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again for 4 hours and was then allowed to stand overnight.
The reaction mixture was thereafter filtered and the carbon
tetrachloride distilled off at 0.1 mm. pressure. A yellow
oily residue remained. This oil could not be distilled by
means of a normal vacuum distillation even at 0.001 mm.
pressure without decomposition. It could be purified only
be sealing it in a flask connected by a wide tube to a re-
ceiver flask at 1075 mm. pressure at room temperature,
while the receiver flask was cooled to liquid air temperature.
In 48 hours about 1.6 g. of 1-methylcyclohexadiene-1,4 mon-
obromide distilled over in this way. It was colorless but
rapidly turned yellow on standing; #»2p 1.5670. Anal.
Caled. for C;HBr (172.9): Br, 46.21; C, 48.58; H,
5.21. Found: Br, 47.7; C, 48.49; H, 4.81. The high
bromine and the low hydrogen value indicated contamina-
tion with dibromocyclohexadiene derivatives, which was to
be expected from the method of separation used.

1-Methylcyclohexa-1,4-diene Monofluoride.—1-Methyl-
cyclohexadiene-1,4 monobromide (17.3 g. 0.1 mole) was dis-
solved in 35 ml. of acetonitrile and at room temperature
with effective stirring a saturated solution of 14 g. (0.11
mole) of silver fluoride in acetonitrile was added. A white
precipitate could be instantly observed, which increased in
amount as the reaction continued. The reaction mixture
was stirred for another 6 hours, during which time the yel-
low-brown silver fluoride was almost completely dissolved
and a white silver bromide precipitate was formed. After
standing overnight the mixture was filtered and the aceto-
nitrile distilled over at 0.01 mm. pressure. The remaining
product could not be distilled with decomposition even at
108 mm. pressure. It was purified in a similar way to that
described for the 1-methyl-cyclohexadiene-1,4-monobro-
mide at 5 X 104 mm. pressure at around 0°. In 48 hours
about 1.9 g. of distillate was collected, as a colorless liquid,
rapidly turning yellow-brown on standing, »¥p 1.4971.
Anal. Caled. for GH,F (112): C, 75.00; H, 8.03; F,
16.95. Found: C, 74.83; H, 7.90; F, 17.12.

The acetonitrile distilled over contained toluene, the
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presence of which was shown by preparing the 2,4-dinitro-
toluene, m.p. 71°. (The acetonitrile-toluene azeotrope
has a boiling point at atmospheric pressure of 81.1°).

Reaction of 1-Methylcyclohexa-1,4-diene Monofluoride
with Boron Trifluoride.—1-Methylcyclohexa-1,4-diene mon-
ofluoride (5.6 g. 0.05 mole) was saturated with boron tri-
fluoride, starting at —50° and gradually decreasing the tem-
perature to —65° as the boron trifluoride was intrpducegi.
An all-glass apparatus was used to avoid atmospheric mois-
ture. A bright brown color appeared with evolution of heat
(possibly through the partial polymerization of the cyclo-
hexadiene by boron trifluoride); 2.9 g. of boron trifluoride
was taken off. The specific conductivity of the complex so
formed at the melting point (—~65°), x = 1.0 X 1071 q!
cm.™!, Angl. Caled. for C;HyBF: (179.8):BF., 48.3.
Found: BF,, 43.1.

The complex, when warming up, began to decompose at
—50° with strong boron trifluoride evolution while it sep-
arated into two phases: a lower phase miscible with water
and containing hydrogen fluoride and an upper, organic
layer, not miscible with water. The organic layer after
separation, drying and distillation consisted of 1.1 g. of
toluene, b.p. 110°, #%*p 1.4967, and some resinous material.

Reaction of 1-Methylcyclohexa-1,4-diene Monobromide
with Silver Tetrafluoroborate.—To 3.5 g. (0.002 mole) of
1-methylcyclohexa-1,4-dienemonobromide 3.9 g. (0.02 mole)
of anhydrous silver tetrafluoroborate was added in sma_ll
portions with effective stirring and avoiding atmospheric
moisture at —60°. The silver tetrafluoroborate dissolved
in the organic layer followed by an immediate quantitative
precipitation of silver bromide. The organic complex so
formed melted at —65 —64°,« = 1.1077Q~1 cm.”l. On
heating the complex, boron trifluoride was evolved and
again two phases were formed: the organic upper layer was
toluene aud the lower layer hydrogen fluoride. One and
six-tenth grams of toluene was formed (90%). The filtered
silver bromide was 3.72 g. (about 1009%,).
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Aromatic Substitution. VI.

