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The syntheses of oxotitanium(1V) meso-tetrakis(2,3,4,5,6- tion. The reaction of oxotitanium porphyrinates with aqueous 
pentafluoropheny1)porphyrinate O=Ti(TPPF20) ( l ) ,  oxotitani- hydrogen peroxide leads to the corresponding light-sensitive 
um(1V) meso-tetrakis(2,6-difluorophenyl)porphyrinate O=Ti- peroxotitaniurn(1V) complexes: Ti(02)(TPPF20) ( 2 ) ,  Ti(0,)- 
(PPF8)  (3), and oxotitaniuIn(1V) meso-tetrakis(2,6-dichloro- (TPPF8) (4), Tl(O2)(TPPC18) (6). All complexes are efficient 
pheny1)porphyrinate O=Ti(TPPC18) (5) from titanium tetra- and stable photosensitizers for the generation of singlet oxy- 
chloride and the corresponding porphine are described. The gen. 
structure of 1 was determined by single-crystal X-ray diffrac- 

The activation of oxygen and hydrogen peroxide for the 
production of oxygenated hydrocarbons is of current inter- 
est"]. We are interested in determining the catalytic proper- 
ties of titanium porphyrinates for the production of fine 
chemicals. 

Since the preparation of O=Ti(meso-DME) in 1968 by 
Tsutsui[2>3] the syntheses of several titanyl porphyrinates 
were reported starting from titanyl acetylacet~ne[~I, titano- 
cene dichl~ride[~.~I or titanium tetrachloride['**]. These air- 
stable compounds are the starting material for the synthesis 
of dihalogeno, sulfo, seleno, or organoimido titanium(1V) 
porphyrinate~[~.l~? and low-valent titanium porphyrinate 
complexes as Only few stereochemical data of the 
coordination sphere of titanylporphyrinates are 
The X-ray crystal structures of O=Ti(OEP) and O=Ti- 
(OEPMe2) were rep~r ted[ '~ . '~ ] .  The complex O=Ti(TPP) 
was studied by EXAFS[16,17]. 

In this paper we report on the synthesis, structural 
characterization. and photocatalytic properties of some 
fluorinated and chlorinated oxotitanium meso-tetraarylpor- 
phyrinates and their conversion to the corresponding per- 
0x0 complexes. 

Syntheses and Characterization of Oxotitanium 
Porphyrinates 

As illustrated in equation (1) the treatment of H,(P) with 
an excess of TiCl, results in the formation of the oxotitan- 
ium complexes O=Ti(P) 1, 3, and 5 in a two-step one-pot 
procedure. After refluxing in toluene for 28 hours and acid 
hydrolysis an overall yield of 82-90% based on the free 

porphyrin was obtained. To avoid undesired reactions at the 
perfluorinated phenyl groups toluene was chosen as inert 
solvent instead of a DMF/pyridine mixture[14]. Only 
O=Ti(TPPFS) 3 is mentioned in the literature but without 
any details of its preparation or characterization[ls1. 
Scheme 1. Reaction conditions and yields 

a,b 
Tic& + H2(P) - O=Ti(P) 

O=Ti(P) + H202 + Ti(02)(P) 

(1) 

(2) 
C 

a) Toluene, argon, 28 h reflux. - b) H20/HC1. - c) CH2Cl2, 4 h; 
O=Ti(TPPF20) 1 (90%), Ti(02)(TPPF20) 2 (8.5%), O=Ti(TPPF8) 3 
(92'%), Ti(02)(TPPF8) 4 (85%), o=Ti(TPPcl8) 5 (81%), 
Ti(02)(TPPC18) 6 (85%)). 

As reported earlier[14,19,201 the reaction of titanium por- 
phyrinates with an excess of hydrogen peroxide (30% in 
water) yields peroxotitanium(1V) porphyrinates[211. Equa- 
tion (2) shows the syntheses of the light-sensitive new com- 
plcxes Ti(02)(P) 2, 4, and 6. The yield is 85-92%. Visible 
light has to be excluded during the preparation and purifi- 
cation procedure. Especially in solution decomposition to 
1, 3 or 5 takes place. 

