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yield, bp 99-100 °C.
19F nmr (CDC13):粉2.0 (CF, d, JCf3-ch^5.6 Hz).】H nmr 

(CDC13): 84.43 (CH, q), 4.67 (OH), 5.33-6,10 (CH = CH2).
Phenylation of 1, 7,1~ Tn fluoro-3-buien-2-ol. A mixture of 

1,1, l-trifluoro-3-buten-2-ol (1.26 g, 10 mmol), iodobenzene 
(2.04 g, 10 mmol), trie나lylamine (1. 313 g, 13 mmol), 3.3 m/ 
of acetonitrile and palladium acetate (0,0067 g, 0.03 mmol) 
was refluxed for 10 hrs under nitrogen atmosphere. The reac
tion mixture was cooled to 20° C, diluted with 30 ml of water 
and extracted with diethyl ether. The ether layer was washed 
three times with water, then dried over sodium sulfate. 
Solvent removal and distillation gave 1.1 gof 1, 1, 1-trifluoro- 
4-phenyl-2-butanone (8, bp 57-59° C/2 mmHg) and 0.62 g 
of (E)-1,1,1 -trifluoro-4-phenyl-3-buten-2-ol (7, bp 76-77° 
C/1 mmHg). The total yield of phenylation was 85%.

1, 1, 1 -Trifluoro-4-phenyl-2-butanone (8): 19F nmr 
(CDC3):沥.83 (CF3, s).nmr (CDC13): 33.0 (~CH2CH2- 
s), 7.3 (Ar-H)

(E)-1,1, l-Trifluoro-4-phenyl-3-buten-2-ol (7):
19F nmr (CDC13):泓).5 (CF3, d, JCf3-ch=6 Hz).nmr 
(CDC 1):乾.98 (OH), 4.57 (CH, d, 1, /Ch-ch=^7.2 Hz), 6.16 
(CH=,^/cH=cH(trans)= 16.5 Hz), 6.83(=CH, d), 7.36(Ar-H).

1, 19 1- Trifluoro~4~penten~2~ol (9). A 100 ml 4-neck 
flask containing zinc powder (1.50 g, 23 mmol), manganese 
사iloride (2.90 g, 23 mmol) and tetrahydrofuran (30 mZ) was 
equipped with dry-ice condenser, thermometer, gas inlet 
tube and dropping funnel. After ultrasonic irradiation for 10 
min, allyl bromide (2.30 g, 20 mmol) was added slowly and 
a, a, a-trif!uoroacetaldehyde (1.96 g, 20 mmol) was bubbled 
into the above flask under the ultrasonic irradiation. After 
irradiating for 2 hrs, the reaction mixture was poured into 2% 
aq HC1 solution and worked up as described previously. 
Distillation gave 1, 1, 1 -trifluoro-4-penten-2-ol in a yield of 
80 %, bp 100-101 °C

19F nmr (CDC13): 52.0 (CF3> d).】H nmr (CDC13): 82.43 
(CH2), 3.9 (CH), 4.1 (OH), 5.16 (=CH2), 5.73 (CH=)

Phenylation of 2,1,1-Trifluoro-4-penten-2-ol. l,l,l~Tri

fluoro-4-penten-2-ol (1.39 흥, 10 mmol) was used in the above 
phenylation, and worked up as discribed previously. Distilla
tion gave only one product, (E)-l ,1 ,l-trifluoro-5-phenyl- 
4-buten-2-ol (10), in 80 % yield, bp 92°C/2 mmHg.

19H nmr (CDC13): <51.16 (CF3, d)nmr (CDC13): )2.5 
(CH2, d, d), 3.34 (OH), 3.9 (CH, t, 0), 6.13 (CH = , d, t, 
丿CH=cH(trans)= 15.7 Hz,人測-ch==7.5 Hz), 6.50 (=CH, d, 
Jch=ch=15.7 Hz), 7.14 (Ar-H).
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Arrhenius Parameters for the Thermal Decomposition of Trichloroethylene

Hack Jin Kim and Kwang Yul Choof
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A thermal decomposition of trichloroethylene was studied in the temperature range of 440~460® C by using the conven
tional static system. In order to investigate the pressure dependence of reaction and to eliminate free radical process, 
propylene was used as the bath gas. The pressure range investigated was 10〜900 Torr. The decomposition was the un- 
imolecular dehydrochlorination and the reaction products were hydrogen chloride and dichloroacetylene.

