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Resonance Raman Spectra of Fluoride Anion Kincaid et al.® however, suspected that the RR spectra
Ligated Ferryloxo Tetramesitylporphyrin = obtained by Hashimotet al. might result from a photoproduct
Cation Radical Compounds owing to its photolability of the 828 cm species and insisted

that thev(FéV=0) band at 802 cmt (767 cnt?l) from the
i i reaction of2-Cl with [160O]JmCPBA ([BO0]mCPBA) in CHCl,
Ki-Jung Paeng Dae-Ho Shin} and solution could be assigned to a 5-coordinatedation radical
Insook Rhee Paeng* species, shown as. Consequently, the(Fe=0O) RR bands
were seen at 828 cm with the presence of MeOH, and at 802
cm~1without. The explanation of the frequency difference has
been provided through the difference between alcohol-coordi-
nated (6-coordinated) and noncoordinated (5-coordinated) com-
pounds; nonetheless, it runs counter to the rule of trans ligand
Receied September 6, 1996 effect_s? Finally, an attempt was made by Hashimetqal. to
explain through the difference between alcohol-coordinated and
m-chlorobenzoate (mCB)-coordinated compounds, as following;
Groves and Watanatfd previously inferred that mCB, the
It has been known that two oxo iron porphyrin intermediates, product of mMCPBA by its reaction witB-Cl, was coordinated
commonly referred to as compoumdand compound! ,! are to the iron(1V) ion at the position trans to the oxo ligand.
involved in the catalytic cycles of heme-dependent enzymes such However, it seems difficult to accept the reasoning, because
as peroxidases and catala3eA.generation of such high-valent the RR spectrum obtained from the species produced by
isolated synthetic metalloporphyrin derivatives is of interest in oxidation with ozone (no mCPBA) is identical with the one
terms of biomimetic studiel. Two-electron oxidation found  obtained by Kincaidet al% Recently, Gross and Nindfi
in the initial step of the catalytic cycle is also obtained by reported the data of the various NMR and EPR spectra-fér
reaction with oxo transfer reagents and seemingly yields an oxo (X = CI, F, etc.). They suggested that theC| species was
iron(IV) porphyrinz cation radical species (compoubhd Since generated by the oxidation d-Cl with ozone in CHCI,
Groves et al#? first reported the production of a ferryloxo  solution. It should be noted that the UWis spectrum obtained
tetramesitylporphyrinr cation radical [(TMP)FeV=0, 1], from the oxidation reaction d?-Cl with mCPBA, and the one
which took place through the reaction of iron(lll) tetramesi- from the oxidation reaction with ozone, are superimposable. This
tylporphyrin chloride [(TMP)F¥-CI, 2-CI] and m-chloroper- means that both products belong to the same species. Therefore,
oxybenzoic acid (MCPBA) at-78 °C, extensive studies have the green product obtained by Kincatlal. could be assigned
been made in many laboratoriesThe utility of resonance  to thel-Cl (6-coordinated) species instead of the 5-coordinated
Raman (RR) spectroscopy to study the high-valent oxo iron one. From all of those controversies, we intend to prepare a
porphyrin = cation radical has been demonstrated by many fluoride-ligatedsr cation radical porphyrin in order to have a
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Introduction

investigators? clear-cut evaluation of the green compounds of Hashinebto
Hashimotoet al® obtained RR spectra of a green compound al. and Kincaidet al. and to observe the trans ligand effects on
which has a typical property of ferryloxo porphyrin cation a s cation radical porphyrin.

radical. The record of the RR spectra was made using a
spinning cell for the species generated from the reaction of
mCPBA with 2-Cl in CH,Cl; and methanol mixture solution at Compound Preparation. 5,10,15,20-Tetramesitylporphine 4H
—78°C. The RR band of(Fe=0) appeared at 828 crh([160]- TMP) was purchased from Midcentry (Posen, IL).TIMP was free
mCPBA), and shifted to 792 cm ([180]mCPBA), and he later from reduce_d porphyrin ar_ld was used Without_ further purificat?on_. The
reassigned it td-methanol {-MeOH) species, after studying metal was incorporated into AMP by refluxing the porphyrin in

) - ] dimethylformamide (DMF) containing ferrous chloride under a nitrogen
the RR spectra of-(alcohol) with four different alcohols. atmospheré? Fe(TMP)F was synthesized according to the previously

described metho#.

