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Anhydrous ferric chloride has been found to react with alkanes under comparatively mild conditions, the reactivity being
in the order tert > sec, and decreasing with increase in steric factors and molecular weight. The reaction is characterized by
evolution of hydrogen chloride and reduction of iron(I1I) to iron(II). Isoéctane is unique among the alkanes investigated
in that it is attacked readily by both ferric chloride and aluminum chloride. With ferric chloride thie evolved gas is contposed
mainly of isobutane and hydrogen chloride. In contrast, aluminum clhiloride yielded no hydrogen chloride, the volatile
product consisting predominantly of isobutane as shown by Ipatieff and Grosse. Solvent and catalytic effects in the ferric

chloride—alkane reaction also were investigated.

Introduction

Our objective was to study the reaction of anhy-
drous ferric chloride with alkanes. As far as we are
aware, no previous investigators have explored
this area.

A few reports are contained in the literature on
the reaction of ferric chloride with alkenes. Using
a vapor-phase technique, de Simo? effected chloro
addition with ferric chloride to hydrocarbons con-
taining an unsaturated linkage between two non-
tertiary carbon atoms. Reaction with «-pinene
yielded?® a variety of products including halogen-
containing derivatives and polymers. Studies
have been made*~® of the interaction of ferric
chloride with aromatic compounds including ar-
alkyls. The experimental results indicate that
several reactions may occur: nuclear chlorina-
tion, polymerization of aromatic nuclei, dispropor-
tionation, conversion to biaryls, polymerization
involving the alkyl side chains and formation of
diphenylmethane derivatives.

Results and Discussion

Alkanes. General Considerations.—The reac-
tion of ferric chloride with alkanes occurred under
comparatively mild conditions, at temperatures
as low as 70° in the tert-series. The general reac-
tion believed to be involved in the initial stages is
expressed in the equations

1’{ I H oCl
R—C—C—R"" + R—C—C—R’" -+ 2FeCl,
T 2FcCl, —> 1 Y Ha
. R' B
R—C=C—R"" + HCI
Rs Rn
R = alkyl; R’, R"’, R"’ = H or alkyl

(1) Paper II of the series “Reactions of Metal Halides with Organic
Compounds™: this paper was presented at the 133rd Meeting of the
American Chemical Society in San Francisco. Calif.. April 14, 1958,
and is in part an abstract of a portion of the Ph.D, thesis of H. C. Volz,
Case Institute of Technology. 1958.

(2) M. de Simo, Can. Patent 451.379 (1948); C. A.. 48, 3436 (1949),

(3) B. V. Zmachinskii. S. A. Maron and S. G. Shmuilovich, J. 4p-
plied Chem. (U.S.5.R.), 10, 2029 (1937).

(4) For references see P. Kovacic and N, O. Brace. THIs JoURNAL, T6,
5491 (1954).

(8) R. W. Stewart, M.S. Thesis, Case Institute of Technology, 1957.

(6) P. Kovacic, R. W. Stewart and F. J. Donat, Abstracts of Papers,
131st Meeting of the American Chemical Society, Miami, Fla., April,
1957, p. 71-Q,

In every case the reactive alkanes gave high
yields of hydrogen chloride. Analysis of the prod-
uct mixture derived from methylcyclohexane re-
vealed the presence of iron(II) in 899, yield. The
order of reactivity was based on a comparison of
the temperatures (initiation temperatures) at
which hydrogen chloride was first evolved after a
uniform rate of heating from room temperature.
From these temperatures (Table I) it is seen that
tert-alkanes are more reactive toward ferric chloride
than sec-alkanes, the initiation temperatures for
the sec-alkanes being 27-68° higher than for the
tert-compounds.

The differences in reactivity within the two series
may be accounted for on the basis of a number of
factors. A comparison of #n-octane and x-nonane
suggests that an increase in molecular weight de-
creases reactivity within a given homologous series.”
Steric influences are considered to play an impor-
tant role in the tert-alkane group. This is indi-
cated by the evolution of hydrogen chloride at
temperatures lower for the cyclic members than
for the non-cyclic ones. Furthermore, in iso-
octane (2,2,4-trimethylpentane) and 2,2,5-tri-
methylhexane the labile feri-hydrogen position is
situated alpha or beta to a bulky fert-butyl group.®

Not as much confidence should be placed in the
data for sec-alkanes since there is the possibility
that small amounts of ferf-alkanes, of greater re-
activity than the sec-compounds, are present as im-
purities.

