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Fluorine-19 NMR solution measurements have been made for various phenyl-fluorinated iron porphyrin
complexes. Large chemical shifts for phenyl fluorine signals of iron(lll) and iron(ll) are observed, and these
signals are sensitive to electronic structure. The chemical shift differences in ortho-phenyl fluorine signals
between high-spin ferric and low-spin ferric tetrakis(pentafluorophenyl)porphyrins are approximately 40 ppm,
whereas the differences are approximately 7 ppm between high- and low-spin states of ferrous
tetrakis(pentafluorophenyl)porphyrin complexes. Analysis of fluorine-19 isotropic shifts for the iron(lll)
tetrakis(pentafluorophenyl) porphyrin using fluorine-19 NMR indicates there is a sizable contact contribution
at the ortho-phenyl fluorine ring position. Large phenyl fluorine-19 NMR chemical shift values, which are
sensitive to the oxidation and spin states, can be utilized for identification of the solution electronic structures
of iron(lll) and iron(ll) porphyrin complexes.
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Introduction Experimental Section

The NMR spectra of paramagnetic iron porphyrin species Materials. Chlorinated solvents were purified by previously
are particularly high in information content, and such spectraeported methodsToluene and dimethylsulfoxide (DMSO)
may be utilized for electronic and molecular structural analysiswere purchased as distilled-in-glass solvents and further
Solution structural identification is especially important with purified by modifications of published methddsSolvents
regard to the observation of axial ligand signals. Proton andiere degassed after or during purification either by purging
deuterium resonance values with considerations of linewidthith nitrogen or by the freeze-pump-thaw method. Deuterated
provide a diagnostic means for identification of iron por- solvents (toluenesdDMSO-d¢, CD:Cl,) were purchased from
phyrin oxidation, spin and ligation stafesWell-resolved  Aldrich and deoxygenated by the freeze-pump-thaw method.
carbon-13 NMR spectra of the paramagnetic iron porphyrinSolvents were stored in the argon atmosphere of a dry box.
are also utilized for structural assignments and detailed Methyl-, ethyl- and propylmagnesium bromide and butyl-
isotropic-shift analysié? and phenyllithium were purchased from Aldrich as tetrahydro-

