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Studies in Stereochemistry.

I. Steric Strains as a Factor in the Relative Stability

of Some Codrdination Compounds of Boron

By HergerT C. BROWN, H. I. SCHLESINGER AND SAMUEL Z. CARDON!

The concept of free rotation about the single
bond has been a basic postulate of the stereo-
chemist. This belief is based upon the failure of

Q0

O = O

C o> <>

I <_>c—c(_\o = 20 /c\
e

Reaction proceeds to right: R = CH; < CH; <
(CH;).CH < (CHs)sC.

investigators to isolate compounds, the isomerism
of which is caused by restricted rotation.?
Within recent years, the original
concept of free rotation has re-
quired considerable modification.
Not only have instances been dis-
covered in the diphenyl® and ben-
zene! series of isomerism caused by
hindered rotation, but also entropy
measurements,’  dipole-moment?
and electron-diffraction’ studies
have indicated that rotation in
ethane and its simple derivatives
is not entirely ‘‘free.” The actual
isolation of “rotation isomers” in
the simple aliphatic derivatives
has probably been unsuccessful
hitherto only because of the low
energy barrier between the iso-
meric forms.

Steric interference between the two halves of an
ethane derivative should reveal itself in other

(1) This paper is taken from a dissertation submitted by Samuel
Z, Cardon to the Faculty of the Division of the Physical Sciences of
the University of Chicago, in partial fulfillment of the requirements
for the degree of Master of Science.

(2) An excellent discussion of the subject is contained in Gold-
schmidt, *‘Stereochemie.' Leipzig, 1933, Vol. IV of '""Hand- und
Jahrbuch der chemischen Physik,'’

(3) Turner and Le Févre, Chem. Indusiry, 48, 831 (1928);
Adams and Yuan, Chem. Rev., 12, 261 (1933).

(4) Mills and XKelham, J. Chem. Soc., 274 (1937).

(5) Kemp and Pitzer, THIS JourNaL, 89, 276 (1937); Kistiakow-
sky, Lacher and Stitt, J. Chem. Phys., T, 289 (1939).

(6) Smyth, Dornte and Wilson, Tris JourNaL, 63, 4242 (1931).

(7) Beach and Palmer, J. Chem. Phys., 6, 639 (1938).
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ways than by restricted rotation. For example,
the repulsion of the two parts of the molecule
should result in a weakening of the bond joining
them. Such strains would be expected to be com-
paratively small (otherwise ‘rotation isomers”
should be easily isolated), and their effect upon the
strong normal carbon-to-carbon bond is probably
so slight as to be observed only with considerable
difficulty. So it is not entirely surprising that no
evidence of the operation of such strains in the
simple derivatives of ethane has yet been brought
forward.

On the other hand, the comparatively weak car-
bon-to-carbon bonds in tetraphenylethane, hexa-
phenylethane and their derivatives might be ex;
pected to reflect quite markedly the presence of
even small steric strains, Some experimental
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evidence that such is the case has been reported.
For example, Conant and his co-workers® find
that the tendency of the tetraaryldialkylethanes
(I) and the dixanthyldialkylethanes (II) to dis-
sociate into free radicals increases with the in-
creasing size of the alkyl group (R).?

(8) Comnant and Bigelow, THIs JoURNAL, §0, 2041 (1928);
Small and Sloan, ibid., 48, 1743 (1926).

(9) Wheland 1J. Chem. Phys., 2, 474 (1934)] has suggested that
the increased dissociation of the derivatives containing the isopropy!
and {-butyl groups may be due to the increased possibility of reso-
nance in which the alkyl groups participate. At the present time,
this interpretation is not generally accepted. Possibly both ef-
fects, resonance and steric, play a part in the phenomenon.

Conant,
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Iurthermore, the methyl groups in the ortho
positions of sym-tetraphenyldi-o-tolylethane (IIT)
Lave 2 much more marked effect upon dissocia-
tion into free radicals than do the methyl groups of
the eorresponding meta or para derivatives® [TV},

A means of investigating the presence of such
effects in relatively simple molecales was sug-
gested Ly an observation in au earlier investiga-
tion.!  The boron-to-nitrogen bond is isosteric
with the carbon-to-carbon b (V and VI, V11

vad VITD).
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The bond distances are almost identical: 1.54 A,
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x5, {thaea, N, Y., 1840, p. 170,

(13 } ’I ht_ E,ﬂau. disseciation constant for trimethylamine is /.45 X
1% [Harned and Owen, THIS JOURNAL, §2, 5079 (1930)] as com-
'wured with 1.7 X 10" for pyridine [Habn an Kilackmann.

