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Abstract: Oxidation and oxygenation of (HCTPPH)Fe'Br an iron(Il) complex of 2-aza-5,10,15,20-tetraphenyl-
21-carbaporphyrin (CTPPH)H, have been followed by *H and ?H NMR spectroscopy. Addition of I, or Br,
to the solution of (HCTPPH)Fe'Br in the absence of dioxygen results in one-electron oxidation yielding
[(HCTPPH)Fe""Br]*. One electron oxidation with dioxygen, accompanied by deprotonation of a C(21)H
fragment and formation of an Fe—C(21) bond, produces an intermediate-spin, five-coordinate iron(lll)
complex (HCTPP)Fe'"Br. In the subsequent step an insertion of the oxygen atom into the preformed Fe''—
C(21) bond has been detected to produce [(CTPPO)Fe"Br]~. Protonation at the N(2) atom affords
(HCTPPO)Fe'"Br. The considered mechanism of (HCTPPH)Fe'Br oxygenation involves the insertion of
dioxygen into the Fe—C bond. The *H NMR and ?H NMR spectra of paramagnetic iron(lll) complexes were
examined. Functional group assignments have been made with use of selective deuteration. The
characteristic patterns of pyrrole and 2-NH resonances have been found diagnostic of the ground electronic
state of iron and the donor nature localized at C(21) center as exemplified by the *H NMR spectrum of
intermediate-spin (HCTPP)Fe"Br: 5-H 7.2, —10.6, —19.2, —20.6, —23.2, —24.9, —43.2; 2-NH —76.6 (ppm,
298 K). The structures of two compounds (HCTPP)Fe'"'Br and (HCTPP O)Fe!"Br, were determined by X-ray
diffraction studies. In the first case, the iron(lll) is five-coordinate with bonds to three pyrrole nitrogen atoms
(Fe—N distances: 1.985(8), 2.045(7), 2.023(8) A), and the pyrrolic trigonal carbon (Fe—C: 1.981(8) A).
The iron(lll) of (HCTPPO)Fe"Br forms bonds to three pyrrole nitrogen atoms (Fe—N distances 2.104(5),
2.046(5), 2.102(5) A). The Fe—0 2.041(5) A and Fe—C(21) 2.192(5) A distances suggests a direct interaction

between the iron center and the s electron density on the carbonyl group in a 7?2 fashion.

Introduction

Inverted (N-confused) porphyrin 5,10,15,20-tetraaryl-2-aza-
21-carbaporphyrin (CTRPH, and its derivativels® revealed
a remarkable tendency to stabilize peculiar organometallic
compoundd; ¢ containing diamagnetic nickel(IH7-11 para-
magnetic nickel(ll) with one or two NiC bonds'213 nickel-
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(11),26 palladium(Il) ° and platinum(ll) complexe® The related Chart 1. Selected Coordination Modes of Monomeric 2-Aza-21-
carbaporphyrinoid, i.e., the pyrrole appe@dconfused oxa-  carbaporphyrin Complexes
carbaporphyrin gave three structurally related organometallic H
complexes with nickel(ll), palladium(ll) and silver(lll) in which N \ r}l R
the metal ions are bound by three pyrrolic nitrogens and a
trigonally hybridized C(21) atom of th@-confused furar? A
stable aromatic silver(lll) complex of th®-confused oxapor-
phyrin derivative substituted at the tetrahedral C(3) positions
by ethoxy and pyrrole moieties was also repoded.
The ability of carbaporphyrinoids to coordinate metal ions
and to form metatcarbon bonds extends beyond the family of R
N- or O-confused porphyrin$330-33 6 11,16,21-Tetraphenyl-
benziporphyrin (TPBPH)H gave organometallic complexes
with palladium(Il) and platinum(ll), (TRBP)Pd and (TRNBP)-
Pt! 30 The metal ion is bound in the macrocyclic cavity by three
pyrrolic nitrogens and a trigonal carbon of the benzene ring. A
hydroxyl derivative of 8,9,13,14,18,19-hexaalkylbenziporphyrin,
i.e., 8,19-dimethyl-9,13,14,18-tetraethyl-2-oxybenziporphyrin
(OBPH)H,,3* coordinates palladium(ll) to form the four-  Chart2. Iron(ll) 2-Aza-5,10,15,20-tetraphenyl-21-carbaporphyrin
coordinate anionic complex [(OBP)Hd with the retention of
macrocyclic aromaticity and coordination via a carbgdo-
nor 3! Subsequently, the palladium(ll) complexes of core modi-
fied oxybenziporphyrirf2 nickel(ll), palladium(ll) and platinum-
(1) azuliporphyrins3:36 and silver(lll) benzocarbaporphyrin
were investigated’ 5,10,15,20-Tetraphenyl-benziporphyrin
(TPpBPH2)H — isomeric to 6,11,16,21-tetraphenytbenzi-
porphyrin — with the benzene ring linked giara positions
formed a CompIeX with Cadm|um(”) to reveal an Unprecedented This uncommon type of a metal iefinverted pyrr0|e ring
n? Cd(ll)-arene interactiof? interaction is reflected i*H NMR studies by an unprecedented
Considering the coordination modes, established until now jsotropic shift (812 pm at 298 K) of the engaged H(?LAn
for carbacyclic fragments containing one carbon atom in the agostic interaction has also been suggested for manganese
coordination core of carbaporphyrinoids, four fundamental types N-inverted porphyrin complexé?. A dimeric iron(ll) N-
can be identified as represented here by mononidonfused confused porphyrin, [(CTRPFe'], was obtained from the
porphyrin complexes (Chart 2f The first one involves the  anaerobic reaction ofHCTPRH)Fe'Br with NaSePh. Under
replacement of the hydrogen atom by metal ions to yield-&M  aerobic conditions, au-hydroxo bridged iron(lll) dimer,
o-bond. The donor carbon atom is trigonally hybridized and [(CTPRO)Fé'],OH-Na(THF), was obtained with Nabridging
metal ion is located in the porphyrin plane. Alternatively, the the outer-N atoms. Oxygenation occurred at the inner core
carbacyclic fragment is bound to metal via a pyramidal carbon pyrrolic carbon to form a novel (CTRBM)H, porphyrinic ring26
in then!-fashion. The third mode, i.e., the side-on arrangement  The present contribution concerns with chemical oxidation
of the metal ion with respect to the planar carbacyclic moiety, and/or oxygenation of high-spin iron(Il) compleldCTPFH)-
preserves the basic structural features of the interacting ring Fe'Br 1. Particular emphasis has been placedidnand 2H
including the trigonalsp? hybridization of the carbon cen- NMR studies as a source of insight into the electronic and
ter1222:24.26.38 molecular structure of these low symmetry imon€arbapor-
Iron(ll) inverted porphyrin complexesHCTPRH)Fe'Br 1 phyrinoids and as potential means for detecting intermediate
(Chart 2) and ICTPH)Fe!(SG/H) present the conformation  species formed in the course of chemical processes. Their
with the side-on position of the iron with respect to the inverted behavior with respect of ireacarbon bond reactivity can be
pyrrole plane?® The Fe--C(21) distances are longer than the compared to that of the related and much more intensively
regular iron-carbon bonds but shorter than the sum of van der studied iron porphyrin and iron porphyrin aryl complefgs'2
Waals radii. The solid-state geometry of the' &+ C(21)— which are of considerable interest in bioinorganic chemistry.
H(21)} fragment in HCTPPH)FE'Br and particularly the
Fe---H(21) distance of 1.971 A implied an agostic interaction.

