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Abstract,  Dichlorodiacetatotitanium (IV) dissolves in alcohols with chemical reaction. Such
solvolytic reaction of TiCl;(OAc). with various alcohols has been studied by means of solution
NMR spectroscopy and chemical analysis of the isolated products. The reaction of TiCls(OAc)
with primary alcohols has shown to be a quantitative two-step ligand substitution process as shown
in the following:
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TiCl; (OAc) ;-+ROH——TiCl,; (OAc) (OR) +AcOH
TiCl; (OAc) (OR) +ROH—>TiCl; (OR); +AcOH

The molecular form initially soluble in organic solvents has been found to be the monosubsti-
tuted species TiCl;(OAc) (OR). Alcoholysis with ¢-butyl alcohol has shown remarkable differences.

When the mole ratio of ¢-butyl alcohol to TiCl;(OAc); is less than 1/2, the following reaction is
dominant.

TiClz (OAc) 2+ £-ButOH——>TiCl (OH) (OAc) 2+ ¢-ButCl

However, at higher mole ratio another substitution process resembling the first step reaction with
primary alcohols is competitively accompanied. The reaction with z-butyl alcohol also differs from

that with primary alcohols in that only one either of the two chloro- or acetato-ligands in

TiCl; (OAc); is subjected to substitution.

Introduction

The preparation of dichlorodiacetatotitanium
{IV} was first reported in 1925! and repeated
several times*® including our previous work.®
Although it has been cited as showing fire reta
rdancy’ and improving fuel combustion® when
added as an additive, its fundamental chemical
properties have been little known probably be-
cause of its insolubility in organic solvents and
instability to moisture. During our previous
study® it was found that TiCls;{OAc) dissolved
in alcohol with chemical reaction. The purpose
of this study is to investigate only the apparent
nature of such solvolytic reaction with various
alcohols (MeOH, EtOH, 2-PrOH, #2-OctOH)
and z-ButOH) and the detailed mechanism or
teaction rate will not be considered. In order
to elucidate the nature of the reaction dichloro-
methane was emploved, if necessary, as a re-
action medium in which TiCl, (OAc): and alc-
ohols were reacted, and its solution NMR
spectra were measured. Insome cases the reac-

tion product was isolated and characterized.

Experimental
Synthesis of TiCl;(OAc); and purification of
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dichloromethane were achieved following our
previous methods. ® All alcohols used were rea-
gent grade and dried by refluxing with calcium
hydride, followed by fractional distillation.
The whole procedure of NMR sampling was

proceeded in a dry box using thoroughly dried
glass equipments as was previously described. ¢

Measurements of NMR Spectra. Approxi-
mately 0.5g of dichlorodiacetatotitanium (IV)
was accurately weighed in a tightly stoppered
vial and suspended in dichloromethane (2ml).
An accurate amount of alcohol corresponding
to the predetermined mole ratio was added and
then the mixture was shaked until dissolution
was complete. The NMR spectra of this solut
ion was recorded on a Varian Model HA-100D
Spectrometer. If necessary, low temperature sp-
ectra were measured by varying the samlpe tem-
perature in the range 30~ —67°C by means of
a Varian Model V-6040 Variable Temperature
Controller and liquid nitrogen.

Isolation of the Alcoholysis Products. Eth-
anolysis product. —TiClz(OAc): was dissolved
in excess of ethanol and then all the wvolatile
stuffs as well as the excess alcohol were evapo-
rated by mild heating under dry nitrogen purge.

The residual product was subjected to vacuum
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drying at the ethanol boiling temperature in a
drying pistol. A light yellow product soluble
in organic solvents was obtained.

Butanolysis product. —TiClz(OAc)2{10 m mo-
le) was weighed into a two-necked flask and
suspended in dichloromethane. An accurate
amount of £-ButOH (57 mole) was added drop-
wise to this suspension and then the reaction
mixture was shaken until the reaction was com-
pleted. After the unreacted Ti-complex was
filtered off,

reduced pressure at room temperature. A pale

the filtrate was evaporated under

vellow product was yielded, which is insoluble

in non-alcoholic solvents.

