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II, are —=14.4 (2) kcal/mol and —47.4 (7) cal/(mol K) for O,
binding to FeTTPPP(1,2-Me,Im) compared to —14.6 (5) kcal/mol
and —42 (2) cal/(mol K) for FeTpivPP(1,2-Me,Im).'* In com-
parison of the picket-fence porphyrin, then, the diminished O,
affinity of the bis-pocket porphyrin is primarily entropic. This
again emphasizes the contribution which solvation of the porphyrin
complexes makes to the observed equilibrium, Comparisons to
the capped porphyrin!® show the distortion induced by the cap
affects the enthalpy of ligand binding primarily, as expected,
Comparison to Mb shows enthalpies and entropies which are
similar, but detailed comparison is difficult due to the reported
variation among different species’ Mb.2> Due to the complexity
of Hb’s cooperative binding, meaningful comparisons to the AH®
and AS® of oxygenation are difficult, The effect of steric hin-
drance in the axial base (i.e., 1,2-Me,Im) within related systems
is principally enthalpic for the picket-fence porphyrins but entropic
for the capped porphyrin; the origin of this difference remains
unknown.

Conclusion
We have described the synthesis and ligand binding of a bis-
pocket iron porphyrin complex in which both faces of the mac-

(29) Wang, M. Y. R; Hoffman, B. M,; Shire, S. J.; Gurd, F. R. N. J. Am.
Chem. Soc. 1979, 101, 7394.

(30) Traylor, T. G.; Berzinis, A. P. Proc. Natl. Acad. Sci. U.S.A. 1980,
77, 3171.

(31) (a) Imai, K.; Yonetani, T. J. Biol. Chem. 1975, 250, 7093. (b) Imai,
K.; Tyuma, 1. Biochem. Biophys. Res. Commun. 1973, 51, 52.

rocycle are well protected by nonpolar pockets. The steric pro-
tection provides for reversible dioxygen binding by Fe(1I) com-
plexes of the bis-pocket porphyrin with remarkable kinetic stability.
The greatly diminished O, affinity of this system is due to the
nonpolar nature of the binding site, as confirmed from the effect
of polar solvents and not to conformational steric strain, as con-
firmed by equilibria base binding studies, Clearly, even in pro-
tected pocket porphyrin complexes, the local polarity and choice
of solvent can have significant impact on O, binding. In addition
to yielding stable dioxygen complexes, this bis-pocket porphyrin
also allows the oxidation of its ferric complex by a wide range
of oxidants, including hydroperoxides, peracids, and iodosoarenes,
to produce the same intermediate stable for days at room tem-
perature without oxidative ring cleavage of the macrocycle.?
Further studies are presently underway to characterize this highly
oxidized species.
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Abstract: A second type of high-valent complex has been isolated from the reaction of (tetraphenylporphinato)manganese(I1I)
derivatives, XMn!'TPP, with iodosylbenzene. This new type of complex, isolated from the XMn!'TPP-iodosylbenzene system
when X = CI~ or Br~, is a dimeric u-oxo manganese(IV) porphyrin complex that contains one iodosylbenzene per manganese,
[XMnYTPP(OIPh)],0, 1. These complexes are distinct from those complexes isolated from the XMn!'"TPP-iodosylbenzene
system when X = N~ or OCN-, [XMn!YTPP},0, 2. The iodosylbenzene complexes, 1, have been characterized by visible,
infrared, and '"H NMR spectroscopy and magnetic measurements. Absorption bands at 810 and 575 cm™ have been assigned
to Mn—-O-Mn and Mn—O-I bands, respectively, based on '80-labeling experiments. A comparison of the NMR spectra of
the complexes 1 with the well-characterized dimeric complexes 2 indicates the same dimeric structure in both types of complexes.
The NMR results also indicate that the phenyl ring of the iodosyl moiety is located above the porphyrin core. The solid-state
magnetic susceptibility at 28 °C gave u.; = 1.5 up/atom of manganese. Oxidations of triphenylphosphine to triphenylphosphine
oxide by 1 and 2 indicate that the lodosylbenzene complexes 1 contain two additional two-electron oxidizing equivalents over
that of 2. This is consistent with a formulation in which iodine is present in the 3+ oxidation state. On the basis of the low
magnetic moment, the absence of an observable EPR signal, and the absence of the diagnostic =-cation radical IR absorption
band, the ground electronic state of 1 is determined to be two antiferromagnetically coupled d* Mn(IV) atoms in neutral porphyrins.

The ability of the cytochrome P-450 enzymes to selectively
oxidize alkanes through the activation of molecular oxygen has
focused attention on synthetic metalloporphyrins and their po-
tential as oxidation catalysts.! Synthetic metalloporphyrins have
been screened for their ability to catalytically oxidize organic

* Address correspondence to Craig L. Hill, Department of Chemistry,
Emory University, Atlanta, Georgia 30322.

substrates with a variety of reduced oxygen sources.? Our group,
as well as that of Groves, reported the use of (tetraphenyl-