Results and Discussion

NMR Studies of Paramagnetic Ironf) Complexes of
(29) Pawlicki, M.; Latos-Gragski, L. Chem.Eur. J2003 9, 4650. _ 21 i 1] i
(30) Stpien M.: Latos. Graghski, L. Chem. Eur 12001 7. 5113, 2-Aza-21-carbaporphyrin. The!H NMR data of paramagnetic
(31) Stgwieh M.; Latos-Gragnski, L.; Lash, T. D.; Szterenberg, lnorg. Chem.
2001, 40, 6892-6900. (38) Furuta, H.; Ishizuka, T.; Osuka, Anorg. Chem. Commur2003 6, 398.
(32) Stgieh M.; Latos-Graghski, L. J. Am. Chem. So@Q002 124, 3838- (39) Rachlewicz, K.; Wang, S.-L.; Peng, C.-H.; Hung, C. H.; Latos- sk,
3839. L. Inorg. Chem.2003 42, 7348.
(33) Venkatraman, S.; Anand, V. G.; Pushpan, S. K.; Sankar, J.; Chandrashekar,(40) Arasasingham, R. D.; Balch, A. L.; Cornman, C. R.; Latos-¢mski, L.
)
)

T. K. Chem. Commur002 462. J. Am. Chem. S0d.989 111, 4357.
(34) Lash, T. D.Angew. Chem., Int. Ed. Endgl995 34, 2533. (41) Arasasingham, R. D.; Balch, A. L.; Hart, R. H.; Latos-Gnfaski, L. J.
Am. Chem. Sod99Q 112, 7566.
Guilard, R.; van Caemelbecke, E.; Tabard, A.; Kadish, K. M. Synthesis,

(35) Graham, S. R.; Ferrence, G. M.; Lash, T.@hem. Commur2002 894.
(36) Lash, T. D.; Colby, D.; Graham, S. L.; Ferrence, G. M.; Szczepura, L. F. (42

Inorg. Chem.2003 42, 7326. Spectroscopy and Electrochemical Properties of Porphyrins with Metal
(37) Muckey, M. A.; Szczepura, L. F.; Ferrence, G. M.; Lash, T.lirg. Carbon; InThe Porphyrin Handbogkadish, K. M., Smith, K. M., Guilard,
Chem.2002 41, 4840. R., Eds. Academic Press: San Diego, CA, 2000; pp256.
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Figure 1. NMR spectra of iron inverted porphyrins: AICTPRH)FE'Br Figure 2. NMR spectra of3: A, [(CTPRO)FE'Br]~ 3 (*H NMR,
1 CH NMR, dichloromethanet,, 298 K); B, HCTPP)F&Br 2 (H NMR, dichloromethanek, 298 K); B, [(CTPR-d;)Feé'Br]~ (2H NMR, dichlo-
dichloromethanel, 298 K); C HCTPRd)Fe"Br (*H NMR, dichlo- romethane, 298 K). Inset' Aresents thenesephenyl region (223 K). Peak
romethane, 298 K). labels in this and in following figures: pyspyrrole resonances, o, m,
. . . —resonances of ortho, meta, para hydrogensie$ephenyl rings, * the
iron(n) inverted porphyrinsr{ = II,1ll), have been analyzed Qecomposition product. para yerog prenyiing

considering theiC; symmetry as determined previously in the
crystal structures of HCTPPH)Fe'Br 1.2° There are seven changes intH NMR spectra. The resonances ¢{GTPPH)-
distinct 3-H pyrrole positions for ICTPRH)Fe'Br 1, a 2-NH Fe'Br (Figure 1, Trace A) have decreased in intensity and new
position analogous to 2-CH of the regular porphyrin and four resonances, assigned to @$C(TPP)F&Br 2, have grown
different meso sites. It may be anticipated that the ortho and gradually (Figure 1, Trace B).
meta positions on eaanesearyl ring will be distinguishable. The total and selective conversionbfo 2 requires 12 h at
Four para, eight ortho and eight meta resonances may thereforeoz k put only 0.5 h at 298 K. In these experimental conditions
be expected for irom) 2-aza-5,10,15,20-tetraphenyl-21-car- e did not detected any intermediate, which could precde
baporphyrin complexes since the two opposite sides of the i the reaction route. The spectral changes, similar to those
porphyrin are not equivalent. In the case of fast rotation, the shown in Figure 1, have also been detected when dioxygen is
number of ortho and meta resonances reduces to four each. Ogded to the solution ofHCTPRH)Fe'Br in other solvents
the other hand, four ortho, four meta and four para phenyl incjuding chloroforme, methanolds, tolueneds, DMF-ds, and
resonances are expected once two porphyrin sides are identicah\so-ds, The pyrrole resonances fre spread in the upfield
(e.g., six-coordinate complexes). 7.2t0—80.0 ppm region (298 K, dichloromethadg)- The most
RespectivéH and’H NMR spectra for ICTPH)Fe'Brand  pfield located resonance &f76.6 ppm has been identified as
its oxidation/oxygenation transformation products are presentedcorresponding to 2-NH position as is absent 24 NMR
in Figures 1-6. The spectral parameters have been gathered ingpecirum of HCTPP4;)Fe! Br but it is present ifH NMR of
Table 1. Resonance assignments, which are given above selecteghe same sample (Figure 1). The new species is stable in solution
peaks, have been made on the basis of relative intensities, lineyroviding the dioxygen has been removed by freezing-thawing
widths, and site specific deuteration. As the SpectroscopiC technique. Eventually has been isolated in the solid state and
analysis is primarily based on patterns of pyrrole resonancescnaracterized by X-ray crystallography (see below).
the?H NMR spectra of ironf) inverted porphyrins are directly The magnetic moment oHCTPP)F& Br 2 as measured by
shown in each essential case. The plots of the temperature, . Evans techniqu®, in a chloroforme solution at 298 K
dependence of the chemical shifts which are typical for given equals 4.2+ 0.1 ug. This value corresponds to the intermediate-
electronic state of iron inverted porphyrin are shown in the spin stateS = 3/2 of iron(lll).44-46 The signs and magnitudes
Supporting Information (Figures %S)

DIOXygen Addlt_lon' Addition of dIOXygen to dichlo- (43) Evans, D. F. J.; James, T. A. Chem. Soc., Dalton Tran979 723.
romethane-d, solution of HCTPPRH)Fe!'Br 1 produces marked  (44) Evans, D. R.; Reed, C. R. Am. Chem. So@00Q 122, 4660.
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Figure 3. NMR spectra of: A, HCTPFO)FE"Br 4 (*H NMR, dichlo- Br]* (2H NMR, dichloromethane, 298 K). Inset Aresents thenesepheny!

romethaned, 223 K); B, HCTPRO-d;)Fe'' Br (2_H NMR, dichloromethane, region (223 K).

223 K). Inset A presents thenesephenyl region (223 K).

that of the conjugated ba$g allowing the conclusion that the
process involves the ligand protonation (vide infra) without
changes of the ground electronic state of the metal ion. The
final, stable product of oxygenatiod was isolated and

of the isotropic shifts oR are consistent with such a ground
electronic state as well. The value @f= 4.9 &+ 0.1 ug has
been determined for samples of high-spin iron(ll) ldQTPRH)-

| : .
FelBr 1, which have been directly used to praduce samples Of. characterized by X-ray crystallography providing independent

2 ap{)hled |r1_magnet|c moment measurements (see the EXper"insight into the oxygenation/oxidation route (vide infra).

mental section). i e Reaction of HCTPPH)Fe'Br with Other Oxidizing Re-
The subsequent changes in thé NMR spectrum, caused 0 The anaerobic addition of 5 equiv. iodine to the solution

by the permanent presence of dioxygen, have been followedOf (HCTPRH)FE'Br 1 results exclusively in formation of

systematically in the period of 12 h at 298 K. A set of seven [(HCTPRH)F'BI]* 5 as confirmed by the distindH NMR
downfield shifted pyrrole resonances, spread at the-BDJopm spectrum (Figure 4)

region (Figure 2), have been assigned to the high-spin derivative lodine reacts only as the one-electron oxidizing agent and
Il -

