
FULL PAPER 

Synthetic Methodology Allowing the Interconversion of Titanium - Oxygen 
Single Bonds and Double Bonds: The Self-Assembly of Bridging and Terminal 
Oxotitanium(rv) into Oligomeric and Polymeric Linear Titanoxanes 
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Abstract: The controlled ionization of the 
linear [CI-Ti-0-Ti-CI] skeleton al- 
lowed the generation of the [CI-Ti- 
O=Ti] + dimer, which is nonsymmetrical 
as a consequence of extended CI-Ti-0 x 
interactions. The [Ti=O] unit thus formed 
is a building block for a variety of titanox- 
ane structures. This chemistry has been 
investigated from a theoretical point of 
view by ab initio MO analysis of the [Cl- 
Ti-0 -Ti-CI] and [CI-Ti -O=Ti]+ frag- 
ments. These calculations lead to the con- 
clusion that single ionization generates 
the [Ti=O] unit, whereas double ioniza- 
tion does not affect the pox0 bonding 
mode in [Ti-0-Ti]" or [S-Ti-0-Ti- 
S]'+ (where S is a pure o-donor ligand or 
solvent). This observation has been con- 
firmed experimentally by ionizing the fol- 
lowing model complexes: [(Cl)(acacen)- 

Ti-0-Ti(acacen)(CI)] (3) (acacen = 
N,N'-ethylenebisacetylacetoneiminato di- 
anion) and [(Cl)(salen)Ti-0-Ti(sa!en)- 
(Cl)] (4) (salen = N,N'-ethylenebissali- 
cylideneiminato dianion), where the lin- 
ear CI-Ti-0-Ti-CI unit is assured by 
the square-planar bonding mode of the 
tetradentate Schiff base ligand. The double 
ionization of 3 with AgNO, gave the con- 
ventional p-0x0 derivative [ (acacen)(q'- 
ONO,)Ti-O-Ti(acacen)(q'-ONO,)] (5). 
In contrast, the stepwise ionization of 3 
and 4 with NaBPh, in THF led to the non- 

symmetrical [Cl-Ti-O=Ti]+ intermedi- 
ates, which are the parent compounds for a 
variety of linear titanoxanes. The following 
species containing a Ti=O unit have been 
isolated from the NaBPh,-assisted ioniza- 
tion of 3: [(acacen)Ti=O-BPh,] (6) 
and [ (L)(acacen)Ti=O -Ti(acacen) -0- 
(acacen)Ti - O=Ti(acacen)(L)j2+ 2 BPh, 
(L = THF, 7; L = none, 8). The same re- 
action carried out on 4 led to [(THF)- 
(salen) Ti=O - Ti (salen) - 0 - (salen) Ti- 
(THF)I2+ 2BPh; (9) and [(L)(salen)- 
Ti=O - Ti(sa1en) - 0 - (salen)Ti - O=Ti- 
(salen)(L)]" 2BPh; (L = THF, 10; L = 
Py, 11; L = none, 12, polymeric form). A 
scheme is proposed to explain the forma- 
tion of the species derived from the single 
ionization of 3 and 4, where the origin and 
the binding properties of the [Ti=O] unit 
play a major role. 

Introduction 

In the synthetically intriguing field of titanoxanesl'l-a particu- 
larly relevant class of compound that bridges the gap between 
molecular and solid-state chemistry[21-we have been searching 
for general synthetic strategies other than the hydrolysis reac- 
tion, which is difficult to control. One of the strategies we devel- 
oped some years ago was reductive aggregation,[31 which was 
particularly appropriate in the case of electron-rich aggregates. 
For the titanium(1v)-based titanoxanes, however, hydrolytic 
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self-assembly, though uncontrolled, is usually the preferred 
m e t h ~ d . I ~ * ~ ~  Another approach-the one we shall focus on in 
this paper-involves manipulating the chemistry of the [Ti -01 
functionality. This occurs in two forms, namely, bridging [Ti-0- 
Ti]"' and terminal [Ti=O]. The latter is reactive, though quite 
rare.[6' 'I The self-assembly of the [Ti-01 unit relies on the inter- 
conversion of these two functionalities, and, consequently, on 
creating building blocks for the aggregation process. 

The present report deals with the experimental and theoreti- 
cal chemistry of the interconversion of these functionalities and 
how they self-organize into oligomeric and polymeric linear ti- 
tanoxanes. To this end, we chose the readily accessible 
[(Cl)(acacen)Ti-O-Ti(acacen)(Cl)l[sl and [(Cl)(salen)Ti-0-Ti- 
(~alen)(Cl)]'~' complexes (Scheme 1) as model compounds, 
where the bonding mode of the Schiff base forces the [CI-Ti-0- 
Ti-CI] unit to be linear. 

A preliminary consideration of the push-pull synergy"" in 
the context of the extended CI-Ti-0-Ti-CI A interaction allowed 
us to enter the area of titan~xanes'~] in a rather unconventional 
way. A preliminary communication on the subject was recently 
published.'' ' I  
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the latter is exclusively a CJ donor. The resulting complex 5 was 
characterized by standard methods. The structure was elucidat- 
ed by X-ray analysis (Fig. 1, Tables 1 and 2). and the IR spec- 
trum showed the Ti-0-Ti asymmetric stretching frequency at 
767 cm-'. 

1 salen 
Scheme 1 .  

Results 

a) Synthesis and Structure of Titanoxanes: The starting materi- 
als that we considered for the interconversion of the Ti-0 func- 
tionality and for the transformation into titanoxane aggregates 
are complexes 3 and 4. They were obtained in quantitative yield 
as red crystalline solids by reacting the corresponding titani- 
um(nr) derivatives l['l and Zfg1 with dry oxygen (Scheme 2).[*] 

The essential structural features of these starting materials are 
the linearity of the [Cl-Ti-0-Ti-Cl] skeleton and the rather short 
Ti-0 bond [1.813(1) A, 31. Strong Ti-0 stretching vibrations 
are observed in the IR spectrum at 743 and 765 cm-', associat- 
ed with 3 and 4, respectively. The starting materials 3 and 4 were 
submitted to the ionization reaction of the Ti-CI bond, with 
either AgNO, or NaBPh,; the former is a much stronger ioniz- 
ing agent than the latter. The differences in the solubility and in 
the conformation of the Schiff-base ligand influence the isola- 
tion of intermediates and the aggregation mode of the [Ti -01 
units. 

The reaction of 3 with AgNO, was carried out in refluxing 
THF, with the aim of replacing the two axial CI- ligands with 
NO; (Scheme 3). The former is a good (z and 71 donor, whereas 

[Cri(acacen)(lll-ONo2))2(r2-o)l. 5 

Scheme 3. Replacement of two axial CI' ligands with NO; ligands. 

07 

Fig. 1 .  SCHAKAL drawing of complex 5. 

Table 1 .  Selecled bond lengths (A) and angles (") for complex 5. 

T i l - 0 5  1.802(4) Ti2-05 1.802 (4) 
T i l - 0 1  1.868 (4) T i2 -03  1.879(4) 
T i l - 0 2  1.878(4) Ti2-04 1.880(4) 
Ti 1 - 0 6  2.1 36 (5) T i2 -09  2.137(5) 
T i l - N l  2.132(5) Ti2-N3 2.122(5) 
T i l - N 2  2.127(5) Ti2-N4 2.124(5) 

Ti 1-0 5-Ti 2 
N 1-Ti 1 -N 2 78.2 (2) N 3-Ti 2-N4 
02-Ti 1-N 2 86.1 (2) O4-Ti2-N4 

0 4-Ti 2-N 3 0 2-Ti 1 -N 1 162.7(2) 
0 3-Ti 2-N 4 Ol-Til-N2 162.5 (2) 

0 1-Ti 1-N 1 85.9(2) 03-Ti2-N 3 
0 1-Ti 1 -02  lOSS(2) 03-Ti2-04 
05-Ti1-06 171.9(2) 0 5-Ti 2-0 9 

169.7 (3) 
78.2(2) 
85.9(2) 

160.6(2) 
163.3 (2) 
86.2(2) 

108.0 (2) 
172.5(2) 

The [Ti(acacen)] moiety in 5 has structural parameters very 
close to those of 3181 (Table 1). The N l,N 2,O 1,02 core is pla- 
nar, the Ti1 atom is displaced from it by 0.145(1) A. The 
N 3,N4,03,04 core shows small but significant tetrahedral dis- 
tortions, Ti 2 being displaced by 0.1 68 (1) a (Table 2). Both tita- 
nium atoms are displaced towards the central 0 5  0x0 group. 
The conformation of the acacen ligand is described by the 
parameters quoted in Table 2. The 0 1 ,C 2,C 3,C 4,N 1 ,Ti 1 and 
0 4,C 31 ,C 30,C 29,N 4,Ti 2 six-membered rings are nearly pla- 
nar, while the N 2,C 9,C 10,C I 1 ,O 2,Ti 1 and 0 3,C 22,C 23, 
C 24,N 3,Ti 2 six-membered chelation rings are slightly folded 
along the N * * * 0 lines. These two pairs overlap and are almost 
parallel with a dihedral angle of 4.6(1) and 7.4(1)", respectively. 
The live-membered rings assume a 1 conformation for both 
independent acacen ligands (with respect to the coordinates of 
Table S2 in Supplementary Material). Since the space group is 
chiral, the 6,6 conformer is not present in the structure. The two 
Ti 1 - 0 6  [2.136(5) A] and Ti2-09 [2.137(5) A] distances are in 
the usual range found for terminal nitrate bonds (e.g., 2.086, 
2.059,''21 2.147 All3]). The nitrate anions are oriented to form 

Chem. Eur. J. 1996, 2, No. I 1  Q VCH Verlagsgesellschafi mbH. 069451 Weinheim, 1996 0947-6539/96/0211-1467 8 15.W+ .25/0 1467 



C. Floriani et al. FULL PAPER 
Table 2. Structural parameters within the Ti(SchifT base) moieties for complexes 5. 
6, 10. and 12. 

