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Reaction of hydrogen peroxide with several oxotitanium(IV) porphyrin complexes PTi'VO under mild conditions affords
the corresponding peroxotitanium(IV) complexes PTilY(O,). The structures of 2,3,7,8,12,13,17,18-octaethyl-
porphinatoperoxotitanium(IV), OEPTi(O,), and 2,3,7,8,12,13,17,18-octaethylporphinatooxotitanium(IV), OEPTIO, have
been determined from three-dimensional x-ray diffraction data. The peroxo complex crystallizes in the monoclinic space
group P2,/c¢ with four molecules in a unit cell of dimensions @ = 14.603 (6) A, b = 23.266 (8) A, ¢ = 9.793 (3) A, and
B8 = 105.0 (2)°. The structure was solved by direct methods. Least-squares refinement has led to a final value of the
conventional R index of 0.064 based on 3415 reflections. The titanium atom is hexacoordinated to the four nitrogen atoms
and to the two oxygen atoms. The latter are bonded to the metal in a symmetrical fashion and eclipsed with respect to
two nitrogen atoms. The O-O bond length is 1.445 (5) A, the two Ti~O bond lengths are 1.827 (4) and 1.822 (4) A, and
the average Ti-N bond distance is 2.109 (4) A. The titanium atom lies at 0.620 (6) A out of the mean plane of the four
nitrogen atoms toward the dioxygen ligand. The oxo complex OEPTIiO crystallizes in the monoclinic space group P2,/c¢
with four molecules in a unit cell of dimensions a = 14,407 (6) A, b = 23.126 (8) A, ¢ = 9.793 (3) A, and § = 104.2 (2)°.
The structure was solved assigning the fractional coordinates found for the OEPTi(Q;) complex to the titanium, nitrogen,
and carbon atoms. Least-squares refinement has led to a final value of the conventional R index of 0.067 based on 3570
reflections. The titanium atom is pentacoordinated to the four nitrogen atoms and to the oxygen atom. The Ti~O bond
length is 1.613 (5) A and the average Ti-N bond distance is 2.114 (6) A. The titanium atom is found to be 0,555 (6)
A out of the plane of the four nitrogen atoms toward the oxygen atom. 'H and '*C dynamic nuclear magnetic resonance
studies on OEPTi(O,) and TPPTi(O,) (TPP is 5,10,15,20-tetraphenylporphinato) show that these are fluxional molecules.
At room temperature and down to about —50 °C, the peroxo ligand undergoes fast exchange between two equivalent sites
where the two oxygen atoms eclipse the two equivalent pairs of opposite nitrogen atoms. The barrier to rotation of the
peroxo group at the coalescence temperature T, is 10.8 & 0.5 kcal mol™ (7, = ~50 °C) for TPPTi(O,) and 9.9 % 0.5 kcal
mol™ (T, = —65 °C) for OEPTi(Q,). Peroxotitanium(IV) porphyrin complexes undergo three successive electron-transfer
reactions at a platinum cathode in dichloromethane solution. The first step is bielectronic and irreversible and leads to
the corresponding oxotitanium(IV) complex by reductive cleavage of the O-O bond.

Dioxygen complexes of the transition-metal porphyrins are
the focus of active current research.? These complexes can
be considered as synthetic analogues of the hemoproteins which
are involved in the transport and activation of molecular
oxygen. Much work has been devoted to such model com-
pounds toward a better understanding of the bonding and

reactivity of the dioxygen ligand in the biological systems. A
major breakthrough was obtained in the isolation and x-ray
structure determination of the dioxygen adduct of a ferrous
“picket fence” porphyrin.* Dioxygen adducts have also been
obtained with cobalt(II),* chromium(II),’ and manganese(Il)
porphyrins.® The bonding of O, in these complexes is best
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Table I. Reaction Conditions and Yields
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Compd Reagent Reacn solvent Recrystn solvent  Yield, % Anal.®

OEPTi(0,) Benzoyl peroxide 1,2,4-Trichlorobenzene Toluene 30 (C,eH, N, 0, Ti)
H,0, Pyridine 90 C,H,N, Ti
H,0, CH,Cl, , 89

TPPTi(O,) Benzoyl peroxide 1,2,4-Trichlorobenzene CH,Cl,/MeOH 0 (C,,H,sN,0O,Ti)
H,0, Pyridine ‘ 90 ,H,N, Ti
H,0, CH,Cl, 91

MPOEPTI(O,) Benzoyl peroxide 1,2,4-Trichlorobenzene Toluene 0 (C,;H;sN,O,Ti)
H,0, Pyridine 63 , H, N, Ti
H,0, CH,Cl, 62

¢ This column carries the symbols of elements for which satisfactory analyses were obtained.

described by the superoxide formalism M™(Q,™) when M is
Fe,” Co,* or Cr.’ The peroxide formalism M!Y(0,%) has been
suggested for the manganese complex.5®

Our interest in titanium porphyrins® led us to observe the
formation of a complex formulated as OEPTiO,’ in a number
of reactions of the oxotitanium(IV) porphyrin complex
OEPTiVO.%1% Preliminary results of a single-crystal x-ray
diffraction study!® led to the assignment of the peroxo-
titanium(IV) formalism to this complex. In this article, we
now present a general method which affords peroxo complexes
of titanium(IV) porphyrins in high yield from the corre-
sponding oxo complexes and hydrogen peroxide. We also give
complete structural results for the OEPTi(O,) and OEPTiO
molecules. Finally, the dynamic stereochemistry and elec-
trochemical behavior of OEPTi(O,) and TPPTi(O,)® are
described and discussed.

Experimental Section

Materials. All chemicals and reagents were of reagent grade. Oxo
complexes of titanium(IV) porphyrins were prepared as described
previously.?

Preparation of the Peroxo Complexes of Titanium(IV) Porphyrins.
OEPTi(0,), TPPTi(0,), and MPOEPTiI(0O,)° were obtained from
the corresponding oxo complexes by two methods which are detailed
below for OEPTi(O,).

Method 1 (with Benzoyl Peroxide). OEPTiO (1 mmol, 596 mg)
was dissolved in 200 mL of 1,2,4-trichlorobenzene. A solution of
benzoyl peroxide (2 mmol, 484 mg) in 100 mL of 1,2,4-trichloro-

benzene was added dropwise, and the resulting mixture was kept at -

95 °C with stirring for 8 h. The solvent was evaporated under reduced
préssure. The oily residue was chromatographed on a silica column.
The remaining traces of trichlorobenzene were removed by elution
with petroleum ether; then a dichloromethane—petroleum ether (3:2)
mixture was used as eluent. The resulting purple solution was
evaporated to dryness, and the product was recrystallized from toluene
to give a 30% yield of OEPTIi(O,). ’

Method 2 (with Hydrogen Peroxide). (a) OEPTiO (1 mmol, 596
mg) was dissolved in 100 mL of pyridine at 60 °C, and 15 mL of a
pyridine solution of hydrogen peroxide (prepared by tenfold dilution
of a commercial H;0, solution approximately 5 M in water) was added
dropwise. The mixture was cooled down to room temperature, and
the product was precipitated by addition of 100 mL of water.. The
precipitate was filtered, washed several times with water, and dried.
The purple solid was dissolved in dichloromethane—petroleum ether
(3:2) and chromatographed on silica as above, Recrystallization from
toluene yielded 550 mg of OEPTi(O;) (90%).

(b) The reaction was also run in dichloromethane. OEPTIO (1
mmol, 596 mg) was dissolved in 100 mL of CH,Cl,, and hydrogen
peroxide (3 mL of a solution approximately 5 M in water) was added
at room temperature. The mixture was stirred for 4 h and then washed
with water until no peroxide could be detected (Merckoquant Peroxide
Test, reference 10011) in the aqueous phase. After chromatography
and recrystallization as above, 545 mg of OEPTi(O,) was obtained
(89%). The reaction conditions, yields, and elemental analyses for
the three peroxotitanium(IV) porphyrin complexes are summarized
in Table 1.

Characterization of the Peroxo Complexes. Characteristic infrared
bands and significant fragmentation patterns observed in the mass
spectra are listed below. :

OEPTi(0,). IR (CsI pellet): 1025 (w), 1022 (s), 989 (m), 965
(s), 895 (s), 645 (m), 600 (w) cm™!. MS: A4 (mass number) 612
[16.83, (OEPTiO,)*], 611 [3.09, (OEPTIiO, — H)*], 596 [100.00,
(OEPTIO; - 0)*].

TPPTi(0,). IR (CsI pellet): 1000 (s), 895 (s), 635 (m), 595 (w)
cm™l. MS: A4 (mass number) 692 [6.97, (TPPTiO,)* ], 690 [5.42,
(TPPTiO, - 2H)*], 676 [100.00, (TPPTiO; — O)*], 599 [12.40,
(TPPTiO, — O — C¢Hs)*1, 598 [9.30, (TPPTIO, — O — CgHs — H)*].