The proton and deuterium NMR chemical shift value forfuran (THF) or diethyl ether solutions and used without
the pyrrole resonance of paramagnetic metallotetraarylpurification. Solid tetrabutylammonium fluoride, B)F-3HO,
porphyrins has proven to be of considerable utility inand tetrabutylammonium hydroxide, (B)OH, as a 1.0 M
definition of the electronic structures. However, phenylsolution in methanol were purchased from Aldrich.
proton NMR resonances of the iron tetraarylporphyrins Iron Porphyrin Synthesis. Tetrakis(pentafluorophenyl)-
provide less information for elucidation of the iron porphyrin, (ke-TPPH), and chloroiron(lll) tetrakis(penta-
porphyrin chemistry due to the relatively small dispersion offluorophenyl)porphyrin, (l-TPP)Fe(ll1)Cl, were purchased
signals. Improved dispersion of fluorine-19 signals infrom Aldrich. Chloroiron(lll) tetrakis(2,6-difluorophenyl)-
phenyl-fluorinated iron porphyrin complexes is demon-porphyrin ((-TPP)Fe(lll)Cl), tetrakis(3,5-difluorophenyl)-
strated in this report for various spin and oxidation states gborphyrin and tetrakis(4-fluorophenyl)porphyrins{FH°PP)-
iron tetrakis(pentafluorophenyl), tetrakis(2,6-difluorophenyl) Fe(ll)Cl) were prepared by literature methotialkyl- and
and tetrakis(4-fluorophenyl) porphyrin complexes. The ironaryliron(lll) porphyrins were prepared by stoichiometric
tetrakis(pentafluorophenyl)porphyrin has unique propertiesaddition of alkyllithium, aryllithium or alkylmagnesium bromide
in that the electron-deficient porphyrin induces a highto the toluene solutions of the chloroiron(lll) porphyrin
affinity of iron for axial ligands, efficiently stabilizes complexes?
high-valent iron porphyrin complexésind therefore serve  The perchloratoiron(lll) tetrakis(2,6-difluorophenyl)por-
as an efficient catalyst for oxidation of hydrocarb®dhs. phyrin complexes were produced by equilibration of the
Empirical and theoretical correlation of F-19 NMR chemical hydroxoiron(lll) porphyrin complex with aqueous 1.0 M
shifts and iron porphyrin electronic structures will facilitate perchloric acid solutio®® The fluoroiron(lll) porphyrin
the continuing utilization of fluorinated iron porphyrin complexes were obtained from the reaction of corresponding
compounds. p-oxo dimeric iron(lll) porphyrin complexes with 1.0 M
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hydrofluoric acid. The difluoroiron(lll) tetrakis(2,6-difluoro- Table 1 Phenyl Proton NMR Data for Various Iron Porphyrin
phenyl)porphyrin complex was generated by addition ofComplexes
excess hydrated tetrabutyliamnjonium fluoride sthI@iu Spin & Oxidn _ Pyrrole- Phenyl, ppm
3H0) to (R-TPP)Fe(ll)F in dichloromethane solution at gates Species H “otho meta para
ambient temperatureHydroxoiron(lll) tetrakis(pentafluoro- P
phenyl)porphyrin complexe, 4TPP)Fe(lll)OH, was gener- H.S. Fe(lll)  (TPP)FeCl 798 7.0 132 63 19
ated from (k-TPP)Fe(ll) in toluene solution. Addition of 121
0. to (Re-TPP)Fe(ll) initially produces hydroxoiron(lll)y H-S-Fe(ll)  (R-TPP)FeCl 805 106 76 11
porphyrin, (Roe-TPP)Fe(ll)OH, and these compounds slow- 115
ly converts to the dinuclegr-oxoiron(lll) porphyrin in 72 H.S. Fe(lll)  (TPP)Fef 853 103 738 86 13
hours in toluene solution. Thg-oxoiron(lll) porphyrin LS.Fe(ll) (TPP)FeBu  -184 245 426 532 25
precipitated from toluene solution due to the low squbiIityH'S' Fe(ll)  (TPP)FeF 303 72 789 698 14
in this solvent. Precipitated solid product was separated bg 8.02
filtration through a medium glass frit. Re-dissolution of the =1, Fe(l)  (TPP)Fe 46208 125 125 2
solid product in CBCl, and examination by proton NMR L-S-Fe(l)  (TPP)FeCO 89 75 82 75 26
spectroscopy revealed that the 14.0 ppm pyrrole protofignals are referenced to (gkBi. Abbreviations: H. S., high-spirt.
signal was characteristic of FTPP)Fe(l1l)-O-Fe(lll)(Re- a'D'OW'Sp'.”-' Bu, @Ho. @ in CDC} solution.b in CO.C, solution.c in
14 . . AN 6 solution.d in tol-cs solution.

TPP).* Fluoro- and hydroxoiron(ll) porphyrin anionic com-
plexes were prepared by addition of the respective tetrabutyfluorinated iron porphyrins as shown in Table 2| demonstrate
ammonium salt to the square-planar iron(ll) porph¥ati.  the potential of F-19 NMR spectroscopy as a diagnostic
Crystalline iron(ll) tetrakis(pentafluorophenyl)porphyrins, method for identification of iron porphyrin oxidation, spin,
(F20cTPP)Fe(ll) and (k- TPP)Fe(ll)(THF), were prepared and ligation states.
in the dry box by mercury-activated zinc powder reduction Fluorine-19 NMR spectra for a number of known iron(lil)
of the chloroiron(lll) complex in toluene and tetrahydro- and iron(ll) are examined here. The spectrum fog- (F
furan solutions, respectively.lron(ll) tetrakis(pentafluoro-  TPP)Fe(ll)Cl is shown in Figure 1. Signals were assigned
phenyl)porphyrins bis-coordinated by Cldnd piperidine by examination of the 2,6-F and 3,5-F phenyl-substituted
and mono-ligated by CICH:CO,  and 2-methylimidazole analogues and by consideration of linewidths. Broad o-
were prepared by addition of excess NaCN and piperidinphenyl fluorine signals are located at -102.0 ppm and -105.1
and BUNCI, BuN(CHsCGO;,) and 2-methylimidazole to the ppm. The meta-phenyl fluorine signals are also split into two
square-planar iron(ll) porphyrin. Employed solvents are
listed in Tables. (l-TPP)Fe(I)CO was prepared from the
reaction of 1 atm CO gas with square-planasTPP)Fe(ll)
in CD2C|2

