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the acetate than that for the formate ester.?? This
result is also consistent with the structural effect
on the entropy of solvation pictured by Humphreys
and Hammett.’? The possibility that the rate of
methanolysis of the acetate is retarded relative to
the formate by hyperconjugative stabilization in
the ester® (as well as by the more electron-releasing
inductive effect) is not eliminated, although perhaps
it is rendered a less favored explanation by the ob-
served difference in the entropies of activation.

The large negative entropies of activation ob-
served in each case are consistent with the Bac2
mechanism, that is, are in accord with the entropy
decrease expected for the addition of methoxide ion
to the carbonyl group to form a transition state
with a well-localized negative charge.

Appendix

The following procedure was used to determine
the best fit of the data to equation 1. The problem
is to find the parameters for a plane whose general
equation is

y = bix; -+ by + bo (2)

The experimentally measured quantity is v, the
variables are x; and x., and the correlation coeffi-
cients of these variables are by, b; and .. Follow-
ing the method of "least squares” it is desired to
find the values of by, b; and b, such that the sum of
the squares of the vertical deviations of the meas-
ured values of ¥ (# in number) from the regression
plane are a minimum. The expressions for ob-
taining the correlation coeflicients are given in
terms of the quantities?!

(20) R. W. Taft, Jr., Tnis Jourxat, 75, 4534 (19353);
1lc, p. 665,

(21) R. L. Anderson and T. A. Bancroft, '‘Statistical Theory in Re-
search,” McGraw—Hill Book Co., Inc.,, New York, N. V., 1952, Chapt.
14.
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Cii = nZxy? — (Zx,)?

Cig = Zx1Zx2 — nIx1%2

Ciz = Zx12:Z%s — ZxSx0?

Coy = nZx)? - (Zx1)?

Cozs = Zox1Zxixe — Zx12Tix

Css = Zx12Zxs? — (Zxx2)?

D = CuZx? 4+ CiZxixr + CisZo
then

1

bi = 5 (CuZmy + CooZry + Culy)
1 }

by = D (CreZxy + CorZaay CoZy)

1
by = ) (CuZx1y + CuZxry + CiZy)

The standard deviations in the correlation coeffi-
cients are obtained in terms of the standard devia-
tion of the entire correlation, §%, as obtained from
Zy? = bhiZx1y — b Zayy — beZy

n—3
Then the standard deviation in by is (C1;/D) 82, in1 b,
is (Coo/D) 82 and in by is (Css/D) §2. The multiple
correlation coefficient, R, is obtained from the
expression

R = [blley + beZxey + boZy — 1/n(Zy)2Ve
Ty — 1/n(Zy)? :,

In using the above relationships to obtain the
best fit of the methanolysis rates to equation 1,
several definitions are made
y=1logk, x = % %2 = E, by = log ko, by = p*, and by = 5

Acknowledgment,—The authors are indebted to
Mr. Robert Nieman for determining the rate of
alkaline saponification of ethyl cyanoacetate and
to Mr. Richard A. Javick for determining the rate
of the acid-catalyzed hydrolysis of this ester.
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v-Ray Initiated Reactions.! I.

The Addition of Bromotrichloromethane to Alkenes

By Er-Aumapi I. HeiBa? aND LEIGH C. ANDERSON
RECEIVED AUucust 20, 1956

The reaction of bromotrichloromethane with a number of alkenes under the effect of y-rays is described.

1-Substituted

alkenes gave 1:1 addition products of the geueral formula R-CHBr-CH,-CCl;, but cyclic alkenes revealed beside the 1:1

addition products the corresponding 1,2-dibromo- and the 1,2-ditrichloromethyl compounds.
a-methylstyrene, gave a dimer of the general formula [C,CCH.CRR'-]; in addition to the 1:1 addition product.

The 1,1-disubstitiited nlkene,
1,2-Di-

substituted alkenes gave poor yields of the 1:1 addition product; with 1,2-dibromoethene, equimolecular quantities of Cl;C—-
CH==CHBr and CHBr.CHBr; were the only products isolated.