Intermediate Complexes and the Reaction Mechanism of

Friedel-Crafts Alkylations and Acylations!

By G. A. Ovan anp S. J. KunN
RECEIVED JULYy 7, 1958

o-Complex type intermediates of Friedel-Crafts alkylations and acylations with a molar ratio of 1:1:1 were isolated by
the low temperature interaction of methylbenzenes, alkyl fluorides and boron trifluoride, and alkylbenzenes, acyl fluorides

and boron trifluoride, respectively.

From our experience gained during the isolation
and investigation of the protonated and deuterated
alkylbenzene tetrafluoroborate complexes,? we were
encouraged to examine the structure of the inter-
mediate complexes of other electrophilic aromatic
substitutions of such common interest as the
Friedel-Crafts alkylations and acylation.

Alkyl fluorides are quite soluble in methyl-
benzenes. When, for example, an equimolecular
amount of ethyl fluoride is dissolved in toluene
at —80° (or in other methylbenzenes at low tem-
peratures which are determined by the freezing
points of the hydrocarbons) a homogeneous solu-
tion is obtained. When boron trifluoride is in-
troduced into this homogeneous solution at low

(1) The work was started in the author's earlier laboratory, the
Chemical Central Research Institut of the Hungarian Academy of
Sciences, Budapest (Hungary). Preliminary communications ap-
peared in Nature, 178, 1344 (1956); 179, 146 (1957), Partly delivered
as a paper at the XVI International Congress of the International
Union of Pure and Applied Chemistry in Paris, July 18, 1957,

(2) G. A, Olah and S. J. Kuhn, TH1s JoURNAL, 80, 6540 (1958).

On the basis of the intermediate complexes the reaction mechanism is discussed.

temperature, a lower, brightly colored phase
separates immediately. The amount of this phase
is increased by introducing more boron trifluoride.
One mole of boron trifluoride is taken resulting in
a homogeneous solution. In this way it was pos-

sible to isolate the methylbenzene:boron tri-
fluoride complexes with a molar ratio of 1:1:1.
S .

 + GHF Y -

CHAN_CHy  + cri o, BT
BFs L H TCHi

Somie of the properties of these complexes are listed
in Table I.

TasLE I
ArHC,H;*BF.~ COMPLEXES
M.p x(Q-1
dec., cm.™Y) ~—BFu, Zp-—
Ar °C. X 10t Color Formula Caled. Found
CHisCsHs —80 0.2 Yellow CsHuBFs 41.6 40.8
m-(CHs)2CsHa —~75 1 Red CwHuBF« 39.0 37.7
sym-(CHyg)sCeH3 - 15 2 Orange CuHusBF« 37.8 36.4



On heating the complexes we obtained the cor-
responding ethylmethylbenzenes in high yields

CHy
. 4 HF
CHy~~CH, T
C:‘I'{:, BF e

During the decomposition reaction a smaller addi-
tional amount of polyethyl derivatives always was
formed.

In a similar way we isolated the methyl, #-
propyl and isopropyl fluoride:toluene:BF; com-
plexes. The isolation of these complexes of un-
ambiguous composition was impossible in the case
of methyl fluoride on account of its low boiling
point and consequent preparative difficulties, but
in the case of the propyl fluorides we were able to
isolate complexes with a molar ratio of 1:1:1.

The n-propyl as well as the isopropyl fluoride-
toluene-boron trifluoride complexes are yellow
colored, their melting points (with decomposition)
are —80 —78°and they have a specific conductivity
of 0.2 X 102 @71 em.~1. (We wish to point out
that in the case of the propyl fluoride-boron tri-
fluoride complexes and the toluene-propyl fluoride-
boron trifluoride complexes the investigation of the
n-propyl — isopropyl isomerization will be dis-
cussed in a future paper.)

