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bility of BF,~ has been estimated previously as
about 3 X 107%* cm..® However, taking the
refractive index, #D, of KBF4 as 1.32 £ 0.01'7 and
using the method of Tessman, et al.,'* a polariza-
bility for BF,~ of (4.85 + 0.15) X 10~%¢cm.? can be
obtained. The ‘“main frequency’ energy e for
BF,~is not available. However, it seems probable
that it will lie somewhere near those of the halide
ions.’® An average value of (15 £ 5) X 1012
ergs/mole is assumed for e_ for BF,~., Using these
data, the van der Waals energies for KBF, and
NH,BF, resulting from the dipole-dipole interac-
tions are 6 and 7 kecal./mole, respectively. The en-
ergy contributions resulting from the dipole-quad-
rupole interactions'® are taken as 0.2 C/7.8 The
total van der Waals energy terms for KBF, and
NHBF, are about 8 and 9 keal./mole, respectively.

The total lattice energies for KBF; and NH,BF,
(obtained by adding the contributions from the
Born equation and the van der Waals energies)
are 152 (at 300°) and 145 (at 260°) kcal./mole.
The total uncertainties in the lattice energies result-
ing from the use of the Born equation, the approxi-
mate calculation of the van der Waals energy, and
the approximation involved in the addition of the
component energy terms are probably £3 to 10
kecal./mole. Previously, a very approximate lat-
tice energy calculation gave a lattice energy for
KBF, of 148 kcal./mole.1¢

The lattice energy of KBF, can be combined
with the heat of formation of KBFu(s) and that
of K*(g) in the reaction KBF4(s) — K*(g) +
BF,~(g) to obtain the heat of formation of the
gaseous fluoborate iorn. The heats of the dissocia-
tion reactions MBF; — MF 4+ BF; have been
determined for the alkali metal fluoborates.’® 1In
the case of KBF, the dissociation reaction has been
studied from below the m.p. of KXBF, (530°) to
930°. The heat of dissociation is calculated to be
29 kcal./mole from the slope of the line in the plot of
log p versus 1/7.% Since no break occurs in the
line at the m.p. of KBF;, the heat of the reaction
KBF.(s) = KF(s) + BF;(g) at 510° also is about
29 kcal./mole. The AHP(KF,s) at 510° is —128
kecal./mole,® while AHP(BF;g) at 510° is —261
kecal./mole.®'® Consequently, the heat of forma-
tion of KBF,(s) at 510° is —418 kcal./mole and at
25° is about —424 kcal./mole (assuming H® — H§
for KBF, is about the same as those of the alkali
metal halides®®). The heat of formation of BF,~(g)
at 25° can be calculated to be —395 = 10 kcal./
mole from the reaction KBF; — K *+(g) + BF,~(g),
since the heat of the reaction is the lattice energy of
152 kcal./mole (the change in lattice energy with
temperature is negligible), AHP(KBF,s) is —424
keal./mole and AHf(K+,g) is 123 kcal./mole.?

The heat of reaction (1) at 25° is —62 = 10

{16) J. H.de Boer and J. A. M. Van Liempt, Rec. frav. chim., 46, 124
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kcal./mole. This value is based on a AH{(BF,,g)
at 25° of —268 kcal./mole'® and a AH?(F—,g) at
25° of —65 kcal./mole.? Combining the heat of
reaction (1), with its entropy gives a free energy of
~53 =+ 10 kcal./mole. The corresponding equilib-
rium constant at 25°, K, has the value 10%,
Thus the reaction is spontaneous in the direction
indicated above, and the equilibrium is very far
over toward the formation of BF;—(g).

The heat of solution of KBF, in water is about 22
kcal./mole using approximate solubility data.'s
The AHf(BF,—,aq) is —342 £ 10 keal./mole, using
AHP (KBFys) of —424 kcal./mole, AHg . of 22
kecal./mole and AHF(K+,aq) of —60.0 keal./mole®
in reaction (2)

KBF(s) —> K*(aq) + BF,(aq) (2)

The heat of hydration of BF,~ also can be calcu-
lated from the heats of formation of BF,~(g) of
— 395 keal.,/mole and BF,~(aq) of —342 kcal./mole
as about —54 kcal./mole (AH?(H*,aq) = -+107
kcal./mole).2!