The addition of bromotrichloromethane to un-
saturated compounds under the influence of ultra-
violet light or initiated with peroxides lias been
studied by previous investigators. This work pre-
sents data obtained from studies of similar reac-
tions at room temperature, using vy-radiation from
a 3.5 kilo-curie Co® source as the activating agent.

(1) These studies were supported by Michigan Memorial Phoenix
Project No. 98 given by the Chrysler Corporation, Scme assistance
was obtained from Atomic Energy Commission contract No. AT(11-
1)-162 under the joint supervision of Leigh C. Anderson and Joseph J.
Martin of the Department of Chemical Eugineering.

(2) Study in leave from the Department of Chemistry, Faenlty of
Science, A’'in Shams University, Cairo, Egypt.

With a number of alkenes the products obtained
with y-radiation were the same as those formed with
ultraviolet radiation or peroxides, but under the
conditions used in this work there were a number of
different reactions observed.

Octene-1, indene, butene-2, allyl chloride, allyl
cyanide, ethyl cinnamate and c¢is- and #rams-1,2-
dichloroethene gave 1:1 addition products, as ob-
tained with ultraviolet and peroxide initiators.

Kharasch and Friedlander® noted that there was
little reaction between bromotrichloromethane and

(3) M. 8. Kharasch and I1. N, Friedlander, J. Org. Chen.., 14, 2390
(1949),
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styrene at 20° under the influence of ultraviolet
light, but a rapid reaction ensued when the tem-
perature was raised to 50°. Under the influence of
v-rays, a 409, yield of the 1:1 addition product
was obtained at 11°. On the other hand, «-
methylstyrene, which has been shown? to be 4.2
times more reactive than styrene toward the tri-
chloromethyl radical at 90° in the presence of
ultraviolet light, showed a lower relative reactivity
when vy-rays were used to induce the chain reac-
tion at room temperature; it gave a yield of only
15.19%, of the 1:1 addition product, in addition to
the dimer 1,1,1,6,6,6-hexachloro-3,4-dimethyl-3,4-
diphenylhexane.

The 1,2-disubstituted ethenes were remarkably
unreactive® toward the bromotrichloromethane,
e.g., 1,2-dichloroethene and ethyl cinnamate® gave
very poor yields of the 1:1 addition products and
when the 1,2-disubstituents were phenyl, e.g.,
trans-stilbene, the bromotrichloromethane failed
to react.

The reaction of bromotrichloromethane with
cyclic alkenes yielded, beside the 1:1 addition prod-
ucts, other types of compounds including in the
case of cyclohexene, 1,2-di-(trichloromethyl)-cyclo-
hexane, 2-bromocyclohexene and 1,2-dibromocyclo-
hexane and with cyclopentene, 1,2-dibromocyclo-
pentane and hexachloroethane. 1,2-Dibromo-
ethene did not give a 1:1 addition product with
bromotrichloromethane as 1,2-dichloroethene did
but gave a small yield of equimolecular quantities
of 1-bromo-3,3,3-trichloropropene and sym-tetra-
bromoethane. The formation of these products
involves a type of displacement reaction which
has not been reported previously.

Discussion
The tetrahaloalkanes that are obtained from the
corresponding alkenes and bromotrichloromethane
are believed to be formed by a mechanism pre-
viously reported by Kharasch? and co-workers.

BrCCl; —> Br- + -CCl; (1)
R—CH=CH; + .CCl; —> R—CH—CH,CCl, (2)

R—CH—CH.CCl, + BrCCly —>
R—CHBr—CIH,CCl; + -CCl, (3)

Table I presents a summary of the data obtained
in this work. If one accepts the findings of Mel-
ville, ef al.,® that the bromine transfer constant in
reaction 3 does not show much variation from one
system to another, then the order of reactivity of
alkenes toward the trichloromethyl radical would
be determined by the relative yield of the 1:1 ad-
dition product. On this assumption, our data
would indicate the following order of reactivity:
allyl cyanide > octene-1 > indene > cyclohexene,
cyclopentene > allyl chloride > styrene >> a-
methylstyrene > 1,2-dichloroethene > ethyl cin-
namate.

(4) M. 8. Kharascli, E, Simon and W. Nudenberg, J. Org. Chem.,
18, 329 (1953).

(5) F. R. Mayo and C. Walling, Chem. Revs., 46, 261 (1950).