Certainly, initiation temperatures are a less
satisfactory basis for comparison of reactivities
than reaction rates at the same temperature.
However, rate data may well be difficult to obtain
since it is likely that products of comparable or
greater reactivity, e.g., unsaturated hydrocarbons,
are formed in the initial stages of reaction.

The reaction of methylcyclohexane with ferric
chloride was studied in detail as an example of the
ferric chloride—tert-alkane system and will be
reported elsewhere.®

Iso6ctane.—Isodctane is unique among the
alkanes studied in that it is attacked readily by
both ferric chloride and aluminum chloride. A

(7) For an analogous situation involving antimony pentachloride
see B. L. Moldavskii and S. E. Livshitz, Compt. rend. acad. sci.
U.R.S.S., 1, 507 (1935).

(8) R. W. Taft, Jr., in “Steric Effects in Organic Chemistry.”
edited by M. S. Newman, John Wiley and Sons, Inc.,, New York,
N. Y, 1956, p. 599.

(8) P. Kovacic and H. C. Volz, forthcoming publication,
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TaBLE I
FFERRIC CHLORIDE AND ALKANES
FeCls, o ~-HCI evolved, %—~————— Total :i,rjrfz}

Alkane Mole nole Temp., °C. In 5 min. 1n 10 miu. FICL, 9 win, Tewp., °C
Methyleyelopentane 0.17 0.089 68--70" 6 15 79 35 (68-70
Methvleyclohexane 156 078 773" 38 57 02 25 T2-07
2,2,4-Trimethylpentane L1121 060 TH-78 63 85" 04 15 7505
2,2,5-Trimethylhiexane L110 L0585 06-97 T2 56 99 15 06--104
2-Methyibutane? 086 (043 28 0 0 0 10 28
2,4-Dimethylpentane (134 067 78-80 0 0 0 15 78-80)
#n-Octane 122 .061 123 3 5 92 60 123-124
n-Nonane 112 056 138-140 43 88 8K° 10 138--140
Cyclohexane 185 .093 82 0 0 0 10 82
o HCI was first detected at 70°. ° Fell brieflv to 70°. ¢ Temperature 78-91°. 4 LEastman practical grade. ° HCl in

apparatus was not swept out at the end.

mixture of isodctane and ferric chloride reacted
vigorously at 70-83° with formation of hydrogen
chloride, polymers and hydrocarbon gas composed
mainly of isobutane with a minor amount of iso-
butylene present. In the presence of chloroben-
vene, tert-butylchlorobenzene (predominantly the
para isomer) was isolated (Table IT).

/ Phillips, 999, purity.

With ferric chloride, a similar scheme may be
operative. However, evolution of hydrogen chlo-
ride points to the occurrence of yet another type of
reaction. This transformation quite probably
proceeds by initial forimation of the corresponding
tert-chloro6ctane, along with ferrous chloride and
hydrogen chloride. Conversion of the fert-chloride

TaBLE II
Ferric CHLORIDE AND ISOOCTANE

FeCls octI:g:e," Solvent or Temp.. Time,
moles moles catalyst Moles °C. r.
1.0 0.5° ... 80-95° 1.5
0.06 0.12 AlICIL 0.001 61-98 0.5
0.05 0.12 CsH;NO; 0.05 60-101 0.5
1.5 3.0° CsH;Cl 1.5 70-95° 1.0

¢ Bastman, 99.59, purity.
¢ HCI was first detected at 75°.

b Water-insoluble gas was evolved in every case.
¢ HCl was first detected at 95°.

HCI, - Proditetsb

% Name, wt. B.p.. °C. 7%
82 Polymer, 173g. ...

66 ...

75 oo .. R
"8 t-Butylchlorobenzene,” 12.7 g. 207-210 1.5108

¢ Performed under a stream of nitrogen,
f Redistillation yielded a fraction, b.p. 67.5° (0.8 mnm.),

1n®D 1.5106 (para bands present at 5.3 and 12.15); 1it.10 gives for p-feri-butylchlorobenzene: b. p. 210-212° (730 mm.), n%p

1.5119, Anal. Caled. for C,oHy3Cl: C, 71.21; H, 7.77.

