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In recent  yea r s  it has been shown that heterochain  m a c r o m o l e c u l e s  a re  r a t he r  act ive under the con- 
ditions of their  format ion  and may  en te r  into var ious  chemical  react ions ,  the mos t  impor tant  of which, 
f rom the standpoint of the p rope r t i e s  of the po lymer  formed,  is  the react ion  of chain t r an s f e r  with c leavage 
of bonds [1, 2]. This react ion,  as  a rule,  p roceeds  with heterolyt ic ,  and s o m e t i m e s  with homolytic  c leav-  
age of the heterobonds of the m ac rom ol ecu l e s  as well. An invest igat ion of the mechan i sm of reac t ions  of 
exchange interact ion of po lymer  chains is ex t r eme ly  complex, and frequent ly  cannot be accompl ished  in 
p rac t i ce  as a r e su l t  of the difficulty of analyzing po lymer  sy s t ems .  At the s ame  time, the indicated r e a c -  
tions can eas i ly  be s imulated by model s tudies on low-molecu la r  compounds, the analys is  of which at p r e s -  
ent has  bas ica l ly  been r a t he r  well developed. 

The purpose  of the p resen t  work  was to invest igate  the equi l ibr ium in the exchange interact ion of 
t r iethyloxonium hexachloroant imonate  with butyl aceta te ,  s imulat ing the reac t ion  of interchain exchange of 
e s t e r s  and e thers .  The exchange of oxonium sa l t s  with e s t e r s  had not been descr ibed  he re to fo re  and was 
invest igated by us for  the f i r s t  t ime.  

E X P E R I M E N T A L  

In view of the high reac t iv i ty  of t r ia lkyloxonium sal ts  with r e s p e c t  to var ious  nueleophilic reagents ,  
all the substances  used were  thoroughly purified, p r i m a r i l y  f rom mois tu re .  Nitrobenzene was boiled three  
t imes  over  f resh  port ions of P205 and red is t i l led  over  P205 at 210~ collecting the middle fract ion.  Bu - 
tyl ace ta te  was repeatedly  washed with conc. K2CO3, with dis t i l led water ,  subsequently dr ied over  anhy-  
drous K2CO3, and with boiling over  t)205, then red is t i l l ed  at  126~ Trie thyloxonium hexachloroant imonate  
was synthesized f rom f resh ly  red is t i l led  epichlorohydrin,  dr ied over  ca lc ium hydride, and antimony penta-  
chloride in a solution of diethyl ether,  p r e l im ina r i l y  dr ied o v e r a p o t a s s i u m - s o d i u m a l l o y ,  according to the 
p rocedure  of Meerwein,  somewhat  modified [3]. 
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Fig. 1. Kinetic curves  of the format ion  of ethyl aceta te  (a) and ethyl butyl 
ether (b) at 30~ in ni t robenzene solution in the interact ion of butyl ace -  
tate  0.186 M with t r ie thyloxonium hexachloroant imonate ,  M: 1) 0.008; 2) 
0.016; 3) 0.033; 4) 0.055; 5) 0.110. 
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Fig. 2. Influence of temperature on 
the kineties and equilibrium in the 
exel~ange of triethyloxoninm hexachlo- 
roantimonate, 0.055 M, with butyl 
aeetEtte, 0.186 M, in a solution of 
n i t robenzene at: 1) 30~ 2) 50~ 3) 70 ~ 
a) Accumulat ion of ethyl acetate;  b) 
accumulat ion of ethyl butyl e ther .  
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Fig. 3. Kinetic curves  of the f o r -  
mat ion of ethyl ace ta te  at 30~ 
in ni t robenzene solution in the in-  
te rac t ion  of t r ie thyloxonium hexa-  
chloroant imonate,  0.055 M, with 
butyl acetate ,  M: 1) 0.186; 2) 0.372; 
3) 0.745; 4) 1.487. 