[(CTPFO)FE"BI] ™ 3. _The 2-NH resonance has not been o tormed iodide anion does not enter the coordination sphere

_dete(;]ted. Cfompounﬂls formed by1|2nsek:t|on of oxygen atom ¢ e metal ion (as a sixth ligand or replacing the already

mftot e pre orérned fe(_:(Zl) bond of2. The magni'{'c m(lnmgnt coordinated bromide). Significantly, a titration diCTPP)-

of [(CTPRO)FE!BI]~ 3is 5.6+ 0.1up at 298 K. This value is — cangy 2 yith trifluoroacetic acid, followed byH NMR resulted

typical of that of high-spin iron(lll) porphyrins and it is in generation of [ACTPFH)FE!BI]* 5 using an independent
consistent withtH NMR features of3. route according to eq 1

The species3 can be converted into the related high-spin
derivative HCTPRO)Fe!Br 4 after addition of the acid (TFA)
as shown in Figure 3. The speciégpresents the seven pyrrole
resonances. The 2-NH resonance has been detected at loWg process has a precedent. Previously the reversible proto-
temperatures only <25 ppm, 223 K). The protonation is  pation of the inner carbon of nickel(ll) or copper(ll) inverted
reversible (e.g., an addition of collidine reverses the course of porphyrin complexes was reporte& The pyrrole resonances
this reaction yielding). The pattern and shift values resemble [(HCTPRH)FE"Br]* 5 are spread in the 100 te40 ppm

region reflecting the intrinsic asymmetry of the ligand and the

(HCTPP)FEBr + H'" = [(HCTPRH)Fe"BI]" (1)

(45) Simonato, J.-P.;Raut, J.; Le Pape, L.; Oddou, J.-L.; Jeandey, C.; Shang,

M.; Scheidt, W. R.; Wojaczyski, J.; Wolowiec, S.; Latos-Grgiaski, L.; high-spin state of the metal ion. The most upfield resonance
Marchon, J.-Clnorg. Chem.200Q 39, 3978. f i ; _ i ;

(46) Rachlewicz, K.. Latos-Grghski, L . Viogel, E.; Ciunik, Z.; Jerzykiewicz, ~ 125 Peen identified as corresponding to 2-NH position as it
L. Inorg. Chem2002 41, 1979. absent irfH NMR spectrum of [HCTPPD-d;)Fe!" Br]* 5, where

J. AM. CHEM. SOC. = VOL. 126, NO. 13, 2004 4423
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Figure 5. 'H NMR spectra of [HCTPPH)F€'Br] (dichloromethaned,, 298
K) after addition of Bg: A, 0 equiv; B, 0.5 equiv; C, 0.7 equiv; D, 1. equiv;

ably, the accompanying upfield resonance belongs to the same
pyrrole (3-H) as the peculiar upfield position of these resonances
may reflect the specific location of the inverted pyrrole with
respect to the metal iolf.An effort has been made to locate
the H(21) resonance of ICTPAH)FE"Br]™ in IH NMR or
D(21) of [HCTPMD-d;)Fe"Br]* in 2H NMR similarly as it has
been done for the iron(ll) derivativi.The substantially larger
broadening of all perimetgs-H pyrrole resonances has been
seen for [HCTPRH)Fe!"Br]™ 5 in comparison to ICTPHH)-
Fe'Br 1. Presuming that the similar relation of line width due
to the analogous structures and mechanisms of spin delocal-
ization holds for the H(21) position for HfCTPRH)Fe" Br]* 5

and HCTPRH)F€E'Br 1 the predicted line width of H(21) is well

in excess of reasonably observed lines in the conditions of our
experiment.

A careful titration of HCTPPH)Fe'Br 1 with Br, has been
carried out in strictly anaerobic conditions. The effect of addition
of less than 1 equiv of bromine to a solution ¢({GTPHH)-
Fe'Br is shown in the'H NMR spectrum (Trace B of Figure
5). Separate resonances &fGTPP)F&'Br 2, assigned previ-
ously once dioxygen reacted withare readily detected (Figure
5, Traces B and C). Simultaneous broadeninglt€ TPRH)-
Fe'Br 1 resonances and their gradual relocation in the course
of titration have also been noticed. Eventually, the originally
broadened lines resembling the spectrumHE€TPFH)Fe!'Br
transform into the characteristic set of resonances assigned to
[(HCTPHAH)F€E"Br]™ 5, (Figure 5, Trace D), i.e., to the product
of one-electron, metal-centered oxidation BIQTPRH)Fe'Br

E, 1.5 equiv; F, 2 equiv. The peak labels refer to pyrrole resonances of 1. Thus, in the course of this one-electron oxidation two iron-

dominating species as follows: BHCTPP)F&Br] 2; D, [[HCTPMH)-
Fe'Br]* 5, F, [(HCTPFBr)Fe!Br]* 6.

H pyrr

2-NH

T T T T
0 -20 -40
8/ppm

Figure 6. M NMR spectrum of [HCTPP)Fé'(1-Melm)]*™ 7 (dichlo-
romethaned,, 298 K, 10 equiv of 1-Melm added). The solvent impurity in
region of pyrrole resonances marked with *.

the ligand is deuterated in all pyrrolic positions, but it was
present iftH NMR collected for [HCTPRH)F€E"'Br]*. Presum-

4424 J. AM. CHEM. SOC. = VOL. 126, NO. 13, 2004

(1N products2 an’5 have been formed as accounted for by the
IH NMR spectrum (Figure 5, Traces C and D). Separate
resonances of H{CTPRH)F€E'Br 1 and [HCTPRH)FE!"'Br]*™ 5
could not be detected in the course of titration with bromine.
Instead, an averaged pattern has been observed. Thus, the rate
of electron exchange between these two species is fast on the
IH NMR time scale suggesting that relatively modest structural
changes occur in the course of the redox process. Addition of
further portions of the titrant to the solution containingQT-
PP)Fd'Br and [HCTPRH)FE"Br]™ produces the spectrum
shown in Trace F of Figure 5. At this stage, resonance® of
and5 diminished to the point where they are no longer observed
but the resonances of the new compowdave grown. The

1H NMR patterns of5 and6 are consistent with the high-spin
ground electronic state. The multiplicity afesephenyl reso-
nances ob and6 reflects the unequivalency of two carbapor-
phyrins sides due to a five-coordination and side-on arrangement
of the inverted pyrrole fragments. The spedidsas also been
formed once the strongly oxidizing reagent phenoxatine hexachlo-
roantimonate reacted wittdCTPPH)F€e'Br 1 (anaerobic condi-
tions) or HCTPP)FE'Br 2 (aerobic conditions). In these
experimental conditions, HHCTPRH)Fe!"Br]*™ 5 undergoes
substitution at C(21) to form HCTPMBr)Fe€"Br]™ 6. This
substitution has been confirmed by mass spectrometry. The mass
spectra has been measured directly for the sam@ebfained

in the 'H NMR course of titration with By. In the conditions

of our experiment (ES), the most intense peak = 694.5
corresponds to the demetalation produds,dfe., -HCTPMBr)-

H,. Previously, it was documented that the C(21) atom of
inverted porphyrin are susceptible to substitution reactions.
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Table 1. H NMR Chemical Shifts of Iron(ll) of 2-Aza-21-carbaporphyrin and Its Oxidation and Oxygenation Product
chemical shifts®
compound pyrrole 2-NH
(HCTPHH)F€'Br 1 44.8,43.7,43.7,31.7,31,7,8.4,0.78 —8.0
(HCTPP)F&'Br 2 7.2,—10.6,—19.2,—20.6,—23.2,—24.9,—43,2 —76.6
[(CTPRO)FE"Br]~ 3 106.3, 82.2, 69.4, 68.5, 53.5, 48.1, 37.5
[(HCTPRO)FE"Br 4 117.3,80.0, 76.8, 69.1, 59,1, 31,3, 29.3 —25.00
[(HCTPRH)FE"Br]* 5 115.2,112.9, 107.9, 91.5, 50.7, 35:932.8 —-31.2
[(HCTPRBr)Fe"Br]* 6 108.7,104.4,90.5, 76.9, 58.0, 46-158.6 —39.7
[(HCTPP)F& (1-Melm)L* 7 1.3,—2.3,-3.7,-4.1,-4.95,-8.5,—-11.5 —42.6

ad/ppm, at 298 K unless marked differentfat 223 K, all measurements in dichloromethale-

Examples reported to date include alkylatidfi;'24’halogena-
tion,*849 nitration° or cyanatiorp?

