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mineral oil (150 ml.) was placed into the flask and heated to 150'. 
A mixture of 5 ml. of pyridine and 10 g. of phenyl fluoroformate 
was slowly added. The temperature of the oil bath was in- 
creased to 190" and all volatile products were carried over to  the 
cold trap by passing a stream of dry nitrogen through the hot 
mineral oil. Analysis of the products again showed only trace 
amounta of fluorobenzene. 

D. Boron Trifluoride as a Catalyst.-The same setup as 
described under A was used. Phenyl fluoroformate (4.5 g.) 
was placed into the flask and the temperature of the oil bath was 
increased to 120'. Boron tduoride was passed through the 
liquid with a flow rate of 60 cc./min. The product carried over 
to the cold traps by the BF, consisted mainly of unreacted starting 
material and did not contain any fluorobenzene. 

E. Boron Trifluoride Diethyl Etherate as a Catalyst.- 
The same setup as described under A was used. Freshly pre- 
pared BFTEkO (10 ml.) waa placed into the flask, the oil- 
bath temperature was increased to 50°, and phenyl fluoroformate 
(5 g.) was slowly added. Then the temperature was increased 
to 120". The product, collected in the cold trap, waa poured 
into aqueous NaOH solution and extracted with ether. The 
ether solution was dried with MgSOa and checked for fluoro- 
benzene by gas chromatography, but none was found. 

Attempted Decarbonylation of Tetrachloroterephthaloyl Di- 
fluoride.-The decarbonylation was inveatigated in the liquid 
phase without and with catalysts such aa BF3 or AIFa, and in the 
gas phase with catalysts such aa BF,, All?,, or TiF,. However, 
in every case no decarbonylation could be obtained. 
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Separate pyrolyses of tributyl phosphate, dibutyl phosphoric acid, monobutyl phosphoric acid, and barium 
dibutyl phosphate each produced mixtures of butenes in high yields; barium monobutyl phosphate produced only 
a 40% yield of the butene mixture, but over 96% of it waa butene-l. The extent of isomerization of butene-1 
to  cis- and trans-butene-2 varied with the acidity of the ester mixture being pyrolyzed, but the cis-to-trans 
ratio from ester pyrolysis remained constant at  0.74 -i 0.02. The composition of the butenes formed from any 
of the starting materials differed significantly from the thermodynamic equilibrium mixture. 

Extensive isomerization of the olefins evolved from 
the pyrolysis of trialkyl phosphates was observed 
qualitatively by Baumgarten and Setterquist.2 In  
determining the rate constants for the partial pyrolysis 
of tributyl phosphate (TBP) to form dibutylphos- 
phoric acid (HDBP) and butene-1, we reported3 
that traces of the cistrans isomers of butene-2 were 
detected after only a few per cent of the TBP had been 
converted to HDBP. The composition of the gases 
and liquids formed from the complete pyrolysis of TBP 
and its degradation products, HDBP and H2MBP 
(monobutyl phosphoric acid), was then investigated 
and is reported here. 

It was felt that isomerization would be inhibited if 
the barium salts of HDBP and HzMBP [Ba(DBP)2 
and BaMBP] were pyrolyzed. Reports published4 
on the pyrolysis of dialkyl phosphates and their zinc 
salts4b and of dialkyl dithioph~sphates~b and their 
zinc4 and lead4a salts, however, indicate that much 
isomerization occurred. In  the present study are in- 
cluded the barium salt of HDBP and the singularly 
acting barium monobutyl phosphate. 

Results and Discussion 
The composition of the gases obtained from the 

thermal decomposition of n-butyl phosphate esters and 
salts is shown in Table I. TBP and its acid degrada- 
tion products, HDBP and HzMBP, lost on the average 
over 80% of the butyl groups as butene isomers when 
heated at 241 to 245". When TBP decomposed the 
gas initially evolved was all butene-l, but as the re- 
action progressed cis- and trans-butene-2 began to 

(1) Research sponsored by the U. S. Atomic Energy Commission under 
contract with the Union Carbide Cow. 

