation of the carbon monoxide was the rate determining

step of the substitution reaction, and the observed rate constant
The process of carbon monoxide binding in the presence ofis then equal to the dissociation rate constant for carbon
increasing concentrations of 1-methylimidazole was investigated monoxide.
for both the chloro complex, [F¢PhBzXy)CI|PR, and the The experimental rate constants were used to calculate the
acetonitrile complex, [F€§PhBzXy)(CHCN)](PFs),. Stopped equilibrium constants according to eq 6. The equilibrium
flow spectrophotometry showed that [fEhBzXy)(CHCN)]-
(PFs)2 binds CO in acetonitrile with a second order rate constant KO = & (6)
of kon = 9.9 x 10° M~1 s71 (flash photolysis valu& = 6.4 x Kot
13 M~1s71). With increasing 1-methylimidazole concentration
the observed rate constant for carbon monoxide binding constants for carbon monoxide binding for most of the
decreases toward a limiting value (Figure 3). This is attributed complexes were also determined by direct spectrophotometric
to the preequilibrium between the solvent- and base-coordinatedtitrations. In a given experiment, the carbon monoxide/nitrogen
species, according to Scheme 1. The observed rate constant isnixture was introduced into the solution, and absorbance
given by eq 3 changes were recorded after equilibration. Typical spectral
changes are shown in Figure 5. The equilibrium constants were
k, + kZKFeMe'm[Melm] calculated by u_sing t_he Ketelaar equat?@n?l’h_e equilibrium
= 3) constants obtained in these dynamic studies were used to
1+ KFeMe'm[ME|m] calculate the dissociation rate constants according to eq 6. These
calculated values, where available, were compared with the
Fitting the experimental data to eq 3 providégMe'm = (2.5 dissociation constants determined from the intercept of the linear
+ 0.2) x 108 M}, in reasonable agreement with the value of concentration dependence (epid found to be in reasonable
KedMem = 2.9 x 10 M1 determined from the equilibrium  agreement. The results of the studies reported here are
studies. The fitted values ¢ = (9.77 + 0.09) x 108 M1 summarized in Tables-16.
st andk, = (2.48+ 0.09) x 103 M~* s™% are in very good Distal Steric Effect. Among the principal design consider-
agreement with the experimentally observed values of-9.9  ations for dioxygen carrier models is the positioning of the
10% and 2.4 x 10° M1 s°%, respectively. Closely similar ~ Superstructure in the vicinity of the metal ion binding site. One
measurements were carried out beginning witH (PaBzXy)- of the purposes of the superstructure is to control the affinity
CllPFs.2® At higher 1-methylimidazole concentrations (ap- ©f the small molecule binding by steric interactions either at
proaching 1.5 M), both complexes reach the same limiting rate the point of entry or subsequent to coordination. The greater
constant. Therefore, 1.5 M 1-methylimidazole was found to the steric hindrance imposed by the superstructure, the more
overwhelm the competitive binding by both the solvent and the limited is the affinity of the ligand for the metal center. This
chloride anion, and can eliminate them from further consider- effect has been demonstrated in recent studies of several
ation during studies on the dynamics of carbon monoxide Porphyrin derivative§*2 in which increased steric hindrance
binding. These studies facilitated the determination of reaction around the binding site results in lower carbon monoxide binding
conditions such that a single iron complex was present for the fate constantsko,, and lower equilibrium constants©.
various rate measurements. For the cyclidene complexes, distal steric hindrance was
generated in two different ways: first, by changing the length

The binding of carbon monoxide to the iron complex can be f the bridai liohati b h
represented by eq 4 (simplified by not showing the axial base): of the bridging aliphatic groups (R between the outermost

bs

(30) Ketelaar, J. A. A.; Van de Stolpe, C.; Gouldsmit, A.; Dzcubas, W.
(29) Buchalova, M. Ph.D. Thesis, University of Kansas, 1997. Recl. Tra. Chim. Pays-Bad4952 71, 1104.
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107 the length of R to a pentamethylene chain (C5), the affinity
and rate of binding increase by about one order of magnitude.
y=22e2+127.1x RA2=0999 Further increasing the length of!Ro hexamethyl (C6) and
06 octamethyl (C8) provides additional substantial increases in the
carbon monoxide affinity. For both complexes, C6 and C8,
041 the binding rate constants increased by two and three orders of
magnitude, and the affinities by four orders of magnitude, with
C8 having both a higher carbon monoxide affinity and rate of
- i . i i} . ' binding than for the C6 complex. These conclusions parallel
103 20e3  30e3  40e3  50e3  60e3  7.0e3 what has been reported for the dioxygen affinities of cobalt(ll)
(coM cyclidene complexe¥;1921.23
Figure 4. Determination of the second-order rate constants for carbon Fro”.‘ earlier work, hexamethylene (C6) and octamethylene
monoxide binding to [F§PhMeG[16]Cyc)CIJPR; at 25°C in a 1.5 (C8) bridges are known to be able to ad_opt at I_east two different
M 1-methylimidazole/acetonitrile mixture. Data measured at 380 and |0W-energy conformation&! When no ligand is present, the

0.8

kobs/s-1

021

00

460 nm. polymethylene chain is folded inward, resulting in a reduction
in the volume of the cavity. In order to bind the ligand, the

Lok bridge unfolds and allows relatively open access to the active
site. [Fé/(PhMeC6[16]Cyc)] has also been shown to exist in