As described above, the reaction BfGTPRH)Fe!Br 1 with
dioxygen ends up with formation of [(CTPPO)HBIr]~ 3.
Significantly, we have found that the conversion di{TPP-
Br)F€''Br]™ 6 into [(CTPPO)F&Br]~ 3 has taken place,
presumably by nucleophilic substitution featuring water as
nucleophile, once thtH NMR sample of [HCTPRBr)Fe!'Br]*

6 was kept in dichloromethand- saturated with BO.

Titration of (HCTPP)Fe" Br with 1-Melm. Coordination

of nitrogen base has been of interest because of possible
correlations between the ground electronic state, coordination

mode and'H NMR spectroscopic patterns of irar)(carbap-
orphyrins.

Addition of 1-methylimidazole to a solution oHCTPP)-
Fe''Br 2 in dichloromethane results in its conversion to a six-
coordinate low-spin complext{CTPP)F#& (1-Melm),]* 7. The
representativéH NMR spectrum is shown in Figure 6. The
characteristic set of eight upfield shifted resonanged,(2-NH,
and 3-H) of2 spread at the 7.2 te-76.6 region, have been
replaced by an analogous set assigned tdC[[PP)Fé&!'-
(1-Melm)] ™ 7 which demonstrate markedly smaller paramag-

netic shifts. These resonances are accompanied by sets of upfield
shifted ortho and para meso phenyl proton resonances and

downfield shifted meta protons. The observation of 1-Melm
resonances and their relative intensity with respecpd

resonances presents convincing evidence for the presence of g
two axial ligands. In general the spectroscopic data are consistent -

with the low-spin ground electronic state oH[CTPP)F&'(1-
Melm)y]+.52

X-ray Structures of (HCTPP)Fe" Br 2 and (HCTPPO)-
Fe' Br 4. Once the conditions were determined, an attempt was
made to crystallize some of the species detected-biNMR

spectroscopy. The respective structures and essential structural

parameters are shown at FiguresID and in Table 2. In each
case the identity of the crystallized compound has been
confirmed by the'H NMR spectroscopy to eliminate a pos-
sibility of any substantial chemical changes in the course of
crystallization.

Compouna crystallized in the monoclinic space groBg:/n
with four molecules in the unit cell. The crystal structure of

(47) Schmidt, I.; Chmielewski, P. £hem. Commur2002 92.

(48) Furuta, H.; Ishizuka, T.; Osuka, A.; Ogawa,Jl.Am. Chem. Sod.999
121, 2945.

(49) Furuta, H.; Ishizuka, T.; Osuka, A.; Ogawa,Jl.Am. Chem. SoQ00Q
122 5748.

(50) Ishikawa, Y.; Yoshida, |.; Akaiwa, K.; Koguchi, E.; Sasaki, T.; Furuta, H.
Chem. Lett1997, 453.

(51) Xiao, Z.; Patrick, B. O.; Dolphin, DChem. Commur2003 1062.

(52) Walker, F. A. Proton NMR and EPR Spectroscopy of Paramagnetic
Metalloporphyrins; InThe Porphyrin HandbogkKadish, K. M., Smith,
K. M., Guilard, R., Eds. Academic Press: San Diego, CA, 2000; pp 81
183.

Table 2. Selected Bond Lengths (A) and Angles (deg) for
(HCTPP)Fe!"Br 2 and (HCTPPO)Fe'"'Br 4

2

4

Fe-Brl 2.443(2) 2.3906(12)
Fe-N22 1.985(8) 2.104(5)
Fe-N23 2.045(7) 2.046(5)
Fe-N24 2.023(8) 2.102(5)
Fe-C21 1.981(8) 2.192(6)
Fe-O1 2.041(5)
01-C21 1.299(7)
ci-c21 1.435(1) 1.470(9)
ca-c21 1.393(1) 1.463(9)
C1-N2 1.407(11) 1.401(8)
N2—C3 1.341(11) 1.311(8)
C3-C4 1.421(11) 1.393(8)
ca-C5 1.420(12) 1.374(8)
C1-C20 1.376(13) 1.400(9)
Bri—Fe—C21 100.0(2) 94.62 (19)
Fe-01-C21 78.6(4)
01-C21-Fe 65.9(3)
C1-N2-C3 110.7(9) 108.7(6)
N2—C3-C4 107.4(1) 113.7(6)
C3-C4-C21 109.1(9) 105.1(6)
C4-C21-C1 106.3(8) 104.7(6)
C21-C1-N2 106.5(1) 107.3(6)

Figure 7. Perspective drawing (with 35% probability ellipsoid) of
(HCTPP)F&'Br 2.

(HCTPP)F&'Br 2 has a planar porphyrin ring (Figure 7). The
averaged deviation of 24 core-atoms from a plane defined by
three pyrrolic nitrogens and the inner core carbon is 0.077 A.
The iron sits 0.336 A above the plane. A non bonded contact
with distance of 2.822 A between axial bromide and peripheral
N—H of the neighboring carbaporphyrin ring agrees with the
assignments of atoms on the inverted pyrrole ring. Consequently,
the shortest distance of 1.981(8) A among the four bonds of
iron and inner coordination sphere atoms has been assigned as
Fe—C bond. Nevertheless, the distance of 1.981(8) A for€e
bond in2 is comparable to 1.955(3) A for the F€ distance

of low-spin five-coordinate phenyttesetetraphenylporphyri-

J. AM. CHEM. SOC. = VOL. 126, NO. 13, 2004 4425
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Figure 8. Perspective drawing (with 35% probability ellipsoid) of 3:186_3130.0

(HCTPFO)F€!'Br 4. o )
Figure 9. The deviations of atoms (in 0.001 A) from the mean-plane

. . . defined by three coordination sphere pyrrolic nitrogensHE TPFO)Fe" -
nato)iron(l11)53 The applicable FeC(pyrrole) bond distance gy 4 Y P by 9 PFO)

equals 1.962(2) A as determined for the dinuclear compound
produced in reaction of REOy with heterocyclic imines and

—
N-methyl-pyrrole carbaldehyde:f-73-CHzN—CH,—C=CH—

- 1

CH=CH—NCHGg]Fex(CO) but the pyrrolic ring is also involved

in interaction with the adjacent Fe(Gunit.5*%5The averaged
bond distance of 2.018(8) A for the three-Rg, bonds in2 is
shorter than corresponding averaged distance 2.096(8) A for
(HCTPRH)F€E'Br 1.25 Interestingly, the average F&\, distance

in 2 is shorter than 2.070 A FeN bond lengths of iron(lll)
porphyrin complexes with high-spin electronic state but is
comparable to FeNp bond lengths of intermediate-spin iron(lll)
porphyrins 1.997 A556

The structure o# determined in an X-ray diffraction study
is shown in Figure 8.