(21} H. O. Pritchard, Chem. Revs., 52, 629 (1953).
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The Boron Trifluoride-Nitrogen Tetroxide Complex.
Its Composition and Chemical Behavior
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When boron trifluoride and the equilibrium mix-
ture of nitrogen dioxide and nitrogen tetroxide are
brought together in the vapor phase, the liquid
phase, or in solution, heat is evolved and a stable,
white, solid complex immediately separates. Men-
tion is made of such a complex by Kuhlmann,? al-
though he gives no data on its method of prepara-
tion, composition, analyses or properties. Batey
and Sisler? mention a white, crystalline solid formed
in the reaction of BF; with NO,Cl containing N,Oj
as an impurity, which they formulate as NyO,:-
2BF;. These authors also supply no other data on
this complex.

Composition of the Complex.—Since we had ex-
pected for theoretical reasons that boron trifluoride
and nitrogen tetroxide would form a complex of the
type BF3 N0, it was first decided to study the com-
bining ratios of the two substances. This was
done both gravimetrically and volumetrically.
The results in both cases confirmed the expected
composition.

Physical Properties of the Complex.—The white
solid ohtained by any of the various inethods of
mixing the component compounds is essentially in-
soluble in all solvents with which it does not react.
Even nitromethane, nitrobenzene and liquid N,O;
do not dissolve it appreciably. It is also insoluble
in aliphatic hydrocarbons and chlorinated hydro-
carbons. It reacts with oxygenated solvents such
as water, carboxylic acids, esters, ketones and

(1) Taken in part from the M.S. Thesis of C. M. Vogt, Purdue Uni-
versity, August, 1954.

(2) F. Kuhlmann, Adnn. chim. phys., {3] 2, 116 (1941).
(8) H. H. Batey and H. H, Sisler, THis Journar, T4, 3408 (1952)
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ethers and with basic nitrogen derivatives such as
amines and pyridine.

The above behavior makes it impractical to crys-
tallize the complex which is normally obtained as an
amorphous solid with a waxy consistency and no
visual evidence of crystallinity. Solvents and
other liquid impurities such as excess N;O4 may be
removed by pressing on a porous plate. This
must be done fairly rapidly since the complex sub-
limes with dissociation into its component parts at
room temperature and reacts rapidly with atmos-
pheric moisture. Ina sealed melting point tube no
melting is evident at temperatures of 300° and dis-
sociation into NO; so darkens the tube that observa-
tion of the contents becomes difficult or impossible
at these or higher temperatures. Inclosed contain-
ers and in the absences of substances with which it
can react the BF;—N:O, complex appears to be per-
fectly stable for months,

Chemical Behavior of the Complex.—In view of
the ease of dissociation of the BF3;—N,0, complex it
is not surprising that it reacts with substances
which normally react with either BF; or N,O, alone.
Thus with water, hydrofluoric acid, boric acid,
fluoboric acid, nitrous acid and nitric acid are
rapidly generated. With cyclohexene the same
products are isolated, although in poorer yields, as
are obtained from cyclohexene and NyO, alone.*
With methyl acrylate the complex gives methyl 3-
nitroacrylate and methyl 3-nitro-2-hydroxypropi-
onate in low yields. These compounds and others
are reported by Shechter and Conrad® to result from
the reaction of methy! acrylate with N,O, alone.

There would appear to be little advantage in us-
ing BF;—NyOq in place of N,O, for reactions in which
N.Q; is to be added to unsaturated molecules. Not
only are the yields of expected products poorer in
those cases where comparisons can reasonably be
made, but also the reactions are more difficult to
control and are not successful when addition of
N0y itself is not successful.

The BF3;-N,;0, complex reacts substitutively with
benzene at ice-bath temperatures to produce de-
tectable amounts of nitrobenzene almost immedi-
ately. At —9° a 129, yield is obtained in 3 to 4
hours and at 0° a 409, yield is obtained in one week.
Small amounts of m-dinitrobenzene are formed at
the same time. The complex reacts with naphtha-
lene at 0° in 36 hours to give a 659, yield of dinitro-
naphthalenes containing principally the 1,5- and
1,8-isomers. Nitrobenzene gives a 7%, yield of m-
dinitrobenzene in one week at room temperatures.

