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Oxomolybdenum(V)/Iron(lll) Porphyrinate Complexes: Effect of Axial Ligand Plane
Orientation on Complex Stability, Reduction Potential, and NMR and EPR Spectra

Partha Basu, Arnold M. Raitsimring, John H. Enemark,* and F. Ann Walker*

Department of Chemistry, University of Arizona, Tucson, Arizona 85721

Receied August 2, 1996

The compoundq5,10,15-trip-tolyl-20-[[2,3-[((hydrotris(3,5-dimethylpyrazolyl)borato)oxomolybdenio)dioxy]-
phenyl]porphyrinatpbis(2-methylimidazole)iron(lll) chloride, Fe(2,3-Mo-TTP)(2Melmig) (1), and{5,10,15-
tri-p-tolyl-20-[3,4-[((hydrotris(3,5-dimethylpyrazolyl)borato)oxomolybdenio)dioxy]phenylporphyiibai2-methylimidazole)iron-

(1) chloride, Fe(3,4-Mo-TTP)(2MelmHXI) (2), have been prepared in order to assess the effect of axial ligand
plane orientation upon the stability, reduction potential, and NMR and EPR spectra of these novel (porphryinato)-
iron(lll) —Mo(V) systems that possess tv= 1/, metal centers. The proton NMR spectra ofand 2 are
characteristic of perpendicular orientation of the planes of the axial 2MelmH ligands. These results contrast with
those previously reported (Basu, P.; Shokirev, N. V.; Enemark, J. H.; Walker,F-A%n. Chem. S0d995 117,
9042-9055) for the analogous compounds with NMelm as the axial basé) (whose!H NMR spectra are
characteristic of one or both axial ligands in parallel planes. The equilibrium congtantsr(binding the bulky
2MelmH ligands ofl and2 are more than an order of magnitude smaller than those for NMelm bindidgrnd

4. Three distinct pseudo-Nernstian one-electron couples are observeaior2 in DMF that can be assigned

to the Fe(llI/I), Mo(V/IV), and Fe(ll/1) reductions, with the Fe(lll/lIl) couple being most positive. The Fe(lll/I)
and Mo(V/IV) potentials are similar to those fBrand4 and only slightly perturbed from those of the individual
isolated components. The EPR spectrur shows features due to Mo(V) and low-spin Fe(lll) that are perturbed
by weak exchange coupling (2.6 GHz, 0.078éjrbetween the two metal centers which are separatedh9

A. The “largegmay’ feature characteristic of the 2MelmH adducts of Fe(lll) tetraphenylporphyrinates is shifted
toward the Mo(V) signal to 2.85; the anisotropy of the Mo(V) signal is lost, and no molybdenum hyperfine can
be detected. The EPR spectrum®fwhich has a metalmetal separation 0f9.4 A, shows an unperturbed
“large gmax Vvalue of 3.41 for the Fe(lll) center. The Mo(V) part of the spectrum is slightly perturbed from that
of the precursor catecholate complex but is essentially identical to thgtwhich exhibits a rhombic Fe(lll)
signal.

Introduction Fe(lll) porphyrinate complexes, as witltype cytochromes,
the 3efr) orbitals of the porphyrin ring and therdorbitals of
the metal can overlap to form two low-energy molecular orbitals
that are mainly porphyrin in charactet. Two high-energy
(valence) molecular orbitals are also formed that are mainly
metal in character and which contain three electrons. Both
unsymmetrical substitution in the porphyrinato ring and a
coordinated histidine that is prevented from rotation (as in the
heme pocket) can break the degeneracypdrallel axial ligand
plane orientation the coordinated-nitrogen,rbitals of both
of the axial histidines interact with the samg afbital of the
low-spin iron(Ill) g shifting that orbital to higher energy and
' thus causing it to be preferentially occupied by the odd electron.
However, when the axial ligands are in mutuadgrpendicular
orientation each ¢ orbital will interact with a nitrogen jporbital

A majority of the b-type cytochromes contain at least one
histidine axial ligand coordinated to the iron center. The other
axial ligand is either histidine or methionine. In proteins, the
orientations of the imidazole rings of the histidines are fixed
by the heme pocket and by the hydrogen bonds to the histidinyl
nitrogen (N-H). A planar imidazole ligand can be aligned at
any angle relative to the vector connecting an opposing pair of
pyrrole nitrogens of the porphyrin ring. In the case of
bis(histidine)-ligated centers, the planes of the two axial ligands
can be parallel or perpendicular to each other or they can be
oriented at any intermediate angle to one other. In addition
the axial ligands can be tilted so that the-#¢ (axial) vector
is not normal to the porphyrin plane. These conformational
dlversmesllead to a wide variation in molecular properties. from an axial ligand (Figure 1). Thus, in parallel orientation
However, it has often been very difficult to study the effect of . - . . o

) ; one d, orbital will be preferentially destabilized, while in
these factors on the observed properties of proteins because other
factors such as molecular size, hydrophobicity, surface charge, () waiker, F. A.; Simonis, U. IfEncyclopedia of Inorganic Chemistry
and ionic strength also affect the properties of proteins, and it King, R. B., Ed.; Wiley & Sons: Chichester, U.K., 1994; Vol. 4, pp

Is difficult to quantitate the effect of each. (3) ABf,a178g—13;?5%21%5&??\210?_2802?% ti':/ler\(]einbha an, |. K.; Weibrecht
. . . u, P.; Raitsimring, A. M.; wan, |. K.; i !
For several years we have been investigating model com- ™ 3= "" e a3 /). Am. Chem. Sod 994 116, 7166-7176.

pounds designed to explore how the relative orientations of the (4) Longuet-Higgins, H. C.; Rector, C. W.; Platt, R. &.Chem. Phys.
imidazole rings affect the properties of the heme center and 195Q 18, 1174-1181.