Measurements Fluorine-19 and proton NMR spectra of
iron porphyrin solutions were recorded at°€5on Bruker
MSL-300 or Bruker AC-300 spectrometers. A fluorine
frequency of 282.3 MHz was used. Chemical shifts are
referenced to CFEI(F-19 NMR) and (Ch)4Si (proton
NMR) and downfield shifts are given a positive sign.
Concentrations of iron porphyrins ranged from 1.0 mM to
10.0 mM.

Ref

L "
-150 -
PPM 160

Results and Discussion

Assignment of Signals Phenyl proton NMR chemical
shift values of representative iron tetraarylporphyrin deriv-
atives are listed in Table 1. Phenyl proton NMR signals of
iron porphyrin complexes are often located in the diamagneti ?

region with small differences in chemical shift values among » T
ortho, metaandpara phenyl proton resonances. The exception _A_R \ML
to this generalization is seen for iron porphyrin radical

complexes where large upfield and downfield alternating e i r

chemical shifts of phenyl protons are obse’edCompara- PPM

tively small chemical shifts of phenyl proton signals andFigure 1. Fluorine-19 NMR spectrum (282.3 MHz) of (A) 5 mM

moderately large linewidths limit the general utility of phenyl (F2-TPP)Fe(ll)Cl in CRCI, solution and (B) 5 mM (-
proton NMR data for identification of electronic structures TPP)Fe(ll)(CN) in DMSO-d solution at 25°C, chemical shifts
of iron porphyrins. However, fluorine-19 NMR data for the referenced to CFgl
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meta-phenyl fluorine signal splitting is well beyond usualTable 2 Fluorine-19 NMR Data of Phenyl-fluorinated Iron
fluorine-fluorine coupling constants, and is best explainedPorphyrin Complexes
by inequivalence of phenyl fluorine groups with respect to

axial ligation at the iron center. Phenyl groups are orthogonajf;?ef oxidn species phinyl fluorine, ppmpygsllrﬁ_H
to the porphyrin plane and phenyl group rotation is slow on ortho _meta  para
the 282 MHz NMR time scale. Observation of ortho- and/orFree ligand  (k-TPPH) -137.3 -1621 -1522  °
meta-pheny! fluorine signal splitting provides useful infor- Freeligand  (ETPPH) -109.4 °
mation with regard to the symmetry of axial ligation. How- H- S- Fe(lll) - (RoTPP)FeCl -102.0 -152.1 -147.2 819
ever, absence of phenylfluorine signal splitting can not be -105.1 -154.6
taken as an indicative of symmetric axial ligation, as the- S Fe(ll)  (R-TPP)FeCl -78.5 80'5
splitting may not be resolved due to large linewidths. Hence, -81.0
among the five-coordinate high-spin iron(lll) derivatives theH- S- Fe(lll)  (R-TPP)FeCl -108.0 8000
fluoride and hydroxide complexes show larger linewidthsH- S: Fe(lll)  (R-TPP)FeF -88.3 80°1
(due to lower zero-field-splitting) than does the chlorideH- S- Fe(ll) (k-TPP)Fek”  -109.8 85.2
complex. Phenyl signal splitting is resolved for the chlorideH- S- Fe(ll)  (R-TPP)FeF -1105 801
complexes, but none is evident (at 282 MHz) for the fluoride- S- Fe(lll) (ke TPP)FeOH  -104.0 -155.0 -148.5 810
complex and only the meta-fluorine signal is split fas (F -157.0
TPP)Ee(lll)OH. H.S.Fe(lll) (R-TPP)FeOH -88.3 80’7
Sizable and often distinctive paramagnetic chemical shift§€(!l) dimer [(ReTPP)FeJO  -133.9 -162.1 -1529 140
are evident for phenyl fluorine resonances of high-spin -136.2 -164.2
iron(lll) porphyrins. For example, downfield shifts of 35.0 Fe(lll) dimer [(R-TPP)Fe}O  -102.8 138
and 5.0 ppm are seen for m, p signals, respectively fpr (F S=5/2 Fe(lll) (k-TPP)FeCl@  -89.0 35.7