The 'H-NMR spectra confirm the expected diamagne- 
tism of 1-6. The j3-pyrrole resonances appear as sharp sin- 
glets between 6 = 9.23 and 8.95 (1, 3, 5) or 6 = 9.16 and 
8.85 (2,4,6). These chemical shifts are very similar to those 
of the unsubstituted complexes O=Ti(TPP) (6 = 9.24) and 
Ti(02)(TPP) (6 = 9.16). The presence of the oxotitanium 
and peroxotitanium group causes the nonequivalence of or- 
tho and meta hydrogen atoms (fluorine atoms) on the 
phenyl rings. This indicates a rotation barrier of the phenyl 
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ring. The differences in the chemical shifts of fluorines are 
small between oxotitanium and peroxotitanium complexes. 

The oxotitanium moiety causes an intense absorption in 
the infrared spectrum between 945 and 984 cn-l .  The per- 
oxotitanium group shows three absorptions around 904 
(0-0 stretching mode), 645 and 612 cm-’ (symmetric and 
asymmetric Ti-0 stretchmg modes). The UV-Vis spectra 
are very similar to the very intense Soret band between 41 5 
and 421 nm and three to four Q bands around 545 nm. 
The SIMS spectra show the incorporation of the 0x0- and 
peroxotitanium group into the macrocycle. Mainly the ejec- 
tion of one or two oxygen atoms is observed. 

Crystal Structure of 1 

The 0x0 complex O=Ti(TPPF20) 1 crystallizes in the 
monoclinic space group P21/c with four molecules in the 
unit cell. The titanium atom is pentacoordinated by the 
oxygen atom and the four nitrogen atoms (Figure 1). The 
point group symmetry of this coordination polyhedron is 
C4, with nearly planarity of the porphyrin core. The di- 
hedral angle between the nitrogen plane and the phenyl 
rings varies from50 to 90 deg. The titanium-oxygen dis- 
tance is 1.616(3) A and the average titanium-nitrogen dis- 
tance 2.098(3) k 0.013 A. The titanium atom lies 0.527(1) 
A above the plane defined by the four nitrogen atoms and 
0.586(1) A above the mean plane of the porphine skeleton. 
This structure is close to the structure of O=Ti(OEP)[’41. 
Compared to the unsubstituted O=Ti(TPP) the introduc- 
tion of fluorine atoms into the phenyl groups has no signifi- 
cant influence on the coordination polyhedron of titanium 
and on the bond lengths between titanium and oxygen or 
nitrogen. 

Figure 1. PLATON[321 view of 1. The vibrational ellipsoids are 
drawn at the 50% probability level 

F43 

Selected bond lengths [A]: Ti-0 1.616(3), Ti-NI 2.105(3), Ti-N2 
2.102(3), Ti-N3 2.085(3), Ti-N4 2.098(3). Selected bond angles 
[deg]: 0-Ti-N, 106.4(1), O-Ti-NZ 105.4(1), 0-Ti-N3 l02.1(1), 
0-Ti-Nd 104.3(1), N1-Ti-N2 86.5(1), NI-Ti-N3 151.5(1), 
NI-Ti-Nd 86.1(1 N2-Ti-N3 85.7(1), N2-Ti-N4 150.3(1), 
N3-Ti-N4 87.3(1)b31. 

Reactions of Oxotitanium Porphyrinates 

In the presence of oxygen all complexes 1-6 are efficient 
sensitizers for the photooxygenation of cyclic olefins. Cyclo- 
hexene and cis-cyclooctene were converted into the corre- 
sponding ally1 hydroperoxide (“Schenck en 
and small amounts of enol, enone, or epoxide. In the pres- 
ence of DABCO no reaction takes place. This confirmes the 
existence of singlet oxygen. The stability of these titanium 
porphyrinates against oxidative degradation during the ir- 
radiation is considerably higher than in the case of 
O=Ti(TPP). Especially the fluorinated porphyrins are most 
effective. The perfluorinated complex 1 is more labile than 
3. This may be attributed to the sensitivity of 1 to nucleo- 
philic attack on the phenyl group through the oxidation 
products. The generation of superoxide is also possible[23]. 