The reac t ion  was conducted in n i t robenzene 
solution in the t e m p e r a t u r e  in terva l  10-70~ The 
reac t ion  mix ture  was analyzed chromatograph ica l ly  
on a chromatograph  with an ion iza t ion- f lame detec tor  
of the DIP-1 type with a column with d imensions  200 
• 0.6 cm, fi l led with polyethylene glycol adipate-600, 
20%, and phosphoric  acid, 1%, applied on celi te-545. 
Column t e m p e r a t u r e  90~ hel ium veloci ty 40 ml  
/min. To i nc r ea se  the accu racy  of the r e su l t s  of the 
analys is ,  the la t ter  was conducted with an internal  
s tandard  of chlorobenzene.  

DISCUSSION OF RESULTS 

F r o m  the r e su l t s  of an analys is  of the reac t ion  
mix ture  it follows that in addition to the expected 

ethyl acetate ,  as a r e su l t  of the react ion  at 30~ diethyl and ethyl butyl e the r s  a re  also formed,  while at 
higher t e m p e r a t u r e s  dibutyl e ther  is  fo rmed  in addition. The accumulat ion of the reac t ion  products  p r o -  
ceeds to some limiting value, which in the region of the invest igated reagent  concentra t ions  depends to a 
significant degree  on the initial  concentra t ion of the oxonium sal t  (Fig. 1) and the t e m p e r a t u r e  of the r e a c -  
tion (Fig. 2), and to a l e s s e r  deg ree  on the initial butyl ace ta te  Concentration (Fig. 3).  Special exper imen t s  
have shown t:hat the indicated l imit ing concentrat ions of the reac t ion  products  a r e  equi l ibr ium concen t ra -  
tions, while the equi l ibr ium es tab l i shed  in the s y s t e m  is a t rue  equi l ibr ium and can be reached  f rom both 
di rec t ions  by varying the reac t ion  t empera tu re .  Thus, the react ion  equi l ibr ium mix ture  at 30~ was hea t -  
ed at 50~ After  two days, the equi l ibr ium c h a r a c t e r i s t i c  of 50~ was es tab l i shed  in the reac t ion  mix -  
ture.  Exposure  of this mix tu re  for  two days at 30~ r e s t o r e s  the reac t ion  sy s t em to the initial equi l ibr ium 
state.  

On the bas is  of genera l  considerat ions ,  as a r e su l t  of exchange we might have expected the format ion  
+ + + + 

of 16 products  (including the unreac ted  s ta r t ing  m a t e r i a l s ) :  EtOAc, EtOEt, Et30 , Et2OAc , Ae30 , BuOAc, 
�9 ~- + + + + + '+  

EtOBu, Et2CBu , EtOAc2, Ac20 , BuOBu, EtOBu2, EtBuOAc, Bu30 , BuOAc2, Bu2OAc. The anions here  and 
henceforth will be omit ted for  the sake of b rev i ty  in the descr ip t ion  of the sa l t  fo rms .  Moreover ,  it has 
been shown 14] that the react ion  p roceeds  through the fo rmat ion  of an in te rmedia te  complex [Et30.BuOAc] +. 
A complete  :malysis  of all the products  of this complex s y s t e m  is p rac t ica l ly  imposs ib le  as a r e su l t  of the 
absence  of methods of analys is  of oxoninm sa l t s  with different  na tures  of the rad ica l  at  the p re sen t  t ime.  
However,  quali tat ive and even semiquant i ta t ive  conclusions on the var ious  oxonium sa l t s  fo rmed  as a r e -  
sult  of the reac t ion  can be drawn on the bas i s  of an analys is  of the f ree  reac t ion  products ,  which a r e  not 
bound in complexes  (oxonium sa l t s  may  be cons idered  as complex compounds) .  
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TABLE i.  l~esults of an Investigation of the Equil ibrium of the Ex-  
change of Triethyloxonium Hexachloroantimonate with Butyl Acetate 
at 300C 