TPP)Fe(llCl as compared with the metal-free porphyrin or  3/2
diamagnetic () TPP)Fe(I)CO complex. The ortho-fluoro L-S-Fe(ll) (RoTPP)FePh  -143.8 -164.4 -154.0 -18.5

signal of (B-TPP)Fe(lll)X is sensitive to the nature of the X -146.2

ligand as is seen in a 9 ppm difference for the chloridd- S- Fe(lll)  (RoTPP)FeBu -145.4 -164.7 -154.7 -20.2
complex as compared with fluoride and hydroxide complexes. -146.5

The difluoro anionic complex, §FTPP)Fe(llNF, gives a L. S-Fe(lll)  (RoTPP)FePr -143.9 -164.6 -1545 -Z1.2
phenyl-fluoro chemical shift value only slightly upfield from -145.2

that of the free ligand. The perchlorate complexTFP)- L. S-Fe(ll) (ReTPP)FeMe  -143.8 -164.6 -1544 -20.5
Fe(I)CIQOq, is shown to exhibit an S = 5/2, S = 3/2 spin -146.3

admixturet>'® Thus, it is surprising that the fluoro-phenyl L. S-Fe(lll)  (R-TPP)FeEt -1165 -1822

chemical shift value for the perchlorate complex approxi-H- S-Fe(l)  (R-TPP)Fe(THF) -140.4 -165.3 -157.7 59.0

mates that for the fluoride and hydroxide complexes. Nd- S-Fe(ll)  (Ro-TPP)FeF -128.2 -160.9 -154.1 30.1

general correlation with ligand properties is yet apparent for -130.2 -162.5

the fluoro-phenyl chemical shift values of high-spin iron(lll) H- S. Fe(ll)  (ReTPP)FeOH  -130.2 -156.7 1524  33.6
complexes. The greatly attenuated F-19 paramagnetic shifts )

seen for the dimeric iron(lll) complexes in Table 2 are wellH- S-Fe(l) (R TPP)FeCl -131.0 -165.1 -157.9 407

understood in terms of the antiferromagnetic coupling through -132.2 -166.0

the oxo-bridge. H.S.Fe(ll) (R TPP)Fe2Melm)-127.9 -157.9 -149.9 54£3
A group of organometallic complexes ob¢FPP)Fe(lll)y ~ S=1Fel)  (rTPP)Fe 1355 1614 -1522 58

were prepared as representative of the low-spin iron(lllP=1 Fe(l)  (-TPP)Fe -105.6 20

state (Table 2). These species are five-coordinate and lack bfS: Fe(l)  (ReTPP)Fe(pip) -137.9 -1633 -153.7 84
axial symmetry is associated with splitting of the ortho-1-S-Fe(l)  (ReTPP)FeCO 1377 -162.3 -152.5 8.9
phenyl signal (no splitting of the meta-phenyl signal wask-S- Fe(l) (e TPP)Fe(CNy” -137.6 -163.6 -1532 &9

