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ABSTRACT

A series of myoglobin active site analogues wasth®gized and characterized to investigate the
dioxygen binding effects of having a flexible disttrap over the coordination site. These four lsgtit
models differ mostly by the shape and polarityhait cavities and possibly also by motion of thetali
strap attached to two of tmeesocarbon atoms. Each of the four models has annnaliecular nitrogen
base that axially binds the iron(ll) cation insitie porphyrin but they differ either by the natofehe
distal strap or by its mobility. The overhangingtdl group is either a generally apolar ethyl maten
group or a polar malonic acid group which is algirang H-bond donor. It is shown that in the fago
complex 2b bearing such an overhung malonic acid group iseclproximity to the iron atom, the
equilibrium rate for dioxygen binding is signifiddnenhanced in comparison to its ester precuisor.
the case of the analogous compldxbearing a more mobile distal strap, one of théaaylic acid
group binds the iron(ll) cation, leading to a soeadinate ferrous complex. Unexpectedly, this campl
proved to be high-spinS(= 2) as shown by solid state magnetic measuremé&fiteereas this
unprecedented complex still binds dioxygen, thenion of the intramolecular six-coordinate complex
precluded the measurement of its dioxygen affithtypugh direct quantitative gas titration monitored
by UV-vis spectroscopy. However, in this case, determination of the kinetic rate constants for
dioxygen binding and dissociation by laser flaslbtplysis allowed evaluation of the equilibrium rate
Together with three previous X-ray structures afnircomplexes in thexapf conformation, the
structure of the cavity and the shape of the relakistal strap are also discussed with consideraifo
the resolution of X-ray structures of two differente-base ligands in theap3 conformation, one
bearing the ethyl malonate group and the secondbeaeng the malonic acid group. A third X-ray
structure of the analogous ligand with the overlvamngthyl malonate group in tlg8af3 series allows a
direct comparison of the distal strap in both geie® This work reveals that the compound with the
overhanging carboxylic acid group which cannot diseinteract with the ferrous heme exhibits an

increased dioxygen affinity by two orders of magdé# versus its ester precursor.
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INTRODUCTION

For at least four decades now, researchers have ibgestigating the mechanism of CO and O
discrimination in natural hemoproteins, such as giglin (Mb) and hemoglobin (Hb). These
hemoproteins store and carry dioxygen in the prseifthe endogenous carbon monoxide with a ratio
of affinity of approximately 200. For synthetic henthis ratio is much higher, up to 20 000. It foasy
been assumed that the CQ/dscrimination is mainly based on distal steriogtoaints prescribed on
CO binding (this is known as the Coliman hypothesladeed, this hypothesis explains how nature has
solved the problem of carbon monoxide toxicity with steric hindrance of £binding as the latter
binds in a bent fashiohHowever, there is still an ongoing debate aboet rature and molecular
mechanism of this discrimination. Another way torgase the discrimination of CO is to increase the
affinity for binding of dioxygen. The most signiéint distal effect to achieve such an increaseas th
stabilization of the bound dioxygen in Mb and HbHhygrogen bonding with the distal histidine residue
(this is known as the Pauling hypothe$idhis hydrogen bonding has been confirmed latendaytron
diffraction measurements of the oxy-myoglobin compltself> Synthetic models of Mb have been
invaluable in unravelling the subtle and corredabee between reversible dioxygen binding and its
potential competitor, carbon monoxi@i&he very first milestone in the domain of syntbetiimics of

Mb was the “picket-fence” porphyrin which still tagl remains the only model of oxy-myoglobin
isolated and characterized in the solid sfatiith this molecule it was established that dioxyge
affinities similar to those of natural proteins tibe reached because the picket fence prevents
formation of thep-oxo-dimer. Since then, many other models have lwyeloped and studied to
investigate the possible influences of steric ankhpinteractions on gas binding. Examples of such

models include cappédyocket] hybrid° basket-handfé and aza-tripodal cappEdorphyrins. Thus,



it has been established that systematically deicrgdise size of the distal cavity decreases COnidyfi
without a significant effect on Laffinity. This effect has been rationalized maimly a decreased
ligand-association rate constant of the linear bloG®. On the other hand, few reports deal with the
possible influence of electrostatic interactionsd binding and thus on its discriminatibhThe latter
study described successful CQ/@iscrimination with overhanging hydroxyl groups iion twin-
coronet porphyrins. In these models, the stahilitthe dioxygen complexes and theiy &finities were
explained by a hydrogen bond detected by RR smauipy. NMR and Pulse-ESR spectroscopic
methods were also helpful in detecting such a B8mt:*°However, to the best of our knowledge, a
solid-state structure of a synthetic dioxygen earexhibiting a hydrogen bond with the dioxygen
adduct has never been reported. Thus, design, esgiatland characterization of a dioxygen carrier
model with a polar group suspended over the coatin site would be a worthwhile effort.
Concomitantly, an intramolecular nitrogen base &hbe present to stabilize of the ferrous heme as a
five-coordinate complex. On the distal side, th&apgroup must be located at a suitable distarmma fr
the heme to first allow either dipolar interactioms hydrogen bonding with the superoxo complex
without any possible direct interaction with therteeitself. The latter property has long been shtavn
be crucial for non sterically hindered porphyfinand must not be neglected for the design of any
model*® Furthermore, it would be convenient to imagineracsure that could avoid steric hindrance
while retaining the polar group near the bound ggen. This implies the synthesis and charactedmrati
of not one but rather several models that woulovaluch a variation and represents the main fotus o
this work.

