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Spectroscopic Studies of Phenyl Iron(IV) Porphyrin Complexes
and Their Conversion into Iron(II) N-Phenylporphyrins
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Abstract: Oxidation of phenyl iron(IIl) tetraarylporphyrin complexes with bromine in chloroform at ~60 °C produces deep-red
solutions whose 'H and 2H NMR spectra indicate that they are the corresponding iron(IV) complexes. Characteristic 'H
NMR resonances include pyrrole protons at —~60 to =70 ppm, iron phenyl resonances at ca. ~300 ppm for the ortho protons,
~50 to ~75 ppm for the meta protons, ca. ~100 ppm for the para protons, and ca. +110 ppm for the para-methyl protons.
The magnetic susceptibility of the iron(IV) species is 2.6 £ 0.4 up. These aryl iron(IV) complexes are thermally unstable.
When warmed, the aryl iron(IV) complex undergoes a clean reductive elimination to form the iron(II) complex of the
N-arylporphyrin. The electronic structure of the S = 1 iron(IV) complexes is consistent with an orbital occupany d, d,.'d,,"
with w-spin density transferred to the porphyrin and the axial phenyl group.

The chemical characterization of the o-bonded pheny! iron(11I)
porphyrin complexes 1 have received considerable attention. These
low-spin complexes have been isolated from the reaction of
phenylmagnesium bromide or phenyllithium with haloiron(III)
porphyrins'~ and have been subject to extensive characterization
including both 'H NMR spectroscopy* and X-ray crystallography.®

The destruction of hemoglobin and myoglobin by arylhydrazines
in the presence of dioxygen leads to the precipitation of Heinz
bodies and the formation of green pigments which have been
identified as N-phenylheme.”” Phenyl iron(I1II) porphyrins have
been demonstrated as intermediates in this process by both 'H
NMR spectroscopy'®!! and by isolation, crystallization, and X-ray
crystallography of phenylmyoglobin.!? Studies on models have
demonstrated that the transfer of the phenyl group from iron to
nitrogen occurs under oxidizing conditions.!*13 Electrochemical
and optical spectroscopic studies have suggested that this process
occurs via several intermediates as shown in Scheme L.

This article is concerned with the first two steps in this scheme.
Previous work involving spectroscopic studies of the iron(1I) and
iron(III) complexes of the N-substituted porphyrins has ap-
peared.!®!” Here we are particularly concerned with the direct
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observation of the iron(IV) complex 2. Iron(IV) complexes
generally are rare. One-electron oxidation of iron(111) porphyrin
halide complexes generally yields products which are now ac-
knowledged to be iron(III) complexes of oxidized porphyrin
radicals.’®2 Recently, however, the presence of the (Fe!VO)**
unit in the enzymatic intermediates, horseradish peroxidase
compounds I and II, has become established through comparitive
studies on the actual enzyme intermediates and on synthetically
prepared model compounds.?’=3% The oxo ligand is particularly
significant in stabilizing the high formal iron oxidation state, and
the available evidence on the electronic structure, both from
experiment?”-3* and theory,***” indicates that the unpaired electrons
in these S = | species are localized on the Fe=O unit. The
electronic distribution is altered when that oxo function is not
present. Thus, (CH;0),FeTMP (TMP is the dianion of tetram-
esitylporphyrin), while still possessing an S = | ground state,
displays different spectroscopic properties that indicate an altered
electronic distribution within the complex.?®*
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Figure 1. 'H NMR (360 MHz) spectrum of a sample of 1 (R = H and
A = p-C¢H,CH,) in chloroform-d at -50 °C after the addition of 0.1 mol ,_J ;
of bromine. Resonances of 1 and 2 are identified as such followed by
assignments of individual proton resonances: pyrr, pyrrole protons, o, m
ortho-phenyl iron; m, meta-phenyl iron; p, para-phenyl iron.
111 0
Results
S
The one-electron oxidation of 1 was accomplished by using
bromine as the oxidizing agent. In a typical reaction, a chloroform P
solution of 1 was prepared under dioxygen-free conditions and
cooled to ~60 °C. Bromine in chloroform was added to effect j\ /L_
the oxidation. When a substoichiometric amount of bromine was T T T T T T T T e e T
added, separate resonances were observed for 1 and 2 (eq 1) as 0 -50 1R -150 -20Q -280 -2MAOPRM

