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Ab Initio Study of the Catalytic Reactivity of Titanosilsesquioxanes and Titanosiloxanes
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The catalytic reactivity of titanosilsesquioxanes and titanosiloxanes are investigated with ab initio electronic
structure theory including electron correlation effects. The reactions examined are the oxidation of olefins
and polymerization of ethylene. The titanium compounds are found to be promising effective catalysts for
the oxidation reactions, with the catalytic activity increasing with the number of Ti-containing substituents.
Ring and cage structures also enhance the catalytic ability of these compounds, whereas the addition of Si-
containing substituents has the opposite effect. The same Ti compounds are predicted to be less effective as
catalysts for ethylene polymerization.

Introduction (MP2) and the triple¢ plus polarization function basis sets,
TZVP, developed by WachtetsFor Ti, the Wachters Gaussian
' basis set (1¢11p,6d) contracted to [188p,3d] with some
modification was use# '3 A contracted Gaussian basis set
(13s,9p)/[6s,5p] augmented with a set ai-type functions g

Titanium compounds are well-known as effective catalysts
especially for various olefin oxidatiénand polymerization
reactions’ Recently, the results of some experimental studies

suggested that Ti-modified silicates (titanosilicates) and amor- 0.388) was used for Si, while a contracted Gaussian basis
phous silica-supported titanium exhibit efficient catalytic activity set '(13 6p)/[55,30] augmer;te d with a set a-type functions
for olefin oxidation by HO, or ROOH: Theore_'ucal cal_culat!ons_ was employed for Cefy = 0.72) and O ¢ = 1.28), and (§)/
have also been performed for these reactions, primarily with [35] with a set ofp-type function (, = 1.0) was used for H

p - . .

?heen??é(;il:: ngoggli\fgﬁg,zye(ﬁ;?égsflgrg tﬁev?):l?dtgti% fnn(])?doellesf,ins All compou_nds were _charact_erized as minir_na or trar_wsition states
are in the range of 1017 kcal/imol by calculatmg e_md diagonalizing the Hessian maitrix of energy
. o . o second derivatives. Furthermore, IRC calculations were per-
Silicates and silica contain SD—Si linkages that are also formed to verify the connection between the minima and

tr;_e backboqe of _another SSSSSS otrrc]:ompmrj]nd_s, potl)yheg_rallltransition structures for some key reactions, as specified in the
oligomeric silsesquioxanes ( ) The mechanisms by which,,ing discussion. Single-point MP2 energy calculations have

POSS are formed have been of interest to the authors for manyy oo performed to obtain more reliable energetics. Al calcula-

years>6 Recently, the structure and properties of several POSSions were : .
O : N performed with the GAME$Sand Gaussian
titanium analogues (FHPOSS) and Si/Ti-mixed POSS have electronic structure codéé.

been analyzed, with the ultimate goal of designing new
functional POSS speciéd herefore, a logical extension of these  Results and Discussion
studies is an investigation of the reactivity of the titanium

compounds. In the present work, the catalytic ability ofTi A. Oxidation of Ethylene. The mechanism of oxidation of
POSS species is investigated using ab initio electronic structure©lefins by titanium catalysts has been proposed as the following
methods. two-step reaction:

The catalytic reactions presented here are the oxidation of _ () The formation of an oxygen-donating complex, /7
ethylene and butadiene, and the polymerization of ethylene. of OOH), from the titanium compound and®, and
primary interest is the relation between the molecular structure (i) An oxygen transfer from the complex to the olefin. This
and reactivity. An additional focus is on the effect of the number Mechanism is based on a proposal by Sharpless for the Ti
of titanium atoms and silicon atoms in the Si/Ti-mixed siloxanes catalyzed epoxidation using alkyl hydroperoxides.

and POSS on their catalytic abilities. . .2 .
Ti(OR) + H,0,— Ti(y-O0H) + ROH 0]

Computational Methods - ) i .
) ) Ti(y°-O0OH) + alkene— Ti(OH) + epoxide (i)

The geometries of all molecules of interest have been fully
optimized at the restricted HartreEock (RHF) and the B3LYP ~ There has been some discussion regarding the most likely active
hybrid density functional levels of thedrysing the 6-31G(d) oxygen-donating intermediate complex generated in the first
basis sef.In addition, the geometries of smaller and some key step!2but Ti(#?>-OOR) seems to be the favored candidate. Once
systems were refined using second-order perturbation theorythis intermediate is formed, the alkene accepts an oxygen atom
from the complex, and an epoxide is formed in the second step
* Corresponding authors. as the final product.
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Figure 1. Optimized structures of some stationary points on the Figure 2. The po_tential energy profile for the first step in the oxidation
potential energy surface of the oxidation of ethene with TiH (&) of ethene with TiH(OH) and HO; at three levels of theory.