In a preliminary communication, we reported thexglgen binding constants measured on two isomeric
series of iron strapped porphyritiEEach series contains two models differing onlythy nature of the
overhanging group, either a diethyl malonate moigtya malonic acid moiety. In one series, the
porphyrin bearing the malonic acid exhibits a digesy affinity 100 times higher than its diethyl este
counterpart. In the second series, the porphyrariibvg the malonic acid proved to evolve slowly from

the initial five-coordinate complex to the six-cdorate complex as a result of intramolecular



coordination of the malonic acid, precluding theedi measurement of the equilibrium r&t&or this
precise model, we have thus investigated the diemygnding behavior using laser flash photolysis to
obtain deeper insights into the kinetic rates togetwith X-ray characterization of the three novel

ligands described herein.

EXPERIMENTAL SECTION

Materials and Methods. All commercials chemicals (Aldrich, Acros) and satts (ACS for
analysis) were used without further purificationlags otherwise stated. Solvents used in an inert-
atmosphere (dry-box; D< 1 ppm) were freshly distilled and deoxygenalgdthree “freeze-pump”
cycles. Benzene, toluene and THF were distilledr gvetassium benzophenone ketyl; methylene
chloride, pyridine, triethylamine and pentane o@aH,; methanol over magnesium turnings. Column
chromatography was performed on Sierck TLC-Kieselgel 60H, 15 pmfH NMR spectra were
recorded on @rukerAvancB00 or spectrometer equipped with a TBI probe. 8pesere referenced
with residual solvent protons. UV/ Vis spectra wereorded on a Uvikon XL spectrometer. X-Ray data
were collected on an APEXII, Bruker-AXS diffractotee Kinetic measurements of,@ssociation
were carried out using a laser flash photolysisesgsconstructed by Unisoku, CO., Ltd (Osaka, Japan)
A Xe arc lamp was employed as the source of théetmht to follow the spectral changes and a
sample was excited with 5 ns pulses (532 nm) from®-awitched Nd: YAG laser (Surelite I,

Continuum).

Synthesis and Characterization. Porphyrins 1a, 1b and 4,° porphyrins 5 and 6, and

porphyrins?, 8, 2a, and2b®* were prepared as previously reported.

Laser flash photolysis studies. The association of Qwas confirmed by observation of absorbance

changes of the Soret bands after the flash phasobysViP.B.Q under various partial pressures gfaD



25 °C. Each time course of the absorbance waszethlyy single phase kinetics to give a pseudo-first
order rate constankd,). The association rate constant of or MP.B. k”o,) is determined by the

following equation:
kobs = K”02[02] + Ko

wherek®,is the dissociation rate constant of for MP.B. Dioxygen solubility in benzene at 25 i*C
9.1 x 10* M atm™. For 1bFe, only the apparert®s, k°"o, can be evaluated because intercept of the
plots ofkyps against @ concentration includd€™o, and the rate constants for intramolecular assooiat
and dissociationk’", andk’™,, respectively (Scheme S1). The intercept valuedssmall and almost
zero (Figure S3). Thus, an expected upper limithefk’s, was determined from the experimental
deviation. In the case @bFe, the association of {s slightly faster than limitations of our instrunte
even under a low partial pressure (0.1 atm) ef Thus, an expected lower limit of th€"o, was

determined.

X-ray Crystallographic Studies.

The crystals of the three compounds were growndisated here after.

1b: Slow diffusion of a mixture of MeOH/ ¥ in a DMF solution of the compound.

2a: Slow evaporation of a mixture of CHLMeOH in which the compound is dissolved.

4: Slow evaporation of a mixture of CHLMeOH/ Acetone in which the compound is dissolved.

Crystallographic data (excluding structure factdm)the structures reported in this paper havenbee
deposited with the Cambridge Crystallographic D&anter as supplementary publication nos.
CCDC7927391b), CCDC 9939814a), and CCDC 7927384]. Copies of the data can be obtained free
of charge by contacting the CCDC, 12 Union Roadnfr&dge CB2 1EZ, U.K. (fax, (internationat)

44-1223/336-033; e-mail, deposit@ccdc.ca-m.ac.Uke structures were solved by direct methods

using theSIR97program?® which revealed all of the non-hydrogen atoms, @efitied with full-matrix



least-square methods based Fh (SHELX-97%* with the aid of theWINGXL9?® program. All non-
hydrogen atoms were refined with anisotropic thérparameters. Hydrogen atoms were finally

included in their calculated positions.