H Cl
\ / △

C=C —으一一> HC1 + ClCmCCl
/ \

Cl Cl
Results were interpreted in terms of the Ric-Ramsperger-Kassel-Marcus (RRKM) unimolecular rate theory and the 
Arrhenius parameters were determined from fall-off behaviors. The Arrhenius parameters are found to be log 4 = 13.8±0.2 
sec-1 and £"=56.6 ±0.7 kcal/mole, respectively.
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Introduction

Thermal decomposition reactions of alkyl halides have been 
studied for a long time 1)2.

The mechanisms of the thermal decompositions of ethyl 
chlorides have been elucidated 3~5. It has been pointed out 
that ethyl chlorides undergo thermal decompositions to the 
corresponding olefin or chloroolefin and hydrogen chloride 
by two easily distinguishable homogeneous mechanisms. 
The first of these, the radical chain mechanism undoubtedly 
involves the participitation of chlorine atoms in one or two 
propagation steps of the reaction, The second is the unimole- 
cular elimination mechanism.

Ethylene halides are also known to decompose by both the 
radical chain mechanism and the unimolecular elimina
tion6-10.

Gas-phase pyrolyses of both the cis and trans isomer of 
1,2-dichloroethylene were reported. These compounds 
decomposed to give hydrogen chloride and monochloro
acetylene, the kinetics of both dehydrochlorinations being 
identical. Free radical chains played an important part in 
the overall reaction, but in the presence of the inhibitors, 
propylene, w-hexane and w-pentane, there was a residual 
reaction which had been identified as a unimolecular process 
with rate constant 1012-56 exp(—52,700/RT) sec'1 6,7. Zabel 
studied the thermal gas-phase decomposition of vinyl chloride 
behind shock waves over the temperature range of 13 50° 〜 
1900° K. The decomposition proceeded via unimolecular 
elimination of hydrogen chloride with the rate constant, 
1014 0 X exp( - 69,300 /RT) sec-1 8. Zabel also investigated 
the thermal decomposition of trichloroethylene (TCE) and 
tetrachloroethylene highly diluted with argon from 1450° to 
1900°K and at the pressures from 2 to 175 atm behind reflec
ted shock waves where TCE as well as tetrachloroethylene 
dissociated by Cl atom abstraction rather than by the uni
molecular elimination 9. TCE was also reported to deco
mpose in the temperature range of 385〜445° C in the static 
system. The final products were hydrogen chloride and hexa
chlorobenzene. Hexachlorobenzene was the product of poly
merization of dichloroacetylene which was the initial product 
of decomposition of TCE by the molecular elimination and 
the radical chain reaction. The chain reaction was inhibited 
relatively weakly by one of the reaction products and strongly 
by propylene and w-hexane 10.

TCE, the reactant of this work, is supposed to be decom- 
posed by the following two mechanisms.

TCE 一一> HC1 + C2C13 (1)
—> Cl + C2HC12 (2)

Reaction path (1) is the unimolecular dehydrochlorination 
reaction and reaction path (2) is the chlorine atom abstrac
tion reaction, which is considered to be the initiation step of 
the radical chain reaction. In 나le respect of the entropy of 
activation, reaction path (2) is more favorable than reaction 
path (1) n. That is, the Arrhenius A factor of reaction path 
⑵ is larger 나lan that of reaction path (1). But 바le activation 
energy of reaction path (2) appears to be as large as 나ye C^-Cl 

bond dissociation energy so that the activation energy of 
reaction path (2) is expected to be much larger than that 
of reaction path (1). The rate constant of reaction path (2) 
measured by the shock tube me나iod was shown to be 1015-8 
exp( — 84,0001RT) sec"1 9. This rate constant estimated to be 
IO-9 z 10-10 sec-1 in the temperature range of this experiment, 
400〜460° C. If the chain reaction is inhibited by the radical 
scavenger like propylene, the rate constants of these orders 
cannot be observed in the conventional static system and can 
be ignored. Consequently, the rate constants measured in the 
presence of the radical scavenger are regarded as the rate 
constants of the 니瓦molecular elimination reaction.