By the isolation of the methylbenzene-alkyl
fluoride-boron trifluoride complexes we were es-
sentially able to investigate the intermediate com-
plexes in a Friedel-Crafts alkylation reaction.

With a similar purpose further investigations
were carried out on the isolation of the methyl-
benzene:boron trifluoride-acyl fluorides complexes,
to investigate the Friedel-Crafts acylation., By
investigating first the Friedel-Crafts formylation
reaction with formyl fluoride,? the first member of
the acyl fluoride series, we were able to isolate the
formyl  fluoride:methylbenzene:boron  trifluor-
ide complexes with the molar ratio of 1:1:1
at low temperatures. Some of the properties of
these complexes are shown in Table II.

T T

O + HCOF k)< ‘BF«'
R I FHS CH& .
BF | H TCHO,

During the thermal decomposition of the com-
plexes (when carefully warmed beyond their
melting points) the corresponding aldehydes were
obtained in 80-90% yields

Coew 17 Cil,

L I P
CH CHaq Hiio ™ gr
_ H CHO : :

The formation of the aldehydes was followed by a
certain amount of resinification as a consequence
of the boron trifluoride and hydrogen fluoride
evolved. Therefore, it was preferable to separate
the aldehydes quickly by washing them acid-frec
with water and then drying and distilling.

(3) G. Olah and S. Kuhn, Chem. Ber., 89, 868 (1956);
Ac. Sci. Hung., 10, 233 (1956).
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TanLe 11
ArHCHO "BF~ CoMPLEXES
Mop., x(Q71
dec., o, 7! Brutto -B1%s
Ar °C. X 102 Color formula (_dlcd lound
CH:CsHs —-70 0.3 Red CsHeOBI1% 41.8 4.1
0i-(CI3)2Cols 32 ¥ Cherry CeHuOBPF: 39.2 37.7
red
syne-(CHs)sCslis 16 7 Redd CioHi;OBFs 3u.5 150
asym-(CHa)aCsIlIz  —~ 10 7 Red CuHi: OBy 34.1 328

Our attempt to isolate in a similar way the
onium ion complex in the case of acetyl fluoride:
methylbenzene boron trifluoride failed. The es-
sentially more stable acetyl tetrafluoroborate
complex separated first from the interaction of
acetyl fluoride and boron trifluorideta®

CH,;COr —+ BIs CI‘IsCO'{“BP4~
<

When the reaction mixture was allowed to warin up
to a higher temperature, the acctyl tetrafluoro-
borate complex acetylated the aromatic compound
in a secondary reaction

ArH + CIL;COTBF, — ArCOCIL; + HE - Bl

but the interiuediate complex of this reaction could
not be isolated.

When propionyl fluoride was treated with tolucenc
and boron trifluoride at —S0°, we were able to
isolate the CH; C¢Hs COC,H;+™ BF4~ complex
(dec. point ~ —2° x = 0.2 X 1072 Q"' cin.™ ).
In the case of m-xylene, mesitylene or isodurene
propionyl tetrafluoroborate again was formed first
and we were not able to isolate the ternary cou-
plexes. On account of the higher freezing points
of these hiydrocarbonus we were unable to work at
low temperatures as in the toluene case and rem:in
in the liquid phase region.

As we were now able, from the foregoing iuvesti-
gations, to isolate intermediate complexes of
Friedel-Crafts acylations, a further attempt was
made to investigate the interinediates of nitration,
as in the case of the boron trifluoride-catalyzed
TFricdel-Crafts nitration with nitryl fluoride.?$

BF
ArH 4+ NO,F ——> ArNO; + HF

As a consequence of the high reactivity of nitrvl
fluoride, the preparative difficulties were consider-
ably greater in this case than with the aliphatic
acid fluorides hitherto discussed. As nitryl fluoride
is a powerful oxidating and fluorinating agent too,
methylbenzenes could not be used in this nitration
reaction, becausc the side chain was attacked.
As the reaction may be very violent even at low
temperatures, a compound having a deactivated
aromatic ring was preferred.  Benzotrifluoride
was found to be o suitable compound.” ‘The
fluorinated side chiain was not attacked by the
nitryl fluoride, and the ring itself was greatly
deactivated.