- . : ; i (5) (a) Greenwood, H. HComputing Methods in Quantum Organic
its interaction with other prosthetic grOUpeS)g' For low-spin Chemistry Wiley-Interscience: New York, 1972. (b) Stretwieser, A.,

Jr.Molecular Orbital Theory for Organic Chemistdohn Wiley: New
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(1) Walker, F. A.; Simonis, U. Proton NMR Spectroscopy in Model (6) Walker, F. A.; Simonis, U.; Zhang, H.; Walker, J. M.; Ruscitti, T.
Hemes. INNMR of Paramagnetic Molecule8iological Magnetic M.; Kipp, C.; Amputch, M. A.; Castillo, B. V.; Cody, S. H.; Wilson,
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B= 2MelmH, NMelm

Figure 2. Structure of{5,10,15-trip-tolyl-20-[2,3-[((hydrotris(3,5-
Figure 1. Interaction of the axial ligand planes and porphyrin nitrogens  dimethylpyrazolyl)borato)oxomolybdenio)dioxy]phenyl]porphyrifjato
with the metal ¢ orbitals. The involved orbitals are metakcand gz, bis(2-methylimidazole)iron(lll) chloride, Fe(2,3-Mo-TTP){ECI (1 and
porphyrin nitrogen g, and axial ligand nitrogensp Note that, due to 3).

the perpendicular orientation of the axial ligand planes, the two axial

ligands interact with two different metalwdorbitals. ligands in parallel orientatiol. We have shown that meso

position carrying a strong electron-donating or -withdrawing
substituent relative to the others can cause significant change
in the spin-density distributioh!®> The molecules of the present

¢ model h dod at | fifreSpi study have a small substituent effect and thus are well suited
spectra of model hemes recorded at low temperattireSpin for determining the effects of ligand plane orientation on the

delocalization of the odd electron into the higher energy orbital o careq properties, e.g., NMR and EPR spectra. Here we
of the porphyrinate ring also results in the distinctive contact yomonstrate that suitably designed molecules can show the

shift patterns observed in the NMR spectra of the pyrrole ., matic effect of the ligand plane orientation on the properties
substituent3. When the ligands are in the parallel orientation, of the Fe(lll) porphyrinate center.

no_ndegen_eracy _in the, rbitals Iea_d_s to large differences in Heme is one of the most prevalent prosthetic groups, and it
SIOIrn dc? ri]rfltt)rgat dltfreﬁent P ){rrrcl) Iehp:?tsnilonsé)anf\g é[ge_lr_ﬁforer,nalllarge often coexists with one or more other prosthetic groups. One
sprea € ?y Ofethp c()iob'tsl fs S0 sed. I. € St "’t‘. such example is sulfite oxidase, a heme-containing molybdopro-
energy separation ot the orbitals for perpendicuiar onentation 4o, 1hat js essential for sulfur metabolism in aninfdlsit is
IS e>_<pected o lead to similar spin density at the different pyrrole believed that the oxidation of sulfite to sulfate occurs at the
positions and a smaller spread Of the pyrrole proton reson"Jmcesmolybdenum center during an oxygen atom transfer reaction.
AX|aI” ':gaﬂdst ?UCh a;]sN-metmllmtlda.\zollle éNIIl\(/IeIZm) a':ﬂolpt . The two-electron-reduced molybdenum center is then oxidized
([j)arale g,r\l/ler: a|_||on,dw freas eds_ er||ca Y ut ty 'rEethy.'Tl: intramolecularly by its prosthetic heme partner in two one-
azole (2MelmH) adopts perpendicular orientation, both in the g0 0o step$’1® Consequently, in the catalytic process,

solid staté’*?and in solutiort** Since an electron is added molybdenum passes through three different oxidation states
upon reduction of iron(lll) to iron(ll) and that electron goes Mo(V1), Mo(V), and Mo(IV). Of these, only Mo(V) is para- '
into the higher energy af orbital,_a chfange in the relative magne7tic @ a{nd detectabl.e by EPR’spectroscopy. We are
energy caused t_)y ligand plane orientation may also affect theinterested in understanding the interaction of the paramagnetic
reduction potenugﬂ. . . . molybdenum(V) center with its partner prosthetic group, the
An unsymmetrically substituted porphyrinate ring can break heme center. As a part of our program to understand the inter-
Fhe symmetry of the_valencezs(orbital_s, creating a separation prosthetic group interaction in SO, we recently prepaiBd
in energy,AE.' This energy separation can be modulated by 30 15_rip-tolyl-20-[2,3-[((hydrotris(3,5-dimethylpyrazolyl)bo-
the electron-withdrawing/donating ability of the substituents but rato)oxomolybdenio)dioxy]phenyl]porphyrindtois(N-meth-
usually is much smaller in magnitude than that created by aylimidazole)iron(lll) chloride, [Fe(2,3-MO-TTP)(NME|I’QIﬁ|)
planar axial ligand at a fixed orientation or two planar axial (3) (Figure 2) and 5,10, 15-trip-tolyl-20-[3,4-[((hydrotris(3,5-
dimethylpyrazolyl)borato)oxomolybdenio)dioxy]phenyl]-

perpendicular orientation both, rbitals will be destabilized
to the same extent. Clear evidence of this difference in
electronic structure has observed in théddloauer and EPR