Results and Discussion

(I) Solvolytic Reaction with Ethanol and
Other Primary Aleohols. When dichlorodiace-

tatotitanium (IV) dissolves in excess alcohol,
two different pattern of ligand substitution are
possible depending on the lability of the
leaving group as shown in the following:

TiCl: {OAc) s+ ROH—>TiCl{OR) (OAc).
+HCI (14)

TiCl (OR) (OAc) ;+ROH—>Ti(OR), (OAc):
+HCl (18)

TiCls (OAc) 2+ ROH—>TiCl; (OAc) (OR)
‘ +HOAc (24)
TiCl; (OAc) (OR) +ROH—>TiCl; (OR)
+HOAc (28)

The Ti-product of reaction (18) or (26} may
undergo further substitution leading to the for-
mation of tetrasubstituted complex Ti(OR}),, if
the both ligands (Cl- and OAc~) are more la-
bile than the alkoxy group RO-.

In order to distinguish the above possiblities,
ethanolysis product was isolated and character-
ized by chemical analysis and spectroscopic
methods. Although the isolated compound has

not shown a definite composition, it presented
decisive informations on the solvolysis pattern.
By chemical analysis this product could be form-
ulated to TiCl, (OH),(OEt), where z+y+z
=4. The numerical values of z,y and z have
been found to be variable depending on the
ethanolysis condition, but important is that z-
which
certainly indicates that the alcoholysis reaction

value is always between one and two,

proceeded following the equation(2) instead of
equation (1). In fact, free acetic acid resonances
could be observed in the spectrum of TiCl,-
(OAc); in excess ethanol. The presence of ch-
lorine in the isolated complex also excludes
the possibility of tetrasubstitution beyond the
the lability of the
ligands in Ti-complex must be increasing in
the order CI-<<OQEt<OAc~. The hydroxy group
in the isolated complex seems to be origin-

reaction (26). As a rusult,

ated from hydrolysis reaction of the Ti-product
in reaction (2b). It has been proved by NMR
spectrum of TiCl;(OAc), in excess ethanol that:
acetic acid formed in reaction (2) was subjected.
to slow esterification reaction with the excess.

alcohol. The water molecules thus formed may
hydrolyze the product TiCl; (OEt),.

In order to examine more closely the solvoly
TiCls-
(OAc), was reacted with ethanol in an inert

tic reaction illustrated by equation (2),

solvent (CH,Cly) by varying their mole ratio,
and NMR spectra of the reacted solution were:
studied. When the mole ratio of ethanol to

TiCl,(OAc); was less than one, the Ti-complex:
dissolved only in part where as its dissolution
was complete at higher mole ratio. This fact
implies that the molecular form soluble in:
dichloromethane is the monosubstituted product
TiCl; (OAc) (OEt) and also that ethanolysis.
reactionis a clean-cut two step ligand substitut-
ion process represented by equations (2a) and
(28). Such a conclusion was further confirmed

by NMR spectra of the reacted solutions shown:
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in Fig. 1 and Table 1. No spectral difference is
mnoticed between the solutions of TiCly(OAc),
++EtOH and TiCl;{(OAc),+EtOH (Fig. 1 «
:and b). This means that no chemical species
-other than TiCl,(OAc) (OEt) and HOAc was
produced in both of these solutions.

(Fig.1c),
the resonances generally all shifted to high field
‘but

at room temperature fast exchange is expected

Increaning the mole ratio to 2

no new resonance was observed. Since
‘between free and coordinated molecules both of
-entering and leaving groups, it could not be
informed from such spectra whether the 2nd
ligand substitution (Eqn. 24) was completed or
-a part of free alcohol remained unreacted. When
the mole ratio was further increased up to
4 at which a large excess of free alcohol must
be present, a new chemical species, that is,
-ethyl ester CH3;COOC,H; has been found to be
formed as is seen in the spectra Fig. 1d. The
new singlet at 2.02 ppm and triplet centered
.at~1.2 ppm are methyl proton resonances of
‘the carboxy and ethyl groups in CH;COOC,H;, -
‘respectively. The methylene proton peak (CH;-
‘COOCH,CH3) is overlapped with the quartet at
4.1ppm. On standing, the intensities of the

new resonances were growing in parallel and

177

the esterification reaction between the released
acetic acid and excess alcohol must be continu-

-
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Fig. 1. NMR spectra of TiCl,(QAc),+EtOH in
CH,Cl; solvent at different mole ratios:
a; 1:0.5, b; 1:1, ¢; 1:2, d; 1:4
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Table 1. Chemical shifts of the chemical species in TiCl,(OAc) ,+EtOH solution*

Chemical shift, (ppm ws. TMS)