MPOEPTI(0,). IR (Csl pellet): 1010 (s), 975 (m), 955 (s), 855
(s), 630 (m), 585 (w) cm™!. MS: A (mass number) 688 [2.37,
(MPOEPTiO,)*+], 672 [100.00, (MPOEPTIO, - 0)*], 671 [16.30,
(MPOEPTIO, — O - H)*1.

Analyses. Elemental analyses were performed by the Service de
Microanalyse du CNRS.

Mass Spectrometry. Mass spectra were recorded in the elec-
tron-impact mode with a Finnigan 3300 spectrometer and in the
field-desorption mode with a JMS Model DISG-2 double-focusing
mass spectrometer (MS-FD-01 source). All spectra were obtained
by direct inlet in the following conditions. Electron impact: ionizing
energy, 70-35 eV; ionizing current, 0.4 mA; source temperature, up
to 250 °C. Field desorption: emitter (anode) voltage, +8 kV; cathode
voltage, =5 kV; emitter current, 18.5 mA; SEM voltage, 2 kV.

Spectroscopic Studies. 'H NMR spectra were taken on a JEOL
Model C 60 HL spectrometer. Samples (40 mg) were dissolved in
0.4 mL of CDCl, with tetramethylsilane as internal reference.

Dynamic 'H and *C NMR studies were performed with a
CAMECA 250 spectrometer. Samples were dissolved in CD,Cl, for
the low-temperature measurements and in pyridine-ds for the
high-temperature measurements. ‘H NMR spectra were obtained
with the spectrometer operating at 250 MHz and lock on the tet-
ramethylsilane resonance. Samples containing 15-30 mg of compound
in ca. 0.5 mL of solvent were run in 5-mm tubes. 3C NMR spectra
were obtained with the spectrometer operating at 62.86 MHz in the
13C pulsed Fourier transform mode with proton noise decoupling and
internal deuterium lock. A total of 8192 data points were taken over
a 12.5-kHz spectral width using a ca. 10 us pulse and a ca. 0.6 s
acquisition time., Samples containing 20-40 mg of compound in ca.
1.5 mL of solvent were run in 8-mm tubes.

IR spectra were taken either on a Perkin-Elmer 325 or on a
Beckman IR 4240 spectrometer. Samples were 1% dispersions in CsI
or KBr pellets.

Visible and ultraviolet spectra were recorded on a Beckman Model
Acta MIV spectrophotometer. Hydrogen peroxide aliquots were added
to a TPPTIO solution in dry pyridine under argon by syringe and the
reaction was monitored spectroscopically as follows. The solution was
stirred and transferred into a circulation cell (1-mm optical path length)
via stainless steel needles and Teflon tubing by depression with a
syringe. The reaction vessel and circulation cell were kept at 31.5
+ 0.2 °C with a thermostat.

Electrochemistry. -Current—potential curves in dichloromethane
solution were recorded with a three-electrode potentiostat (Tacussel
PRT 500 LC) driven by a signal generator (Tacussel GSTP). The
working electrode was either a rotating platinum electrode or a
platinum button (Beckman 39273) for cyclic voltammetric studies.
The reference electrode was based on the Ag/Ag;1, NBu,* system.!!
Tetrabutylammonium hexafluorophosphate was used as background
electrolyte. Controlled-potential coulometry was effected with a
potentiostat (Tacussel ASA 100) and a coulometer (Tacussel IG3).

Crystallographic Data Collection. Crystals of the peroxo complex
OEPTi(O,) were grown by slow cooling from a solution of the
compound in toluene. Weissenberg photographs revealed lattice
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Table II. Positional and Thermal® Parameters of OEPTi(O,) (Nonhydrogen Atoms)

Guilard et al,

10%x 10%y 10%z 1048, 10%8,, 10%83, 1048, 1048,, 1048,,
Ti 2513 (1) 9396 (1) 9807 (1) 35D 11 (0) 92 (1) -2 (0) 0(0) 5(0)
O(1) 3350 (2) 9140 (2) 8842 (4) 47 (2) 22(1) 123 (6) -1 7(3) 4 (2)
0(2) 2399 (3) 9219 (2) 7958 4) 53 (2) 21 (1) 10 (5) 0(1) 5(3) 1)
C(D 2685 (3) 8257 (2) 11501 (5) 42 (3) 14 (1) 99 (7) -1(1) 11(4) 3(2)
C(2) 2204 ) 7709 (2) 11470 (6) 48 (3) 14 (1) 105 (8) -3(1) 15(4) 2(2)
C(3) 1317 (4) 7780 (2) 10630 (6) 46 (3) 13(D) 115 (8) -4 (1) 28(4) -1(2)
C4 1239 (4) 8366 (2) 10109 (5) 37 (3) 13(1) 94 (7) -1(1) 12 (4) 2(2)
C(5) 430 (3) 8616 (2) 9264 (6) 40 (3). 15 (1) 126 (8) -2(1) 104) 0(2)
C(6) 320 (4) 9180 (2) 8787 (6) 35(3) 15(D) 121 (8) -1 5@ ~-1(2)
C(h ~547(3) 9437 (2) 7971 (6) 35(3) 17 (1) 128 (8) 3(2) 34) —4 (3)
C(8) -344 (4) 9999 (2) 7786 (6) 41 (3) 17 (1) 118 (8) 6 (1) 04 =203
(6/¢))] 636 (4) 10090 (2) 8484 (6) 44 (3) 14 (1) 116 (8) 4 (1) 0 12
C(10) 1129 (4) 10596 (2) 8546 (6) 51(3) 15(1) 163 (9) -3 Q) -5(5) 6 (3)
C(11) 2062 (4) 10698 (3) 9240 (7) 62 (4) 13 (1) 170 (10) -5(2) —18 (5) 9(3)
C(12) 2538 (5) 11244 (2) 9352 (9) 92 (6) 15(1) 311 (15) ~13(2) -51(8) 46 (4)
C(13) 3433 (5) 11170 (2) 10120 (9 86 (5) 20(2) 318 (16) ~25(2) —-45(7) 48 (4)
C(14) 3545 (4) 10566 (2) 10503 (6) 554 17.(1) 153 (9) -10(2) ~11(5) 10 (3)
C(15) 4356 (4) 10315 (2) 11336 (6) 55 (4) 19(D) 122 (8) ~11(2) -6 (4) 15(3)
C(16) 4441 (4) 9765 (2) 11876 (5) 44 (3) 18 (1) 85 (7) -8(2) -1(4) 8(3)
caan 5289 4) 9524 (2) 12806 (6) 41 (3) 22 (1) 100 (8) -7 -14) 11 (3)
C(18) 5062 (4) 8973 (2) 13077 (6) 42 (3) 21 () 144 (10) -3(2) -6 (5) 18 (3)
C(19) 4094 (4) 8885 (2) 12338 (6) 43 (3) 17 (1) 113 (8) -1(2) -34) 14 (3)
C(20) 3597 (4) 8372 (2) 12281 (6) 47 (3) 16 (1) 127 (9) -3(2) 24 8 (3)
N(21) 2078 (3) 8652 (2) 10648 (4) 34 (2) 11 (D) 102 (6) -1(1) 9(3) 5(2)
N(22) 1040 (3) 9581 (2) 9122 (4) 34 (2) 13(1) 109 (6) 0 (1) 1(3) ~1(2)
N(23) 2696 (3) 10289 (2) 9965 (5) 49 (3) 11() 126 (7) =5(1) -10 (3) 4(2)
N(24) 3711 (3) 9369 (2) 11597 (4) 38(2) 19 (1) 99 (6) -5(1) -2(3) 5
C(25) 2661 (4) 7173 (2) 12192 (6) 62 (4) 13 (D) 145 (9) 1(2) 24 (5) 13 (3)
C(26) 3253 (5) 6873 (3) 11320 (8) 83 (5) 21 (1) 241 (13) 13 (2) 37(7) 19 4)
C@27) 548 (4) 7333 (2) 10232 (6) 54 (4) 15 (D) 144 (9) -8 (2) 23 (4) 2(3)
C(28) 531 (6) 7056 (3) 8815 (8) 102 (6) 26 (2) 187 (12) ~14 (3) 20(7) =19 4)
C(29) ~1458 (4) 9116 (3) 7379 (8) 31 (3) 24 (2) 220(12) 1(2) 10 (5) 5®H
C(30) —1487 (5) 8798 (3) 5997 (8) 72 (5) 30(2) 201 (12) -8 (2) 0 (6) -25(&)
C(31) —1009 (4) 10453 (3) 6973 (7) 51(4) 19 (1 161 (10) 9(2) ~3(5) 4(3)
C(32) -966 (5) 10508 (3) 5442 (7 98 (6) 26 (1) 145 (10) 15 (2) 3.(6) 13 (3)
C(33) 1898 (7) 11905 (4) 9065 (10) 103 (7) 48 (3) 239 (17N ~30(4) -25(9) 32(6)
C(34) 2154 (M) 11925 (6) 7809 (14) 106 (8) 92(5) 382 (26) ~28 (5) 111 (12) -75 (10)
C(35) 4204 (8) 11708 (5) 10901 (13) 129 (9) 42 (3) 374 (24) 17 (4) 1331 68 (7)
C(36) 4658 (7) 11695 (6) 9879 (12) 108 (8) 85(5) 225 (18) 20 (5) 53 (10) ~6(7)
C(37) 6228 (4) 9827 (3) 13329 (D) 51 (4) 26 (2) 158 (10) -15(2) 2(5) 23 (3)
C(38) 6275 (5) 10179 (4) 14629 (9) 74 (5) 38(D) 222(13) ~20(3) 8 (6) =13 (5)
C(39) 5730 (4) 8510 (3) 13918 (8) 61.(4) 31(2) 168 (11) -4 (2) -3(5) 24 (4)
C(40) 5696 (6) 8506 (4) 15389 (9) 97 (6) 45 (3) 230 (15) 11(3) 34 (8) 46 (3)