0.9+ both 5- and 6-coordinate forms in aqueous acetone solution,

with the later being favored at lower temperatutesThe
evidence for the 6-coordinate species comes from visible spectra
0.7+ (the appearance of an absorbance peak at 510 nm) and from
magnetic studies over a range of temperatures. In the work
described here, a similar equilibrium was found to occur in
acetonitrile solutions containing 1.5 M 1-methylimidazole.
Changes in the U¥Mvisible spectra indicate that a solvated,
6-coordinate species forms below about°f andH NMR
spectra show the presence only of the diamagnetic, 6-coordinate
species below-40°C. On the basis of the visible spectrum of
the corresponding C8 derivative, it was concluded that, in
acetonitrile, the C8 complex exists mostly as the 6-coordinate
species even at room temperature. Therefore, the binding of
0.00%% 350 100 150 500 carbon monoxide to this complex at 26 involves reaction of
WAVELENGTH Fhe carbon monoxide. with a coordinatelly saturated complex,
instead of a 5-coordinate iron(ll) species. Presumably, the
Figure 5. UV—visible spectral changes accompanying formation of ' jechanism involves a preequilibrium between the predominant
melcarbon monoxide adduct of (RPhMeG[L6]Cyc)CIIPF, in a 1.5 6-coordinate species and the very rare 5-coordinate species,
-methyl|m|dazole/aceton|tnle solution, at 26. Carbon monoxide followed by reaction of the carbon monoxide with the five-
pressure increases from 0 to 255 Torr. . .
coordinate complex. The apparent rate constant determined for

0.8¢

0. 64

ABSORBANCE

Table 1. Distal Steric Effect: Effect of the Length of the carbon monoxide binding then involves contributions from the
Polymethylene Bridging Group Over the Active Site, in preequilibrium, and under pseudo-first-order conditions the
Acetonitrile/1.5 M 1-Methylimidazole at 25C observed rate constant is given by eq 7,
FePhMeR kon,2M~1s71 Kott, S71 K, M1
ca 25 (0.06) 0.06 4.% 10°b ko K™S
c5 1.3x 1% (0.024)  0.022 5.8 x 108¢ Kops = ——c——[CO] + Koyt (7)
C6 3.72x 10* (~0) 0.0026 1.4x 10°P K>+1
C8 1.55x 1 (~0) 0.004% 3.8x 107P
avalues quoted in parantheses are for the intercep} ¢ the plot whereK~S is the equlibrium constant for solvent dissociation

of kobsVersus [CO] P Calculated from kinetic parametefsDetermined from 6-coordinate complex arid, andky are kinetic param-
by replacement reaction of CO adduct by tosylmethyl isocyanide. eters for CO binding to the 5-coordinate species.
4 Determined by spectrophotometric titraticrCalculated fromkK = Despite this difference in mechanism from those of the
Korf ko predominantly 5-coordinate complexes, the experimentally
(bridgehead) nitrogen atoms and, second, by adding substituentsletermined rate is clearly also first order in carbon monoxide
(X,Y) to the saturated chelate ring of the macrocycle. The width concentration. This indicates that carbon monoxide binding
of the cavity, as measured between the two bridgehead nitrogensremains the rate controlling step, and that the equilibrium
increases rather smoothly from 5.4 A to 7.8 A, when the between 5- and 6-coordinate iron complexes must be fast when
bridging group (R) is increased in length by the addition of compared to the time scale for carbon monoxide binding.
methylene units, starting with tetramethylene and proceeding With the smoothly increasing cavity size for the described
to octamethylene. This structural change produces a largeseries of cyclidene complexes, a corresponding rise in the
variation in the steric hindrance encountered by a small molecule association rate constant and affinity for ligand binding is
binding at the metal centé?.192%23 The corresponding equi-  expected, as has been observed for dioxygen affinities among
librium constants and rate constants for carbon monoxide cobalt(ll) cyclidene complexes. The width of the cavity of
binding are shown in Table 1. the C4 to C8 series of cyclidene complexes, given by the
Several conclusions may be drawn from these results. Thedistance between the two noncoordinated nitrogen atoms,
short tetramethylene bridge (C4) restricts the cavity size so regulates the access of the ligand to the active site by steric
greatly that the CO binding is extremely weak. On extending interaction. This is demonstrated in the increase of the affinity
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and, kinetically, mainly in the increase of the binding constant. Table 2. Electronic Effect of Substituents aRnd R Positions,
Over five orders of magnitude change in carbon monoxide in Acetonitrile/1.5 M 1-Methylimidazole at 25C

affinity along the series of cyclidene complexes can therefore Euz, V Vs

be entirely ascribed to the steric interaction of the superstructure FERR?Xy  ferrocene  kon?M™'s™ kst KCM™
with the carbon monoxide ligand, since it was found that the  MeMe —0.45 3.4x 10?(0.05) 0.06 5.5¢ 108
superstructure does not influence the redox properties of the MeBz —0.34 3.9x 1(?(0.02) 0.05 7.4¢ 10°
complexes. The cyclic voltammetry measurements revealed that PhMe —-029  6.3x 10?(0.1) 0.085 6.8« 10°
theEy», = —0.28 V vs ferrocene is constant within experimental PhBz —0.21 2.:3x 10°(0-38) i 2.5 10°
error for all four of these complexes. 2 Values quoted in parantheses are for the intercep} (g the plot