The production of singlet oxygen during the irradiation 
of peroxotitanium(1V) porphyrinates was suggested by sev- 
eral Recently, the formation of oxotitanium 
meso-tetraphenyl N-oxide was observed during the photoly- 
sis of peroxotitanium me~o-tetraphenylporphyrinate[~~I. 
This behavior suggests the possibility of the photoactivation 
of hydrogen peroxide or hydroperoxides according to Fig- 
ure 2. But the irradiation of cyclohexene in the presence 
of H202 (30%) and the complexes 1, 3, or 5 dissolved in 
dichloromethane leads to a rapid degradation of the cata- 
lysts. Only small amounts of oxygenated products could be 
detected by GC. 

Figure 2. Photocatalytic activation of hydrogen peroxide 

Experimental 
The NMR spectra were recorded with a Bruker AC300 spec- 

trometer. Chemical shifts ( 6 )  for the ‘H-NMR spectrum (300 MHz) 
are reported relative to residual protons in deuterated chloroform 
or dichloromethane and the ”F-NMR spectra (282 MHz) relative 
to trifluoroinethane as external standard. - The IR spectra were 
measured with a Nicolet 5101P spectrometer in a KBr matrix. - 
The W-Vis spectra were recorded with the Perkin-Elmer Lambda 
14 spectrometey. - The Finnigan MAT 95 served for the detection 
of the SIMS spectra (Cs*, 20 kV, mixture of dithioerythrol/dithio- 
threithol as matrix)[26]. - Titanium tetrachloride (Fluka) was dis- 
tilled under argon before use. Hydrogen peroxide (30%, Merck) 
was used as purchased. The porphine H2TPPF20 was synthesized 
from 2,3,4,5,6-pentafluorobenzaldehyde and pyrrole in the pres- 
ence of boron trifluoride-diethyl ether and subsequent oxidation 
with p-chloranil or 2,3-dichloro-5,6-dicyanobenzoquinone accord- 
ing to a procedure published by Volz et al.[271. By a similar pro- 
cedure H,TPPF,[**] and H2TPPCI,[zy] can be obtained. 

Synthesis of Oxotitunium Porphyrinates: To a refluxing solution 
of the porphine (0.15 mmol) in 200 ml dry toluene TIC4 (1.9 ml) 
was added dropwise with stirring under argon. The reaction mix- 
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ture was heated for 28 hours and hydrolyzed by adding chloroform 
(250 ml) and diluted HCI (200 ml) after cooling to room temp. The 
color of the solution changed from deep green to red. The aqueous 
layer was extracted several times with chloroform. The combined 
organic phases were washed with water, satd. NaHC03 solution, 
and again with water. The solvent was evaporated in vacuo to af- 
ford a solid which was chromatographed on silica gel with dichloro- 
methane as solvent. Traces of unreacted porphine were eluted first 
as a deep purple band. The compounds show in solution a purple 
red color. After evaporation of the solvent and drying deep red 
crystals were obtained in 81 to 90% yield. 

O=Ti(TPPF20) (1): Yield 90%; Rf (CH2CI2) = 0.56. - 'H NMR 
(CDC13): 6 = 9.23 (s ,  Hpymole). - I9F NMR (CDC13): 6 = -135.0 
(d, J =  20.9 HZ, Fortho), -137.0 (d, J =  20.3 Hz, Fortho), -150.6 
(t, J = 21.4 Hz,Fpar,), -160.7 (m, Fmet& -161.3 (m, F,,,,). - IR 
(KBr): 0 = 945 (vTiO) cm-'. - UV-Vis (CH,C12): A,,, (log E) = 
393 sh (4.71), 416 (5.65), 504 (3.43, 545 (4.34), 580 (3.86), 639 
(3.08) nm. - SIMS m/z (%): 1037 (100) [M(47Ti) + HI, 1020 (17) 
[M(47Ti) - 01. - CUH8FZON40Ti (1036.44 g/mol) calcd. C 50.99, 
H 0.78, N 5.40; found C 51.30, H 1.04, N 5.22. 

O=Ti(TPPF8) (3): Yield 92%; Rf (CH2C12) = 0.25. - 'H NMR 

4H,,,), 7.49 (t, J =  8.3 Hz, 4Hmet,), 7.36 (t, J = 8.3 Hz, 4Hmet3. 