It was possible to prepare by the low tenperature
reaction the beuzotrifluoride:nitry! fluoride:boron
trifluoride complex with a molar ratio of 1:1:1

(4) (a) F. Seel, 4. auorg. allgem. Chem., 280, 331 (1943); (b) G

Olah, A. Pavlatlh, 5. Knhn aud (. Varsanyi, ““Elektronentheorie der
honteopelaren Binluug," Akademic Verlag, Berlin, 1955, pp. 79-R4
(5) (5. Olah and 8. Kuhn, Chemisiry & Industry, 48 (1456),
() G. Olah, $. Kulin avd A, Mlinko, J. Chen. Soc . 4257 (195H0)
(7) G. Olal, L. Nosyko avd A, P'oviadD, Nufire. 179, 116 (1057},
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CF;

CF;
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+
NO.

BF;

This complex was stable at temperatures below
—50°. Above —50° it decomposed without melt-
ing, whilst boron trifluoride and HF were liberated
and m-nitrobenzotrifluoride was formed with
nearly quantitative yield. The existence of the
intermediate complex was indirectly further proved
by the fact that nitronium tetrafluoroborate,
which itself was found by us® to be a very effective
nitrating agent, did not react with benzotrifluoride
even up to -+100° and nitryl fluoride alone ni-
trated benzotrifluoride only very slowly at —50°.

By the preparation of the intermediate g-com-
plexes we have followed our general method of
treating an aromatic hydrocarbon (preferably a
methylbenzene) with a fluoride (inorganic or
organic) in the presence of boron trifluoride. The
use of the fluoride technique was an essential part
of the work. In many cases, however, it was in-
convenient to use fluoride compounds and espe-
cially hydrofluoric acid as the starting material.
To overcome this difficulty, we have found silver
tetrafluoroborate, previously suggested by us® as a
new cation forming agent, as a very suitable re-
agent for preparing the intermediate tetrafluoro-
borate complexes.

To prepare the intermediate o-complexes with
silver tetrafluoroborate, the silver salt is added
to the aromatic compound and then the cold
solution (it is also possible to work with only a
partly dissolved material by stirring the suspension
of silver tetrafluoroborate in the aromatic) i
treated with an alkyl or acyl chloride or bromide,
respectively.

Using an alkyl halide the alkylation intermediate
o-complexes were formed in the following way,
represented by the alkylation of mesitylene with
methyl chloride

CH, CH, +

+ AgBF, — 0 BE,
CH3 CH3 + CH& CH3 +Cl

BF,

CH, /
+ HF
CHS n CH3 +
CHs BF;

With an acyl halide the acylation intermediate
o-coniplexes were formed in the following way,
represented by the acylation of mesitylene with
propionyl bromide

C CH3 +
é + CH(CH,COBr BY,
. ¥
CH_JCH, AgBF4 cH3 AgBr
COC,Hs

é HF

COCsz

(8) G Olah and S. Kuhn, Naturwissenschaften, 43, 59 (1956).
(9) G. Olah, A, Pavlath and S. Kuhn, Chemistry & Indusiry, 50
(1957).
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In a similar way it was possible to prepare the
intermediate o-complex of a modified Gattermann—
Kochreaction

CH; CH, o
+AgBF4 BF4
CHs~_CH iy cHA Jen, | T
3 3 co 3 ¢ 1 AgCl
+ H CHO
HV
CH,
+ HF
CH, CH, +
cHo BF;

This complex was found to be identical to the
previously prepared o-complex of mesitylene with
formyl! fluoride -+ boron trifluoride.

The isolation of the intermediate complexes of
electrophilic aromatic substitutions, performed in
earlier work with the cation reagent complexes®
and the cation reagent-aromatic ring complexes
reported earlier in this paper, made it possible for
us to investigate the reaction mechanism of
aromatic substitutions by chemical methods by
division into elementary steps. We have investi-
gated in this way the mechanism of Friedel-
Crafts alkylation and acylation. The reactions
investigated were: the boron trifluoride-catalyzed
ethylation of toluene with ethyl fluoride and the
boron trifluoride-catalyzed formylation of toluene
with formyl fluoride.