@ The form of the anisotropic thermal ellipsoid is exp[—~(8,,7% + 85,57 + 83,1% + By.hk + 8,01 + 8,,kD].

symmetry 2/m and systematic absences 40/ (/ = 2n + 1) and 00
(k = 2n + 1) defining uniquely the monoclinic space group P2,/c.
Preliminary cell dimensions, measured from Weissenberg photographs
and subsequently adjusted by the least-squares procedure applied to
the setting angles of 31 reflections measured on a three-circle CAD-3
Enraf-Nonius diffractometer using Cu Ko radiation, are @ = 14.603
(6) A, b =23.266(8) A, ¢=9.793 (3) A, 8 =1050(2)° and V
= 3213 A%, The calculated specific gravity is 1.26 g cm™ based on
four molecules per unit cell. The crystal used for the intensity
measurements was a parallelepiped of approximate dimensions 0.2
X 0.3 X 0.5 mm?® (0.5 < uR < 1.3). It was elongated along the [001]
crystallographic axis. Intensity measurements were made by a (6,
20) step—scan procedure, with the nickel-filtered Cu Ko (A 1.540 51
A) radiation on a three-circle CAD-3 Enraf-Nonius diffractometer
at room temperature. During the intensity measurements, one re-
flection was used for periodic checking (every 50 reflections) on the
alignment and possible deterioration of the crystal; no deviations greater
than statistical were observed. A total of 4706 reflections were
measured in one quarter of the diffraction sphere with 4° < § < 57°,
and 3415 reflections with ¢()/7 < 0.25 were used to solve and to
refine the structure. These reflections were corrected for Lorentz and
polarization effects. Absorption corrections were not applied.

In the case of the oxo complex, the study was first performed on
an orthorhombic form of OEPTIO.!2 Owing to the poor quality of
this first modification, the compound was recrystallized from the same
solvent as OEPTi(O,) (toluene). The crystals were isotypic with
OEPTi(0,): monoclinic, P2,/c, a = 14,407 (6) A, b = 23,126 (8)
A c=97933) A, 8=1042(2)° V=3164 A’ da =127 g
em™, Z = 4 formula units per unit cell. The crystal used for intensity

measurements had approximate dimensions 0.3 X 0.4 X 0.6 mm? (0.7
< uR < 1.5). It was also elongated along the ¢ axis. The intensity
measurement techniques were similar to those described for OEP-
Ti(0,): 4669 reflections were recorded inside the range 4° < 8 <
57°; 3570 reflections with ¢(Z)/I < 0.25 were used to refine the
structure.

Solution and Refinement of the Crystal Structures. The crystal
structure of OEPTi(O,) was solved by direct methods using the
MULTAN' computer program. Fourier syntheses were applied to the
best set of phases and gave the approximate positions of the titanium
atom, the two oxygen atoms, and the four pyrrole groups. The R index
was 0.242. Difference Fourier syntheses showed clearly the missing
atoms. A least-squares procedure using the diagonal-matrix method
was first applied*® and then followed by least-squares refinement using
full-matrix methods.’* The function minimized was > w(F, — F.)?,
where w = I/JZ(FO). This procedure allowed us to localize 33 of the
44 hydrogen atoms in Fourier difference syntheses. These atoms were
included in the refinement process; a correction for anomalous
dispersion was made for the titanium atom (Af = 0.2, A/’ = 1.9) and
the final R index was 0.064. Final positional and anisotropic thermal
parameters for the nonhydrogen atoms are given in Table II; positional
parameters of hydrogen atoms are given in Table IIL}

The crystal structure of OEPTIO was solved assigning the fractional
coordinates (x, y, z) found for the OEPTi(O,) complex to the titanium,
nitrogen, and carbon atoms; the R index was 0.237. Difference Fourier
syntheses then clearly showed the missing oxygen atom. - The re-
finement. of all nonhydrogen atoms using the same least-squares
procedure as above for OEPTi(O,) led to an R index of 0.098.
Difference Fourier syntheses then showed most of the hydrogen atoms;
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Figure 1. Stereoscopic view of the OEPTIO molecule. The vibrational ellipsoids are drawn at the 50% probability level. All hydrogen atoms

have been omitted. The numbering scheme is indicated.

Figure 2. Stereoscopic view of the OEPTi(O,) molecule. The vibrational ellipsoids are drawn at the 50% probability level. All hydrogen atoms

have been omitted. The numbering scheme is indicated.

these were included in the refinement process. A correction for
anomalous dispersion of the titanium atom was made. The final R
index was 0.067. Final positional and thermal parameters for the

nonhydrogen atoms are given in Table IV. Positional parameters .

of the hydrogen atoms are given in Table V.13 A list of calculated
and observed structure factors for the two crystal structures is
available.!’

Results

Syntheses and Structure Assignment. Reaction of hydrogen
peroxide under mild conditions (20-60 °C) on oxotitanium(IV)
porphyrin complexes PTiO? affords compounds corresponding
to a formula PTiO,H, (x = 0-2). Analytically pure samples
are obtained by chromatography on silica. The yields are high
(70-90%) and do not seem to depend on the nature of the
starting complex. The compound obtained from OEPTIO can

also be made by reaction with benzoyl peroxide. Heating to .

95 °C is then necessary, and the yield is lower (Table I).

Elemental analyses, in conjunction with valency consid-
erations, lead to a formulation as either PTi(O,) or PTi(OH),.
Mass spectrometric results are in favor of the PTi(O,) formula.
Isotopic distribution patterns relative to the highest observed
m/e value correspond to M*- = PTiO,*; no pattern is observed
for M + 2, which tends to exclude the PTi(OH), formula. In
every case, the base peak is that of the [PTiO, — O]™« ion.
Characteristic fragmentations of substituted porphyrins are
observed at lower m/e values, particularly [P — CH, - R]*.
— [P — CH,]* + R- in the case of OEPTi(0,).%1

The formulation of these molecules as PTi(O,), as well as
the use of peroxide compounds for their preparation, leads to
their formal description as peroxotitanium(IV) complexes.
Infrared spectra corroborate this description. OEPTi(O,)
exhibits three absorption bands at 895, 645, and 600 cm™!
which are absent from the OEPTIO spectrum. These char-

acteristic bands are found at 895, 635, and 595 c¢cm™! for
TPPTIi(O,) and at 885, 630, and 585 cm™! for MPOEPTI(O,).
The presence of these three vibrational modes for the Ti(O,)
group suggests an isosceles triangular geometry.!” By analogy
with other peroxotitanium(IV) complexes, the band near 900
cm™! is assigned to O—-O stretching and the other two bands
to symmetric and asymmetric M—O stretch.!”

Crystal Structure Analysis. The crystal structure of
OEPTi(O,) was determined to corroborate the studies by mass
spectrometry and IR spectroscopy. Furthermore, the crystal
structure of OEPTiO was refined to determine the modifi-
cations resulting from the presence of an oxide ligand instead
of a peroxide. Figures 1 and 2 show stereoscopic views of the
molecules OEPTiO and OEPTi(O,) and the numbering
scheme used in this paper. Tables VI-IX give the values and
the standard deviations of the bond distances and angles in
the two titanium complexes.