In this work, the rate constants of the unimolecular elimina
tion reaction were measured by quenching the radical chain 
reaction with propylene, which was used as the bath gas as 
well as the radical scavenger. The pressure dependence of the 
rate constants was observed and the experimental data were 
compared with the expected values of the Rice-Ramsperger- 
Kassel-Marcus (RRKM) unimolecular rate theory. The 
Arrhenius parameters were determined from the fall-off 
behaviors of the rate constants.

Experimental

Material, TCE, was obtained from Merck, 99.5% stated 
minimum purity, was purified by freeze-pump-thaw technique 
until no detectable impurities by gas chromatography (GC). 
TCE has mp — 84.8° C, bp 86.7° C and vapor pressure of ca. 
60 Torr at 20 °C.

Reaction mixtures of TCE in propylene, matheson, C. P. 
grade, 99.0% stated minimum purity, or argon were used 
after sever이 freeze—pump—thaw cycles with liquid nitrogen. 
There were no impurities detectable by GC before reactions.

Reaction System. The reaction system is the conventional 
static system and the reactor is made of 57 mm O. D. cyl
indrical quartz vessel and 286 cc of its volume. The pressu
re of the reactor was read by a electronic pressure transducer, 
Validyne, Model CD 223. The reactor was seasoned by coating 
its wall with KC1 and repeating preexperimental runs several 
times for homogeneous wall condition before the measure
ment. The temperature of the reactor was controlled within 士 

0.5 °C by using the furnace (Fisher, Model 1012) with the 
feed-back temperature controller (Hanna) and the voltage 
transformer (Sanya). The temperatures were read by the digi
tal temperature convertor (Omega, Model 2176A) using with 
the chromel-alumel thermocouple, Omega.

The reaction was monitored by GC (Yanaco, Model G180) 
and the rate constants were measured by analyzing the qu
antity of TCE as a funtion of the reaction times. The GC 
detector was the flame ionization detector (FID) and Ar or He 
was used as the carrier gas. The flow rates of carrier gas, 
hydrogen and air were 22 mZ/min, 30 m//min and 1050 mZ/min, 
respectively. The columns used were PORAPAK Q (1.5 m) 
and FFAP (1.5 m) with 170 °C of the oven temperature.

Identification of the reaction products was done by com
paring the GC retention times of the products with those of 
the authentic samples and observing these products.

The first order rate constant was obtained from the slope 
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of the plot of In [TCE] vs. the reaction time.

In [TCE^ = ln [TCE]。一如

where [TCE丄 and [TCE]0 denote the concentrations of TCE 
at / —/ and r=0, respectively. Rate constants were obtained 
from the plots and its correlation coefficient is larger than 0.98. 
Correction of the system pressure due to the injection of the 
reactant into GC was made and the decrease of the system 
pressure was 1.7% in the temperature range of 440〜460° C.

Res미ts and Discussion

Hydrogen chloride, dichloroacetylene and terachloroethyle- 
ne were identified from the analyses of the gas-phase products 
of pyrolysis of TCE. Tetrachloroethylene was identified by 
mass spectrum and the GC retention time comparing that of 
authentic sample (Aldrich, 99.0% stated minimum purity). 
Hydrogen chloride, which can not be detected by FID, was 
identified by IR spectrum that shows the spectrum near 2989 
cm-1 with 나le charateristic R and P branches 12. Dichloro
acetylene was identified by mas spectrum. Production of 
chloride molecule could not be found on the mass spectrum 
at all. Hexachlorobenzene identified in ref. 10 did not appear 
on the chromatogram because of boiling point, 223 〜224° C 
and was not identified by other method.

For a long time, propylene has been used as the collision 
partner of the thermal decomposition reaction to retard the 
radical chain mechanisms6-10( 13~17. Propylene itself is known 
to decompose to hydrogen atom and allyl radical with the 
rate constant of k=\A X 1013exp(—72,000/AT) sec-1 (18). As 
this rate constant is given by the order of 10~9 sec-1 at 450° C, 
the thermal decomposition of propylene itself is negligible.

