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50. [Interaction of Titanium Tetrachloride with Chlorosulphuric
Acid and tts Esters.

By M. J. Frazer, W. GERRARD, and F. W. PARRETT.

Titanium tetrachloride and chlorosulphuric acid gave the series
TiCl,.,(O-SO,Cl),, (# = 1, 2, 3) and hydrogen chloride. With the chloro-
acid in large excess, titanium(rv) sulphate, Ti(SO,),, was formed. In the
alkyl chlorosulphate systems, a similar series of compounds was obtained,
together with isomerically rearranged alkyl chloride. This observation, and
the nonreactivity of phenyl chlorosulphate, point to a carbonium-ion
mechanism, probably involving the nucleophilic function of the alkoxyl
oxygen atom. By contrast, tetra-n-butyl titanate and sulphuryl chloride
gave almost isomerically pure n-butyl chloride and the tetramer
[(Bun0),TiSO,],.

THE extensive production of s-butyl chloride in the n-butoxy-titanium-1! or n-butoxy-
sulphur— boron trichloride 2 systems and our interest in the sulphates and chlorosulphates
of titanium(1v) led to the present investigation. The formation of a series formulated as
ClTi(0°SO,CL),, (I; 7 = 2 or 3), from sulphur trioxide and titanium tetrachloride, has
been reported,? although no evidence was presented to exclude the formulation TiCl,,#SO;4.4
Chlorosulphuryl trichlorotitanate (I; # = 1) was prepared from chlorosulphuric acid.?
Members of the series were deemed to be intermediates in the final formation (equation 1)
of titanium(1v) sulphate.®

in SO,Cl,
TiCly + 6505 —— Ti(SOp); + 25,05Cly M

Our experiments with the chlorosulphuric acid-titanium tetrachloride system show the
formation of the three chlorosulphuryl compounds (I; # =1, 2, or 3), as well as the
disulphate as solid residues, hydrogen chloride being the other product (equation 2).

TiCly 4 nHOSO4-Cl — 3= Cl,TI(OSO,Cl), + nHC! o)

The disulphate was insoluble in common organic solvents and showed lack of acceptor
function by its insolubility in such donor solvents as pyridine and acetonitrile. Thermo-
gravimetric analysis showed that the disulphate lost sulphur trioxide in two stages.” The
X-ray powder-diffraction pattern of the disulphate has been obtained, but the compound
(I; » = 2) was amorphous to X-rays.

Compound (I; # = 2), prepared from sulphur trioxide, has a very similar infrared
spectrum (in the region 4000—400 cm.™) to the compound prepared either from chloro-
sulphuric acid or from methyl chlorosulphate (see below).

Titanium tetrachloride (1 mol.) and methyl chlorosulphate (1 mol.) gave the compound
(I; » = 1) and methyl chloride; but with 2 or 3 mol. of methyl chlorosulphate the reaction
scheme conforms to equation (3).

TiCly + 2CHgO-SO,Cl — 3= TiCl,(0*50,Cl), 4 2CH,CI @

In the absence of solvent, n-butyl chlorosulphate (1 mol.) gave butyl chloride (93
s-BuCl, 79, n-BuCl), hydrogen chloride, and a solid that contained organic matter, probably
resulting from the polymerisation of butene, and thus accounting for the failure to detect
the olefin. In n-pentane, the system more slowly gave butyl chloride (92—969%, s-BuCl),
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and little or no hydrogen chloride and residues containing the chlorosulphuryl titanates,
which could not be separated. Results for ethyl, n-propyl, and neopentyl chlorosulphates
are given in Table 2. With increasing complexity of the alkyl group, the amount of alkyl
chloride decreases and the amounts of organic matter in the residue and of the hydrogen
chloride evolved increase. Phenyl chlorosulphate and trichloroethyl chlorosulphate did
not react with the tetrachloride.

As there was extensive rearrangement in the propyl and butyl groups, as phenyl chloro-
sulphate did not react, and as sulphuryl chloride does not complex with titanium tetra-
chloride (see infrared figures), the reaction sequence appears to be in accord with the scheme

Clsoz-cla: — CI,TiCl —3= CISO,-O-TiCly + R* +4- CI-
R
In remarkable contrast, the sulphuryl chloride (1 mol.)-tetra-n-butyl titanate (1 mol.)
system gave almost isomerically pure n-butyl chloride (1-98 mol.). Hydrogen chloride was
not detected, and the residue was di-n-butoxytitanium sulphate (equation 4). Di-n-

butoxytitanium sulphate did not give an X-ray powder-diffraction pattern, and is
tetrameric in chloroform solution. Pyrolysis of di-n-butoxytitanium sulphate gave

50,Cly -+ (BuRO),Ti —3= (BuRO),TiSO, -+ 2BunC] (4)
but-1-ene, trans-but-2-ene, butan-2-ol, water, di-n-butyl ether, sulphur trioxide, leaving a
residue of titanium dioxide.
EXPERIMENTAL
Interaction of Titanium Tetvachlovide with Chlovosulphuric acid.—The tetrachloride (8—10 g.,
1 mol.) was mixed with chlorosulphuric acid in the presence or absence of solvent. Hydrogen

chloride was absorbed in moist sodium hydroxide. The titanium product was filtered off
where necessary, washed with solvent, and dried in a vacaum. Details are given in Table 1.