(2) H. E. Baumgarten and R. A. Setterquist, J. Am. Chem. Soc., 79, 2605 
(1957). 

(3) C. E. Higgins and W. H. Baldwin, J .  Ore. Chcm.. 16, 846 (1961). 
(4) (a) 9. G. Perry, J .  6'- Chromatog., 4,93 (1964); (b) W. W. Hanneman 

and R. 8. Porter, J .  Or& Chem., 49, 2996 (1964). 

form.3 More isomerization was found when HDBP 
decomposed, and the greatest isomerization resulted 
from the pyrolysis of H2MBP. 

Because the isomerization increased as the reaction 
mixture became more acid, and because phosphoric 
acid catalyzes butene i~omerization,~ the pyrolysis 
was also run with phosphoric acid present initially. A 
solution of TBP and phosphoric acid in 2 : 1 mole ratio 
(equivalent to three HDBP's) decomposed to give 
results the same as for HDBP. However, thermal 
decomposition of TBP in the presence of H3P04 was 
not the only reaction occurring because ester inter- 
change is known to occur more rapidly than thermal 
decomposition at EL lower temperature6; the equi- 
librium mixture from ester interchange probably is 
established in minutes. 

Pyrolysis of the barium salts of dibutyl and mono- 
butyl phosphoric acids gave different results. BaMBP 
formed nearly pure butene-1; although the butene 
yield was low (40%), the composition was 98% butene-1 
for the 300" product and 96% for that produced at 
400-500". The Ba(DBP)2, however, pyrolyzed to 
yield 68% of an isomerized gas mixture that contained 
60% butene-1, 18% trans-butene-2, and 22% ch- 
butene-2. Since cis-butene-2 is thermodynamically 
less stable than trans-butene-2, it is surprising to find 
a higher yield of it than the latter. TBP and the acid 
esters formed more trans than cis isomer in all cases. 
Haag and Pines' have shown that the cis isomer forms 
faster than trans in the isomerization of butene-1, 
but at equilibrium its quantity is only about half of 
that of the trans isomer. It therefore appears that the 
cis-to-trans conversion rate is radically altered in the 
case of the Ba(DBP)2 pyrolysis, assuming that butene-1 

(5) V. N. Ipatieff, H. Pines, and R. E. Schaad, J. Am. Chem. Soc., 66, 

(6) C. E. Higgins and W. H. Baldwin, J. Ore. Chem., 11, 1156 (1956), 

(7) W. 0. Haag and H. Pines, J. Am. Chem. Soc., 83, 2488 (1960). 

2696 (1934). 

Table I,  teat 12, and Table 11. 
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TABLE I 
GAS COMPOSITION FROM PYROLYSIS OF  BUTYL PHOSPHATE ESTERS AND SALTS 

r Isomeric abundance, % 
Sample size, Isc- trans- 

Compd. mmoles Temp., OC. Reaction time, hr. Yield, % Butensl butylene Butene-2 cia-Butene-2 
TBP 1.5-3 242-245 2.25-2.5 77-87 54-55 0 . 4  25-27 19-20 
HDBP 3-5 241-245 0.20-0.25 78-87 34-36 0.7 36-37 26-28 
(TBP)z,HaP04 1" 242-244 0 . 2  80 34 0 .7  37 28 
HzMBP 7-9 243-244 0.03-0.07 77-88 18-20 0 .8  4 6 4 7  33-34 
Ba( DBP)z 7 300-470 1 .5  67 60 18 22 

300-520 4 addnl. 1 44 27 29 
BaMBP 7 300 2 . 5  8 98 1 1 

400-500 2 . 5  addnl. 32 96 2 2 
300-680 2 addnl. 7b 

5 Two mmoles of TBP + 1 mmole of HsP04; equivalent to 3 mmoles of HDBP. Decomposed to carbon. 

is the gas formed when the C-0 bond breaks. If on 
the other hand the cis and trans isomers can form 
directly during the G O  breaking process rather than 
from subsequent isomerization in the butene-l formed 
then the process favors the production of the cis isomer. 