(6) M. 8. Kharasch and M. Sage, J. Org. Chem., 14, 537 (1949).

(7) M. 8. Kharasch, Otto Reinmuth and W, H. Urry, THIS JOUR-
Nar, 69, 1105 (1947).

(8) W. H. Melville, F. C. Tutton and R. C. Robb, Dis¢c. Faraday
Soc., 14, 232 (1953).
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The low reactivity of styrene with bromotri-
chloromethane under the influence of ultraviolet
light at 20° was interpreted?® by Kharasch and co-
workers as resulting from the relative stability of
the 1-phenyl-3,3,3-trichloropropy! radical formed
by the preferential addition of trichloromethyl
radical to the styrene double bond; the bromine
transfer (reaction 3) was then concluded to be a
slow reaction.

The relatively high yield of the styrene-bromo-
trichloromethane addition product obtained when
v-rays are used to induce the chain reaction does
not support Kharasch’s explanation and suggests
that under these conditions the bromine transfer
step did not proceed at a slow rate. Melville and
co-workers® arrived at the same conclusion. This
might be due to a higher excitation of the 1-phenyl-
3,3,3-trichloropropyl radical by the high energy
level radiation like a y-ray or might be due to the
high rate of initiation of bromotrichloromethane in
the presence of such radiation. Careful fractiona-
tion of the reaction products failed to reveal the
presence of a dimer of the 1-phenyl-3,3,3-trichloro-
propyl radical, a product which Mayo® isolated
from the reaction of carbon tetrachlorids and
styrene in the presence of peroxides.

Contrary to the greater reactivity which was ok-
served in the case of the v-ray initiated reaction
with styrene, a-methylstyrene showed a lower re-
activity toward the trichloromethyl radical. This
was indicated by the low yield of the 1:1 addition
product and the isolation of the dimer 1,1,1,-
6,6,6-hexachloro-3,4-dimethyl-3,4 -diphenylhexane,
The formation of tfrans-1,2-di-(trichloromethyl)-
cyclohexane as determined by its hydrolysis to
cis-1,2-dicarboxycyclohexane may be explained
through a crossed termination reaction!® that in-
volves combination of a trichloromethyl radical
and a monosubstituted cyclohexenyl radical.

{ —"CC13 . '-"CC13
} + CCly —> (4)
—CCl

Recently a similar type of reaction has been re-
ported!! from the reaction of iodotrifluoromethane
with perfluorocyclohexene in the presence of ultra-
violet light. The yield of 1,2-di-(trichloromethyl)-
cyclohexane varied considerably when the intensity
of the y-ray dose rate was changed while the total
dose was kept constant. Thus at a total dose of
4,000,000 R.E.P. the yield of this compound was
raised from 2.59, at a dose rate of 80,000 R.E.P.
per hour to 12.3% at a rate of 800,000 R.E.P, per
hour. These data support the idea!? that this type
of termination reaction could be due to the presence
of appreciable quantities of both trichloromethyl
radical and hydrocarbon radical.

Cyclopentene, indene and octene-1, which add
bromotrichloromethane readily, did not yield di-

(9) F. R, Mayo, THIS JoOURNAL, T0, 2561 (1948).

(10) (a) C. W. Walling, ¢bid., 70, 2561 (1948); T1, 1930 (1949);
(b) H., W. Melville and L. Valentine, Proc. Roy. Soc. (London), 200,
337 (1950); (¢) F. R. Mayo and C. Walling, Chem. Revs., 46, 191
(1950); (d) H. W. Melville, F, C, Robb and R. C. Tutton, Disc,
Faraday Soc., 14, 150 (1953),

(11) R. N. Haszeldine and F. E. Osborne, J. Chem. Soc., 61 (1956).

(12) F. M. Lewis and F. R. Mayo, THIS JOURNAL, T6, 457 (1954).
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TaBLE I

Tue ApprrioN oF BrCCl; To ALKENES INITIATED BY v-RAYS
Analyses, %

Time, Yield,® B.p. M.p., Caled. Found
Alkene Products isolated hr. % °C. Mm. °C. C H Hal s C H Hal.