5 6 10 12 

Dist. from N,O, cores, 8, 
0 1  
0 2  
N1 
N 2  
Ti 1 
0 3  
0 4  
N 3  
N 4  
Ti 2 

Folding along/" [a] 
N 1 . , , 0 1  
N 2 . . . 0 2  
N 3 . . . 0 3  
N 4 . . . 0 4  

Angles between planes, ' 
Ti 1-N 1 - 0  1/Ti l - N 2 - 0 2  
Ti2-N3-03/Ti2-N4-04 
mean 0 1-C,-N1/02-C3-N2 
mean O3-C3-N3/04-C,-N4 

Torsion angles. ' 
N 1 -C-C-N 2 
N 3-C-C-N 4 

0.001 (4) 
- 0.001 (4) 
- 0.002 ( 5 )  

0.002(5) 
0.145 (1 ) 
0.030(4) 

-0.035(5) 
-0.044(5) 

0.044(5) 
0.1 68 (1) 

-0.043(4) -0.004(7) 
0.025(3) 0.004(7) 
0.057(5) 0.009(9) 

-0.057(5) -0.009(9) 
0.521 (1) 0.302(2) 

0.025(7) 
-0.025(7) 
- 0.049 (9) 

0.049 (9) 
0.081 (2) 

-0.027(6) 
0.027(6) 
0.052(7) 

-0.052(7) 
0.280(2) 
0.008 (6) 

-0.008(6) 
-0.010(6) 

O.OlO(6) 
O.llS(2) 

4.0(2) 12.1 (2) 14.1 (3) 39.5(3) 
21.4(2) 27.0(2) 27.2(3) 3.3(3) 
13.7(2) 14.9(3) 13.2(3) 
5.3(?) 3.30) 26.4(3) 

11.4(2) 42.1 (2) 23.5(3) 21.6(3) 
13.7(2) 7.1 (3) 9.2(2) 
13.9(2) 5.4(2) 17.6(4) 15.6(3) 
6.0(2) 5.6(3) 5.3(2) 

-43.0(7) 44.4(7) -35.8(14) 47.3(8) 
- 49.0(7) 43.7 (12) -46.2(7) 

Dist. from Til-N 1-N2 plane, 8, [b] 
C 8  -0.257(8) 0.557(7) -0.221(13) 0.249(9) 
c 9  0.300(7) -0.018(7) 0.268 (14) -0.402(9) 

Dist. from Ti2-N 3-N 4 plane. 8, 
C 28 -0.207(7) 0.281 (12) -0.370(9) 
C 29 0.442 (7) -0.296(12) 0.265(7) 

[a] The folding is defined as the dihedral angle between the Ti,N.O and OC,N 
planes of a six-membered chelation ring. [b] For complexes 5 and 6. C8. C9, C28. 
C29 should be read as C6. C7. C26. C27. 

dihedral angles of 58.2(2) and 59.5(2)' with the N 2 0 2  cores 
around Ti 1 and Ti 2, respectively. The key structural parameters 
of 5 relating to the Ti-0-Ti fragment [Ti-0, 1.802(4) A and 
Ti-0-Ti, 169.7(3)"] are very close to  those of 3, despite the 
difference in o- and n-donor properties of NO; and CI-. 

When a less efficient ionizing agent than AgNO, was used, 
such as NaBPh,, the chlorides were replaced in a slow, stepwise 
process. Thus, we observed a very different result. The reaction 
of 3 with NaBPh, was speeded up by refluxing the T H F  suspen- 
sion overnight. By making use of their different solubilities in 
Et20 ,  6 and 7 could be separated from the resulting solid mix- 
ture (Scheme 4). The structure of 6 is shown in Figure 2 (the 
structure of 7 can be found in the Supplementary Material, 
Figs. S 1, S 7, S 11). Selected bond lengths and angles are given 
in Table3. The Ti -0-B bridge is almost linear [Ti-03-B, 
164.6(3)"], the T i - 0 3  bond [1.682(3) A] largely retaining its 
multiple bond character. The B 1 - 0  3 distance is 1.547 (7) A. 

NaBPhf 

CI 

Fig 2 SCHAKAL drawing of complex 6 

Table 3 Selected bond lengths (A) and angles (') for complex 6 

T i l - 0 3  
B1-03  
T i l - 0 1  
T i l - 0 2  
T i l - N l  

Ti 1 - 0  3-B 1 
N 1-Ti 1-N2 
02-Ti 1-N 2 
02-Ti 1-N 1 

~~ 

1.682(3) T i l - N 2  2.093(5) 
1.547 (7) Bl-C21 1.630(7) 
1.877(4) B1 -C31 1.630(8) 
1.891 (3) B1 -C41 1.61 l(8) 
2.11 5 ( 5 )  

161.6 (3) 0 1-Ti 1-N 2 144.6(2) 
78.3(2) 0 1 - T i l - N 1  83.6(2) 
85.0(2) 0 1-Ti 1-0 2 96.8 (2) 
150.5 (2) 

The square-pyramidal coordination of titanium is probably due 
to the labilizing effect of the Ti=O unit on the trans ligand. The 
Ti-0 3 bond forms an angle of 2.5 (1)" with the perpendicular of 
the basal N 2 0 2  core, from which titanium is displaced by 
0.521 (1) A towards the 0x0 oxygen (Table 2). In square-pyra- 
midal complexes the Ti(acacen) moiety usually assumes an um- 
brella conformationr8' 14] as a consequence of the folding of the 
six-membered chelation rings along the N . . .O lines (Table 2). 
The five-membered chelation ring has a 6 conformation. Since 
the space group is centrosymmetric, both 6 and L conformers are 
present in the structure. 

Complex 7 has been fully characterized by X-ray analysis. 
The major structural characteristic, namely, the sequence of 
Ti-0 distances [1.699(7), 2.006(7), 1.810(2) A for the cen- 
trosymmetric fragment], is in agreement with the bonding 
scheme shown in Scheme4. The rather long Ti-THF bond 
trans to the Ti=O bond accounts for the ease with which T H F  
is removed in boiling D M E  to give 8. 

Although it was not easy to find the appropriate NaBPh,/Ti 
ratio, the best results were obtained with a 1 : 1 molar ratio. 
Changes in the stoichiometry did not affect the ratio between 6 
and 7 or result in products other than 6 and 7. We should 

emphasize the major difference be- 

L = THF, 7 
L = none, 8 [(acacen)Ti=OBPhj], 6 ~ ~ ( a c a c e n ~ w - ~ ~ z ~  ( 

Scheme 4. Reaction of 3 with ionizing agent NaBPh,. 

tween the ionization of the Ti-CI 
bond with AgNO, and NaBPh,: 
the former is fast for both chlorides 
of 3, while the latter occurs in a 
slow stepwise process. 

With salen as a ligand, though 
the reaction with NaBPh, proba- 
bly follows the same pathway as for 
3, differences in solubilities allowed 
different compounds to be isolated 
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I 
4 

Scheme 5 .  Ionization of salen complex 4. 

in the solid state. The ionization of 4 led to 10 as the major 
product (Scheme 5) ,  an analogue of 7, regardless of the 
NaBPhJTi molar ratio and irrespective of whether the reaction 
was carried out in THF/H,O or in THE It was also possible to 
identify a second species 9 in the solid crystalline mixture, 
formed in small but not negligible amounts. This compound is 
orange. 

