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In the cour se  of the reac t ion  of ozone with t r ia lkyl  and t r i a ry l  phosphi tes ,  in te rmedia te  products  
a r e  f o rmed ,  which a r e  re la t ive ly  s table  at - 70  ~ and b r e a k  down into phosphi tes  and oxygen when the t e m -  
p e r a t u r e  is inc reased  [1, 2]; m o r e o v e r ,  oxygen is  par t i a l ly  fo rmed in a singiet  fo rm [3]. The s to ichio-  
m e t r y  of the reac t ion  depends on the conditions of the expe r imen t  and the nature  of the phosphite used [1]; 
there  a r e  a lso  indications of fulf i l lment of an equ imola r  1 : 1 ra t io  in a broad range of t e m p e r a t u r e s  and 
concentra t ions .  The effect ive  constant  of the g r o s s  reac t ion  of ozone with t r iphenyl  phosphite has  been 
de te rmined  [4]. 

In this communica t ion  we invest igated the re la t ionship  between the reac t iv i ty  of phosphi tes  with r e -  
spect  to ozone and the nature  of the substi tut ing groups.  

E X P E R I M E N T A L  M E T H O D  

The reac t ions  of phosphi tes  with 03 w e r e  conducted in a f low-through r e a c t o r  accord ing  to the method 
desc r ibed  e a r l i e r  [5]. A mix tu re  of O 8 and 02 was  bubbled through a solution of the phosphite (~10-5-10 -4 
M) in CC14, washed with H20, and conditioned with ozone. The ozone concentra t ion at  the outlet f rom the 
r e a c t o r  was  r eco rded  continuously spec t ropho tomet r i ca l ly .  F o r  m o s t  of the invest igated phosphites  of 
s imple  s t ruc tu re ,  the s to ich iomet r ic  reac t ion ,  de te rmined  graphica l ly  accord ing  to the a r e a  between curves  
1 and 2 of Fig. 1 (shaded), is  equal  to 1 : 1 [compounds (I)-(X), Table  1]. In ce r t a in  c a s e s ,  points of in -  
f lection cor responding  to the complet ion of the addition of one equivalent  of O a were  o b s e r v e d  on the curve  
of the var ia t ion  of the 03 content at  the outlet  f rom the r e a c t o r  [compounds (XI)-(XIV)], and, finally,  c o m -  
pounds (XV)-(XX) (Table 2) in terac ted  with 2-3 eq of O a without any apprec iab le  change in the reac t iv i ty  
in the cou r se  of the exper iment .  A calcula t ion of the ra te  constants  of the react ion  of O 8 with phosphi tes  
was  p e r f o r m e d  according to the p rocedu re  of [5], m e a s u r i n g  the 03 concentra t ion  at the en t rance  and exit  
of the r e a c t o r  as  the reac t ion  proceeded .  The ra te  constant  of the reac t ion  was  calculated according  to the 
equation 
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Fig.  1. Dependence of the concentra t ion  
of O 3 a f t e r  the r e a c t o r  on the t ime of the 
reac t ion  of ozone with t r iphenyl  phosphite 
(rate of de l ivery  of ozone 0.1 U t e r / m i n ,  
[03] 0 = 7 .8 .10  4 M, (CeHsO)3P = 8 . 1 0  -~ 
M): 1) solubil i ty of O 3 in the pure  solvent;  
2) change in the ozone concentra t ion at  the 
exi t  f rom the r eac to r .  
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T A B L E  1. Rate  Cons tan ts  of  the E l e m e n t a r y  Steps and S to ich iomet r i c  
Coeff ic ient  of  Ozone 13 in the Reac t ion  of  Phosph i t e s  with Ozone [22 ~ 
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H e r e  and h e n c e f o r t h  X = C(CH3) 3] 

Formula 
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* The constants were related to a monomer unit of the polyphosphite. 
~The total stoichiometry of the consumption of ozone is close to 4(see Table 2); 
to determine the eonstant~ the dependence of kobs on [PJ in the first and fourth 
stages was correspondingly analyzed. 

k = W(lOz]0 - -  [Ozlgas) 
[PI [Oslgas (1) 

w h e r e  W is  the r a t e  of  de l i ve ry  of O a, r e la ted  to a unit  vo lume of  the solut ion,  s ee - l ;  ~ is  the solubi l i ty  
coef f ic ien t ;  [ 0  3] and iOn]gas a r e  the c o n c e n t r a t i o n s  of  ozone and exi t  of  the r e a c t o r  ([03] o ~ 10-6-10 .5 M), 
whi le  [P] is the phosphi te  c o n c e n t r a t i o n  at each  given m o m e n t  of  t ime.  

The  phosph i t e s  used a t  this  t ime (see Tab les  1 and 2), with the ' excep t ion  of (VIII) and (XVIII), w e r e  
syn the s i zed  and pur i f i ed  a c c o r d i n g  to the we l l -known p r o c e d u r e s  (see the las t  co lumns  of  Tab le s  1 and 2). 