[.,'tBler lad.tO', [m].~0~, [C%q] 
Meq Meq .IO~',M Meq,'lO"'- 

II,0 I 1,86 5,6 2,2 
4 

5,5 [ 1,86 3,2 0,8 
3,3 1~86 2,2 0,4 
1,6 1,86 1,2 0,1 

[.r 10', [Bo].t0',l[Ceq] 
"eq -~eq  Meq .i0 z, M 

0,90 ] 0,8 1,86 0,7 
0,47 I 5,5 3,72 3,6 
0~44 5,5 7,45 3,9 
0',28 5,5 14,87 4,1 

[AB]eq 
"t0:, I 
~eql 
0,0 
1,0 
1,1 
1,2 

0,28 
7 0,44 
8 0,44 
-- [0,57 

Coraacao J~altHI~ Ta6a. t Kp 3~ ----- 0/t8 _ 0,t3; Kp, ~ 3,5 :i: 1,t g/M; Kp2 
- -  0,14 • 0,0t M/a. 

Of the possible react ion products  enumerated  above, it is evident that each compound can be formed 
f rom the corresponding salt  forms.  The absence of dibutyl e ther  and acet ic  anhydride in the equil ibrium 
mixture  at 30~ indicates that only eight products  a re  formed as a resu l t  of exchange: 

+ 4- 
Et0Ac, ErgO, EtOEt, Et2OAc, 

+ § (1) 
BuOAe, Et~OBu, EtOBu, EtBuOAe. 

At 50~ the appearance of dibutyl ether  is evidence that at this and higher t empera tures ,  react ions 
with the participation of the intermediate  product - the diethylbutyloxonium salt  - begin to take place. Thus, 
the react ion under considerat ion is an interest ing case in which the rea l izable  equil ibrium is incomplete,  
metastable.  This indicates that under the investigated conditions, cer ta in  existing pathways of development 
of the react ion a re  kinetically hindered, although the formation of all possible react ion products  apparently 
is not thermodynamical ly  prohibited. 

The exper imental  resu l t s  obtained permi t  us to assume the following sequence of r eve r s ib l e  react ions  
of the exchange influence under considerat ion at 30~ and at lower tempera tures :  

E't36 * SuOAr 

Et20 -~ EtSuOAc ~ EtOAc * Et2OBu ~ -  EtOBu ~" gt2OAc. (2) 

keq8 

Each of the react ions indicated above proceeds  through pre l iminary  formation of an in termediate  complex 
with the composition [Et~O.BuOAc] +. The re fo re  the equil ibrium constants on scheme (2) r ep resen t  essen-  
tially products of the equilibrium constants of formation of the complex f rom the s tar t ing mate r ia l s  and 
its decomposition into the react ion products.  

On the basis of the established composition of the equilibrium react ion mixture,  we can write the fol-  
lowing balance equations: 

BuOAc]o -= [BuOAcleq+ [EtOAc]eq+ [AeOEt~]eq+ [AcOEtBu]eq+ [Et~O 

d-iBuOAe]eq+ 
4- 

[BuoAe]0 = [B+uOho]eq+ [EtOBu]~q+ [Et~OBule~ 
+ [AeOEtBu]eq+ [Et30.BuOAe]o~ + 

t *  

[Et30]o ---- 3 [Et~O]eq+ 2 [Et,O]eq+ [Et~OBU]eq+ 2 [Et,OBule~ 
+ 

+ [AeOEtBu]eq§ 2 [AoOEt2] + [EtOAe]e~- 3 [Et30.BuOAo]eq+. 

Combining the indicated equations with one another,  it can be shown that 
+ 4- 

[Et~O]eq+ [EtOBu]eq~- [AcOEt2]eq~ [AcOEtBu]eq, 

F rom the experimental  data it follows that 

[Et2Oleq+ [EtOBu~eq~ [EtOAc]eq. 
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TABLE 2. Equ i l i b r ium Constants  at 30~ fo r  the 
cated in Scheme (2) 
Equhibfium 
constant at Value 

Reac t ions  Indi-  

Equilibrium i ta.Equilibriumat ] 
constant at Value Value 

30" : .30" Icons30 nt 

K * ~. 1,2.10 -3 [ 1,2- I0 -3 [ 2,5.10 -3 eql_, Keqs _Keqs 
v. eqz T 0,48 [ Keeht ~.~ 2,5.10 -a Keq s [ -- 

�9 Unfortunately, on account of technical difficulties the exact accumulation of diethyl 
ether could not be measured; it is evident only that [Et20]eq~ ,[EtOBU]eq 
~'K =K~~ for reaction (4), considered above, eq2 

Consequent ly ,  

§ + [EtOAc] . [AeOEt~]eq+ [~2cOEt'Buleq~' eq 

The s a m e  can a lso  be a s s u m e d  fo r  the gene ra l  sum: 

[Et20]eq-[- [EtOSu]eq-[- [AcOEh]eq+ [Ae6EtBu]eq~ [EtOAc]eq. 