RESULTS AND DISCUSSION

A series of four ferrous porphyridsFe, 1bFe, 2aFe and2bFe (Figure 1) were synthesized according
to a previously reported methddThe method is based on the reaction of diethybrmte with picket
porphyrins obtained by reaction of 3-chloromethghboyl chloride on various atropisomers of tetra-2-
aminophenyl porphyrin (TAPPY.Further reaction of a nucleophilic reagent as fonse carbanion or
a primary amine on the resulting picket porphyteeds to the formation of straps. Thus the geometry
of these bis-strapped porphyrins depends on tleeteel atropisomer of TAPP as starting material. In
this work, we focused on botht5,15{3-10,20 andx-5,10-3-15,20 bis-strapped porphyrins. Among the
four compounds studied, those labelepresent theaf33 isomer and compounds label2depresent
the aBaf isomer. Compounds labelea possess an ethyl malonic ester group and thosdethb
possess a malonic acid group, while all other featare otherwise the same. This series allows us t
conduct a cross comparison of both the nature efdiktal hanging group and the geometry of the

compound.

[Insert figure 1]

The key structural feature of this series is degidh Figure 1 by the red circles of the distahstthat
represent the two benzylic methylene groups. Thesaps act as hinges to permit a swinging motion of
the overhanging group. This swinging motion doeshave a strong influence on the spatial locatibn o
the overhanging group of compoun®@sn the apaf} series. However, for compoundsof the aaf33
series, it allows the malonyl group to switch fr@am inner position to an outer location and thus to
change the steric hindrance over the coordinatiodifg site. For instance, the &oup can be oriented
inside the binding cavity as depicted (Figure Impoundsl) or moved outside of the cavity upon
rotation around the two benzylic methylene groufisis conformational flexibility has already been

confirmed by X-ray crystallography in the coordionatof large cations by this type of ligands, wiesth



in theaaPB? or in theaBap conformatior?® In the latter, it should be noted that an addilgossible
rotation of the strap comes from its hinges whighlacated at opposingesopositions denoted by the
blue circles in Figure 1. In other words, in moge| the carboxylic acid groups can only change their
orientation from outside to inside the cavity byaton around the benzylic groups but at an indeia
distance from the iron atom imposed by rotationtled strap around the 5,I%eseposition axis.
Conversely, the restricted degree of freedom ferrtitation of the strap ifb, due to its anchoring on
the 5,10mesopositions offers higher control of the positioniofgthe potential hydrogen-bond donating
group but at a variable distance from the iron€idye. Indeed, the only change in the location ef th
carboxylic groups should arise from bond rotationuad the benzylic carbon atoms in the strap.
However, from previous X-ray structures of simit@mplexes with inert metal such as nickel or zinc
bearing an axial ligand, we know that owing toiftisinsic flexibility, the bending of this type atrap
can vary from 45° bent over the coordination $deapproximately 84°, which is close to being
perpendicular to the porphyrin plaffe.

We have shown that the route for synthesis of camgs of seried from picket porphyrirb is most
efficient when a two-step process is used wherdferent strap is linked to each side of the pomahy
(Scheme 1¥? Thus, the first step consists of the synthesisinf§jle strap porphyrir prepared by
addition of diethyl malonate to picket porphynin the presence of base (60 % vyield). We further
solved the crystallographic structureo{Figure 2 and Table 1). Actually, the compoundstaifizes
with two different molecules in the asymmetric ufiihe two centroids of each porphyrin are separated
by 16.29 A with an angle of 48.24° between the twean porphyrin planes. The two molecules
although different exhibit the same conformatiorboth the strap and the two pickets. However, as in
one molecule, one of the ethyl ester groups isrdesed over two positions, we will refer to the aeth
porphyrin without any disorder for the structurakdription. In this structure, the two remainingkeits
have outwardly-directed -GHCI groups where the -GHgroups are located inside the cavity when the
strap is closed (see C1 and C3 of the strap, Figura the relaxed conformation, the strap is lwamr

the coordination site with an average angle of #typical structural feature of this strap in this



particular geometry is influenced by the ethyl nmalt® group which is oriented inwards by rotation of
the bond between benzylic carbon atoms C1 and @GRitee the strap to adopt a clear W-shape, with a
short distance between the oxygen atom of one gsterp (O3) and the oxygen atom O2 of the
carbonyl from the other ester residue (02-03: 2AXL s a result, the COO group labeled QB8 is
closer to the porphyrin plane than that labeled ©O2Cwith O4 located only 3.680 A away of the
centroid of the macrocycle. This first X-ray stuet is a reliable illustration of the possibility o
rotation of the overhanging group around the twaozlgbc hinges. This specific conformation has a
direct influence on the coordination propertieshef resulting iron models, as described in moraibet
below. It is important to note that this W-shapetloé strap is achieved in this case without any

attractive coordination driving force and therefampresents the least constrained, or “relaxed

conformation of the strap.

