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Abstract: Nuclear magnetic resonance spectroscopy has been utilized to define the solution electronic structures of complexes
generated from combination of superoxide ion with iron(1I) and manganese(1l) porphyrins. Very large proton NMR line
widths for the iron porphyrin product dictated the use of deuterium NMR for selectively deuterated synthetic porphyrins.
On the basis of the pyrrole deuterium signal at 60 ppm (Me,SO solvent, 28 °C, Me,Si reference) and a solution magnetic
moment of 25.6 up, a peroxoiron(11I) porphyrin structure consistent with an earlier formulation is favored. A corresponding
manganese porphyrin signal at 32 ppm and a solution magnetic moment of 5.0 up are indicative of a superoxomanganese(II)
porphyrin configuration with spin coupling between the superoxide ligand and the manganese center. This species provides
an excellent model for what has been described as superoxide coupling to a low-spin iron(III) center in the oxyhemoglobin
molecule. The peroxoiron porphyrin complex is likely coordinated in the second axial position by a solvent molecule. The
axial ligand combination leaves the iron center in a high-spin state, but the peroxo ligand serves to reduce the zero-field-splitting
value and indirectly induce large NMR line widths. Variable-temperature NMR Curie law behavior is consistent with monomeric
structures. Absence of splitting in the pyrrole signals suggests no attack of porphyrin nitrogen atoms by peroxide or superoxide

species.

Introduction

The biological action of dioxygen and its reduced states (05,
O,%) is largely directed by metalloenzymes. In this regard, the
extensive redox and coordination chemistry of the iron porphyrin
prosthetic group (along with perturbations of amino acid binding)
make possible the oxygen transport, oxygen activation, respiration,
and peroxide destruction functions of hemoproteins. Simple
metalloporphyrins have provided a wealth of information con-
cerning reversible dioxygen coordination,! but the reactive oxygen
adducts of other iron porphyrin intermediates have not received
corresponding attention. Superoxide ion is not a usual substrate
for hemoproteins but formally is an important resonance con-
figuration for oxygenated hemoglobin and cytochrome P-450.
Valentine and co-workers have examined various reactions of
superoxide ion with metalloporphyrins.2>  Among complexes
studied in detail, one of the most novel is formed by coordination
of iron(1I) tetraphenylporphyrin with O, in aprotic solvents such
as dimethyl sulfoxide (Me,SO) or acetonitrile.> On the basis of
ESR and vibrational spectral measurements the complex has been
formulated as a bidentate peroxoiron(IIl) porphyrin adduct,
(TPP)FeO,% (Earlier workers described this species as a su-
peroxoiron(II) complex because the visible-UV spectrum does
not resemble that of a high-spin iron(I1I) porphyrin.®) Dioxygen
binding to the iron(I) tetraphenylporphyrin species reportedly
produces an identical complex, for which the solid-state Mossbauer
isomer shift value of 0.57 mm/s would suggest a high-spin iron(III)
configuration.’ The iron octaethylporphyrin derivative,
(OEP)FeO,, likewise has been generated by one-electron elec-
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trochemical reduction of the dioxygen complex.® Rationale for
comprehensive examination of the putative peroxoiron(I1I) adducts
is found in their being isoelectronic with the poorly identified,
highly reactive, reduced dioxygen state of cytochrome P-450.

Definitive solution electronic and molecular structural assign-
ments are possible for iron and manganese porphyrin-superoxide
reaction products through examination of NMR spectra. Proton
NMR spectra of paramagnetic metalloporphyrins frequently prove
diagnostic for elucidating spin and oxidation states, in that the
direction of contact shifts for certain resonances is associated with
unpaired spin in particular d orbitals.” In general, a large
downfield shift for the pyrrole proton signals of a metal-TPP
complex indicates partial occupation of the o-type d,2_,» orbital,
whereas an upfield shift for this signal signifies depopulation of
d,2.,2 and unpaired spin in the m-symmetry d,., d,, set. Additional
information may be gained from signal line widths and the pattern
of phenyl resonances for the TPP complex. These correlations
are employed for characterization of solution species generated
from reactions between superoxide ion and iron(II) or manga-
nese(1I) porphyrins.