The structure of 9 consists of packed trimeric cations (Fig. 3), 
BPh, anions, and disordered THF molecules of crystallization 
in the molar ratio of 1/2/6. The Ti 1-07-Ti2-08-Ti3 system is 
almost linear and has a sequence of Ti-0 bond lengths (Table 4) 
in agreement with the bonding scheme reported in Scheme 5 .  

C63A 

c14 
C: -. 

c 33 

The structure can be described as a [Ti-0-Ti]” 
cation solvated by THF and Ti=O. The two THF 
molecules are at different distances from titanium; 
the THF trans to Ti=O is significantly further 
away from the metal [T i l -09  2.362(7)A vs. 
Ti3-010 2.172(9) A]. The three independent 
N,O, cores are planar, in agreement with the hexa- 
coordination around the Ti atoms. The titanium 
atoms are displaced to differing extents depending 
on the Ti - O,,, interaction mode; the larger dis- 
placement [0.316(1) A] is observed for Ti 1 in the 
direction of the 0 7  oxygen atom (Table 5). The 
structural parameters listed in Table 5 indicate 
that the six-membered chelation rings are not pla- 
nar, except for the N 2 1 . *  0 2 six-membered chela- 
tion rings. The salen l i g a n d ~ ~ ’ ~ ~  assume a 
“stacked” conformation, with dihedral angles be- 
tween the N,C,,O moieties around Ti 1, Ti2, and 
Ti3 of 3.3(2), 10.1 (2), and 10.3(3)”, respectively. 
They are positioned in a columnar stack, in a stag- 
gered arrangement with nearly overlapping termi- 

2+ 

BpG 

Table 4. Selected bond lengths (A) and angles (”) for complex 9. 

T i l - 0 7  1.663(7) Ti2-07 1.974(7) T i3 -08  1.786(9) 
Ti2-08 1.846(9) 

T i l - 0 1  1.906(7) Ti2-03 1.843(7) Ti3-05 1.866(7) 
T i l - 0 2  1.866(7) Ti2-04 1.850(7) Ti3-06 1.857(7) 
T i l -NI  2.157(8) Ti2-N3 2.166(7) Ti3-NS 2.108(10) 
T i l -N2  2.135(7) Ti2-N4 2.153(10) Ti3-N6 2.134(10) 
T i l - 0 9  2.362(7) Ti3-010 2.172(9) 

Ti 1-07-Ti2 
N 1-Ti 1-N2 
0 2-Ti 1-N 2 
0 2-Ti 1-N 1 
0 1-Ti 1-N 2 
0 1-Ti 1-N 1 
0 1 -Ti 1-0 2 
0 7-Ti 1-09 

161.9 (4) 
75.6(3) 
83.9(3) 

154.1 (3) 
155.3 (3) 
84.7(3) 

109.8 (3) 
173.4(3) 

07-Ti2-08 167.2(3) Ti2-08-Ti3 
N3-Ti2-N4 75.9(3) N5-Ti3-N6 
04Ti2-N 4 86.0(4) 0 6-Ti 3-N 6 
04-Ti2-N3 161.3(4) O&Ti3-N5 
03-Ti2-N4 161.2(3) 05-Ti3-N 6 
03-Ti2-N3 85.4(3) 05-Ti3-NS 
03-Ti2-04 112.3(3) 05-Ti3-06 

08-Ti 3-0 10 

163.2(4) 
76.3 (4) 
84.9(3) 

159.5 (4) 
161.4(3) 
86.9(3) 

110.3(3) 
172.8 (3) 

Table 5. Structural parameters within the Ti(sa1en) units for complex 9. 

Dist. from N,O, cores, A 
0 1  0.006(9) 0 3  0.014(9) 0 5  0.001 (9) 
0 2  -0.006(9) 0 4  -0.014(9) 0 6  -0.001 (9) 
N1 -0.007(9) N3 -0.016(9) N 5  -0.001(11) 
N2 0.007(9) N4  0.016(9) N6 0.002(11) 
Ti 1 0.316(1) Ti2 0.074(3) Ti3 0.161 (2) 

Folding along/O [a] 
N 1 , . , 0 1  25.6(4) N 4 , , , 0 4  16.7(4) 
N 2 . . . 0 2  0.2(4) N 5 . . . 0 5  18.6(4) 
N 3 . . . 0 3  15.0(3) N 6 . . . 0 6  4.2(4) 

Angles between planes, 
Til-N l-Ol/Til-N2-02 24.5(4) mean 01-C3-N1/02-C3-N2 2.0(4) 
Ti2-N3-03/Ti2-N4-04 5.9(4) mean 03-C,-N3/04-C,-N4 7.6(4) 
Ti3-N5-05/Ti3-N6-06 12.7(4) mean 05-C3-N5/06-C3-N6 10.1 (4) 

Torsion angles, ’ 
Nl-C-C-N2 45.8(12) N3-C-C-N4 -46.8(10) N5-C-C-N6-35(2) 

Dist. from Ti 1-N 1-N 2 plane, A 
C8 0.089(13) C9 -0.531 (11) 

Dist. from Ti2-N 3-N4 plane. A 
C28 -0.239(11) C29 0.408(11) 

Dist. from Ti3-N4N 5 plane. A 
C48 -0.21(2) c 49 0.21 (2) 

Fig. 3. SCHAKAL drawing of the dication in complex 9. Disorder involving the 
THF molecules omitted for clarity. 

[a] The folding is defined as the dihedral angle between the Ti.N.0 and OC,N 
planes of a six-membered chelation ring. 
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nal aromatic rings. The dihedral angles between adjacent moi- 
eties are: 02,C,,N2/04,C7 ,N4 14.5(3)"; 04,C7,N4/ 
06,C7,N6 9.8(3); 01,C7,N1/03,C7,N3 9.8(2)"; 03,C7,N3/ 
0 5,C,,N 5 9.4(2)". The five-membered chelation rings assume a 
A conformation for the salen ligands around Ti 2 and Ti 3 and a 
6 conformation for the salen ligand around Ti 1 (with reference 
to the coordinates of Table S4, Supplementary Material). Since 
the space group is chiral, the ,l,6,6 conformer is not present in 
this structure. 

Samples of 9 that were left in the presence of the mother 
liquor for extended periods converted into red crystals of 10. 
The two terminal THF molecules in the tetramer can be re- 
placed by stronger donating solvents, such as pyridine in 11. The 
treatment of 10, however, with weakly binding solvents, such as 
acetone, led to the polymerization of the tetramer through the 
sharing of an oxygen from an adjacent tetramer, as shown for 
12. The most significant spectroscopic information on 5-12 in 
the solid state comes from the strong stretching vibrations in the 
800-850 cm-' region, associated with the Ti -0  bonds. The 
structures of the related compounds 10 and 12 are shown in 
Figures 4 and 5. 

The structure of 10 consists of centrosymmetric, tetrameric 
cations and BPh, anions in a molar ratio of 1 : 2. The tetramer 
(Fig. 4) contains an approximately linear Ti 1 -05-Ti 2-06- 
Ti 2'-0 5'-Ti 1' system secured by three 0x0 oxygen atoms; the 
central one (0 6) is situated on a crystallographic center of sym- 
metry. The pattern of bond lengths and angles in 10 (Table 6) 
supports the bonding scheme proposed for the tetrameric T i -0  
skeleton. The [Ti-0-Ti]' cation is solvated by two titanyl units. 

Gd 
Fig. 4. SCHAKAL drawing of the dication in complex 10. Disorder involving the 
THF molecules omitted for clarity. Prime denotes a transformation of 1 - x, -y.  
1 -z. 

Fig. 5. SCHAKAL drawing of complex 12 showing the chain of cations running 
along the I1001 axis. Prime, double prime, and triple prime denote transformations 
of 1 - x, -y.  - 2 ;  -x, -y ,  - 2 ;  and 1 - x, y, z ,  respectively. 

Table 6. Selected bond lengths (A) and angles (") for complexes 10 and 12 (X 
represents 0 7  and 0 1" for 10 and 12, respectively). 