Tasre 1.
Reaction of titanium tetrachloride with chlorosulphuric acid.
F d (9 Calc. (9
HO-SO,CI Time  HCl ound (%) _ Cale (%)
(mol.) Temp. (hr.) (mol.) Product Cl S Ti C1 S Ti
1 20° 1 0-9 Cl;Ti-O-SO,Cl1 535 11-8 17-7 526 119 177
2 70 2(a) 20 C1,Ti(0-S0,Cl), 394 185 137 406 183 137
4 100 1 2.75 (b) CITi(0-S0,Cl), 346 219 111 330 223 111
19 120 10 35 Ti(0'SO,CI)(SO, )% 116 244 159 115 260 156
15 140 20 37 Ti(SO,), {¢) — 267 198 — 267 200

(@) In SO,Cl,. (b) HO'SO,Cl (0-6 mol.) recovered. {c¢) Product heated at 110° in nitrogen for
300 hr.

Intevaction of Titanium Tetvachlovide and Sulphur Trioxide.—Sulphur trioxide (4-20 g.,
1-80 mol.) in sulphuryl chloride (60 ml.) was added to titanium tetrachloride (5-56 g., 1-0 mol.)
in sulphuryl chloride (20 ml.). The yellow precipitate was stirred overnight then filtered off,
washed with n-pentane and dried under vacuum (9-3 g.) (Found: Cl, 41-3; S, 18-1; Ti, 14-0.
Calc. for C1,0,5,Ti: Cl, 40-6; S, 18-3; Ti, 13-7%).

Interaction of Titanium Tetvachlovide and Esters of Chlovosulphuric Acid.—The tetrachloride
(8—10 g., 1 mol.) was mixed with the chlorosulphate in the presence or absence of solvent.
Hydrogen chloride was absorbed in moist sodium hydroxide; alkyl chloride was condensed at
—80°, and characterised by infrared (i.r.) spectroscopy and gas liquid chromatography (g.l.c.).
The titanium product was dried in a vacuum. Details are given in Table 2.

Interaction of Titanium Tetrachlovide and n-Butyl Chlovide.—n-Butyl chloride (9-03 g.) and
titanium tetrachloride (3-98 g., 0-21 mol.) were heated under reflux for 4 hr. The mixture
gradually darkened and hydrogen chloride (0-12 g., 0-04 mol.) was evolved. Butyl chloride
(ButCl, 98; BusCl, 29,) was recovered.

Intevaction of Tetva-n-butyl Titanate (1 mol.) with Sulphuryl Chlovide (1 mol.).—Tetra-n-
butyl titanate (37-0 g.) and sulphuryl chloride (147 g., 1 mol.) were mixed at 0° and then
allowed to warm to 20° (0-5 hr.) (Found: e.h. Cl, 9-8; after 44 hr,, 8-1; after 170 hir,, 7-0. Calc.
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for (BuO),Ti + SO,ClL,: e.h. Cl, 14-9%) (e.h.Cl = easily hydrolysed chlorine, i.e., by treatment
with cold water). Part of the mixture (20-8 g.) was heated to 100°/15 mm., butyl chloride
(4-05 g., 1-0 mol.; Bu®Cl, 99-7; Bu®Cl, 0-3%,, by g.l.c.) was collected at —80°. Further heating
(160°/15 mm.) gave butyl chloride (4:00 g., 0-98 mol.; Bu2Cl, 98-7, BuCl, 1:3, by g.l.c.) and a
glass (1261 g.) [Found: C, 33-0; H, 6-3; Cl, 2-0; S, 11-0; Ti, 16:7%; M (ebullioscopic in
CHCl,), 1152. Calc. for C;H3O,STi: C, 33-1; H, 6-3; S, 11-0; Ti, 16-5%,; M, 290]. The
solid did not give an X-ray powder-diffraction pattern and was soluble in benzene and chloro-

TaBLE 2.

The reaction of titanium tetrachloride with chlorosulphates.