shown in Figure 1. The appearance of separate resonances for

1 and 2 indicates that the rate of electron transfer is slow. The
rate constrant for exchange is estimated to be less than 5 X 107
sl. Addition of more bromine simply converts more 1 to 2, and
a slight excess of bromine has no effect on the spectrum. Other
oxidizing agents (I,, (TMP-)Fe!'}(ClQ,),), which have been
successfully used in other one-electron iron porphyrin oxidations,
were not capable of oxidizing 1 to 2.

(38) Groves, J. T,; Quinn, R.; McMurry, T. J.; Nakamura, M.; Lang, G.;
Boso, B. J. Am. Chem. Soc. 1988, 107, 354.

Figure 2. 2H NMR (77 MHz) spectra of chloroform-d solutions at ~60
°Cof (I) 1 (R =D and A = CiH;); (IT) 2 (X = CIO,) formed by the
addition of a slight excess of bromine followed by the addition of silver
perchlorate to the sample used for trace I, and (IIT) 2 (X = SbF4) formed
by the addition of bromine and AgSbFto 1 (R = D and A = C¢Hjs).
The iron-bound phenyl group is deuterium labeled in all positions.

In Figure 1, the resonance assignments for the iron(III) complex
1 follow those previously made.® Additionally, the identity of the
pyrrole resonance was confirmed by its absence in the spectrum
obtained from pyrrole-deuterated 1. The resonance assignments
for the iron(IV) complex 2 have been determined by relative areas,
line widths, specific deuteration, and methyl substitution. The
iron~phenyl resonances were most readily identified through the
2H NMR spectra of iron-phenyl-deuterated 1 and its oxidation
products. The spectra are shown in Figure 2. Trace [ shows the
spectrum of the iron(IIT) complex 1, while trace I shows the effect
of bromine oxidation followed by the addition of silver perchlorate.
Three phenyl resonances are readily observed, and the para proton
can be assigned based on its area. The 2H NMR spectra are
particularly valuable in detecting the very high field resonance
of 2 at =300 ppm. In the corresponding 'H NMR spectra, the
analogue of this feature is broad, and that, coupled with its un-
usually large shift, has made it difficult to detect until we knew
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Table I. 'H NMR Data for Iron(IV) Complexes in Chloroform-4 Solution

J. Am. Chem. Soc., Vol. 108, No. 10, 1986 2605

chemical shifts, ppm

Fe-phenyl porphyrin phenyl temp

compound ortho meta para  pyrr  ortho ortho’ meta meta” para °C
C¢HFe!¥(T-p-TP)Br e -71 -113  -60 10.3 9.8 9.5 9.5 439 -50
p-CH;C4H, Fe!Y(TPP)Br -290 -67 1149 -63 11.3 10.9 9.3 9.3 84  -60
m-CH;C¢H,Fe!Y(TPP)Br e -89 (-40)¢ -122 -65 11.4 11.4 8.9 8.9 -60
p-CH,;C4H Fe!Y(TPP)CIO, e -66 1579 71 13.4 12.4 8.1 7.8 9.5 -60
m-CH,;C¢H Fe!V(TPP)CIO, ~311,-320 -89 (-47)¢ ~-156 -T2 13.4 12.5 8.1 7.8 9.5 -60
p-CH;C4H, FelY(TPP)SbF, e -72 1144 —68 15.0 13.8 6.8 6.5 10.4 -60
[p-CH;C(H FelY(TPP)py]CIO, e -61 1567 -69 11.3 10.0 9.5 9.2 8.2 -60
C¢H;Fe!Y(TMP)Br? e -56 -97 51 4,24 3.84 106 107 329 =50
C4HsFeV(TMP)CIO,® e -76 -126  -68 3.3 2.84 8.3 8.0 3.1 -50
(CH;0),Fe!V(TMP)? -38 2.4¢ 7.7 7.7 299 -78
(CN);Mn'Y(TPP)" ¢ -15 5.7 5.7 5.7 43 26
(Im),Mn!'(TPP)~ ¢ -18 8.6 8.6 8.6 11.1 26
Fe!l' TPP-)(CIO,),/ -22.6 27.1 -27 -27 20.6 25
(Im),Fel(TPP.)2+ ¢ -40.1 -31.7 36.4 364 -22.1 -38