This  ana lys i s  g ives  a bas is  for  a s s e r t i n g  that the bulk of the equ i l ib r ium m i x t u r e  is  c o m p r i s e d  of e s t e r s  
and t r ia lkylDxonium sal ts ,  and the r e a c t i o n  of exchange  p r o c e e d s  p r e d o m i n a t e l y  acco rd ing  to the equat ion:  

§ 
EtaO + BuOAe ~ [ENO.BuOAe] + ~ EtOAe q- Ets (3) 

which for  conven ience  can be r e w r i t t e n  in the following form:  

Keql Keqz 
A q- B ~_'-~_ AB ~_-Z C -t-D (4) 

whe re  A=E~(~;  B=BuOAc;  AB=[Et30-BuOAc]+;  C=EtOAc;  D=Et2(~Bu. F o r  s c h e m e  (4) a t  equi l ib r ium,  the 
following r~ t ios  a r e  co r r ec t :  

Ceq z 

Keq= ~qlgeq2 = ( A 0 -  Ceq-[aB]eq ( g o -  Ceq-[AB]eq) (5) 

[AB]eq 
Keq 2 = 

(A 0- Ceq- [AgJeq) (B0- Ceq- [AB]eq) 

f r o m  which it fol lows that  

or  

. , , ,  . Ceq 2 
Keq ~Keq  z= 
Keql [AB]eq 

[AB]e~ _~i c ~o-- (~Ceq ~ (a) 
r.eq2 

Substi tut ing function (6) into Eq. (5) ,  this equat ion can be  r e w r i t t e n  for  two independent  e x p e r i m e n t s  
with d i f f e ren t  ini t ial  concen t ra t ions  of the r e agen t s :  

Ceq~Z (7) 
Keq - -  (A01 - Ceq 1 - CeCeqlZ) (B01 - Ceq ! - aCeqzZ) 

C eq2 

Keq ~ (A0z_ Ceqz-- r 2) (B0 2 - Ceq z-  C~Ceql z) 

F r o m  this s y s t e m  of two equat ions  with two unknowns (a  and Keq) ,  cons ide r ing  funct ions (5) and (6),  we 

can d e t e r m i n e  all the equ i l ib r ium cons tan ts  of r e a c t i o n  (4) (Table  1) .  

731 



6 / /  
Cg,'M/10 

Fig. 4, Dependence of the 
equi l ibr ium concentrat ion 
of ethyl ace ta te  on the equi- 
l ibr ium concentrat ion of 
ethyl butyl ether.  

According to the data of Table 1, Keq3~ = 0,48-~ 0.13; K eql= 3.5 * 1.1 

l i t e r s / m o l e ;  Keq 2 -- 0.14 -~ 0.01 M. 

It  is easy  to show that for scheme (2) the following ra t ios  a re  co r -  
r ec t  for  an equil ibrium reac t ion  mixture:  

. [Et:O]eq ~' Keoa Keqa ([EtOBu]e~ 
[EtOAc]eq/ Keq~- \ ~ e q  I ~--- Keq2 = Keq5 

and 

( [Et2Ohq~ 2 Keq, (8) 
[EtOBuie~ ~ = Keq'3= Keq6 

These  ra t ios  can be rewr i t t en  in the following form:  

[Et~O] eq = const; [EtOBu]e,q----- const; --,~---[Et~'O] eq const (9) 
[EtOAc]eq [EtOAc]eq [EtOBu]eq 

F igure  4 p resen t s  the dependence of the equi l ibr ium concentrat ion of ethyl ace ta te  on the equi l ibr ium con- 
centrat ion of ethyl butyl e ther  for  one of the s e r i e s  of exper iments .  As can be seen f rom Fig, 4, func t ions  
(9) a re  fulfilled with sa t i s fac to ry  accuracy .  