With aluminum chloride, copious amounts of
water-insoluble gas were generated from isodctane
beginning at 50-65° with no accompanying hydro-
gen chloride. Under the specified conditions, al-
kanes such as methylcyclohexane and #-octane
were essentially unreactive toward aluminum
chloride with reference to the reactions which
yield hydrogen chloride and hydrocarbon gas.
Ipatieff and Grosse previously have studied!! the
interaction of aluminum chloride and isodctane in
the presence of hydrogen chloride and obtained iso-
butane., In benzene solution, alkylation of the aro-
matic component occurred yielding ‘fert-butyl-
benzene and p-di-fert-butylbenzene,!? These re-
sults are most satisfactorily interpreted by a
mechanism involving hydride ion abstraction!?
accompanied by chain degradation.

~H- + (CH;)sC+ +
isobctane ——> (CHg)aCCHzCCH; — CH2=C(CH3)2
b |
+H-~
\ —H*
CH,==C(CHs). (CHs):CH

(10) I. P. Tsukervanik, J. Gen, Chem. (U.S.S.R.), 17, 1005 (1947).

(11) V. N, Ipatieff and A, V. Crosse, Ind, Eng. Chem., 28, 461 (1936).

(12) A. V., Grosse and V. N, Ipatieff, T8 JournaLn, 87, 2415
(1933).

(13) P. D, Bartlett, F. E. Condon and A. Schneider, $bid., 66, 1531
(1944).

Found: C, 71.20, 70.98; H, 8.09, 7.40.

to the fert-octyl carbonium ion would then lead to
reactions similar to those outlined above.

Although methylcyclohexane and #-octane
yielded no hydrogen chloride or hydrocarbon gas on
treatment with aluminum chloride, it is recognized
that rearrangement reactions may occur to some ex-
tent. Various workers have demonstrated!¢ that
alkanes can undergo isomerization in the presence
of aluminum chloride, e.g., 1,1-dimethylcyclopen-
tane was converted in high yield to methylcyclo-
hexane and cyclohexane was isomerized to methyl-
cyclopentane. Also, a new species of methylcyclo-
hexane resulted’® when methyl-C'*-cyclohexane
was treated with a mixture of aluminum bromide.
hydrogen bromide and sec-butyl bromide. It is
well known!® that small amounts of promoters such
as water, hydrogen chloride and olefins profoundly
influence the reaction of aluminum chloride with
alkanes.

Solvent and Catalytic Effects,—In the general
procedure the ferric chloride—alkane reaction was
carried out under an atmosphere of air. Under

(14) N. D. Zelinsky, M. B, Turova-Polyak, N. F. Tsvetkova and
E. G. Treshchova, J. Gen. Chem. (U.S.5.R.), 21, 2415 (1951); M. B,
Turova-Polyak, V. A, Adamova and E. G. Treshchova, ibid.. 21, 271
(1951).

(15) H. Pines and R. W. Myerholtz, Jr., Tria Jour~aL, 77, 5392
(1955).

(16) L. Schmerling, in “The Chemistry of Petroleum Hydrocar-
bons,” Vol. 2, Reinhold Publ. Corp., New York, N, Y., 1955, p. 269.
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nitrogen no large difference in results was apparent
(Table III). However, with both methylcyclo-
hexane and 2,2,5-trimethylhexane in the absence of
air, a slight decrease in the initiation temperature
and a small increase in the rate of hvdrogen chlo-
ride evolution were observed. The decision as to
whether these minor effects are real must await
data from more rigidly controlled experiments.
In addition, the reaction with methyleyclohexane
proceeded equally well in the absence of light.

Studies were made with various solvents and
catalysts in order to determine the effect on initia-
tion temperature and yield of hvdrogen chloride.
In most cases the additives lowered the initiation
temperature, and influenced the yield of hydrogen
chloride only slightly. In a semi-quantitative
experiment with methylcyclohexane in nitroben-
zene as solvent, the rate of gas evolution in the
70-73° temperature range was decreased although
the initiation temperature was decreased (Table
IIT). Nitrobenzene would be expected to increase
the solubility of ferric chloride and at the same
time alter its nature by codrdination.
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LIHC1/1FeCl;. 1In the case of the experiments reported in
Tables I and III the hydrogen chloride remaining in the
system at the end of the reaction was purged through the
scrubber, whereas this was not done with the other experi-
ments,