10 12 10 I2 

T i l - 0 5  1.714(7) 1.677(5) T i l - N l  2.135(9) 2.157(7) 
Ti2-05 2.036(7) 2.040(5) Ti l -N2 2.140(10) 2.146(7) 
Ti2-06 1.822(2) 1.817(2) T i2 -03  1.873(7) 1.867(5) 
T i l - 0 1  1.893(7) 1.967(5) T i2 -04  1.860(7) 1.876(5) 
T i l - 0 2  1.897(6) 1.865(5) Ti2-N3 2.160(9) 2.143(6) 
Ti l -X 2.373 (7) 2.291 (6) Ti2-N4 2.154(9) 2.143(7) 

Ti 1-0 5-Ti 2 
Ti 2 -0  &Ti 2' 
Til-01-Til" 
N 1-Ti 1-N2 
0 2-Ti 1-N 2 
0 2-Ti I-N 1 
0 1 -Ti 1-N 2 
0 1-Ti 1-N 1 
0 1-Ti 1-0 2 

159.7(4) 
180 

74.7 (4) 
84.8(3) 

155.1 (3) 
154.9(4) 
85.3(3) 

109.6(3) 

163.0 (3) 
180 
106.0 (2) 
75.30) 
85.1 (2) 

157.5(3) 
153.3(3) 
83.2(3) 

11 1.9(2) 

0 5-Ti 1-X 
N 3-Ti 2-N 4 
04-Ti2-N4 
04-Ti2-N3 
0 3-Ti 2-N 4 
0 3-Ti 2-N 3 
0 3-Ti 2-0 4 
0 5-Ti 2-0 6 

173.1 (3) 
7 5 3 3 )  
86.1 (3) 

160.4(3) 
160.7(3) 
85.3(3) 

112.9 (3) 
172.2 (2) 

l68.0(3) 
75.7(3) 
86.3(2) 

160.9(3) 
160.7(3) 
85.8(2) 

11 1.4(2) 
167.8 (2) 

The Ti-O,, bond length [T i l -07  2.373(7) A] trans to the 
Ti 1 =O 5 double bond is quite close to the Ti - 0 9  bond length 
in 9. The geometry of the central dimeric unit (Table 2) is close 
to that found in complex 5 as far as distances, angles, and 
relative orientation of the Schiff bases are concerned. The Ti 2 
atom is displaced by 0.081 (2) A from the N3,03,N4,04 core. 
The N 3  . - - N 4  five-membered chelation ring assumes a 6 con- 
formation. The Ti 1 atom is displaced by 0.302(2) 8, from the 
N 1 ,O 1 ,N 2,O 2 core towards the 0 5 0x0 oxygen. The salen 
ligand bound to Ti1 assumes a flattened umbrella conforma- 
tion;[151 the dihedral angle between the two terminal N,C7,0 
moieties is 17.3 (2)". The N 1 . . . N 2  five-membered chelation 
ring assumes a 1 conformation, so that the conformation of the 
tetramer is 1,6,6,,l. The behavior of these oligomers was also 
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investigated in solution by means of variable-temperature 
'H NMR spectroscopy. As expected, the spectra are identical 
for 10 and 12 when they are dissolved in coordinating solvents, 
such as DMSO. A number of common features are seen for 7 
and 12. For example, coalescence of the CH, CH,, and CH, 
proton signals is observed. This is also true for the CH and CH, 
proton signals of 12. We attribute this to an inter-unit exchange 
process in which a terminal unit dissociates, and a second unit 
is attached at the other end. 

The transformation of 10 to 12 implies the replacement of the 
terminal THF molecules by the 0 1  oxygens from the Schiff 
bases of adjacent tetrameric (Fig. 5 ) .  This gives rise to 
zig-zag polymeric chains running along the [lo01 direction. 
Bond lengths and angles along the Ti 1-0  5-Ti 2-0 6-Ti 7-0 5'- 
Ti 1' system are quite close to those in 10 (Table 6). The value of 
the Ti 1 -0  1" bond length [2.291(6) A] reflects the trans influ- 
ence of the Ti 1 =O 5 double bond. Coordination around each 
titanium is pseudo-octahedral with the metals significantly dis- 
placed from the N,02  cores, by 0.280(2) towards 0 5  and by 
0.1 18 (2) 8, towards 0 6  for Ti 1 and Ti 2, respectively. The most 
significant differences between complexes 10 and 12 concern the 
structural parameters involved in the salen bridging; in particu- 
lar, a lengthening of the Ti -01  bond length (Table 6) and a 
larger folding of the N 1 . . .O 1 six-membered chelation ring 
(Table 2). With reference to the coordinates given in Table S6  
(Supplementary Material), the five-membered chelation rings 
assume a 6 and 1 conformation around Ti 1 and Ti 2, respective- 
ly. The Schiff bases in the tetramer are oriented in such a way 
that the terminal aromatic rings nearly overlap with the adjacent 
ethylene bridges; the dihedral angles are 0 1 ,C, ,N 1/04,C, .N4 
14.2(1)' and 02,C,,N2/03,C,,N3 6.0(2)". 

b) Theoretical Calculations on p o x 0  Titanium(w) Derivatives: 
Ab initio calculations were performed on the following di- 
nuclear and mononuclear model compounds, where the Schiff 
base ligand was simulated by two hydroxyl and two ammonia 
ligands, and the additional 0-donor ligands by H20 :  
[ {C~(OH) ,O\~H, )~T~}~(~Z-O)~  (13)9 [ C ~ ( ~ H ) ~ ( N H , ) Z T ~ ( ~ ~ - O ) -  

(~H)~(NH, )~T~(~Z-~)T~(NH, ) , (OH)Z(H,O)I '  (la), [{(H2O)- 
(OH)z(NH3)2Ti) h z - o ) ]  + (17) 3 [Cl(OH)2 (NH 3)2TiIt 

Ti(NH,),(OH),I+ (14), [{(0H>2(NH,)2Ti}(~,-0)I2 + ( W ,  ICl- 

and [(OH),(NH,),Ti]2t (19). Model compounds 13-17 are 
very close to the observed or postulated dinuclear species, while 
18 and 19 are the corresponding building blocks. 

All the calculations were performed at SCF closed-shell level, 
because the size of the considered molecules prevents the use of 
correlated wave-functions. However, the geometries of transi- 
tion metal complexes in high oxidation states are predicted with 
good accuracy at SCF level with valence-shell basis sets of dou- 
ble-r quality.[16' 

Calculations were performed on all complexes in their lowest 
singlet states. SCF geometry optimization of the geometrical 
parameters pertaining to the titoxane moiety and Ti-C1 dis- 
tance led to the values reported in Table 7. The calculated ge- 
ometries for complexes 13-17 can be used to discuss the 
changes in the nature of the Ti-0-Ti unit upon ionization. 

For complex 13, which is a model of 3J81 the results for the 
optimized parameters show that bond lengths predicted at the 
HF  level are in satisfactory agreement with the experimentally 
available ones.[81 The Ti -0  and the Ti-Cl bond lengths are 
overestimated by 0.04 and 0.03 A, respectively. In particular the 
Ti -0 bond length of 1.86 A confirms that it has weak n: charac- 
ter. A less satisfactory agreement is found for the Ti-0-Ti angle, 
which is calculated to be 155", while the Ti-0-Ti unit is ex- 
perimetally found to be linear in complex 3. However, we ob- 

Table 7. Optimized geometries (A and ") for species 11-17 and experimental ge- 
ometries for compounds 3.5, and 7. 

d(Ti -0) d(Ti' -0) mi ~ Cl) %Ti-O-Ti' 

13 
14 
15 
16 
17 
3 
5 
7 

1.86 
1.98 
1.84 
1.95 
1.86 
1.86 
1.81 
2.05 

1.86 
1.75 
1.84 
1.77 
1.86 
1.86 
1.81 
1.67 

2.48 155 
2.39 150 

153 
2.391 150 
- 153 
- 180 
- 169 

163 

- 

~ 

served that the potential surface for 13 vanes slowly along the 
Ti-0-Ti coordinate, so that the linear arrangement in this com- 
plex 3 could be due to steric hindrance between the acacen 
planes and to solid-state packing effects, which are not account- 
ed for in our calculations. It is also worth noting that the value 
is very close to those observed for analogous complexes with a 
Ti-0-Ti unit.['] 

The results of the geometrical optimization for complexes 14 
clearly show that this molecule is based on a titanyl unit. Indeed, 
from Table 7 we see that the Ti -0  bond lengths for ionized and 
non-ionized titanium are 1.75 and 1.98 A, respectively. This 
indicates that the bridging oxygen forms a multiple bond with 
the titanium that has lost CI- and a single bond with the titani- 
um still attached to Cl-. At the same time there is a substantial 
trans effect of the weakened Ti -0  bond on the Ti-Cl bond 
length; the axial Ti-Cl bond is calculated to be significantly 
shorter in this species than in the dichloro complex 13 (2.39 vs. 
2.48 A).  This indicates a more pronounced n: donation from C1- 
to titanium. These T i -0  bond lengths are not too far from those 
observed for 7, 9, 10, and 12, which present alternating single 
and double T i -0  bonds. 

The T i -0  bond length obtained from the optimization of the 
doubly ionized complex 15 (1.84 A) is very close to that ob- 
tained for the non-ionized complex 13 (1.86 A). This is in agree- 
ment with the experimentally reported distances for complex 5 
and shows that double ionization does not change the nature of 
the dimeric [Ti-O-TiI6+ unit. 