9In toluene-ds. ®In dichloromethane-d,/methanol-d, from ref 38. ¢In dimethyl-dy sulfoxide from ref 42. 4Methyl resonance. ¢Not observed in
'H spectrum due to width and large hyperfine shift. /In CD,Cl, from ref 25. ¢In CD,Cl, from ref 26.
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Figure 3. 'H NMR (360 MHz) spectrum of 2 (R = CH,, X = Br, and
A = p-C,H,CHj;) in chloroform-d solution at —60 °C. Insert I shows an
expansion of the 15-5 ppm region. Resonances are labeled as in Figure
1 with A indicating porphyrin aryl protons.

where to look for it. For example, the corresponding feature was
not observed in the spectrum used to prepare Figure 1.

Figure 3, which shows the spectrum of a relatively pure sample
of 2 (R = CHj, X = Br, and A = C¢Hj), allows several other
features of the spectrum to be assigned. The appearance of a new
resonance at 114 ppm and the absence of a resonance at —118
ppm allows the para-methyl resonance to be assigned and confirms
the assignment of the para-phenyl proton in Figures | and 2. The
resonances in the 5~15 ppm region are assigned to the porphyrin
phenyl resonances. They remain at full intensity when the
spectrum of pyrrole-deuterated 2 (R = H, X = Br, and A = C;Hy)
is examined, while the intensity of the resonance at ~60 ppm
decreases. The resonance at 8.5 ppm is assigned as the porphyrin
para-phenyl resonance on the basis of its area and its absence in
the spectrum of 2 (R = H, X = Br, and A = p-C4H,CH3;). The
porphyrin ortho- and meta-phenyl resonances were assigned on
the basis of their line widths. The relaxation mechanism for
porphyrin phenyl protons is predominantly dipolar. Therefore,
the ortho protons, which are closer to the iron, will produce broader
resonances than the meta protons. Consequently, the two broader
resonances at 11 and 11.5 ppm are assigned to the ortho protons.
The observation of split ortho resonances is consistent with the
lack of symmetry about the porphyrin plane. In contrast, the meta
protons, which are further removed from the unsymmetrical axial
substituents, are not resolved into the expected two peaks.

The spectral data for a number of substituted forms of 2 are
compiled in Table I. The data for the m-tolyl iron(IV) complexes
on lines 3 and 5 of Table I allow the ortho and meta protons of
the iron-bound aryl group to be assigned.

A Curie plot of the temperature dependence of the chemical
shifts of the porphyrin and axial phenyl resonances is shown in
Figure 4. The resonances show linear behavior with extrapolated
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Figure 4. Curie plot for 2 (R = CH;, X = Br, and A = C(Hy) in
chloroform-d. Resonances are identified as (a) para-methyl of iron-tolyl,
(b) ortho-H of A, (c) meta-H of A, (d) para-H of A, (e) pyrrole-H, and
(f) meta-H of iron-tolyl.

intercepts that do not correspond to those of the diamagnetic
reference, CgHINTPP (TPP is the dianion of tetraphenyl-
porphyrin).* The linear Curie plot indicates that only one iron
spin state is involved over the accessible temperature range.

The magnetic moment of 2 (R = CH,, X = Br, and A = C¢Hy)
has been determined by the Evans’ technique. At -60 °C, the
magnetic moment is 2.6 £ 0.4 ug. This value is consistent with
the presence of a triplet ground state (spin only moment, 2.84 ug)
for 2.