In OEPTiO, the titanium atom is pentacoordinated by the
four nitrogen atoms and the oxygen atom. The coordination
polyhedron is a pyramid with a square basis whose symmetry
is very close to C,,. The titanium—oxygen distance is 1.613
(5) A and the Ti-N mean distance 2.114 (6) £ 0.006 A. The
titanium atom lies at 0.555 (6) A from the plane defined by
the four nitrogen atoms and at 0.603 (6) A from the mean
plane of the porphine skeleton; the radius of the central hole
is Ct=N = 2,040 (5) A. Finally, the Ti, O, N(21), and N(23)
atoms on one hand and the Ti, O, N(22), and N(24) atoms
on the other are coplanar, and these resulting planes are
perpendicular to the mean plane of the porphine skeleton
(Table X).15

In the OEPTIi(O,) complex, the degree of symmetry of the
coordination polyhedron of the titanium atom is reduced to
C,,. The titanium is hexacoordinated by the four nitrogen
atoms and the two oxygen atoms symmetrically bonded on the
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Table IV. Positional and Thermal® Parameters of OEPTiO (Nonhydrogen Atoms)

Guilard et al.

10°x 10% 10°z 10%,,  10°,,  10°%,  10%,,  10%,  10°,
Ti 2495(1)  9416(0)  9879(1)  35(1)  9(0)  83(1) ~2(0) 3(1) 2(0)
0 2894 (3)  9213(2)  8553(4)  69(3) 16(1)  114(6) ~51) 3@ -1Q)
c(1) 2640 (4)  8252(2)  11527(6)  45(4)  12(1)  89(8) -1Q2)  16(5) 4.(3)
() 2146 (4)  7702(2)  11497(6)  46(4)  11(1)  93(9) -3 2009 5(2)
c(3) 1261 (4)  7769(2)  10636(6)  42(4)  10(D)  92(8) ~3(2) 24 1Q2)
c@) 1201 (4)  8360(2)  10120(6)  36(3)  11(1)  89(8) -1Q) 1@ -1Q)
c(s) 399(4)  8611(2)  9239(6)  38(3)  11(1)  109(8) -3(2) 94y  -2(2)
C(6) 302(4)  9183(2)  8750(6)  36(3)  13(1)  106(8) ~2Q2) 6(4) -4
() ~566 (4)  9436(3)  7906(6)  33(3)  14(1)  110(8) 1(2) 1@4)  -303)
C(8) ~370(4) 10003 (3)  7741(7)  38(4)  15(1)  108(9) 62  -36) -1
() 616 (4) 10100 (3)  8463(6)  46(4) 13(D  99(8) 320 -1(5) 1(3)
C(10) 1097 (5)  10622(3)  8582(7)  S6(4)  11(1) 126 (9) -1 -15(5) 6 (3)
cdl)  2033(5)  10737(3)  9311(N)  64(5)  12(1)  120(9) -4 -15(5) 503)
C(12) 2486 (6)  11304(3)  9518(8)  77(6)  12(1) 185(13) -9 -35()  16(3)
c(13) 3391(6)  11229(3)  10294(8)  74(6) 15(2) 17012 -16() -27(7)  15(3)
C(14) 3528(5) 10606 (3)  10602(7)  S9(4)  15(1) 1159  -10(2) -17(5) 9 (3)
C(18)  4346(5)  10346(3)  11402(7)  53(4)  18(1)  121(9)  -13(2) -16(5)  12(3)
C(16)  4442(4)  9778(3)  11882(6)  42(4) 16(1)  91(8) —9Q2) -4() 53)
C(17)  5288(4)  9530(3)  12778()  37T(4)  20(2)  111(9) 6  -6(N) 6 (5)
C(18)  5061(4)  8971(3)  13055(7)  36(4) 18(2)  114(9) ~2(2)  -4(5) 703)
C(19)  4072(4)  8882(3)  12327(6)  40(4)  15(1)  96(8) 0(2) 2(4) 9 (3)
C(20) 3570(4)  8363(3)  12306(6)  39(4)  14(1) 109 (9 ~2Q) 9 (5) 43)
NQD  2047(3)  8642(2)  10672(5)  33(3)  10(1)  88(6) 0(1)  10(3) 4(2)
N(Q2)  1019(3)  9587(2)  9080(5)  35(3)  11(1)  102(6) 0 -203) 2(2)
N(23)  2683(3)  10325(2)  10011(5)  48(3)  10(1) 109 (7) =51)  -9(3) 3Q2)
N(24)  3702(3)  9378(2)  11602(5)  36(3)  13(1) 94 (7 —4(1)  -1(3) 6(2)
C(25)  2590(5)  7165(3)  12249(7)  59(4)  12(1) 146 (10) 20 256 170
C(26) 3221(6)  6849(3)  11437(9)  75(6)  16(2)  212(13)  11(2)  33()  12(4)
c@27) 488(5)  7318(3)  10232(7)  48(4)  15(1)  119(9) -1Q)  19(5) 1(3)
C(28) 470(6)  7044(3)  8810(8)  85(6) 17(2) 167(12)  -9()  22() -13(4)
C(29)  -1494(5)  9113(3) ~ 7313(8)  37(4) 20()  165(11) 1Q2) 6(5) 6(3)
C(30)  -1481(5)  8782(3)  $949(8) . S4(5) 28(2) 163(12) -7  -1(6) -27(4)
C(3L)  -1036(5)  10458(3)  6923(8)  46(4) 16(2)  155(1l) 6(2)  ~1(5) 203)
C(32)  -988(6)  10510(3)  $385(8)  77(6)  23() 15111y  10(3)  11(6) 13 (4)
C(33) 1951(6)  11889(3)  9072(9)  80(6) 21(2) 172(13)  —6(3) 16) 154
C(34)  2154(7)  12066(5) 7656 (10)  98(8)  48(3) 218 (16) 34) 6509)  16(6)
C(35)  4140(7) 11706 (4) 10896 (9) 93 (1) 22(2) 177(13)  -4(3) 2(8) 9 (4)
C(36)  4818(7)  11757(5)  9995(10) 83 (7)  47(3) 173(13)  -3(4)  42(8) 5(5)
C37)  6255(5)  9830(3)  13322(9)  49(4) 24(2)  161(11) ~14(Q2)  -2(6)  17(4)
C(38)  6250(6)  10180(4)  14648(10)  74(6)  33(2)  199(14) -23(3) -22(N)  -14(5)
C(39)  5726(5)  8515(3)  13897(8)  44(4) 22(2)  143(11) 12 -6¢6) 110
C40)  S701(6)  8519(4)  15422(9)  78(6)  38(3)  153(12)  12(3)  22(N 3205

@ The form of the anisotropic thermal ellipsoid is exp[—(8,,/% + B,,k% + 82512 + B,hk + 8,5k + B,5kD).

titanium atom. The O-O distance is 1.445 (5) A and the Ti-O
mean distance is 1.825 (4) £ 0.003 A, The peroxide group
eclipses almost perfectly the N(22) and N(24) nitrogen atoms.
Indeed, these atoms lie respectively at 0.026 and 0.001 A from
the plane defined by the Ti, O(1), and O(2) atoms. Contrary
to OEPTIO, the Ti-N bond lengths do not seem to be
equivalent: the mean value of the Ti-N(22) and Ti-N(24)
distances is 2.128 (4) £ 0.005 A and the mean value of the
Ti-N(21) and the Ti-N(23) distances is 2.090 (4) £ 0.004
A. The titanium atom lies at 0.620 (6) A from the plane of
the four nitrogen atoms and at 0.657 (6) A from the mean
plane of the macrocycle (Table XI).!

The thermal parameters of the ethyl groups of OEPTiO and
particularly those of OEPTi(O,) are very large so that the
values of the ethyl-methyl bond distances and angles are
known with very low accuracy. The methyl groups of six ethyl
groups are on the same side as the axial ligand with regard
to the macrocycle plane. This orientation is at the origin of
intermolecular contacts with the oxide ligand (Table XII)**
or with the peroxide ligand (Table XIII).!

Dynamic Nuclear Magnetic Resonance Spectroscopy. 'H
NMR characteristics of the PTi(0,) complexes at ambient
temperatures are listed in Table XIV. The observed sharpness
of the resonance lines is consistent with the diamagnetism of
the complexes as measured in the solid state. For the sake
of comparison, the 'H NMR characteristics of the starting
PTiO complexes are also reported in Table XIV. A slight

shielding of all protons is observed upon substitution by the
peroxo ligand.