Experimental Section

" T
+ Egpesae IBUarS"i\éeéS(.‘,litghce Institute Oxygen-labeled mCPBA%O*0, 8080, and scrambled§0*O:
s Seoul Woman's University. 19010100 = 1:2:1)] was prepared by the methods of Johrgon
(1) An oxo iron(IV) porphyrin cation radical formation has been accepted and Brown!> The reaction product was checked by the@stretching
for “compc_)undl" while for “compoundll ”, an oxo iron(IV) nonradical vibration band in the Raman spectra. Tetrabutylammonium fluoride
structure is preferred. trihydrate (TBAF3H,0) and solvents, DMF and methylene chloride
@ zDsulnford, H. B.; Stillman, J. SCoord Chem Rev. 1976 19, 187- (CH.CI,), were also purchased from Aldrich Chemical Co. and dried
() (a) Kitagawa, T.; Mizutani, YCoord Chem Rev. 1994 135/136 by reflux over sodium metal and calcium hydride, respectively, prior

685-735. (b)Iron Porphyrin Lever, A. B. P., Gray, H. B., Eds.; to use.
Addison-Wesley: Reading, MA, 1983; Part I/Part Il.
(4) (a) Groves, J. T.; Haushalter, R. C.; Nakamura, M.; Nemo, T. E.; (8) (a) Kincaid, J. R.; Schneider, A. J.; Paeng, K}XJAm Chem Soc

Evans, B. JJ. Am Chem Soc 1981 103 2884. (b) Cheng, R.-J.; 1989 111, 735. (b) Proniewicz, L. M.; Paeng, I. R.; Nakamoto, XK.
Latos-Grazynski, L.; Balch, A. Linorg. Chem 1982 21, 2412. (c) Am Chem Soc 1991, 113 3294.
Balch, A. L.; Latos-Grazynski, L.; Renner, M. W.Am Chem Soc (9) Oertling, W. A.; Kean, R. T.; Wever, R.; Babcock, G.lflorg. Chem
1985 107, 2983. (d) Coldwood, T. S.; Bruice, T. @org. Chem 199Q 29, 2633-2645.
1986 25, 3722. (e) Groves, J. T.; Watanabe, ¥ Am Chem Soc (10) Czarnecki, K.; Nimri, S.; Gross, Z.; Proniewicz, L. M.; Kincaid, J. R.
1986 108 7834. (f) Groves, J. T.; Watanabe, ¥.Am Chem Soc J. Am Chem Soc 1996 118 2929-2935.
1988 110, 8443. (11) (a) Gross, Z.; Nimri, Slnorg. Chem 1994 33 1731-1732. (b)
(5) (a) Sugimoto, H.; Tung, H.-C.; Sawyer, D.JAm Chem Soc 1988 Groves, J. T.; Gross, Z.; Stern, M. Kiorg. Chem 1994 33, 5065
110 2465-2470. (b) Gold, A.; Jayaraj, K.; Weiss, R.; Chottard, G.; 5072.
Bill, E.; Ding, X.; Trautwein, A. X.J. Am Chem Soc 1988 110, (12) Kobayashi, H.; Higuchi, T.; Kaizu, Y.; Osada, M.; Aoki, NBull.
5756. (c) Fuijii, H.; Ichikawa, KInorg. Chem 1992 31, 1110-1112. Chem Soc Jpn 1975 48, 3137.
(6) Hashimoto, S.; Tatsuno, Y.; Kitagawa, J.Am Chem Soc 1987, (13) Jones, J. G.; Tondreau, G. A.; Edwards, J. O.; Sweigart, Dhokg.
109, 8096. Chem 1985 24, 296.
(7) Hashimoto, S.; Mizutani, Y.; Tatsuno, Y.; Kitagawa,JTAm Chem (14) Johnson, R. ATetrahedron Lett1976 5, 331.
Soc 1991 113 3294. (15) Brown, G.Org. Synth Collect 1941, 1.
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Figure 1. Resonance Raman spectra obtained from the reaction product
of (A) F€'"(TMP)CI -+ [*%0]mCPBA, (B) F&'(TMP)F + [*O]mCPBA,
(C) F&"(TMP)CI + TBAF-3H,0O + [*O]mCPBA, (D) same as (A),
(E) same as (B), and (F) METMP)F + [*(O]JmCPBA, in CHCI, at
—78 °C. Asterisks indicate CyCl, solvent. Experimental condi-
tions: excitation, 406.7 nm ang5 mW (line focus on the sample
surface); sample concentrationl mM (iron porphyrin). Resonance
Raman spectra were collected at 1¢érimtervals at a rate of 1 s/point,
and accumulated three scans.