In order to more realistically simulate the solvated species 
actually found in solution, we repeated the calculations on the 
singly and doubly ionized model complexes 16 and 17, with one 
water molecule coordinated to the ionized titanium. The results 
give an ionic water-titanium bond, with a fairly long Ti-0 
distance of about 2.20 A, and do not show any significant differ- 
ence in the geometrical parameters pertaining to the Ti-0-Ti 
moiety compared to the corresponding values for the unsolvat- 
ed complexes 14 and 15 (Table 7). 

The results obtained for complexes 14 and 15, or for the 
corresponding solvated 16 and 17, also indicate that the key step 
for the formation of the titanyl moiety in the dimeric species is 
the charge polarization due to the asymmetric single ionization, 
rather than the ionization itself. The double ionization, in fact, 
does not lead to any relevant shortening of the Ti-0 distance. 

Discussion 

a) Formation and Properties of Titanoxanes: The self-aggrega- 
tion of the [Ti -01 functionality in oligomeric forms is the con- 
sequence of the induced ionization of the linear [Cl-Ti-0-Ti-Cl] 
skeleton imposed by the rigid square-planar coordination of the 
tetradentate Schiff base. In such a colinear skeleton, the donor 
atoms (the two terminal chlorides and the bridging 0x0 ligand) 
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are good CF and x donors. The Ti-0-Ti angle and the T i -0  
distances in 3 and 4 support the existence of a significant T i -0  
double-bond character due to the oxygen x donation. In the 
linear skeleton, however, this T i -0  x interaction is in competi- 
tion with the Ti-CI I[ interaction. Replacing the two terminal 
chlorides with purely non-x-competitive o donors (see complex 
5) does not affect the Ti-0-Ti moiety, except for some shorten- 
ing of the Ti-0-Ti bond lengths in the [O,NO-Ti-0-Ti-ONO,] 
skeleton. Replacing the two terminal chlorides by neutral 0- 

donor solvent molecules, to give the dicationic form [S-Ti-0-Ti- 
SI2+, would have the same effect, as supported by our calcula- 
tions. 

What structure would one expect if the ionization of the first 
terminal chloride occurred much faster than the second? Al- 
though we were unable to isolate the hypothetical monocation 
[CI-Ti-0-Ti]’, we expect that one of the Ti-0 bonds in the 
resulting nonsymmetric linear skeleton would be strengthened 
and the other weakened with concomitant shortening of the 
Ti-CI bond. Thus the bonding scheme could be rather naively 
depicted as [CI=Ti-O=Ti] + . An important corroboration of 
the bonding schemes in the dimers outlined above comes from 
the theoretical calculations (vide infra), while some experimen- 
tal evidence is based on the isolation of 6- 12, which contain the 
Ti=O unit. 

We shall now examine the major factors that affect the isola- 
tion of the final compound and the identification of the various 
intermediates. The structure of the Schiff base ligand mainly 
affects the solubility, which is much higher for acacen than for 
salen. Another important factor is the kinetic lability of the 
solvation sphere of titanium(lv), and the pronounced basic 
properties of the ketone-like Ti=O moiety.t61 Finally, the rate of 
ionization depends on the ionization agent used (e.g., AgNO, or 
NaBPh,). The considerations outlined above led us to suggest 
Scheme 6 as the general sequence for the rearrangements occur- 
ring in the [CI-Ti-0-Ti-CI] skeleton upon ionization. We should 
emphasize that even mild ionization conditions, such as the 

CI-[Ti]-0-[Ti]-CI -cI-ll A 

(cl-r-r-o=~l-sl 0 

CI-[Til-Ph + m] 
D E 

I J C 
+B I -Y 

IQ { S - [ T i ] - O - ~ ] - O = ~ - S  
4 

F 

{ S-[~=O-~-O-[Ti]-O=[Til-S] Q 
G 

I -2L 
t 

H 
Scheme 6. The stepwise process showing the interconversion of the T i - 0  function- 
alities and their self-assembly. [Ti] = pi(salen)]” or Fi(acacen)]’ ; Y = ([Tij- 
(3)’; S = solvent (THE py. H,O); counteranion = BPh;. 

presence of salts in a solvent or a solvent with a high dielectric 
constant, can cause the similar rearrangements of the Ti-0 
bond by ionization of the Ti - Cl bond. 

The compounds given in the results section can be related to 
those in Scheme6 as follows: A: 3 and 4; C :  5; B and D: 
unidentified; E: 6;  F: 9; G :  7,8, 10, 11; H: 12. Experimental 
evidence does not exist for B as such, though its bonding mode 
has strong support from the theoretical calculations. The key 
intermediate in our ionization process is B, which makes the 
[Ti=O] unit available. The titanyl unit plays the role of a com- 
petitive solvent towards all the cationic forms. A secondary 
reaction, namely, the alkylation of B by BPh;,[”] generates 
significant amounts of BPh,. which partially traps the titanyl 
unit as the Lewis acid-base adduct E. The titanyl unit available 
from B acts as a solvent to form F, G, and H, through a stepwise 
substitution of the solvent in the dimer C. The formation of a 
solvatid or unsolvated form of the tetramer or the appearance 
of the polymer depends only on the nature of the Schiff base, 
which is responsible for the differences in solubility, and also on 
the fact that the solvent molecule trans to the Ti=O bond is 
particularly labile. Indeed, in the structure of 9 there is a signif- 
icant difference in the two Ti-THF distances; the longer one is 
trans to the Ti=O bond. In this way, the interconversion be- 
tween solvated, unsolvated, and polymeric forms of the te- 
trameric skeleton can be explained. 

b) Bonding Mode and Molecular Orbital Analysis of p-Oxotita- 
nium(iv) Dimers: In an effort to understand the factors that 
determine the interconversion of a bridging into a terminal Ti- 
0 functionality, we performed an analysis of the frontier molec- 
ular orbitals and electronic structures of the model complexes 
13-15 and their building blocks 18 and 19. 

The titanium-oxygen bonding in the dinuclear complexes 
13- 16 may be interpreted in terms of orbital interactions be- 
tween interacting fragments, namely, an 0,- ion and the two 
species [ (OH),(NH,),Ti -C1] + or [ (OH),(NH3),Ti]2 + . The 
[Ti(NH3)2(OH),]2+ and [ClTi(NH,),(OH),]+ fragments were 
considered in a pseudo square-planar structure of C,, symmetry 
and in a pseudo square-pyramidal structure of C, symmetry, 
respectively, with the same geometries as those obtained from 
the optimization of the dinuclear complexes. Their valence MOs 
are reported in Figures 6 and 7 (left). 

The frontier orbitals of [Ti(NH,),(OH),]’+ in CZv symmetry 
consists of the five lowest unoccupied orbitals, which are mainly 
of d character and are ordered as predicted by elementary lig- 
and-field considerations:[”] 14a, (essentially dz2) is the lowest in 
energy, and 56, (dJ and 3 4  (d,J are slightly higher and almost 
degenerate, while 116, (dxy), which points towards the N, 0 
ligands, is by far the highest. When we consider the [CITi- 
(NH,),(OH),]’ complex in C, symmetry, we find similar fron- 
tier orbitals, although we have now three more valence orbitals: 
the three highest occupied MOs 23a’, 24a‘, and 14a“, which 
essentially describes the Ti-CI o bond and two weak Ti-C1 x 
bonds, respectively. 

Figure 6 shows the correlation diagram depicting the MOs for 
the two [CITi(NH,),(OH),]+ fragments interacting with the 
MOs of the bridging 0,- ligand and reproduces the energy 
levels of the [{Cl(OH),(NH3),Ti},}(p2-O)] complex that are 
most relevant to titanium- oxygen bonding. The energy levels 
for the two [ClTi(NH,),(OH),]+ fragments in Figure 6 are 
given for the separation observed in the final complex (ca. 
3.6 A). Due to extremely small interactions between the two 
fragments, these levels consist of almost degenerate symmetric 
and antisymmetric combinations of the levels for the single frag- 
ment, which, for the sake of simplicity, are not explicitly distin- 

~~ 
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Fig. 6. Molecular orbital correlation diagram for the [(CI(NH,),(OH),Ti},(p,-0)] 
complex in the ' A ,  ground state. 

guished. Figure 6 also gives the main valence orbitals of the 0'- 
ion, namely, the doubly occupied 2s  orbital and the triply de- 
generate, fully occupied 2 p  orbitals. The main bonding orbitals 
between titanium atoms and the bridging oxygen are: 1) low-ly- 
ing 216,, which corresponds to a significant overlap between the 

antisymmetric 3d,,-3 d:, 
combination of titanium 
orbitals and the 2p, orbital 
of 0, and therefore de- 
scribes the T i -0  CT bonds; 
2) 126, and 23u,, which 

Scheme 7. One of the two perpendicular correspond to slightly 
threecenter MOs involved in T i - 0  x mixed O,-px and py or- 

bitals, respectively, with the bonding in complexes 13 and 15. 

antisymmetric 3dxz-3d,, 
and 3 d,,-3 dl, combinations of titanium orbitals, and therefore 
describe two T i -0  n bonds. However, owing to the low d, 
character of these two MOs, the corresponding n contributions 
to the Ti-0 bond are weak and strongly polarized towards the 
oxygen. These orbital interactions are illustrated in Scheme 7. 
The result then is a single CT bond between the titanium and the 
bridging oxygen. with two weak n-bond contributions. These 
results reflect the difficulty the titanium triad has forming termi- 
nal 0x0 structures: the high-energy metal orbitals tend to form 
weak x bonds with oxygen of strongly polarized character; the 
resulting high charge left on the oxygen then determines the high 
tendency to bridge. 