Experimental Section

Tetraphenylporphyrin derivatives were prepared by standard benz-
aldehyde—pyrrole condensation in a propionic acid reflux.'® Selectively
deuterated benzaldehydes were obtained from a commercial source
(Merck). Fully deuterated benzaldehyde was prepared from toluene-ds
via ceric ammonium nitrate oxidation."" The appropriate phenyl deu-
terated TPP species was prepared from these benzaldehydes with use of
normal (nondeuterated) propionic acid. The TPP-pyrrole-dg species was
prepared in a simple “one-pot” reaction in which pyrrole proton exchange
was effected prior to condensation. To 250 mL of propionic acid anhy-
dride (Aldrich, 97% pure) was added an equivalent amount of D,O (34.2
mL), and the mixture was brought to reflux for 30 min under a nitrogen
blanket. To this propionic acid-d, was added 4.6 mL of pyrrole, and a
1-h reflux was carried out under a nitrogen atmosphere. Air was intro-
duced and 6.6 mL of benzaldehyde was added. Reflux was continued
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for 30 min as prescribed for the usual TPP synthesis.'® This procedure
yields approximately 90 atom % TPP-pyrrole-ds. Purification of me-
talloporphyrins by silica gel column chromatography followed metal ion
insertion by the standard DMF method.'? Final products were char-
acterized by proton and deuterium NMR spectra,’® visible-UV spectra,
and thin-layer chromatography.

All samples were prepared in a Vacuum Atmospheres drybox under
a nitrogen atmosphere. Dimethyl sulfoxide was dried and degassed by
vacuum distillation from calcium hydride. The solvent was stored over
4-A molecular sieves in the drybox. Acetonitrile was degassed by
freeze~pump—thaw cycles and stored over 3-A molecular sieves. Iron(III)
and manganese(III) porphyrin chloride complexes were weighed into
NMR tubes, which were transferred to the drybox. Potassium superoxide
(Alfa) was added as the solid (excess) or titrated into the sample with
freshly prepared 0.15 M KO,, 0.08 M dicyclohexyl-18-crown-6 prepared
in Me,SO solvent. Metalloporphyrin concentrations ranged from | to
8 mM. Samples for NMR work were kept at 0 °C or were frozen in dry
ice if spectral examination was not possible within a few minutes of
preparation. Proton spectra at 90 MHz and deuterium spectra at 13.7
MHz were recorded with a JEOL FX-90Q spectrometer. Unless noted
otherwise, chemical shift values are referenced to Me,Si, with downfield
shifts being given a positive sign. Magnetic susceptibility measurements
were made by the Evans method'? for solutions 8 mM in metallo-
porphyrin containing no excess KO,. Visible~UV spectra were examined
before and after NMR spectroscopic measurements to verify that the
predominant solution species were those previously reported

Results

Iron Porphyrins. Addition of KO, to (TPP)FeCl in Me,SO-d;
was initially monitored by proton NMR spectroscopy. Addition
of 1 equiv of KO, resulted in reduction of the iron(I1I) porphyrin
to the iron(II) species, as indicated by the appearance of the
pyrrole proton signal at ~12 ppm.'* Addition of a second
equivalent of KO, caused the disappearance of the 12-ppm peak,
and only the broad, overlapping TPP phenyl signals centered at
7.3 ppm with a shoulder at 9.0 ppm were apparent. Problems
with sample instability, limited solubility, and dynamic range
demands due to the presence of large solvent and crown ether
signals precluded reliable detection of very broad signals or those
which might occur in the diamagnetic region of the spectrum.
These problems were solved, and at the same time unequivocal
signal assignments were made through use of deuterium NMR
spectroscopy. Accordingly it is appropriate to discuss briefly the
application of deuterium NMR to paramagnetic metalloporphyrin
compounds.