Cyclohexene 48

3-Bromocyclohexene® 12.3 64-65 15

¢is-1,2-Dibromocyclohexane 8.3 52-53 1.5

1,2-Di-(trichloromethyl)-cyclohexane® 2.5 62-63 .2 102 30.38 3.16 66.46 30.41 3.18 65.47
*2-Bromo-1-trichloromethylcyclohexane® 63.5 71-73 .2 30.0 3.56 66.44 30.11 3.62 66.26
Cyclopentene 48

1,1-Dibromocyclopentane 9.8 72-73 14

Hexachloroethane 187

*2-Bromo-1-trichloromethylcylopentane® 61.8  60-63 0.8 -3 270 3.0 70 27.54 3.17 69.34
Indene 48

3-Br0m0-2-trichloromethylindaned 73.5 132-113 D 33 38.37 2.53 59.11 38.3% 2.51 59.11
Octene-1 48

1,1,1-Trichloro-3-bromononane® 86 74 1.2
Ethyl cinnamate 116

*Ethyl-8-bromo-a-trichloromethyldi-

hydrocinnamate 4.7 110 0.1 67 38.45 3.2 49.79 38.34 3.20 49.68
1,2-Dichloroethene 65

1-Bromo-1,2,3,3,3-pentachloropropane 13.8 51 .1 12,18 0.68 87.14 12.26 0.84 &6.98
Styrene 40

*1-Bromo-1-phenyl-3,3,3-trichloro-

propane® 39.1 92-94 4 A5
a-Methylstyrene 65

*2-Pheny1-4,4,4-trichlor0-1-butenef 15.1 80 .6 50.13 3.82 45.22 50.45 4.08 44.40
3,4-Dimethyl-3,4-diphenyl-1,1,1,6,6,6-

hexachlorohexane? 0.8 172 50.74 4.43 44.91 50.75 4.23 45.0
Ally! chloride 65

*2-Bromo-1,4,4,4-tetrachlorobutane® 82 56-37 .5
Allyl cyanide 42

*3-Bromo-5,5,5-trichloropentanonitrileh 82 87 5 15 22.94 2.07 70.11 22.6 1.8 70.24
Allyl bromide 48

1,2,3-Tribromopropane 48 46 .6 18

*3-Bromo-1,1,1,5,5,5-hexachloropentane 44 83 .5 16.81 1.40 81.79 16.43 1.43 82.09
1,2-Dibromoethene 65

1-Bromo-3,3,3-trichloropropene 15.5 75 25 16.04 0.89 83.07 16.07 0.91 83.14
sym-Tetrabromoethane 17 51 0.3

* Previous analyses reported for halogen only. ¢ The identity of this substance was proved by identity of its infrared
spectrum with that of an authentic sample; H. W. Grossley, J. Chem. Soc., 85, 1422 (1906); N, Zelinsky and A. Corsky,
Ber., 44, 2315 (1911). ® The substance crystallized as colorless prisms from petroleum ether 60-75°; mol. wt. caled. 316,
found 319. ¢ For comparison see ref. 3. 4 Reference 3 reported an oil, #%p 1.6001. The structure was confirmed by acid
hydrolysis to indene-2-carboxylic acid m.p. 234°. ¢ Reference 7. / The 1:1 addition product lost one molecule of HBr
during distillation, the ultraviolet absorption spectrum showed a maximum at 240 mg, emax 8000; mol. wt. caled. 235,
found 231 (see ref. 4). ¢ The substance was isolated from the reaction mixture by petroleum ether after distilling of the
excess BrCCl; and e-methylstyrene. The solid that precipitated crystallized from benzene in colorless prisms. * The
1:1 addition product was characterized by its N analysis (ref, 6). The structure was confirmed by its acid hydrolysis to
glutaconic acid (C. R. Ingold and T. F. Thorpe, J. Chem. Soc., 119, 499 (1921)). ¢ Yield based on total alkene used. 7 Halo-
gen for compounds containing both Br and Cl. Calculated from Ag equivalent as BrCl; addition compounds.

(trichloromethyl) compounds as in the case of concerning this elimination reaction'® and by as-

cyclohexene. The predominating termination re- suming frans elimination in base-promoted deliydro-

action appeared to be the dimerization of trichloro- halogenation,!®* ¢¢s configuration should be as-
methyl radical. signed to the dibromide.