@ (Car)me%fos’,o'\gigé;lGlulF:);as'zgié;svlvoaIlzgg' géfﬁ'; ﬁd&e-idéuvp\,/tfémﬁ: ~ porphyrinatdbis(N-methylimidazole)iron(lll) chloride, [Fe(3,4-
Watson, C. T.: Simonis, U.: Walker. F. A.: Scheidt, W. R.Am. Mo-TTP)(NMelm)]ClI (4), as f|r§t-genergt|on models. We. have
Chem. Soc1992 114,7066-7075. reported the electronic spirspin coupling between the iron-

(8) Walker, F. A.; Huynh, B. H.; Scheidt, W. R.; Osvath, S. RAm. (1) center S = 1/,) and the oxomolybdenum(V) cente® €

© gggms?‘gﬁffhilrga ?\12.83? 5;2;“&[”(’ 3. H.: Walker, F.JAAM. /,) observed at low temperatures by EPR spectroséopy.
Chem. S0c1995 117, 9042-9055. Molecular modeling data for [Fe(2,3-Mo-TTP)(NMelsi(}I

(10) Shokhirev, N. V.; Walker, F. AJ. Phys. Chem1995 99, 17795~ showed that in this system the two metal centers are separated
17804. by ~7.9 A. From EPR measurements at low temperatures, we

(11) Scheidt, W. R.; Kirner, J. F.; Hoard, J. L.; Reed, CJAAmM. Chem.
Soc.1987 109, 1963.
(12) Munro, O. Q.; Marques, H. M.; Debrunner, P. G.; Mohanrao, K.; (16) Rajagopalan, K. V. Ildvances in Enzymology and Related Areas of

Scheidt, W. RJ. Am. Chem. S0d.995 117, 935-954. Molecular Biology Meister, A., Ed.; John Wiley: New York, 1991,
(13) Walker, F. A.; Simonis, W. Am. Chem. So4991, 113 8652-8657. Vol. 64, pp 215-290.
(14) Nakamura, M.; Tajima, K.; Tada, K.; Ishizu, K.; Nakamura)marg. (17) (a) Neame, P. J.; Barber, M. J. Biol. Chem.1989 264, 20894~
Chim. Actal994 224, 113 —-124. 20901. (b) Cohen, H. J.; Fridovich,J. Biol. Chem1971, 246, 359~
(15) Tan, H.; Simonis, U.; Shokhirev, N. V.; Walker, F. A.Am. Chem. 366, 367+~373.

So0c.1994 116, 5784-5790. (18) Enemark, J. H.; Young, C. @dv. Inorg. Chem1993 40, 1-88.
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concluded that the spirspin coupling is primarily exchange 25000
in nature31® However, in the isomeric [Fe(3,4-Mo-TTP)-
(NMelm),]CI the two centers are-9.4 A apart, and the spin

spin coupling is dominated by the dipolar interactfdfi. From

a detailed NMR investigation, we showed that in [Fe(2,3-Mo-
TTP)(NMelm)]Cl one NMelm is prevented from rotating, even
at room temperature, and the other NMelm is either aligned
parallel to the first one or is rotating rapidly We also found
that the molybdenyl substituent had little electronic effect on
the porphyrin. Thus, this system is well suited for studying
the effects of ligand plane orientation on the observed properties
such as the spinspin coupling between the two metal centers. 500 550 600 650 700 750 800

To examine the effect of the ligand plane orientation on the wave length, nm

weak spir-spin coupling, we prepardd,10,15-trip-tolyl-20- . . _

(2 3{(nydotis(3 5-imeitypyrazolyboraic)oxomolybdenio).  FOUS Y, Flestoni spects of Fez 3o TTANEC (unere B
dioxy]phenylporphyrinatpbis(2-methylimidazole)iron(lll) chlo- - pjanes (2MelmH) shows a red shift from the parallel orientation
ride, Fe(2,3-Mo-TTP)(2MelmHEI (1), and{5,10,15-trip-tolyl- (NMelm and ImH).
20-[3,4-[((hydrotris(3,5-dimethylpyrazolyl)borato)oxomolyb-

denio)dioxy]phenyl]porphyrinajdis(2-methylimidazole)iron-  SPin complexes were generated from the high-spin complex in solution
(1) chloride, Fe(3,4-Mo-TTP)(2MelmHLC! (2). Here we by addition of the desired imidazole bases.

. . . : Molecular Modeling. Molecular modeling simulations were per-
report their electl_’ochemlstry and their electronic, NMR, and EPR formed on a Silicon Graphics IRIS system using the program SYBYL
spectral properties.

from Tripos Associates, Inc. The lowest energy van der Waals
configurations were determined interactively using the MAXMIN2
energy minimization routine of SYBYL. The coordinates of LMoO
Materials. All solvents for syntheses were purchased either from and TTP were obtained from the Cambridge Structural Database. These
Aldrich or from Fisher and were distilled before use. NMR solvents fragments were then linked througheesoposition with appropriate
(99.5% deuterated) were purchased from either Aldrich or Cambridge alterations, and the energy of the structure so obtained was minimized.
Isotopes and were dried avé A molecular sieves. Measurement of Equilibrium Constants. Equilibrium constants
Physical Measurements. Infrared spectra were recorded on a were measured from the absorbances~&.5 x 10> M dichlo-
Perkin-Elmer 983 spectrophotometer with samples as KBr pellets, unlessromethane solutionsnia 1 cmpath length cuvette according to the
otherwise specified. Cyclic voltammetry was performed on dimeth- methods described earligrAll measurements were made at 25.
ylformamide solutions using a BAS CV 50W system with a three-
electrode configuration. The reference electrode was a silver/silver Results and Discussion