Figure 1 shows the first order rate constants for the pyroly
sis of the mixtures of TCE in propylene with the different 
initial concentrations of TCE at 460° C. That the reaction 
mixtures with the different initial concentrations of the react
ant 흡ive the same first order rate constants indicates that the 
rate is the first order and the radical chain mechanism is 
completely quenched. From the fact that tetrachloroethylene 
was not produced in the pyrolysis of the mixture of TCE 
in propylene, it is noted that tetrachloroethylene is the product 
of the radical chain reaction.

The rate constants of the unimolecular reaction, particularly 
that of small molecule with a few oscillators show the strong 
pressure dependence. These fall-ofif behaviors of the rate 
constants are related to the Arrhenius parameters. The pres
sure dependence of the rate constants can be calculated by 
the RRKM theory and the Arrhenius parameters may also be 
determined from the RRKM.

Tn this study, the Arrhenius parameters were determined 
from the fall-oflf behaviors of the rate constants. At 440, 
450 and 460° C, the rate constants of the unimolecular deh
ydrochlorination of TCE were measured and the pressure 
dependence of the rate constants was observed at each tem
perature in the pressure range of 10〜900 Torr. The rate con- 
tants were obtained from the reaction mixture of TCE/pro- 
pylene=0.01.

The sum of quantum states and the partition function of 
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Figure 1.幺前卩乩戶心必卄】。decomposition of TCE at 460 °C.
□ : TCE/propylene=0.03; • : TCE/propylene—0.01.

the activated complex are required in the calculation of ka 
(£) and mass, moment of inertia and the vibrational frequen
cies of the activated complex are needed to calculate the surn 
of states and the partition function. These values are related to 
the entropy of molecule, which determines the A factor of the 
reaction. The A factors of many reactions are well-known and 
it is possible to predict them very accurately11. On the 
basis of the known A factors of the molecular eliminations, 
high pressure activation energy, Ea and the deactivation effi
ciency g can be determined by the RRKM calculation19120

Three parameters-the collision deactivation efficiency, the 
A factor and the critical energy have strong influence on the 
fall-off behaviors of the rate constants in 나le RRKM calcula
tion while other parameters-the collision diameters and the 
well depths of Lennard-Jones potential of the reactant and 
the 3rd body have only trivial effects on the fall-oflf behaviors.

Table 1 사lows the RRKM input data used in the reproduc
ing the experimental results. Molecular data are the reported 
values 21. Figure 2 아lows the RRKM results and 나le rate 
constants of the dehydrochlorination of TCE at 440°C in the 
pressure range of 10〜900 Torr. The solid line is the RRKM 
calculation and shows good agreement with the experimental 
data where the calculated Arrhenius parameters were A = 
[013.8 sec-i, Ea = 56.6 kcal /mole. The calculation results 
using the same parameters as those at Table 1 show good 
agreement with the experimental results at 450° C and 460° C 
(Figures 3, 4).

The dehydrochlorination reaction of TCE is one of the 
unimolecular reactions which proceed through four-center 
cyclic transition states. Calculation of the A factor requires
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TABLE 1: Molecular Parameters for the RRKM Calculations 
of Trichloroethylene Decomposition

Vibrational frequencies (cm-1)

Approx, character Ground state Activated complex

Stretchings
CH 3080 2200
CC 1590 1850
CC1 930 960
CC1 840 900
CC1 630 reaction coordinate

Deformation
CH 1240 1200
CH 780 750
skeletal 450 470
skeletal 380 420
skeletal 270 120
skeletal 210 250
skeletal 170 80

Pricipal moment of inertia [(g-cm2)3 4 * * *]

Activated Complex 
1.055 X 10-0

logk

-4.0

-4.1

-4.2

-4.3

-4.4

-4.5

-4.6

-4.7

-4.8

-4.9

-5.0

-5.1

-5.2 -
____________ I i I _ 

1.0 2.0 3.0

log Pforr

Figure 2. log Zruni vs. log Pton for the decomposition of TCE 
at 440 °C: S이id line-The RRKM result.
^torr—^totai (TCE/pr아)\侦诺=0.01); £*=56.6 kcal/m이巳 log
4 = 13.8 seL

the estimate of entropy of activation. The vast majority of the 
reactions with four-center cyclic activated complexes have
shown the A factors of io13-5±1° sec-1 1,2,22. The A factor 
determined in this work is in this range and is considered to be
reasonable.