As described earlier, the spin state of the iron(ll) changes ©f Kobs ver:sus [CO]” Calculated fromK = Ko/koi. © Determined by
upon coordination of the sixth ligand. From structural studies SPectrophotometric titration.
on the 5-Coord|nate., hlgh'Spln_ |ro.n(II) cyclidene compléXes  Taple 3. Distal Steric Effect: Effect of the Geminal Dimethyl
it is known that the iron atom is displaced by some 0.5 to 0.6 Group on the Saturated Ring of the Macrocycle, in Acetonitrile/1.5
A from the N4 plane, while maintaining the usual ligand shape. M 1-Methylimidazole at 25C

In forming the 6-coordinate low-spin iron(ll) complexes, the  XFeYPhBzXy Kon2M 151 Kotr, S K, M1
metal moves toward the plane of the equatorial nitrogens and ™ 2.3x 10°(0.3) 0.085 57 % 10°
the out-of-plane displacement decreases to about 0.05 A. Fe(DM) 1.7x 10°(0.3) 0.07? 2.5 10¢¢

For a variety of other transition metal cyclidenes, only small  (DM)Fe 30 (0.02) 0.007 4.2x 1C°¢
random deviations from the N4 plane of around 0.1 A are (DM)Fe(DM) 30 (0.003)  0.003 nonisosbestic

observed, with the only exceptions occurring for 5-coordinate,  avajlues quoted in parantheses are for the intercep} ¢ the plot
high-spin iron(ll) complexes. The larger of the more common of ke versus [CO].° Calculated fromK = kon/kotr. ¢ Determined by
deviations from the plane are correlated with the ligand structure. spectrophotometric titration.

Upon decreasing the length of the polymethylene bridging group

R! from C5 to C3, the metal was displaced by as much as an (WO analogous complexes, [R®hMeC5[16]Cyc)] and [Fe

additional 0.1 A. At the other extreme, as the cavities in the (PhMeXy[16]Cyc)], differing only in the Rbridging group,
polymethylene-bridged complexes increase in width from 4.9 the corresponding carbon monoxide affinity values &€ =

Ato 7.8 A (increasing bridge length from C3 to C8), the cavity -8 x 10° M~*andK®® = 6.8 x 10* M™%, respectively.

appears to more readily accommodate a variety of larger ligands. A Sécond source of distal steric hindrance was created by
The differences in the CO dissociation rate constants acrossf’lt'“’mh'n@j geminal dimethyl groups to the saturated chelate rings

the series of iron(ll) cyclidene compounds are much smaller of the macrocycle in the X and ¥ positions (Figure 1). Three

than the changes in the association rate constants. Howeverd'ﬁerent derivatives of the parent complex [fRhBzXy[16]-

the data clearly show that the values of the dissociation rate .CyC)CI](PFB) havg preyiously been synthesized and character-
zed!® The geminal dimethyl groups have been placed at two

constants decrease as the cavity sizes increase. The tetramettEY: .
ylene and pentamethylene derivatives have relatively small andlc_)catlons. The first c_omplex_ha; them located on the saturated
distinctly inflexible cavities in contrast to those complexes r|ng_where they provide steric hindrance to Fhe entrance of the
having longer polymethylene bridges. X-ray studies of these cavity (X). The secpnd location h‘."‘S tgemdlmethyl groups
short-bridged complexes also showed that their occupied and!0¢ated at the (relatively) closed side of the cavity (Y), where

unoccupied cavities have almost identical dimensions and '[heirthey (Ijo ?IOt r;indher entr)é o;_the kilnfoming "g_?r?d' Th? third
bridges have closely similar conformatiof{s The inflexibility complex has both sets gemdimethyl groups. The complexes

of these shorter chains, combined with the accompanying &€ labeled as (DM)Fe, Fe(DM), and (DM)Fe(DM), respectively.

smaller cavity dimensions, predicts destabilization of the carbon The kinetic data and equilibrium data for all four compounds,

monoxide adducts and therefore higher dissociation rate con-mCIUdIng the parent macrocycle with emdimethyl group, .
stants were anticipated. are presented in Table 3. From the reported values, placing

Steric interaction between the coordinated CO molecule and the gemdlmethyl_grqu at the closed side OT 'ghe caery, I_:e-
g (DM), has no significant effect on the affinity or kinetic
the polymethylene bridge was demonstrated by an X-ray crystal

structuré® that revealed both the bending of the FeCO linkage parameters. When thaem(.jlme;hyl group is located at .the.
from linear by almost 10and the displacement of F& bond entry (open face) of the cavity, the rate constant for CO binding

from the expected N4-plane orthogonality. decreases by a factor of 75. This difference suggests that there

Anoth hat diff t bridai that prod is strong steric interaction of this group with the incoming
nother somewnat difierent bridging group that produces a .,.54n monoxide molecule. This behavior is consistent with
relatively small and inflexible cavity at the binding site was

; . - . that observed when the cavity is made less accessible b
also used in our studies. This is the aromatigylylene (Xy) y y

bridging group. The complexes with this aromatic bridge are shortening the bridging group.

kable for thei ist ; toxidati 4 h b A more bizzare behavior is found in the case of the
remarkable for their resistance to autoxidation and have beenyisqqciation rate constant, which decreased by a factor 10
the subject of studies on the binding of dioxygen to iron(ll) in

. . . . compared to the parent complex. The obvious source of such
this novel non-porphyrin environmett1517.31 The aromatic P b P