[Insert scheme 1]

[Insert figure 2]

The next synthetic step is achieved by additiorCqdyridin-3-yl-methylamine to4 leading to the
expected bis-strapped ligafd, bearing on one side a hanging diethyl malonatetypand on the other
one a pyridinyl residue. Treatment td with BBr; at room temperature leads to cleavage of the ester
groups while avoiding any decarboxylation to obtaorphyrinlb with an overhanging malonic acid
group. For this free-base ligand as well, we olatdisingle crystals and solved its X-ray structure

(Figure 3, Table 1).

[Insert figure 3]

[Insert table 1]

1C



A comparison of the X-ray structure dib and that o4 leads to three important observations. First,
the two chloro pickets of appear to be placed to allow bis-substitutiorhef pyridyl residue, which is
oriented outwards with N7 atom located 11.91A avieym the centroid of the porphyrin. This
orientation is expected to be adopted without aireqent for a coordination driving force. Secoti,
mean plane of the proximal stfdjis essentially perpendicular to the mean plarta@porphyrin (83°).
Third, the W-shape of the distal strap is also gmesvith an overhanging malonic acid group as the
conformation of this strap is identical tb and4. The two main differences are the presence of a
hydrogen bond between the two carboxylic acid gsandb (02-03: 2.461 A) and the smaller angle
of the distal strap with respect to the mean parphglane inlb (37°) than in4 (47°). The latter
observation is consistent with the observation efrdased steric hindrance when switching from the
ethyl ester group to the carboxylic acid group. §ha the free-baskb, the proximal strap is oriented
outwards far away from its “coordinating” conforneat It is noteworthy that the relaxed conformation
of the distal strap allows one of the carboxylioups to come very close to the centroid of the
porphyrin. This is an essential condition for agibke interaction with the bound dioxygen on thenir
complex. As a result of the W-shape of the striap,closest oxygen atom to the porphyrin centrol, O
is located at a distance of only 3.53A. This slighirger distance than in porphyrdn(3.53 vs. 3.26 A)
may be the result of the light saddle-shaped distoof porphyrinlb with an average shift of thg-
pyrrolic carbon atoms from the 24-atom mean plane®4 A.

The same synthetic pathway has been applied tosdoend group of compound3 in the
opap conformation (Scheme 2). However the synthesis dusstart from thexfof atropisomer
(12.5% of the TAPP mixture) but from theaaa atropisomer for which the yield of 12.5% can be
increased up to 70% of the TAPP mixture using thedsey proceduré® Thus, the single-strap
porphyrin7 is prepared from picket porphyréin 61% yield. PorphyrifY is heated in toluene and this

steric decompression step supplies porph§iim 70 % yield?? The two last steps are the same as those
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of the synthesis described herein above, involaiddition of theC-pyridin-3-yl-methylamine to obtain
porphyrin2a and treatment by BBrto obtain porphyrireb. Porphyrin2a was also characterized in the
solid state by X-ray crystallography (Figure 4, Teali) and is relatively important as the unique

instance in thisiBaf series.

[Insert scheme 2]

[Insert figure 4]

Although two constitutional isomers, porphyrifda and 2a are very different in terms of steric
hindrance, rang of motion of the straps, and ligdelid/ery. In porphyrirRa, the two straps maintain an
average position close to being perpendicularéaiean porphyrin plane (distal 71° and proximal).77°
This is confirmed by the diethyl malonate group ethexhibits only two signals for both ethyl groups
that are magnetically equivalent on the proton NBctrum recorded at room temperature. The
closest oxygen atom to the porphyrin centroid, ©cated at a distance of 3.21A. Although theadlis
residue is the ester group, this distance is eliertex than the distance observed in its acid @patt
in the other geometrgb. However, if it can be anticipated that in compasifh, the distance of the
overhanging distal strap to the porphyrin center daange according to the angle of the distal dtwap
the mean porphyrin plane, this distance should ire@danost essentially invariable for compound serie
2. Indeed, the straps can oscillate around theirdbomhich are linked to the two opposateso
positions and the overhanging group can switch feofateral position to the other equivalent lateral
position by rotation around the two benzylic hin@dsand C3.

After iron insertion into each model inside a digxhbby heating the free-base porphyrin with iron
bromide in the presence of 2,6-lutidine, the réisgltcomplex must be carefully analyzed. It is neeeg
to first form a five-coordinate complex in whichetmitrogen base occupies one of the two axial

coordination sites because one coordination sitet mumain free for dioxygen binding. Typically,dhi
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can be realized in solution by either UV-vis t1 NMR spectroscopy, although the spectrum is
expected to be paramagnetic as a result of thedpghS = 2) character of the complex. In the solid
state, X-ray characterization could unambiguousiyve the nature of the complex whereas in the

literature, X-ray structures are quite rare duth&inherent difficulty in handling such complexés.