Thus, it s eems  possible  to evaluate the equi l ibr ium constants  of all  the reac t ions  p resen ted  in scheme 
(2) according to Eq. (8). These  values a r e  cited in Table  2. 

As has a l ready been indicated, at t e m p e r a t u r e s  higher than 30~ , one mus t  reckon with the p r e s -  
ence of secondary  exchange reac t ions  with the par t ic ipat ion of the diethylbutyloxonium sal t  [scheme (10)]: 

+ ~ ~ + 
EtBuOAc + EtOBu ~ Et2OBu + BuOAc ~ Bu20 + Et2OAc 

+ t 
E tOBu~ ~ E t O A c  ~ ~" E t 2 0  + Bu2OAc  

An analysis  of the balance of the reac t ion  products  at t e m p e r a t u r e s  higher than 30~ (50 and 70~ shows 
that reac t ion  (3) no longer  p redomina tes ;  other convers ions ,  indicated in schemes  (2) and (10) also have 
g r e a t e r  re la t ive  importance.  Therefore ,  it is p rac t i ca l ly  imposs ib le  to calculate  the equi l ibr ium constants 
at these t empera tu re s .  

At 10~ a calculat ion of the equi l ibr ium constant for reac t ion  (3) gave a value of Keql~ =0.18-~0,18 
M. An es t imat ion of the heat of reac t ion  (3) according to the calculated equi l ibr ium constants  at 10 and 30~ 
leads to a value of AH=8.5 kca l /mo le .  This  means  that there  is a r a t he r  s t rong dependence of the 
heats of format ion  of the R C - ~  bonds in oxonium sal ts  and the R C - O  bond in e s t e r s  on the nature  of the 
hydrocarbon radical ,  in the case  under considerat ion 

AH ~ ( H ~ t - 0  - -  H ~ u - o )  - -  ( H E t - o  - -  HBu-O+) ,  

where H E t _ O  and HBu_O are  the heats  of fo rmat ion  of the E t - O  and B u - O  bonds in the corresponding 

e s t e r s  of acet ic  acid; H E t _ (  ~ and H B u _ ~  a r e  the heats  of fo rmat ion  of the C- (~  bond in oxonium sa l t s  for 

ethyl and butyl rad ica ls ,  respec t ive ly .  

The r e su l t s  cited a re  evidence that r e la t ive ly  smal l  changes in the heats  of format ion  of the C - O  bond 
for  alkyl rad ica l s  (in the case  under considerat ion for  the ethyl and butyl r ad ica l s )  in the molecules  of 
e thers  and e s t e r s  produce substant ia l  changes in the s ta te  of equi l ibr ium in exchange reac t ions .  

C O N C L U S I O N S  

1. The equi l ibr ium of the exchange of t r ie thyloxonium hexachioroant imonate  with butyl ace ta te  in ni -  
t robenzene solution was invest igated in the t e m p e r a t u r e  in terval  10-70~ 
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2. The exchange reac t ion  is complex,  but the bas ic  d i rec t ion of the exchange reac t ion  consis ts  of 
t ransa[kylat ion of the reagents .  As a r e su l t  of kinetic h indrances  at low t e m p e r a t u r e s ,  30~ the ex-  
change reac t ion  does not take place  in all poss ib le  direct ions.  

3. The values of the equi l ibr ium constants  were  es t imated  and the t he rma l  effect  was de te rmined  for 
the t ransalkyla t ion  react ion.  

4. Small d i f ferences  in the heats  of fo rmat ion  of the C - O  bond inthe molecules  of e s t e r s  and oxonium 
sa l t s  with var ious  lengths of the alkyl  rad ica l  produce substant ia l  changes in the s ta te  of equi l ibr ium in ex-  
change r eaciions.  

1. 

2. 
3. 
4. 
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