; L Chers L AT4E, 385 (1930

20 (194, Note 3.
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Similar results are obtained with borine or
borog fluoride. In each case, the pyrnidine is
preferentiall\f displaced from the codrdination
compowid. The reactions which oceur are
(," HN:BH, -6 (CHL)LN == CiHGN A4 (CHG) N BH;

s I i ! CoHN 4 (CHG)NIBT

On other hand, the result obtained by
studying the relative hasce strength of these bases
with srimethvlboron stands in contradiction to
these Prridine  displaces trimethyiamine
minetinlamine-trimethylboron™ »--»appar~~
eutly mdicaring that pyridine is the stronger hasc

{ne
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e

CUHENIRCL, (N <o CiHN -+
(CH):N:B(CH,)s
Thes Cwnomalous’ result is, in all probability,

the result of steric strains such as are discussed
in the first part of this paper. Examination of
niecular models indicates that considerable steric
strains are to be expected in trimethylamine-tri-
methviboron, but only small strains i pyridine-
tritmethylboron (Figs. 2a, 2b). These strains are
apparently sufficiently large to reverse the rela-
tive strength of the boron-to-nitrogen bonds which
would ordinarily be expected 111 the boron codrdi-
nation derivatives of trimethylamine and pyrni-
dime. The considerably smaller groups attached
L Borait n borine and boron fluoride! reduce the
point where it is msufhicient to cause
ooreversal i the relative stability of their deriva-
-+ with the two amines (Figs. la, 1b).

Stune suppeort for this explanation was furnished
stuely of the compound triethylamine-tri-
berim. Triethylamine is a  scmewhat
ronger hase than trimethyvlamine® and it would
L experted that the addition compound of tri-
cthytamine with trunethylboron would he more
srubic the corresponding derivative of tri-
other hand, the cthyl
considerably greater volume
snethvl gronps-—the additional strains in-
troduced should lessen the stability of the ethyl
derivative.  As a matter of fact, triethylamine-
tristiethvlboron is stable only at low temperatures.
Ltoroon: temperature, within the limitations of
the experiitental method {=19), it s
iaterd inte its components.

13t

St 0 R

.
i

Py [

HEth L:‘\

fian

theimnie,  Ua the
npies o

dis-

sina ol the nomenclature used in this paper,

wn, THI= Jourxar, 64, 316 {1942), footnote 11.

an der Waals radii of bydrogen and fluorine are 1.2 A,

-pectively, as vomparad with roughly 2.0 A, for the
Pavling, op. vil., p. 189),

9 The bagie dissociation constant for trietuylamine (s 5.64 X

ot fiTall and Conant, TaIs JourNaL, 49, 3047 (1927)] a5 cowm-

paved wieh 5.4% W 1075 far trivmathyvlsezine,

mand 0
weihyl group



rri.metliylain.iiie

Feb., 1942

Further support for the hypothesis was ob-
tained by the study of the relative stability of
similar coordination compounds with pyridine
and ea,a’-lutidine. a,a’-Lutidine is a stronger
base than pyridine as shown by a study of a com-
petitive reaction with hydrogen chloride.!®

CH,
[Crmrar+ CN= N+
\CH,
cus
I:< N:H+:|Cl"

\CH,

But pyridine displaces a,a’-lutidine from a,a’-lu-
tidine-boron fluoride, and trimethylboron does
not even add to this base.

CH,

/C H:

< N 4+ B(CHj;); —> no reaction at 0°, —80°
\CH:

Examination of the models (Figs. 1b, 1c, 2b, 2¢)
shows that a considerably higher order of steric
interference is to be expected in the a,a’-lutidine
derivatives. The strain produced is evidently
so great as to reverse the relative stability of the
boron fluoride addition compound, in spite of the
small size of the van der Waals radius of the fluo-
rine atom, and actually prevents the addition of
the trimethylboron molecule at temperatures as
low as —80°.

Experimental Part

Apparatus and Technique.—The apparatus and tech-
nical methods used in this work have been described by
Stock,!” and in previous papers from this Laboratory.’®
The materials used were measured as vapors in calibrated
bulbs, condensed in a reaction vessel, and permitted to re-
act at room temperature. The products were separated by
fractional condensation and identified by their vapor
tensions.