Isomerization in the butenes from the pyrolysis of 
Ba(DBP)2 may be due to disproportionation of this 
salt to form TBP and BaMBP before the butenes 
evolve. Such a disproportionation reaction for the 
barium and other salts of diethylphosphoric acids 
has been reported. TBP has not been isolated from 
pyrolysis of Ba(DBP)2, but its presence is not ruled 
out. Pyrolysis of the TBP could then account for the 
isomerization in the butenes formed. 

The stepwise decomposition of TBP (Table 11) was 
done to see when the skeletal rearrangement started 
to occur. As shown in Tables I and 11, very little 
isobutylene was produced, less than 1% even in the 
case of H2MBP where the most isomerization took 
place. No isobutylene was detected in the first two 
stages equivalent to  the removal of nearly two of three 
butyl groups. Only in the last 40% of the reaction 
was it detected to  the extent of 0.5%. 

T a m  I1 
BUTENE COMPOSITION IN STEPWISPJ TBP DECOMPOSITION" 

trans- Cis- 
TBP Butene1,b Isobutylene, Butene-2, Butene-2: 

decompn., % % % % % 
0-30 91 ... 5.2 4 

30-60 63 ... 22.2 16 
60-100 22 0 . 5  44.5 33 

0 Temperature = 241-244'. Corrected for cis-butene-2. 
c Calculated from cis-to-trans ratio, Table IV. 

In the pyrolysis of the butyl phosphate esters the 
principal products were butenes, but other compounds, 
predominantly butyl alcohol and dibutyl ether, were 
obtained in yields of about 15-20%. Table I11 shows 
that a t  the beginning of the TBP pyrolysis dibutyl 
ether was the main by-product formed; it resulted 
from the reaction of two TBP molecules to  form tetra- 
butyl pyrophosphate.a The butyl alcohol could not 
form until enough butene had evolved to provide some 
hydroxyl groups, i.e. 

A 
(C4HoO)aP 0 + (C4HoO)d' J 0 + C4Hs t * 

AH 
- 

(8) (a) F. Vogeli, Ann.,  69, 180 (1849); (b) K. Langheld, Bar., 44, 2080 
(1911); (c) P. Pascal, Bull. S O C .  chim. Fronca, 88, 1617 (1923). 

A P-0 bond is broken in either butyl ether or butyl 
alcohol formation. Therefore, when the hydroxy to 
butoxy group ratio was >1, more butyl alcohol was 
formed than ether. 

TABLE I11 
COYPOSITTON OF ORQANIC LIQUIDS FROM PYROLYSIS 

OF %BUTYL PHOSPHATE ESTERS AND SALTS 
Fraction A r g a n i c  liquid, wt. %- 
decom- Temp., Dibutyl Butyl Un- 

Compd. posed, % C. ether alCoh01 known 
TBP 15 242-246 89 11 . . .  

30-70 221 79 20 1 
30-100 22 1 53 33 14 
0-45 240-245 48 52 ... 

45-100 240-245 22 64 14 
HzMBP 100 244 26 74 * . .  

100 150 13 87 . . .  
100 178 10 73 17 

BaMBP 97 300-500 1 98 1 
Ba( DBP)2 100 30C-470 0 100" ... 

0 Butyl alcohol (76%), water (24%). 

The salts pyrolyzed very differently from the esters. 
The condensable organic liquids were 98 to 100% butyl 
alcohol. Water was also formed ; the chromatogram 
for the liquid from the Ba@BP)a pyrolysis showed 24% 
water, undoubtedly resulting from the formation of 
condensed phosphates. Some charring occurred in 
the reaction flask. 