For TPPTi(O,) and MPOEPTI(O,), the resonance lines
corresponding to the ortho phenyl protons are broad at 60
MHz and split in a doublet at higher resolution. This reflects
the already well-documented phenomenon of restricted rotation
of phenyl rings which has been studied in detail for various
PTiO complexes.®!® The barrier to rotation was determined
by an approximate treatment of NMR data!® for TPPTi(O,)
in deuterated pyridine solution. Its value (AGS = 15.8 £ 0.5
kecal mol™ at T, = 40 °C) is very close to those obtained earlier
for analogous complexes.®!3

The ambient-temperature 'H NMR spectrum of TPPTi(O,)
exhibits a single peak for the pyrrole protons. Upon cooling,
this peak broadens and splits in a doublet below —~50 °C
(Figure 3). The observed dynamic equilibrium seems to be
related to the presence of the peroxo group and to the existence
of two possible sites for this ligand in the TPPTi(O,) molecule
(vide infra). The coalescence temperature is the same, within
experimental error, for a saturated solution prepared at 25 °C
and after about tenfold dilution. This suggests that the ob-
served exchange takes place by an intramolecular mechanism.
An approximate treatment of the data!® gives an activation
energy AG.* = 10.8 = 0.5 kcal mol™! for the process at the
coalescence temperature 7, = -50 °C.

The ambient-temperature 'H NMR spectrum of OEPTi-
(O,) exhibits a complex multiplet for the methylene protons,
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Table VI. Interatomic Distances (A) in OEPTi(0,)®

0(1)-0(2) 1.445 (5)

Ti-0(1) 1.827 (4) Ti~O(2) 1.822 (4)
Ti-N(21) 2.086 4) Ti-N(23) 2.094 (4)
Ti~N(22) 2123 (4) Ti~N(24) 2.133 (4)
Ti-C(5) 3.463 (5) Ti-C(15) 3.458 (6)
Ti~C(10) 3.479 (5) Ti-C(20) 3.475 (6)
NQD~C(1) . 1.393(6) N(22)-C(6) 1.379 (6)
C(1)-C(2) 1.452(7) C(6)-C(7) 1.440 (7)
C(2)-C(3) 1.352 (7) C(T)~C(8) 1.362 (8)
C(3)-C4) 1.451 (7) C(8)~C(9) 1.434 (7)
C(4)-N(21) 1.374 (6) C(9)-N(22) 1.396 (6)
C4)-C(5) 1.383 (6) C(9)~C(10) 1.373 (8)
C(5)-C(6) 1.389 (7) C(1)-C(20) 1.379 ()
N(23)~-C(11)  1.388(7) N(24)-C(16) 1.381 (7)
C(11)-C(12) 1.438 (9) C(16)-C(17) 1.447 (7)
C(12)~C(13) 1.339 (10) C(17)-C(18) 1.366 (8)
C(13)-C(14) 1.452 (9) C(18)-C(19) 1.426 (7)
C(14)-N(23) 1.375 (7) C(19)-N(24)  1.377(7)
C(14)-C(15) 1.381 (7) C(19)-C(20) 1.392 (8)
C(11)-C(10) 1.377 (8) C(15)-C(16) 1.377 (8)
C(2)-C(2%) 1.502 (7) C(12)-C(33) 1.78 (2)
C(25)-C(26) 1.531 (10) C(33)-C(34) 1.38(2)
C(3)-C(27) 1.505 (7) C(13)-C(35) 1.72 (2)
C(27)-C(28) 1.524 (10)  C(35)-C(36) 1.34 (2)
C(7)-C(29) 1.506 (7) C(17)-C(37) 1.508 (8)
C(29)~C(30) 1.533 (11)  C(37)-C(38) 1.500 (11)
C(8)-C(31) 1.515 (7) C(18)-C(39) 1.542 (9)
C(31)~C(32) 1.522 (10) C(39)-C(40) 1.454 (12)
O(1)-N(21) 3.092 (5) 0O(2)-N(21) 3.089 (5)
0(1)-N(22) 3.601 (6) 0(2)-N(22) 2.667 (5)
O(1)-N(23) 3,132 (5) 0O(2)=-N(23) 3.141 (6)
O(1)-N(24) 2.664 (5) 0O(2)-N(24) 3.599 (5)
N(21)-N(22) 2.833 (6) N(21)-N(23)  4.010(6)
N(22)-N(23)  2.865 (6) N(22)-N(24) 4.053 (6)
N(23)-N(24) 2.847 (6) N(24)-N(21)  2.860(6)

¢ The numbers in parentheses are the estimated standard devia-
tions.

~100°
Figure 3. Temperature dependence of the pyrrole proton resonance
lines of TPPTi(O,) in CD,Cl;. The weak peaks correspond to an
unidentified impurity.

reflecting their anisochronous behavior related to asymmetrical
axial ligation.?® Upon cooling, this signal broadens and loses

Inorganic Chemistry, Vol. 17, No. 5, 1978 1233

Table VII. Bond Angles (deg) in OEPTi(0,)?

O(1)-Ti-N(21) 104.2 (2) O(2)-Ti-N(21) 104.2 (2)
O(1)~Ti~N(22) 131.3 (2) O(2)-Ti~N(22) 84.7 (2)
O(1)-Ti=N(23) 105.8 (2) O(2)-Ti-N(23) 106.0 (2)
O(1)-Ti-N(24) 84.2 (2) O(2)-Ti~N(24) 130.8 (2)
N(21)-Ti-N(22) 84.6 (2) N(23)-Ti-N(24) 84.7 (2)
N(22)-Ti-N(23) 85.6 (2) N(21)-Ti~N(24) 85.3(2)
N(21)~-Ti-N(23) 147.2 (2) N(22)-Ti-N(24) 144.5 (2)
C(1)-N(21)-C(4) 106.1 (4) C(6)-N(22)-C(9) 105.0 (4)
C(1)-C(2)-C(3) 106.7 (5) N(22)-C(6)-C(7) 111.0 (4)
C(2)-C(3)-C4) 107.7 (5) C(6)-C(7)~C(8) 106.4 (S)
C(3)-C(4)-N(21) 109.8 (4) C(7)-C(8)-C(9) 107.6 (5)
N(21)~C(1)~C(2) 109.8 (4) C(8)-C(9)-N(22) 110.0 (5)

N(23)-C(11)~C(12) 108.8 (5) C(16)-N(24)~C(19) 104.7 (4)
C(11)-N(23)-C(14) 106.8 (5) N(24)-C(16)-C(17) 110.9 (4)
C(11)-C(12)-C(13) - 108.1 (6) C(16)-C(17)-C(18) 105.9 (5)
C(12)~C(13)~C(14) 107.3 (6) C(17)-C(18)-C(19) 107.2(5)
C(13)~C(14)=N(23) 108.9 (5) C(18)-C(19)-N(24) 111.3(5)
C(4)-C(5)-C(6) 127.2 (g) C(1)-CQ20)-C(19)  127.4 (5)
C(9)~C(10)-C(11)  127.6 (5) C(14)-C(15)-C(16) 126.7 (5)
C(1)-C(2)-C(25) 124.5 (5) C(11)-C(12)-C(33) 121.7 (6)
C(3)-C(2)-C(25) 128.7(5) C(13)-C(12)-C(33) 130.0(10)
C(2)-C(25)-C(26) 111.2(5) C(12)-C(33)-C(34) 85.2(10)
C(2)-C(3)-C(27) 127.3 (5) C(12)-C(13)~C(35) 125.8(7)
C(4)-C(3)-C(27) 124.9 (5) C(14)-C(13)-C(35) 124.8(7)
C(3)-C(27)-C(28) 111.2 (5) C(13)-C(35)~C(36) 92.5(10)
C(2)-C(1)-C(20) 125.0(5) C(12)-C(11)-C(10) 126.0 (6)
NQ21)-C(1)-C(20)  125.3(5) N(23)-C(11)-C(10) 125.2(5)
NQ21)-C(4)-C(5) 124.5 (5) N(23)~C(14)-C(15) 125.3(5)
C(3)=C(4)-C(5) 125.7 (5) C(13)-C(14)~C(15) 125.7(6)
C(5)-C(6)-C(7) 126.0 (5) C(15)-C(16)-C(17) 125.4 (5)
C(5)-C(6)-N(22) 123.0 (5) C(15)-C(16)-N(24) 123.7(5)
C(6)-C(7)-C(29) 124.7 (8) C(16)-C(17)-C(37) 126.0 (5)
C(7)-C(29)-C(30) 113.5(5) C(OT)-C(37)-C(38) 112.4(5)
C(8)-C(7)-C(29) 128.7 (5) C(18)-C(17)-C(37) 128.1(5)
C(7)-C(8)-C(31) 127.4 (5) CU1T)-C(18)~C(39) 127.4 (5)
C(8)-C(31)-C(32) 113.0(5) C(18)~C(39)~C(40) 110.7 (6)
C(9)-C(8)-C(31) 125.0(5) C(19)-C(18)-C(39) 125.2(5)
C(10)-C(9)~C(8) 126.4 (5) C(20)-C(19)-C(18) 125.6 (5)
C(10)-C(9)-N(22)  123.5(5) C(20)-C(19)-N(24) 122.9 (5)
Ti-O(1)-0(2) 66.5 (2) 0O(1)~-O(2)~Ti 66.9 (2)
O(1)-Ti~O(2) 46.7 (2)

¢ The numbers in parentheses are the estimated standard devia-

tions.

sl

b

?