The crystal structure ¢f has a monoclinic space gro@2/c
with eight molecul_es in the unit ce_II. The perlpheral nitrogen Figure 10, Comparison of coordination modes of [(CTEIRE)];0H-
and carbon on the inverted pyrrole ring were refined as mutually Na(THF), (left) and (HCTPR)FE!Br 4. (right).
disordered. Identical coordinates and thermal-parameters were
used for the refinements of overlapping carbon and nitrogen. |igand in these two complex&8&As depicted in Figure 10, the
The carbaporphyrin ring o# exhibits a nonplanar geometry  C=0 distance of 1.299(7) A i is shorter than 1.336(5) A
with the inverted pyrrole ring tilted away from the porphyrin  found in the dimeric complex and closer te=O distances for
plane which resembles the geometry BIQTPRH)Fe'Br 12> dioxoporphodimethane type complexes 1.223(6§The C-O
The torsion angles between the inverted pyrrole ring and distance 1.336(5) A is typical of phenoxide ligartfisand
neighboring pyrrole rings are 3E.§N22) and 28.2(N24). The pyrrolic alkoxide fragment (1.3061.360 A) of cyclic iron(llI)
porphyrin core as a whole exhibits saddle shape distortion with trimer8° The bond distances from inner carbon to neighboring
a mean deviation of 0.226 A from the plane defined by three pyrrolic carbons (C(2BC(1) and C(21}C(4) of 1.470(9) and
pyrrolic nitrogens. The alternate sign of deviations of the 1.463(9) A in4 are both longer than corresponding distances
neighboring pyrrole rings are consistent with the saddle distor- in the dimeric [(CTPP)Fe!'],0H-Na(THF), complex which
tion (Figure 9). is consistent with a keto-like structure. The IR measurements

The iron lies 0.309 A above theghplane. An oxygen atom  have been carried out for the solid sampledofA stretching
is inserted into the FeC bond and is nearly coplanar to the CO band appeared at 1706.4 ¢imwhich confirmed the
inverted pyrrole ring with deviations of 0.411 and 0.272 A from presence of carbonyl group.
the averaged inverted pyrrole plane and the plane defined by Moreover, the FeC(21) distance of 2.199(7) A fo# is
C1, C21, and C4, respectively. significantly shorter than 2.296(5) A detected for [[CTHP

Interestingly, the distances and angles surrounding inverted Fe''],OH-Na(THF)}.26 The Fe-O(1) distance 2.041(5) A is
pyrrole ring and oxygen fo# can be compared to the dimeric  significantly longer that the FeO distances (1.8731.886 A)
complex, [([CTPP)Fe'"],0H-Na(THF). The comparison sug-  found for cyclic iron(lll) 2-hydroxyporphyrin trimer where the
gest the preference for different tautomers of the equatorial pyrrolic alkoxide coordination was describ&iThus, a direct

(53) Dopplet, PInorg. Chem.1984 23, 4009. (57) Senge, M. O.; Smith, K. MZ. Naturforsch.1992 47, 837.
(54) Imhof, W.J. Organomet. Cheni1997 533 31. (58) Balch, A. L.; Olmstead, M. M.; Phillips, S. Unorg. Chem.1993 32,
(55) Imhof, W.J. Organomet. Cheni997 541, 109. 3931.
(56) Scheidt, W. R.; Gouterman, M. Inon Porphyrin, Part |.; Lever, A. B. (59) Stgien M.; Latos-Graghski, L. Inorg. Chem.2003 42, 6183.
P., Gray, H. B., Eds.; Addison-Wesley, Inc.: Reeding, 2003; pp-111 (60) Wojaczymski, J.; Latos-Graghski, L.; Olmstead, M. M.; Balch, A. Linorg.
122. Chem.1997, 36, 4548.
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Scheme 1. Oxidation of (HCTPPH)Fe'Br Scheme 2. Substitution

H,O

finally in formation of the G=0 fragment (Scheme 2). Analo-

interaction between the iron center and thelectron density  gously, the reaction of benzocarbaporphyrin with aqueous ferric
on the C(2150 carbonyl group is evident. The projection of  chloride (ferric bromide) afforded in a regioselective process
the iron(lll) ion onto the C(21)O bond lies close to its center  the corresponding 21-chlorobenzocarbaporphyrin (21-bromoben-
as readily reflected by the appropriate angles-E€1)-0 zocarbaporphyrinj! The speciesS and its conjugated acid
65.9(3) and Fe-O—C(21) 78.6(4). Thus, the metal ion  contain a ligand which is an 2-aza-21-carbaporphyrin derivative
interacts with the €0 fragment in a? fashion. Recently, such  with the oxygen atom located on the inner carbdhconfused
a coordination mode was reported by Dolphin and co-workers porphyrin C-oxide. Originally, such a ligand has been detected
for nickel(l1l) complexN-confused porphyrin inner C-oxidé. in the dimeric product of [[CTPR)F€'], oxygenation although

Noticeably, the angles between phenyl rings and porphyrin in different tautomeric fornd® and in oxidation of HCTPP)-
core are significantly affected by the geometry of pyrrole rings. Ni" with OsQ,.2® In this work, the specie8 and4 have been
The phenyl rings neighboring to tilted inverted pyrrole ring give generated in the course of oxygenatior2a@fs discussed below.
dihedral angles of 42.1(2) and 43.4{3) the plane defined by In the course of our NMR and X-ray studies on oxidation
three internal pyrrolic nitrogens. These dihedral angles are and oxygenation of iron(ll) 2-aza-21-carbaporphyrin we have
smaller than 64.3(2) and 51.0¢{2pr two phenyl rings inside trapped two essential steps of the process (Scheme 3). The

the tripyrrolic unit of the carbaporphyrin core. formation of 2 requires a one-electron oxidation. In the case
Oxidation/Oxygenation Mechanisms.The NMR study ac- where dioxygen is the oxidant the formation of a superoxide is
companied by crystallographic data demonstrates tH&ire- implied#! One electron oxidation is accompanied by deproto-

PH)F€e'Br undergoes oxidation and oxygenation which result a nation of C(21)-H and resembles the process shown in Scheme
series of paramagnetic complexes. These species are most. The next step requires an insertion of the oxygen atom into
readily detected byH NMR spectroscopy. To account for the  the Fé'—C bond to obtair and eventually its conjugated acid
detected'H NMR spectroscopic pattern in the presence of 4. The coordination of iron(lll) favors the resonance structure
dioxygen we have considered the following phenomena: one 4A, where the carbaporphyrinoids acts as a trianionic ligand.
electron oxidation of HCTPRH)Fe'Br 1 to form [(HCTPRH)- Thus, in absence of some acid in excess the 2-NH protah of
Fd''Br]* 5, protonation/deprotonation at the C(21) carbon atom, dissociates readily to forrf.
and oxygenation at the C(21) carbon atom to produce the CO As matter of fact the reaction & to produce4 resembles
fragment, which coordinates to the iron(lll) central ion. In the reaction of dioxygen with low-spin, five-coordinate com-
addition, changes of the unpaired spin density distribution due plexes, (P)F&Ar (P, porphyrin dianion; Ar, aryl group) which
to the axial ligation and protonation of N(2) nitrogen atom have produced (P)PEOAr.#* Thus, for oxygenation o one can
been considered. Finally, we have detected that the substitutionconsider a course of the reaction (Scheme 4), which involves
of the H(21) with the bromine atom plays an essential role once an initial insertion of dioxygen into the FeC bond to form a
dibromine has been applied in excess as the oxidizing agent.transient fornmil -1 (alternatively the four-center transition state
The process of one-electron oxidation is likely to proceed as T-1' can be considered). The peroxide intermediate is expected
shown in Scheme 1. Depending on the choice of oxidizing agent to be extremely short-lived. Thus, the insertion step should be
a preference fob (1) or 2 (O,) has been observed. Only in the followed by rapid homo- or heterolysis of the peroxide moiety.
course of oxidation with Brtwo iron(lll) inverted porphyrin ~ Only the heterolytic route leading -2 has been shown in
complexes 2 and 5) remained in the detected acibbase Scheme 4. Thus two reactive centers, which are locked in the

equilibrium in the presence of iron(ll) complex. Once formed Cage created by the restrains of macrocycle, are generated. The
the specie® can be converted int6 by addition of acid. CO fragment coordinates to the metal ion. The reaction with