: : ) . .. a decrease in dissociation rate would be release of strain,
bridge provides both more extensive sheltering of the cavity

contents and a more hydrophobic environment at the active site possibly caused by the interaction of a methyl group with the
: : X 'bridging group. Such a repulsion might conceivably have
either or both of which may be responsible for the unusual ging group P 9 y

tabilit £ th derivati t 4 autoxidati Th ~ pushed the bridge up and away from the volume occupied by
ﬁba' Mies o ¢ etse edrlvatlves o¥vart ?u Oéé)ab'.ogt te ﬁ?u" the CO. The results of X-ray studi€son the corresponding
orum constants and rate constants for Inding 10 NeS€ pjcyel complex indicate that the height and width of the cavity
iron cyclidenes are approximately of the same order of

; : are not altered significantly when trgemdimethyl group is
magnitude as those for the pentamethylene-bridged CompleXesintroduced. However, the crystal structure of the 6-coordinate
as is obvious from comparison of Table 1 with Table 2. For X

species is not available. Molecular modeling stutfiesn
(31) Sauer-Masarwa, A.; Herron, N.; Fendrick, C. M.; Busch, Dinelrg. d|o>§ygen adducts of cobalt cyclldengs show the presence of
Chem.1993 32, 1086. steric interaction between the bound dioxygen and methyl group
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Table 4. Kinetic and Equilibrium Constants for CO Binding to Several Heme and Model Compounds

T,°C solvent Kon, M71 571 Koff, S* K, M1 ref
myoglobin 20 HO 5x 1P 0.017 2.9x 107 7
hemoglobin 20 HO 6.5x 1C° 0.001 6.5x 10° 7
7,7-anthracene- 20 benzene x6L0P 0.05 1.1x 10 8a

cyclophane heme (Dclm)
6,6-anthracene- 20 benzene x30* 0.05 6x 1P 8a
cyclophane heme (Dclm)

FePocPiv (1-Melm) 25 toluene 5810 0.0086 6.7x 10/ 9
FeMedPoc (1-Melm) 25 toluene 1510 0.0094 1.6x 10° 9
FePiw(C1) (IMelm) 20 toluene 6.% 107 0.0027 2.4x 101 10b
FePiv(Cig) (1Melm) 20 toluene 1.8& 108 0.0002 9.0x 108 10b
FePiw(Cy) (1Melm) 20 toluene 1. 10° 0.0026 3.8x 108 10b
FePiw(Cs) (LMelm) 20 toluene 8.x 10 0.0082 9.8x 10° 10b
Fe-C12 (1-Melm) 20 toluene 2410 0.08 3.0x 10° 10c
Fe-C14 (1-Melm) 20 toluene 78 10 0.11 7.4%x 10° 10c
FeSP-13 (1-Melm) 20 toluene % 107 0.07 8.57x 10° 11
FeSP-14 (1-Melm) 20 benzene x810° 0.04 2.0x 1P 11
FeSP-15 (1-Melm) 20 benzene K10t 0.04 2.3x 10° 11
FeDurene-4,4 (Dclm) 20 toluene 301C° 0.7 4.3x 10° 12
FeDurene-5,5 (Dclm) 20 toluene 1410 0.13 8.5x 10/ 12
FeDurene-7,7 (Dclm) 20 toluene 2510 0.014 6.7x 107 12

in the axial X position. This steric interaction pushes the as anthracene heme cyclophdfiemnd pocket (PocPiv) por-
dioxygen up and into the cavity, causing the displacement of phyrins? Alternatively, the adjustable strap may be placed
the bridge upward and also displacement of gleerdimethyl across the face of the porphyrin ring, such as in hy8pidr
group downward and away from bound dioxygen, and in this strapped porphyrin¥11 From the affinity parameters of these
way releasing the steric constraints on the bound diatomic model compounds it is obvious that the more sterically
molecules. constrained models have lower carbon monoxide affinities.
A possible alternative explanation for this change is that the Kinetic investigation revealed that for the majority of these
gemdimethyl group may be entrapping the dissociated carbon complexes, the decrease in affinity is displayed primarily by
monoxide molecule in the cavity by imposing steric hindrance decreased association rate constants. The rates of dissociation
along its exit path, which might result in geminate recombina- remain constant or are only negligibly changed.
tion 32 . . ) Our investigations on iron(ll) cyclidene complexes confirmed
For the third complex with thgemdimethyl groups at both s conclusion. The main effect in the reduction of the affinity
positions, (DM)Fe(DM), the kinetic parameters correspond Very of jron(i) cyclidenes is due to the change of the binding rate
closely to those found for the (DM)Fe complex. Unfortunately, ¢qr carbon monoxide. Small, but sizable, changes in the rates
it was not possible to determine the equilibrium constant by o gissociation for Fe(ll) cyclidene complexes arise from the
spectrophotometric titration because of nonisosbestic beha"'orweakening of the bond to the carbonyl group by the inflexible,
of the corresponding spectral changes. This nonisosbestiCgpyq tar bridge groups (C4, C5). Longer and flexible groups

behavior is in agreement with previous findings for dioxygen ngergo conformational changes which lower the steric interac-
binding, and it was suggestéan the basis of electrochemical tion with bound carbon monoxide.

nd magn hemical ies that th mplex exi in - . oy .
and magnetochemical studies that the complex exists in aceto The increase of CO dissociation rates with increased steric

nitrile solution as a mixture of 4- and 5-coordinate iron(ll . .
speci (n hindrance was also observed in the Fef{durene-capped
pecies. M !