Analogous considerations can be made for the [{(OH),- 
(NH3)2Ti}2(p2-0)]2+ complex on the basis of the correlation 
diagram of its MOs in terms of those for the two [Ti(NH3)'- 
(OH),]" fragments and the bridging 02- ion. In particular, 
there is still a low d, character of the two MOs involved in the 
Ti -0 n bonds, so that the same conclusions can be drawn on the 
nature of the Ti -0  bonds. 

A different situation is found when we consider the 
[Cl(0H),(NH3),Ti(p2-O)Ti(NH,),(OH),]+ complex. The cor- 
relation diagram of its MOs with those for the two 
[Ti(NH,),(OH),]2t fragments and the bridging 0,- ion is 
shown in Figure 7. Note that now we have two different metal 
fragments, [Ti(NH,),(OH),]' + and [ClTi(NH,),(OH),]+ ; the 
fragment orbital scheme reported on the left in Figure 7 is slight- 
ly more complicated. The energy levels for the two equidistant 
fragments observed in the final complex consist essentially of 
those for the two separate fragments. There are three main 

8 R X  

-10.0 - 

-15.0 - 

-20.0 - 

2s 

Fig. 7. Molecular orbital correlation diagram for the [CI(NH,),(OH),Ti(p,- 
O)Ti(NH,)(OH),]' complex in the 'A '  ground state. 

bonding orbitals between titanium atoms and the bridging oxy- 
gen, analogous to those observed for complex 13: 1) low-lying 
Nu' ,  which corresponds to an almost equivalent overlap be- 
tween the antisymmetric c3dZ2-c'3d:, combination of titanium 
orbitals and the 2p, orbital of 0, (the coefficients c and c' are 
almost equal so that this orbital describes two essentially equiv- 
alent T i -0  cr bonds); 2) 20u" and 41d, which correspond to 
02- px and py mixed orbitals, respectively, with the antisymmet- 
ric c3dx,-c'3d,, and c3dY,-c'3d,, combinations of titanium 
orbitals. In this case, however, the metal contribution is signifi- 
cant, but strongly polarized with the c' component of the ionized 
titanium much higher than the c component of the non-ionized 
titanium. These two or- 
bitals therefore describe a 
significant Ti-0 n-bond 
character between the oxy- 
gen and the ionized titani- 
um. These two interactions 8 1  
are illustrated in Scheme 8. 
nus, we can conclude that 
the bridging oxygen forms 
an essentially single CT bond 
with the non-ionized titanium and a bond with significant mul- 
tiple-bond character+onsisting of two equivalent n, and n, 
contributions-with the ionized titanium. 

A Mulliken population analysis helps to understand the 
bonding picture for complexes 13- 15. Table 8 lists the Mulliken 
atomic charges and a few selected populations for complexes 

Scheme 8. One of the two perpendicular 
threecenter MOs involved in Ti-0 x 
bonding in complex 14. 

Table 8. Mulliken charges and selected populations for complexes 13-15. 

13 14 15 

Ti +2.33 + 2.26 +2.43 
Ti s 6.07 6.13 5.95 
Ti d, 0.39 0.41 0.40 
Ti' +2.33 +2.36 + 2.43 
Ti' s 6.07 5.95 5.95 
Ti' d, 0.39 0.41 0.40 
0 -1.20 -1.11 -1.08 
0 P. 3.59 3.49 3.61 
CI - 0.54 -0.39 - 
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13- 15. We see that the ionization of one of the two titaniums of 
complex 13 leaves the charge on it almost unchanged, while 
there is a reduction of the charge on oxygen. This reflects the 
increased donation from the bridging oxygen to the ionized 
titanium, which leads to the larger x-bond character. It is also 
worth noting that, although the charge on the ionized titanium 
remains essentially unchanged, there is an internal redistribu- 
tion with a decrease in the s population and an increase in the 
d population. This is a consequence of the cr electron density lost 
with CI- in the ionization and d, density gained by the occupied 
px oxygen orbitals. 

Because of the reduced donation from the oxygen, we would 
expect a charge depletion on the non-ionized titanium. This is 
not seen, reflecting the increased donation from the terminal 
chloride, which shows a charge depletion. The effect of the 
single ionization of 13 can therefore be described as a shift in 
electron charge from the remaining chlorine atom to the Ti(ion- 
ized)-0 bond, which leads to the strenghtening of the Ti(ion- 
ized) -0 and Ti(non4onized) - C1 bonds and to the weakening 
of the Ti(non-ionized)-0 bond. This effect can be considered as 
an electronic interpretation of the push-pull principle and is the 
key factor that leads to the formation and the labilization of the 
titanyl moiety. 

Conclusions 

A push-pull principle has been applied to the synthesis and 
rearrangement of linear titanoxanes. The experimental and the- 
oretical data are in excellent agreement. A push-pull mecha- 
nism is observed in the linear CI-Ti-0-Ti-CI skeleton, which tries 
to achieve hexacoordination of the metal ions when one of the 
two Ti-CI bonds is ionized. The 0x0 and chloride ligands are 
in competition for x donation to the metal; thus, removal of 
one CI- results in a novel T i -0  bonding mode in the [CI-Ti- 
O=Ti]' cation. The [Ti=O] unit becomes very labile and can be 
used as a building block for the construction of oligomeric and 
polymeric titanoxanes. This is a novel methodology for produc- 
ing the fairly reactive [Ti=O] unit, which is hardly accessible 
through conventional synthetic methods. 

Experimental Section 
General Procedure: All reactions were carried out under an atmosphere of purified 
nitrogen. Solvents were dried and distilled before use by standard methods. Infrared 
spectra were recorded with a Perkin-Elmer FT 1600 spectrophotometer. 'H NMR 
spectra were measured on 200-AC and 400-DPX Bruker instruments. The starting 
materials 1 [8] and 2 191 were synthesized according to the reported procedure., while 
the synthesis of 3 [8] was slightly modified. 

Preparation of 3: A deep blue THF (1 L) solution of 1 (56.0g, 15Ommol) was 
exposed overnight to dry oxygen to give a red suspension. The mixture was then 
evaporated to dryness, and toluene (450 mL) added. The resulting suspension was 
refluxed for 2 h and cooled to room temperature. The red solid collected by filtra- 
tion (44.2 g, 94%). 3, C,,H,,C12N,0,Ti, (627.24): calcd C, 45.90; H. 5.75; N. 8.95; 
found: C. 45.82; H, 5.71; N, 8.15; 'H NMR (200 MHz, CD,CI,, 298 K): 6 = 5.18 
(s. 4H. CH), 3.71 (m, 8H. CH2). 2.04 (s, 12H. CH,). 1.89 (5, 12H. CH,); IR 
(Nujol): i =743cm-' (Ti-0).  

Preparation Of 4: A deep green THF (500 mL) solution of 2 (1 5.0 g, 34.9 mmol) was 
exposed overnight to dry oxygen. The resulting suspension was concentrated to ca. 
half its volume. and the orange solid collected by filtration (11.9 g. 87%). 4,THF- 
C,,H,,CI,N,O,Ti, (787.37): calcd C. 54.92: H, 4.61; N, 7.12; found: C, 54.25; H, 
4.72; N, 6.98; 'H NMR (200 MHz, [D,]acetone, 298 K): 6 = 8.92 (s. 4H, CH). 
7.93-7.63 (m, 16H. Ph), 4.44 (s, 8H, CH,), 3.85-3.70 (m. 4H. THF), 2.00-1.90 
(m. 4H, THF). 

Preparation of 5: AgNO, (1.10 g, 6.50 mmol) was added in one portion to a red 
THF (150mL) suspension of 3 (2.04g. 3.25 mmol). The flask was immediately 

covered with aluminum foil, stirred at room temperature for 12 h, and then refluxed 
overnight. The resulting suspension was filtered, and the brown solid extracted with 
the mother liquor to remove AgCI. This extract was concentrated to a minimum 
volume, and the precipitate then collected by filtration (1.4g, 63.5%). 5, 
C,,H,,N,O,,Ti, (680.34): cdkd C, 42.37; H. 5.33; N. 12.35; found: C. 42.73; H. 
5.33; N, 11.81. Crystals suitable for X-ray analysis were obtained by extraction with 
DME. 'HNMR (400 MHz, [D,]DMSO, 298 K): 6 = 5.45 (s, 4H, CH). 3.70-3.60 
(m. 8H, CH,), 2.13 (s, 6H. CH,), 1.91 (5, 6H. CH,). 