2-Bromo-1-trichloromethylcyclohexane is a fairly

2-CCl; —> CClL-CCls (%) stable compound that was not decomposed during

distillation and even when refluxed for 6 hours with

triethylamine was only partially dehydrohalo-

genated to yield 3-dichloromethylenocyclohexene?

(I), an observation that would not be expected

These observations suggest that not only the con-
centrations of the trichloromethyl and the alkene
radicals but also the structure of the alkene free

radical intermediate play a part in such crossed ter- ¢ & trans isomer.’ Dehydrohalogenation with

mination reactlonsl. b b 1oh sodium ethoxide yielded beside I another isomer
1,2-Dibromocyclohexane gave 1-bromocyclohex-  whose reaction indicated that it might be 7,7-
ene on dehydrohalogenation with alcoholic potas-  dichloro[4.1.0]-A%bicycloheptene [I1].
sium hydroxide.!® From available information
(14) (a) E. D. Hughes and C. K. Ingold, Trans. Faraday Soc., 37,
(13) H. L. Goering, P. I. Abell and B, F. Aycock, THIS JoURNAL 657 (1941;; (b) 8. J. Cristol, THis JoURNAL, 69, 338 (1947).
T4, 3588 (1952). (15) H. L. Goering and H. Espy, 1bid., TT, 5023 (1035).
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NEt;

— <}chh

—CCl
—Br

e ¢ =CCl; +
NaOEt

The ultraviolet spectrum of T showed a maximum
absorption at 250 mu, Zmax 12,200, which is charac-
teristic for a conjugated diene structure; the spec-
trum of 1T, however, failed to show the presence of
such a system and its infrared spectrum exhibited
bands at 1610, 1000 and 860 cm. .

The formation of 2-bromocyclohexene seems to
be analogous to the allylic substitutions observed
by other investigators'® who used carbon tetra-
chloride as a solvent for cyclohexene and ob-
tained the 3-chloro derivative in the presence of
peroxides. The corresponding mechanism with
bromotrichloromethane would be

<;:_> + .CCly —> <;>— +HCCl, (6)
<:—_:>—— + BrCCly —> <}Br 4+ .CCl (7)

The ease with which reaction 6 proceeds to give
rise to the cyclohexenyl radical suggests that
bromotrichloromethane could serve as an excellent
brominating agent in some instances. Bromotri-
chloromethane has been found to brominate selec-
tively the a-carbon of an aromatic side chain.?”

/Cclg
II

Experimental’®

In a tvpical experimental run, 0.25 mole of the alkene and
one mole of bromotrichloromethane were mixed in a tube.
A stream of dry nitrogen was allowed to bubble through the
solution for 0.5 hour to free from oxygen and the tube was
then sealed. After being irradiated for 48 hours at a rate of
81,000 R.E.P. per hour at room temperature that varied
between 8-15°, the tube was opened, the unreacted bromo-
trichloromethane was removed under reduced pressure (60
mm.) and the residual products were subjected to repeated
fractionation under vacuum.

Hydrolysis of 2-Bromo-1-trichloromethylcyclohexane.—
2-Bromo-1-trichloromethyleyclohexane (5 g.) was vigorously
stirred with 957 sulfuric acid (15 g.) while being heated in
an oil-bath at 105-110°. When hydrogen chloride gas
ceased to evolve (1.5 hours), the reaction mixture was
poured onto ice, extracted with ether and then separated in
the usual manner. A viscous brown material (1.7 g.) that
crystallized from petroleum ether in colorless rosettes of
needles was isolated, m.p. 110-111°., There was no de-
pression of the melting point on admixture with an authentic
sample!® of ¢rans-2-bromo-1-cyclohexanecarboxylic acid.