chloride electrode (Ag/AgCl), a BAS Model MF 2012 graphite electrode Syntheses and SpectraThe low-spin complexes [Fe(2,3-

was used as the working electrode, and a platinum wire served as the -
counter electrode. The sample concentrations wetemM with a Mo-TTP)(2MelmH}]"CI™ (1) and [Fe(3,4-Mo-TTP)(2Melm-

large excess of axial ligand. The concentration of the supporting T2 "Cl™ (2) were generated in solution by adding a large excess
electrolyte (tetraethylammonium perchlorate, TEAP) wa€0 mM. of 2MelmH to a solution of the respective high-spin complexes,
Experiments were performed at 26 (scan rate 100 mV/s). All half- in an appropriate solvent (dichloromethane, dimethylformide).
wave potentials were referenced internally with respect to the ferro- The color of the solution changed from brown to greenish
cenium/ferrocene couple and expressed with respect to the saturatedrown, which is quite different from the red color of the bis-

calomel electrode (SCE) considering the"fe couple to bet-0.465 (N-methylimidazole) adduct. This difference is readily revealed
Vvs SCE. Potentials were not corrected for the junction contribution. jn the electronic spectra (Figure 3). In the case of NMelm as
The nature of the couples (oxidation or reduction of the parent complex) the axial ligand, the. and bands appear around 550 and 580

was determined by measuring the rest potentials of the solutions. nm; however, for 2MelmH they showed a red shift (bathochro-

Electronic spectra were recorded in dichloromethane on a modified . . . . .
Cary 14 spectrophotometer with an OLIS interface and software. The mic shift) of about 18 nm with smaller oscillator strength. This

cuvette compartment was attached to a circulating propylene glycol C/€arly indicates either that these two axial ligands have very
constant-temperature bath of 2580(5) °C. NMR samples were different ligand field strengths or that the bands are strongly
prepared in CBCl, (99.6%, Aldrich) in screw cap NMR tubes (Wilmad) ~ affected by the relative orientation of the axial ligands. We
and thoroughly degassed with argon; the spectra were recorded on ehave also measured the equilibrium binding constgfgsfor
Varian Unity 300 MHz spectrometer. Data were processed on Sun the formation of the bisadduct with the axial ligand 2MelmH
Sparc Stations. All samples were frequency-locked with solvent jn dichloromethane. The values are 1.8D(6) x 10® and 2.29
deuterium and referenced to the residual solvent proton signal. The(12) x 10° M~2, respectively, forl and2. The comparative
one-dimensional spectra were coIIecte_d with a typical spectral width values for [Fe(2,3-Mo-TTP)(NMelra)*Cl- (3) and [Fe(3,4-

of about 30 kHz and 16K32K data points; a 90pulse width was Mo-TTP)(NMelm)]* CI- (4) are 7.54 £0.8) x 10* and 3.94

used with a relaxation delay of 0.25 s; typically 512 transients were ) . -
collected. Data were processed withZ Hz exponential apodization (£0.2) x 10* M2 respectively’. The lower binding constants

— ImH NMelm — 2MelmH

extinction coeff, L/M/cm

Experimental Section

before Fourier transformation. for 1 and 2 compared to those fa8 and 4 indicate that the
X-Band electron paramagnetic resonance spectra (EPR) were col-formation of the 2MelmH adducts is less favorablg than that of
lected on a Bruker ESP 300E spectrometer operating%# GHz. the NMelm adducts. These results contrast with those for

Samples were prepared as-©5mM solutions in a toluene and/or  (tetraphenylporphinato)iron(lll) complexes where NMelm and
2,5-dimethyltetrahydrofuran glass. Measurements at 77 K were made2MelmH show very similar binding constarfs. Thus, the
with a quartz liquid-nitrogen-immersion Dewar flask. Liquid-He difference in the behavior df—4 must be due to the effects of

measurements were made using an Oxford He cryostat. the pendant molybdenyl fragment. It is well-known that
Preparation of Compounds. All high-spin Fe(lll) porphyrinates
were synthesized as reported previodsl. The corresponding low- (20) LaBarre, M. J.; Raitsimring, A. M.; Enemark, J. H. Molybdenum
Enzymes, Cofactors and Model SysteStiefel, E. |., Coucouvanis,
(19) Raitsimring, A. M.; Basu, P.; Shokhirev, N. V.; Enemark, JAgpl. D., Newton, W. E., Eds.; ACS Symposium Series 535; Amerian
Magn. Reson1995 9, 173-192. Chemical Society: Washington, DC, 1993; pp +3@2.
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electronic effects around the porphyrin periphery can be M
transmitted to the core nitrogen atoms and that the electronic

contribution of the substituents can affect the axial ligand

binding constants. We showed previously that the electronic 2

effect of the molybdenyl fragment is very sméllTherefore, ”’W‘

we believe that the difference (a factor-e60 for 1 and3 and

a factor of~20 for 2 and 4) in the magnitude of the binding

constants is not electronic but steric in origin, with the steric 1 \“
factor more important fol.