The reaction of vinyl chloride was observed with shock 
tube method by two groups8,23. The reported activation 
energies are 69.3 kcal/mole and 72.1 kcal/mole, respectively 
and the A factors are 1Ol4 0sec_l and 1013-8sec-1, respectively.

Ground State
0.905 X 10네2

Figure 3. log Zruni vs. log PtorT the decomposition of TCE 
at 450 °C. Solid line-the RRKM result
Ptorr=Ptotal (TCE/propylene=0.01); £、=56.6 kcal/mole, log 
>4 = 13.8 sec"1.

log k
-3.5

-3.6

-3.7

-3.8

-3.9

-4.0

-4.1

-긱.2

-4.3

-4.4

-4.5

-4.6

-4.7

-4.8

3.02.0

Pforr

Figure 4. log us. log Pton for the decomposition of TCE 
at 460 °C. Solid line-the RRKM result.
Ptorr=Ptotal (TCE/propylene=0.01): £=56,6 kcal/m이e, log 
,4 = 13.8 sec-1.

In these reports of the reaction of vinyl chloride, the rate con
stants were determined by monitoring of the reactant under 
the assumption that the observed reaction was the unimolecul- 
ar elimination of hydrogen chloride. However, in the experi
ments with shock t너be method, the reaction temperature is 
generally higher than 1000°C. At these temperatures, TCE is 
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reported to decompose principally by chlorine atom abstrac
tion9. Therefore, chlorine atom abstraction reaction of 
vinyl chloride will also be supposed to occur considerably 
and the observed reaction of vinyl chloride may contain chl
orine atom abstraction reaction. Goodall and Howelett 
studied the unimolecular elimination of 1,2-dichIoroethyle- 
ne in the static system, which is also expected to show the 
activation energy similar to those of the unimolecular elimina
tion of vinyl chloride and TCE7. Rate constant was reported 
to be % = 1012.56 exp(—52,700/RT) sec-1, where 나le A factor 
seems to be estimated a little less than the real value. If the 
rate constant itself is accepted to be reliable and re-estimated 
with the new A factor, 1013-8 sec-1, the activation energy will 
be 56.7 kcal/mole, which is in good agreement with that of 
this work.

Benson and coworkers have developed on the electrostatic 
model for the quantitative prediction of the activation energies 
of four-center addition reactions, the reverse reactions of the 
unimolecular elimination reactions, can be used to estimate 
the activation energy of the unimolecuar elimination 24"26. 
In the case of vinyl chloride,

vinyl chloride 二二 acetylene + hydrogen chloride

the electrostatic model estimates an activation energy E§= 
Er+』Hr=36.4 + 23.7 = 60.1 kcal/mole which is 9〜12 
kcal/mole less than the reported values. The enthalphy of 
reaction, AHri is calculated from the known heats of forma
tion of acetylene (54.3 kcal/mole)27, hydrogen chloride 
(—22.0 kcal/mole)11 and vinyl chloride (8.6 kcal/mole)27.

The unimolecular dehydrofluorination of vinyl fluoride was 
investigated with shock tube method by two groups and the 
activation energies are reported to be 81.4 kcal/mole and 70.8 
kcal/mole 23128. The Benson's electrostatic model predicts 
the activation energy of this reaction will be 72.8 kcal/mole 
where the enthalphy of reaction is estimated from the known 
heats of formation of vinyl fluorde (—31.2kcal/mole) 29, 
hydrogen fluoride (-64.8kcal/mole) 11 and acetylene (54.3 
kcal/mole)27. The calculated activation energy is similar to 
that of ref. 28 but is far from that of ref. 23.