Ferric chloride appeared to be quite insoluble in the al-
kanes and in no case did solution occur at elevated tem-
peratures. At the end the reaction mixtures consisted of
black, or almost black, solid or tarry material in excess
alkane,

Ferric Chloride and Methylcyclohexane.—A mixture of
20 ml. (0.156 mole) of methylcyclohexane and 12.7 g. (0.078
mole) of anhydrous ferric chloride was heated with stirring
under nitrogen with exclusion of light. At 69.5° the pres-
ence of hydrogen chloride was first detected. A 929 yield
of hydrogen chloride was obtained during 20 minutes at
69~96°. The reaction mixture was cooled, diluted with
ether and extracted with three portions of water containing
a small amount of hydrochloric acid. The aqueous extracts
were combined, washed with ether and then heated to expel
dissolved ether. Operations with the aqueous solution were
performed under nitrogen. Analysis® by titration with
dichromate in the presence of phosphoric acid with sodium
diphenylamine sulfonate as indicator revealed the presence
of 0.069 mole (899%,) of iron(II).

Ferric Chloride (0.078 mole) and Methylcyclohexane
(0.157 mole, Eastman tech. grade) in Chlorobenzene
(0.049 mole) with Solvent or Catalyst (moles, temp., 9% HCI)

TasLE III
CATALYTIC AND SOLVENT EFFECTS

FeCla, HCI evolved, % Total Tatal
Alkane Mole mole Temp.. °C.  In 5 min. In 10 min. HCL 9, time, min. Temp., °C.
Methyleyclohexane 0.156 0.078 70-73° 38 57 92 25 70-97
Methyleyelohexane® .156 .078 69-73° 43 62 92 20 69-96
Methyleyclohesane? .156 .078 70-73° 17 26 99 30 70-96
2,2,5-Trimethylhexane .110 .062 93-967 68 85 92¢ 20 93-105
2,2,5-Trimethylhexane® .110 .062 94-98 80 90 100 15 94-99

+ HCl was first detected at 72°,
4 In nitrobenzene (20 ml.).

1ot swept ot at the end. * Performed under nitrogen.

Additional discussion of the mechanistic aspects
will be deferred until the ferric chloride-alkane re-
action has been explored more completely.

Acknowledgment.—We wish to acknowledge the
support of this work by the National Science
Foundation.

Experimental 7—19

Materials.—Unless otherwise indicated the alkanes were
Phillips pure grade (999, minimum purity) which were ex-
tracted repeatedly with concentrated sulfuric acid (three
30-ml. portions of acid and 250 ml. of alkane) washed with
water, dried, and distilled. Ferric chloride was in the form
of anhydrous, sublimed powder (Matheson Co.).

Ferric Chloride and Alkanes. General Procedure.—The
mixture of anhydrous ferric chloride and alkane was heated
with stirring in a 100-ml., 3-necked flask. Alternatively
the small-scale reactions were carried out in a 50-ml. Soxhlet
flask equipped with thermometer, gas outlet tube and hand
stirrer. Usually 10-30 minutes was taken to reach the in-
itiation temperature, the temperature at which evolution of
hvdrogen chloride was first detected in the trap liquor.
The lowest temperature listed for each experiment is the
initiation temperature. The hydrogen chloride® was ti-
trated with approximately 2 N sodium hydroxide solution
in the presence of phenolphthalein indicator. The theo-
retical yield for hydrogen chloride is based upon the ratio

(17) Mr. Ralph Hodous assisted with part of the experimental work.

(18) Boiling points are uncorrected.

(19) Elemental analyses were performed by Geiler Laboratories,
West Englewood, N. J.

(20) Since the evolved hydrogen chloride was not swept out continu-
ously by an applied gas stream, the figures in the tables for the amount
of hydrogen chloride formed within the first 10 minutes do not include
the generated gas remaining in the system.

b Performed under nitrogen with exclusion of light.
¢ HCI was first detected at 53-60°.