In all of the reactions investigated, the displacement of
the amine appeared to be quite rapid. In experiments

(16) The basic dissociation constant of lutidine is 1 X 10-7
[Miindler, Diss., Heidelberg, 1901] as compared with 1.7 X 10-?
for pyridine.

(17) Stock, ““Hydrides of Boron and Silicon,"” Cornell University
Press, Ithaca, N. Y., 1933.

(18) Schlesinger and Walker, THIS Joumrnar, 67, 622 (1035):
Burg and Schlesinger, ibid., 69, 780 (1937).
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IFig. 1.—Molecular
models of the codérdination
compounds of boron fluo-
ride with (a) trimethyl-
amine, (b) pyridine and
(¢) a,a’-lutidine,

Fig. 2—Molecular
models of the codrdina-
tion compounds of tri-
methylboron with (a) tri-
methylamine, (b) pyri-
dine and (¢) a,a’-lutidine.

with the trimethylboron-trimethylamine-pyridine system,
designed to test the rapidity of the approach to equilibrium,
the reaction appeared complete in less than two minutes
at room temperature. However, to eliminate any possi-
bility of error from this cause, all reaction mixtures were
permitted to stand two to four hours at room temperature
and, in a number of instances, the equilibrium was ap-
proached from both directions.

All volumes refer to vapors corrected to standard condi-
tions. The data are probably accurate to within 59, as
indicated by experiments in which the equilibrium was ap-
proached from both directions, and each of the components
of the volatile products was isolated and measured.

Materials.—Hydrogen chloride and hydrogen bromide
were prepared by the dehydration of aqueous solutions of
the corresponding acid with suitable agents: concentrated
sulfuric acid for hydrogen chloride and sirupy phosphoric
acid for hydrogen bromide. Boron fluoride was prepared
by the action of sulfuric acid on sodium fluoborate and
boric oxide.®® Trimethylboron was prepared by the action
of methylmagnesium bromide on methyl borate in #-

(19) “Inorganic Syntheses,” 1, 21 (1939).
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butyl ether.?® Diborane was obtained by the mmethod de-
scribed by Schlesinger and Burg.?!

Triinethylamine was extracted from the commercial
solution and purified by fractional distillation in the
vacuum apparatus. Triethylamine and pyridine were
commercial products which were purified by fractional dis-
tillation. eo,o’-Lutidine was prepared by the method de-
seribed in "Organic Syutheses.”’??

Comparison of the Base Strength of Trimethylamine and
Pyridine

A. Hydrogen Chloride.—Pyridine, 8.98 cc., and tri-
methylamine, 8.99 cc., were condensed in a tube to which
R.99 cc. of hydrogen chloride was added. After two hours,
the volatile products were distilled and analyzed. The iso-
jation of 1.1 cc. of trimcthylamine indicated that the re-
action to form trimethylamine hydrochloride proceeds
to the extent of 889, and demonstrates that trimethyl-
amline is a considerably stronger base than pyridine.

B, Hydrogen Bromide.—This rcsult was verified by
a similar experiment using hydrogen bromide. Pyridine
hydrobromide was first prepared by adding 11.2 cc. of
hydrogen bromide to 9.14 cc. of pyridine in a small tube
cooled to —180°, When the mixture was warmed, there
was a sudden reaction, and a white solid formed on the
walls of the tube. The excess hydrogen bromide was re-
covered and 9.18 cc. of trimethvlamine added. The vola-
tile products contained 1.7 c¢. of trimethylamine corre-
sponding to 199, of the amount added. Inanother experi-
ment, 169 of trinlethylamine was recovered. Thus the
equilibrium favors the formation of trimethylamine hydro-
nromide (85-15).

C. Boron Fluoride.—Trimethylamine-horon fluoride
was prepared by condensing equimolar guautities of borou
finoride and trimethylamine in the reaction vessel. When
the mixture was warmed, 2 reaction took place with tlhe
formatien of a white crystalline solid which melts at 136~
135° and does not exert any appreciable vapor pressure at
room temperature. It appeavs $o be stable to air and dis-
solves in water to form a clear colorless solution which was
ot investigated further.