Synthes i s  of Diphenyl ionyl  Phosph i t e  (VIII). To a solut ion of phenol  in a fourfold  e x c e s s  ( re la t ive  to 
the l ibe ra ted  HCI) of t r i e t hy l amine  (TEA) an equ iva len t  amount  of the d ich lo r ide  of iony lphosphorous  acid 
w a s  added d ropwise  o v e r  a pe r iod  of  0.5 h. The r eac t i on  m i x t u r e  was  heated fo r  6 h at  100% a f t e r  which 
i t  was  cooled ,  TEA h y d r o c h l o r i d e  was  f i l t e red  off, and the e x c e s s  TEA was  d is t i l led  off. The r e s idue  was  
d is t i l l ed  off  unde r  va c uum ,  i so la t ing  the f r ac t ion  with bp 215-217 ~ (2 ram) ,  dense  y e l l o w i s h  liquid. Found:  
C 74.34; H 7.50; P3+ 7.22%. C33H3303P. Calcula ted:  C 74.30; H 7.57; t )3+ 7.10%. 

Syn thes i s  of  T r i - ( 2 - t e r t - b u t y l - 4 - m e t h y l p h e n y l ) p h o s p h i t e  (XVIII). To a solut ion of  2 - t e r t - b u t y l - 4 -  
me thy lpheno l  in a fourfold  e x c e s s  of  TEA we added d ropwise  an equivalent  amount  of  PCI  3 at 75 ~ o v e r  a 
pe r iod  of  0.5 h; the m i x t u r e  wa s  exposed  fo r  10 h at  120 ~ then cooled and,  by adding p e t r o l e u m  e the r ,  TEA 
h y d r o e h l o r i d e  p r ec ip i t a t ed  and f i l t e red  off. The p e t r o l e u m  e t h e r ,  e x c e s s  TEA,  and un reac t ed  phenol  w e r e  
d is t i l led  off. The  r e s i due  was  r e e r y s t a l l i z e d  f r o m  p e t r o l e u m  e t h e r ,  mp  109-110 ~ Found:  P to t  6.00; p3+ 
5.82%. C38H4sOaP. Calcula ted :  1)3+5.96%. 
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TABLE 2. Effect ive Rate  Constants  and Stoichiometr ic  Coefficient  fl 
of the Consumption of O 3 in the React ion with Phosphi tes  (CC14, 22 ~ 
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5,30 (1,0) 
2,28 (2,0) 
2,26 (2,9) 

0,74 (0,7) 
0,86 (1,o) 
0,93 (t,3) 

t,ot (1,o) 
t,6o (t,4o) 
3,85 (t,6) 

i,14 (.i,2) 
t,24 (1,4) 
3,65 (I,6) 

o,31 (o,5} 
o,4t (o,0) 
0,57 (t,4) 

0,i6 (0,4) 
0,tt 11,3) 
0,07 (2,5) 

0,03 it,0) 
0,05 (3,9) 
o,o8 (4,8) 

4,1 

2,6 

1,6 

1,9 

t,9 

2,9 

5,0 

Method of 
synthesis 

[6] 

[t31 

[14l 

[i4] 

[151 

[t61 

* In parentheses: the stoichiometric coefficient of the consumption of ozone by the 
moment of time at'~ which the value of kob s was measured. 

D I S C U S S I O N  O F  R E S U L T S  

The s e c o n d - o r d e r  ra te  cons tants ,  ca lcula ted accord ing  to Eq. (1), d e c r e a s e  with inc reas ing  phos -  
phite concentrat ion.  This  p e r m i t s  us to a s s u m e  that the r a t e  cons tants  found a r e  effect ive values.  An 
ana lys i s  of the poss ib le  kinetic s chem es ,  explaining this phenomenon,  showed that the only scheme  c o r -  
responding to the aggrega te  of  the expe r imen ta l  data and the l i t e ra tu re  m a t e r i a l  [17], is the scheme with 
the format ion  of an in t e rmed ia te  complex  

P + Os *' -* (P-.. 0,) 

(P...Oa)+P k, . 2 P + O  s 
0 

k, / \  
(P-.-O3) ' P O "N / 

O 

A cons idera t ion  of this scheme under  the condition of equi l ibr ium with r e spec t  to the in te rmedia te  
complex  leads to the following exp re s s ion  for  the reac t ion  ra te :  

d lOs] kok2 
-- ~ kl [P] ~ k, [P] los] 

Consequently,  the effect ive r a t e  constant  kobs depends on the concentra t ion  [P] 
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Fig. 2. Dependence of the r e c i p r o c a l  of the effect ive constant  
of the reac t ion  of t r iphenyl  phosphite with 03 on the c u r r e n t  
concent ra t ion  of phosphite  (CC14, 22~ 

Fig. 3. T e m p e r a t u r e  dependence of the t rue ra te  constant  of 
the reac t ion  of t r iphenyl  phosphite  with O~ in CCI 4 (at the t e m -  
p e r a t u r e  -90  ~ the solvent  2 ,4-dimethylhexane was  used). 