¢ IICl was first detected at 69.5°.
7/ HCl was first detected at 96°. ¢ 1IClin apparatus was

(time: 20-40 min.): none (—, 75>-104°, 76); CeH;NO,
(0.049, 53-106°, 73); CHzNO. (0.093, 46-82°, 71); CH;,-
(CH,):NO, (0.056, 54-101°, 72); SunCl, (0.086, 73-95°,
82): TiCl, (0.091, 68-101°, 82); SbCl; (0.044, 58-106°,
82%; PCl; (0.078, 53-102°, 59); AICl; (0.002, 70-100°,
82).

Ferric Chloride and Isotctane.—A mixture of 30 ml. (0.18
mole) of isodctane and 14.7 g. (0.09 mole) of anhydrous
ferric chloride was heated with stirring under nitrogen.
The generated gas was passed through a caustic scrubber
and a portion of the water-insoluble fraction (inflammable)
was collected in a sample tube by water displacement. Gas
evolution began at about 75° and proceeded briskly while
the temperature was kept at 70-83° for 8 minutes. Much
more water-insoluble gas was evolved than could be ac-
counted for by the nitrogen originally present in the system.
The sample of water-insoluble gas collected was analyzed??
by gas chromatography and found to have the composition:
isobutane, 81.49%,; nitrogen, 17.3%; isobutylene, 1.49;
two unidentified components (<0.29,).

Ferric Chloride and IsoSctane.—The reaction mixture
from the corresponding experiment in Table II was worked
up in the following manner. The organic portion of the
steam distillate was separated by distillation into isogctane
(0.6 mole) and 8.7 g. of product which could not be dis-
tilled at atmospheric pressure through a semi-micro Vigreux
column at oil-bath teniperatures.

The organic residue from steam distillation consisted of
0.4 g. of ether-insoluble solid and 8.2 g. of ether-soluble,
black tar. No volatile material was obtained from the tar

(21) I. M. Kolthoff and E. B, Sandell. “Textbook of Quantitative
Inorganic Analysis,” 3rd edition, The Macmillan Co., New York,
N. Y.. 1936, p. 579.

(22) We are grateful to Dr. G. R, Brown. Tr., and Mr. T. B, Selover,
Jr., of the Sohio Research Laboratories for this analysis.
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on attempted distillation at (0.7 mm. with a pot temperature
of 227°,

Ferric Chloride and IsoGctane in Chlorobenzene.—The
reaction mixture from the corresponding experiment in
Table II was worked up in the following manner. The or-
ganic distillate from steam distillation was fractionated
through a 15 X 1 cm. column packed with glass helices to
vield isobctane (2.52 moles), chlorobenzene (1.14 rmoles)
and fert-butylchlorobenzene (12.7 g.) with 4.3 g. of residue.

The organic residue from steam distillation consisted of
34 g. of black, semi-solid material.

Ferric Chloride (moles) and Alkanes (959, minimum
purity) (moles, temp., 9% HCl) in Chlorobenzene (0.049
mole) (time: 20-25 min.): FeCl; (0.061), isodctane (0.121,
91-100°, 69); FeCl; (0.055), 2,2,5-trimethylhexane (0.109,
94-111°, 72).

RavyMoND C. PETERSEN MANUEL FINKELSTEIN AND SIDNEY D. Ross

Vol. 81

Aluminum Chloride and Alkanes.—(a) A mixture of 20
ml. (0.12 mole) of isoéctane (Eastman, 99.5%) and 3 g.
(0.022 mole) of anhydrous aluminum chloride was heated
with stirring. At about 50° water-insoluble gas began to
evolve at a slow rate. At 65-70° the rate was appreciably
faster and increased progressively with increase in tempera-
ture. The reaction mixture, which was heated from 40 to
98.5° during 25 minutes, yielded no hydrogen chloride.

(b) No water-insoluble gas or hydrogen chloride was
evolved in the following experiments (alkane, 95% mini-
mum purity); methylcyclohexane (0.1536 miole), AICIL
(0.029 mole), 15 min. at 90~99°; n-octane (0.123 wmole),
AlCI,; (0.057 mole), 40 min. at 110-118°.

CLeVELAND 6, OHIO

[CONTRIBUTION FROM THE RESEARCH LABORATORIES OF THE SPRAGUE Lrecrric Co.j
Quaternary Ammonium Polyborates!