Ratio .
TiCl,(0A<) 5:EtOH &P CH.CH,0. CH,CH,O CHCOO. OH1.COOH  *o
1: 05 30 1.48 4.53 2.26 9.70
1:1 30 1.48 4.53 2.26 9.70
1 :2 30 1.38 4.34 2.14 8. 36
—67 1. 42 ~4.3 2.20 ~11
1 : 4 30 1.32 4.10 2.10 6. 90
~1.2 ~4.1 2.02 — Ester
—67 1.32 ~4.3 — — Cordinated
1.26 4.13 2.12 — Ester
1.28 3. 82 2.16 9.18 Free

*Measured in dichloromethane
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ously proceeding. Such esterification reaction
was confirmed by simulated experiment. The
resultant water molecules would hydrolyze

Ti-product TiCl; (OEt), to

compound as was already described for the iso-

form hydroxy
lated complex. In this connection, the singlet
at 6.90ppm in Fig.
This reaonance represents the average field® of
the three components, that is, —COOH of the
—OH of excess alcohol

and proton originated from water produced by
esterification.

1d will be commented.

liberated acetic acid,

It was above-mentioned that the 2nd ligand
substitution reaction (25) could not be envision-
ed from the room temperature spectra. There-
fore, low temperature NMR spectra have been
measured for the reaction mixtures of TiCls-
(OAc) 3+ 2EtOH and TiClz (OAc)+4EtOH and
their temperature dependence is listed in Table
1. As is seen in the low temperature spectra of
the latter shown in Fig. 2, a fantastic resolu-
tion was attained for the methyl (CH;CH,O—)
and methylene (CH,CH,O—) proton resonances
at —67°C (Fig. 2d). In particular, the meth-
vlene proton resonance centered at 4. 10 ppm
in the room temperature spectrum (Fig. 2a) is
clearly resolved at —67°C into three components
which could be all identified. The quartet at
3.18 ppm corresponds to the a-proton resonance
of free alcohol and its up-field shift is probably
caused by the change in degree of hydrogen
bonding among the alcohol molecules. The
other quartet at 4.13 ppm has been experimen-
tally confirmed to be methylene proton resona-
(CH,CO,CH,CH,) and its
temperature independence is in concord with its
Now the broad and
decoupled resonance around 4.3 ppm must be

nce of ethyl acetate

nonassociative properties.

attributed to the ethoxy group coordinated to
the metal. Integrated area ratio of these three
components represents the mole ratio of the
different species present in the reacted solution,

|
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Fig. 2. NMR spectra of TiCl,(OAc).+4EtOH in

CH,Cl, solvent at various temperatures:

a; 30°C, b, —28°C, ¢; —48°C, d, —67°C

(o}

but its attempt was not successful. Instead,
when TiCl, (OAc) ;+2EtOH solution in which
no esterification was detected was cooled down
to —67°C,

ppm was observed and the other two quartets

only the broad resonance at 4.3

completely disappeared. Such a result proves
that the 2nd ligand substitution reaction (25)
has also been quantitatively completed. In con-
clusion, the reaction of dichlorodiacetatotita-
nium (IV) and ethanol is a clean-cut two-step
ligand substitution process which are quantita-
tively proceeded and the molecular form soluble
in non-alcoholic solvents is a monosubstituted
species TiCl; (OAc) (OEt). When ethanol
was replaced with other primary alcohols such

as methanol, #n-propanol or n-octanol, the
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alcoholysis  reaction in  dichloromethane

proceeded exactly in the same way. However,

decrease with

MeOH>EtOH >

the reaction rate seems to

increasing carbon number

n-PrOH>7-OctOH.

(II) Seolvolytic Reaction with ¢-Butyl Alcohol.

The solvolytic reaction of TiCl, (OAc), with
¢-butyl alcohol has been studied in the same
TiCl;{OAc)
t-butyl alcohol in dichloro-
methane by varying their mole ratio and the

way as with primary alcohols.

was reacted with

NMR spectra of the reacted solution were exa-
mined. Their room temperature
shown in Fig. 3 and Table 2.
When the mole ratio of z-butyl alcohol to
TiCl:(OAc); was 1:2, a part of the solid Ti-

complex remained undissolved similarly to the

spectra are

case of reaction with primary alcohols. How-
ever, its solution spectra presented in Fig. 3a
revealed quite a different result from the ex-
pected. The resonance at 1.62 ppm has been
proved to be orignated from #-butyl chloride in-
stead of coordinated ¢-butoxy group. Such
a result suggests that the chloride ligand in