In a paramagnetic environment deuterium NMR signals are
expected to be considerably sharper than those of the proton. For
the limit of total dipolar nuclear relaxation by a paramagnetic
center, the line width is a function of the square of the gyro-
magnetic ratio.!> Thus, the proton line width in hertz could be
42 times that of a corresponding deuterium signal. Although this
limiting factor is not realized for the pyrrole proton (280 Hz) and
pyrrole deuterium (28 Hz) signals of (TPP)Fe shown in Figure
1, the gain in signal sharpness (in hertz) is nonetheless impressive.
The otherwise very broad ortho phenyl proton signal is clearly
observable in the deuterium NMR spectrum (this signal overlaps
with the para phenyl resonance and the natural-abundance
chloroform deuterium signal). Deuterium NMR spectroscopy
is seemingly not advantageous for relatively sharp signals, as it
would appear that the para phenyl signal is broader in Figure lc.
Likewise, splitting of the meta phenyl deuterium signal is largely
lost, as the longer time scale (lower frequency) of deuterium NMR
means that phenyl group rotation can average otherwise non-
equivalent phenyl signals. As expected, proton and deuterium
chemical shift values are equivalent, thus indicating that spin
delocalization mechanisms are the same for these two nuclei.

With the potential utility of deuterium NMR spectroscopy
having been demonstrated, the technique was applied to the
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Figure 1. (a) Proton NMR spectrum of (TPP)FeCl, 0.01 M in CDCl;,
at 28 °C, (b) deuterium NMR spectrum of (TPP-pyrrole-ds) FeCl, 0.0l
M in CHCl;, at 28 °C, and (c) deuterium NMR spectrum of (TPP-
phenyl-dy) FeCl, 0.01 M in CHCI,, at 28 °C.
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Figure 2. Deuterium NMR spectra of selectively deuterium-labeled
(TPP)FeO," species, with 6 mM iron porphyrin and CH;CN solvent at
—-30 °C. In the bottom spectrum an intense signal is observed for added
CD;CN. The ppm scale is referenced to Me,Si, and downfield shifts are
given positive signs.

deuterated iron porphyrin-superoxide reaction products discussed
previously. Figure 2 depicts the 13.7-MHz deuterium NMR
spectra of selectively labeled (TPP)Feg in the presence of excess
KO,—crown ether. Acetonitrile was employed as a solvent in this
instance to permit low-temperature stabilization of the complex,
as well as to conduct variable-temperature NMR measurements.
Isotropic shift values were calculated by comparing these observed
resonances with those of diamagnetic nickel(1I) porphyrin com-
plexes.®® A plot of isotropic shift values vs. 1/7 revealed ap-
proximate Curie law behavior (the intercept value was -5 ppm
for the pyrrole deuterium signal). This demonstrates that the iron
porphyrin-superoxide adduct exhibits no large deviation in
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Table I. Proton and Deuterium NMR Data for Various Metalloporphyrin Species?

Shirazi and Goff

dphenyl, PPM

spin and oxidn temp, 8 pyrroles PPM
states species solvent °C nucleus ref (line width, Hz) ortho meta para

(TPP)F¢0, - Me,SO 28 °'H b 60 (180) ~7 9.2 72
(TPP)FeO,~ CH.CN 30 H b 61 (37) ~7 9.2 7.2

HS Fe(III) (TPP)FeCl CHCI, 29  H b 78.4 (28) ~6.5 127 ~6.5

HS Fe(III) (TPP)FeCl cpat, 29 'H  25b 79.0 (280) ~7 { Bf 6.35

HS Fe(III) (TPP)Fe(NO,) cpal, 2% 'H 24 72.5 (204) ~7 {}gg 6.4

HS Fe(III) [(TPP)Fel,(SO,) cDdal, 26 'H 24 729 (74) ~7 {}fg 6.4

HS Fe(IID) (TPP)Fe(Me,SO),* Me,SOd, 28 'H b 22 66.8 (250) phenyls 12.7, 9.65

HS Fe(IIl) dimer [(TPP)Fe],0 coey, 29 'H  25a 13.5 (50) phenyls 7.6

HS Fe(IIT) dimer [(TPP)Fe],O0, toluened, 80 'H 20 16.0 (80) phenyls 7.7, 7.6

S=3/, 5% Fe(lll)  (TPP)FeOCIO, cpal, 2% 'H 17 13 (210) 9.3 11.9 7.7

HS Fe(IlD) radical ~ (TPP)FeCl’ CD,Cl, 26 H 32,33 6611700 {3} -124 295

LS Fe(Ill) (TPP)Fe(Im), * e, 29  'H 34 ~16.6 (40) 49 6.2 6.3

HS, LS Fe(Il) (TPP)Fe(Me, SO), Me,SOd, 2% 'H 14 12.2 (25) phenyls 8.1, 7.8

HS Fe(ID) (TPP)Fe(2-CH, Im) toluened, 25 'H 35 52.2 (18) 9.5 8.8 8.7

HS Fe(ID) (TPP)Fe(SBu)- Me, SO, 26 H 14 61.0 (30) {1(8)'3 {87'99 7.9

S=1 Fe(l) (TPP)Fe C,D, 25 'H  9a 47 (15) 20.8 12.5 12.5

LS Fe(Il) (TPP)Fe(CO) toluened, 27 'H 36 8.9 (~1) 7.5 8.1 75
(TPP)MnO," Me, SO 25  H b 32 (80) phenyls 7.8