Axial Ligation. The NMR data indicate that a sixth ligand
occupies the site opposite the pheny! group in 2. Comparison of
traces II and III of Figure 2 offers representative data. Trace
11 shows the spectrum for the perchlorate complex. Trace III
shows the effect of adding silver hexafluoroantimonate after
bromine oxidation. As can be seen, the spectral pattern is retained,
but there are significant changes in the chemical shifts, particularly
for the para protons. We ascribe these changes to changes in the
axial ligand, and we believe that both of these weakly nucleophilic
anions are coordinated. Some further comparitive data are given

(39) Cocolios, P.; Guiltard, R.; Fournari, P. J. Organomet. Chem. 1979,
179, 311.
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Figure 5. (I) 'H NMR (360 MHz) spectra of chloroform-d solutions of
2 (R = CH;, X = ClQ,~, and A = C4H;) at 0 °C. (IT) The same after
30 min. Peaks of 2 and 3 are labeled according to the scheme used in
Figure 1.

in Table I. Note that with only bromide present, the pattern
remains but again the chemical shifts differ.

Further evidence for transaxial ligation comes from studies with
pyridine (py). Addition of excess pyridine to 2 (R = CH;3, X =
ClO,, and A = C4Hj) in chloroform-d at —60 °C produces a new
'H NMR spectrum. The basic pattern of porphyrin and iron~-
p-tolyl resonances remains, but three additional resonances due
to the coordinated pyridine appear at 19 ppm (line width: 120
Hz), -9 ppm (180 Hz) and ~17 ppm (770 Hz). The relative peak
areas indicate that the peaks at 19 and ~17 ppm correspond to
two protons, while the peak at =9 ppm corresponds to a single
proton. Consequently, the peak at ~9 ppm is assigned to the
para-pyridine proton. On the basis of line width, the peak at ~17
is assigned to the ortho-pyridine protons and the peak at 19 ppm
to the meta-pyridine protons. The observation of these resonances
establishes axial coordination by one pyridine molecule and in-
dicates that free and bound pyridine are in slow exchange at ~60
°C.

Pheny! Migration. Upon warming, samples of 2 are unstable.
Figure S shows the changes which occur on warming a solution
of 2 (R = CH;, X = ClO,, and A = C4H;) to 0 °C and allowing
it to stand. Trace I shows the spectrum after warming, while trace
II shows the same sample after standing at 0 °C for 30 min. In
trace I, the resonances of 2 are still detectable, while in trace B
they have nearly completely gone. In their place, a new set of
resonances has appeared. The pattern of these new resonances
indicates that they result from 3 (R = CH;, X = ClO,, and A
= C¢Hjy), the iron(I11) N-p-tolylporphyrin complex which has
formed via eq 2. The 'H NMR spectra of iron(II) complexes

of N-substituted porphyrins have been previously examined and
analyzed in detail.! They are characterized by the presence of
four pyrrole resonances that result from the lower symmetry of
the N-substituted porphyrin. In the case of 3, three of these are
clearly detected in the anticipated downfield region. Their as-
signment as pyrrole protons has been confirmed by observations
on the corresponding pyrrole-deuterated sample, which shows
diminished intensity for these three resonances. From previous
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Figure 6. Plot of the isotropic shifts for 2 (X = Br) at -60 °C in chlo-
roform-d solutions vs. the calculated geometric factor (3 cos? 6 - 1)r73.
Only resonances of porphyrin aryl groups (A) are plotted.

work, it is anticipated that the fourth pyrrole resonance will lie
in the 10 to ~5 ppm region. In Figure S, this region is conjested
with other resonances so that identification of the fourth pyrrole
resonance cannot be made. Two other tentative assignments of
resonances in trace B can be made. The peak at 20 ppm is
assigned as an porphyrin ortho-phenyl resonance on the basis of
its intensity, the presence of a similar downfield-shifted ortho-
phenyl resonance in other N-substituted iron(Il) complexes,' and
its absence in the corresponding spectrum of the complex derived
from tetramesitylporphyrin. On the basis of its intensity and
comparison with the spectrum obtained on warming 2 (R = H,
X = ClO,, and A = C4Hj), the resonance at ~4 ppm is assigned
to the para-methyl protons of the iron-bound tolyl group.