TiCl;(OAc), is
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Fig. 3. NMR spectra of TiCl, (OAc),+¢-ButOH in

substituted  with hydroxy CH,Cl, solvent at different mole ratios:
group of the alcohol, that is, a; 1:0.5, b; 1:1, ¢; 1:2, d; 1:4
Table 2. Chemical shifts of the chemical species in TiCl, (OAc) ,+¢-BuOH solution*
. Ratio T%mp. Chemical shift. (ppm vs. TMS) Species
TlCl, (OAC) 2 :¢-BuOH C (CH;) 3C' CH:;CO -OH---COOH
1 : 0.5 30 1.62 2.24 ~9.7
—67 1.63 2.24 —_
1 :1 30 1.50 2.18 9.16
1.62 — — Chloride
1 : 2 30 1. 40 2.17 8.02
1. 62 ' — — Chloride
—67 1.38 2.19 ~9.8 Free
1.50 2.24 — Coordinate
1.64 — — Chloride
1 : 4 30 1.37 2.14 7.49
1.61 — — Chloride
*Measured in dichloromethane solvent.
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TiCl, (OAc) 2+ (CHj) ;COH—>
TiCl (OH) (OAc).+ (CH3) ,CCL  (3)

This process contrasts to the reaction (2a)
in which acetato-ligand is substituted with alk-
oxy group. Such an unusual substitution seems
to be related to the greater basicity of ¢-butyl
The Ti-product of the reaction(3)
could be isolated by evaporating ¢-butyl chloride
along with the solvent,

alcohol.

and its composition
has been confirmed by its IR spectra and
chemical analysis (Found: Ti, 23.7%;
Cl, 13.5%; Calc: Ti, 22.0%; Cl, 16.2 %).
In the event that the alcohol concentration
is slightly increased from the ratio of 1:2, a
new broad peak begins to grow and its area
becomes equal to that of the z-butyl chloride
peak at equimolar ratio (Fig. 35). Further in-
creasing the mole ratio, the new resonance
becomes sharper with up-field shift as is seen
in Fig. 3¢ and d. It should also be noted that
the more the alcohol concentration is raised,
the more increased its relative area. Such exp-
erimental results indicate that the new resonance
(6=1.37 ppm in Fig. 3d) is ascribed at least
partly to the free #-butyl alcohol and probably
also to the coordinated #z-butoxy group. Actual-
ly, when low temperature spectra of TiCl;(O-
Ac);+2 £-ButOH reaction solution were meas-
ured, our expectation has been proved to be
true. The singlet at 1.40 ppm in its room tem-
perature spectrum (Fig. 4a) is split into two
components at lower temperatures as shown in
Fig. 4b, ¢ and d. The higher field component
turned out to be the resonance by free ¢-butyl
alcohol and the broader resonance at 1.50 ppm
in Fig. 4d must be contributed from the coor-
dinated t-butoxy group. It should be pointed
out here that the broader component and the
resonance at 1,50 ppm in the room temperature
spectrum of equimolar solution (Fig. 3b) were

attributed to the same chemical species, that is,

coordinated #-butoxy group. This fact indicates
that at higher mole ratio than 1/2 another ligand
substitution resembling the reaction (2a) is com-

petitively accompanied along with the reaction

(3).

TiCls (OAc) 5 +2-ButOH-—>TiCl; {OAc)
(¢-ButO) +AcOH  (4)

In this case, unlike the reaction with prim-
ary alcohols, only one acetato-ligand is substit-
uted with alkoxy group (2-ButO~) even in the
presence of excess aleohol. It is seen in Fig.
3 that the methyl proton resonance of acetato-
ligand at 2.17 ppm is separated into two com-
ponents at —67°C, the broader shoulder being
the resonance by the coordinated acetato-ligand.
In conclusion, when the mole ratio of z-butyl
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Fig. 4. NMR spectra of TiCl,{OAc),+2 ¢-ButOH in
CH,Cl, solvent at various temperatures:
a; 30°C, b —28°C, ¢; —48°C, d, —67°C
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alcohol to TiCl;(OAc)s is less than 1:2, the
reaction (3) is dominant, but another substitut-
ion process(4) is competitively followed at hig-
her mole ratio. The solvolytic reaction of TiCl;
(OAc)p with z-butyl alcohol also remarkably
differs in that only one either of chloro- or ace-
tato-ligand in the Ti-complex is substituted
whereas the two acetato-ligand are all substi-

tuted in the reaction with primary alcohols.
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