IH NMR Spectra. For NMR measurements, samples were
prepared in CBCl,. NMR spectra were recorded for both
and?2 in the temperature range30 to—80°C. We have been
particularly interested in the pyrrole proton resonances that are
sensitive reporters of unpaired electron spin delocalization in
paramagnetic iron porphyrids.We observed previously that
[Fe(2,3-Mo-TTP)(NMelm)] *CI~ (3) shows eight distinct pyr-
role peaks that do not coalesce over the entire temperature range 3
studied® The majority of these peaks were shown unambigu-
ously to arise from a single molecule by observation of spin 218 -22 -26 -30 -34 ppm

%:_zpnle(SIVItler]s resultllng fror;]"l elth?r scalar O'i dipolar (I:_oupl(ljng. Figure 4. 300 MHz H NMR spectra of the pyrrole protons at60
is led to the conclusion that at leaste axial NMelm ligan °C in CD,Cl,, which clearly show the effect of orientation and hindered

is prevented from rotation, &n at room temperature This rotation of axial ligands on unpaired spin delocalization. From top to
finding, together with spin density calculations, allowed us to bottom: Fe(3,4-Mo-TTP)(2MelmHEI (2), Fe(2,3-Mo-TTP)(2MelmH)
assign the preferred-orbital for unpaired electron spin delo- Cl (1), Fe(3,4-Mo-TTP)(NMelmCI (4), and Fe(2,3-Mo-TTP)-
calization. From the mapping of the unpaired electron density, (NMeIm):Cl (3).

we concluded that the axial ligand whose rotation is “frozen”

is aligned close to thenesecarbon carrying the bulky Mo(V) concluded that the small splitting of the pyrrole resonances in
substituent and its oppositeesacarbon partner. Molecular 4 is due to the unsymmetrical substitution of the porphyrinato
modeling data supported the fact that the axial ligand on the ring and is not due to the axial ligand plane orientation. Since
same side of the porphyrinate plane as the molybdenum center? has identical substituents on the porphyrinato ring, the same
can be prevented from rotation because of the steric bulk createdattern of the pyrrole peaks would be expected if the substituent
by the tris(3,5-dimethylpyrazolyl)borate fragment. Moreover, effect is the dominating factor. However, the observation of a
from the large spread of the pyrrole resonances, we concludedsingle broad featureless peak f2rindicates that the ligand
that the other axial ligand (anti to the molybdenum center) either Planes are oriented perpendicularly and that the effect of ligand
is rotating rapidly (on the NMR time scale) or is aligned parallel Plane orientation is more important in determining the pyrrole
to the nonrotating ligand, but definitely not aligned perpendicular Proton shifts than is unsymmetrical substitution. From the
to it. Since 2MelmH has been shown to prefer perpendicular Variable-temperature NMR spectralbénd2, we can conclude
alignment of axial ligands in low-spin complexes, we expected that the effect of mutual ligand plane orientation predominates
that, if the rotation of one axial ligand can be stopped, then the Over the effect of hindered rotation of the axial ligand planes
other axial ligand should align itself in a mutually perpendicular in unpaired electron spin delocalization.

fashion. In order to establish the relative orientation of the  Electrochemistry. Both 1 and 2 were generated in DMF

2MelmH ligands, we have obtained NMR spectra foand 2 solution, and their redox behaviors were examined by cyclic
in the temperature range30 to—80°C. Representative spectra  Voltammetry. Representative voltammograms are shown in
for 1—4 are shown in Figure 4. For both compouridand2 Figure 5, and half-wave potentials are listed in Table 1. Both
we observed a very broad peak centered rezdd ppm at—60 compounds exhibit pseudo-Nerstian one-electron reduction

°C. Forl this broad peak can be assigned to a combination of couples as evidenced Ipi,c ~1. Three distinct couples were

at least four broad unresolved peaks. This clearly indicates thatobserved in the negative part of the solvent window.

the separation of the energy of the orbitadE] is very small. We will start the discussion with the most positive couple,
This would be the case for mutually perpendicular axial ligand which is due to the Fe(lll/Il) reduction. Changing the ligand
planes (Figure 1). Since the ligands in the perpendicular planesplane orientation should change the energies of the orbitals to
interact with two different ¢ orbitals, the energies of both  which the electron is to be added upon reduction of iron(lll) to
orbitals will be raised similarly and therefore lead to a small iron(ll). Such a change in orbital energies would likely change
energy differenceAE;). As a consequence, all of the pyrrole the relative stabilities of the bis(ligand) complexes of the iron
positions will have similar amounts of unpaired electron spin porphyrinates in the two oxidation states, which in turn would
density, which is manifested by a small spread of the pyrrole shift the redox potentials of the bis(ligand) complex&sThus,
peaks. In this case, we observe a very broad, nearly featurelessve expected a change in the redox potential if, at the time of
peak. For the isomeric [Fe(3,4-Mo-TTP)(NMebCI~ (4) electron transfer, the alignment of the ligand planes was different
we observed only three closely spaced resolved peaks centerefor the two types of axial ligands, as is expected for the
near—27 ppm at—60°C (Figure 4)° This clearly demonstrates  (NMelm), and (2MelmH) complexes of the iron(Ill) porphy-
that in 4 the tris(3,5-dimethylpyrazolyl)borate fragment is rinates® For the 3,4-Mo isomers2(and 4), the potential of
sufficiently far from the iron binding site so that the axial ligands this couple is not significantly affected by changing the axial
are not prevented from rotation. This observation is in accord ligands from NMelm to 2MelmH (Table 1). Similar Fe(lll/I)
with our molecular modeling calculations. Therefore, we reduction potentials are to be expected for isoneend 4,

(21) Walker, F. A.; Lo, M.-W.; Ree, M. TJ. Am. Chem. S0d.976 98, (22) Nesset, M. J. M.; Shokhirev, N. V.; Enemark, P. D.; Jacobson, S. E.;
5552-5560. Walker, F. A.Inorg. Chem.1996 35, 5188-5200.
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Fe(II)/Fe(I)

Mo(V)/Mo(1V)

Fe(I1I)/Fe(1I)

i=1x10°A
—
200 -100 -400 -700 -1000 -1300 -1600
mV, SCE

Figure 5. Cyclic voltammogams oi—4 in DMF solution (1 mM) at
25°C. Conditions: scan rate, 100 mV'ssupporting electrolyte, TEAP
(0.1 M); potential expressed with respect to SCE; axial ligand
concentration~0.1 M. Top: 2 (bold line); 4 (light line). Bottom: 1
(bold line); 3 (light line). In each case, three distinct one-electron
couples are observed.