To 8.5 ce. of the preceding comnpound, 8.48 ce. of pyri-
dine was added and the mixture permitied to stand over-
night. The volatile products counsisted of 0.87 ce. of tri-
imethylamine and 6.96 ce. of pyridine. Thus 11% of the
irimethylamine had been displaced. In other experi-
nients pyridine-boron fluoride was prepared and treated
with trimethylamine. The resulis were essentially the
same: the equilibrium in all cases was 85-909 in favor of
the formation of trimethylamine-boron fluoride.

D. Diborane.—Pvridine-borine was prepared from 2.2
ce. of pyridine and 1.1 ce. of diborane at 337, It is a
white crystalline solid of low volatility which melts at

10-11°. The following vapor tensions were noied:
Vapor tension, mis. 0.1 0.15 6.358 0.3 0.9 1.8
Temperatuce, °C 23 45 £Q Tho85 0 09

It appears to be stable toward dry air and is hut slowly
attacked by water

{20) Unpublished procedure developed by Professor A. B. Burg.
121) Schlesinger and Burg, THis JournaL, 83, 4321 (1931).
122) "Orgumse Syntheses,” 14, 30 (1034)
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Pyridine-borine was treated with an equiinolar quantity
of trimethylamine. Of the 31.6 cc. of trimethylamine
added, 27.5 cc. reacted. The equilibrium point thus lies
toward the formation of trimethylamine-borine (85:15).
The equilibrium point was approached from the opposite
direction with corresponding results.

E. Trimethylboron.—Pyridine-trimethylboron was pre-
pared by adding an excess of pyridine to 7.94 cc. of tri-
methyiboron.  After the excess had been distilled away,
8.68 ce. of trimethylamine was added. The mixture was
allowed to stand for several hours at room temperature,
following which the volatile products were removed and
fractionated, Trimethylamine, 7.09 cc., was recovered.
This corresponds to 809, of that added.

In other similar experiments, the quantities of trimethyl-
amine reeovered varied between 80 and 849,. Experi-
ments in  which trimethylamine-trimethylboron was
ircated with pyridine gave corresponding results.  Several
experiments were carried out in which both the pyridine
and trimethylamine in the volatile products were meas-
ured.  Since the results checked with those already de-
suribed, they need not be described in detail.

Comparison of Base Strength of Triethylamine and
Trimethylamine

Trimethylboron.—Tricthyvlamine-trimethylboron could
not be isolated at room tewmperature. When 7.84 cc. of tri-
ethylamine was introduced in the same bulb with 7.87 cc.
of trimethylboron, the resulting voluine was 15.7 cc., which
corresponds to a dissociation of over 99%,. In another ex-
periinent, equimolar quantities of the two substances were
allowed to warm up from —180° The formation of a
white solid which melted with decomposition between
— 13 anid —13°, was observed.

Comparison of Base Strength of Pyridine and «,’-Lutidine

A. Hydrogen Chloride.—Hydrogen chloride, 12.41 cc.,
was added to a mixture of 12.90 cc. of pyridine and 13.04 cc.
of w,o’-lutidine. From the volatile products, 589, of the
pyridine was recovered. This indicates that a,e’-lutidine
is » slightly stronger base toward hydrogen chloride than is
pyridine.

B. Boron Fluoride.—a,a’-Lutidine-boron fluoride was
prepared by direct combination of the two substances.
It is a white crystalline solid which exhibits the following
VAPOT PIEsSIres:

Temp., °C. 100 123 136 159 194
Pressure, inm. 3.1 11.5 25.8 49.0 66.0
Vol.,, cc. 3.29 7.14 12,82 15.99

The calculated volume was 11.5 cc. It is apparent that
therc is appreciable dissociation above 150°.23 It melted
over a considerable range (roughly from 100 to 130°),

1243 The fact that dissociation occurs at so low a temperature
carroborates the conclusion that the boron-to-mitrogen bond in
a,e’-lutidine-boron fluoride is considerably weaker than the corre-
sponding bond in pyridine-boron fluoride. The latter compound ex-
hibits no appreciable dissociation at temperatures below 300°, We
sre undertuking a careful study of the dissociation of these com-
puunds in order to obtain guantitative data on the magnitude of
these steric strains. This method of attack should eliminate the
small inaccuracies which may have been introduced in the data ob-
tained in the present experiments as a result of the assumption that
rcrystal energy effects are small and could be neglected.
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probably because of accompanying dissociation into its
components.