-65° _ap0

Figure 4. Temperature dependence of the o and 38 pyrrole carbon
resonance lines of OEPTi(O,) in CD,Cl,. The C; lines are those at
higher field (right).

its structure; no splitting is observed down to the freezing point
of the solution (about =100 °C). In contrast, 3C NMR
spectra of OEPTi(O,) recorded in the same conditions show
a splitting of the B-carbon peak below ~65 °C (Figure 4). The
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Table VIII. Interatomic Distances (A) in OEPTiO®

Ti~O 1.613 (5)

Ti-N(21) 2,112 (5) Ti-N(23) 2.120 (5)
Ti-N(22) 2.116 (5) Ti-N(24) 2.109 (4)
Ti-C(5) 3.470 (6) Ti-C(15) 3.467 (7)
Ti-C(10) 3.492(7) Ti-C(20) 3.487 (6)
N21)-C(1) 1.376 (7) N(22)-C(6) 1.370(7)
C(H)-C(2) 1.455 (8) C(6)-C(7) 1.444 (8)
C(2)-C(3) 1.354 (8) C(7)-C(8) 1.358(9)
C(3)-C4) 1.452 (8) C(8)-C(9) 1.441 (8)
C(4)-N(21) 1.370 (7) C(9)-N(22) 1.392.(7)
C(4)-C(5) 1.389 (7) C(5)-C(6) 1.400 (8)
C(1)-C(20) 1.393 (8) C(9)-C(10) 1.382 (9)
N(23)-C(11) 1.392 (8) N(24)-C(16) 1.387 (8)
C(11)-C(12) 1.457 (9) C(16)-C(17) 1.434 (8)
C(12)-C(13) 1.350 (10) C(17)-C(18) 1.376 (9)
C(13)-C(14) 1475 (9) C(18)-C(1% 1.443 (8)
C(14)~N(23) 1.375 (8) C(19)-N(24) 1.383 (D)
C(14)-C(15) 1.383 (9) C(19)-C(20) 1.400 (9)
C(11)-C(10) 1.387 (9) C(15)-C(16) 1.391. (9
C(2)-C(25) 1.505 (8) C(12)-C(33) 1.565 (10)
C(25)-C(26) 1.531 (11) C(33)-C(34) 1.541 (14)
C(3)-C(27) 1.506 (8) C(13)-C(35) 1.554 (11)
C(27)-C(28) 1.525 (10) C(35)-C(36) 1.473 (15)
C(7)-C(29) 1.516 (8) C(17)-C(37) 1.531 (9)
C(29)-C(30) 1.544 (11) C(37)-C(38) 1.531 (12)
C(8)-C(31) 1.515 (8) C(18)~-C(39) 1.524 (9)
C(31)~-C(32) 1.530 1D C(39)-C(40) 1.504 (12)
O-N(21) 2.962 (6) 0-N(22) 2.999 (6)
0-N(23) 2.993(7) O-N(24) 2.952 (6)
N(21)-N(22) 2.874 () N(24)-N(21) 2.890 (7)
N(22)~N(23) 2.903 (7) N(21)~N(23) 4.085 (7)
N(23)-N(24) 2.874 (1) N(22)-N(24) 4.076 (7)

@ The numbers in parentheses are the estimated standard devia-
tions.

Table IX." Bond Angles (deg) in OEPTiO®

O-Ti-N(21) 104.5 (2) O-~Ti~N(23) 105.8 (2)
O-Ti-N(22) 106.3 (2) O-Ti-N(24) 104.2 (2)
N(21)-Ti~N(22) 85.6 (2) N(23)-Ti-N(24) 85.6 (2)
N(22)-Ti~-N(23) 86.5(2) N(24)-Ti~-N(21) 86.4 (2)
N(21)-Ti~N(23) 149.7 (2) N(22)-Ti-N(24) 149.5 (2)
C(1)-NQ21D-C(4) 106.8 (5) C(6)-N(22)-C(9) 105.6 (5)
C(1)-C(2)-C(3) 107.1 (5) N(22)-C(6)-C(7) 110.9 (5)
C(2)-C(3)-C(4) 107.0 (5) C(6)~C(7)-C(8) 106.4 (5)
C(3)-C(4)~-N(21) 109.8 (5) C(7)-C(8)-C(%) 107.6 (5)
N(21)-C(1)-C(2) 109.4 (5) C(8)-C(9)-N(22) 109.6 (5)
C(11)-N(23)-C(14) 107.8(5) C(16)-N(24)-C(19) 105.6 (5)
N(23)-C(11)-C(12) 108.7 (6) N(24)-C(16)-C(17) 110.5 (8)
C(11)-C(12)-C(13)  107.5(6) C(16)-C(17)-C(18) 106.8 (6}
C(12)~-C(13)-C(14) 107.6 (6) C(17)-C(18)-C(19) 106.8 (5)
C(13)-C(14)-N(23) 108.3(6) C(18)-C(19)-N(24) 110.2(5)
C(4)-C(5)-C(6) 127.2 (5) C(1D-C(20)-C(19) 126.2 (6)
C(9)-C(10)-C(11) 127.8 (6) C(14)-C(15)-C(16) 127.0 (6)
C(1)-C(2)-C(25) 124.4 (5) C(11)-C(12)-C(33) 124.5(6)
C(3)-C(2)-C(25) 128.5 (6) C(13)-C(12)-C(33) 127.8 (6)
C(2)-C(25)-C(26) 112.0 (6) C(12)-C(33)-C(34) 106.9 (7)
C(2)-C(3)~C(27) 127.4 (5) C(12)-C(13)-C(35) 127.5(7)
C(4)-C(3)-C(27) 125.6 (5) C(14)-C(13)-C(35) 124.7(7)
C(3)-C(27)-C(28) 111.9 (5) C(13)-C(35)-C(36) 109.3 (7)
C(2)-C(1)~C(20) 124.9 (5) C(12)-C(11)-C(10) 126.0 (6)
N(2D-C(1)-C(20)  125.7(5) N(23)-C(11)-C(10) 125.2(6)
N(21)-C(4)-C(5) 124.8 (5) N(23)-C(14)-C(15) 125.3(6)
C(3)-C(4)~C(5) 125.4 (5) C(13)-C(14)-C(15) 126.3 (6)
C(5)-C(6)-C(7) 1253 (5) C(15)-C(16)-C(17) 125.7 (6)
C(5)-C(6)-N(22) 123.8(5) C(15)-C(16)-N(24) 123.7 (6)
C(6)~C(7)~C(29) 125.3(5) C(16)-C(1N-C(37) 126.6 (6)
C(7)-C(29)-C(30) 112.3(6) C(17)-C(37)-C(38) 109.9 (6)
C(8)-C(7)-C(29) 128.3 (6) C(18)-C(17)-C(37) 126.6 (6)
C(7)~C(8)-C(31) 127.5 (6) C(17)-C(18)-C(39) 127.5(6)
C(8)-C(31)-C(32) 113.5 (6) C(18)-C(39)-C(40) 111.6(6)
C(9)-C(8)-C(31) 124.9 (6) C(19)-C(18)-C(39) 125.6 (6)
C(10)-C(9)-C(8) 126.2 (6) C(20)-C(19)-C(18) 125.0 (6)
C(10)-C(9)-N(22)  124.1(6) C(20)-C(19)-N(24) 124.7 (6)

¢ The number in parentheses is the estimated standard deviation.

activation energy of the process, determined as above,!? is AG.?
= 9.9 + 0.5 kcal mol™ at —65 °C.
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UV-Visible Spectroscopic Study of Axial Ligation Equilibria.
The formation of TPPTi(O,) from TPPTiO and H,0, in
pyridine solution is conveniently monitored by UV-visible
spectroscopy. A set of curves with well-defined isosbestic
points, specifically in the Soret region at 440 nm, is obtained.
This suggests that only two absorbing species are present,
namely, TPPTiO and TPPTi(O,) in equilibrium according to
reaction 1. When a large excess of hydrogen peroxide is added

TPPTIO + H,0, = TPPTi(0,) + H,0 (1

(H,0,/Ti > 10%), a shoulder progressively grows on the Soret
band, while the 440-nm isosbestic point shifts to shorter
wavelengths, This indicates a second equilibrium, (2), fol-
lowing reaction 1 and involving TPPTi(O,) and an unknown
species X (vide infra).