The transformation of 2 to 3 is accompanied by a marked color
change from deep red to green. The optical spectrum of the sample
after warming shows a pattern (Ay,, 440, 460 sh, Soret, 574, 610,
656 nm) which is characteristic of a divalent metal-N-substituted
porphyrin complex.

Discussion

Analysis of the Electronic Structure of the Iron(IV) Complexes.
The hyperfine shifts, the differences between the observed shifts
for paramagnetic complex, and the corresponding shifts of an
analogous diamagnetic complex (in this case the In(III) analogue
of 1)* observed in the NMR spectra are the sum of the scalar
or contact contribution, which reflects the mode of spin delo-
calization, and the dipolar shift, which is due to the magnetic
anisotropy of the iron. In the limit of axial symmetry, the dipolar
shift is given by eq 3 where NV is Avogadro’s number, x, are x

AHgp | 3costh-1 3
7 =3y (o xw) 3 (3

are the magnetic susceptibilities parallel and perpendicular to the
z axis (taken as coincident with the iron~pheny! bond), and r and
6 are the usual polar coordinates.** Separation of the dipolar
and contact terms can be made by examining a plot of the isotropic
shift vs. the geometric factor, (3 cos? # ~ 1)r3. This graph should
yield a linear plot so long as the porphyrin aryl protons on 2 are
effectively isolated (by virture of their nearly perpendicular
orientation to the porphyrin plane) from contact spin density within
the iron/porphyrin core.*! Such a plot for the bromoiron(IV)
complex 2, using the geometrical data available on 1 (R = H and

(40) Horrocks, W. D. In “NMR of Paramagnetic Molecules™ La Mar, G.
N., Horrocks, W. D., Holm, R. H., Eds.; Academic Press: New York, 1973;
pp 127-177.

(41) La Mar, G. N.; Walker(Jensen), F. A. In “The Porphyrins™; Dolphin,
D., Ed.; Academic Press: New York, 1979; Vol. 4, p 61.
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Table II. Separation of Dipolar and Contact Shifts for Iron(IV)
Complex 2 (X = Br)

GF
position AH/H,, AH/Hy, AH/H,, 10%cm™ rel* GF

Porphyrin Phenyl

o-H 3.16 2.76 0.4 ~36.0% 1
o-H 2.76 2.76 0 -36.0°
m-H 1.54 1.28 0.26 -16.72 0.46
p-H 0.4 1.13 -0.49 ~-14.82 0.41
m-CHj; 0.8 0.805 —-0.005 -10.52 0.29
p-CH; 1.58 0.84 0.74 -11.0% 0.31
pyrr -72.0 5.39 ~77.4¢ ~70.3% 1.95
Iron Phenyl
o-H -293 -16.6 276 217 -6.0
m-H -73 -8.8 -64 115 -3.2
p-H ~119 -8.0 ~111 106 -2.9
m-CH;  -43 -4.8 -38.2 63 -1.75
p-CH; 112 -5.0 +117 66 -1.8

2Geometrtic factor (3 cos? 6 ~ 1)7-%. ¢Taken from: La Mar, G, N;
Bold, T. J.; Satterlee, J. D. Biochim. Biophys. Acta 1977, 498, 189.
¢The corresponding shifts (at 25 °C) for (Im),MnlY(TPP)~ and
(NC),Mnll(TPP)~ are -33.6 and ~16.8, respectively.

A = C¢H;),5 is shown in Figure 6. The linearity of this plot
indicates effective isolation of the porphyrin aryl groups from
unpaired spin delocalization and allows the separation of the
contact and dipolar contributions. The results of this analysis are
given in Table II.