In  Table IV the ratios of the butenes produced by 
pyrolysis are compared with the calculated equilibrium 
ratios.9 Only in the case of the pyrolysis of HzMBP 
did the composition of the gases approach the equi- 

TABLE IV 
RATIO OF BUTENE ISOMERS 

Compd. Temp., OC. CiS/tranS CdS/ l -  

TBP 243" 0.75 0.36 
HDBP 243" 0.74 0.77 
(TBP)z*HsPO4 243" 0.76 0.82 
HpMBP 243" 0.72 1 .8  
Ba( DBP)2 300-470 1 . 2  0.37 
BaMBP 300 1 . 0  0.01 

400-500 1 . 0  0.02 

300 0.57 1.50 
400 0.62 1.11 
500 0.65 0.86 

Equilibriumb 243 0.54 1.90 

Bath temperature f 2 ' .  See ref. 9. 

trans/l-  
0.48 
1 .0  
1 .1  
2 . 4  
0.30 
0.01 
0.02 
3.51 
2.62 
1.79 
1.34 

(9) J. E. Kilprttrick, E. J. Prosen, K. 8. Pitzer, and F. D. Rossini, J .  
Research Natl. Bur. Standards, 86, 559 (1946). 
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librium composition, but not with good agreement. 
Kinetic rather than thermodynamic control apparently 
determines the product ratios. Kinetic control was 
proved by Haag and Pines7 for the isomerization of 
butenes passed through either alumina or phosphoric 
acid. Likewise, Hanneman and Porter4b have shown 
that pyrolysis of zinc O,Odi(3-methyl-2-butyl)di- 
thiophosphate at either 215 or 302" had practically 
no effect on product distribution. 

The composite rate of formation of butenes changed 
radically during the course of the TBP pyrolysis. 
For samples of the size listed in Table I about 120 
min. at 241-245' were required to remove one-third 
of the butyl groups, an additional 10 min. to remove 
the next third, and only about 2 min. more for the last 
third. 

Because of the acid catalysis, the ratio of butene-1 
to butene-2 isomers decreased considerably during the 
course of the reaction, but the cis-to-trans ratio (0.74 =k 
0.02) remained constant, within experimental error. 
HDBP, H2MBP, and H3P04 were present in varying 
proportions throughout the reaction; HDBP was 
generated when the first butene formed, and H3P04 and 
polyphosphoric acids remained when the reaction was 
complete. It therefore appears that only the first 
ionizable hydrogen of the acid catalyst formed had 
any effect on the group being cleaved, at least as far 
as cis or trans isomer formation was concerned. 

The mechanism of the production of the butenes is 
probably ionic in nature. BertilO postulated an ionic 
mechanism for olefin production from the pyrolysis of 
sulfites. The evolution of alkene from alkyl phos- 
phates is said to be due to formation of a carbo- 
nium ion followed by loss of a proton from the p- 
carbon, 2 t 4 b  presumably to the phosphoryl oxygen.2 
The primary carbonium ion is easily converted by 
hydride shift'l to the more stable secondary carbonium 
ion intermediate which then can produce the cis- and 
trans-butene-2.704b 

Once formed the butenes can undergo other reactions 
before leaving the reaction vessel. Exchange of hy- 
drogens between the butenes and the acids, as observed 
by Turkevich and Smith,12 certainly occurs. Isomeri- 
zation, which is caused by phosphoric acid16JJ2 ap- 
parently is also caused by HDBP and HzMBP. All 
the reactions occurring whereby the butene-2 isomers 
form must have a similar intermediate, since the cis- 
to-trans ratio remains constant through the different 
stages of TBP decomposition. 

Some rearrangement of n-butyl groups to sec-butyl 
groups was found in the ester residue left when TBP 
was 72% decomposed.13 The amount of rearrange- 
ment was small compared to the amount of isomeriza- 
tion of the butenes, however. Evidently, two of the 
competing reactions are the formation of cis- and trans- 
butenes from the secondary carbonium ion and recombi- 
nation of the secondary carbonium ion with the phos- 
phate anion, with the larger fraction going to butene 
production. 

(IO) G .  Berti, J .  Am.  Chem. Soc., 76,  1213 (1954). 
(11) H. Pines and N. E. Hoffman in "Friedel-Crafts and Related Reac- 

tions," Vol. 11, part 2, George A. Olah, Ed., Interscience Publishers, Inc., 
Division of John Wiley and Sons, Inc., New York, N. Y., 1964, p. 1214. 