Prepuption of 6 and 7:  NaBPh, (1.84 g. 5.38 mmol) was added in one portion to a 
red THF (150 mL) suspension of 3 (1.69 g, 2.69 mmol). and the mixture refluxed 
overnight. The resulting suspension was filtered to give a brown solid, which was 
then extracted with the mother liquor to remove NaCI. The solvent was evaporated 
to dryness. the residue treated with Et,O (100 mL), and the resulting brown solid 
collected by filtration (1.8 g, 70%). 
7, C,,.H,,,B,N.O,,Ti, (1911.35): calcd C, 65.33; H. 6.75; N, 5.86; found: C, 
65.62; H. 6.33; N, 5.20. Crystals of 7 suitable for X-ray analysis were grown in a 
THF/dioxane mixture. 'H NMR (200 MHz, [D,]acetone, 298 K): 6 =7.55-7.45 
(m. 16H,BPh,),7.15-7.00(m, 16H.BPh,),6.98-6.88(m,8H.BPh4),5.51 (s.4H. 
CHI, 5.44 (s. 4H. CH), 4.20-3.82 (m, 16H. CH,). 3.80-3.73 (m, 8H, THF). 
2.35-2.23 (m, 24H, CH,), 2.15-2.02 (m, 24H, CH,), 1.98-1.87 (m, 8H, THF). 
'HNMR (200 MHz, [D,]DMSO. 373 K): 6 =7.25-7.18 (m, 16H. BPh,), 6.95- 
6.87 (m, 16H, BPh.). 6.81-6.73 (m. 8H. BPh,). 5.20 (s. 8H. CH). 3.63 (s, 16H. 
CH,), 2.03 (s. 24H. CH,). 1.87 (s, 24H. CH,). 
6 was obtained as yellow crystals from the Et,O mother liquor. These were suitable 
for X-ray analysis. C,,H,,BN,O,Ti (534.34): calcd C, 68.20; H, 6.30; N, 5.30; 
found: C, 68.57; H, 6.21; N, 5.79. 'HNMR (200MHz. [D,]acetone. 298K): 
6 =7.71-7.43 (m. 6H,  BPh,), 7.20-6.89 (m. 9H. BPh,), 5.43 (s, 2H. CH). 3.69- 
3.45 (m. 4H. CH,), 2.15 (s. 6H, CH,). 2.09 (s. 6H, CH,). 

Preparation of 8: A DME (1 50 mL) suspension of 7 (2.36 g. 1.25 mmol) was refluxed 
overnight. The brown solid was collected by filtration (0.88 g, 40%). 
C9,H,,,B,N,0,,Ti, (1767.13): calcd C, 65.26; H, 6.39; N, 6.34; found: C, 64.91; 
H, 6.49; N, 6.14. Crystals suitable for X-ray analysis were obtained by extraction 
with DME. 'HNMR (200 MHz, [D,]acetone, 298 K): 6 =7.55-7.42 (m, 16H. 
BPhJ.7.13-7.01 (m, 16H. BPh4),6.95-6.86(m.8H. BPh4).5.52(s,4H.CH).5.44 
(~.4H.CH),4.10-3.85 (m. 16H.CH2).  2.35-2.24(m, 24H,CH,), 2.15-2.00(m. 
24H. CH,). 

Preparation of 9 and 10: NaBPh, (1.10 g, 3.19 mmol) was added in one portion to 
an orange THF (100 mL) suspension of 4.THF (1.16 g, 1.47 mmol), and the mix- 
ture refluxed overnight. The resulting suspension was filtered, and the solid extract- 
ed with the mother liquor to remove NaCI. Filtration of these extracts gave 0.6 g of 
product. The remaining light-yellow solution was cooled to 4°C to yield a mixture 
of red (10) and light-orange (9) crystals. The orange product was extracted with 
THF (100 mL) until crystals of 10 and 9 were obtained. The extraction was then 
continued with fresh THF (100 mL) to obtain pure crystalline 10. The final quanti- 
ties obtained after the extraction were 0.45 g of 9 and 0.15 g of 10. All the crystals 
obtained were suitable for X-ray analysis. 
10. C,,,H,,,B,N.O,,Ti, (2087.40): calcd C, 69.05; H. 5.41; N, 5.37; found: C, 

CH).8.01 (~,2H,CH),8.60(~,2H,CH).7.39(s.2H,CH),7.27-7.17(m,26H,lO 
Ph +16BPh.). 7.15-7.O5(m. 8H,Ph),6.95-6.88(m, 16H. BPh4),6.82-6.77(m. 
8H. BPh,). 6.73-6.10 (m. 14H. Ph). 3.80-3.68 (m. 16H. 8CH2 +8THF). 3.64- 
3.50 (m, 8H. CH,), 1.78-1.70 (m. 8H. THF). 
9, C,,,H,8B~N,0,,Ti, (1757.22): C, 71.09; H, 5.62; N, 4.78; found: C. 69.96; H, 
5.89: N, 4.50. 'H NMR (200 MHz. [D,]DMSO, 298 K): 6 = 8.13 (s, 4H, CH). 7.58 
(5. 2H. CH). 7.50-7.05 (m, 24H. 8Ph f16BPh.J. 6.95-6.88 (m, 16H. BPh,), 
6.81-6.21 (m.24H.16Ph +8BPh,),3.96-3.90(m.4H,CH,),3.85-3.65(m.8H. 
CH,),3.62-3.50(m.8H,THF), 1.85-1.70(m,8H,THF). 

Prepuptionof 11: A pyridine suspension of 12 (1.33 g, 0.682 mmol) was heated until 
the solid dissolved. The orange solution was concentrated to half its volume. and 
n-hexane (100mL) was added. The product precipitated (1.1 g, 78%). 11, 
Cl,,Hlo,B2N,,O,,Ti, (2101.38): calcd C, 69.73; H. 5.08; N. 6.67; found: C. 70.30; 
H. 4.74; N. 6.68. 

68.00; H, 5.1 1 ; N. 5.18. 'H NMR (400 MHz, [DJDMSO. 298 K): 6 = 8.16 (s. 2 H, 

Preprratioo of 12: NaBPh, (4.0 g, 11.7 mmol) was added in one portion to a THF 
(200 mL) suspension of4.THF (4.27 g, 5.84 mmol). A red suspension was obtained. 
which was refluxed for 12 h. The solid was then filtered and extracted with the 
mother liquor to remove NaCI. The volume of this mixture was reduced to 100 mL, 
and the resulting red solid collected, dried, and suspended in acetone (200 mL). This 
suspension was then stirred at room temperature for 5 hand refluxed overnight. The 
solid was filtered off and the solution evaporated to dryness. The pale red residue 
was then treated with Et,O (150mL) to yield the product (3.8g. 67%). 
C,,,H96B2N801,Ti, (1943.18): calcd C, 69.29; H, 4.98; N, 5.77; found: C, 70.04; 
H, 4.97; N. 4.95. Crystals suitable for X-ray analysis were grown in deuterated 
acetone and contain acetone as solvent of crystallization (Ti:acetone = 2:l). 

7.55 (s. 2H. CH), 7.39 (5. 2H. CH). 7.32-7.16 (m, 26H. lOPh +16BPh,). 7.10- 
7.00(m,8H.Ph),6.94-6.90(m, 16H, BPh,), 6.80-6.77 (m, 8H, BPh4),6.74-6.O8 

'H NMR (400 MHz, [D,]DMSO. 298 K): 6 = 8.14 (s. 2H. CH). 8.01 (s. 2H, CH). 

~ 
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Linear Titanoxanes 1466- 1476 

Table 9. Experimental data for the X-ray diffraction studies on crystalline compounds 5.6,9,  10. and 12. 