resolved). Maximum paramagnetic chemical shifts of approxi-alSOIIO‘ECU“?l taken g‘ 26, fefere”&ed t(? CFElb in CDCI, solution ¢ in
. -dg solution in DMSO-¢ solution e in THF-¢ solution
matEIV 9 ppm aré seen for the |OW-Sp|n complexes, and Ifbbreviation: H. S., high-spin: L. S., low-spin: PkHzs Bu, GHg: Pr,

should be emphasized that shifts are in the upfield directiorc,H-:Et, GHs: Me, CH: pip, piperidine: 2-Melm, 2-methylimidazole.
Chemical shift differences are quite small among the aryl-
and alkyl-(Re-TPP)Fe(lll) complexes listed in Table 2. Low- the S = 2 (k-TPP)Fe(ll)F complex in CRCI; solution at
spin bis-imidazole complexes of iron(lll) porphyrins have 25 °C shows split ortho-phenyl fluorine signals at -128.2
been described extensivélyput efforts to generate such ppm and -132.0 ppm. Meta- and para-phenyl fluorine signals
complexes of (l-TPP)Fe(lll) resulted in autoreduction to are located at -160.9 ppm, -162.5 ppm (meta), and -154.1
the iron(Il) porphyrin. ppm (para).

Fluorine-19 NMR spectra of representative high-spin and The other two five-coordinate anionic high spin iron(ll)
low-spin iron(ll) tetrakis(pentafluorophenyl)porphyrin com- complexes exhibit comparable ortho-fluoro chemical shift
plexes are shown in Figure 2. The F-19 NMR spectrum ofialues, but considerable differences in meta-fluoro signal
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fluorophenyl) porphyrin, (l-TPP)Fe(Il)CO, was utilized as

a diamagnetic reference compound to define the isotropic
shift values for the various paramagnetic complexes. The
isotropic shift term is composed of the through-bond contact
contribution and the through-space dipolar (pseudocontact)
terms?

AHisJH :AHcor/H +AHdip/H (1)

For axial symmetry the dipolar shift can be estimated with
the equation:

(AH/MH)aip = {(1/3N)(X, — X0 )(3co$6-1)}/r®  (2])

. i [ . , . . wherer is the distance of the observed nucleus from the
3 2 A 0 paramagnetic center and is the angle with respect ta the
Geometric Factor x 102" em™® axis for the metal-nuclear vect§rThe quantity (3cd® -

Figure 2. Plot of isotropic shifts for phenyl proton atdthéO ) 1)/r?is known as the g?omet”c facFor. . L
and phenyl fluorine atoms(( ) vs the calculated geometric factors  In order to gain detailed magnetic and spin delocalization
for square-planar (TPP)Fe(I)Cl and .¢FPP)Fe(ll) species, information from NMR spectra, the separation of contact
toluene-d solvent, 25C. and dipolar terms is a required step. If only the dipolar shift
contributes, a plot of isotropic shifts vs. geometric factors
positions. In this instance the meta-signal for the™ OH (calculated from X-ray molecular structures) for observed
complex is downfield and that for the"€bmplex is upfield nuclei should yield a linear plot with a zero intercept and a
of the signal for the diamagnetic reference compound. Islope of (1/3N)§,—Xy )- This is the case for carbon-13
spite of the correlation between pyrrole proton chemicaNMR and proton NMR spectroscopy of certain iron
shift values and the basicity of the axial ligand for five- porphyrin complexe&*
coordinate anionic complexes, the phenyl fluorine resonancesThe dipolar shift terms for ¢=TPP)Fe(ll)CI and (k-
appear to exhibit no systematic trend. Additional variability TPP)Fe(ll) were obtained from proton NMR spectra based
in ortho-fluoro chemical shift values for high-spin iron(ll) on the assumption that there are no significant geometric
complexes is evident for the neutral five-coordinate 2-factor changes between iron tetrakis(pentafluorophenyl)por-
methylimidazole complex with the signal shifted 10 ppmphyrin complexes and normal iron tetraphenylporphyrin
downfield, and for the six-coordinate bis-THF complex with complexes (Tables 3 and 4). The plot of isotropic shifts vs.
the ortho-fluoro signal 3 ppm upfield of that for a diamag-geometric factors for phenyl fluorines of ¢ PP)Fe(ll)
netic analogue. (Figure 2) demonstrates there are large deviations from
Iron(ll) porphyrins also may exist in an unusual “inter- linearity with the correponding phenyl protons. This suggests
mediate” spin S = 1 state in the absence of ligands in northat contact shift contributions can not be ignored for the
coordinating solvents. Phenyl proton NMR signals for suchphenyl fluorine signals. In the iron tetrakis(pentafluoro-
square-planar species exhibit large shifts (Table 1) due tphenyl) porphyrin case, large contact shift contributions are
magnetic anisotropy and associated dipolar shift contributionsbserved for the ortho-fluorines.
Corresponding phenyl F-19 signals show surprisingly small In conclusion, large chemical shifts for the ortho-fluorine
downfield shifts (Table 2), even though the pyrrole protonsignals of iron tetrakis(pentafluorophenyl)porphyrin com-
signal for (Re-TPP)Fe(ll) is consistent with the S = 1 plexes were observed. The fluorine-19 NMR chemical shift
formulation® values depend on the electronic and spin states in the ferric
Low-spin diamagnetic iron(ll) complexes of ¢HPP)-
Fe(ll) were generated by addition of two piperidine ligands,
by CO coordination, and by cyanide coordination. Chemicall@Ple 3 Calculated Dipolar and Contact Shifts for High-Spin
shift values for these complexes and free-base ligands difféhioroiron(il Tetraarylporphyrin Complexes