(12) J. Turkevich and R. 15. Smith, J .  Chem. Phgu., 16, 466 (1948). 
(13) W. H. Baldwin and C .  E. Riggins, J .  070. Chem. 80, 3230 

(1965). 

Experimental 
Materials.-The TBP waa purified as described earlier." 

HDBP waa prepared by the reaction of 0.3 mole of TBP with 
1.5 moles of refluxing The cooled reaction 
mixture was transferred to a graduated cylinder with a one- 
fifth volume water rinse and was extracted twice with fresh ether 
portions equal to its own volume. Only one-fifth of the excess 
ethanolamine waa removed. The cylinder was therefore chilled 
in ice and the contents were stirred with a Teflon-coated magnetic 
stirring bar while s&icient concentrated hydrochloric acid was 
gradually added to form the HOCHzCHzNHz.HC1 salt. HDBP 
was removed from this solution in three consecutive ether ex- 
tractions (equal portions of ether and solution). The ether was 
removed by meam of a rotating evaporator. Any neutral ma- 
terials in the acid residue were removed by cooling the residue 
in ice, neutralizing with 4 M sodium hydroxide, and extracting 
three times with a fresh equal volume of ether. Then the HDBP 
was regenerated by cooling the aqueous solution and gradually 
adding 0.3 mole of concentrated hydrochloric acid. The HDBP 
waa again extracted in three ether passes. The ether waa re- 
moved as before; the HDBP, dried at 2 m., waa recovered 
in 95% yield. Its neutral equivalent was 212 (calcd. 210.2). 

HzMBP was made from NaZMBP produced by alkaline hy- 
drolysis of butyl dichlorophosphate prepared by the method of 
Gerrard.lB To 3.00 moles of aqueous sodium hydroxide (50%) 
was added dropwise with stirring 0.75 mole of butyl dichloro- 
phosphate, the reaction mixture being kept at 10-15" by cooling 
in an ice bath. Addition was complete in 2 hr. Complete re- 
action required an additional 5 hr. with the temperature reaching 
a maximum of 30". Neutral materials were extracted from the 
reaction product with ether. HzMBP was liberated by the slow 
addition of concentrated sulfuric acid to the aqueous sodium 
monobutyl phosphate solution at a temperature of 15-25'. 
H,MBP waa isolated in 99% yield by continuous ether extrac- 
tion for 5 hr., followed by removal of the ether and drying 
in vacuo. The product (dud 1.225) had a neutral equivalent from 
alkaline titration of 157 (calcd. 154.1). 

Barium monobutyl phosphate and barium dibutylphosphate 
[BaMBP and Ba(DBP)2] were prepared by neutralization of the 
free acids with barium hydroxide solution and precipitation of 
the salts with alcohol addition. BaMBP and Ba(DBP)2 were 
recrystallized from water-ethanol and 98% ethanol, respectively. 
Equivalent weights were determined as before6 and found to be 
148 and 279 for BaMBP and Ba(DBP)g, respectively (calcd. 
145 and 278). 

Pyrolysis.-Small-scale pyrolyses (1.5 to 10 mmoles) were 
made in a Pyrex test tube (15 111111. 0.d. X 16 cm.) fitted with a 
ball joint. A head with side arm and joint for capillary inlet was 
clamped to it. The reaction assembly was connected to a 35- 
or 160-ml. trap, which waa connected to a mercury-filled gaa 
buret fitted with a three-way stopcock to allow by-paas or entry. 
All joints were glass to g h s ;  some were held in place in rubber 
sleeves. The joints were greased lightly with silicone grease to 
maintain a leakproof system. 