Detydrohalogenation of 2-Bromo-1-trichloromethylcyclo-
hexane. (1) With Sodium Ethoxide.—Sodium metal
(4.6 g.7 dissolved in absolute ethanol (50 ml.) was added in a
dropwise manner to an alcoholic solution of 2-bromo-1-tri-
chloromethylcyclohexane (28 g.) at a temperature of 40°.
The reaction mixture was kept at this temperature while
stirring for 2 hours after which it was decomposed with cold
water and extracted with ether. Upon evaporation of the
ether solvent and repeated fractional distillation of the
residual oil under vacuum, the following fractions were
collected. (a) A colorless oil (6.3 g.), b.p. 56-57° (1.8
mm.), #»®p 1.5320. The analysis of the substance was in-

(16) (a) E. C. Kooyman and E. Farenhorst, Rec, fras. chim., 70,
867 (1951); (b) S. Israelashvili and J Shabatay, J. Chem. Soc., 326
(1951).

(17) Uapublished work.

(18) All melting points and boiling points are uncorrected,
yses were made by the Spang Microanalytical Laboratory,
Arbor, Mich,

(19) E. T. Boaman and R. P. Linstead, J. Chem. Soc., 261 (1935).

Anal-
Ann
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dicative of 3-dichloromethylenecyclohexene., Anal. Caled.
for C;HgCly: Cl, 43.56. Found: Cl, 43.12. The ultra-

violet absorption spectrum showed a maximum absorption
at 250 mu, Zmax 12,200 (reported3 Amax 250 mu, Zmax 12,200).

(b) A colorless oil (4.8 g.), b.p. 64-65° (1.8 mm.), n¥D
1.5068. Anal. Caled. for C;H:Cl;: C1, 43.56. Found:
Cl, 44.11. There was no band characteristic of the con-
jugated diene system in the ultraviolet spectrum. The
infrared spectrum exhibited bands at 1610, 1000 and 860
cm.”1,  On the basis of the above data, the substance was
thought to be 7,7-dichloro[4.1.0]-A%-bicycloheptene.

(c) Startmg matenal (3.6 g.), b.p. 74° (0.2 mm.), n¥D
1.5

(2) Wlth Triethylamine.—Cyclohexene-bromotrichloro-
methane addition product (36 g.) was refluxed with tri-
ethylamine for 10 hours. The reaction mixture was poured
into water, extracted with ether and the extract was washed
with 59 sulfuric acid to free it from the amine. The solvent
was distilled off and the residue was fractionated under
reduced pressure. (a) Colorless oil (5.2 g.), b.p. 57° (1.8
mm.), #®D 1.5320. The substance was 3-dichloromethyl-
enecyclohexene as obtained from sodium ethoxide dehydro-
halogenation. (b) Starting material (25 g.), b.p. 73°
(0.2 mm.), »%D 1.5470.

Hydrolysis of 1,2-Di-(trichloromethyl)-cyclohexane.—
The solid fraction which melted at 100-101° (2 g.) and which
was obtained from the reaction of bromotrichloromethane
and cyclohexene was stirred vigorously with 959, sulfuric
acid (10 g.), while heating in an oil-bath at 110° for 2 hours.
The dark brown solution was poured onto crushed ice (50
g.) and warmed at 50° on a steam bath for 0.5 hour., On
cooling, #rams-1,2-dicarboxycyclohexane (0.6 g.) was ob-
tained. The acid crystallized in leaflets from water, m.p.
218-220°; it did not depress the melting point of an authen-
tic sample.20

Preparation of 2-Bromocyclopentane-1-carboxylic Acid.—
2-Bromo-1-trichloromethylcyclopentane (12 g.) was hy-
drolyzed with 959 sulfuric acid (40 g.) at 95-100° until
hydrogen chloride gas ceased to be evolved. The dark
brown reaction mixture was diluted with water and ether
extracted. Evaporation of the ecther left a semi-solid
material that crystallized in colorless prisms from petroleum
ether. The product which melted at 58° appears to be the
trans isomer.

Anal. Caled. for CeHyO:Br:
40.93; neut. equiv., 193.
40.72; neut. equiv., 192.6.

3-Bromo-5,5,5-trichloropentanamide..—3-Bromo-5,5,5-
trichloropentanonitrile (2 g.) was hydrolvzed with 909,
sulfuric acid (30 g.) while stirring and heating at 90° for
two hours. The amide crystallized from hot water in color-
less crystals, m.p. 116-117°. The infrared spectrum ex-
hibited bands at 3360, 2900 and 1720 cm. 1.