Table 1. Electrochemical Data Obtained in DMF at 262

E1/2,b mV (AEp,C mV)
Compd Fél/ll MOV/I\/ Fél/l
1 —156 (76) —725 (63) —1276 (104)
2 —135 (74) —696 (73) —1242 (81)
3 —136 (62) —764 (67) —1473
40 —142 (57) —730 (63) —1459

a Conditions: v = 100 mV/s; supporting electrolyte, 0.1 M TEAP;

Basu et al.

and3 could also be due to the difference in th€,walueg® of
NMelm (7.33) and 2MelmH (7.56) (corrected for the presence
of 2H* (log 2)). The stronger the-donor strength of the axial
ligand, the poorer the acid dissociation and the higher e p
The higher the K, the lower the reduction potential.

The middle peak in Figure 5 is due to the reduction of the
molybdenum center from Mo(V) to Mo(lV). We noted earfier
that the (pyrazolylborato)oxomolybdenum center is a sensitive
reporter of the porphyrin core structure. The Mo(V/IV) couple
is cathodically shifted from the corresponding precursor com-
plex? where the porphyrin core is not metalated, because the
iron(111/11) couple precedes it. When 2MelmH is used in place
of NMelm, the Mo(V/IV) couples for both the paifd, 3 and
2, 4) shift anodically about 3540 mV, making the reduction
easier. Interestingly, the Mo(V/IV) couples dfand2 (—725
and—696 mV, respectively) are more positive than that of the
mononuclear precursor, LMoO(catechehA34 mV). This may
simply indicate the difference in the electronic effect of 2MelmH
and NMelm. Formation of H-bonds between the coordinated
2MelmH and another ligand or solvent molecules can make
the porphyrin center more electron rich, which should make it
more difficult to reduce Mo(V) to Mo(lV). Alternatively,
H-bond donation from noncoordinated 2MelmH to the catecho-
lato oxygen atoms should favor the reduction of the molybdenyl
center, as observed. The fact tHaand 2 show such similar
shifts in potential in the presence of 2MelmH further points to
an effect of the excess ligand on the oxomolybdenum center.
Therefore, the observed changes in the potential can be
explained in terms of acid/base effects without invoking the
distortion of the porphyrin core by the more bulky 2MelmH
ligand. Thus, the electrochemistry shows that both metal centers
behave primarily as independent redox centers with only small

working electrode, glassy carbon; potential referenced to SCE, calibratedperturbations from the potentials of the individual isolated

against ferrocene+0.465 V vs SCE) but uncorrected for junction
contribution.® Ey, = 0.5Epa + Epc), Where Epa and Eyc are anodic
and cathodic potentials, respectivel\E, = Epc — Epa ¢ Taken
from ref 3.

where the ligands are freely rotating, but not for the 2,3-Mo
isomers { and3), where at least one axial ligand is fixed. For
the latter complexes, we observed-@0 mV negative shift in
the redox potentials, indicating that the ratio |6g{/3.") or
log(B."/K1") for 1 is larger than that foB. This indicates that
the equilibrium constant for ligand binding suffers a larger
decrease in size fdras compared t8 than doe® as compared
to 4. However, with the information available (Table 1) we
cannot say whether the equilibrium constankig or 5,"'. On

the basis of a recent electrochemical study of equilibrium
constants for binding pyridines and imidazoles to 2,6-phenyl-

substituted (TPP)ME derivatives?? we suspect that the Fe(ll)

complex binds only one 2-MelmH ligand at the concentrations
used in this study. Thus, ligand loss probably accompaniesIo

reduction ofl and 2 but not3 and4. The rate constant for
rotation of axial ligands (2MelmH) in a (tetramesitylporphyri-
nato)iron(lll) complex at 25C measured by EXSY techniques
is about 9.7x 10° s in dichloromethan&® At that temper-

ature, there is also considerable ligand exchange between th

free and bound ligand¥. Thus, it is not possible to define the
orientation of the axial ligands at the moment of electron
transfer. It should also be noted that the Nf{H) hydrogen

present in 2MelmH is capable of hydrogen bonding, which can

also affect the potential. The difference in the potentiald in

components.

The most significant differences in the potentials were
observed for the F¢Fe couple (see Table 1). However, since
the Fd/F€ couple is extremely sensitive to axial ligand
concentration (becaugk for Fe(ll) is very large compared to

B1' (or 7)) for Fe(I¥? and their ratio is probably controlled by

a number of factors), the shifts in potential are probably most
directly related to the ratio of the binding constag#/s;' and
are thus not very relevant for the present work, which mainly
focuses on the Fe(lll) and Fe(ll) oxidation states.