As previously reported!! ethyl fluoride forms a
1:1 molar complex with boron trifluoride whose low
specific conductivity (x = 1.0 X 10~° ! cm.™!)
indicates merely a polarized covalent addition
complex is formed between the alkyl halide and the
Lewis acid type catalyst and its ionization is only
very small

5t 6~
Csz—F ‘I" BF3 —_— CzHa —>» F —> BF;

To the prepared ethyl fluoride-boron trifluoride
complex, after measuring its conductivity, we have
added, at —80°, an equimolar amount of toluene
also at —80°. On addition of the toluene the hith-
erto white complex mixed complete with the toluene
while a bright yellow color appeared. After addi-
tion of the equimolar quantity of toluene the ethyl
borofluoride complex was quantitatively converted
into the CH;C¢H:C,H;+BF,~ onium ion salt or o-
complex previously discussed. The value of the
specific conductivity increased to x = 0.2 X 1072
Q7! cm.~!  So the second step of the ethylation
reaction can be written

H
C_'II.FB Fs + O('Ilz >

Csz Py

021{5<:>c:H3 + HE

BF;

The boron trifluoride catalyzed formylation of
toluene with formyl fluoride can be performed in a
similar way. As we have described previously?

(10) G. Olah Summary of papers, Division of Organic Chemistry,
XVIth International Congress of Pure and Applied Chemistry,
Paris, 1957, pp. 12-13.

(11) G. Olah, S. Kuhu and J. Olah, J. Chem, Soc., 4257 (1957).
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formyl fluoride and boron trifluoride forms a stable
ion complex, the formonium tetrafluoroborate (x =
0.1 X 1072Q~!em. ™) at low temperature

HCOF + BF, > HCO*BF,~

When the formonium tetrafluoroborate complex
was mixed with an equimolar amount of toluene at
low temperature, the white complex was quantita-
tively converted in the vivid red CH,CH; CHO*
BF;~ onium ion or c-complex leaving a homoge-
neous solution. The specific conductivity increased
toxk = 03 X 1072 Q~! em.~'and the complex so
formed was identical to the complex made from
toluene: formyl fluoride:boron trifluoride.

The second step of the formylation reaction
thus be written

—

[ H oy |7
HCO' BFS  + ( CH; = ¢ ﬁ?'\C}Is!BF—
N p PH%\‘_/ J 4
. HF
oDy, 1
BF;
Experimental

Materials.—Tle alkylbenzenes were the purest available
commercial products. They were fractionatedgin a column
rated at 55 theoretical plates. Centersfractions which ex-
hibited constant boiling point and refractive index were
utilized. They were stored over calcium hydride and redis-
tilled before use. (For the physical constants of the alkyl-
benzenes used see Part IV of this series.) Anhydrous hydro-
gen fluoride and boron trifluoride were of a minimum purity
of 99.5 and 999, respectively. Anhydrous silver tetra-
fluoroborate was prepared according to Sharpe!* Methyl
and ethyl fluoride were prepared from tlie alkyl sulfates by
the method of Fremy!? using anhydrous KF as the fluorinat-
ing agent. n-Propyl fluoride was prepared by the silver
fluoride method according to Moissan.! Isopropyl fluo-
ride was prepared by HF addition to propylene according to
Grosse and Linn.!® The acyl fluorides were prepared accord-
ing to Olah, Kuhn and Beke.18

Nitryl fluoride and nitronium tetrafluoroborate were
prepared according to Schmeisser and Elischer!” and Olah,
Kuhn and Mlinko.* The alkyl and acyl chlorides and bro-
mides were the purest commercial products available and
were redistilled before use. The 1:1 ratio mixture of
CO:HCI used in the Gattermann-Koch reactions was pre-
pared from chlorosulfonic acid and anhydrous formic acid
according to Bert.’® The alkyl tetrafluoroborate complexes
were prepared according to Olah, Kulin and Olah.’® The
acyl tetrafluoroborate complexes were prepared according
to Olah and Kuhn.?