700

Spectral Measurement. Low-temperature Raman experiments were
performed using a low-temperature stirred dewar cell (LSC) which was
stirred with magnetic stirring bar rotated by externally mounted stirring

Notes

Figures 1B and 1E were obtained from the reaction product of
2-F and1%0-mCPBA in CHCI, (Let's refer to this reaction
product as3). As seen in Figures 1A and 1B, the high
frequencies in both figures show a big similarity in the patterns
of band shift in oxidation and spin state sensitive bands;
downshifts by 19 cm! to 1352 cn1?, andwv, by 20 cnt? to
1547 cmt. These amounts of downshift are derived from the
corresponding values of, and v, observed for ferryloxo
tetramesitylporphyrin non-radical complex=G€V(TMP), ref-
ered to ast hereafter. In particular, it is illustrated in Figure
1B that there was a typical decrease in the intensity of all
macrocycle modes upon generatiorBofThus, it is consistent
with the expected A, type r cation radical formatioA?

In the low-frequency region, Figure 1E was obtained with
[*(O]MmCPBA and exhibits the typical band of tetramesitylpor-
phyrin at 861 cm® and a new band at 807 crh The new
band shifts to 771 cmt when [BOJmCPBA is applied (Figure
1F). A similar experiment with an isotopically scrambled
mCPBA gives two distinct Raman bands at 807 and 771cm
with equal intensity (not shown). The fact that no new band is
seen between these two bands rules out the possibility of
assigning these bands to th€D—O) of the peroxo species,
(TMP)FeOOFe(TMP). The observed shifty = 36 cnt?) is
in good agreement with the calculated valwer (= 35 cnt?)
expected for a diatomic FeO vibrator. Thus, the bands at 807
and 771 cm! can be assigned to thgFe=0) of the 1-X
species. The structure of that will be discussed.

The band at 802 cnt was assigned to the(Fe=O) of 1,
which is 5-coordinated according to Kincaat al while
Hashimotoet al.” assigned the same band to th&e=0) on
1-mCB, which is 6-coordinated. Their explanation suggests that
in Figure 1D and E the samgFe=0) frequencies be shown
from the oxidation product of mCPBA and the porphyrins,
although the porphyrins differ in the ligands they have as being
2-Cl or 2-F. However, the oxidation products possess different

rod. The sample solution was degassed by nitrogen gas for at least 3Qglues (802 cm! with 2-Cl, 807 cnt! with 2-F, as initial

min before use. All reactants were introduced by syringe. The samples
were kept at=78 °C by a dry ice-acetone solution.

RR spectra were recorded on a Spex Model 1403 double mono-
chromator coupled with a Hamamatsu R-928 photomultiplier and a Spex
DM1B data station. Excitation at 406.7 nm was made with a Coherent
Model Innova 100-K3 Kt ion laser. The laser power on the sample
was kept at~5 mW. In order to avoid fast sample decomposition,
backscattering geometry was set up with two small mirrors and a
cylindrical lens to produce a line focus on the sample surfacéhe
line image on the scattering surface was about 4 mm high. Thus, the
power density on the sample was at least 20-fold lower than in the
case of a point focus produced by a conventional spherical lens.
Estimated accuracy in frequency readings wes0 cnr?.

Electronic spectra were measured in the region of 73D nm using
a Shimadzu UV-200 spectrophotometer.

EPR spectra were obtained 4 K with a Bruker ESP 300S
spectrometer operating at 9.4 GHz. The microwave frequency was
100 kHz, and the cavity was Tk Modulation amplitude was 1 G,
and the microwave power was 1 mW. An Oxford ESP 900 cryostat
was used. EPR samples were preparee-a8 °C, and the solvent
was CHCl,.

Results and Discussion

Figure 1 shows RR spectra recorded with the 406.7 nm
excitation line of Kr ion laser. Figures 1A and 1D were
reproduced from the reaction products€l and®0-mCPBA
in CH.Cl,, which was identical with the RR spectra of the
authentic compound previously observed by Kincatdal.82

(16) Kincaid, J. R.; Schneider, A. J.; Paeng, KJ.JAm Chem Soc 1989
111, 735-737.

porphyrin) forv(Fe=0). Thus, it is assumed that they both
have different environments due to axial ligands, which means
they have different ligands trans to the oxo ligand. Itis possible
to explain the band at 802 crh(Figure 1D) to1-Cl and 807
cm~! (Figure 1E) tol-F. The ligand with highers donor
property overcomes in the competition for coordination if the
concentration of ligands were same. Actually, the concentration
of F~ (or CI7) is same as that of mCB in that reaction.

Also, these assignments are supported by the pyrrole chemical
shifts by NMR819 |t is well-known that the pyrrole chemical
shifts in iron(lll) porphyrins are very sensitive to the field
strengths of the axial ligands. The NMR values of pyrrole
hydrogen decreased as €lF > MeOH and it is reversibly
proportional to the frequencies ofFe=0) as 802, 807, and
828 cnt?! for 2-X (Cl, F, and MeOH, respectively). These
values are also consistent with our assignment. The ligands,
mCB and OCIQ show very close donor properties according
to RR date?® and OCIQ and MeOH also show similaritjt?
Thus, it is inferred that ligands mCB and MeOH will have a

(17) (a) The downshifts im, andv, are expected on the basis of extensive
studies of the RR spectra of cation radical metalloporphyrins given in
ref 8. (b) Czernuszewicz, R. S.; Macor, K. A.; Li, X.-Y.; Kincaid, J.
R.; Spiro, T. G.J. Am Chem Soc 1989 111, 3860-3869.