The contact contribution to the porphyrin portion of the
spectrum can be used to discriminate between the two likely
electronic structures: a low-spin iron(IV) coordinated by a con-
ventional porphyrin dianion or a iron(11I) bound to a oxidized
porphyin radical monoanion. The d orbital occupany for an
iron(IV) ion in Dy, symmetry is d,,2, d,.!, d,;!, d,2°, d,2_,2%, and
therefore, unpaired spin is in orbitals of = symmetry. Similar
occupanies occur in the isoelectronic, low-spin manganese(11I)
complexes (TPP)Mn(CN),” and (TPP)Mn(Im),” (Im is imida-
zolate),* and (TMP)Fe(OCH,),.*® There are striking similarities
between the NMR spectra of 2 and these manganese(111) and
iron(IV) complexes. As shown in Table 11, the pyrrole contact
shifts in 2 and in the manganese(IIT) complexes are similar and
indicative of w-spin delocalization. Moreover, the porphyrin aryl
protons in 2 and in the manganese(I1I) complexes show primarily
dipolar shifts and insulation from 7-spin contact shifts.*? Likewise
(TMF)Fe(OCH,;), displays upfield-shifted pyrrole resonances in
the general vicinity of those in 2 as well as small hyperfine shifts
for the mesityl protons.*®

In contrast, complexes containing oxidized porphyrin radicals
display very different spectral patterns. The complexes, Fe!!l(.
P)(ImH),* (-P is a porphyrin radical monoanion), obtained by
addition of ImH to Fe!(-P)CI(ClO,),? are of particular relevance
since they have a magnetic susceptibility (2.8 £ 0.2 ug) similar
to that observed for 2. The pyrrole resonances for Fe'(:P)(ImH),*
fall in a range ~30 to —40 ppm (at ~38 °C) that is similar to 2.
However, the porphyrin aryl protons of Fe''(-P)(ImH),* show
sizeable hyperfine shifts: for Fe!!(-TPP)(ImH),*, the chemical
shifts at ~38 °C are ortho protons, —=31.7 ppm; meta protons, 30.4
ppm; and para protons, =22.1 ppm. Other complexes believed
to contain porphyrin radicals also show large hyperfine shifts for
the porphyrin phenyl resonances.?>22634 This is the most dis-
tinctive difference between 2 and the complexes containing por-
phyrin radicals. In fact, the behavior of the aryl protons shown
in Figure 6 is the antithesis of what is found for iron complexes
containing an oxidized porphyrin radical.

This conclusion is entirely in accord with the information
available from electronic spectra. Lancon et al.!® previously
concluded from the transient electronic spectrum obtained after
electrochemical oxidation of C;HsFe(OEP) (OEP = octaethyl-
prophyrin dianion) that iron rather than porphyrin oxidation had
occurred. They were unable to detect the TPP analogue due to

(42) Hansen, A. P.; Goff, H. M. Inorg. Chem. 1984, 23 4519.
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its short lifetime, but our electronic spectral data are in substantial
agreement with the data on the OEP system. In particular,
chemically generated 2 is red with a Soret band at 416 nm and
lacks low-energy absorption that is characterized of porphyrin
radicals.!®20

The protons of the iron-bound phenyl group display substantial
hyperfine shifts. Indeed the presence of three, far upfield phenyl
resonances should serve as an excellent diagnostic probe for de-
tecting 2, particularly in a protein environment. The observation
of contact shifts of comparable magnitude and opposite sign for
the para proton and para-methyl group on 2 along with the fact
that the shifts for the iron—-phenyl protons do not attenuate in the
order ortho > meta > para as one moves away from the iron
suggests that the unpaired spin resides in a = orbital of the phenyl
ring. This is, of course, what is expected since the unpaired spins
on the iron residue in w-type orbitals. However, the behavior of
the meta resonances is not indicative of pure r-spin delocalization.
Thus, the meta contact shift has the same sign as the ortho and
para shifts, and there is no reversal in its sign upon methyl sub-
stitution. Consequently, there must be some degree of 7 unpaired
spin delocalization which probably results from a polarization
mechanism, a feature frequently encountered in pyridine which
is isoelectronic with the pheny! ligand.*3

It is instructive to compare the NMR spectra of 1 and 2. Except
for the iron—-m-pheny! resonances, there is considerable similarity
in the overall spectral pattern. The other major differences are
the greater hyperfine shifts seen for the iron(IV) complex 2. This
is not at all surprising. The iron(Ill) complex has the orbital
occupancy (d,,)?%, (d,,, d,,)%, (d,2)°, (d,2.,2)° and one less unpaired
electron in orbitals of = symmetry. As a direct consequence, the
hyperfine shifts for 1, which are primarily contact in origin,* are
all reduced in comparison to those of 2.