[Insert figure 5]

An example of such a five-coordinate complex ig tifacompoundlaFe'' (Figure 5, spectrum (a)).
This 'H NMR spectrum is typical of a paramagnetic fivexabnate ferrous complex with chemical
shifts for the varioug-pyrrolic protons in the 50-60 ppm regidhThis sphere of coordination has been
confirmed in the X-ray structure dfFe'' (Figure 6a)® A second NMR spectrum was recorded after
introduction of dioxygen into the NMR tube (Figisespectrum (b)). This spectrum is not well resdlve
and exhibits broad signals. It also lacks any dignéside the usual diamagnetic region. In order to
exclude the possibility of oxidation, a third NMRRestrum (Figure 5, spectrum (c)) was recorded after
introduction of CO into the NMR tube. This last sjpam is well resolved with mostly sharp signals,
indicating a six-coordinate diamagnetic specietiat any oxidation due to the preliminary bindirfg o
dioxygen. As carbon monoxide has been proposed raslicing agent in cytochromeoxidase’ it
could also be the case in the present studies. t#awa our models, we have never observed such a
reaction by introduction of CO into the non-reduspdcies samples.

Based on dioxygen and carbon monoxide binding rooetkt by UV-vis spectroscopy (see Figure S4,

supporting information), the same behavior was nteskfor complexe2aFe and2bFe.

[Insert figure 6]

Thus,1aFe" is a five-coordinated complex, as expected. Thainolecular pyridine is coordinated to

the ferrous cation, pulled 0.430 A away from thecroaycle mean plane. The distal strap adopts the
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above mentioned W-shape, highlighted in black (Fégea) with O4, the closest oxygen atom of the
distal strap to the iron atom, located at a distawic3.602 A from the iron atom, that is chiefly3a® A
away from the mean porphyrin plane. The angle efdistal strap to the mean porphyrin plane is 33°.
The W-shape conformation adopted by the distapsiraves the O4 atom inside the distal cavity where
it is pinched between the two pickets of the stpmplexeslbFe" (Figure 6b ) an@Fe'" (Figure 6c)
were also characterized by X-ray crystallograplwg fatter being a side-product of the synthesis of
1bFe" in which the decarboxylation of the malonic acidiety was observed. As these three structures
have already been reported and discussed in dEt&ilwe discuss them as definite proof of the various
possible coordination patterns offered by thesanits.

The same W-shape of the distal strap is also fimedmplexlbFe' bearing an overhanging malonic
acid. However, the X-ray structure of this compled to a rather unexpected structure (Figure 6b).
Indeed, inlbFe' the strap is flexible enough to allow axial coartion of one carboxylic acid group to
the iron center with a Fe—O4 bond length of 2.017TAis bond length can be considered too short for
an iron(l1) porphyrin as usual Fe—O bond lengthsoentered for iron(ll) porphyrins vary from 2.121 A
for (RTPP)FE(CO)(THF)**to 2.127 A for the same complex obtained from eegorphyrin® In
(FsTPP)F&(THF),, this bond length was found to be 2.314*Alowever, one must keep in mind that in
1bFe', both axial ligands are intramolecular and embddute preorganized straps. In other terms, the
axial ligands are not totally free as they arehie above cited complexes. As the X-ray structure of
3re"", the iron(lll) decarboxylated counterpartifFe’, has been concomitantly reported (see below),
it would be difficult to attribute "an iron(lll) micture" to1bFe'. The O3 and O1 atoms have a
separation of 2.478 A, indicating the presence sfrang hydrogen bond between the two carboxylic
acids, as in the free-bagb. To the best of our knowledge, this is the firsarmaple of a six-coordinate
iron(I) with both an axially-bound carboxylic grpwand a pyridine ligand. Furthermore, we have found
that it is a high-spin§ = 2) paramagnetic complex as verified by solidestaagnetic measurements
performed under anaerobic conditions (sl As additional proof, the crystal structure o thon(lll)

decarboxylated counterpa8fe'" (Figure 6¢) clearly indicates that it is a fivesedinate complex with

14



an iron-bound carboxylate ligand 0O2—Ci—O1 with thetal lying 0.532 A above the main porphyrin

plane.