(1) For recent reviews of cytochrome P-450 see: (a) Coon, M. J.; White,
R. E. “Metal Ion Activation of Dioxygen™; Spiro, T. G, Ed.; Wiley: New
York, 1980; Chapter 2. (b) Gunsalus, J. C; Sligar, S. G. Advan. Enzymol.
Rel. Areas Mol. Biol, 1978, 47, 1-44. (c) Groves, J. T. Adv. Inorg. Biochem.
1979, 1, Chapter 4, (d) Chang, C. K.; Dolphin, D. Bioorg. Chem. 1978, 4,
37.
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(lodosylbenzene)metalloporphyrin Complexes

porphinato)manganese(111) derivatives, XMn!'TPP,? and iodo-
sylbenzene for the catalytic oxidation of alkanes.?® This system
produces high yields of hydroxylated product as well as stoi-
chiometric yields of halogenated product. We reported the iso-
lation and characterization of two dimeric u-oxo manganese(1V)
porphyrin complexes from the XMn™'TPP-iodosylbenzene system,
[XMn!YTPP],0, 2, for X = N3~ and OCN™, as well as the X-ray
crystallographic structural analysis of the azide complex 2-N,.4
In this paper we report the isolation and characterization of a new
type of complex, [XMn!YTPP(OIPh)],0, 1, isolated from the
XMnI'TPP-iodosylbenzene system when X = Cl” or Br™. This
second type of complex is also a dimeric p-oxo manganese(IV)
porphyrin complex but is distinct from the azide and cyanate
complexes in that this second type of complex contains one io-
dosylbenzene per manganese. The presence of two trivalent iodines
per dimer for 1 gives this complex a six-electron oxidizing ca-
pability, two oxidizing deriving from the pu-oxo moiety [Mn!V-
O-Mn!"] and four equivalents deriving from the iodosyl moieties
[Mn!V-O-111},

Although high-valent manganese complexes have been postu-
lated as intermediates in several systems that utilize manganese
porphyrins as catalysts?™™ and have been shown capable of ox-
idizing water both thermally® and photochemically, the high
reactivity of these complexes has prevented their isolation and
characterization. The determinatior of the structural and physical
properties of these complexes is critical to an understanding of
their reactivity. The characterization of the high-valent complexes
described here and in previous reports*’ may therefore ald in
understanding the role of oxidized manganese porphyrins in other
oxidation systems in which they are involved. In the accompanying
paper, we present the reaction chemistry and detailed mechanism
of alkane functionalization by the iodosylbenzene complexes, 1.

Experimental Section

Physical Measurements. Visible spectra were recorded on a Cary
Model 118 spectrometer. Infrared spectra were recorded on a Perkin-
Elmer 283 spectrometer. Solid samples were recorded as KBr pellets at
3 or 6 wt % sample in KBr. Magnetic moments were measured in the
solid state on a SQUID apparatus (SHE Corp. VTS 800 spectrometer)
which had been calibrated at room temperature by using a Pt standard.
X-band EPR spectra were recorded on a Varian Model E-109 spec-
trometer with the probe at one of several temperatures between 8 and
300 K. Fourier transform !H NMR were recorded on either the UC-
B-200 or the UCB-180 instrument at 201.96 and 180.86 MHz, respec-
tively. The samples were prepared by vacuum transfer of degassed
CDCl, (100 atom %, Aldrich) into an NMR tube containing the sample.
The tube was then sealed under a vacuum. The samples were stored at
liquid N, temperature until placed in the spectrometer. The sample
concentration was approximately 5 mg/mL. No peaks were found for
any of the reported compounds outside of the range 0—10 ppm downfield
from Me,Si. The spectral region %150 ppm from Me,Si was searched
for peaks. Both spectra presented in Figure 3 were recorded on the
UCB-200 using quadrature phase detection, a sweep width of 21500 Hz,

(2) Catalytic oxidations of organic substrates by metalloporphyrins of the
following transition metals have been reported. Fe: (a) Groves, J. T.; Nemo,
T. E; Myers, R. S. J. Am. Chem. Soc. 1979, 101, 1032-1033. (b) Groves,
J. T.; Kruper, W. J; Nemo, T. E.; Myers, R. S. J. Mol. Catal. 1980, 7,
169-177. (c) Chang, C. K.; Kuo, M.-S. J. Am. Chem. Soc. 1979, 101,
3413-3415. (d) Mansuy, D. Bartoli, J.-F.; Chottard, J.-C.; Lange, M. Angew.
Chem., Int. Ed. Engl. 1980, 19, 909-910. (e¢) Shannon, P.; Bruice, T. C. J.
Am. Chem. Soc. 1981, 103, 4580-4582. Mn: (f) Hill, C. L.; Schardt, B. C.
Ibid. 1980, 102, 6374~6375. (g) Groves, J. T.; Kruper, W. J,, Jr.; Haushalter,
R. C. Ibid. 1980, /02, 6375-6377. (h) Hill, C. L.; Smegal, J. A. Nowv. J.
Chim. 1982, 6, 287-289. (i) Tabushi, L.; Koga, N. Tetrahedron Lett. 1979,
3681-3684. (j) Tabushi, I.; Koga, N. Ibid. 1978, 5017-5020. (k) Tabushi,
L; Yazaki, A. J. Am. Chem. Soc. 1981, $03, 7371-7373. (l) Tabushi, I.;
Koga, N./bid. 1979, 101, 6456-6458. (m) Peree-Fauvet, M.; Gaudemer, A.
J. Chem. Soc., Chem. Commun. 1981, 874-875. Cr: (n) Groves, J. T;
Kruper, W. J,, Jr., 1979, 101, 7613-7615.