A mixture of 13.4 cc. of e,a’-lutidine, 13.13 cc. of pyri-
dine, was treated with 13.3 cc. of boron fluoride. A white
solid formed. The supernatant liquid was distilled out
and identified as a,o’-lutidine by its vapor pressure (6
mm. at 23°)., In several trials the recovery corresponded
to 779, of the a,a’-lutidine added. The presence of an
appreciable amount of pyridine in the volatile product
could not be demonstrated. Thus, toward boron fluoride,
a,a’-lutidine acts as a weaker base than pyridine,

Summary

1. Trimethylamine forms more stable. addi-
tion compounds than does pyridine with hydrogen

OxALYL CHLORIDE WITH PARAFFIN HYDROCARBONS
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chloride, hydrogen bromide, borine, and boron
trifluoride, whereas with trimethylboron, pyridine
forms the more stable compounds.

2. a,a’-Lutidine acts as a stronger base than
pyridine toward hydrogen chloride, whereas
toward boron trifluoride, pyridine acts as a
stronger base,

3. These reactions are explained on the basis
of steric strains produced by steric hindrance of
the groups about the codrdinating central atoms.

4. The significance of the results to the con-
cept of free rotation is discussed.
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Carboxylation.!

I. The Photochemical and Peroxide-catalyzed Reactions of Oxalyl

Chloride with Paraffin Hydrocarbons®

By M. S. KHarascH aND HERBERT C. BROwN?®

The chemical inertness of the paraffinic hydro-
carbons as compared with those of the aromatic
series has long been a cherished conviction of the
organic chemist. The availability and wide-
spread utilization of nitric and sulfuric acids as
laboratory reagents probably accounts for this
belief. Because these acids react differently
toward the two classes of hydrocarbons (under
ordinary laboratory conditions), it was natural
for the early workers to conclude that the aro-
matic hydrocarbons were reactive and the ali-
phatic hydrocarbons inert. That this classifica-
tion has persisted can be attested by examination
of a number of textbooks of organic chemistry.
But it is now becoming evident that the term
“reactivity”’ must be carefully defined if it is
to have any significant meaning. Reactivity or
lack of it as broad terms applying to classes of
substances must be abandoned, unless the reac-
tions which are used as the criteria of reactivity
are carefully specified. Thus, recent studies of
the paraffin hydrocarbons have brought forth
abundant evidence that they can be isomerized,

(1) No convenient expression is available for referring to the direct
introduction of the chloroformy! group (—COC!) into organic com-
pounds. Rather than coin a new word, the term '‘carboxylation'’
has been extended to include this reaction.

(2) Preliminary communication: Kharasch and Brown, TxIs
JoUrNAL, 62, 454 (1940).

(3) Part of the work described in this paper was carried out while
H, C. B. was the holder of an Eli Lilly Post-Doctorate Fellowship
(1938-1939). The authors wish to express their appreciation to the

Eli Lilly Company for the support which made this investigation
possible,

halogenated, sulfonated, and (as will be shown in
this paper) carboxylated with the aid of reagents
which have little or no effect on aromatic hydro-
carbons.

This apparent anomaly is probably due to the
fact that substitution reactions in the two series
tend to take place by reactions which, in general,
follow mechanisms of two distinct types. Sub-
stitution reactions in the aromatic series indicate
that the mechanism is one involving ionic or polar
intermediates. On the other hand, substitution
into paraffin hydrocarbons appears to occur most
readily by means of chain reactions operating
through atom and {ree radical intermediates.

In the course of the work under way in this
Laboratory on chain reactions in solution involv-
ing atoms and free radicals, it appeared desirable
to investigate means of introducing the carboxyl
group directly into aliphatic hydrocarbons. A
possible approach to the problem was suggested
by the postulated occurrence of the -COCI free
radical as an intermediate in certain photochemi-
cal reactions, notably in the formation of phos-
gene* and in the photochemical decomposition of
both phosgene® and oxalyl chloride.®  Accord-
ingly, a study of the reaction of phosgene and
oxalyl chloride with paraffin hydrocarbons under
appropriate experimental conditions was under-

(4) Bodenstein, Lenher and Wagner, Z. physik, Chem., B2, 439
(1929).

(6) Montgomery and Rollefson, TH1s JoURNAL, 58, 1089 (1934)

(6) Krauskopf and Rollefson, ibid., 88, 443 (1936).