On the other hand, the NMR spectra of 2 and porphyrin
complexes containing the (Fe!VO)?* group are entirely different.
Six-coordinate (py)(TPP)Fe!VQ?730:32 and five-coordinate
(TMP)Fe!VO?* display 'H NMR spectra in which the porphyrin
resonances show extremely small hyperfine shifts. These small
shifts are entirely consistent with theoretical calculations,*¢-7 which
indicate substantial 7 interaction between iron and oxygen orbitals
and effective localization of unpaired spin density within the
(Fe'Y0)?* unit.

It is clear that the axial ligands play a major role in determining
the electronic distribution within highly oxidized iron porphyrins.
Thus, an oxo ligand, a phenyl ligand, or two methoxy ligands favor
the iron(IV) porphyrin dianion structure, while halide ions, im-
idazole, or perchlorate ligand produce the iron(III) porphyrin
radical monoanion structure. Interaction of the iron = electron
with the axial ligand must make a major contribution to these
differences.

Pheny! Migration. The NMR spectra of 1and 2 are indicative
of full Dy, symmetry with a freely rotating, iron-bound phenyl
group. The thermally unstable 2 is converted cleanly into 3 upon
warming. This process is a classic example of a reductive elim-
ination of two anionic ligands (the phenyl group and a depro-
tonated pyrrole) which are already in the required cis positions.*’
A very effective parallel is seen in the reductive coupling of alkyl
fragments in dialkylbis(e,a'-bipyridine)iron(II) where oxidation
to the iron(IV) state results in selective coupling of the two alkyl
groups to form the corresponding alkane, while release of the alkyl
groups at the iron(1l) level of oxidation proceeds via 8-hydride
transfer and at the iron(III) level involves radical formation.46
Other cases of phenyl migration from cobalt to porphyrin nitrogen
are known.*”™%

(43) La Mar, G. N. In “NMR of Paramagnetic Molecules”; La Mar, G.
N., Horrocks, W. Dew., Jr., Holm, R. H., Eds.; Academic Press: New York,
1973; p 86.

(44) Balch, A. L.; Renner, M. W. Inorg. Chem. 1986, 25, 303.

(45) Collman, J. P.; Hegedus, L. S. “Principles and Applications of Or-
ganotransition Metal Chemistry”; University Sclence Books: Mill Valtey, CA,
1980; p 232.

(46) Lau, W.; Huffman, J. C.; Kochi, J. K. Organometallics 1982, 1, 155.

(47) Dolphin, D.; Halko, D. J.; Johnson, E. Inorg. Chem. 1981, 20, 4348.

(48) Callot, H. J.; Metz, F.; Cromer, R. Nouv. J. Chim. 1984, 8, 759.
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The phenyl migration occurs under aerobic conditions in protein
systems, and we have made some observations relevant to the
involvement of dioxygen in that process. Addition of limited
amounts of dioxygen to 1 in chloroform-d at =60 °C results in
the formation of both 2 and 3. Thus, dioxygen is fully capable
of effecting the iron(I1I) to iron(I'V) oxidation required in eq 1.