(3) Abbreviation: TPP = meso-tetraphenylporphinato dianion ligand.

(4) Schardt, B. C; Hollander, F. J.; Hill, C. L. J. Am. Chem. Soc. 1982,
104, 3964-3971,

(5) (a) Porter, G. Proc. R. Soc. London, Ser. A 1978, 362, 281-303. (b)
Tabushi, I.; Kojo, S. Tetrahedron Lett. 1975, 305-308.

(6) Harriman, A.; Porter, G. J. Chem. Soc., Faraday Trans. 2 1979, 75,
1543-1552.

(7) Camenzind, M. J.; Hollander, F. J,; Hill, C. L. Inorg. Chem. 1982, 21,
4301-4308.
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an 8K data set, and 64 acquisitions. The small residual CHCI, peak was
used as reference, this being set at 7.27 ppm. The relaxation time data
was obtained by graphical workup of the data acquired using an inversion
recovery pulse sequence.® Gas chromatographic analyses were per-
formed on a Hewlett-Packard Model 5710A gas chromatograph equip-
ped with FID detectors and coupled with a Hewlett-Packard Model
3390A reporting integrator. Nitrogen was used as the carrier gas.
Analysis for triphenylphosphine oxide was accomplished by using a 12-m
OV-101 fused silica capillary column (Hewlett-Packard) at 250 °C.
Elemental analyses were performed by the Microanalytical laboratory
operated by the Department of Chemistry, University of California,
Berkeley.

Materials. Because the high-valent manganese porphyrin complexes
reported in this paper decompose easily to manganese(11I) species, rel-
atively inert solvents were used. The solvents chlorobenzene, dichloro-
methane, hexane, and heptane were purified as described previously.*
Low temperatures and an inert atmosphere were required for most ma-
nipulations. Iodosylbenzene (iodosobenzene) was made by literature
methods.” A sample of 90 atom % '80-labeled iodosylbenzene was
prepared from iodobenzene dimethoxide, CqHsI(OCHS),,!1° and 90 atom
% '®0-labeled water (Alfa). Triphenylphosphine was obtained from
Mallinckrodt and was used without further purification. The complexes
[N;MnVTPP),0, [(OCN)Mn!VTPP};0,* and Mn!YTPP(OCHS;),’ were
prepared as previously described. The complex (OAc)Mn''TPP was
made by the method of Alder et al.,!! and the complexes XMn"'TPP, X
= CI” and Br~, were prepared by ligand exchange with (OAc)Mn''TPP
by the procedure used by Ogoshi!? on the corresponding iron complexes.

Syntheses. [CIMn!YTPP(OIPh)],0, 1-Cl. To a green solution of 1.0
g (1.34 mmol) of CIMn™TPP in 25 mL of chlorobenzene at 25 °C was
added 1.0 g (4.54 mmol) of iodosylbenzene. The mixture was vigorously
stirred for 5 min, after which time the green color of CIMn"!'TPP was
replaced by a red-brown color. The mixture was then filtered into a
Schlenk flask which had been cooled to —40 °C. Hexane or heptane (ca.
50 mL) was slowly added to the stirred, chilled filtrate. The resulting
reddish-brown precipitate was collected in air on a medium frit, washed
with hexane or heptane, and dried in vacuo. An 88% yield of product
was obtained on the basis of CIMn!!'TPP. Additional product could be
obtained from the filtered solution by cooling it to -30 °C. Further
purification was achieved by dissolving the product in a minimum volume
of chlorobenzene at 0 °C and then adding greater than one volume of
hexane or heptane. Allowing the solution to stand at -30 °C for a day
produced purple crystals that were collected, washed with hexane or
heptane, and dried in vacuo. Since both the amorphous and crystalline
forms of the complex decompose to XMn!!'TPP in the solid state at 25
°C with a half-life of days, the product was subsequently stored at =30
°C.

Anal, Calcd for [CIMnTPP(OIPh)],0 (C,00HgNgCl,1,Mn,0;5): C,
64.49; H, 3.58; N, 6.02; Cl, 3.81; 1, 13.63. Found: C, 65.06; H, 3.82;
N, 5.95; Cl, 3.93; 1, 13.48.

[Br-MpnVTPP(OIPh)],0, 1-Br. This complex was prepared and pu-
rified by procedures analogous to those used for the chloro analogue to
yield purple crystallize material in 87% yield based on BrMn!!'TPP.

Anal. Calcd for [BrMnTPP(OIPh)],0, (C,0HgsNgBr,1,Mn,0;): C,
61.68; H, 3.42; N, 5.76; Br, 8.21; I, 13.03. Found: C, 61.94; H, 3.67,
N, §.77; Br, 8.3; 1, 12.9.

[CIMn!YTPP('80IPh)},'%0. Flame-dried glassware and solvents
freshly dried by distillation from P,Os were used. To a solution of 100
mg (0.142 mmol) of CIMn''TPP in 5 mL of dichloromethane was added
100 mg (0.454 mmol) of 90 atom % ['*OJiodosylbenzene. The mixture
was vigorously stirred for 2 min and then filtered into a Schlenk flask
which had been cooled to -78 °C. Heptane was slowly added to the
stirred filtrate until a precipitate had formed. The purple microcrystalline
material was collected in air, washed with heptane, and dried. The
electronic spectra of the labeled complex were identical with that of the
unlabeled complex and showed <1% XMn!"'TPP decomposition products.