Addition of H,0, to a pyridine solution of TPPTi(O,)
prepared from an authentic sample also causes the appearance
of a shoulder at 440 nm; an isosbestic point at 434 nm is then
observed. Furthermore, addition of water or aqueous acid to
a TPPTi(O,) solution results in the same spectral changes.
This shows that the unknown species X can be obtained from
TPPTi(O,) by several different reactions.

Finally, all of the above reactions are slow. Spectra recorded
10 min after addition of the reactants still change slowly with
time and their reproducibility is poor. The kinetics are even
slower for the OEPTiO/H,0, system, which does not reach
an equilibrium after 30 min of stirring at 30 °C.

Electrochemistry. The voltammetric curve of a dichloro-
methane solution of OEPTi(O,) exhibits the four one-electron
waves (two anodic and two cathodic) expected for the ring
oxidation and reduction reactions.?’ An additional reduction
step is observed, with a half-wave potential £/, = -1.07 V,
just before the first ring reduction wave. The corresponding
electrochemical reaction is irreversible in cyclic voltammetry.
From the intensity of the limiting current, it is estimated that
two electrons are involved; however, this stoichiometry cannot
be confirmed by precise coulometric measurements at a
controlled potential because of the closeness of the first ring
reduction wave. The electrochemical behavior of TPPTi(O,)
is similar (Table XV).

Exhaustive electrolysis (about 2 F mol™') of a OEPTi(O,)
solution on a platinum-gauze cathode at a potential corre-
sponding to the two-electron reduction step (~1.35 V) yields
a solution whose electronic absorption spectrum and volt-
ammogram are identical with those of OEPTIO.

Discussion

Formal Valency of the Dioxygen Ligand. Reaction of
hydrogen peroxide with oxotitanium(IV) porphyrin complexes
yields compounds which have an edge-bound dioxygen group.
On the basis of the O-O separation and stretching frequency,
this group is best described as a bidentate peroxide ligand
similar to those found in the dioxygen adducts of Vaska-type
complexes.?? This class of triangular peroxide complexes is
clearly distinct from the class of angular dioxygen adducts
which are best described as superoxide complexes.?? Tt is
interesting to note that peroxide complexes can be obtained
either by oxidative addition of dioxygen to a low-valent metal
complex, e.g.

i
Col + 0, ~ CO;{E
or by ligand exchange on a high-valent complex,? e.g.
1t I}I/O
Co™lL, + H,0, — Cov\(]) + 2L

In this context, the peroxo complexes of titanium(IV) por-
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Table XIV, NMR Data for PTi(O,) and PTiO
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Protons of R!

Protons of R? Protons of R?®

Compd R! R? R?® Mult/intens 6, ppm Mult/intens &, ppm Mult/intens 5, ppm
OEPTi(0,) H C,H, H s/4 10.40 t/24 1.95 s/4 10.40
q/15 4.13
OEPTiO H C,H, H s/4 10.32 t/24 1.92 s/4 10.32
q/16 4.03
TPPTI(0,) C.H, H C.H, m/12 7.82 s/8 9.18 m/12 7.82
m/8 8.37 m/8 8.37
TPPTIO C.H, H C,H, m/12 7.81 s/8 9.07 m/12 7.81
m/8 8.28 m/8 8.28
MPOEPTI(O,) H C,H; CH, s/1 10.35 t/6 1.23 m/3 7.22
t/18 1.96
/2 10.50 q/4 2.82 m/1 8.04
a/12 4.12 m/1 8.52
MPOEPTIO H C,H, C.H; s/1 10.32 t/6 1.17 m/3 7.75
t/18 1.95
s/2 10.41 q/4 2.78 m/2 Between
q/12 4.13 8.00 and 8.40

Table XV. Half-Wave Potentials® in Dichloromethane Solution

(El/z)iRed— (E!/z)lOX“ (Ex/z)iox_

Compd (El/z)aRed (El/z)zRed (£, /z)lRed (En/z)IOx (E1/1)20x (Euz)aRed (Euz)zRed 1) 0x
OEPTIi(0,) -1.61 ~1.14 -1.07 +1.21 +1.67 0.47 2.35 0.46
MPOEPTI(O,) -1.62 -1.14 -1.09 +1.21 +1.58 0.48 2.35 0.37
TPPTi(O,) -1.37 -0.93 -0.83 +1.27 +1.53 0.44 2.20 0.26

@ Potentials in volts relative to a Ag/Ag,I,NBu, reference electrode.'!

ligand. Other E,,’s refer to ring redox reactions.

(E,,1)' Red refers to the two-electron reduction of the peroxide

Table XVI. Bond Leéngths (A) and Angles (deg) for the Ti(O,) Unit in Some Titanium(IV) Peroxide Complexes

Compd Ref Ti-O(1) Ti-0(2) 0O(1)-0(2) Ti~0(1)-0(2) O(1)-0(2)~Ti O(1)-Ti~O(2)
[H,OdipicTi(0,)],0 28a 1.872 (7) 1.905 (7) 1.45Q) 45.2 (4)
(H,0),dipicTi(0,) 28b 1.834 (2) 1.858 (2) 1.464 (2) 67.50 (6) 67.78 (6) 46.72 (6)

(triclinic) 28e 1.842 (1) 1.862 (1) 1.469 (1) .
(H,0),dipicTi(0,) 28¢ 1.833 (1) 1458 (2) 66.56 (6) 46.88 (6)
(orthorhombic) 28e 1.844 1477
[F,dipicTi(0,)]*" 28b 1.846 (4) 1.861 (4) 1.463 (5) 67.3(2) 66.2 (2) 46.5(2)
{[NTATIi(0,)],0 }* ~28d 1.892 (2) 1.889 (2) 1.469 (2) 67.02 (6) 67.26 (6) 45.72 (6)
28e 1.897 1.898 1.481
OEPTIi(0,) This work 1.827 (4) 1.822 (4) 1.445 (5) 66.5 (2) 66.9 (2) 46.7 (2)

phyrins are conceptudlly identical with the oxidative addition
products of dioxygen and the hypothetical titanium(II)
porphyrins.

Crystal Structure of OEPTi(0,). An important feature of
the crystal structure of OEPTi(QO,) is the position of the two
oxygen atoms; they are bonded symmetrically on the titanium
atom and eclipse perfectly the nitrogen atoms N(22) and
N(24). Short distances between the oxygen atoms and the
ethyl groups (Table XIII)!* might suggest that the crystal
packing is at the origin of this conformation. But this par-
ticular orientation of the peroxide group is also found in the
trans-diperoxo complex of a molybdenum(VI) tetraaryl-
porphyrin,?* and a similar proximity of oxygen and nitrogens
atoms is observed in two niobium(V) porphyrin complexes.?>*0
These observations lead us to consider that this structural
arrangement is the preferential conformation of the isolated
molecule. The dynamic NMR results (vide infra) are con-
sistent with this interpretation.

The rather surprising preference of the oxygen atoms for
the proximity of the nitrogen atoms of the macrocycle may
be interpreted as the result of attractive and/or repulsive
interactions. Simple considerations of symmetry show that
the bonding interactions between the four nitrogen atoms, the
titanium atom, and the two oxygen atoms are maximized when
the two oxygen atoms eclipse two of the nitrogen atoms.? On
the other hand, the significant difference between the mean
values of the Ti-N(22) and Ti-N(24) bond lengths and those
of the Ti-N(21) and Ti~N(23) distances, as already noted,?

is a clue to a repulsion between O(1) and N(24) and between
O(2) and N(22) or to a trans effect. Thus, the optimization
of the bonding interactions imposing the proximity of the two
oxygen atoms with two nitrogen atoms is moderated by the
resulting repulsions.

The distances of the titanium atom from the mean plane
of the four nitrogen atoms and from the mean plane of the
macrocycle are significantly longer than those found for
OEPTIO. This observation fits in with a repulsion effect
between the oxygen and nitrogen atoms. The values of in-
teratomic distances and angles of the Ti(O,) group in
OEPTIi(O,) are slightly shorter but otherwise close to those
found by Schwarzénbach?® for other titanium peroxide
complexes (Table XVI),

Crystal Structure of OEPTiO. The observed Ti-O bond
length and the Ti~N mean distance (1.613 (5) and 2.114 (6)
A) in OEPTIO in the monoclinic phase are essentially the same
as those found in the orthorhombic form of OEPTiO" (1.667
(15) and 2.110 (9) A), in titanyl «,y-dimethyl-a,vy-di-
hydrooctaethylporphyrin® (respectively, 1.619 (4) and 2,110
(3) A), and in vanadyl octaethylporphyrin®! (1.620 (4) and
2.102 (6) A). This last compound crystallized from toluene
is isotypic to OEPTIiO and OEPTi(O,). The Ti~N mean
distance seems to be slightly shorter in OEPVO than in
OEPTiO (2.102 A compared to 2.114 A).