Procedure for the Preparation of ArHR *BF,~ Complexes
(R = CHs, C2H5, n-C3H7, ’[-CaH7). (A) Fluoride Method.—
Alkyl fluoride (0.5 mole, methyl, ethyl, n-propyl and i-
propyl) was dissolved in 0.5 mole of alkyl benzene (toluene,
m-xylene and mesitylene). The solution was cooled in a
Dry Ice-bath and 0.5 mole of boron trifluoride was intro-
duced under conditions precluding the entrance of atmos-
pheric moisture. The apparatus was made of silica, poly-
ethylene and Teflon. Tlie amount of boron trifluoride was
measured by weight increase; BF; was absorbed and the
solution becaine brightlv colored. (Excess of volatile
material was pumped off at Dry Ice temperature and intro-
duction of BF, was discontinued after no more weight in-
crease was observed after twice pumping the systein).
Freezing and decomnposition poiuts of the resulting liomo-

(12) A, G, Sharpe, J. Chem. Scc., 4538 (1952),

(13) E. Fremy, Ann., 92, 246 (1854); Compl. rend., 38, 393 (1854);
Chem. Gaselte, 12, 138 (1954).

(14) H. Moissan, Compt. rend., 110, 952 (1840).

(15) A. V. Grosse and C. B. Linn, J. Org. Chem., 3, 26 (1938).

(16) G. Olah, S. Kuhn and S. Beke, Chem. Ber., 89, 862 (1956).

(17) M. Schmeisser and S. Elischer, Z. Naturforsch., 76, 583 (1952).

(18) L. Bert, Compl. rend., 221, 77 (1945).

(19) G. Olah, S. Kuhn and J. Olah, J. Chem. Soc.. 2174 (1057).
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geneous coniplexes were determined with a calibrated Pt
thiermocouple. Electrical conductivities were nieasured as
described previously (Part 4).

The tetrafluoroborate determinations were carried out in
the form of nitron tetrafluoroborate CyHisHBF, according
to tlie niethod of Lange.2 The properties of the prepared
coniplexes are shown in Table I.

The complexes, when allowed to warm up over their de-
composition points, separated into two phases with vigorous
evolution of BF;: a lower liydrogen fluoride and an upper
organic phase, containing the alkylated methylbenzemnes.
After the thermal decomposition of tlie complexes was com-
pleted and no more boron trifluoride was evolved, the or-
ganic phase was separated, washed free fromt acid, dried and
distilled. After distilling off any excess of tlie starting
mntethylbenzene the fraction containing tlie nionoalkylated
isomers was isolated. No attempt was inade inn general to
isoliite tlie isomers by distillation. The monoalkylated
products were obtainted with a yield above 907, besides
small aunounts of di and higher alkylated products.

(B) Silver Tetrafluoroborate Method.—Two-tenths niole
of anhydrous silver tetrafluoroborate was added tn an excess
of alkyl benzene (toluene, m-xylene, mesitylene) with effi-
cient stirring. The stirred mixture tlien was cooled (—40
to —80°) and 0.2 mole of alkyl chloride or bromide (methyl,
etliyl, n-propyl and isopropyl) was introduced into the
stirred niixture. The amount of alkyl halide taken up by the
system was equivalent to the quantity of silver tetrafluoro-
borate present in the system. Silver halide was precipitated
and a colored complex layer formed. Tlie complex layer
was separated after removing tlie silver halide (preferably in
a cooled centrifuge). The complexes were found to be
identical with these prepared by the fluoride method.

Procedure for the Preparation of AtHCOR*BF,~ Com-
plexes (R = H, CH,, C;Hg). (A) Fluoride Method.—To
0.5 mole of alkylbenzene (toluene, m-xylene, mesitylene, iso-
durene) 0.5 mole of acyl fluoride (formyl, or propionyl)
was added at —20 to —80° (depending on tlie nielting point
of the hydrocarbou). With further cooling in 2 Dry Ice-
bath, and allowing the reaction mixture to remain in the
liquid phase, 0.5 mole of BF; was introduced under condi-
tions precluding tlie entrance of atmospheric nioisture;
BF; was absorbed and the solution became hommogeneous and
brightly colored. The amount of BF; introduced was meas-
ured by weight increase. Excess of volatile niaterial was
pumped off and introduction of BF:, was discontinued
after no more weight increase was observed after twice
pumping tlie system. Freezing and melting points of the
resulting homogeneous complexes were determined with a
calibrated thermocouple. ZElectrical conductivities were
immeasured as described earlier. Properties of the prepared
complexes are shown in Table IT.