The complex is an unusual nitrating agent in that
it contains no water, no hydrogen atoms and no hy-
droxyl groups. Furthermore it is insoluble in the
reaction medium and in the products of nitration.
These attributes can be turned to advantage to
certain cases, a subject which is being studied in
further detail in this Laboratory. For the present it
may be noted that the complex leads to a different
ratio of products in the nitration of naphthalene
than is obtained with nitric acid. Hodgson and
Whitehurst® report a ratio of 1,5-:1,8-dinitronaph-
thalenes of about 1:2 using mixed acids at 0-35°,

(4) H. Baldock, N, Levy and C, W, Scaife, J. Chem. Soc., 52 (1948).
(5) H. Shechter and F. Conrad, Tuis JoUrRNAL, 75, 5610 (1953).
(6) H. H. Hodgson and J. S. Whitehurst, J. Chem. Soc., 202 (1945).
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while we find the reversed ratio of about 2:1 of the
same isomers using the complex at 0°. With read-
ily oxidized compounds such as aniline and resorci-
nol the complex is hypergolic (sic) and produces
instantaneous combustion.

The Structure of the Complex.—The high melt-
ing point and the insolubility in non-polar solvents
indicate the complex to be a polar molecule.
The rapid nitrating action on aromatic compounds
indicates the presence in it of nitronium ions. For
these reasons we wish to propose the following
mode of formation and structure of the complex.

BF; + O:N: | NO; = (F3B « NOy)"(NO,)*

Nitrogen tetroxide can dissociate homolytically
into -NO, radicals or heterolytically into (NO,)*
and (:NO)~ ions. The first process is evidently
favored by heat. The second process would be pro-
moted by any reagent capable of combining readily
with either the (NO,)* or the (NO:)~ ions. Since
BF; is one of the most powerful acceptor molecules
known, and hence combines strongly with anions,
it is not surprising that it reacts with N,O, to form
the salt-like molecule pictured for the complex.

Experimental

Preparation of BF;—N;O; Complex.—A three-necked
1000-ml. flask fitted with an all-glass stirrer, reflux con-
denser and gas inlet tube is immersed in a pail of crushed ice
and salt. Dry nitromethane or nitroethane, 350 ml., is
introduced and stirring is started. Previously collected,
dry liquid, NO:-N20y, 100 g. (110 ml.), is added, and when
the temperature has fallen below 0°, a rapid stream of BF,
is started through the gas inlet tube, which should dip below
the surface of the liquid in the flask. When excess BF; is
present as indicated by white fumes at the top of the con-
denser, the stream of BF; is interrupted. The flask now
contains a quantitative yield of a slurry of the complex in
nitro alkane, It may be stored as such or filtered off on a
sintered glass funnel, rapidly pressed free of adhering
liquid on a porous plate in a dry atmosphere, and sealed in
glass tubes.

Gravimetrically 100 g. of NO;~N»0;4 was found to combine
with 97.2, 104.4 and 96.8 g. of BF; in three separate experi-
ments. Volumetrically, 50 ml. of NO,~N:O4 (corrected for
the degree of dissociation according to the equations and
data of Verhoek and Daniels’) combined with 50.0 = 0.5
ml. of BF, in six separate experiments in an all-glass appara-
tus.

Reaction of Complex with Benzene.—The complex, 72
g. (0.450 mole), was added slowly with stirring to 35.2 g.
(0.44 mole) of benzene cooled in a flask to partial crystalli-
zation in an ice-bath. The mixture was allowed to warm up
to room temperature and let stand for a week. It was then
poured into ice-water to destroy unreacted complex. The
water layer had a blue color. Urea was added to decom-
pose any nitrous acid present, and the non-aqueous layer
was separated, dried and distilled. The fraction, b.p. 210~
212°, was 21.4 g. (39.59% yield) and was nitrobenzene.
The undistilled residue was recrystallized from methanol to
give 1.18 g. (1.6% yield) of m-dinitrobenzene, m.p. 90°.