Triphenylphosphine Oxidations. All reactions were run anaerobically
in Schlenk flasks with Kontes high-vacuum Teflon valves. In a typical
reaction, 3 mL of dichloromethane was degassed through three freeze—
thaw cycles and vacuum transferred into a Schlenk flask containing 20

3 (8) Cutnell, J. D.; Bleich, H. E.; Glasel, J. A. J. Magn. Reson. 1976, 21,
43-46.

(9) Lucas, H. J.; Kennedy, E. R,; Formo, M. W. “Organic Syntheses™;
Wiley: New York, 1955; Coll. Vol. 3, pp 483-485.

(10) The synthesis and characterization of this compound as well as an
improved synthesis of '*O-labeled iodosylbenzene is given in: Schardt. B. C.;
Hill, C. L. Inorg. Chem. in press.

(11) Adler, A. D.; Longo, F. R.; Kampas, F.; Kim, J. J. Inorg. Nucl. Chem.
1970, 32, 24432445,

(12) Ogoshi, H.; Watanabe, E.; Yoshida, Z.; Kincaid, J.; Nakamoto, K.
J. Am. Chem. Soc. 1973, 95, 2845-2849.
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Figure 1. Electronic absorption spectra: 1-Cl, (—); [N;MnlVTPP}],0,
(+); CIMn!ITPP, (---). All spectra were recorded as ca. 1 mM chlo-
robenzene solutions.

mg (1.07 X 10~ mol) of 1-CI and 60 mg (2.16 X 10~ mol) of tri-
phenylphosphine. The reaction was stirred at room temperature until the
brown color of the oxidized porphyrin was replaced by the green color
of XMnlITPP, approximately I h. An internal standard was then added
and the reaction solution analyzed by GLC.

Results and Discussion

The high-valent species obtained from the reaction of
XMnITPP with iodosylbenzene when X = ClI~ or Br~ are dis-
tinctly different from the dimeric y-oxo Mn(IV) porphyrin com-
plexes, [XMnlYTPP],O, formed when X = N3~ or OCN-. The
complete characterization of the azide complex, including the
X-ray crystal structure, has been reported previously.* When X
= CI" or Br~, complexes containing iodosylbenzene are isolated.
The elemental analyses of these complexes, after recrystallization
from various solvents, indicates a stoichiometry of one iodosyl-
benzene per XMnTPP and establishes that the jodosylbenzene
strongly interacts with the manganese porphyrin and is not merely
physically occluded,

Electronic Spectra. The electronic absorption spectra of 1-Cl,
2-N,, and CIMn!'TPP are presented in Figure 1. The complex
1-Cl displays the characteristic absorption bands of an oxidized
manganese porphyrin complex; in this case a broad Soret band
at 421 nm and a broad shoulder at 502 nm. This spectrum is
similar to the spectra displayed by the Mn(IV) dimeric azide
complex 2-N; and the monomeric complex Mn!YTPP(OCH,),.”
The spectra of all these oxidized manganese porphyrin complexes
are quite different from their XMn!!'TPP precursors as can be
seen for 1-Cl and CIMn"'TPP in Figure 1. Thus it is clear that
the complex 1-Cl is in a higher oxidation state than Mn(III) and
is not merely an iodosylbenzene adduct of CIMn!'TPP. The
(lodosylbenzene)manganese porphyrin complexes decompose to
the corresponding XMn!'"'TPP species with a half-life of ca. 1 h
in chlorobenzene at room temperature, 23 °C.

Infrared Spectra. An infrared spectral feature common to both
the (iodosylbenzene)manganese porphyrin complexes, 1, and the
u-oxo azide and cyanate dimer complexes, 2, is an intense broad
absorption band in the region of 810 cm™! (Figure 2), This band
was identified as the Mn—~O-Mn absorption in the complex 2-OCN
by '30 labeling and by the existence of the Mn~O-Mn moiety
as confirmed by X-ray crystallography of the azide complex, 2-N,,*
Similarly, on labeling the (iodosylbenzene)manganese porphyrin
complex, 1-Cl, using 90 atom % ['*Oliodosylbenzene, the intensity
of the 810-cm™ band decreases (Figure 2). A new peak for the
180-labeled compound is observed ca. 40 cm™! lower in frequency
at 770 cm! in qualitative agreement with theory (v =~ 0.95»).1%

(13) (a) Herzberg, G. “Molecular Spectra and Molecular Structure II.
Infrared and Raman Spectra of Polyatomic Molecules”; Van Nostrand: New
York, 1945; p 228. (b) Hastie, J. W.; Hauge, R. H.; Margrave, J. L. High
Temp. Sci. 1969, 1, 76-85.
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Figure 2. Infrared spectra of %O and 90 atom % '¥0-labeled 1-CI and
CIMn!'TPP.