Addition of Br; to the solution containing H{CTPP)F&'Br] _the §urroundir_lg solvents converts highly oxidized iron center
2 and [HCTPRH)FE'Br]* 5 results in bromination at C(21) into iron(lll). Likely, the oxygen atom is transferred to solvent

- Bt A . o
yleldmg_ [(HCTF_’F_BI‘)FG' BI‘] 6in accord W_Ith tyP'Cal inverted (61) Lash, T.D.; Muckey, M. A.; Hayes, M. J.; Liu, D.; Spence, J. D.; Ferrence,
porphyrin reactivity’ The subsequent reaction with water results G. M. J. Org. Chem2003 68, 8558.

J. AM. CHEM. SOC. = VOL. 126, NO. 13, 2004 4427



ARTICLES

Rachlewicz et al.

Scheme 3. Oxygenation

molecules’2-%4 Altogether the macrocycle gains an oxo func-
tionality in its coordination core. Actually the addition of

(62) Gold, A.; Joyaray, K.; Doppelt, P.; Weis, R.; Chottard, G.; Bill, E.; Ding,
X.; Trautwein, A. X.J. Am. Chem. Sod.988 110, 5756.

(63) Mizutani, Y.; Hashimoto, S.; Tatsuno, Y.; Kitagawa, JT Am. Chem. Soc.
1990 112 6809.

(64) Groves, J. T.; Gross, Z.; Stern, M. Kiorg. Chem.1994 33, 5065.
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m-CPBA, a typical donor of an oxygen atom, to the solution of
(HCTPP)F&'Br 2 affords4 as well. In our opinion, there is a
significant parallel between the reactionWith m-CPBA to
yield 4 and the reaction of (TMP)HECI with m-CPBA to
produce iron(lll) porphyrirN-oxide 8568

Electronic Structure of Iron( n) Inverted Porphyrins—H
NMR Studies. Generally,'H NMR spectroscopy was shown
to be a definitive method for detecting and characterizing ifpn(
porphyrins o = 1-1V),%2 and lower symmetry derivatives
modified at the coordination core: iran(N-substituted por-
phyrins i = 11—1V),526%73 jron(ll) 21-thiaporphyrin;* and
iron(n) 21-oxaporphyrin if = I—I11).”®> The hyperfine shift
patterns, that were recorded for iron porphyifri§are sensitive
to the iron oxidation, spin and ligation states. The intermediate
iron porphyrins, acting in dioxygen activation of oxygen atom
transfer, have been trapped by NMR spectrosd8igy.”° The
fundamental spectroscopic features have been preserved in iron
complexes of core modified porphyrins {NCHs, O, S, N-C—

Fe) providing that spin/electronic state are identf@&P-75.80

TheH NMR spectra of irong) inverted porphyrins display
characteristics that clearly reveal the lowering of symmetry.
Thus, the spread of regul@fH resonances are markedly larger
than for more symmetrical counterparts. Nevertheless, the
pattern of chemical shifts for these iron(lll) inverted porphyrins
resembles that of ironf porphyrins and of core modified
iron(n) porphyrins. An average chemical shift of the perimeter
resonances as determined at 298 K has been considered here as
a suitable parameter to characterize the ground electronic/spin
state of ironf) inverted porphyrins. Thus the average shifts for
six regular pyrroles have been examined Ipb, and6 where
a side-on location of the metal ion with respect toltheonfused
pyrrole ring has been determinethe chemical shift values of
all downfield resonances fad and 4 have been included to
calculate the arithmetic mean. In two cas@sand2, where all
internal donors including the C(21) atom are involved in regular
coordination, the shifts of eight upfield resonances including
2-NH contributed to the average. These values decrease in a
seriesb, 85.3 (79.3)6, 80.8 (62.6)4, 66.1 (87.7)3, 64.4 (68.5);

1, 24.1 (52.8);7, —9.5 (43.9);2, —26.4 (83.8) (in ppm at 298

K, in parentheses the spread of chemical shifts included in mean
values are given). Actually, the average shift value8,df, 5,

and6 approach those found for high-spin iron(lll) tetraarylpor-

(65) Groves, J. T.; Watanabe, ¥. Am. Chem. S0d.988 110 8443.

(66) Tsurumaki, H.; Watanabe, Y.; Morishima,Jl.Am. Chem. So4993 115
11 784.

(67) Latos-Graghski, L.; Cheng, R.-J.; La Mar, G. N.; Balch, A. lJ. Am.
Chem. Soc1981, 103 4270.

(68) Rachlewicz, K.; Latos-Grgnhski, L. Inorg. Chem.1996 35, 1136.

(69) Balch, A. L.; Chan, Y.-W.; La Mar, G. N.; Latos-Grgrki, L.; Renner,
M. W. Inorg. Chem.1985 24, 1437.

(70) Balch, A. L.; La Mar, G. N.; Latos-Gramaski, L.; Renner, M. Winorg.
Chem.1985 24, 2432.

(71) Wystouch, A.; Latos-Gramski, L.; Grzeszczuk, M.; Drabent, K.; Bartczak,
T.J. Chem. Soc., Chem. Commuad®88 1377.

(72) Balch, A. L.; Cornman, C. R.; Latos-Gsarki, L.; Olmstead, M. M.J.
Am. Chem. Sod99Q 112 7552.

(73) Balch, A. L.; Cornman, C. R.; Latos-Gsarki, L.; Renner, M. W.J. Am.
Chem. Soc1992 114, 2230.

(74) Latos-Graghski, L.; Lisowski, J.; Olmstead, M. M.; Balch, A. Unorg.
Chem.1989 28, 1183.

(75) Pawlicki, M.; Latos-Graghski, L. Inorg. Chem.2002 41, 5866.

(76) Bertini, I.; Luchinat, CCoord. Chem. Re 1996 150, 1.

(77) Balch, A. L.; Latos-Gragski, L.; Renner, M. WJ. Am. Chem. Sod985
107, 2983.

(78) Balch, A. L.; Chan, Y.-W.; Cheng, R.-J.; La Mar, G. N.; Latos-Greki,
L.; Renner, M. W.J. Am. Chem. Sod.984 106, 7779.

(79) Rachlewicz, K.; Latos-Grgaski, L.; Vogel, E.Inorg. Chem.200Q 39,
3247.
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phyrins®2 iron(lll) B-substituted tetraarylporphyfih and inverted porphyrin. The dominance of thespin transfer
iron(lll) N-methyltetraarylporphyrin (the average value for mechanism has been taken as a direct evidencedihgt is
regular pyrrole rings}® The average chemical shift df is not populated ir? and7. Thus, the ground state can be related

consistent with that found for high-spin iron(ll) tetraarylpor- to the following models of the electronic configuration: inter-

phyrins, iron(Il) N-methyltetraarylporphyrin, and iron(ll) 21-  mediate-spin dx,)?(dx,)(dy,)(d2)*(dx2-2)° for 2 and low-spin

thia-tetraarylporphyrii26%74Finally, the upfield positions, seen  (dk)%(0xdy2)3(d2)°(de—2)° for 7. The intermediateS = 3/2

for 2 and 7, are clearly consistent with the intermediate- and ground electronic state is characterized by the upfield shift

low-spin states respectively considering the asymmetric iron- similarly as the low spin one as the identical delocalization path

(1) porphyrins as the reference molecuf§g6:52.72.80 is operating®® The 8-H shift value is expected to be large as
In the high-spin ion(lll) complexes and6 the distinct low there are twar-symmetry unpaired electrons in tig= 3/2

field positions of3-H resonances assigned to the regular pyrroles State in comparison to one f&= 1/2 as clearly exemplified

accompanied by the sign alternations detectedffitro-H, meta the 2 and7 couple®?