- IR (KBr): P = 977 sst (vT,,-J cn-'. - UV-Vis (CH,CI,): A,,, 
(log E) = 396 sh (4.75),417 (5.70), 501 (3.67), 547 (4.46), 581 (3.67) 
nm. - SIMS m/z (%): 821 (100) [M(47Ti) + HI, 804 (10) [M(47Ti) 
- 01. - C4HZOF8N40Ti (820.55 g/mol) calcd. C 64.40, H 2.46, N 
6.83; found C 64.45, H 2.55, N 6.59. 

O=Ti(TPPC18) 5: Yield 81 YO; Rf (CH2CI2) = 0.23. - 'H-NMR 
(CDzC12): 6 = 9.02 (s, ~ H P ~ , , ~ , ) ,  7.96 (m, 4H,,,), 7.82 (m, 
8HmeIa). - IR (KBr): 5 = 984 m ( ~ T i o )  cm-'. - LJV-Vis (CHZC12): 
A,,, (log c) = 402 sh (4.71), 422 (5.79, 510 (3.40), 552 (4.49, 587 
(3.50), 638 (3.28) nm. - SlMS mlz ('YO): 953 (100) [M(47Ti)]. - 
C M H ~ ~ C I ~ N ~ O T ~  (952.19 glmol) calcd. C 55.45, H 2.12, N 5.88; 
found C 54.42, H 1.94, N 5.72. 

(CDCl,): F = 9.17 (s, 8Hpymole), 7.83 (tt, J = 8.3 Hd2.2 Hz? 

- I9F NMR (CDC13): 6 = -106.7 (s, 4Fortho), -108.75 (s, 4Fortho). 

Synthesis of'Peroxotitanium Porphylyuinates: During all procedures 
visible light had to be excluded. A solution of 1 (0.10 mmol) and 
H202 (30'36, 0.25 g) in dichloromethane (1 5 ml) was stirred during 
4 hours. The organic layer was treated several times with water 
until no peroxide could be detected (KI). The solution was dried 
with Na2S04. concentrated and the residue was chromatographed 
on silica gel with dichloromethane. The peroxo compounds were 
eluted as a red fraction. After evaporation of the solvent from the 
elvate and drying of the residue red crystals (85-92%) were ob- 
tained. 

Ti(02)(TPPF20) (2): Yield 85%; Rf (CH2Cl2) = 0.70. - 'H NMR 
(CDCl?): F = 9.15 (s, Hpyrrole). - I9F NMR (CDC13): 6 = -135.4 
(d, J =  18.9 Hz, 4F,,,,,), -137.1 (d, J =  21.4 Hz, 4F0,h0), -150.5 
(t, J = 20.2 Hz, 4Fp,,,), -160.6 (m, 4Fmet,), -161.1 (m, 4Fm,,). 
- UV-Vis (CH,CI,): L,,, (log E) = 393 sh (4.25), 415 (5.47). 538 
(3.82), 542 (4.20), 570 (3.97) nm. - IR (KBr): S = 903 (vOO), 763, 
642 (VT~O?), 612 (VT~OJ cm-'. - SIMS: m/z (96): 1052 (18) 
[M(47Ti)], 1036 (100) [M(47Ti) - 01, 1020 (11) [M(47Ti) - O,]. - 
C44H8FZON402Ti (1052.44 g/mol) calcd. C 50.12, H 0.76, N 5.31; 
found C 51.04, H 1.05, N 5.10. 

Ti(O*)(TPPFs) (4): Yield 85%; Rr (CH2CI2) = 0.52. - 'H NMR 
(CDC13): F = 9.10 (s, 8Hmm0ie), 7.82 (m, 4HPaJ, 7.44 (tr, J = 8.3 

6 = - 107.05 (s, 4Fortho), - 108.82 (s, 4Forth0). - IR (KBr): 0 = 904 
m (~00). 642 w ( v ~ i . ~ ? ) ,  614 w ( \ . r i . ~ J  cm-'. - UV-Vis (CH2C12): 

(3.69) nm. - SIMS m/z (YO): 835 (3.1) [M(47Ti)], 821 (100) [M(47Ti) 

HZ. 4Hmc,,), 7.35 (t, J = 8.3 Hz, 4H,Vd). - I9F NMR (CDC139: 

hmax (log E) = 396 sh (4.52), 417 (5.44), 531 (3.83), 543 (4.16), 569 

- 01. - C44HZ,lF8N402Ti (836.55 g/mol) calcd. C 63.17, H 2.41, 
N 6.70; found C 63.23, H 2.36, N 6.68. 