Table I, Infrared® Absorption Bands (cm™!') Characteristic of 1 and
Iodosylbenzene

[XMnIVTPP(OIPh)] ,0
X=ql X =Br CH,IO
1572 (m, b) 1572 1570
1560 (sh) 1565 (sh)
1465 1468 1471
1276 1275 1279
1055 (w, sh) 1055 (w, sh) 1068
735 730 739 (b)
684 685 689
652 655 654
575 (b) 580 (b) 590
550 (b) 550 (b) 490 (b)

@ Spectra of sumples recorded as KBr pellets.

Although the existence of the Mn-O-Mn moiety cannot be
confirmed by X-ray crystallography in this case, assignment of
this band in 1-Cl to 2 Mn—O-Mn absorption, as in the complex
2-OCN, indicates that 1-Cl also has a u-oxo dimeric structure,
TH NMR provides further support for this structural assignment
(vida infra).

Further examination of the infrared spectra of the (iodosyl-
benzene)manganese porphyrin complexes provides some indication
as to the nature of the iodosylbenzene interaction in these com-
plexes. The absorption bands of the iodosylbenzene complexes
listed in Table I are not present in the spectra of 2-N; or 2-OCN
or in the spectra of the Mn(I1I) complexes. The absorption bands
located at 575 and 550 cm™! are exceptionally intense and represent
the most characteristic difference between the spectra of 1 and
2 (Figure 2). The bands listed in Table I for the iodosylbenzene
complexes are also present in the spectrum of iodosylbenzene,
although they are slightly shifted, Most of these bands can be
assigned to aromatic C—H stretches and the usual monosubstituted
benzene ring absorptions,!* The band at 590 cm™ in iodosyl-
benzene can be assigned to an [-O absorption on the basis of

(14) Dasent, W. E.; Waddington, T. C. J. Chem. Soc. 1960, 3350-3356.
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Tabie II. 'H NMR Data for the Compounds 1-Cl, 1-Br, 2-N,, and 2-OCN¢ at +10 and =60 °C

8 a b c d e ortho meta para

1-C1® 7.49¢ 7.49 7.72 7.86 8.03 8.50 4.04 6.09 6.35

7.85 7.54 7.75 7.88 8.02 8.3§ 407 6.03 6.36

Q27 2N (118) (109) (91) (18) (12) (62) (109)
1-Br 7.51¢ 7.51 7.74 7.85 8.04 8.49 4.14 6.07 6.36

7.89 7.58 7.74 7.89 8.00 8.30 4.20 6.00 6.39
2-N,b 7.39 7.53 7.67 7.82 8.02 8.61

7.87 7.69 7.69 7.87 8.02 8.46

(20) (32) (99) (126) (100) 21)
2-OCN 7.44¢ 7.44 7.75¢ 7.75 8.06 8.50
Phl 7.72 7.12 7.35
PhI(OMe),'¢ 7.94 7.47
PhI(OAc), 8.10 7.58

5 is used to designate the porphyrin g pyrrole protons. The other labels ure those used in Figure 3. Shifts are in ppm downfield from
Me,Si. Two sets of shifts are given for each compound; the first was measured at +10 °C and the second at —60 °C. 5 Measured T, relaxa-
tion times for the protons in this compound are given in parentheses, values are in ms. € g and a proton peaks overlap. d b and ¢ proton

peaks overlap.

180.]abeling experiments.!® This band occurs in the region where
I-O single bonds are expected' and is in accord with the polymeric
structure composed of I-O-I chains postulated for iodosyl-
benzene.'* On the basis of these results, it is reasonable to assign
the absorption at 575 cm™ in the complex 1-Cl to an I-O stretch.
Confirmation of this assignment is obtained from the spectrum
of the 90% 18Q-labeled complex of 1-Cl (Figure 2). The absorption
at 575 em™! has decreased in intensity, and a new absorption at
530 cm™! is observed. Because the absorption attributable to the
IO group in these complexes lies in the lower frequency region
expected for an I-O single bond, it is clear that the iodosyl moiety
in these complexes does not contain a discrete [=0 unit, Bands
attributable to I==0 absorptions occur at a much higher frequency
(700-800 ¢m™!).1416  We propose, therefore, that the iodosyl
moiety is bound to the manganese in these complexes and assign
the absorption band at 575 ¢cm™ to a Mn—-O-I stretch. This
conclusion is supported by the NMR results (vide infra). The
assignment of the band at 550 ¢m™ in the complex 1-Cl is un-
certain. Since the band at 490 cm™ in the spectrum of iodo-
sylbenzene is apparently also an IO absorption on the basis of
labeling experiments,!® the 550-cm™ band in 1-Cl may also be
an 10 absorption, It is not clear whether this band is affected
by 180 labeling (Figure 2). The C-I vibrational frequency has
been assigned in iodobenzene at 447 cm™ and at 457 cm™ in the
compound [C¢HI(NO;)],0.14 The 550-cm™ absorption in 1-Cl
thus seems too high in frequency to be assigned as a C-I stretch,
although it cannot be ruled out on this basis.

Other infrared spectral features pertinent to the characterization
of these complexes is the lack of an absorption in the region
1250-1300 cm™! where TPP w-cation radical absorptions are
believed to occur.!’