Reaction of the Complex with Nitrobenzene —A similar
experiment but using 30 g. (0.178 mole) of nitrobenzene and
40 g. (0.25 mole) of complex gave after one weck a 7%, yield
of m-dinitrobenzene, m.p. 90°

Reaction of the Complex with Cyclohexene.—Cyclohex-
ene, 30.0 g. (0.36 mole) in 158 g. of CCly wasadded toa slurry
of 160 g. (1.0 mole) of the complex in 1175 g. of CCly at 0°
over a period of two hours. Oxygen was bubbled through the
reaction mixture continuously. The product was allowed to
warm to room temperature within six hours. It was then de-
composed with ice and water and urea, the CCly layer sepa-
rated, dried and distilled under vacuum. A large number of
products appeared to be present. All of these were not
identified, but Z2-nitrocyclohexanol and 1,2-dinitrocyclo-

(7) F. H. Verhoek and F. Daniels, THis Jour~NaL, 53, 1250 (1931),
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hexane were isolated in small amounts and identified by
comparison with authentic samples prepared by the method
of Baldock, Levy and Scaifet from cyclohexene and nitrogen
tetroxide.

Reaction of the Complex with Methyl Acrylate.—Methyl
acrylate, 58.6 g. (0.68 mole) in 93 g. of CCly was added
slowly to 160 g. (1.0 mole) of complex in 322 g. of CCl,
during 1.5 hours at 0° while oxygen gas was bubbled into
the mixture. The product was allowed to warm up to room
temperature and to stand overnight. It was decomposed
with ice and water and 101 g. of urea. The lower layer was
separated, washed with water till neutral, dried and frac-
tionally distilled. There were obtained 1.38 g. (1.5%
theory) of methyl 3-nitroacrylate, b.p. 86-40° (1 mm.),
freezing point 33°; and 3.91 g. (3.8% theory) of methyl 3-
nitro-2-hydroxypropionate, b.p. 8-89° (1 mm.), glassy at
—70°. Other unidentified products ircluding a polymer
were also present.

Reaction of the Complex with Naphthalene.—A slurry of
80 g. (0.50 mole) of the complex in 200 ml. of nitroethane
was cooled to ice temperature. A solution of naphthalene,
30 g. (0.234 mole), in 200 ml. of nitroethane also cooled to
0° was added dropwise to the flask with rapid stirring.
The mixture developed a light yellow—green color during the
final stages of the addition. Stirring was continued at ice
temperatures for 5 hr., then the mixture was allowed to
stand 24 hours at ice temperatures. Finally the reaction
mixture was heated gently for 3 hours, cooled and poured
into a mixture of ice and water to destroy the complex.
Again the water layer became blue in color. The non-
aqueous layer was separated, dried and the nitroethane sol-
vent removed by distillation. The residue solidified on
cooling and weighed 36.5 g. (65% theory caled. as dinitro-
naphthalenes).

Anal. Caled. for CquNzO;! N,
13.00.

Following the separation procedure of Hodgson and
Turner8 the product was partially reduced with sodium sul-
fide and sulfur to a mixture of 1,8-dinitronaphthalene,
18.2 g., m.p. 171°, and 5-nitro-l-naphthylamine, soluble
in acid, 19.8 g., m.p. 119°. From this it may be calculated
that the ratio of dinitronaphthalenes formed was 1,8-/1,5-
= 36.5/68.5.
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(8) H. H. Hodgson and H. S. Turner, J. Chem. Soc., 318 (1943).
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Quinoline Derivatives of Iodine(I)

By ErvIN COLTON
RECEIVED AUGUST 15, 1955

The positive character of the halogens is well es-
tablished,! and the cationic nature of iodine is al-
most to be expected from its metallic-like appear-
ance and its position in the periodic classification.

Carlsohn? and his students pioneered in the field
of codrdination compounds of unipositive iodine.
These investigators were able to stabilize a number
of salts of the hypothetical base, IOH, by coérdina-
tion with organic tertiary amines. The general
method of preparation is illustrated by the follow-
ing equation, the calculated amounts of material
being brought together in some non-aqueous me-
dium, usually chloroform.

AgNO; + 2CHN + I, —> I(C:H;N).NO; + Agl
The mercurous salt can also be used as a starting
material for obtaining unipositive iodine complexes.