[Insert figure 7]

We have also characterizétdFe'' by 'H NMR spectroscopy. For this, a freshly preparddtam of
the complex in CDGlwas prepared in a Young NMR tube and the spectvamrecorded (Figure 7a).
A paramagnetic feature is clearly visible in thedpum near 50 ppm which is a typical pattern of a
five-coordinate high-spin ferrous compl&xt is noteworthy that signals also appear betw&@and 70
ppm, suggesting that this spectrum may involve ature of the two paramagnetic complexes. In
addition, the signals between 40 and 50 ppm disappben a spectrum is recorded at least one day
later (Figure 7b), indicating that the initial mixé of two paramagnetic complexes converts to glesin
unknown paramagnetic complex which is unlikely ®o@five-coordinate complex. Again, to rule out
any possible oxidations, the sample was exposedG@® atmosphere and a third NMR spectrum was
recorded (Figure 7c). The latter indicates thatpgiwamagnetic complex binds CO to form the expected
diamagnetic carbonyl complex. In light of this expeent and considering the particular structure of
1bFe', we attributed this behavior to the intramolecutaprdination of an overhanging carboxylic
group on the iron atom as a second axial ligands Eolution could be attributed as well to the
decoordination of the nitrogen base leading toreées four-coordinate paramagnetic complex with no
axial ligand 6= 1). However, the latter type of complex exhilatdifferent paramagnetic pattern with
the B-pyrrolic signals resonating usually close to 0 ppthand sometimes up to 8 ppttiThese values
are inconsistent with the downfield shifted sigretl§0 ppm observed fabFe''.

However, the most important observation of compleke' is that it binds dioxygen and CO. This
implies that one of the axial ligands can be disptawhen small molecules bind. Although we have no
definite proof of the identity of the ligand whiclbhmes off, in light of the high affinity of nitrogebases

as pyridine or imidazole for iron(ll) and their b@sharacter, it is unlikely that a carboxylic agcbup
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would reach the same affinity. Accordingly, and mitssthe rather short apical Fe—O4 distance (2.017
A), the oxygen atom O4 and therefore the carboxgtil O4GO3 is loosely bound to iron and we
attribute the specific behavior @bFe(I1) upon gas binding to the decoordination of the @ayhc acid
rather than that of the pyridine. This behaviororadlizes why we were not able to directly meashes
equilibrium constant by the usual quantitative dasding method described in the supporting
information as it requires a single equilibriumla®Fé' + O, in equilibrium with L-PF&-O,. In the
case oflbFe", which is six-coordinate, the decoordination ofaaxial ligand is required to allow
dioxygen binding. Therefore, we have chosen toutale the equilibrium rate from the kinetics rates
which can be measured by flash photolysis. In Eds8 (supporting information), the plots of thes
values determined by rebinding of @fter photolysis against the dissolved oxygen eatration show
the clear direct proportion, which determinesktg, value. However, the y-intercept of the plots ia th
case of lbFe'' contains the rate constants for equilibrium oframtolecular sixth coordination,
especially the intramolecular association rate loé tixth ligand (see Scheme S1, supporting
information). To avoid any confusion, we define tlag¢e constant determined by the y-section of the
plots as an apparent dissociation rate conskffit,. By this approach, the upper limit &5, and
lower limit of apparentKo, were determined. The determined association assbdiation rates of

dioxygen via laser flash photolysis are gathere@able 2.

[Insert table 2]

By analyzing the results of Table 2, it is seert tha two series of complexésand2 do not behave
the same way. In thea33 conformation, the ester compouiaFe in which the sixth-coordination site
remains available, exhibits a dioxygen affinityghklily lower than that oFeM edPoc(1-Melm) or Mb.
For 1bFe to achieve dioxygen binding, the bound distal oayic acid must be released from
coordination. However, the dioxygen binding consiamot significantly different as it was evaludte

to be at least of 9 x $M™. This could be reflected by thé', value which was found in the same
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range as that dfFeMedPoc(1-Melm) and natural hemoproteins. This result is not instest as the
binding of dioxygen in the latter synthetic modahnot be dramatically increased by the presenee of
pocket on the distal side.

The interesting result appears with thBof series in which the ester compl@aFe exhibits a
dioxygen affinity comparable to that BEM edPoc(1-M el m) or Mb. At this point, it is not known if this
is due to the less pronounced steric effect of distal strap in this series or to another type of
interaction. However, for the carboxylic acid compPbFe, the dioxygen affinity is increased by two
orders of magnitude. Interestingly, this increaseaffinity could be caused by the higf'o, value
which is at least equal to 4RI*s™. This is consistent with an accessible vacantibindite or hydrogen
bonding support for the binding of dioxygen. Thensaype of polar interactions can be founlifre
as inlbFe. However, in contrast thbFe, 2bFe is a five-coordinate complex with a sixth coordioa
site remaining vacant for binding of dioxygen. Setdrom the X-ray structure @, we know that the
carboxyl group in theaf series is located slightly closer to the cententitas in theaaf3(3 series.
These two structural features appear to be redplenfair the difference in dioxygen affinity. Whethe
the increase in the dioxygen affinity is due toadip interactions, hydrogen bonding, or reducedcste
hindrance remains uncertain and requires furthezstigation. It is expected that additional solialte

crystal structures will be required to identify timajor factor.