HS Mn(III) (TPP)MnCl coal, 35 'H 16 215 (~650)  ~7 8.1 7.3

HS Mn(IIT) (TPP)Mn(Me,SO),*  Me,SO 25 H b ~26 (120) phenyls 7.9

HS Mn(II) (TPP)Mn(Me,SO)., Me.SO 25 'H b 34.3 (160) phenyls 8.2

@ Signals are referenced to (CH,),Si, and downfield shifts are given positive sign. Abbreviations: HS, high spin; LS, low spin. ? This

work.

first-order magnetic behavior over the temperature range -30 to
+30 °C. Similar spectra were obtained at 28 °C in Me,SO
solvent, except the deuterium pyrrole signal was appreciably
broader (see Table I).

Visible spectra recorded after NMR examination retained the
predominant 437-, 565-, and 609-nm bands of (TPP)FeQ,,’
although in the presence of excess KO, appearance of a broad
Soret absorption and bands at 583 and 635 nm was evident within
3 h of sample preparation or with heating of the solution. Ap-
pearance of these decomposition product bands was coincident
with observation of a pyrrole deuterium NMR signal at 6.4 ppm.
This minor 6.4-ppm signal could actually be detected within
minutes of sample preparation. In the absence of excess KO,,
the predominant porphyrin decomposition product was the iron-
(III) u-oxo dimer species, as judged by appearance of a pyrrole
deuterium signal at 13.7 ppm.*®

A solution magnetic moment of =5.6 ug was obtained by the
Evans!! method for (TPP)FeO,™ generated through addition of
2.0 equiv of KO,-crown ether complex to (TPP)FeCl (Me,SO
solvent, 25 °C, Me,Si reference). A lower limit is placed on the
value due to apparent partial decomposition of the complex during
the few minutes between sample preparation and transfer to the
NMR spectrometer.

Examination of the (OEP)Fe reaction product was complicated
due to its high reactivity, and (OEP)FeO,” was studied in only
a cursory manner. A broad proton NMR signal at 32 ppm
(Me,SO-d; solvent, 28 °C, Me,Si reference) for the methylene
protons was rapidly replaced by signals near 15 ppm. The de-
composition product has not been identified, but it is not the
iron(IIl) u-oxo dimer. Corresponding changes were observed in
the visible spectrum, with appearance of a shoulder at 395 nm
associated with decomposition of the complex.

Manganese Porphyrins. Parallel NMR measurements were
conducted for the (TPP)MnO,~ complex, which has been described
as either a peroxomanganese(III) or a superoxomanganese(1I)
species.’ Deuterium NMR spectra are shown in Figure 3 for
Me,SO solutions of various manganese porphyrin species, and
specific resonance values are listed in Table 1. The parent (TP-
P)MnCl in Me,SO solution (Figure 3a) exhibits an upfield pyrrole
deuterium resonance (-26 ppm) much as observed previously for
proton NMR spectra in chloroform solution.! Addition of 2 equiv

or more of KO,, either as the solid or as the crown ether complex,
serves to generate a new species earlier identified as (TPP)MnO,".>
Visible-UYV spectra of solutions prepared for NMR measurements
match those previously reported for this adduct.’ Deuterium
NMR spectra of this species (Figure 3b,c) are reminiscent of those
for the manganese(II) species dissolved in Me,SO (Figure 3d,e).
A solution magnetic moment of 5.0 ug (Evans method, Me,SO
solvent, 25 °C, Me, reference) was observed for the (TPP)MnO,”
complex. It should be noted that the (TPP)MnO,™ complex is
qualitatively more stable than the iron derivative and that de-
composition yields predominantly the manganese(III) (Me,SO
or chloro) complex, rather than a modified porphyrin or u-oxo
dimer.