A 50-ml., round-bottomed flask was used for large-scale py- 
rolyses (50-100 mmoles). The round-bottomed flaak was fitted 
with a helium inlet tube and connected to a trap and gm buret 
in series. One pyrolysis of 1 kg. of TBP (in a 2-1. round-bottomed 
flask) waa taken to one-third completion by heating 16 hr. a t  
220". 
k sample of ester or salt, degassed by pumping a t  1-2 mm. 

with the vacuum pump, was weighed into the reaction tube and 
helium waa bubbled through at 5-60 ml./min. until 3-10 1. 
had passed through the connected system. For 0.5 hr. prior 
to pyrolysis, the trap was cooled with liquid nitrogen. The 
flow of helium was stopped and the tubing waa closed with a 
hemostat just above the inlet tube. The system waa opened to 
the gas buret, previously flushed with helium. The capillary 
inlet tube waa broken above the sample surface (so liquid would 
not run back up the capillary) by moving the ball joint. A 
heated polyphosphoric acid bath was used to provide tempera- 
tures of 150-245'. Higher temperatures for the salts were ob- 
tained using a heating mantle and measuring the temperature 
with a thermocouple and a Tipp-tron automatic thermal control 

(14) W. H. Baldwin, C. E. Higgins, and B. A. Soldano, J .  Phys. Chem., 

(15) W. H. Baldwin and C. E. Higgins, A n d .  Chem., 30, 446 (1958). 
(16) W. Gerrard, J .  Chem. Soc., 1464 (1940). 

63, 118 (1959). 
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(The Tipp Manufacturing Co., Tipp City, Ohio). A slight 
vacuum was maintained by keeping the mercury leveling bulb 
a few centimeters below the mercury level in the gas buret. 
The evolved gases were collected in the liquid nitrogen trap. 
After cessation of gas evolution the source of heat was removed, 
mercury in the gas buret was raised to zero, gases in the reaction 
tube were pumped over to the trap, and the reaction tube was 
separated without letting air into the trap. With the pyrolytic 
products frozen in the liquid-nitrogen trap, the helium waa re- 
moved by evacuating the system to 1 mm. The liquid nitrogen 
was then removed and the trap was warmed to allow the gases 
to expand into the gaa buret where the volume of gas formed 
could be measured a t  ambient temperature and pressure. Per 
cent yield of butenes then was calculated by converting the 
volume to STP and comparing with the theoretical volume based 
on sample weight. 

Since the butenes vaporized from their frozen state a t  different 
rates, their ratios in the gas buret were not constant. There- 
fore, the gas were recollected in the trap by applying liquid 
nitrogen. When the gas volume waa not much greater than the 
volume of the trap (frequently the caae when the 160-ml. trap 
was used), the tubing a t  the entry and exit tubes were clamped and 
the trap was removed from the system. When the sample again 
vaporized, the gases were mixed by shaking with 1 ml. of mercury 
added prior to pyrolysis. When the volume was large in com- 
parison with the 35-ml. trap, the gases were transferred to a 100- 
ml., round-bottomed flask fitted with side arm and stopcock 
and containing 1 ml. of mercury for mixing purposes. A T- 
tube waa connected between the liquid nitrogen trap and the 
flask. The system was pumped down to 1 mm. and clamped a t  
the T-joint. By cooling the flask in liquid nitrogen while the 
trap was warmed and opened to the flask, the gases collected 
in the flaak. The flask waa removed from the system and warmed 
to room temperature, and the gases were mixed by shaking with 
mercury (present in the flask before transfer). A hypodermic 
syringe waa used to collect a sample of the gas for analysis by 
gas chromatography. 

One small-scale (2 mmoles) pyrolysis of TBP wm run in in- 
crements comprising approximately one-third of total decom- 
position. The gases collected from each portion were analyzed 
to determine the extent of isomerization in each stage. 

Similarly, large-scale runs (50 to 90 mmoles) were made to  
determine the composition of the volatile liquids aa a func- 
tion of extent of TBP decomposition. The decomposition 
products were collected in a Dry Ice trap a t  180-250 mm. in a 
closed system. The extent of decomposition was determined 
at  intervale by stopping the pyrolysis and measuring the volume 
of gas formed. 

Chromatography .-A Perkin-Elmer Model 154 vapor fractom- 
eter, equipped with a thermistor-type thermal conductivity 
detector, was used in the gas-liquid chromatographic analyses. 
Helium served as the carrier gas. A hypodermic syringe was 
used to inject the samples (up to 0.5 ml. of gas and up to 0.030 
ml. of liquid). 