(18) La Mar, G. N.; Waker, F. A. Imhe Porphyrins Dolphin, D., Ed.;
Academic Press: New York, 1979; Vol. IV, Chapter 2.

(19) Bottomley, L. A,; Olsen, L.; Kadish, K. M. liElectrochemical and
Spectrochemicabtudies of Biological Redox Components; Kadish,
K. M., Ed.; ACS Advanges in Chemistry Series 201; American
Chemical Society; Washington, DC, 1982, p 293.

(20) Paeng, I. R.; Paeng, K.Bull. Kor. Chem Soc 1995 16, 997-1000.
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Figure 3. UV—Vis spectra observed in GBI, at —78 °C from (A)
Fe!'(TMP)CI + TBAF-3H,0 and (B) F& (TMP)CI + TBAF-3H,0 +
mCPBA.
C

CHCl,, and exhibits the typicat cation radical porphyrin ring

with signal at 3350 Gd = 2.008), which is identical to the

one that is in the published refereride Figure 2C obtained

L e | . | ) from 5 shows EPR signals at 3350 @ € 2.008) due to a
1000 2000 3000 4000 free-radical porphyrin ring, and at 1500 G indicating the
H (Gauss) nonsymmetrical system of iron(lll) due to a free-radical por-
phyrin ring, and at 1500 G indicating the nonsymmetrical system

Figure 2. X-band EPR spectra observetd4aK in CH,Cl, from the of iron(lll) ion with large zero-field splitting respect tg34l.

reaction product of (A) F&(TMP)CI + TBAF-3H;0, (B) Fé'(TMP)- This result provides strong metal ligand interaction between iron,
Cl + mCPBA, and (C) F&(TMP)CI + TBAF-3H,0 + mCPBA. ligands, and orthorhombic field. It should mention that an EPR

- - . . spectrum wit3 (not shown) is same as Figure 2C. The species
similar o donor strength, and it is considered that the band will 4,5 EpR silent.

appear at 828 cm if mCB were coordinated to the sixth
position.

The photolability of ther cation radical porphyrins is still
in controversy. Horseradish peroxidase (HRP) compoind
in agueous solution has been known to be subject to efficient
photodegradatioft Figure 1C was obtained from the oxidation
product of2-Cl reacted with mCPBA in the presence of TBAF
3H,0; let us refer to this reaction product &s It shows
distinctly different RR spectra compared with Figure 1A and
B, v» (1569 cnT!) andv, (1371 cntl). These frequencies are
very close to the values (1565 and 1369 ¢jrof those in the
nonradical ferryloxo porphyrind.32 Thus, it can be assumed
that nonradical ferryloxo-like species are produced in the
presence of TBARH,O, according to high-frequency RR
spectrum.

Additionally, we examined the EPR spectrum bfto
characterize the electronic configuration in the iron and por-
phyrin ring environment. Figure 2A is an EPR spectrum for a
mixture of2-Cl and TBAF3H,0 in CH,Cl, frozen solution and
shows an axially coordinated fluoride compl@¢. Figure 2B Acknowledgment. We thank Prof. J. R. Kincaid (Marquette
was obtained from a reaction productfCl and mCPBA in University, Milwaukee, WI), who has allowed us to use his
Raman system.
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In order to consider wheth&examined by EPR is a mixture
of the EPR silent ferryloxo nonradical porphyrin and ferryloxo
ot cation radical porphyrin, a U¥Vis spectrum of5 was
investigated at low temperature-78 °C). As seen in Figure
3, the Soret band 05 is shifted to 402 nm with decreasing
intensity from 416 nm by reaction product »fCl and TBAF
3H,O. Despite the fact that the RR spectrum SdiFigure 1C)
supports the nonradical complekF, it is possibly interpreted
as a photoproduct df-F by laser according to EPR and bV
Vis spectraj.e., the reaction product db also produces a
cation radical porphyrinl-F, the same a3. The photolability
of & cation radical porphyrins in aqueous solution is under
examination in our group.

In summary, we detected a fluoride-coordinated ferrylaxo
cation radical porphyrin by RR spectroscopy, assigned the
reaction producB to 1-F, and reassigned the green compounds
of Hashimotoet al. and Kincaidet al. to 1-MeOH and1-Cl,
respectively.

(21) Paeng, K.-J.; Kincaid, J. R. Am Chem Soc 1988 110, 7913~
7915. 1C961094+