Discussion

Correlations between metalloporphyrin electronic structure and
proton NMR contact shift values are now well-defined for the
first-row transition series.>!” Thus, a large downfield contact
shift for the pyrrole proton signals of a TPP complex is associated
with unpaired spin in the o-type d,2_,2 orbital. On the other hand,
depopulation of d,2_,» and single population of w-type d,, and/or
d,, orbitals has been consistently associated with an upfield pyrrole
proton contact shift.’®¥ On the basis of these accepted correlations,
the downfield pyrrole deuterium signals for both (TPP)FeO,™ and
(TPP)MnO," imply single population of the d,z_,> orbital. This
clearly dictates a superoxomanganese(1I) formulation, as the d*
manganese(III) porphyrin has d,. . depopulated. Empirical
comparison of spectra in Figure 3 is also most convincing in terms
of oxidation-state assignment.

Both high-spin iron(II) and iron(III) porphyrins have d,._ .
singly occupied, and as a consequence, pyrrole proton signals are
observed in a downfield region between 50 and 80 ppm. Pyrrole
proton line widths (Table I) are generally 1 order of magnitude
larger for iron(III) vs. iron(1I) porphyrins and serve to distinguish

(16) La Mar, G. N.; Walker, F. A. J. Am. Chem. Soc. 1975, 97,
5103-5107.

(17) (a) Shimomura, E.; Goff, H. J. Am. Chem. Soc. 1980, 102, 31-37.
(b) Boersma, A. D.; Goff, H. M. Inorg. Chem. 1982, 21, 581-586.

(18) Although comparisons can only properly be made from contact shift
values, the dipolar shift values for species examined here must be negligible,
as judged by the very small shifts for porphyrin phenyl resonances.



Superoxide- Metalloporphyrin Reaction Products

e
d
Cc
b
a
L I . L . )
75 50 25 0 -25 -50

Figure 3. Deuterium NMR spectra of selectively deuterium-labeled
manganese porphyrin speices, with 4 mM manganese porphyrin and
Me,SO solvent at 25 °C: (a) (TPP-pyrrole-ds)MnCl; (b) (TPP-
pyrrole-dg)Mn0O,~; (c) TPP-phenyl-dy,)MnO,~; (d) (TPP-phenyl-dy)-
Mn; (e) (TPP-pyrrole-d)Mn. The ppm scale is referenced to Me,Si,
and downfield shifts are given positive signs. The sharp signal is due to
natural-abundance deuterium in Me,SO solvent.

these two oxidation states. Other identified spin- and oxida-
tion-state species are described in Table I. Formulation of (TP-
P)FeO,™ as a low-spin iron(III), intermediate-spin (S = 3/,)
iron(1II), or intermediate-spin (S = 1) iron(II) porphyrin complex
must be ruled out as these species have upfield pyrrole proton
NMR signals. An iron(IV) oxidation state is expected to yield
an upfield pyrrole deuterium signal associated with depopulation
of d,2_j2. A low-spin iron(I) configuration would be isoelectronic
with cobalt(II) porphyrins, for which only small downfield dipolar
shifts are observed.®® Thus, on the basis of the observed shift
pattern and a relatively broad pyrrole deuterium (proton) NMR
signal, the (TPP)FeO, species is best fcrmulated as a peroxo-
iron(11I) adduct.
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Solution magnetic moments are further supportive of the ox-
idation-state assignments made by NMR correlations. A magnetic
moment approaching the spin-only vaiue of 5.9 up expected for
high-spin iron(I1I) is consistent with the peroxoiron(III) config-
uration. The alternate high-spin superoxoiron(II) resonance form
would likely exhibit strong antiferromagnetic coupling between
the S = 2 iron center and the S = !/, superoxide ion. Although
the resulting S = 3/, species would be ESR active (S = 3/,
iron(III) porphyrins yield g = 4 signals),'® the 25.6-up magnetic
moment value is quite elevated for an S = 3/, configuration. In
the absence of strong antiferromagnetic coupling the total
“spin-only” moment for a § = 2 + .5 = !/, species would be 5.20
wug—significantly below the measured =5.60-ug value. A solution
magnetic moment of 5.0 ug was observed for (TPP)MnO,".
Although this value would be consistent with the d* configuration
of manganese(III), the more reasonable assignment is that of a
manganese(1I) center with strong antiferromagnetic coupling to
the unpaired spin on a superoxo ligand. This species seemingly
provides a model for the spin-coupled low-spin iron(III) superoxo
configuration of oxyhemoglobin.