CONCLUSION

We have synthesized and characterized a seriesupitbmplexes obtained from two isomers of the
same two potential axial ligands delivered by prgaaized, yet flexible straps. These two axialrids
are a pyridine base and either an ethyl malonyregtoup or a malonic carboxylic acid. From a
structural point of view, we have characterizede¢hifree-base ligands together with three iron

complexes. In the case of the33 geometry, the ferrous complébFe(l1) adopts an unexpected six-
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coordinate coordination sphere by intramoleculardmation of a carboxylic acid on the distal side.
However, it remains able to bind gaseous molecaites release of this axial carboxylic acid. On the
other hand, the three other complexes exhibit #peeted five-coordinate coordination sphere suitabl
for the binding of gaseous molecules. BbiFe(l1) the intramolecular coordination behavior of one
overhanging carboxylic acid above the iron ion diemdicates that the strap is too flexible to geeve

a free coordination site for dioxygen binding. Thigvents direct spectroscopic measurement of the
binding constant which was therefore calculatednfritie kinetic rates. The required release of the
carboxylic acid from the iron iron center prior imding of dioxygen is somehow reflected b\,
value at least one order of magnitude smaller ttiet of its analogous counterpart in the other
apap geometry. As the kinetic data lead only to an ugeit of the calculated equilibrium rate, we
can only conclude that the dioxygen affinity @ibFe(l1) is roughly the same as that of its ester
precursor.

Conversely, in thexpaf series, we have measured an increase of two oofarggnitude of the
equilibrium rate for dioxygen binding when comparithe precursor overhanging ester complex to the
overhanging carboxylic acid compl@bFe(l1). While the structure of the latter prevents anedi
interaction between the metal cation and the cafimxacid groups, it could allow formation of a
hydrogen bond between one of the carboxylic acaligs and the superoxo complex, consistent with
the observed increase of dioxygen affinity. Howeteis hypothesis would need to be validated by the

an X-ray structure having sufficient resolutiondentify the dioxygen adduct.

ACKNOWLEDGMENT
The authors thank the CNRS for financial supportva as the MENRT for a grant for IH. The
bilateral France-Japan ANR-JST program TMOL “Molecurechnology” project “MECANO” ANR-

14-JTIC-0002-02 is acknowledged for providing angra

18



SUPPORTING INFORMATION AVAILABLE: crystallographi€IF files of 1b (CCDC 792739)2a
(CCDC 993981), and (CCDC 792738). This material is available freecbarge via the Internet at

http://pubs.acs.org

19



SCHEME AND FIGURE CAPTIONS

Scheme 1. Synthesis of bis-strapped dioxygen carritmsand 1b bearing overhanging ethyl ester and
carboxylic acid groups, respectively, in tbhef3 topology. (i) diethylmalonate, EtONa, GEl,, 2h,
60%; (ii) C-pyridin-3-yl-methylamine, Nal, BCO;, reflux THF, 3 days, 85%; (iii) glovebox, <2 ppm
O,, FeBp, reflux THF, overnight, quantitative yield; (iv)B83;, CH,Cl,, room temperature, overnight,
56%. "i" and "0" indicate the in and out positiarfsthe respective ester groups. (Compounds on grey
background were characterized by X-Ray crystalloigy

Scheme 2. Synthesis of bis-strapped dioxygen carrigasand2b bearing overhanging ethyl ester and
carboxylic acid groups, respectively, in ta@af3 topology. (i) diethylmalonate, EtONa, GEl,, 2h,
62%; (ii) toluene, 80 °C, 48 h, 70%; (i)-pyridin-3-yl-methylamine, Nal, BCO;, reflux THF, 2 days,
30%; (iv) BBr, CH,Cl,, room temperature, overnight, 56%; (v) glovebol,ppm Q, FeBs, reflux
THF, overnight, quantitative yield. (Compound oreygrbackground was characterized by X-Ray
crystallography).

Figure 1. Design of the two isomeric series considered is thork, depicted with the myoglobin
coordination site. (Red and blue circles indicatgés ; o and i indicate the “out” and “in” positm® of
the R group).

Figure 2. Oak Ridge thermal ellipsoid plot ORTEP (30% thdreilipsoids) representation of the X-ray
structure of free-base porphydn

Figure 3. ORTEP (30% thermal ellipsoids) view of the X-ragusture of free-base porphyrif.

Figure 4. ORTEP (30% thermal ellipsoids) representation efXhray structure of free-base porphyrin
2a. (a) perspective representation, (b) edge-on view.

Figure 5. '"H NMR spectra (CDG| 500 MHz, 313 K) of alaF€', b) spectrum a) + £c) spectrum b)

+ CO.

Figure 6. Ball and stick views of the previously reporteda4+ structure of complexes (8Fe(l1), (b)

1bFe(l1), and (C)3Fe(l11).
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Figure 7. '"H NMR spectra (CDG| 500 MHz, 298 K) of a)lbFe", b) spectrum a) 24 h later, c)
spectrum b) + CO.

Table 1. Details of data collection, structure solution aatinement for models compoundslb, and
2a.