H20; in angstroms and degrees.

TiH(OH),00H + H,C, -> TiH(OH); + epoxide

To analyze the catalytic mechanism, the first step in the work (second step)

presented here was to examine the simple model compound
trihydroxytitane (TiH(OH}), as the titanium catalyst, to scan

MP2/TZVP (kcal/mol
the potential energy surface in detail. The reaction is represented M/}z’/}_g,a(* calimol)
by the following reactions: (B3LYP/6-31G*)

: T 2 TS
TiH(OH); + H,O,— TiH(OH),(y-O0H) + HOH (1) , ‘
. _ ' Y A
TiH(OH),(37°*-O0H) + H,C, — TiH(OH), + T rz00H (1’13'_3) ‘

H,C,O (epoxide) (2)

— complex .

The optimized geometries for the most important stationary
points are displayed in Figure 1, and the potential energy
surfaces for the first and second steps of the reaction mechanism
are shown in Figures 2 and 3, respectively. As the figures show,
the first step in the reaction proceeds via two intermediate
complexes and one transition state that connects the two
intermediates. In the second step, one intermediate complex has
been located, as well as the transition structure that connects
the complex and products, as confirmed by the IRC calculation.
In the complex in the second step, one OH bonds to the ethylene

; . . % TIH(OH
CC m-bond. Another complex has been located in which Ti Lo+ f;po,’éde

bonds directly to the ethylene C&bond. However, this second

.
\—

complex is slightly higher in energy than the one shown in
Figure 3, and it is not connected to the transition state. _33‘;12

In reaction 1, the two reactant molecules form the first (-44.1)
intermediate complex. Then, one hydrogen atom is transferredrigure 3. The potential energy profile for the second step in the
from H,O; to one titanol OH group in the transition structure. oxidation of ethene with TiH(OH)and HO; at three levels of theory.
Finally, the active oxygen-donating complex, TiH(QH}-

OOH) and HO are formed via the second intermediate complex. group are rather different (See Figure 1), so this is not strictly
For TiH(OH)(#?>-O0H), the two T+ O distances to the OOH an 7?2 structure. However, the difference decreases in the
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TABLE 1: Relative Energies (kcal/mol) for the Two Steps in the Oxidation of Ethylene with TiH(OH); and H,O, at Various

Levels of Theory

TiH(OH); + H,0, — TiH(OH),00H + H,0

TiH(OH);00H + H4C, — TiH(OH)s+epoxide

(Step 1) (Step 2)
R CM1 TS CMm2 P R CM TS P
B3LYP/6-31G* 0.0 —-11.4 —-2.6 —15.4 -2.7 0.0 -4.9 11.8 —45.3
MP2/6-31G*= 0.0 -13.0 —-4.7 —19.2 —4.2 0.0 —6.0 15.2 —49.3
MP2/6-31G* 0.0 -13.1 -5.1 —-19.5 —4.3 0.0 —5.4 13.9 —49.2
MP2/TZVP 0.0 —10.0 0.9 —13.5 —-1.2 0.0 —-4.0 13.7 —53.1
aMP2/6-31G* energy based on the B3LYP/6-31G* optimized geometry.