The complexes, when allowed to wari up over their de-
composition points, separated into two pliases with vigorous
evolution of BF;: a lower hydrogen fluoride and an upper or-
ganic phase, containing the acvlated (formylated) inethyl-
benzenes. After the thermal decompositionn of the com-
plexes was completed aud no more boron trifivoride was
evolved, the mixture was poured on ice-water, the organic
layver separated, washed acid free and distilled. After dis-
tilling off any excess of tlie starting methvlbenzenes the acyl
(formyl) methivlbenzenes were obtained with over 909
vields. In the case of tlie formyl derivatives tlie resulting
HF must be removed as fast as possible to avoid polymeri-
zation of the formed aldehydes.

(B) Silver Tetrafluoroborate Method.—Two-tenths niole
of anhydrous silver tetrafluoroborate was added to an excess
of alkylbenzene (toluene, m-xylene, mesitylene, isoduremne)
witlt efficient stirring. Tlie stirred mixture then was cooled
{—20 to —80°) and 0.2 mole of acyl chloride or bromide
(acetyl, propionyl) was dropped into the stirred mixture.
It is also possible to effect the reaction witlt formyl fluoride,
the only stable formyl halide. Silver halide was precipi-
tated and a colored complex layer formed. The complex
layer was separated after removing the silver halide. The
complexes were found to be identical with those prepared
by the fluoride method and decomposed in a similar way.

Preparation of the CF;C:H;NO,"BF,~ Complex. (A)
Flyoride Method.-—To 14.5 g. (0.1 nicle) «,u,a-trifluoro-
toluene, cooled in a Dry Ice—acetone-bath 6.5 g. (0.1 wmole)
nitryl fluoride was added. No reaction was observed.
The mixture was cooled with liquid nitrogen and 0.2 niole of

(20) W, Lange, Ber., 89, 2107, 2432 (1028),
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boron trifluoride was condensed onto it. After mechanical
mixing of the solid mixture it was allowed to warm up to
—100° while the excess of boron trifluoride distilled off.
In the mixture 0.1 mole of boron trifluoride remained (meas-
ured by weight absorbed). The homogeneous, yellow
colored, crystalline complex of the mole ratio 1:1:1 was
stable up to —50°. About —50° the complex decomposed
without melting, while BF; was evolved and hydrogen
fluoride and m-nitro-e,a,e-trifluorotoluene (b.p. 93-95°
(85 mm.) were formed in almost quantitative yield.

(B) Silver Tetrafluoroborate Method.—One-tenth mole
of anhydrous silver tetrafluoroborate was added to an
excess of a,a,a-trifluorotoluene with efficient stirring. The
stirred mixture was cooled to Dry Ice temperature and 8.15
g. (0.1 mole) of nitryl chloride added. Silver chloride was
precipitated and a colored complex layer formed. After
removing the silver halide the complex layer was separated.

PoLYMERIZATION OF ETHYLENE WITH TiCli—Al(4-CiHo)s
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It was found to be identical to the complex formed by the
fluoride method and decomposed in a similar way.
Preparation of the ArHCHO *BF,~ Complexes with CO
+HCl.—Two tenths mole of anhydrous silver tetrafluoro-
borate was added to an excess of alkylbenzene (toluene, m-
xylene, mesitylene) with efficient stirring. The stirred mix-
ture then was cooled (—20 to —80°) and a 1:1 ratio mix~
ture of CO:HCI introduced until no more weight increase
was observed. The amount of CO:HCI taken off was equi-
molar with the amount of silver tetrafluoroborate present in
the system. Silver chloride was precipitated and a colored
complex layer formed. The complex layer was separated
after removing the silver halide. The complexes were
found to be identical with those prepared from methyl-
benzenes with formyl fluoride and boron trifluoride and de-
composed to the corresponding aldehydes in a similar way.
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Polymerization of Ethylene with Titanium Tetrachloride-Aluminum Triisobutyl

By ELMER J. BADIN
RECEIVED JUNE 30, 1958

An investigation has been made of the polymerization of ethylene, using titanium tetrachloride—aluminum triisobutyl

catalyst, at atmospheric pressure and at 10-70°.