From Table 1 it can be seen that all the peaks for compound
1 are cathodically shifted by 2640 mV relative to the
corresponding peaks & This is presumably due to the fact
that the two metal centers @fare closer together than those of
2, and therefore there is more communication between the two
centers inl than in2. This communication is probed in detail
by EPR spectroscopyi@e infra).
EPR Spectra. Oxomolybdenum(V) $ = %,) centers have
ng electronic relaxation times that make them extremely
suitable for EPR studies. The isotropic X-band solution EPR
spectra of nonmetalated porphyrins with a pendant molybdenyl
fragment haveégand[Alvalues very similar to those for the
LMoO(catechol) complexe®. At 77 K these molecules display

%early axial spectra due to the pseudo-3-fold axis imposed by

the three nitrogen atoms (of the facially coordinated tris(3,5-
dimethylpyrazolyl)borate ligand, L) and three oxygen atoms (one
oxo oxygen and two from the catechol fragment). Insertion of
a diamagnetic metal into the porphyrin core does not change
the Mo(V) EPR spectrurt? However, when a paramagnetic

(23) Shokhirev, N. V.; Shokhireva, T. K.; Polam, J. R.; Watson, C. T;
Raffii, K.; Simonis, U.; Walker, F. AJ. Phys. Chem1997, 101, in
press.

(24) Nakamura, MInorg. Chim. Actal989 161, 73—80.

(25) Albert, A. InPhysical Methods in Heterocyclic ChemistKatritzky,
A. R., Ed.; Academic Press: New York, 1971; Vol. |, pp 108.

(26) Basu, P.; Bruck, M. A.; Li, Z.; Dhawan, I. K.; Enemark, J.IHorg.
Chem.1995 34, 405-407.



Oxomolybdenum(V)/Iron(lll) Porphyrinate Complexes Inorganic Chemistry, Vol. 36, No. 6, 19971093

—207 its mononuclear precursor complex. From molecular modeling
g=2 | calculations, we found that the two metal centers are separated
g=2.85 by ~7.9 A'in both1 and3. This distance gives a characteristic
| value for the dipolar interaction @f3r—2 ~ 40 G (0.004 cm?)
at the iron center, which is much lower than the observed line
width. This estimate is much smaller than the exchange integral
| estimated below, indicating that the spispin interaction is
g =341 dominated by exchange. F8rg; of the iron center was moved
max from 2.92 (for Fe(TTP)(NMelm)Cl) to 2.70%° From the shift
. | | ml | ?n theg va(I]L)Jes, W?j' can eztima’lte 'tk:je am(()ctsm/t ())f e;l(change
interaction () according to the relatiod ~ v (6g/ge), where
2000 3000 4000 0g is the change in thg value due to exchange; is the
Gauss microwave frequency, angk is theg value of the free electron.
Figure 6. X-Band EPR spectrum of Fe(2,3-Mo-TTP)(2Melm&) This gives rise to an exchange interaction~ef GHz (0.03
(1) at 4.2 K. The narrow signal is due a minor Mo(V) impurity. The  cm™?) for 3. For 1, the largegmax changes from 3.41 (for
large grmax signal occurs at 2.85 and is extremely low in amplitude Fe(TTP)(2MelmH)CI) to 2.85, which gives rise to an estimated
compared to the Mo(V) signal. The position of the lagge (3.41) of J of 2.6 GHz (0.078 cm® ). Qualitatively, this difference in
Fe(TTP)(2MelmH)CI is shown for reference. ! . S0 . .
the exchange interaction can be explained by invoking the fact
that the nonplanarity of the porphyrin ring caused by the steric
bulk of 2MelmH may allow stronger interaction between the
two metal centers inl, thereby increasing the exchange

metal ion is inserted into the porphyrin core, the Mo(V) EPR
spectra change dramatically. Insertion of high-spin iron(Bl) (
= %/,) reduced the intensity of the EPR signal, and the reduction

of intensity could be correlated with the intermetal distaffce. Interaction. ) )

Addition of ligands (e.g., NMelm) to the high-spin chloroiron It should be noted thaF a single exchange mtegral alone cannot
complex generates the low-spin complex in which the energy explain the complete disappearance of.the anisotropic feature
separation between the two porphyrin valeneerbitals AE,) of the molybdenum center as observed in the EPR spectta of

is large. From a detailed EPR investigation at multiple @nd3. For compound, we explained the general features of
frequencies and simulation of the respective spectra, we the molybdenum signal by considering a distribution of ex-
concluded that, fos, where the metal centers are separated by change integral®. Such a distribution is possible if at least one
~9.4 A (as determined by computer modeling), the primary axial ligand is freely rotating in fluid solution and can adopt a
interaction is dipolar in nature. The observed spectra could be range of orientations in frozen solution. Furthermore, from our
simulated by considering the intermetal interaction to be detailed investigations of compougditilizing NMR spectros-
primarily dipolar in nature and allowing minor changes in the C€opy, we concluded that although one axial ligand (syn to the
spectroscopig values for the molybdenum centér. The g molybdenum center) is prevented from rotation, the other axial
values for the molybdenum center in the simulated spectrum ligand can rotate freely or adopt an orientation parallel to the
of 1 were 1.968, 1.943, and 1.939 (compared to 1.970, 1.968, hindered one. Furthermore, the hindered axial ligand is not
and 1.925 for LMoO(catechol)). F@& however, the primary ~ completely static and shows some mobility in solutioithus,
interaction is exchange, and the overall features of the spectrumthe dynamics of the axial ligands can allow several slightly
of 3 were simulated by considering a distribution of exchange different rotational isomers in solution. These conformational
interactions»19 variations can lead to a distribution of exchange integral3 in