Experimental Section

Materials. Dioxygen was removed from chloroform-d by three
freeze—pump—thaw cycles, and the solvent was placed in a Vacuum At-
mospheres glovebox under an argon atmosphere and stored over 4-A
molecular sieves. Phenylmagnesium bromide and p-tolylmagnesium
bromide were purchased from Aldrich Chemical Co. and Alfa. Phe-
nyl-ds-magnesium bromide and m-tolylmagnesium bromide were syn-
thesized by using standard procedures. The iron(IIT)-phenyl complexes
were prepared from the appropriate porphyrin and Grignard reagent by
using an established procedure.’ Pyrrole-deuterated (TPP)H, was pre-
pared according to a standard procedure.*®

Oxidation of 1. A chloroform solution of 1 was prepared under an
argon atmosphere, placed into an NMR tube, sealed using a rubber
septum cap, and wrapped with parafilm. In a typical experiment, a 3
mM solution of 1 was cooled to -60 °C and titrated with a bromine/
chloroform solution (via a syringe). The sample was gently shaken and
its color changed from light to dark red. The progress of the reaction
was followed by NMR spectroscopy.

Magnetic Susceptibility Measurement. The solution magnetic mea-
surements were made at —60 °C by using the Evans’ method®! with
tetramethylsilane as the reference. The sample purity was confirmed

(49) Callot, H. J.; Cromer, R.; Louati, A.; Gross, M. Nouv. J. Chim. 1984,
, 765.
(50) Boersma, A. D.; Goff, H. M. Inorg. Chem. 1982, 21, 581.
(51) Evans, D. F. J. Chem. Soc. 1959, 2003.

before and after the measurements were made. The iron porphyrin
concentration was determined by UV-vis spectroscopy after the sample
was warmed to room temperature by converting it to (TPF)FeCl through
treatment with gaseous hydrogen chloride. The original sample of 2 (R
= CH;, X = Br, and A = C¢Hj;) contained 13% (TPP)FeCl and (TP-
P)FeBr as determined from the NMR spectrum. The magnetic suscep-
tibility (after correction for the iron(IIT) impurity with an assumed
susceptibility of 5.9 up) was 2.6 £ 0.4 uy for 2.

Instrumentation. NMR spectra were obtained on Nicolet NT-360 FT
and NM-500 spectrometers operating in the quadrature mode ('H fre-
quencies are 360 and 500 MHz, respectively). Between 200 and 1000
transients were accumulated over a 40-kHz bandwidth with 16K data
points for 'H (4-8K for 2H) and a 6-us 90° pulse. The signal-to-noise
ratio was improved by apodization of the free induction decay which
introduced a negligible 3-10-Hz line broadening. The peaks were ref-
erenced against tetramethylsilane. Electronic spectra were measured with
a Hewlett-Packard 8450 A spectrophotometer.
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Abstract: Drastic changes in morphology and particle sizes of the Pd particles were detected during the classical catalyst
pretreatment. These changes are connected to the increase in selectivity as well as to the problems encountered in the Rosenmund
reaction. A major action of the poison in Rosenmund reactions was found to be the acceleration of the initial reconstruction
of the surface of fresh catalysts to prevent overreduction. The instability of the Pd under reaction conditions appears to be
responsible for typical problems encountered with the Rosenmund reaction such as irreproducibility and catalyst deactivation
during the reaction. With the use of Pd single crystals stepped and kinked surfaces were found to be active for the hydrogenolysis
of acid chlorides to aldehydes. Transmission electron microscopy and diffraction have been employed to characterize the change
in dispersion and structure of Pd particles on carbon supports after various pretreatments.

The reduction of acid chlorides discovered by Sayzeff in 1872!
and exploited by Rosenmund,'® was for a long time the only useful
method to convert carboxylic acids and derivatives into the cor-
responding aldehyde. The reaction is based on a supported Pd
catalyst and special reaction conditions had been developed to
prevent the undesired overreduction.

o o
R-¢’_ + H, — R-¢?

cl y ¥ RCHOH
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It has been found that the reduction of the aldehyde formed
can be prevented by the use of suitable catalyst “poisons”,
“modifiers”, or “regulators” which deactivate the catalyst selec-
tively. Much attention has been paid to the development of such
regulators,? which consist of quinoline with sulfur,’ pyridine and
copper,* thiophen or thiourea,’ dimethylaniline,® ethyldiiso-
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