Magnetic Data. The magnetic susceptibility of the iodosyl-
benzene complex 1-Cl was determined in the solid state at 28 °C.
A value for x4 of 1.93 X 1077 cgs units was obtained. Assuming
a stoichiometry of one iodosylbenzene per CIMnTPP and using
a diamagnetic correction of -826 X 107 ¢gs units for the combined
porphyrin ring,!® iodobenzene, manganese, and chloride'® results
in a value for x ,(corrected) of 1.01 X 1073 cgs units. On the basis
of the equation p.g = 2.83(xAT)!72, a value of w.; = 1.5 up/atom
of manganese is obtained. Because of paramagnetic impurities
present in the samples of 1-Cl, estimated to be about 3%, this value

(15) Bell, R.; Morgan, K. J. J. Chem. Soc. 1960, 1209-1214.

(16) (a) Dasent, W. E.; Waddington, T. C. J. Chem. Soc. 1960,
2429-2432. (b) Furlani and Sartori 4nn. Chim. (Rome) 1957, 47, 124,

(17) Shimomura, E. T.; Phillippi, M. A.; Goff, H. M,; Scholz, W. F.; Reed,
C. A.J. Am. Chem. Soc. 1981, 103, 6778-6780.

(18) Eaton, S. S.; Eaton, G. R. Inorg. Chem. 1980, 19, 1095-1096.

(19) Konig, E.; Konig, G. “Magnetic Properties of Coordination and Or-
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Figure 3. NMR spectra: A, 1-Cl; B, [N;Mn!YTPP],0, 2-N, (tempera-
ture +10 °C; shifts in ppm downfield from Me,Si; X = CHCI;, 7.27
ppm).

of per = 1.5 ug/Mn can be considered as an upper limit for the
magnetic moment. An EPR signal was not observed for the
iodosylbenzene complexes at temperatures down to 8 K. The
absence of an EPR signal and the low magnetic moment support
an antiferromagnetically coupled dimeric structure.

'H NMR Spectroscopic Data. Comparison of 'H NMR spectra
of the complexes 1-Cl and 1-Br with the NMR of the characterized
complexes 2-N; and 2-OCN allows the structural features of 1
to be deduced. The 'H NMR data for the compounds 1-Cl, 1-Br,
2-N,, and 2-OCN are presented in Table II and Figure 3.

The complex 2-Nj is known to have a dimeric structure with
a distance of 3.72 A between the porphyrin rings. In the NMR
spectrum of this compound (Figure 3B), peaks corresponding to
each of the six types of unique hydrogens are found. Assignment
of these peaks was based on integration of peak areas, ring current
calculations, relaxation time measurements, and the temperature
dependence of the chemical shifts.

The distinct pattern of peaks observed in these spectra is due
to the large chemical shift differences for protons a, b, ¢, d, and
¢ induced by the ring current of the second porphyrin in the
dimeric structure. The same type of pattern has previously been
observed in [Ru(TPP)],.2

Abraham has parameterized a ring current model for tetra-
phenylporphyrin by using the experimental NMR data for a series
of Zn(TPP) complexes with axially coordinated nitrogen bases.”!

(20) Collman, J. P.; Barnes, C. E.; Collins, T. J.; Brothers, P. J. J. Am.
Chem. Soc. 1981, 103, 7030-7032.
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Using this model, one can calculate the expected shift of the phenyl
group resonances (a—e) that is caused by the ring current of the
second ring in the dimer complex. All that is required is a
knowledge of the distance between the two rings of the dimer and
positional data for the protons of interest. These data are readily
obtained from the available structural information.* Calculations
using a staggered conformation and a distance between the rings
of 3.7 A yielded the following predictions: (1) the p-phenyl proton
¢ should shift <0.01 ppm. (2) The shift of protons a and b should
be upfield; the shift of protons d and e should be downfield. (3)
The resulting separation of the o-phenyl protons a and e should
be 1.5 ppm; the separation of the m-phenyl protons should be 0.3
ppm.?  For the complex 2-N, the predictions hold reasonably
well. The observed separations in 2-N, between a and e and
between b and d are 1.1 and 0.29 ppm, respectively. The p-phenyl
proton is not shifted very much from the value of 7.72 ppm
observed for this proton in the monomeric complex Zn(TPP).2!
Factors other than the ring current do affect the shifts as can be
seen from the significant difference between the shifts observed
for 2-OCN and 2-N,.

Striking similarities and differences exist between the two
spectra presented in Figure 3. The dimeric nature of 1-Cl is fully
supported by the correspondence of peaks in the 7-9 ppm region
of the spectra. Given the similarity in this region of the spectra,
the electronic state of the manganese in both types of complexes
must be the same. 2-N; was shown to have a Mn(IV) ground
electronic state; therefore the complexes 1-Cl and 1-Br must also
have a Mn(IV) ground electronic state.*

Peaks for the iodobenzene protons are clearly present in the
NMR of 1-Cl and 1-Br. The peak intensities are as required by
a stoichiometry of one iodobenzene per porphyrin ring. Even at
-60 °C, the phenyl group must be undergoing substantial motion
since only two peaks are observed for the four ortho and meta
protons. The large upfield shifts of these peaks indicates that the
iodobenzene is directly above the central porphyrin core. Since
the magnitude of the shift of the ortho hydrogen is much larger
than the shifts of the meta and para hydrogens, the iodine atom
of the iodobenzene must be oriented toward the manganese atom !