TABLE 2: The Energy (kcal/mol) of Isomer B Isomer
Relative to Isomer A Isomer of [Ti]RR'OOH at Three Levels
of Theory

TiH(OH),00H (A) energy (kcal/mol)
00 AT ) . B3LYP/  MP2/ MP2/TZVP
00 (W) titanoxanes 6-31G*  6-31G*  //B3LYP/6-31G*
o0 1 e TiH(OH);00H 0.1 0.01 0.7
(1.860)  (1.472) (=0.1p
TiH(OSiHg)(OTiHz)O0OH  —8.1 -12.7
(D3 ring)
Ts Tiz0sHsOOH —6.8 -95
""""" < (T4 cage)
0.5 o Ti40eH300H —6.7 —-9.2
0.9
©-7) 1401 aMP2/6-31G*//MP2/6-31G*.
(1.475)
TABLE 3: Energy Barriers (kcal/mol) for the Second Step
in the Oxidation of Ethylene with Various Titanoxane
Compounds, at the B3LYP/6-31G* Geometries
TiH(OH),O0H (B) energy barriers (kcal/mol)
07 titanoxanes B3LYP/6-31G* MP2/6-31G*
a1 TiH(OH),O0H 11.6 15.2
(0.1 1.880  1.491 Ti ;
(1.882) (1.473) IH(OSIH3)200H 11.8 14.8
Figure 4. Two types of isomer of TiH{OHDOH and the transition TIH(OSIH)(OTiH;)OOH 8.4 10.9
: ! . . TiH(OTiH3),00H 6.2 8.4
structure connecting them in angstroms and degrees with the relative ]
energies in kcal/mol. Ti(OSiHz);00H 145 15.8
Ti(OSiHz)(OTiH3),00H 11.6 12.7
transition state. The structure of th OOH species is discussed T'(O_T'Hs)soOH 112 123
in more detail below. (Dzring)
. .. TI303H5OOH 6.9 95
For step 1 the energies of the transition state and the reactants )
are nearly the same, suggesting that this first step in the reaction (2+fn9)

h . h T ” b . h h h d h TIZSIZO4H7OOH(C2U) 6.2 51
mec ar"sm. as essentla.y r!o arrier. On the other hand, t e Ti,Sib,OsH700HD2n) 10.2 13.7
energy barrier for the oxidation of ethylene (second step) is  Ti,0,H;O0H 4.2 3.3
about 12-13 kcal/mol. After the formation of the intermediate

. . (T4 and Tg cage)
complex, the O atom that is closer to Ti is passed to ethylene Tj,0,H,00H 8.1 10.3
at the transition state. Note that this reaction is highly  TiSi;0:.H,00H 12.3 14.5
exothermic, with a reaction energy of50 kcal/mol. The Ti2Sis012H700H 10.5 125
T|3012H7OOH 9.6 10.8

energies of all stationary points on the potential energy surfaces
relative to the reactants are given in Table 1 The single-point
MP?2 calculations at the B3LYP/6-31G* geometry give relative
energies very similar to those obtained from the MP2/6-31G*
optimization. Furthermore, the B3LYP geometry is similar to
the MP2 geometry (Figure 1). Therefore, the primary level of
theory used in the results reported below is MP2/6-31G*//
B3LYP/6-31G¥).

Prior to the discussion of the oxidation of various titanium
compounds, it is important to consider a feature of the TiH-
(OH),(y>-O0H) geometry. This molecule has two isomers,
denoted A and B in Figure 4, with very similar geometries.
The largest differences between these two isomers are @ Ti
distances. In isomer B, the FO(H) distance has decreased by
~0.06A, relative to that in A, while the FiO(O) distance has
increased slightly. Consequently, these two distances differ by
only 0.27 Ain B, as compared with 0.35 A in A. So, isomer B

corresponds more closely to the designati@nThe transition

state that connects the two isomers (verified by IRC calculations)
is also shown in Figure 4. The corresponding energy barrier is
negligible in the mono titanium compound considered here.
However, the stability of the “five-coordinated” isomer B
increases as the number of titanium atoms increases, as is shown
in Table 2. Therefore, the complex is expected to have a five-
coordinated structure corresponding to B in most cases consid-
ered here.

Since the calculations on the titanol system (Figures 2 and
3) suggest that the oxygen-donating reaction in which an O is
transferred from TiH(OH) (?>-OOH) to ethylene is the rate-
determining step, the energy barrier for this second step has
been determined for various titanium compounds as summarized
in Table 3. The B3LYP/6-31G* optimized transition structures
of some of these compounds are displayed in Figure 5. The
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B3LYP/6-31G* SCHEME 1

(H0OH

TiHz— O ~—Ti(H)0OH o y I\o
/ \

SiH, SiH,

/

HoSi—_ o _—SiH, o o

TiHy
(C2y type) (D2p type)

that Ti substitution tends to enhance the reaction, while Si
substitution has the reverse effect.