Anal. Caled. for CsH;CL;BrON: C, 21.23; H, 2.46;
hal, 65.78; N, 4.95. Found: C, 21.07; H, 2.47; hal,
65.87; N,4.98.

3-Bromo-5,5,5-trichloropentanoic Acid.—The acid amide
(1 g.) from above was refluxed with 509, hyvdrochloric acid
for 2 hours, diluted with water and ether extracted. Evap-
oration of the dried ether left a solid that crystallized from
pegroleum ether (30-40°) in colorless prisms, 0.6 g., m.p.
66°.

Anal. Caled. for C;HiCLO:Br:
hal, 65.54; neut. equiv., 284.5.
2.09; hal, 65.44; neut. equiv., 283.

Ethyl 5,5,5-Trichloro-2-pentenoate.—A solution of 3-
bromo-5,5,5-trichloropentanonitrile (13.2 g.) and absolute
ethanol (150 ml.) saturated with hvdrogen chloride was
refluxed for 2.5 hours. The reaction mixture was cooled,
diluted with water and extracted with ether. The ether
extractions were washed with dilute alkali and dried over
anhydrous sodium sulfate. The solvent was evaporated
and the residual oil (9.8 g.) was distilled under vacuum,
b.p. 74° (1.5 mm.), n*p 1.4925. The expected 8-bromoacid
appeared to be unstable and lost one molecule of hydrogen
bromide during the operation.

Anal. Caled. for CGiH,CL0,: C, 36.28; H, 3.88; (I,
45.0. Found: C, 35.97; H, 3.87; Cl, 45.16.

5,5,5-Trichloro-2-pentenoic Acid.—The above ester (4 g.)

C, 37.3;
Found: C, 37.6;

H, 4.66; Br,
H, 4.87; Br,

C, 21.08; H, 2.10;
Found: C, 20.99; H,

(20) R. Stoermer and H. J. Steinbeck, Ber., 65, 413 (1932).
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was refluxed with 509, hydrochloric acid for 4 hours. The
reaction mixture was worked up in the usual manner for
isolation of an acid. A solid acid (1.8 g.) which crystallized
in flat prisms was obtained, m.p. 83°. The infrared spec-
trum exhibited bands at 1690 and 1610 em. 1,

Anal. Caled. for C:H;ClL;0,: C, 29.48; H, 2.46: Ci,
52.3; mneut. equiv., 203.5. Found: C, 20.533; H, 2.53;
Cl, 52.29; neut. equiv., 202.

5,5-Dichloro-2,4-pentadienonitrile.—3-Bromo-3,5,5-tri-
chloropentanonitrile (27 g.) was heated in an oil-bath at
180° for 2 hours until hydrogen halide gases ceased to evolve.
The brownish material was extracted with ether, the extract
washed with dilute aqueous sodium hydroxide and dried
over anhyvdrous sodium sulfate. Upon evaporating the
ether and distilling the residual oil under reduced pressure,
11.8 g. of material was obtained as colorless oil, b.p. 41-42°
(0.2 mm.); cooling at 0°, the substance crystallized in long
prismatic crystals, m.p. 16°, 2D 1.5590. The ultraviolet
spectrum showed a maximum absorption at 268 mgu, Zmax
23300.

Anal. Caled. for GHL,CLN: C, 40.54; H, 2.02; CI,
47.97; N, 9.45. Foennd: C, 40.43; H, 2.12; Cl, 48.04;
N, 0.49.
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5,5-Dichloro-2,4-pentadienoic ~ Acid.—35,5-Dichloro-2,4-
pentadienonitrile (3 g.) was refluxed with 509, hydro-
chloric acid (10 ml.) for 4 hours. The reaction mixture was
allowed to cool, diluted with water and extracted with ether.
The ether extract was dried over anhydrous sodium sulfate
ancl evaporated. Long colorless needles (2.29 g.) were
obtained from petroleum ether, m.p. 128°. The ultraviclet
spectrum of the substance showed a maximum absorption
at 268 mu, emax 25000.

Anal. Caled. for C5H4C12022 C, 3592, H, 238, C],
42.51; neut. equiv., 167. Found: C, 36.01; H, 2.40;
Cl, 42.64; neut. equiv., 167.9.