By RavyyMonD C, PETERSEN, MaANUEL FINKELSTEIN, AND SIDNEY D. Ross
RECEIVED JANUARY 13, 1959

Scveral quaternary anunonimm polyborates have been prepared. Quaternary ammonium halides were prepared by stand-
ard methods and the halides were converted to hydroxides by reaction with silver oxide or by means of an ion exchange resin.
The hydroxides were converted to polyborates by reaction with boric acid or ammoniim pentaborate. The compositions
of the products obtained indicate that the pentaborate is a favored form and that the fundamental unit of the pentaborate
ion is HiBsOw~ Some of the pentaborates have been obtained with water of crystallization, usually easily removable, while
others contain one additional boric acid molecule. It is suggested that this boric acid molecule is not added to the penta-
borate ion, thereby producing a true hexaborate, but rather crystallizes with certain pentaborates by virtue of a favorable

size relationship between it and spaces in the crystal lattice, perhaps forming hydrogen bonds to the pentaborate ions.

The existence of polyborates is a subject which
has received considerable attention. The existence
of such polyborate salts as sodium tetraborate,
Na,B4Os, potassium pentaborate, KH;B;O4-2HO,
and ammonium pentaborate, NH,H;B:;02H,0,
is well established. The crystal structure of potas-
sium pentaborate has been determined by Zachar-
1asen,?3

Polyborate ions have been detected in solution by
many workers, including Ingri, e al.,* while
Edwards® has detected their presence by pH
measurements on aqueous solutions of boric acid.

In aqueous solutions of salts, such as potassium
pentaborate, fairly large coucentrations of poly-
borate ions are obtainable, but quantitative
measurements of activity (of hydrogen ion, for
example) lack significance with respect to concen-
trations or equilibrium coustants since activity co-
cfficients of boric acid and the various ionic species
are unknown. In solutions of boric acid alone,
the concentrations of polyborate ions in equilibrium
with monoborate ions and boric acid are quite siall,
lience not easily detectable, since most of the boric
acid is present in the undissociated form. How-
ever, in this case, the activity coefficients are all
nearly unity and activity measurements retain
some value in an attempt to determine equilibrium
constants and concentrations of the various species.

Edwards concludes that the most important

(1) This research was performed in part under Coniract No. DA-
36-039-5¢-71186 between the Signal Corps Fngineering Laboratories.
Department of the Army, and the Sprague Electric Co.

(2) W. H. Zachariasen, Z, Krist., 98, 266 (1037).

(3) A. F. Wells, “Structural Inorganic Chemistry.’” 2nd esl.. Oxford
University Press, London, 1850, p. 447,

(4) N. Ingri. G. Lagerstrém, M, Vrydman and 1.. .
Chem. Scand., 11, 1034 (1957).

(5) J. O. Edwards, THis JourNac(, 76, 6151 (1903).

Siltéuy, 4t

polyborate ions in aqueous boric acid solutions are
singly charged triborate and hexaborate ions.
Unfortunately, his data can be fitted as well by
other combinations of polyborates, such as the com-
bination of dimer, trimer and pentamer. If an-
other order of magnitude in the accuracy of such
measurements could be obtained, it would probably
be possible to reach some definite conclusions con-
cerning the concentrations of the various possible
borate ions in aqueous boric acid solutions. In view
of these difficulties associated with measurements on
solutions, the nature of solid polvhorate salts
remains perhaps the most significant factor in an
understanding of borate chemistry.

The present work comprises the preparation and
identification of several quaternary ammonium
polyborates. Most of these salts have the formula
QH,BsO1, where Q represents the cuaternary
ammonium radical, while a few correspond to this
formula plus one H;BO; molecule. In sonie cases
the salt was obtained with water of crystallization,
but this water could be removed by suitable heating
in vacro. Those salts found to have the formula
QH,B;Oyy will be termed pentaborates while thosc
with the additional boric acid molecule will be
called hexaborates.

Experimental

Neutral Equivalents.—Acid neutral equivalents (A.N.I2.)
were determined by titration with standard HCI to brom
cresol green end-point while base neutral equivalents
(B.N.E.) were determined by titration with standard
NaOH to phenolphthalein end-point in the presence of man-
nitol. The selection of indicators was based ou the resnlts
»f prelintinary titrations perfornied with a pH meter.  Values
of neutral equivalents reported are the average of twoor
more deterntinations in many cases.

Calculated values of B.N.E. were obtaiited by ussnming
that cacl boron in the molecule would behave as a molecule