In Benson's method, the activation energy of the unimole
cular elimination reaction of TCE is calculated to be (48±3 + 
J) kcal/mole where A is the uncertainty of the heat of forma
tion of dichloroacetylene and less 산lan 13 kcal/mole 9*26. 
Thus, the activation energy is estimated to be less than 61 
kcal/mole. This adds the confidence to the activation energy 
determined in this work.

In the course of calculating the fall-off curves by RRKM 
calculations, the collision deactivation efficiency was deter
mined to be 0.001. The collisional efficiency can be approxi
mately calculated by the simple method 21 n. At the transi
tion pressure P1/2 at which = 1/2, ka is equal to k2 
Pi/2. By RRK theory, ka is given by

L=A (:듶으'=3ZPu2

where s is the number of the effective oscillators which can be

TABLE 2: Heat Capac扯es of TCE and Its Groups in the Temper
ature Range of 300-800° K

group TCE

Temp. (°K) [CHH) (Cl)] [CHCD2】 C»* cvih**

300 7.9 11.4 19.3 11.3
400 9.2 12.5 21.7 13.7
500 10.3 13.3 23.6 15.6
600 11)2 13.9 25.1 17.1
800 12.3 14.6 26.9 18.9

All in cal/m이e/K unit. * Heat capacity at constant pressure. 
** Vibrational heat capacity.

calculated from the vibrational heat capacity at a given tem
perature. The heat capacities of TCE in the high temperature 
ranges are calculated by using Benson's group additivity Table 
2. TCE consists of the groups, KXH) (Cl)] and [C广(Cl&L 
Table 2 shows the heat capacities of TCE and each group in 
the temperature range of 3OO°-8OO°K. As the number of the 
effective oscillators is given by Cvib/R, (y-1) is 8.1 and the 
vibrational energy at 450 °C, (E-E&) is calculated to be 8.2 
kcal/mole. Then, B pi/2 is calculated to be 0.41. From the 
experimental results, the transition pressure is noted to be 
larger than 100 torr and the collisional efficiency is calculated 
to be less than 0.004. The transition pressure larger than 100 
torr is feasible for six-atomic molecule like TCE 2. The 
calculated collisional deactivation efficiency supports the 
validity of the value used in this work.
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Kinetic studies of nucleophilic sub아itution reactions of 刀eg—siH”tituted benzylchlorides with anilines were conducted in 
a range of MeOH-MeCN mixtures at 55.1 °C. Hammett pc> Pn values and Bronsted /3 values were determined, in other 
to examine the transition state variations caused by changes in nucleophiles, substituents and solvents properties (?r* 
and a). Applications of potential energy surface (PES) and quantum mechanical (QM) models of transition state cha
racterization lead us to conclude that the reaction proceeds via the dissociative Sn2 mechanism.

Introduction

Although benzylation of tertiary amines (Menschutkin 
reaction1) were widely studied as one of the best examples 
of solvent effects on reaction rates, the reaction with primary 
amines has not been investigated to the same extent. Moreover 
nucleophilic substitution reaction of benzylchloride attracted 
considerable interest with special regards to the detailed 
transition state (TS) analysis.2*3 Hill et and Ballistreri 
et 汉2aT)reported that electron-donating substituent, e.g., 
p-OCH3 on the benzene ring promotes 际1 nature while 
electron-withdrawing group, e.g., p-NO2 increases e^2 
character of the reaction.

Recently reacting bond rules4 in a form of More OTerrall5- 

Jencks6 type plot have been applied to interpretation of TS 
variation accompanying substituent and medium changes. 
Harris et n/.3d used the More OTerrall plot for predicting 
TS variation in the nucleophilic s낞bstitution of benzyl 
compounds. Lee et al.7 also applied the potential energy 
surface (PES) model to the characterization of TS in the 
Sn2 reactions of benzoyl and benzenesulfonyl halides. It 
has been demonstrated that the PES model predicts TS 
variation correctly in most cases but it fails to account for 
TS variation due to leaving group changes.24

This difficulty has been overcome by Shaik8 et al., using 
a simple quantum mechanical (QM) model ofTS characteriza
tion.

Solvatochromic equation, (1), developed by Taft9 has