H, para-H of mesearyls respectively provide an evidence for

the domination of contact contribution in isotropic shifts. Thus Conclusion
the paramagnetic shifts 6fand6 can be explained by a model An insertion of the oxygen atom into the MC bond (a
typically applied to regular iron porphyrins and iroN- carbon atom built into the aromatic moiety) is quite ré&3 o1

substituted porphyrins. In the case of a high-spin iron(lll) |, particular, the dioxygen addition to (P)ar yielded the
center—(dyy)'(dk) (dy) (d2) (de—y2)*—both o and 7 routes of phenoxide complexes, (PYEOAr as the principle products:?2
spin density delocalization operafe*Typical delocalization  The corresponding alkyl complexes (PY# (P, porphyrin
pathways involve delocalization througlvdramework by way  gjanjon; R, alkyl group) reacted with dioxygen to form intially
of o-donation to the half occupiedhé-y2)* iron(lll) orbital. u-peroxo complexes (P)P@OR trapped in low temperatures.
Additionally thesz-delocalization locates a considerable amount Ts jntermediates decomposed to (FJB#H and an aldehyde,

of spin density ap-C, i-H, and mesopositions™*27072781 o150 or alcohol when R was a primary, secondary, or tertiary
Actually the variation of thes-H positions in the!H NMR alkyl group4°

spectrur_n mai)ézbe accounted for by specifiaielocalization The results reported here demonstrate that dioxygen reacts
mecha_ms.m§.' ) ) ) . cleanly with iron(ll) 2-aza-21-carbaporphyrin to form the

In principle, thef-H isotropic shifts of3 could be explained  ¢orresponding five-coordinate intermediate-spin iron(lll) com-
by the similar spin delocalization mechanism as descrlbed_ for plexes and eventually, 2-aza-21-carbaporphyrin gains the oxo
5 and6. However, once the oxygen has been introduced into fnctionality. No direct evidence for the formation of intermedi-
theT coordination core an ad(_jitional spin delqcalization me(_:h- ates in the oxygenation process has been found. An oxygenation
anism has been found to be instrumental. This new delocaliza-echanism has been considered which involves the insertion
tion route is remarkably effective. The sign of spin densities at s dioxygen molecule into the FeC bond to form a transient
meso positions ob and 6 is identical as for (TPP)FCI,% Fe-O—0—C(21) peroxide. A rapid ©0 bond cleavage results
which results in the upfield position afrtho-H and para-H in a unique situation where two reactive centers are locked in
resonances and, respectively, the downfield shifts for meta he macrocyclic cage as a consequence of restraints imposed
protons. Significantly, the reversed signs of the meso Spin py the ligand structure. Further investigations of the iron
densities for3 and4 have been determined as reflected by the c4a00rphyrinoid complexes are expected to afford an insight
reversed shift signs ehesearyl resonances. (Figures 4-6, Table it the reactivity of a metalcarbon bond as specifically tuned

1S and 2S-see the Supporting Information). In qualitative terms  c4hanorphyrins can be expected to stabilize intermediates of
one can readily assume that the unique (C®§ route provides o oxygenation process.

the negative spimr density meso carbons 8fand4. A detailed
analysis requires a more advanced description of electronic Experimental Section
structure for3 and4.

Another characteristic feature of the iron(lll) complexXes
and6 is the localized effect of thel-confused pyrrole ring. For
5 and 6 one pyrrole and 2-NH resonances are clearly distinct
from the other six and show a considerable upfield shift. The
logical conclusion is that the side-on-location of the iron(lll)
with respect to the pyrrole ring primarily affects spin transfer
to the modified pyrrole ring. The inverted pyrrole reflects the

Materials. Inverted porphyrin (CTPR)H, and its iron(ll)
complexes KICTPRH)F€E'Br have been obtained by already
described method:° The deuterated derivatives have been
synthesized using pyrrolés or benzaldehydels in condensa-
tion.12 Chloroformd used in'H NMR was deacidified by
passing down a basic alumina column. Toluelgedichlo-

. . N . 83) Grigor, B. A.; Neilson, AJ. Organomet. Chenl977 129 C17.
features of side-on interaction described for heteroporphsfifis. E84§ Kar?]araj, K. Bandyop‘adhyay%_ Am. Chem. Sod_ggzg'llg' 8099.
In addition one can expect some contribution of an agostic (85) }/\é%dfll\éving.; Mukherjee, M.; BandyopadhyayJDAm. Chem. So2001,
interaction as discussed previously fof? (86) Ryabov, A. D.Synthesi< 985 233.
i ; i _ (87) Mahapatra, A. K.; Bandyopadhyay, D.; Bandyopadhyay, P.; Chakravorty,
The |sotr.op|c shlft pattern fq@ H pyrrole of2 and7 rgflects A. Inorg. Chem 1986 25, 2214.
the extensive spin delocalization intomolecular orbitals of (88) Singa, C.; Bandyopadhyay, D.; Chakravorty,lAorg. Chem.1988 27,
1173.
(89) Chattopadhyay, S.; Sinha, C.; Basu, P.; Chakravortypyanometallics

(80) Balch, A. L.; Cheng, R.-J.; La Mar, G. N.; Latos-Gyagki, L. Inorg. Chem. 1991 10, 1135.

1985 24, 2651. (90) Marsella, A.; Agapakis, S.; Pinna, F.; Strukul, @rganometallics1992
(81) Wojaczyski, J.; Latos-Graghski, L.; Hrycyk, W.; Pacholska, E.; Rachlewicz, 11, 3578.

K.; Szterenberg, LInorg. Chem.1996 35, 6861. (91) Vvalk, J.-M.; Boersma, J.; van Koten, Grganometallics1996 15, 1996.
(82) Cheng, R.-J.; Chen, P.-Y.; Lovell, T.; Liu, T.; Noodleman, L.; Case, D. A. (92) Balch, A. L.; Hart, R. H.; Latos-Grgaski, L. Inorg. Chem199Q 29, 3253.

J. Am. Chem. So@003 125 6774. (93) Geier, G. R., lll.; Haynes, D. M.; Lindsey, J. Srg. Lett.1999 1, 1455.
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romethaned,, chloroformd, DMSO-ds, DMF-d; were degassed

by freezing-pumping-thawing method and stored in a dry (HCTPPOJFe"Br4

Table 3. Summary of Crystallographic Data (HCTPP)Fe''Br 2 and

glovebox.