Identification of the Products from the Reaction of 1,2-
Dibromoethene with Bromotrichloromethane.—The frac-
tion b.p. 75° (25 mm.), 720 1.5350 (of Table 1) gave the
analysis for 3-bromo-1,1,1-trichloropropene. The infrared
spectrum exhibited bands at 3040 and 1740 cm.™!. The
structure was confirmed by ozonolysis. Decomposition
of the ozonide with water and treatment of the resulting
solution with 2,4-dinitrophenyvlhydrazine yielded a hvdra-
zone which identified chloral. The infrared spectrum of the
fraction b.p. 51° (3 mm.) was identical with that of an
authentic sample of sym-tetrabromoethane.

ANN ARBOR, MICHIGAN
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Studies Involving Isotopically Labelled Formic Acid and its Derivatives.!®

II.

Relation of the Absolute Reaction Rates to the Magnitudes of the Isotope Effects in the
Oxidation ¢f Formic-C* Acid by Halogen Atoms

Py Grs A. Ropp,® C, J. DanBy? anD D. A. DoMINEY™
RECEIVED APRIL 15, 1957

For two reactions of formic-C!3 acid in which the rate steps involve extraction of hydrogen by halogen atoms, the rate
isotope effects, ki2/k13, have been carefully evaluated by methods involving mass spectrometric analysis of carbon-13 dioxide.
The difference between the mneasured values of ki2/k1; for the two reactions has been found to be in the direction that the

slower reaction shows the greater degree of isotope fractionation.

This principle which has also been noted in earlier studies

is discussed in terms of the possible residual carbon-to-hydrogen bonding to be expected in the activated states for the two

reactions.

A. Introduction

The reported studies of isotope effects in organic
reactions now number in the hundreds. Even the
reviews and summaries are so numerous that gen-
eral references to them here would be more con-
fusing than enlightening. However, most of the
research in this field is intended to (a) elucidate a
reaction mechanism by comparing qualitatively or
semi-quantitatively a measured isotope fractiona-
tion ratio with the ratio predicted from a possible
mechanism of the reaction, or (b) explore the valid-
ity of some aspects of reaction rate theory by com-
paring—usually quantitatively—measured isotope
fractionation factors with those which reaction
rate theory would predict for a reaction whose rate
step is understood. For studies of type (a), a mere
qualitative reply as to whether isotope fractiona-
tion does or does mot occur in a given instance is
often sufficient to give the desired information
about the reaction mechanism. It is in investi-
gations of type (b), where quantitative correlation of

(1) An initial study of isotope fractionation in a formic acid reaction
was reported by Gus A, Ropp, A. J. Weinberger and O. K. Neville,
Tuis JournNat, 78, 3373 (1951).

(2) (a) Chemistry Division, Oak Ridge National Laboratory, Oak
Ridge, Tenn.; (b) Physical Chemistry Laboratory, Oxford Univer-
sity, Oxford, England; (c) Balliol College, Oxford University, Oxford,
England.

experimental and theoretical values of isotope frac-
tionation factors is usually sought, that the greatest
difficulties arise. Granted that excellent work?®
has been done in developing from absolute reaction
rate theory approximate expressions from which
theoretical values of the isotope effect can, in prin-
ciple, be calculated from spectroscopic data, the
fact remains that the application of these expres-
sions has been usually a matter of guesswork for
all except the very simplest of reacting systems.
Even on the experimental side many difficulties®
arise and undoubtedly some questionable experi-
mentally measured isotope fractionation factors
have been reported.

Ttis believed that much useful informationfromex-
periments of type (b) might be obtained and several
of the difficulties referred to above might be can-
celled out by making comparative studies of the
fractionation factors for a series of reactions all
employing the same labeled reactant, formic acid.
This molecule can be specifically labeled at either
the carbon or oxygen atoms or in either position of
the hydrogen atoms, and the various types of iso-
tope effects might be correlated either within a

(3) J. Bigeleisen, J. Chem. Phys., 1T, 675 (1949);

and F. W. Cagle, Jr., J. Phys. Chem., 56, 65 (1952).
(4) Gus A, Ropp, J. Chem. Ed., 34, 60 (1957).
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