One can use Abraham's ring current model to calculate the ring
current shifts above the plane of the porphyrin plane in a dimer
complex. A map of the calculated shifts can then be compared
to the observed data in order to obtain the approximate distances
of the phenyl group atoms from the manganese atom. The ring
current shifts of the iodobenzene protons must be calculated
relative to an appropriate unshifted reference compound. Notice
that in the NMR spectrum, the phenyl proton peaks of organic
iodine(III) compounds are shifted downfield from those in iodo-
benzene. The iodine(IIT) compounds are likely to be the more
appropriate reference compounds. The data indicates that the
iodine atom is 2.5-3.5 A from the Mn atom and that the para-
proton is 7.5-8.5 A from the Mn atom.?

The location of the Cl~ and Br~ atoms in these complexes is
not clear. A change of the axial ligand from N;~ to OCN~in the
complexes 2, where X is directly bound to the manganese, resulted
in a substantial change of the chemical shifts of the porphyrin
phenyl group protons in the NMR spectrum. For the complexes
1, the only significant difference in the NMR spectra of 1-Cl and
1-Br is in the positions of the ortho hydrogens of the iodobenzene
which are at 4.04 and 4.14 ppm, respectively.

Triphenylphosphine Oxidations. The facile oxidation of tri-
phenylphosphine to triphenylphosphine oxide by the high-valent
manganese porphyrin complexes provides a useful diagnostic
method for determining the number of oxidizing equivalents

(21) Abraham, R. J; Bedford, G. R.; McNeille, D.; Wright, B. Org. Magn.
Reson. 1980, 14, 418-425.

(22) The calculations were performed on an IBM 4341 computer using
programs written in APL by one of the authors (Bruce C. Schardt). The
correct operation of the program was verified by the reproduction of the
calculations presented by Abraham.?!

(23) These calculations were performed by using rings staggered at 45°,
a distance between the rings of 3.7 A, and averaging the results for rotation
of the iodobenzene about the perpendicular to the porphyrin plane.
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Figure 4. Possible structures for the (iodosylbenzene)manganese por-
phyrin complexes.

available in these complexes. The reaction of the complex 1-Cl
with triphenylphosphine produced 3 equiv of triphenylphosphine
oxide, in contrast to 2-N,, which produced 1 equiv. The mo-
nomeric complex Mn!YTPP(OCH,;), yielded 0.63 equiv., and a
control experiment with CIMn!'"TPP showed no oxidation.

These results indicate that the iodosylbenzene complexes have
two additional two-electron oxidizing equivalents over that of 2-Nj.
This is consistent with the dimeric formulation for these complexes
containing manganese in the 4+ oxidation state and iodine in the
3+ oxidation state. The iodosylbenzene complexes thus contain
two types of oxidizing units—the u-0xo unit (Mn—O-Mn), com-
mon to both the complexes 1 and 2, and the iodosyl unit (Mn—
O-I). The stoichiometry of the triphenylphosphine reaction is
given by eq 1. The formation of 2 equiv of iodobenzene was
confirmed by GLPC analysis.

[CIMnYTPP(OIPh)],0 + 3Ph,P —
3Ph,P=0 + 2CIMn"'TPP + 2 PhI (1)

Conclusions

On the basis of the results presented above, some possible
structures for the (iodosylbenzene)manganese porphyrin complexes
can be formulated. The IR, NMR, and magnetic data indicate
that the iodosylbenzene complexes have a dimeric structure
containing the y-oxo (Mn-O-Mn) moiety. Therefore, all mo-
nomeric structures such as 1¢ in Figure 4 can be eliminated on
this basis. The infrared and NMR data confirm the presence of
iodosylbenzene in these complexes and indicate that the iodosyl
moiety is bound to the manganese with the phenyl ring being
located above the central porphyrin core. The triphenylphosphine
oxidation results indicate that these complexes contain trivalent
iodine. Two structures that are consistent with the data are 1a
and 1b in Figure 4. Structure 1a in which the ligand, X, is not
bound to the metal is favored on the basis of the chemical shift
independence of the porphyrin phenyl protons with change in
ligand. This is in contrast to the complexes 2 in which the ligand
X is bound to the metal and which display ligand-dependent
behavior of the porphyrin phenyl group chemical shifts in the
NMR spectrum. A formulation similar to 1a in which the ligand
X is present as the free ion rather than covalently bound to the
iodine is also possible for these complexes. Conductively exper-
iments addressing this possibility were inconclusive due to de-
composition of the iodosylbenzene complexes under the experi-
mental conditions utilized. Other structures containing multiple
bridges between the porphyrins rings are not consistent with IR
and NMR results.

Several lines of evidence are in accord with a Mn(IV) neutral
porphyrin ground electronic state for the iodosylbenzene com-
plexes: (1) The electronic absorption spectra show that 1 is
oxidized above Mn(I1I) and is similar to the complexes 2-N3 and
MnVTPP(OCHj;),. (2) The absence of the diagnostic absorption
band ca. 1280 cm™ in the IR for porphyrin =-cation radicals
indicates that the oxidation is metal centered. (3) The similarities
of the NMR spectra of 1 and 2, the low magnetic moment, and
the absence of an observable EPR signal are consistent with
antiferromagnetic coupling of the manganese atoms in 1. Other
physical methods, including '2’1 Mdssbauer spectroscopy and
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manganese X-ray absorption spectroscopy, are presently being
employed to further characterize these complexes.