s porphyrinst4 The difference among shorter 4/4 and longer 5/5

The results obtained for the iron(ll) cyclidene complexe d7/7 bered linki buted hvri
provide increased understanding of the fundamental processe&n membered linking SVSte"?S was attri _ute to porphyrin
ring deformation and was not attributed to a distal steric effect,

associated with CO binding when compared to data available . . . . .
on other iron(ll) dioxygen carrief@able 4. Dioxygen carrier in agreement Wlt!’] the observation that distal steric effects often
model compounds incorporate in their designs functional groups influence assout_altlon . ra}te constants. For our system, the
that attempt to mimic the protein enviroment of the natural heme decreasg of the dissociation rate constant bY a fact_or of 10 upon
compounds. In addition to the shielding against irreversible Proceeding from the CS to the C6 derivative is ascribed entirely
oxidation, these superstructural features are built-in in order to t© the Steric interaction that is associated with the length of the
sterically discriminate between different ligands, such as di- Pelymethylene group at the distal site. The abrupt change
oxygen, bound in a bent fashion, and carbon monoxide, boundP&tween the C5 and C6 derivatives can be assigned to the great
in a linear mode. Many encumbered porphyrin derivatives have diminution in the steric hindrance between the bound CO and
been prepared and studied in order to clarify and distinguish [tS €nvirons because of the onset of flexible bridges at C6,
between various steric and polar factors affecting dioxygen, ccompanied by the appearance of an accommodating change
carbon monoxide, or other ligand affinities. The effort to isolate " qonformatlon, and _a_Iso b}’ the |_ncrease_d W'(_jth of the cavity,
and investigate a purely steric effect on the distal side of the Which may reach a critical dimension at this point. In a manner
porphyrin led to development of models with different degrees Similar to the conformational change found for C6 through C8
of congestion at the metal center. Some of these models arecyclidenes, the displacement of the phenyl roof in the basket
listed in Table 4. The superstructure in these models is formed handle porphyrins was also observed by Momentéau.
by anchoring the aromatic group above the binding site to the Electronic Effects. Electronic effects on the rate constants
porphyrin ring via two or more strings of variable length, such for carbon monoxide binding for iron(ll) cyclidene complexes
(32) The observation of the geminate recombination process would have been investigated by varying the substituents at the R

require the use of a fast, e.g., picosecond, kinetic method and is presenty@nd R positions while keeping the bridging group unchanged;
under investigation. m-xylylene was used as thel!Rridging group. The data for




5874 J. Am. Chem. Soc., Vol. 119, No. 25, 1997 Buchalet al.

four different derivatives are listed in Table 2. The iron(lll)/ Table 5. Solvent Polarity Effect for [P§PhBzXy[16]Cyc)CI]Pk
(I1) redox potentials have been measured to assess the electroni# the Presence of 1.5 M 1-Methylimidazole at 25

properties of the metal center. From the data in Table 2, it  solvent € Kon2M1s71 Kor,SSst  KAM™?
may be seen that the rate of binding of the carbon monoxide ~, ctone 207 181 (0.145) 0.14 6.9 107
molecule increases as the iron(ll)/(Il) redox potential becomes penzonitrile  25.2  2.% 1 (0.11) 0.08 3.6x 10°
more positive. However, the increase in the rate of carbon methanol 33 1.% 10° (~0) 0.2 6.1x 10°
monoxide binding is not proportional to the change in the redox acetonitrle  37.5 2.3 10° (0.3) 0.085 2.7 10

water 785 1.64 10 (~0) 0.06 2.7x 10°

potentials. The changes in the rate constants for the first three
derivatives are very small, close to experimental error, but there  avalues quoted in parantheses are for the intercep} ¢ the plot

is a more pronounced increase for the phenylbenzyl derivative. of keps versus [CO].° Solubilities of CO: acetone, 10.46 m#i®
There are marked differences in the redox potentials among the?é”zlonl't;”%- f5r-5m?'vﬁ3°g/e|:?aﬂ%~ Z-?r?].:]“'\fawater 0.955 't“'\f btr'

four complexes that are not reflected by changes in the rate oftitr:ﬂ%lﬂ]ée om# = . - Determined by spectrophotometric
binding. The dissociation rate constants show only marginal L )

changes. On the basis of these results it must be concludeg@cetonitrile, water, and acetone). The formation of solvated
that even though there may be small electronic effects on the 6-coordinate species is usually indicated by absorbance changes

binding constant, other factors are important in determining the N the visible spectra.  The UWis spectra of the iron(ll)
affinity and kinetics of small molecule binding to these

complex in all of the solvents used in these studies show no
complexes. The fact that the PhBz derivative has a measurably8Vidence of formation of low-spin 6-coordinate species. The
more rapid rate of CO binding and significantly greater CO

isosbestic behavior observed for the systems during CO titration
affinity joins a previously known extreme property of that

also fails to reveal any complications in the simple addition
complex. It is much slower to undergo autoxidation than are mechanism for small molecule binding. The rate data in Table
the closely related derivatives listed in Table 2.