Figure 6 shows the potential energy surface for the ethylene
oxidation by the most effective catalysts@OH (TiO4H7-
OOH). Each transition state has been connected to the corre-
sponding minima by IRC calculations. The transition state for
the second step lies lower in energy than reactants, and the
energy barrier for the first step is very low. Therefore, this
reaction is expected to take place very easily, suggesting that
D4OO0H should be an effective catalyst.

B. Oxidation of Butadiene. Next, consider butadiene, the

(HTIO 5)s (T (HTiIO &) (Tg) smallest conjugated hydrocarbon. One goal of the present study
Figure 5. Transition structures for the second step in the oxidation of IS {0 investigate the effect of multiple titanium or silicon atoms
ethene with some titanoxanes in angstroms and degrees_ on the reaCtIOI’], and ethylene IS too Sma” to interact W|th Sevel‘a|

Ti or Si atoms in addition to the reaction center. Table 4 presents

geometry of the reaction center seems to be independent of théhe energy barrier for the second step in the oxidation of
remaining ligands bonded to the titanium atom. Note that the butadiene by several Ti compounds. In all cases, the energy
D4 ring is marked|y deformed such that the hydrogen attached barrier is lower than that of ethylene. One explanation mlght
to the reacting Ti is likely bridged to an adjacent Ti. As the be that as butadiene has a higher HOMO and lower LUMO
figure shows, the distance between the hydrogen and thethan the corresponding molecular orbitals of ethylene, the
adjacent Ti is 1.969 A~0.17 A longer than a typical FiH interaction with Ti compounds will be larger than that in
bond distance. The electron density accumulated in this region€thylene. In particular, the interaction between the olefin HOMO
is 0.103 e. This is only slightly smaller than the 0.196 & (m*c=c) and the Ti LUMO ¢*1i—1)’ is important for this

the Origina| Ti(reacting)—H bond. As a resu|t’ there appear to reaction. The results shown in Table 4 suggest that the oxidation
be two five-coordinated titanium atoms in the transition Of butadiene catalyzed by the ring or cage compounds and even
structure. Interestingly, the ring and cage structures are es-some linear Ti compounds, such as TiH(OZ¥®OH, should
sentially unaffected in the other transition states. proceed rapidly at room temperature.

In general (Table 3), B3LYP and MP2 predict the same  Next, consider the effect of the position of the butadiene
trends, with B3LYP usually predicting somewhat smaller barrier double bond that is not in the reaction center. Figure 7 shows
heights. For the acyclic compounds, the energy barrier decreasedwo alternative transition structures for the oxidation of buta-
as the number of Ti atoms in the molecule increases. The diene in the presence of TiH(OTH{OSiH;)OOH. In Type I,
reaction seems to be more difficult if one hydrogen is replaced the nonreacting double bond is close to the Gilgrbup, while
by OR (R=SiH; or TiHs), as in the case of TiIH(OSHOOH in Type Il, the nonreacting double bond is close to the QSiH
and Ti(OSiH)sOO0H, for example. For given substituents, the group. The geometry of the reaction center in these two
reaction of the ring compounds is found to take place relatively transition structures is similar, but the difference in the MP2/
easily. The energy barrier for the;Bystem OOH (TiO4H7- 6-31G* energy barrier is quite large 6.4 kcal/mol for Type |
OOH) is the smallest in Table 3. The hydrogen bridges in these and 15.5 kcal/mol for Type II. It appears that the proximity of
rings may be the stabilizing factor. The 1,%,(type) vs 1,3-  the conjugated system to the OTilgroup is preferred for the
(D2n type) Si substitution has a significant affect on the barrier, reasons suggested in the previous paragraph. In contrast, the
since the barrier fo€,, Ti,SibO4H,O0H is much lower than  Proximity of the OSiH group is apparently unfavorable.
that for theD2y, type isomer (See Scheme 1). It was previously  C. Polymerization of Ethene.Polymerization of olefins is
showr? that in TiSi,O4Hs, the Dy, structure with alternating another reaction that is catalyzed by Ti catalysts. Recently, for
Ti and Si is lower in energy than th&,, isomer. This stability example, there have been experimental reports regarding the
of the Dy, arrangement may lead to the higher barrier. The catalytic activity of some disilylated titanium silsesquioxane
energy barriers for the cage structures (e.g.,amd Tg) are derivativest® Of course, the most well-known Ti-catalyzed
intermediate between those of the linear and ring forms. Somereaction is the ZieglerNatta reaction. Also, several theoretical
experimental studies have suggested that a silsesquioxane witlstudies based on the Cossee model have been pubfiShes.
the T structure (TiSiO;1,H;OO0H) or the corresponding dimer  Cossee modé& involves (i) olefin coordination to a vacant site
is an active catalyst for the epoxidation of alkeHels addition, of a Ti atom in a Ti-alkyl compound, and (ii) olefin insertion
one Ti-substituted POSS compound with g Structure is into the Ti—C bond through a four-centered transition state. In
regarded as the model for Ti catalysts immobilized on silica the present work, this mechanism has been investigated for the
surfaces? For all of the compounds considered here, it appears titanoxane and titaniumsiloxane compounds of interest.
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‘ TizO4H;OH + H,0, + H4C5 -> Ti4O4H;OH + H,0 + epoxide