Acknowledgment. Support of this work by the National Science
Foundation (Grant No. CHE-7909730) and by the donors of the
Petroleum Research Fund, administered by the American

3515

Chemical Society, is acknowedged.

Registry No. 1-Cl, 85185-72-4; 1-Br, 85185-73-5; 2-N3, 79775-62-5;
2-OCN, 81602-67-7; [CIMn!YTPP(**OIPh)],!#0, 85185-74-6; CIMn!!l-
TPP, 32195-55-4; Br-Mnll'TPP, 55290-32-9; iodosylbenzene, 536-80-1;
[**OJiodosylbenzene, 80572-92-5.

Hydrocarbon Functionalization by the
(Iodosylbenzene)manganese(IV) Porphyrin Complexes from
the (Tetraphenylporphinato)manganese(III)-Iodosylbenzene

Catalytic Hydrocarbon Oxidation System. Mechanism and
Reaction Chemistry

John A. Smegal and Craig L. Hill*

Contribution from the Department of Chemistry, University of California,
Berkeley, California 94720. Received September 23, 1982

Abstract: The two types of complexes isolated from the reaction of (tetraphenylporphinato)manganese(I1l) derivatives, XMn!'TPP,
with iodosylbenzene—[XMn!YTPP(OIPh)],0, 1, X = CI- or Br", and {XMn!YTPP],0, 2, X = N; —are capable of oxidizing
alkane substrates in good yields at room temperature. Several lines of evidence establish the intermediacy of free alkyl radicals
in the reactions of 1 and 2 with alkanes. Oxygen exchange with water in both the iodosyl (Mn—O-I) and y-oxo (Mn—O-Mn)
moieties of 1 suggests the formation of oxo manganese porphyrin complexes from these moieties. Hydrogen abstraction from
the alkane substrate by an oxo manganese porphyrin intermediate is postulated to be the mechanism for reaction of 1 and
2 with alkanes. Observation of a monomeric manganese(IV) porphyrin intermediate by EPR spectroscopy during the reactions
of 1 with alkanes is consistent with the formation of a hydroxymanganese(IV) porphyrin complex resulting from substrate
hydrogen abstraction by an oxo intermediate. The formation of RX product from oxidation of RH by 1 has been determined
to result from ligand-transfer oxidation of free alkyl radicals by the porphyrin complexes in solution. Through competition
reactions and time-dependent product formation studies, ligand-transfer oxidation by XMn!!!TPP was found to be the major
pathway for RX production. Observation of Mn!'TPP by EPR spectroscopy during the reactions of 1 with alkanes supports
this conclusion. Formation of ROH product may result from ligand-transfer oxidation of free radicals or from the collapse
of an intermediate caged radical pair. The mechanism of ROH product formation in the caged radical pair is postulated to
be an outer-sphere electron-transfer process due to the expected slow rate of inner-sphere ligand transfer for the high-spin
d’ hydroxymanganese(IV) porphyrin complex. Thus the ability of the substrate radical to undergo electron-transfer oxidation
determines the ratio of radicals that undergo cage escape to give free radicals to radicals that undergo oxidation and subsequent

formation of alcohol product in the caged species. Studies with tertiary substrates support these conclusions.

Manganese porphyrin complexes have been shown to be ver-
satile synthetic oxidation catalysts for the oxidation of a wide
variety of organic substances.! One of the most interesting
oxidation processes mediated by manganese porphyrin complexes
is that of alkane oxidation.!** The activation of C—H bonds,
particularly those of saturated hydrocarbons, presents one of the
most challenging problems in the field of homogeneous catalysis.
Because of the inertness of the strong covalent C—H bond (bond
dissociation energies for saturated hydrocarbons range from 91
keal for tertiary C—H bonds to 104 kcal for methane C-H bonds),
very few systems are capable of reacting with alkanes.? In nature,
the biological activation of alkane C-H bonds is accomplished
by the heme-containing monooxygenases, exemplified by the
cytochrome P-450 group of enzymes.* The development of
synthetic oxidation catalysts which are industrially useful as well
as possible insight into the mechanistic features of selective hy-
drocarbon hydroxylation by the cytochrome P-450 enzymes, make
these manganese porphyrin catalyzed oxidation processes a subject
of great interest. In order to elucidate the mechanism of alkane
activation catalyzed by manganese porphyrins, we have isolated
and characterized two types of high-valent complexes from the
XMn'TPP-iodosylbenzene, X = CI°, Br-, N,°, and OCN-,
catalytic alkane oxidation system.** Both types of complexes
are dimeric u-oxo manganese(IV) species. The complexes isolated

* Address correspondence to Craig L. Hill, Department of Chemistry,
Emory University, Atlanta, Georgia 30322.

from the XMn""TPP-iodosylbenzene system for X = CI” or Br™,
[XMnYTPP(OIPh)],0, are distinct from those complexes isolated
when X = N;~ or OCN-, [XMn!VTPP],0, in that they contain
two additional two-electron oxidizing equivalents in the form of
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“Metal Ion Activation of Dioxygen”; Spiro, T. G., Ed.; Wiley: New York,
1980; Chapter 2. (b) Gunsalus, J, C.; Sligar, S. G. Adv. Enzymol. Rel. Areas
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