isotropic shift, in ppm

T - A T U T
P UON_COCOONOORWOUN 2O >N
| T WA S N SRR SN N SR R SN SN SO AN S|

\
ES

by no more than 1.0 ppm. The F-19 spectrum of- (F (3cog6-1)i*  Caledt Obsd Net
TPP)Fe(Il)(CNY* in Figure 1 exhibits only residual multi- x10%%cm?t  (AH/H)q (AH/H), (AH/H).
plet structure due to F-19 spin-spin coupling. A concenyr,, Tpp)Fe(lil)CP
tration of the reasonably high molecular weight of the o -4.36 6.3 35.7 20.4
complex, the viscous DMSO solvent, and F-19 chemical 2.24 3.2 32,6 29.4
shift anisotropy at 282 MHz presuambly gives linewidths -1.82 26 10.2 76
that are too large for resolution of spin-spin coupling. -1.39 20 77 57
Paramagnetic Shift Analysis Chemical shift values fora g -1.46 21 53 3.2

paramagnetic substance differ from those of the correspong= T d against analogous diamagnetieTPP)-

ing diamagnetic complex by a quantity known as the isotropige(iyco complex at 25C. (H/H). Contact shift. {i/H)s Dipolar shift.
(or hyperfine) shift value. The carbonyliron(ll) tetrakis(penta- (H/H), Observed isotropic shift.
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Table 4. Dipolar and Contact Contributions to Isotropic Shifts for 5.

Ferrous Porphyrins

6
3c026-1)/°
(xcl%a cm)’l OHH)o  (AHH)E  (AHH)
(Far TPP)Fe(IIY
oF 3.6 2.2 11.2 -10.4 :
mF 167 0.9 5.0 4.0
o-F -1.48 0.3 47 45

arom ref 27. Preferenced against the analogous diamagnetis (F
TPP)Fe(ll)CO complex at Z&.

11.

and ferrous porphyrins. Analysis of isotropic shifts of the
iron(lll) porphyrin using fluorine-19 NMR indicates there is

a sizable contact contribution at the ortho-fluorine phenyli3.
ring position. Large chemical shift values of the phenyl14.

fluorine, which are sensitive to the oxidation and spin statei
can be utilized for identification of the solution electronic 2

ings of ortho- and meta-fluorine signals compared to those

of the phenyl proton signals provide useful information18.
about the stoichiometry of ligand binding in that split signals1®-

are indicative of asymmetry along the vertical axis of the
iron porphyrin complex.
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