(1) J. Kleinberg, J. Chem, Ed., 28, 559 (1946).
(2) H. Carlsohn, ”Uber eine neue Klasse von Verbindungen des
einwertigen Iods,”” Verlag Hirzel, Leipzig, 1932.
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In this case, benzene appears to be the best medium
for effecting reaction.

(RCOO),Hg, + 31, + 6CH;N ~——
2RCOOI-CsHN + 2HgLy-(CH N ),
(R = aromatic group)

A series of unipositive iodine derivatives of
carboxylic acids, with pyridine, - and B-picoline
as cootrdinating agents, has been reported.?*
This paper reports the preparation of some com-
pounds of iodine(I) cosrdinated with quinoline.

Experimental

Materials.—The iodine used was J. T. Baker C.p. grade.
It was stored in a desiccator over phosphoric anhydride.
Eastman Kodak Co. white label quinoline was placed over
potassium hydroxide pellets for two weeks and then dis-
tilled twice through a 30” fractionating column, the middle
cut boiling at 234° at 732.1 mm. being collected. The acids
were Eastman Kodak Co. white label products and were re-
crystallized prior to use. All solvents were dried and dis-
tilted before use.

Procedure.—The silver salts were prepared by dissolving
a known weight of acid in 95%, ethanol, with slight heating
if necessary, and then adding aqueous sodium carbonate
until the solution tested just basic to litmus. Dilute nitric
acid was then added until the solution tested just acid to
litmus, and any organic acid precipitating at this point was
removed. A solution of silver nitrate containing a quan-
tity of silver equivalent to the amount of organic acid used
was added, and a heavy white precipitate of the silver salt
of the acid formed. The white solid was allowed to settle,
removed by filtration, washed well with 95%, ethanol, and
dried at 70° for 24 hours before use.

The method of preparation of the derivatives of iodine(I)
is similar for all acids and that for p-bromobenzoic acid will
be given in detail. Exactly 9.6 g. of silver p-bromobenzoate
was suspended in 100 ml. of dry chloroform. While the sus-
pension was shaken continuously, iodine and quinoline were
added alternately in small portions until 8 g. of the former
and 4 g. of the latter had been introduced. A reaction be-
gan immediately, and silver iodide precipitated. After 25
minutes of continuous shaking, 50 ml. of chloroform was
added to dilute the reaction mixture. The heavy precipitate
of silver iodide was removed by filtration, and 500 ml. of low
boiling petroleum ether was added to the filtrate. A large
quantity of crystals formed at once. After 30 minutes, the
crystalline product was collected on a filter and washed with
petroleum ether and dry diethyl ether and then dried in
vacuo over sulfuric acid for 24 hours. The yield was 9.7 g.,
689, of theoretical, based on the amount of silver salt em-
ployed. The sparkling light yellow crystals decomposed at
139-143°, uncor.

»-BrCsH,COOAg + I + CoH;N —>
p-BrCsHCOOI-CoHN + Agl

TABLE I
DERIVATIVES OF MONOQUINOLINE I0DINE(I)
Yield, Decomp. % lodine

Salte % range, °C.b  Caled. Found
Benzoate 73.4  141-150 33.7 33.6,33.5
p-Bromobenzoate 68.0 139-143 27.8 27.8,27.8
m-Chlorobenzoate 60.8 121-124 30.8 30.7,30.6
p-Chlorobenzoate 76.8 136-141 30.8 30.3,30.5
o-Chlorobenzoate 38.4 129-133 30.8 30.8,30.6
o-Iodobenzoate 43.1 110-113 25.3 25.4,25.2
m-lodobenzoate 75.3 125-133 25.83 25.0,25.3
o-Nitrobenzoate 71.1 122-127 30.1 20.1,30.2
m-Nitrobenzoate 23.8 160-181° 30.1 29.8,29.7

@ All salts were pale yellow or golden. ?® Uncorrected.
¢ This compound began to turn pink at 160° and was com-
pletely decomposed at 181°.

(3) R. A. Zingaro, J. E. Goodrich, J. Kleinberg and C. A. Vander-
Werf, THis JoURNAL, T1, 575 (1949).

(4) R. A. Zingaro, C. A. VanderWerf and J. Kleinberg, ¢bid., 72.
5341 (1950},