Ti(O2)(TPPCl8) (6): Yield 85%; Rf (CH2C12) = 0.61. - 'H NMR 

7.82 (m, 8Hmct,). - IR (KBr): 0 = 904 m (vOO), 650 w (VTiOz), 610 
w (vT102) cm-'. - UV-Vis (CH2Cl-J: h,,, (log E) = 400 sh (4.34), 
421 (5.31), 534 sh (3.70), 548 (4.30), 575 (3.58) nm. - SIMS m/z 
(%): 969 (42.2) [M(47Ti) + HI, 951 (100) [M(47Ti) - 01. - 
C44H20C18N402Ti (96.19 g/mol) calcd. C 54.58, H 2.08, N 5.79; 
found C 52.90, H 2.10, N 5.54. 

Cvystullograpkic Data Collection: Single crytals of 1 were ob- 
tained from dichloromethane, ethanol, or acetone. Single crystals 
generated from the former solvent suffers from rapid loss of cla- 
thrated dichloromethane whereas those obtained from the latter 
two solvents are sufficiently stable for an X-ray data collection. 
From ethanol the product crystallizes in the space group P2]/n with 
t,he approxiniate lattice constants a = 13.04, b = 12.52, c = 13.61 
A and p = 114.5 deg. The molecules are disordered around i 
center; no complete intensity data collection and no precise cell 
determination were performed. Crystals from acetone clathering 
the solvent in a 1 : 1 molar ratio belong to the space group P2,lc. 

Crystal Datn: C4,HI4FZON4O2Ti: M = 1094.53 g mol-I, mono- 
clinic P2Jc, a = 14.059(3), bo= 11.517(4), c = 26.78(1) A, a = 
102.07(3) deg., V = !240(3) A3, 2 = 4, dcdcd. = 1.714 g cmP3, 
h(Cu-K,) = 0.54184 A, p = 29.60 cm-', F(000) = 2168, T = 20OC. 
- Dutu Collection and Processing: CAD4 diffractometer, omega 
mode, graphite-monochromated Cu-K, radiation; 12267 reflections 
measured (5.0 < Q < 70.0 deg) in the +h f k  21 hemisphere. 5443 
unique reflections with I > 1.0 o(JI which were used for further 
computations. The data were corrected for anisotropic decay. An 
empirical absorption correction based on psi-scans was 
(min. transmission 0.77, max. transmission 1 .OO). 

(CH2C12): 6 = 8.95 (s, 8 HPyrroJ, 7.92 (dd, J = 7 Hd2 Hz, 4Hpdra), 

Structure Determination: The structure was solved by direct 
methods. Full-matrix least-squares refinement was carried out with 
anisotropic thermal parameters for all non-hydrogen atoms. Hydro- 
gen atoms were calculated in idealized positions with isotropic ther- 
mal parameters of B(H) = 1.3 B(C) and allowed to ride on their 
C atoms. Refinement converged with 668 parameters by using a 
statistical weighing scheme w = l/[d(FO)] at values of R = 0.059 
and Rw = 0.063 with a goodness-of-fit of 1.194. A coefficient for 
secondary extinction was included and refined to 0.51 1 Cal- 
culations were performed by using the SDP system of programd3'1. 

CAS Registry No.: H2TPPC18 [37083-37-73; H2TPPF8 [ 104322- 
39-61; H2TPPFZo [25440-14-61; O=TiTPPF8 [I 19889-96-21; TiCI4 
[7550-45-01; H202 [7722-84-11; 0, [7782-44-71; cyclohexene [110-83- 
81; cis-cyclooctene [93 1-87-31. 
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