Fig. 4. Dependence of logk  o on the sum of the Taft  a* con-  
s tants  of the subst i tuents  in the reac t ion  s e r i e s  P (OX') (OX") 
�9 (OX TM) (the numbers  of the points co r respond  to the numbers  
of the compounds in Table  1). 

kok~ (2) 
k~ = k l [P l+k~ 

Equation (2) can be t r a n s f o r m e d  to the following form:  

1 1 kl 
kobs = ~ ~ ~ [P] (3) 

On the ba s i s  of Eq. (3), f rom the expe r imen ta l  dependence of the effect ive constant  kob s on the phosphite 
concent ra t ion ,  we can de te rmine  the t rue  r a t e  constant  k 0 of the reac t ion  of ozone with phosphi te ,  and a lso  
ca lcu la te  k 1 /k  2. 

The dependence of 1 / k o b s  on the phosphite concentra t ion (Fig. 2) sa t i s f i e s  Eq. (3) well.  F r o m  Table  
1 it  i s  evident that the values  of the t rue  ra te  constant  k 0 fo r  phosphi tes  a r e  r a t h e r  high (2. 104.-5 �9 105 l i t e r s  
/mole ) .  Assuming  that the m e c h a n i s m  of the reac t ion  is unchanged f rom solut ions in CC14 to 2 ,4 -d imethy l -  

hexane,  we inves t igated the t e m p e r a t u r e  dependence of the cons tants  k 0' as  well  as the ra t io  k~ /k  2, for  
t r iphenyl  phosphite  in the in terva l  22 to -90  ~ F o r  k 0 we obtained the equation (Fig. 3): 

ko = 2.3. lOSexp (--2400 __~ 500/RT)M "z. see "l 

The ra t io  k 1 /k  2 is  p rac t i ca l ly  independent of the t empe ra tu r e .  Consequently,  the ac t ivat ion ene rg ie s  
of the two s teps  of decomposi t ion  of the complex  di f fer  by no m o r e  than 1 k c a l / m o l e  and a r e  evidently sma l l  
in absolute  value.  

Then a c o m p a r i s o n  of the t rue ra te  constants  k 0 of the reac t ion  of 03 with phosphates  with the Taf t  
a* constants  of the subst i tuents  in the f r agmen t  - O ~ p / O -  shows that with increas ing  e l ec t ron -donor  

I 
O 

I 
capac i ty  of  the subst i tuent ,  the values  of k 0 i nc rea se  (Fig. 4). 

F r o m  the slope of the s t ra igh t  line in a plot of logk  0 vs Za* for  the invest igated phosphi tes  [the coe f -  
f icient  of co r r e l a t i on  (without cons idera t ion  of the point 3) r = 0.98], we found the coeff icient  p = -0 .44.  
This  pa t t e rn  re f l ec t s  not only the tendency in the var ia t ion  of the reac t iv i ty  of phosphi tes ,  but a lso  shows 
that in the fo rmat ion  of the in te rmedia te  complex  ( P . . .  03) there  is probably  a d i sp lacement  of e lec t ron  
densi ty  f rom the phosphorus  atom to the ozone molecule .  The influence of po la r  f ac to r s  is  evidently a lso  
substant ia l ly  mani fes ted  in the s e r i e s  of values  of k I / k  2 (see Table 1): the h igher  the e lec t ron  densi ty  on 

695 



the phosphorus atom in the complex,  the l a rge r  this ra t io  becomes ,  i .e . ,  the m o re  readi ly  the complex 
is "broken up" by phosphite molecules .  

It has a l ready  been mentioned that the s to ichiometry  of the reac t ion  of some of the investigated phos-  
phi tes  d i f fers  f rom 1 : 1 (see Table 2). It can be assumed that in these cases  stable products  a re  formed,  
capable of react ing again with ozone. As was shown by special  exper iments  for  the convers ion products  of 

phosphite (XVI), nei ther  phosphate nor  the acid ~ P ( H ) =  O, which prac t ica l ly  do not reac t  with ozone under 

the conditions of the exper iment ,  can be such products .  F o r  such compounds it was impossible  to cons t ruc t  
the dependence 1 /kob  s = f([P]) and calculate  k0, and the re fore  Table 2 ci tes  the value of kob s, which a re  
evidently three to four t imes  lower than k 0. 

Usually the introduction of ni t rogen atoms into the molecule  of the organic compound inc reases  i ts 
tendency to par t ic ipa te  in e lect rophi l ic  reac t ions  as a resu l t  of the p resence  of an unshared pa i r  of e l ec -  
t rons  on the nitrogen. F o r  phosphites  it was found that the introduction of a ni trogen atom into the mo le -  
cule (XIX) appreciably lowers  the effective ra te  constant  of i ts in teract ion with ozone. 

CONCLUSIONS 

1. An analysis  of the kinet ics  of the react ion of ozone with phosphites shows that the steps of f o r -  
mation of a re la t ively  stable product  (RO)3PO 3 is preceded by the format ion of an in termediate  unstable 
complex.  

2. A method was developed for  determining the ra te  constants  of the p r i m a r y  step of the react ions  
of phosphites  with ozone,  and the ra te  constants  were  de termined  for  14 phosphites.  

3. An empi r ica l  equation re la t ing the induction constant  of the substi tuents to the react ivi ty  of phos T 
phites  with r e spec t  to ozone was found. 
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