5 are also inconsistent with the possibility that solvent molecules
The electronic effects of substituents vary among the various might enter the cavity and influence the rate of CO binding by
porphyrin systems, making it difficult to draw clear and simple

competition for the available site. The rate of dissociation of
conclusions. Whereas Traylor et®lfound no change in the

the bound ligand from the iron(ll) would then be the source of
affinity or kinetics for CO binding to chelated porphyrins with the solvent effect._ Th_|s predicts that _the_rate of CO binding
ethyl, vinyl, and acetyl groups on the 2- and 4-positions of the would be most r_apld with the weake_st I|_gat|ng solvent, acetone,
porphyrin ring, Sono et & reported decreasing binding and slow?;t] \;V'thh.trr:e. strgngestdblndmg solvent, watae
constants with increasing electron withdrawing power of the reverse of that which 1 observed.
porphyrin substituents. These auti®rslso reported the

In the case of iron porphyrins, diverse results have been found
opposite effect for reconstituted myoglobins, specifically an for the influence of solvent. Traylérobserved no solvent effect
increase in the binding constants as the electron density at the

on the rate of carbon monoxide binding for imidazole and
heme iron decreases. Hashimoto et¥akported that placing pyrld;net cz'ecliate(i mes.?hensle. r;l'he car}il;)n ”.‘Ot'?ox'd‘;‘ ﬂrqate
the electron withdrawing N&group on a capped porphyrin ring constants did not signincantly change with varaton of the
enhances the CO binding by a factor of 1.3 to 2.6 depending solvent from dichloromethane or toluene to dimethylformamide,
on the proximal base. Collman et®found that several para- 2:1 m[xture of dimethylformamide and water, or 2% aqueous
substituted iron(Il) tetraphenylporphyrins substituent©pe cetyltrimethylammonium bromide. In contrast, Coliman éPal.

and —Cl) had only marginal electronic effects on the CO reported an increase of one order of magnitude for the carbon
affinities. Clearly the influence of electronic properties on the ][nonotmlde affltnlty for the P|Icket ITencte polr.pihtyrllns ontcr:]hangljlng
kinetics and affinity of carbon monoxide binding to iron O™ OlUENE 0 @ MOre polar Solvent, a 1.2 tolueneetnano

porphyrins is a complex issue and many facets of this subjectm'Xture' Small changes in ca_rbon mono_X|de_3 affinities were
remain to be clarified. found also for capped porphyridéwhere kinetic parameters

Solvent Effects. Five different solvents have been used to and affinity constants were obtained in toluene, tetrahydrofuran,
. . > . . and dimethylformamide. Despite the small differences reported
investigate the influence of the medium on the kinetics of

o L by others for the solvent polarity effect on carbon monoxide
binding and affinity for CO of [Eé(PthXy[lB]ch)Cl](PE). binding in general, the effects of solvent polarity on dioxygen
The solvents used, together with their dielectric constants and affinities are widely recognized, which is in agreement with
the I_<|net|c a_nq equilibrium parameters for ca_lrbon monoxide the assumption of bigger charge separations in dioxygen adducts
binding to this iron(Il) complex, are presented in Table 5. The (Fe—00’-) compared to little or no charge separation in-Fe
results show that the rate constant for carbon monoxide binding CO complexes
increases with increasing dielectric constant of the medium. In contrast td the porphyrins, cyclidenes are neutral ligands
Chang|.ng thg sqlvent from acetone to water, increases the carborlln d therefore the iron(ll) complexes are (1) accompanied by
monoxlde blnqllng rate constant by.morg than two qrders of two counteranions, usually chloride and hexafluorophosphate,
magnitude. Since the rate of the dissociation doesn't change

significantly, the same increase is found in the equilibrium and (2) readily soluble in a wide range of polar solvents.
cc?nstant leita q Porphyrins are dianionic ligands which satisfy the positive

. . . . charge on the iron cation, producing neutral complexes. The
As was previously establishéeljron(ll) complexes remain g P g P

high-spi . ; . t <ol includi overall electrostriction of the solutions of the cyclidene com-
igh-spin and 5-coordinate in a variety of solvents (including ,jeveq is higher due to their existence as salts. This effect can

(33) Traylor, T. G.; White, D. K.; Campbell, D. H.; Berzinis, A. B. contribute to the extensive solvation effects observed for the
Am. Chem. Sod 981, 103 4932. iron(ll) cyclidene complexes in different solvent media. For

(34) Sono, M.; McCray, J. A.; Asakura, T. Biol. Chem 1977, 252, example, in solvents of low polarity, the complex may be present
7475, as closely associated ion pairs or clusters; whereas in more polar

(35) (@) McCray, J. A.; Sono, M.; Asakura, T.Rorphyrins Chem. Ad g 4
(Porphyrin Symp. 197971979 205. (b) Sono, M.; Asakura, T. Biol. Chem. solvent, the anions may be separately solvated and thus increase
1975 250,5227. (c) Sono, M.; Smith, P. D.; McCray, J. A.; Asakura,JT. accessibility of the complex to the carbon monoxide.

Biol. Chem.1976 251, 1418.