Changing the axial ligand from NMelm to 2MelmH alters Measured in a frozen solutidn.From the solution NMR
the interaction between the metat drbitals of Fe(lll) and the ~ Investigation of compound (vide supra) we know that the
axial ligand nitrogen g orbitals. In contrast to the regular WO axial ligands are in perpendlpular orientation and one Ilgand
rhombic signal observed for NMelm adducts of tetraphenylpor- (Syn to the molybdenum center) is prevented from rotation. This
phyrinates, 2MelmH adducts show a broad unresolved signalimplies that the second axial ligand (anti to the molybdenum
nearg ~ 3.4, called “largegmay’, and a very broad unresolved ~ center) is also prevented from rotation. However, we believe
feature at higher field2” Another interesting feature of that the ligands are not completely static in compodnehd
2MelmH complexes is that their EPR spectra can only be show several slightly different rotamers in solution. These

observed at temperatures lower than 20 K, indicating a change’otamers again can give rise to a distribution of exchange
in the relaxation parameters as wéll. integrals. Thus, fod the primary interaction is exchange and

In order to understand the effect of the axial ligand plane & distribution of rotamers will give a distribution of exchange

orientation on the spinspin coupling, we have recorded the Ntegrals.

EPR spectra of and?2 at liquid-helium temperature. We will The molybdenum part of the spectrum 26hows spectral
discuss the case of compléxirst. For1 we observe (Figure  features almost identical to those4f It thus appears that the
6) a shift of theg value of the iron center from the lar@ax coupling in2is also primarily dipolar in nature, with theevalues
value of 3.41 to 2.85, a shift toward thg value of the of the molybdenum center slightly changed from those of the
molybdenum center, with an observed line width~e200 G. precursor complex, as observed ##° It is well-known that
The g ~ 2 region forl appears much cleaner than that &r  the dipolar interaction depends on the interspin distance.
because the central value for the iron center i3 (2.29) is Changing the axial ligands from NMelm to 2MelmH does not

absen® However, the anisotropic nature of the molybdenum significantly alter the intermetal distance-§.4 A), and thus,
center is also lost. Only a broad signagl €£2.07, Figure 6) the dipolar interaction is not expected to change, assuming the
could be detected, and the molybdenum hyperfine structure isrelative orientations of thg tensors are the same. The EPR
not resolved. This broad line is shifted toward lower field from spectra arising from the low-spin iron(lll) centers fand 4
are distinctly different2 shows a larggmax signal of 3.4 and
(27) Walker, F. A.; Reis, D.; Balke, V. LJ. Am. Chem. S0d.984 106 a larger observable line width thay which has a rhombic
6888-6898. spectrum with [0 of 2.25. The upper limit for dipolar
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interaction for2 calculated from the empirical relatior:¢r —3) observation may have implications for proteins in which the
is 50 G, which is smaller than the observed line width for the heme center is spin-coupled with one or more other paramag-
iron(lll) centers (~150 G) at this frequency. This large line netic centers, and suggests that the ligand plane orientation

width obscures any dipolar splitting of the Fe(lll) signalf imposed by the heme pocket backbone may have little effect
Summary. The proton NMR spectra ofl, the bis(2- upon the spia-spin coupling pattern. Ongoing studies in our

methylimidazole) adduct of Fe(2,3-Mo-TTP)CI, are character- |aboratories will further explore this hypothesis.

istic of perpendicular ligand plane orientation. In contrast, Compoundd and3 constitute a class of molecules heretofore

the bis(\-methylimidazole) adduct, shows a large spread of the \nknown in model heme chemistry in which rotation of axial
pyrrole resonances that is indicative of nonperpendicular axial jjgands is stopped even at room temperature. From our detailed
ligand plane orientation. FO2, the_ bls(z-methyllm|dazole)_ NMR investigation on3, we concluded that one axial ligand
adduct of Fe(3,4-Mo-TTP)CI, the ligands are found t0 be in gy 15 the molybdenum center) was frozen by steric interac-
perpendicular orientation, vyhereagthe bisN-methylimidazole) tions. However, the data f@& did not enable us to determine
a?duct,khas Thg ligands orler;]tedf_ln parallell planes. 1|:|° thehbeStwhether the second axial ligand (anti to the molybdenum center)
of our knowle ge,l—{l are the first complexes to show the ;¢ rotating rapidly or locked parallel to the first ligahdlhe
dramatic effects of ligand plane orientation, even at room present study shows that the two axial ligandslore in

temptera}[tu;ﬁ. f[:homp%gd(i a}ng. Ztlhavef ds'frfnaller blnd[[r;]g perpendicular orientation and that one axial ligand (syn to the
constants than those dlanas, indicative ot differences in the molybdenum center) is prevented from rotation; this implies

steric demands of the axial ligands. The reduction potentials that the second ligand is also not rotating. These result$ for

O];rthﬁ rxoé(\)/r/éve)vgz?splaniL:za?hsgir(]:sslti;\i/f?s r;ﬁﬁgirogf Ig;eof lead to the provocative suggestion for compo@ritat the anti
porpny ' P axial ligand adopts a locked parallel conformation. Finally, we

the 2,3-isomers relative to those of the 3,4-isomers indicate thatrlote that the attachment of a bulky group at the periphery of

communication between the two metal centers increases as th(ihe orphvrin macrocvele is a qood strateqy for mimicking the
distance between the two metal centers decreases. We also. porphy icrocy @ gooc 9y 9
rigidity of the axial ligand binding in heme pockets.
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