2

4

IH NMR Studies and Low-Temperature Studies. The fmpirilcal fomﬁula GaH2gBrFeNy Cs1H3eBrFeN,O
; I ; ormula weight 748.46 856.60

solutlondof SCTPH:.)F;' Br in a .deutelrateg soIvEnt WasI femperature 208(2) K 150(2) K
prepared under purified nitrogen in a glovebox. The sample ¢ystal system monoclinic monoclinic
concentratiorl in the solvent of choice were on the order®2 space group P24/n C2lc

mM Thus, typically a sample ca—2 mg of 1 was dissolved a A 10.288(2) 33.229(4)

in 0.5 mL of deuterated solvent. The solution was directly placed b, A %ggig; ig'ﬁg?z()ls)
into an*H NMR tube and sealed with a septum cap. In titration 90.000(4) 94.060(2).

experiments, a solution of the appropriate nitrogen base orv, A3
oxidizing reagent in the deuterated, deoxygenated solvent wasZ

3373.5(11)
4

7935.0(15)
8

gradually added to the sample through a;d0microsyringe. Déiéi;?ﬁﬁmemciem 1'{‘2‘% - 11f3???mm1
Usually, an appropriate mass of an applied reagent was dissolved) range 1.62 to 25.08 1.23t0 27.52.
to give an approximately 0.25 M solution. It typically required hklranges —11t012,—18 —301t043,—16
2—5 ul of the solution to be added to the NMR tube containing , t017,-2210 24 t017,-2210 23
reflections collected 17738 24572

iron inverted porphyrin to cause a detectable conversion. A . X
independent reflections

596®R(nt) = 0.1215] 9062 R(int) = 0.0914]

stepwise addition of dioxygen was carried out by titration with  parameters 451 498
the deuterated solvent saturated with dioxygen. goodness-of-fiton¥  0.583 1.034
In the case of low-temperature studies, the sample wasRIWRZ[l > 2sigma()]* 0.0449/0.0910 0.0510/0.1043
. R1WR2 (all data) 0.2401/0.1586 0.1616/0.1606
removed from the glovebox and cooled to 195 K in the ethanol . - /min peak (e.A%  0.268/0.366 0.906/0.660

bath which was chilled by the addition of sufficient amount of
liquid nitrogen to reach 195 K. Dioxygen was introduced into
the sample through the syringe needle. The sample was shaken
in the cold bath and transferred to the precooled NMR probe
and the progress of the reaction was followed by NMR
spectroscopy.

2H NMR Studies. The samples used it NMR experiments
have been prepared similarly as f4i NMR starting from
(HCTPMD-d;)F€'Br and using regular solvents. The progress of the reaction was monitored by -tINs

Solution Magnetic Moment Measurements'2 The magnetic spectroscopy and the reaction was stopped when the peak at
susceptibility data carried out for five samples in the concentra- 461 nm completely disappeared. After solvent removal under
tion range 2.7 mg/mL to 3.6 mg/mL. The measurements were vacuum the product was placed in the inner atmosphere drybox.
carried out in chlorofornd using methylene chloride as an  The solid was recrystallized from THF/hexane under anaerobic
internal reference. After the completion of Evans method condition to obtain crystals suitable for X-ray analysis. The yield
measurement orHCTPRH)Fe'Br 1, the solution was exposed  of this reaction is near quantitative. Anal. Calcd for FeBrN
briefly to dioxygen and théH NMR spectra were recorded t0  Cy4H,¢:0.1THF0.3CHCl,: N, 7.17; C, 68.73; H, 3.79.
trace the progress of the reaction. The measurements ofFound: N, 6.59; C, 68.80; H, 3.28. UWis (CHxCly) [Amax
(HCTPP)F&'Br 2 were made when ndtHCTPRH)F€E'Br 1 and nm (loge, M~1 cm™)]: 337 (4.51), 361 (4.50), 416 (4.48),
[(CTPPO)F€E"Br]~ 3 "Br were observable itH NMR spectra. 564 (4.09), 692 (3.49), 887 (3.60).
The measurements gave the following magnetic moments: 4.87 (HCTPPO)FE" Br 4. (HCTPRH)F€'Br (50 mg, 0.067 mmol)

|
%r O(ﬁ%#;p)fgél I3(:.|C$E§_|)sli)?ui<r)nar:ga;ﬁ£ci moc;r%r?erﬁs of Was dissolved ?n 30 mL of anhydrqus @El>. The solution .
[(CTPRO)Fe"Br]~ 3 (5.6 0.145) was also determined starting was bubbled with oxygen for one minute. The green solution
from the separately synthesized compouRCTPRO)Fe!Br was then capped an_d stirred at room tempe_rature for 12 h. The
progress of the reaction was monitored by -t\'s spectroscopy

4. Diamagnetic correction of ligand was made using the value ) .
of 409 x 10-% cgs emu/mol calculated from Pascal’s constants, &1d the reaction was stopped when the Soret band shifted to
390 nm andQ band of the startingHCTPPH)Fe!Br disap-

Instrumentation. IH NMR (300 and 500 MHz) spectra were
measured on Bruker AMX 300 and Bruker Avance 500 peared..After §0Ivent removal under vacuum the produpt was
spectrometers. The peaks were referenced against the residud]/2c€d in the inner atmosphere drybox. The crude solid was
resonances of the deuterated solvents.2FhIMR spectrawere  dissolved in 3 mL of CBCl, and a sllow- addition of hoexane
collected using a Bruker Avance 500 instrument operating at Précipitated the desired product. Yield: 39 mg (76%). The
76.77 MHz. A spectral width of 200 ppm was typical and 16 K crystals suitable for X-ray analysis were obtained from a slow
points was used. A pulse delay of 50 ms was applied. The diffusion of hexane into a toluene solution 4f Anal. Calcd
residual?H NMR resonances of the solvents were used as a for FeBrN:«CasHz60: N, 7.33; C, 69.13; H, 3.69. Found: N,

aR1 = 3||Fo| — |Fell/ZIFo|. WR2 = [S[W(Fo? — F)Z/E[W(Fs)?} 2

Isolation of (HCTPP)F€" Br 2 and (HCTPPO)Fe! Br 4.
(HCTPP)F€" Br 2. In a round-bottom flask H{CTPFH)F€'Br
(100 mg, 0.133 mmol) was dissolved in 30 mL of anhydrous
CHClI,. The solution was exposed to air for one minute. The
green solution was then capped and stirred at room temperature.

secondary reference.

7.35; C, 68.81; H, 3.97. UMvis (CH.Cl) [Amax NM (l0g e,

The mass spectra were obtained on the Finnigan MAT TSQ M~ cm™3)]: 390 (4.76), 572 (3.99, sh), 670 (3.82, sh).

700 spectrometer by means of ESI method.-tNé spectra

Crystallography Studies. The crystal of HCTPP)F&'Br 2

were recorded on the Hewlett-Packard 8435 diode-array spec-were obtained from a slow diffusion eofhexane into a THF

trophotometer. IR spectra were measured on the FTHS 113
V Bruker spectrometer.
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solution of 2 under anaerobic conditions. The crystal of
(HCTPRO)F€E"Br 4 were obtained from a slow diffusion of
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n-hexane into a toluene solutionéfinder anaerobic conditions.  toluenes were constrained to regular hexagonals and refined
The summary of crystallographic data is given in Table 3. isotropically.

Each crystal was attached to the tip of a gllass capillary and Acknowledgment. This work was supported at the University
mounted on a Bruker SMART 1000 CCD diffractometer for ot \wroctaw by the State Committee for Scientific Research

data collection using graphite-monochromated MoKl = BN of Poland (Grant 4 TO9A 147 22) (L.L.-G.) and by the
0.710 73 A) radiation. All non-hydrogen atoms were refined National Science Council of Taiwan (C.-H.H.).
anisotropically, and hydrogen atoms were placed in ideal
positions and refined as riding atoms with relative isotropic . . ; .

. 2 and4 (CIF), the figure showing packing and intermolecular
displacement parameters. The N2 and C3 of compeumre interactions in the crystal lattice oHCTPFO)F€''Br 4, VT

; . . 0 :
refined as mutually disorder with 50% occupancy on each site. NMR data for2, 3. 4. 5. 6, tables of chemical shifts ohese

The coordinates and thermal parameters were defined equated henvl resonances & 4. 5. and6. This material is available
on the two atoms sharing the same site. In the crystal lattice, pheny o )

there are two independent toluene sites with half occupancy onfree of charge via the Internet at hittp://pubs.acs.org.
each site. The atoms on the phenyl ring of the disordered JA039792Y

Supporting Information Available: Crystallographic data for
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