MP2/6-31G* (kcal/mol)
(B3LYP/6-31G*)
T|4°4H1°H + HzOz
+H,C,
. -4.9
0.0 (:29)
. [—
(0.0) { Ti4O4H;00H
“ + Hzo“‘: H4C2
| N, =203 /
| (10,9
L =265 | : —
}(-20.2) ./ (-9.3) H 3rd complex

—
1st complex

} Ti,04H,0H + H,0

\ + epoxide
—
-53.5
(-46.8)
Figure 6. The potential energy profile for the oxidation of ethene withOkH-OH and HO..
TABLE 4: Energy Barriers (kcal/mol) for the Second Step B3LYP/6-31G*

in the Oxidation of butadiene with Various Titanoxane
Compounds, at B3LYP Geometries

energy barriers (kcal/mol)

titanoxanes B3LYP/6-31G*  MP2/6-31G*

TiH(OH),O0H 9.8 115
TiH(OSiH;);O0H 11.2 12.6
TiH(OSiH3)(OTiHz)OO0H (1) 5.7 6.4
TiH(OSiH3)(OTiHz)OOH (1l 11.7 15.5
TiH(OTiH3),00H 4.1 4.4
(Dsring)

TizOsHsOOH 4.8 4.7
(D4ring)

Ti,OsH;O0H 2.4 —0.02
(T4 cage)

TisOeH30O0H 6.9 7.4

The catalysts employed here are methyl-substituted Ti
compounds in the present work, and the reaction follows eq 3.

XYZ[Ti|CH 5 + C,H, — XYZ[Til(CH,),CH;  (3)

where X, Y, and Z are substituents on Ti.

First, consider the reaction of Ti(OkQHs, the methyl- . " .
bsti d | f Ti(O A sch tic of the MP2/6 Figure 7. Two types of transition structures for the second step in the
substituted analogue of Ti(OH. A schematic of the " oxidation of butadiene with TiH(OSIOTiH;)OH and HO; in

31G* Ti(OH)sCHs + CoH, potential energy surface is displayed  angstroms and degrees.

in Figure 8. Also presented in this figure are the complex, the

transition structure for insertion, and two structures along the  The energy barriers for the same reaction using the other Ti
IRC connecting the complex and the transition structure. The compounds are collected in Table 5. For the acyclic compounds,
B3LYP/6-31G* optimized geometries for the stationary points substituting OSiH groups for OH groups has essentially no
on the potential energy surface are shown in Figure 9. In the effect on the predicted barrier height. However, OFddbstitu-
complex, ethylene coordinates with the hydrogen of one OH tion dramatically reduces the barrier. One and two QTkups
group of Ti(OH}CHjz, rather than with the Ti atom. Then, the reduce the barrier to 15.8 andl13 kcal/mol, respectively. In
ethylene moves to the expected four-centered transition structuregeneral, the energy barriers for the ring or cage compounds are
However, as shown in Figure 8, there is a sizabi@{ kcal/ predicted to be lower than those for the acyclic compounds.
mol) MP2 energy barrier, suggesting that Ti(QEMs is not The T, compounds have slightly smaller energy barriers than
an effective catalyst. The energy profile of this system is similar the cyclic species, but these barriers are all greater than 10 kcal/
to that of TICHCl; reported by Sakai for the case in which the mol. The B3LYP/6-31G* transition structures for selected
cocatalyst AIHCI is not present? systems are shown in Figure 10. As the figure shows, the four-