Table 2. Equilibrium and kinetic data for selected hemogirtge and models together with those of this
work. a) measured under equilibrium conditions baleated from kinetic rates according to the
equation: K = K"0/k"o,. ¢) Dioxygen solubility in benzene at 25 °C: 9.118° M atm™*
FeMedPoc(1-Melm) represents a synthetic model with a medium sizatkgt on one side but no
intramolecular nitrogen base on the other side.ceefi-methyl imidazole is used as a fifth ligang. d

off
k 02
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Tablel

4 1b 2a
T, K 100(2) 100(2) 150(2)
formula GzHesCl2Ng Og CssHe2Fe NioOs Cg9H70N100g
formula weight 1372.32 1351.45 1407.55
crystal color red red red
crystal system triclinic triclinic triclinic
Space group P-1 P-1 P-1
a, A 17.429(2) 14.8156(9) 12.6344(5)
b, A 20.708(3) 16.2560(9) 17.7182(7)
c, A 21.287(3) 21.2256(12) 19.5499(8)
a,”’ 90.541(7) 100.351(3) 98.740(2)
B, ° 110.578(7) 109.732(2) 92.791(2)
, ° 90.114(7) 111.819(2) 110.651(2)
v, A3 7192.3(17) 4185.9(4) 4022.8(3)
radiation £, A) Mo Ka (0.71073) Mo K (0.71073) Mo Ki (0.71073)
z 4 2 2
dealcs g-CIM 1.267 1.072 1.162
i, mmit 0.154 0.07 0.076
F(000) 2864 1412 1476
no. of unique data 30730 18819 18188
no. of restraints 0 0 2
no. of params. refined 1132 956 966
GOF onF2 1.016 1.031 1.117
R1 [I> 25(1)] 0.1247 0.0827 0.0754
R1® (all data) 0.1976 0.1077 0.1133
wR2® (all data) 0.3887 0.2588 0.2528

*RL=Z||Fo| - [Fe| [/Z|Fe|. "WRR ={ Z[W(F*FZ) ) Z[w(F2)7} 2.
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Table2

Hb FeM edPoc
Compounds Mb* laFe' 1bFe' 2aFé€" 2bFe'
Ascaris?  (1-Melm)*
conditions | Water, 0.1 M Toluene, Benzene, Benzene, Benzene, Benzene,
25°C phosphate, 25 °C 25 °C 25 °C 25 °C 25 °C
20 °C
Koo, M 10° 3.7x16 22x16 6.1x14® >9x16® 53x16@ 7.7x10@
P % torr | 0.37-1 2 x 19 0.36 1 <9.3% 10* 10°
K2 Mist | 2x10 15x16 2x10 9.0x10 - >1x 16
KMo, st 20 4x10 9 <1x109 -- >1.3
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SYNOPSIS TOC AND GRAPHICS

Dioxygen binding is studied for two isomers of &rs bis-strap porphyrins bearing an overhanging
malonic acid group. When compared with their etistler precursors, in theof3 series, one of the
carboxylic acid is coordinated to the iron and maesdisplaced to allow dioxygen binding. In theesth
opap series, such a coordination of the carboxylic asidhot possible and dioxygen affinity is

significantly increased.
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Figure 1. Design of the two isomeric series considered in this work, depicted with the
myoglobin coordination site. (Red and blue spheres indicate hinges; subscripts o and i
indicate the “out” and “in” positions of the R group.)
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Scheme 1. Synthesis® of Bis-Strapped Dioxygen Carriers 1a and 1b Bearing Overhanging
Ethyl Ester and Carboxylic Acid Groups, Respectively, in the aafpff Topology
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Figure 2. Oak Ridge thermal ellipsoid plot ORTEP (30% thermal ellipsoids) representation of
the X-ray structure of free-base porphyrin 4.
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Figure 3. ORTEP (30% thermal ellipsoids) view of the X-ray structure of free-base porphyrin
1b.




Scheme 2. Synthesis” of Bis-Strapped Dioxygen Carriers 2a and 2b Bearing Overhanging
Ethyl Ester and Carboxylic Acid Groups, Respectively, in the afofl Topology

\_/ 8 (70 %)

l , \::» 2b: (56 %), then v




Figure 4. ORTEP (30% thermal ellipsoids) representation of the X-ray structure of free-base
porphyrin 2a. (a) Perspective representation and (b) edge-on view.

Figure 5. "H NMR spectra (CDCls, 500 MHz, 313 K) of (a) 1aFe", (b) spectrum a + O,, and
(c) spectrum b + CO.
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Figure 6. Ball and stick views of the previously reported X-ray structures of complexes (a)
1aFe", (b) 1bFe", and (c) 3Fe'".
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Figure 7. 'H NMR spectra (CDCl3, 500 MHz, 298 K) of (a) 1bFe", (b) spectrum a 24 h later,

and (c¢) spectrum b + CO.
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