Geometry of the Macrocycles. The values of the bond
distances and angles in OEPTi(O,) (Tables VI and VII) and
in OEPTIO (Tables VIII and IX) fall within the range of
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distances discussed by Hoard for other metalloporphyrins.*?
As expected, the pyrrole rings of OEPTIiO and OEPTi(O,)
are planar within experimental error (Tables X and XI).1> The
mean values of the bond lengths and angles in the pyrrolic
subunits of OEPTiO, OEPTi(0,), and OEPVO are very
similar. Only the bond length C_—~C, in OEPTi(O,) (1.381
(3) A) is slightly shorter than the corresponding one in
OEPTIO (1.391 (3) A) and in OEPVO (1.387 (4) A).
Correlatively, the radius of the central hole Ct-N is shorter
in OEPTI(0,) (2.016 (5) A) than in OEPTIO (2.040 (6) A).
Finally the plane defined by the four nitrogen atoms and the
mean plane of the macrocycle are nearly parallel in OEPTiO
and OEPTi(O,): the distances between these planes (re-
spectively, 0.054 and 0.037 A) show the domed character of
the porphyrin. Inspection of the angles between the normals
to the pyrrole rings (Tables X and XI)!* and examination of
the departure of the atoms of the porphine core from the mean
plane of the core show that the flatness of the macrocycle is
better in OEPTi(O,) than in OEPTIO.

Stereochemical Nonrigidity of the PTi(0,) Complexes. A
number of stereochemically nonrigid transition-metal chelates
have been investigated by dynamic nuclear magnetic resonance
(DNMR) during the last decade. Chelate complexes of Ti(IV)
with §-diketones have been shown to undergo fast intramo-
lecular rearrangement reactions for which various mechanistic
pathways have been proposed.*® From the DNMR behavior
of OEPTIi(O,) and TPPTi(O,) it can be concluded that these
Ti(1V) macrocyclic complexes also exhibit stereochemical
nonrigidity. The dynamic stereochemistry of these systems
is easily interpreted in light of the crystal structure of
OEPTIi(O,).

If the conformation of the OEPTi(O,) molecule is the same
in solution as in the solid state, then the two oxygen atoms of
the peroxide group eclipse two opposite nitrogen atoms of the
macrocycle. A magnetic perturbation of the carbon and
hydrogen atoms belonging to the two eclipsed pyrrole rings
with respect to those of the noneclipsed pyrrole rings is then
expected. Indeed, the 8 pyrrole carbon atoms in OEPTi(O,)
exhibit two distinct resonances at low temperature. The fact
that the signals of the ethyl carbon atoms, as well as those of
the methylene protons, do not split or broaden at temperatures
as low as —80 °C can be accounted for by the large distance
of these nuclei from the magnetic perturbation. However, the
reason the existence of two distinct sites for the peroxide group
is not apparent in the DNMR signal of the « pyrrole carbons
is not clear. Finally, the fact that the peaks of the meso carbon
and hydrogen atoms do not split at low temperature precludes
the hypothetical conformation in which the peroxide group
would eclipse two meso carbon atoms.

The DNMR behavior of TPPTi(O,) is interpreted in a
similar manner, thus corroborating the hypothesis that the
solid-state conformatiord observed for OEPTI(O,) is also
prevalent in solution for all peroxotitanium(IV) porphyrin
complexes. The intramolecular nature of the averaging
processes is supported by the independence of the coalescence
temperature of the concentration and by the reversibility of
the temperature-dependent spectral changes.

The rotation of the peroxide group at ambient temperature
is similar to the exchange processes observed for coordinated
olefins.>®* However, steric contributions to the rotation barrier
which are found in several olefin complexes are absent in the
planar macrocyclic titanium(IV) peroxide complexes. It thus
appears that the rotation barrier measured for the peroxide
group of PTi(O,) complexes (AG.* = 10.3 = 0.5 kcal mol™)
has a purely electronic origin.*

TPPTiO + H,0, Equilibria. Two successive equilibria, (1)
and (2), are observed upon H,0, addition to a TPPTiO so-
lution. It is reasonable to assign the first reaction to the
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formation of the TPPTi(O,) complex. Indeed, this complex
can be isolated in these conditions; furthermore, identical
absorption maxima are observed with an authentic solution
of TPPTi(O,).

Reaction 1 is slow at ambient temperature, making it
difficult to determine the corresponding equilibrium constant.
Despite numerous attempts, we have not been able to get
consistent results.

The nature of the species X formed by the reaction of
TPPTi(O,) with hydrogen peroxide, water, or aqueous acid
has not been elucidated. It seems that X is a metalloporphyrin,
since it has an absorption peak near 440 nm which can be
viewed as a Soret band. Furthermore, the high yield obtained
in the preparation of TPPTi(O,) indicates that the macrocycle
is unaffected by H,O, under the conditions described above.
One can speculate that X is a trans-diperoxotitanium(IV)
tetraphenylporphyrin complex; this coordination type has been
demonstrated for a d° molybdenum(VI) complex.?* Such a
complex could be made either by coordination of a second
peroxide group in trans position on TPPTi(O,) according to
reaction 2 or by disproportionation of TPPTi(O,) in the
presence of water according to reaction 3. Equilibria 1-3

TPPTi(0,) + H,0, = TPPTi(0,),* + 2H" )
2TPPTi(0,) + H,0 = TPPTi(0,),* + TPPTIO + 2H 3)

could conceivably be catalyzed by acid. Other interpretations
are conceivable, however, and the elucidation of the nature
of species X will require further experiments.

The least soluble species in this system is TPPTi(O,), which
is obtained by addition of water to the reaction mixture.
Equilibria 2 and 3 are presumably driven to the left by
TPPTi(O,) precipitation.

Electrochemistry. Peroxotitanium(IV) porphyrin complexes
can be reduced electrochemically to the corresponding oxo-
titanium(IV) complexes in a two-electron irreversible process.
The nature of the product indicates that reduction occurs
neither at the metal ion nor at the porphyrin ring but rather
at the axial peroxide ligand according to reaction 4. This

PTiLV(0,) + 2¢” ~ [PTi!VO, * 4)
[PTi!VO, ] + H,0 - PTiVO + 2HO (5)

reductive cleavage of the O-O bond generates two oxide ions,
one of which is coordinated to the Ti(IV) ion. The other,
highly basic oxide ion probably reacts with a proton donor,
e.g., residual water, background electrolyte, or solvent, ac-
cording to reaction 5. The occurrence of this follow-up
chemical reaction accounts for the irreversiblity of the overall
process.

The above mechanism is very different from the one which
has been proposed for the electrochemical reduction of
(dppe),Ir(0,)*, a Vaska-type dioxygen complex.”*® In that
case, a one-electron reduction step results in the liberation of
superoxide ion according to reaction 6. Very few investi-

(dppe),1r(0,)* + e — (dppe), It + O, (6)

gations of the redox properties of dioxygen complexes have
been reported, and the factors which govern their electro-
chemical behavior are unknown. Further work will be nec-
cessary to elucidate the causes of the difference in behavior
noted above.

The half-wave potentials for the peroxide group reduction
in OEPTi(O;) and TPPTi(O,) differ by 240 mV (Table XVI).
This difference is close to that observed for a ring reduction
in OEP and TPP complexes.?® It thus appears that the
peroxide group feels the electronic effects of the macrocycle
substituents. One can speculate that these electronic effects
are transmitted through the interaction of a ring e,(*) orbital
and the peroxide 3o,* orbital.
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Conclusion

Peroxotitanium(IV) porphyrin complexes provide un-
equivocal evidence that coordination of a dioxygen group in
an edge-bound fashion to a metalloporphyrin is possible. In
these compounds, a preferred conformation in which the two
oxygen atoms eclipse two opposite nitrogen atoms of the
porphyrin is adopted in the solid stateé as well as in solution.
In the latter case, however; the peroxide ligand undergoes
ready exchange between the two possible preferred sites. The
coordinated peroxide group exhibits two remarkable properties:
it can be reduced to the lowest oxidation state of oxygen
O(-II), and it feels the electronic effects of the macrocycle
substituents. Such properties may have important implications
for the biologically occurring iron porphyrin complexes if iron
peroxide complexes exist in some hemoproteins. We are
currently investigating the reactivity of PTi(O,) complexes to
test possible analogies with the oxygenases. We are also trying
to find new synthetic routes to PTi(O,) using dioxygen rather
than hydrogen peroxide.*
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