Linear polyethylenes in the viscosity molecular weight region 3500 to

940,000 are formed. The molecular weight is decreased by raising the reaction temperature, increasing the ratio TiCl,:

Al(+-CHy)s and increasing the quantity of catalyst.
activation energy is 10 kcal. per mole,

Within recent years a considerable quantity of
literature has appeared on olefin polymerization
catalyzed by a mixture of a metal halide of a transi-
tion element (e.g., titanium tetrachloride) and a
metal alkyl. The unique feature of such a catalyst
system is that polymerization to high molecular
weight linear polymers may be carried out at atmos-
pheric pressure and at relatively low temperature.

Earlier results contain information regarding
polymerizations catalyzed by either of the two cata-
lyst components. For example, polymerization of
olefins such as isobutene was carried out!-? at low
temperatures and atmospheric pressure by using ti-
tanium tetrachloride with traces of water or tri-
chloroacetic acid as cocatalyst. Use of metal al-
kyls alone as polymerization catalyst for olefins at
relatively low pressures also has been observed.
Friedrich and Marvel® found that gaseous ethylene
in contact with lithium butyl over a period of days
resulted in formation of a solid polymer.

‘The use of the two component system, titanium
tetrachloride-aluminum alkyl, was recorded by
Ziegler.* Subsequent papers by Natta® and co-
workers using a similar catalyst have reported re-
sults in which the study has been extended to ole-
fins other than ethylene and the concept of regular-
ity of structure has been introduced.

In this paper a brief summary is presented of
some results dealing with the polymerization of
ethylene, using titanium tetrachloride—aluminum
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At a catalyst ratio of 2:1, a quantitative estimate of the apparent

triisobutyl catalyst, at atmospheric pressure and in
the temperature range 10-70°.

Experimental

Experiments were carried out in one liter creased flasks
equipped with gas inlet tube, thermometer, condenser and
stainless steel stirrer. A high speed electric motor adjusted
at about 8000 no load r.p.m. was used in all experiments.
All glassware was cleaned and oven dried at 110° for at least
3 hours. No solvent other than water was used before
drying. Prior to an experiment the flask was heated to 160°
during which time a stream of prepurified nitrogen (Mathe-
son Co.) passed through the apparatus. The flask then was
allowed to cool to 30°. The solvent (400 ml. sodium-dried,
distilled cyclohexane) was then added to the flask and stirred
in a nitrogen atmosphere for 10 minutes.

Catalyst addition was made by pipetting in a solu-
tion of the aluminum triisobutyl (Hercules Powder Co.)
(1.00 molar solution in cyclohexane) followed by addition of
titanium tetracliloride (Matheson, Coleman and Bell Co.)
(1.82 molar solution in cyclohexane), The aluminum tri-
isobutyl analyzed for 14.0%, aluminum and contained a
small quantity (ca. 7% based on aluminum analysis) of
aluminum diisobutyl hydride. Addition of titanium tet-
rachloride to aluminum triisobutyl led to formation of a
finely divided black to brownish black precipitate and was
accompanied by some heat evolution.

Immediately after addition of the two catalyst materials,
the nitrogen was turned off and ethylene was introduced
through a calibrated flowmeter. Pyrex capillary-type
flowmeters (manometer fluid Silicone) were used. Addition
of ethylene to the catalyst slurry led to heat evolution. In
certain experiments without cooling baths this could account
for a temperature rise of from 30 to 60° within a few minutes.
Throughout an experiment temperatures were maintained to
within &= 1° by means of ice-water or water-baths. Tank
ethylene (Matheson, C.p. grade) was used without further
purification.

At the end of each experiment 200 ml. of methanol con-
taining 3% concentrated hydrochloric acid was added di-
rectly to the reaction flask. This was followed by filtration
of the polymer, water washing and washing with dry meth-
anol. Insome cases washing of the polymer was carried out
by vigorous stirring using a Waring Blendor. The polymer
then was dried at a temperature below 100°.

Melting points were obtained using a Fisher—~Johns ap-