Typel ll
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Ti(OH);CH; + H4C2 -> Ti(OH);3(CH2)2CH3 B3LYP/6-31G*

MP2/6-31G*//B3LYP/6-

31G*(kcal/mol)
TS

A
241

TI(OH);CH; + H,C,
— __complex "

transition state Ti(OH)3(CH,),CH3 (product)

Figure 9. Optimized structures of the stationary points on the potential
energy surface of the insertion reaction of ethene into TigGH} in

) . . . . angstroms and degrees.
Figure 8. The potential energy surface of the insertion reaction of

ethene into Ti(OHCH; and the change of the molecular structures TABLE 5: Energy Barriers (kcal/mol) at the B3LYP

complex

along the IRC connecting the complex with transition structure. Geometries for the Insertion of Ethylene into the Ti-CHj3
Bond of Various Titanoxane Compounds
membered transition structures seem to bring about larger van energy barriers (kcal/mol)
der Waals repulsion compared to the oxidation reaction. titanoxanes B3LYP/6-31G" MP2/6-31G*
Therefore, the present result suggests that, contrary to the—
oxidation reactions, the rate of polymerization of ethylene is  T1(OH)sCHs 26.1 24.1
not so enhanced by the presence of these titanium oxide TiOH(OSiH;).CHs 27.4 24.5
compounds. TIOH(OSiHg)(OTiH3)CHs 221 15.8
TiOH(OTiH3).,CHs 19.4 13.6 (13.0)
Concluding Remarks (Ds ring)
TizOsHsCHs 20.9 15.9
The ability of Ti—POSS, Ti/Si-mixed POSS, and other  (p,ying)
titanium oxide compounds to catalyze the oxidation and  Ti,0H;CH, 20.2 13.2
polymerization of olefins was investigated. Of particular interest (T, cage)
is the relation between molecular structure and catalytic ability.  Tj,0sH,CH, 18.1 12.0
The effect of the number of Ti atoms and the presence of Si (Ts cage)
atoms has also been considered. TigO1,H,CHs 21.4 14.4

For the oxidation of olefins (ethylene and butadiene), it is
found that the second step an oxygen transfer from Ti
compounds to the olefin- is the rate-determining step. As the  studied in the present work are not expected to be desirable
number of Ti atoms in the catalyst increases, the reaction takescandidates for the catalysis of the polymerization of ethylene
place more easily. In contrast, Si atoms tend to increase thewithin the framework of the current mechanism.
barrier. The energy barriers in the oxidation of ethylene decrease Finally, Ti—-POSS and Ti/Si-mixed POSS are expected to
in the order, acyclic- cage> ring, and D has the smallest  pe effective catalysts for the oxidation of olefins. The ring
barrier. Butadiene exhibits higher reactivity than ethylene, structures are also good candidates, since they are even more
possibly because of a higher energy HOMO in butadiene. active than the cage structures. A possibility not considered here
Furthermore, it appears that having the conjugated system injs having the reaction occuin the cage This intriguing
close proximity to the Ti, rather than to Si, enhances the reaction. possibility will be the subject of a future report.

For the polymerization of ethylene, the most effective catalyst
appears to be thesTcage species although the barrier is still Acknowledgment. This work has been supported by a
greater than 10 kcal/mol. In general, the ring and cage structuresGrant-in-Aid on Priority-Area Research: Material Design and
seem to be more effective catalysts than the acyclic ones, butReaction Control by Molecular Physical Chemistry (11166212)-
with significant ¢ 10 kcal/mol) barriers. So, the Ti compounds (T.K.) and the Air Force Office of Scientific Research (M.S.G.).

aThe MP2/6-31G*//IMP2/6-31G* value.
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B3LYP/6-31G*

TigO4,H;CH;3 (Ts)

TigO6H;CH3 (Ty)
Figure 10. Transition structures for the insertion of ethene into the
Ti—CHjs bond of some titanoxanes in angstroms and degrees.
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