X0-50,C1 Products

. Solvent  (a) XCI (mol.) HCI (mol.) Solid (Ti:S:Cl) Cl(%) Notes
None S 0-40 None 1:1-1:39 511 b
None S 074 0-22 1:1-1:40 50-9
None I 0-50 ¢ 0-45 1:1-0:37 477
None I 0:30 4 0-70 1:1:0:36 457
None I 0 0-96 1:1-0:35 374
SO,Cl, S 1-0 None 1:2-1:43 42-2 e, f
S0,Cl, S 2-0 None 1:21:41 39-3 e
CHCl, S 3-0 None 1:2.2:38 35-2 e
n-CgH,, S g 0-08 1:1-7:3-8 37-4
n-CcH,, S (O None 1:14:37 43-1 h
n-C;H;, S j None 1:1.7:38 40-1
None N k
None N !

(@) S= Slow, I=Immediate, N = None. () Solid was CL;Ti(O-SO,Cl) (0-47 mol.). Calc. for
ClL0,5Ti: Cl, 52:6%. (¢) PriCl, 87, ProCl, 13%. (d) BuCl, 93, BurCl, 7%. (¢) Solid was washed
with SO,Cl, and CHCl;. (f) Calc. for C1,045,Ti: Cl, 40-6%. (g) Solvent shown by i.r. spectroscopy
to be mainly PriCl. (k) TiCl, (0-35 mol.) recovered from filtrate. (i) BuCl, 96, BurCl, 4%, (j) BuCl,
92, BuCl, 8%. (#) TiCl, (87%) and Cl,C:CH,*0-SO,Cl (88%) separated by distillation. (}) TiCl,
(99%) and PhO-SO,Cl (919,) separated by distillation.

form. A sample of the solid (4-11 g.) when heated at 200° for 2 hr. gave a mixture (0-67 g. of
di-n-butyl ether, 62; s-butyl alcohol, 17; n-butyl chloride, 189%,, and small amounts of s-butyl
chloride and butenes were also present), a mixture of but-l-ene and #vans-but-2-ene (0-56 g.;
ir. spectroscopy) collected at —80° and there was a residue (268 g.) (Found: S, 15-4; Ti,
25-99,).

Thermogravimetric Studies.—The thermogravimetric studies were carried out on a Stanton
thermobalance (model HT-SM), which was arranged for a linear temperature rise between

o
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Differential thermogram of a mixture
of sulphuryl chloride (1 mol.) and
tetra-n-butyl titanate (1 mol.).
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80 and 1000°; sample weights were 200—400 mg., and weighings were made in a stream of
nitrogen (5 l./hr.). Reference runs were carried out with the same platinum dish and the
necessary buoyancy corrections were applied. The following samples were investigated.

(a) A mixture of sulphuryl chloride and tetra-n-butyl titanate (1 mol.). The heating rate was
3° min."1. The differential thermogram is given in the Figure. The weight losses corresponded
to A—B, 1-10 mol. of BuCl; B—C, 0-94 mol. of BuCl; C—D, 0-95 mol. of Bu,O (or C,Hy +
BuOH or 2C,H; + H,0); and D—E, 0-94 mol. of SO,.

The X-ray powder photograph of the residue at 560° was identical with that of TiO, (rutile).

(&) Dibutoxytitanium(1v) sulphate.—The heating rate was 3° min.”!, and the differential
thermogram corresponded to part C—E of the Figure.
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(¢) Titanium(1v) sulphate. The heating rate was 6° min.”l. The differential thermogram
showed losses: (i) 200—560° (0-75 mol. of sulphur trioxide) and (ii) 560—660° (1-27 mol. of
sulphur trioxide).

X-Ray Powder Diffraction.—X-ray powder diffraction photographs (Cu-K, radiation) were
taken on samples sealed in 0-3 mm. capillaries. Exposures were for 6 hr. at 40 kv and 20 ma in
a camera of 9-00 cm. effective diameter. Observed d spacings for titanium(rv) sulphate were
5-77s, 5:29vw, 4:72s, 3-62vs, 3-53vs, 3-34m, 3-17vw, 3-10w, 2-83m, 2-76s, 2-72s, 2-37m, 1-98w,
1-80w, 1-74m, 1-67w, 1-61lvw, 1-59vw, and 1-56vw (vs, very strong; s, strong; m, medium;
w, weak; vw, very weak).

Infraved Spectra.—(a) The sulphuryl chloride—titanium tetrachloride system showed bands
at 1196 and 1412 cm.™!; the corresponding bands in sulphuryl chloride are at 1193 and 1410
cm.”l, (b) Di-n-butoxytitanium sulphate in Nujol and in chloroform solution showed very
strong broad absorption at 930—1170 cm.”™.. Broad bands in this region were also present in
the spectra of titanium(rv) sulphate and tetra-n-butyl titanate. (¢) Bischlorosulphuryl
dichlorotitanium, prepared from titanium tetrachloride and sulphur trioxide, chlorosulphuric
acid, or methyl chlorosulphate showed strong bands at 555—585, 625—665, and 1000—1175
cm.™,
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