Liquids were analyzed a t  100-125' on a 1-m. column of 23 
wt. % dinonylphthalate on 30-50-mesh celite. The carrier gas 
flow was 50 ml./min. 
Gases were separated a t  20-25' using a 13-ft. column of 

o-nitrophenetolel' at  a flow rate of 50 ml. of helium per minute, 
or on a 12-ft. column of 29 wt. % of a 1 : 1 solution of silver nitrate 
in benzyl cyanide'*Jg on 50-70-mesh celite a t  a flow rate of 35 ml. 
of helium per minute. The latter column readily separated the 
small amount of isobutylene from the main components, and al- 
though the butene-l and cis-butene-2 came off as one peak the 
percentage of isobutylene in the mixture could be easily de- 
termined. When a ratio of one weight of silver nitrate to three 
weights of benzyl cyanide, close to the literature value,'@ was used 
on 30-50-mesh celite in a 16ft. column, trans-butene-2, butene-1, 
and cis-butene-% were separated in that order but the small 
amount of isobutylene present was masked by the large trans- 
butene-2 peak. Ethyl alcohol (50%) was used as the solvent 
for the silver nitratebenzyl cyanide solution used in the prepa- 
ration of the celite column packing. The solvent was removed 
in the dark a t  reduced pressure. The dried material was re- 
screened and packed in 0.25-in. copper tubing 12 f t .  in length. 
The column was coiled to fit in the gas chromatograph. 

(17) C. E. Higgina and W. H. Baldwin, A n d .  Chem., 86, 473 (1964). 
(18) F. van de Creak, A n d .  Chim. Acto, 14, 136 (1956). 
(19) F. Armitage, J .  Chromotog., 2, 655 (1959). 
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Naphthalene reacted readily under mild conditions in o-dichlorobenzene with ferric chloride-water, aluminum 
chloride-cupric chloride, and molybdenum pentachloride. With ferric chloride-water, 1,l '-binaphthyl and 
1,4di-cu-naphthylnaphthalene comprised the isolable hydrocarbons. In the case of molybdenum pentachloride 
and aluminum chloride-cupric chloride, the binaphthyl fraction consisted of an isomeric mixture in which the 2,2' 
form predominated. Molecular weight data on the crude products indicated an average of about 3-6 naph- 
thalene units per chain. An oxidative cationic mechanism is proposed for the coupling reactions. Apparently 
the polymerization proceeds v i a  coupling in the 1 and 4 positions of the naphthalene monomer. The initially 
formed products are then subsequently isomerized in those systems containing sufEciently active catalyst. 

It was recently shown that aromatic nuclei can be 
coupled under mild conditions by exposure to Lewis 
acid catalyst-oxidant, such as ferric chloride,2 molyb- 
denum pentachloride, or aluminum chloride-cupric 
chloride.* With benzene as the monomer, p-polyphenyl 
was obtained in almost quantitative yield.6 p-Sexi- 
phenyl proved to be the principal product which re- 
sulted from either biphenyl or p-terphenyl.6 Studies 

(1) Paper IX, from the Ph.D. thesis of F. W. K,, 1965; presented a t  the 
149th National Meeting of the American Chemical Society, Detroit, Mich., 
April 1965. 

(2) P. Kovaoic and F. W. Koch, J. 070. Chem., 28, 1864 (1963). 
(3) P. Kovacio and R. M. Lange, ibid., 28, 968 (1963). 
(4) P. Kovaoic and A. Kyriakia, J. Am. Chem. Soc., 86, 454 (1963). 
(5) P. Kovaoic and J. Oriomek, J. 070. Chem., 29, 100 (1964). 
(6) P. Kovacic and R. M. Lange, ibid,, 29, 2416 (1964). 

with ferric chloride revealed the formation of bimesityl 
from mesitylene: and bixylyls from m- and p-xylene.s.9 

Our objective was to investigate the behavior of 
naphthalene in the system, Lewis acid catalyst-oxidant, 
and to obtain information concerning the mechanistic 
aspects. In an earlier paper, brief mention was made 
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