5 6 9 10 12 
~~ ~~ ~~ ~~ ~~~~ 

formula C24H36N601 lTi, C30H,,BN,0,Ti Cst.Hs8Ne.OioTi3’ C7,H,,N8013Ti,~ C a H 5 6 N 8 0 t  

a (A) 14.966(5) 11.202(2) 33.031 (5) 11.121(2) 13.816(3) 
b (A) 16.158(5) 16.656(2) 15.883(3) 26.549(4) 16.61 1 (6) 
c (A) 12.767(6) 15.687(2) 22.471 (4) 17.729 (2) 22.262 (4) 
1. Y (7 90 90 90 90 90 
B (? 90 102.94(1) 90 %.52(1) 101.47(2) 
V (A’) 3087(2) 2852.6 (7) 11789(4) 5200.7 (1 4) 5007(2) 
z 4 4 4 2 2 
M ,  680.4 528.3 2189.9 2087.5 2071.5 
space group P2,2,2, (no. 19) P?,ir (no. 14) Pna2, (no. 33) P2,/r (no. 14) P 2 J n  (no. 14) 
T (“C) 22 22 - 138 22 - 150 
J. (A) 0.71069 1.541 78 1.54178 1.54178 1.54178 
PC.1.d (gem-') 1.464 1.230 1.234 1.333 1.374 
P (cm-l) 5.73 27.90 22.03 30.68 31.80 
transm. coeff. 0.908 - 1 ,000 0.964-1.000 0.781 -1.000 0.745 - 1 ,000 0.642 - 1 .000 
unique total data 5449 5316 (NO) 10595 (NO) 9713 (NO) 9777 
criterion for obs. I> 2 4 1 )  I>2u(I) I > 2 a ( I )  I > h ( I )  I> 2u(I) 
unique obs. data 3411 (NO) 1929 5379 2838 4474 (NO) 
R [a1 0.044 [0.045] 0.052 0.071 [0.071] 0.079 0.067 
wR2 [b] 0.115 [0.153] 0.203 0.247 [0.248] 0.234 0.174 
GOF [c] 1.034 0.971 1.01 1 1.068 1.109 

2C,,H,,B.6C,H80 2CuHzoB 2C,,H,.B.2C,D60 

[a] Values in square brackets refer to the “inverted structure“. R = ~ I A F I E I ~ I  calculated for the unique observed reflections. [b] w R ~  = ~ W ~ A F ~ I ~ ~ W I ~ I ~ ] ” ~  calculated 
for the unique total data for 6. 9, 10 and for the unique observed data for 5. 12. [c] GOF = Ew(AFZIz/(NO - NV)]”’. 

(m. 14H. Ph). 3.77-3.72 (m. 8H. CH,). 3.62-3.56 (m. 8H. CH,). ‘HNMR 
(200MHz. (D,]DMSO. 398 K): 13 =7.83 (s, 8H. CH). 7.29-7.16 (m, 28H. 
12Ph +16BPh,). 6.96-6.88 (m. 24H. 16Ph +8BPh,). 6.82-6.75 (m. 8H. BPh,). 
6.65-6.57 (m. 6H. Ph). 6.37-6.33 (m. 6H. Ph). 3.74 (s. 16H. CH,). 

X-Ray crystdograpby for complexes 5, 6, 9, 10, and 12. Suitable crystals were 
mounted in glass capillaries and sealed under nitrogen. The reduced cells were 
obtained by using TRACER [19]. Crystal data and details associated with data 
collection are given in Tables 9 and S 1 (Supplementary Material). All the data were 
collected on a Rigaku AFC6S single-crystal dirractometer at 295 K for complexes 
5.6. and 10, and at 135 K for 9. and at 123 K for I f .  For intensities and background 
the individual reflection profiles were analyzed [ZO]. The structure amplitudes were 
obtained after the usual Lorentz and polarization corrections 1211. and the absolute 
scale was established by the Wilson method [22]. The crystal quality was tested by 
$ scans showing that crystal absorption effects could not be neglected. Data were 
then corrected for absorption using a semiempirical method for all complexes 1231. 
The function minimized during the least-squares refinement was I w ( A F 2 ) ’ .  
Anomalous scattering corrections were included in all structure factor calculations 
[24b]. Scattering factors for neutral atoms were taken from ref. [24a] for non-hydro- 
gen atoms and from ref. 1251 for H. Structure solutions were based on the observed 
reflections [I>Zu(I)]. The refinements were carried out with SHELXL92 (261 with 
the unique observed reflections for complexes 5 and 12, and the unique total reflec- 
tions for complexes 6,9, and 10. 
The structures were solved by the heavy-atom method staning from a three-dimen- 
sional Patterson map for 5, 6. 9. and 10 by using SHELX76 I271 and by direct 
methods for 12 by using SHELX86 [28]. Refinements were carried out by full-ma- 
trix least-squares first isolropically, then anisotropically for all the non-H atoms, 
except for the disordered atoms. Some atoms of coordinated THF molecules in 
complexes 9 and 10 were affected by high thermal parameters indicating the pres- 
ence of disorder. This was solved by splitting the atoms over two positions (A and 
B) isotropically refined with site occupation factors of 0.5. I n  complex 9 the same 
kind of disorder affected also the six independent THF molecules ofcrystallization. 
In complex 12 the acetone solvent molecule of crystallization was found to be 
affected by disorder. The best fit was obtained by considering the molecule to be 
statistically distributed over three positions (A, 8. and C) tsotropically refined with 
the site occupation factors of 0.85 for C81. C83A. 0.7 for 07A.  C82A. 0.3 for 
C 82B. C 83B. and 0.15 for 07C. C 848. All hydrogen atoms. except those associat- 
ed to the disordered carbon atoms. that were ignored, were located from difference 
Fourier maps and introduced in the subsequent refinements as fixed-atom contribu- 
tions with isotropic Us fixed at 0.08 for 5. 6.  9, 12 and 0.10 A’ for 10. In the last 
stage of refinement the weighting scheme H’ = l/[u’(F:) (with P = (F: + 
?F:)/3 and a = 0.0802. 0.0869, 0.1540. 0.0ooO. and 0.1010 for 5, 6. 9. 10. and 12, 
respectively) was applied. During the refinement of complex 9 the C - 0  and C-C 
bond lengths within the disordered THF molecules were constrained to be 1.48(1) 
and 1.54(1) A. respectively. The final difference maps showed no unusual feature. 
with no significant peak above the general background. 
The crystal chirality of complexes 5 and 9. which crystallize in polar space groups. 
was tested by inverting all the coordinates (x, y. : - -.r. -J. -:) and refining 
to convergence again. The resulting R values quoted in Table9 in square 
brackets indicated that the original choice should be considered the correct one. 

Final atomic coordinates are listed in the Supplementary Material in Tables S2-S 7 
for non-H atoms and in Tables S8-S 13 for hydrogens. Thermal parameters are 
given in Tables S 14-S 19. bond lengths and angles in Tables S 20-S 25. 
Crystallographic data (excluding structure factors) for the structures reported in this 
paper have been deposited with the Cambridge Crystallographic Data Centre as 
supplementary publication no. CCDC-1220-32. Copies of the data can be obtained 
free ofcharge on application to The Director, CCDC, 12 Union Road, Cambridge 
CB21EZ. UK (Fax: Int. code +(1223)336-033; e-mail: teched@chem- 
crys.cam.ac.uk). 

Colllpltational Details 
a) Basis ser: The s.p basis for titanium was taken from the (12s6p4d) set of ref. [29] 
with the addition of two basis functions to describe the 4 p  orbital (301 and the 
deletion of the outermost s function. whik thc Ti d basis was the nopt imiid (5d) 
set of ref. (311. contracted (4/1). This leads to an (lls8pSd) primitive basis for 
titanium. contracted (8s6p2d). A split valence expansion was used for all the other 
ligand atoms. with a (1 ls7p/6s4p) basis for chlorine [32] and a (9?.5p/3sZp)contrac- 
tion for nitrogen and oxygen 1311, while a (3~11s) minimal basis was used for hydro- 
gen [31]. 

hl Methods: All the calculations were performed at SCF level. The LCAO-SCF- 
MO scheme was employed both to derive ground state energies and wave functions 
for all the investigated structures and to perform the various geometry optimiza- 
tions and transition state calculations. All computations were performed by using 
the G A M E S  program package 1331. implemented on IBM RS 6ooo workstations. 

r )  Geomerry aidgeometry oprimixrion: In the model used for the calculations, the 
Schiff base ligands were simulated with two OH- and two NH3 ligands, with the 
N,O, core fixed to lie in a plane also containing the titanium atom. In all the 
complexes the T i - 0  or Ti-CI directions were fixed perpendicular to the N,O, 
co-ordination plane. We optimized only the geometrical parameters pertaining to 
the Ti-0-Ti moiety. i.e., T i -0  bond lengths. the Ti-0-Ti angle, and the Ti-CI bond 
length. All other parameters were fixed to the experimental values or to values taken 
from OH-.  NH,. and H,O molecules. In the binuclear complexes the coordinate 
system were chosen so that the z axis was pointed in the Ti-Ti direction. As the 
optimized Ti-0-Ti angles differs slightly from 180’. the z axis diverges slightly from 
the T i - 0  direction. Owing to the bend in the Ti-0-Ti unit. there is a slight mixing 
of the d, and d, contributions. which is. however. small and has been neglected in 
the discussion. 
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