Deuterium NMR results presented here merit further comment
about molecular and electronic structures of superoxide reaction
products. On the basis of variable-temperature NMR spectra and
the magnetic moment, a monomeric structure is anticipated for
(TPP)FeO, . Thus, NMR spectra are quite sensitive to metal-
metal antiferromagnetic coupling in known y-0x0’® and u-peroxo®
dimeric iron(III) porphyrins, Entries in Table I for these two
dimeric species certainly do not approach those for (TPP)FeO,".
Reasonable Curie law behavior and absence of significant at-
tenuation in the pyrrole deuterium resonance of (TPP)FeO,”
indicate that any oxygen bridging unit would have to be unique
in providing only weak antiferromagnetic coupling. Less is un-
fortunately known about bridged manganese porphyrin species,
but the results presented here provide no evidence for a dimeric
structure.

Nuclear magnetic resonance spectroscopy is of particular value
in demonstrating that the fourfold symmetry of the porphyrin ring
is preserved in the (TPP)FeO,™ complex. Thus, if oxygen attack
occurred at a pyrrole nitrogen atom, as has recently been dem-
onstrated for carbene ligands,? splitting of the pyrrole deuterium
resonance would be anticipated. Oxygen attack at a meso carbon
or pyrrole carbon position might likewise induce splitting of the
downfield pyrrole signals of (TPP)FeO,™ and (TPP)MnO,",

The (TPP)FeO," species is likely coordinated in both axial
positions in Me,SO solution. This suggestion is based on the
upfield bias for pyrrole proton resonances of known bisligated
complexes of high-spin iron(11I) porphyrins.”2 Thus, the signals
for (TPP)Fe(Me,SO),* of 66.8 ppm and for TPP(SO;),Fe-
(H,0),* 2 of 51 ppm are to be compared with the value of 60
ppm for (TPP)FeO;" vs. the value of 79 ppm for five-coordinate
complexes such as (TPP)FeCl (all at 25 °C). Bidentate coor-
dination of O,* alone is not expected to yield a pyrrole proton
signal at 60 ppm, on the basis of comparison of known bidentate
coordination of nitrate ion and presumed bidentate coordination
of sulfate ion, for which signals are observed at 73 ppm.?* Un-
fortunately, lines are too broad to detect possible splitting of
3,5-phenyl deuterium signals that might indicate placement of
the iron atom out of the porphyrin plane toward a single axial
peroxo ligand.
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A. L. Ibid. 1980, 102, 4344-4350.
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Chem. Soc. 1981, 103, 4270-4272.

(22) (a) Zobrist, M.; La Mar, G. N. J. Am. Chem. Soc. 1978, 100,
1944-1946. (b) Mashiko, T.; Kastner, M. E,; Spartalian, K.; Scheidt, W. R.
Reed, C. A. Ibid. 1978, 100, 6354-6362.
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1981, 20, 3904-3911.



6322 J. Am. Chem. Soc. 1982, 104, 6322-6329

A small value for the zero-field-splitting parameter, D, is
seemingly associated with the very broad NMR resonances ob-
served for the (TPP)FeO,” complex. Proton®®2S and carbon-132627
NMR studies have served to demonstrate modulation of line
widths through zero-field splitting of the otherwise isotropic d*
ion. Axial coordination by two ligands makes the iron porphyrin
pseudooctahedral, and thus the ligand field is more nearly isotropic.
In this regard, coordination by peroxo and solvent ligands is
expected to induce the small zero-field slitting associated with
severe NMR line broadening. The essentially linear Curie law
plot is also supportive of small zero-field splitting, as the quadratic
temperature dependence for induced dipolar shifts leads to cur-
vature of the Curie plot for other weak-field anionic ligands.2528
A value considerably less than the D = 5.9 cm™! measured for
(TPP)FeCl? is expected for (TPP)FeO,™. Although D is di-
minished in (TPP)FeO," due to an increased axial ligand field,
a sizeable rhombic perturbation (as represented by the zero-
field-splitting parameter E) may be invoked to explain the ESR
g=2,4.2, and 8 values.’ A ratio of E/D =~ 0.1 is necessary to
produce a rhombic g = 4 signal, and the lower D value thus
effectively contributes to the rhombicity. Differing pyrrole deu-
terium linewidths for Me,SO and acetonitrile solvents may be
explained by presence or absence of a coordinated solvent ligand
or by specific solvation of the peroxo ligand.