(36) Hashimoto, T.; Dyer, R. L.; Crossley, M. J.; Baldwin, J. E.; Basolo, (37) Chang, C. K.; Traylor, T. GProc. Natl. Acad. Sci. U.S.A975
F.J. Am. Chem. S0d.982 104, 2101. 72,1166.
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Proximal Base Effect. At least two effects of axial bases, Table 6. Proximal Base Effect for [F¢PhBzXy[16]Cyc)](PF).
acting at the proximal site, have been proposed to account forin CH:CN

the various affinities of dioxygen carriers. The obvious effect axial base

arises from the basicity and, therefore, electron donor abilites  (concn, M) kon® M~ s™ Kot 71 KeM™t
of the molecules at the proximal position. In general, it is  1-Melm (1.5) 2.3x 10°(0.44) 0.085 2% 10¢
accepted that higher basicity of the axial base increases the (P:ﬁ(cl:ﬁ) GZfX ig (2-5732) (1)-2 ggﬁ %833
dioxygen affinity, i.e., the so-called trans efféé3*3° For T2 DMelm (L5)  Abx 10 EO.B)) 55 o
carbon monoxide the situation is not so clear, as has been

discussed recently by El-Kasmi etl.Most of the studies on 2Values quoted in parantheses are for the intercep} ¢ the plot

porphyrin derivatives were carried out employing nitrogenous gf &g;g’ﬁ:i‘gﬁg;ﬁizﬁi‘gg*ated fromK = Kor/korr. © Determined by
bases, methylimidazole derivatives, and pyridine. Those ob- P P ’

servations comply with the known trans effeéor increased  constants. The higher basicity of 1-methylimidazole is respon-
basicity of the proximal base, the affinity of carbon monoxide sjple for the formation of the more stable carbon monoxide
increases-although the changes occur in much smaller incre- adduct compared to systems having pyridine as the axial base.
ments compared to the results of studies on dioxygen binding. |n summary, in the absence of proximal base tension, the axial
Extending the scope of this stulyto a much wider [, range base effect is reflected mainly in the rates of CO dissociation,
using thiolates and alcoholates<gr> 10) in addition to nitrogen  which is a reflection of the strength of the ire€0O bond.
heterocompounds K =< 7) shows the opposite trend: a 1 2-Dimethylimidazole is more basic than 1-methylimidazole;
decrease in carbon monoxide affinities as available electron however, both the CO affinity and kinetics of binding are lower
density increases. The dioxygen affinities follow the expected due to the increased steric requirements of the base for binding
changes: with increased basicity, the affinity constants increase.to the iron(ll) ion, i.e., proximal base tension. Brief reflection
This variation was explained in terms of differemtand on how this structural factor must operate places it in sharp
bonding contributions for the different ligands. contrast to the steric effects created by alterations in accessibility
The second effect attributed to the axial base and usually of the cavity. The cavity size effects are attributed mostly to
called the proximal base tension was first introduced by Péutz. alterations in the opening that the randomly moving small
According to this theory, the movement of the metal center molecule must penetrate. On the other hand and insofar as the
perpendicular to the heme plane, due to the binding of the axial CO is involved, the main restriction imposed by 1,2-DMelm is
bases, may vary depending on the steric hindrance encountered® hinder the motion of the iron atom, from its displaced position,
by the axial base. These differences in the metal ion position UP into the N4 plane, a motion necessary in order to bind to
alter the affinity for small molecule binding on the opposite €O on the opposite side of that plane. The equilibrium constant
(distal) axial position. The steric strain on the proximal side reduction for this proximal base is assigned to the decrease of
for some model compounds was introduced by Brault and the binding rate constant (a factor of 5) and a smaller increase
Rougeé! and studied systematically by Traytdand Collmarf? of the dissociation rate constant (a factor of 3.5). That
The former authors found that the carbon monoxide binding @Ccompanying increase in the rate of dissociation is an indication
constants decrease with the introduction of this kind of strain, that bond strain is indeed exerted by the steric demands of 1,2-
Coliman characterized the system kinetically and found that the DMelm. In contrast, comparing the binding parameters for
decrease in affinities is reflected in decreased association andl-methyllmldgz_ole to those for gc_etonlmle as t.he axial base,
increased dissociation rates for the carbonyl ligand. Thesethe lower affinity of the a‘?etFJ”'”"e arises entirely .from an.
porphyrin model compounds without or with proximal base enhan_ce_ment of the d|SSOC|_at|on rate. '_I'he smaller increase in
tension were found to mimic the behavior of R and T state association rate observed with a_c_e_tonltrlle over 1-Melm would
hemoglobin, respectively. Crystal structures of the CO adducts have reversed the order OT St.ab'“t'es' . .
of capped porphyrins in the presence of 1-Melm and 1,2-DMelm In summary, the CO binding rate is controlled by steric

have been recently determindand related to the R and T interactions involving the cavity in the main ligand and the
state of hemoglobi>r/1 respectively position of the iron with respect to the N4 plane. The CO

) o dissociation rate is controlled by electronic factors and the metal-
The data for carbon monoxide binding to [RBhBzXy[16]- centered steric effect. As outlined above, axial bases play two

Cyc)](PFs)2 in the presence of several nitrogenous base mol- 5yn0sing roles. An electronic contribution stabilizes the carbon
ecules is summarized in Table 6. Unlike all other complexes onoxide complex by strengthening the ir6®O bond and this

in our studies, the chloride counteranion in this compound had js manifested in a lowering of the dissociation rate. Axial bases
been removed by a simple metathesis procedineorder to 150 pull the iron out of the N4 plane, which hinders CO binding

avoid the complications from other possible equilibria in the to the opposite side. For the iron cyclidenes these effects are
solution®> The axial bases 1-methylimidazole, pyridine, ac- gaJ| well-defined.