In conclusion, one must ask why the superoxide anion serves
as an oxidizing agent for the iron(II) porphyrin but seemingly
does not oxidize the manganese(II) analogue. A clear explanation
is not found in available redox potential differences. For example,
the M(I1I) — M(II) potentials for chloro complexes of Fe(I1I)
and Mn(I1I) tetraphenylporphyrins in methylene chloride solvent
are —0.29%0 and -0.33 V*! (vs. SCE), respectively. Potentials are
dependent on the nature of the anionic ligand, however, and it
would be of interest to measure values for the peroxo and superoxo
complexes. The role of solvent coordination at the second axial
site may well be important in controlling electron transfer to a
coordinated superoxo ligand. In this regard, it should be noted
that both manganese(1I) and manganese(I11) porphyrins show
a preference for five-coordination,®! whereas the iron derivatives
will certainly bind appropriate solvent ligands.?
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Abstract: W(CCMe;)(CHCMe;)(CH,CMe;)(dmpe) (dmpe = Me,PCH,CH,PMe,) reacts with dmpe to give 2,2,5,5-
tetramethyl-zrans-3-hexene and W(CCMe;)(dmpe),(H). Addition of HCI to W(CCMe,)(dmpe),(H) yields W(CCMe;)-
(dmpe),Cl. W(CCMe;)(PMe;),Cl can be prepared by reducing W(CCMe;)(PMe;);Cl; in the presence of PMe;. The reaction
between WCl,(PMe;), and AlMe; gives W(CH)(PMe,),Cl, which, when treated with dmpe, yields W(CH)(dmpe),Cl. Protonation
of W(CR)(dmpe),Cl (R = H or CMe;) yields cationic, pentagonal bipyramidal methylidyne hydride and neopentylidyne hydride
complexes, [W(CR)(H)(dmpe),Cl]*. In the case where R = H, the hydride and methylidyne protons exchange intramolecularly
at 25 °C on the NMR time scale. Protonation of W(CR)(PMe;),Cl with CF;SO;H vyields grossly distorted methylene and
neopentylidene complexes because (it is believed) four PMe; ligands cannot, for steric reasons, form a pentagonal-bipyramidal
molecule with four PMe; ligands and a hydride in the pentagonal plane. Protonation of W(CH)(PMe;),Cl with HCI yields
pentagonal-bipyramidal W(CH)(H)(PMe;);Cl,. An analogous complex, W(CH)(H)(PMe;);(CI)(BH;CN), can be prepared
by reacting {W(CH,)(PMe;),Cl]*CF;SO;™ with NaBH;CN. These results suggest that under the right circumstances “a-hydride
elimination™ from an alkylidene ligand to give an alkylidyne ligand is facile and reversible but that sometimes formation of
a distorted alkylidene (including methylene) is as far as the a-elimination reaction can proceed. The driving force for « elimination
can be viewed as an oxidation of “tungsten(IV)” to “tungsten(VI)”.

The first isolated “tungsten(VI)” alkylidene complex was
W(CCMe,;)(CHCMe;)(CH,CMe;,)L, (L = PMe, or 0.5dmpe).?
Now oxo alkylidene complexes® such as W(O)(CHR)(PMe;),Cl,

(1) Multiple Metal-Carbon Bonds. 26. For part 25, see ref 23.
(2) Clark, D. N.; Schrock, R. R. J. Am. Chem. Soc. 1978, 100, 6774,

(R = H, Pr, Ph, CMe;) and analogous imido alkylidene com-
plexes3® have been prepared and characterized. In each type of
complex the distortion of the alkylidene ligand (which is char-
acterized by a small M=C-—H angle and a low value for Jcy *)

(3) (a) Wengrovius, J. H.; Schrock, R. R. Organometallics 1982, 1, 148.
(b) Pedersen, S.; Schrock, R. R., in press.
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