etonitrile, and l,z-dimethy”midaZO'e were used in our studies. The carbon monoxide affinities for both imidazole and
The complexes with acetonitrile in the axial position have lower pyridine with a chelated mesoheme were reported by Traylor
equilibrium constants for CO binding than does the 1-meth- and his co-workef to be of very similar value, and they
ylimidazole derivative because of relatively high dissociation concluded that carbon monoxide affinity is insensitive to the
nature of the nitrogenous base. In contrast, for Picket Fence

(38) Collman, J. P.; Brauman, J. |.; Doxsee, K. M.; Sessler, J. |.; Morris,

R. M.; Gibson, Q. HIlnorg. Chem 1983 22, 1427. (45) For 1.5 M 1-methylimidazole in acetonitrile, the presence of chloride
(39) ElI-Kasmi, D.; Tetreau, C.; Lavalette, D.; Momentdaém. Chem. has little effect on the kinetics of carbon monoxide binding and dissociation
Soc.1995 117, 6041. from the iron(ll) complex. The kinetic and equilibrium parameters fot {Fe
(40) Perutz, M. FNature197Q 228 726. (PhBzXy[16]Cyc)CI]Pk were found to be the same as those for the chloride
(41) Rougee, M.; Brault, DBiochemistryl975 14, 4100. free complex [F&(PhBzXy[16]Cyc)](Pk).. With use of 1.5 M pyridine in
(42) Geibel, J.; Cannon, J.; Campbell D.; Traylor, T.J3Am. Chem. the solution for the chloro derivativii® = 690 M1, in the presence of
Soc.1978 100, 3575. 1,2-DMelm K= 1200 M™%, and in the absence of the external base
(43) Slebodnick, C.; Duval, M. L.; Ibers, J. Anorg. Chem.1996 35, moleculeK® < 660 M~L. The deviation in these data compared to the
3607. data in Table 6 is ascribed to the influence of the chloride anion present in

(44) Novotnak, G. C. Ph.D. Thesis, Ohio State University, 1987. the solution.
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porphyring® the decreased basicity from covalently attached be occurring. Whereas one might argue that the reduction in
imidazole to the analogous pyridine axial base gives a 13-fold binding rate is a manifestation of the first steric effect we
reduction in carbon monoxide affinity, due to an increase in identified above, the steric inhibition of ligand dissociation is
the dissociation rate constant. The role of the axial bases isquite a different and unusual phenomenon.

less clear among the porphyrin complexes. Ligand substituents that change the iron(lll)/(Il) redox
potential have only a small effect on the kinetics of carbon
monoxide binding. Increasing the solvent polarity, from acetone
The iron(ll) cyclidene complexes reversibly bind both di- to acetonitrile to water, increased the carbon monoxide binding
oxygen and carbon monoxide, and they have been studied agate constant to [F§PhBzXy[16]Cyc)] by over two orders of
models for the heme-based biological dioxygen carriers. The magnitude and had only a small effect on the dissociation rate.
affinity for both gases is known to depend strongly on ligand These effects, which are relatively large compared to those
substituents and for that reason, the cyclidene platform providesobserved for porphyrins, are believed to be associated with
a unique opportunity to study the structtifenction relation- increased solvation interactions which, in turn, are related to
ships of dioxygen carriers. Remarkably, in the present studiesthe existence of cyclidene complexes as salts.
of CO binding, four distinctly different steric effects have been  Two axial base effects were observed, the first electronic and
observed. _ the second steric. Adding 1-methylimidazole to an acetonitrile
Variations in the Rbridge length have a profound effect on  sojution of [Fé(PhBzXy[16]Cyc)] increased the overall CO
the carbon monoxide affinity, which varies over five orders of gqyjlibrium constant by ca. 50 times. This is clearly an
magnitude as Rvaries from tetramethylene to octamethylene. gjectronic effect and arises primarily from a decrease in the rate
First steric effect This change in affinity arises primarily from  of gissociation. Fourth steric effect: 1-Methylimidazole
an increase in the rate of carbon monoxide binding (four orders ¢qntrasts with 1,2-dimethylimidazole, which has a much lower
of magnitude) and less from the rate of carbon monoxide r4te of carbon monoxide association and a higher rate of carbon
dissociation (one order of magnitude). The dominant effectis ,5n0xide dissociation. The difference in behavior is assigned
therefore believed to be a steric interaction experienced by theq, e increased steric interaction between the 1,2-dimethylimid-

incoming carbon monoxide molecule because of the limited ;)6 and the cyclidene ligand, reflecting the extent to which
access provided by the lacuna&econd steric effect The the axial base could pull the iron atom out of the N4 plane.
lesser, but distinctive, effect on dissociation rates is attributed

to steric effects on the strength of the ire80 bond, and is

the first unambiguous demonstration of this phenomenon for
CO adducts among dioxygen carrierghird steric effect: The
carbon monoxide affinity can also be reduced by placing
sterically bulky groups on the N4 macrocycle that provide steric
hindrance in the path of the incoming carbon monoxide
molecule, which results in a lowering of the binding rate
constant. These groups also lowered the dissociation rate
constant, indicating that geminate recombination processes mayA9625539

Conclusions

Acknowledgment. The support of these investigations by
the University of Kansas is gratefully acknowledged. This
material is based upon work supported by the NSF under Grant
No. OSR-9255223 and matching support from the state of
Kansas. We also thank Dr. Nicola E. Brasch (University of
Erlanger-Nurnberg) for valuable discussions and DAAD for
a fellowship (M.B.) to perform part of this work in Erlangen.



