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S A L T S  W I T H  M E R C U R Y  

T .  L .  K i m ,  O.  A.  P t i t s y n a ,  UDC 541.127:542.91:547.539.4:546.49 
K.  P .  B u t i n ,  a n d  O.  A .  R e u t o v  

Together  with the Mg-organic  syntheses ,  the reac t ions  of the onium (diazonium, oxonium, halonium, etc.) 
salts  with meta ls  a re  among the basic methods followed in prepar ing  the a ry l  organometal l ic  compounds. 
Typical  instances a r e  found in the reac t ions  of diaryl iodonium sal ts  (DAS) with metal l ic  m e r c u r y  [1-3], p roces -  
ses leading to the format ion of o rganomercu ry  compounds in high yield 

Ar2IX -~ Hg -* Ari ~ ArHgX (i) 

A mechanism involving one -e lec t ron  reduct ion of the DAS by metal l ic  m e r c u r y  with the format ion  of an 
Ar2I.  radica l  which breaks  down homolyt ical ly  to ArI  and an A t -  radica l ,  the la t te r  recombining with an XHg" 
radica l  to fo rm the ArHgX compound, has been proposed for  these  react ions  [2, 3] : 

AralQ---~-~g - --r --* Ar2I. ~-'HgC1/ (2) 
A~I -~ At. J~ ArltgC1 

Although such a mechanism is en t i re ly  consis tent  with the exper imenta l  data on type (1) reac t ions ,  a l t e r -  
native mechanisms,  e.g.,  a penetrat ion mechanism s imi la r  to that descr ibed  for  the reac t ions  of metal l ic  m e r -  
cury  with Hg and T1 organometal l ic  compounds in [4, 5], a r e  also possible here .  T h e r e  is, t he re fo re ,  a need 
for a detailed study of these  possibi l i t ies .  The present  paper  will outline the resu l t s  of a study of the kinetics 
of these p rocesses ,  a work in which kinetic and act ivat ional  p a r a m e t e r s  for  reac t ions  of onium compounds with 
meta ls  have been de te rmined  for  the f i r s t  t ime.  

The choice of kinetic exper iments  for  this work was made difficult by the possibil i ty of s ide react ions ,  
par t icu la r ly  in view of the r epor t ed  appearance  of ArC1 and ca lomel  in the reac t ion  products  [6]. In general ,  
the s to ich iomet ry  of the Ar21X + Hg reac t ions  did not conform to Eq. (1). It was t h e r e fo r e  n ece s sa ry  to choose 
the working conditions (and especia l ly  the t empera tu re )  so as to reduce  effects  f rom the side reactions (3) and 
(4) to a minmum 

2Ar~IX -~ 2Hg --~ 2ArI -1- Hg2X 2 ~ AfAr 

AffIX --~ ArI ~ ArX 

(3) 

(4) 

Exper iment  showed that nei ther  diphenyliodonium chlor ide (DO) nor  b romide  (DB) would undergo appre -  
ciable t he rma l  breakdown through reac t ion  (4) in MeCN soluticn at 70~ Under these  conditions, reac t ion  (3) 
was also of minor  signif icance.  This  last conclusion followed f rom a quantitat ive analysis  of the products  and 
a tes t  of the s to ich iomet ry  of r eac t ion  (1). Over  the interval  f rom 20 to 70~ the range of in teres t  here ,  the 
composit ion of the reac t ion  products  was essent ia l ly  independent of the t empera tu re .  A more  detailed study 
showed that 94% of the DC in a 10 -3 m o l e / l i t e r  MeCN solution would undergo reac t ion  in 22 h at  45~ This  
f igure was a r r i v e d  at both through measu remen t  of the res idual  DAS and through determinat ion of the amount 
of  product iodobenzene. The data of Table  1 indicated that reac t ion  (1) was the principal  p rocess  occur r ing  at 
70~ side reac t ions  having s c a r c e l y  any effect  on the m e a s u r e d  reac t ion  r a t e  at this t e m p e r a t u r e .  
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TABLE 1. Yield (% of theore t ica l )  of P roduc t s  in the Ph2IX-Hg  
Reaction,  in MeCN Solution at 45~ (calculated f r o m  the amount  of 
r e ac t ed  iodonium salt) 

I 

X PhHgX IIg~X2 Phl 1 Phil PhPh PhX 
l 

Br Not determined 100 t,4 �9 6-7 Trace 

TABLE 2. Rate Constants  for  React ions  of the  Diaryl iodonium 
Chlor ides  (YCGH4)2ICI with Metal l ic  Hg in MeCN Solution at 50~ 
(initial sa l t  concent ra t ion  10 -3 m o l e / l i t e r )  

Y t p - C I l a O  p - C H 3  p - G I  I t=[ p - C t ,  m - N O 2  m - N O 2  

k~.f0~sec-~ t40• 1,7~• 2,26• /2A6• 3,17• I 3,50• 

TABLE 3. Rate  Constants  (ki) , Act ivat ion Energ ies  (Ea), and 
Act ivat ion Ent ropies  (AS2%o K) for  the React ions  of Ph2IC1 and 
Ph2IBr with Metal l ic  Hg in MeCN Solution 

t f  11~ i i Ph2IX 
20 ~ 30 ~ &0 ~ 50 ~ 60 ~ 70 ~ 

E a , 
kcal/ 
mole 

X=C1 t0,89• t,29• 1,80• 2,46-+0,20 3,16-+0,20 3,36_+0,09 6,25 

X=Br / I 2,i9• 2.99• ]4,31• ]5,37-+0,f3 ]6,82• ]7,94-+0,09 5,80 

AS298  H -  

e . U .  

-57,7 

-57,5 

Since it had been r epo r t ed  that  the DAS decompose  on heating in o r g a m c  solvents  [4], the s tab i l i ty  of each 
compcand covered  by this work  was t e s t ed  before  kinet ic  m e a s u r e m e n t s  we re  c a r r i e d  out on it. Cor rec t ion  for  
DAS t h e r m a l  breakdown was introduced in t r ea t ing  the k inet ics  of type (1) reac t ions ,  at 60 and 70~ in the case  
of the DC, and at 40-70~ in the case  of the DB. The  kinet ics  of the d iary l iodonium subst i tu ted  chlor ide  r e a c -  
t ions we re  studied at 50~ 

The  kinet ics  we re  followed by m e a s u r i n g  the DAS consumpt ion  through UV spec t roscopy  [7]. E a r l i e r  ex-  
p e r i m e n t s  had shown that  the reac t ion  products  would not in t e r fe re  with the quant i ta t ive de te rmina t ion  of the 
Ph2IX content of t hese  s y s t e m s .  Usually,  each reac t ion  was al lowed to run  to 70% complet ion.  In the ca se  of  
the DC reac t ions ,  it was shown that  the r a t e  constant  was not af fec ted  by a l t e r ing  the initial DC concentra t ion,  
at  leas t  ove r  the range  f rom 1 �9 10 -3 to 5 �9 10 -3 m o l e / l i t e r .  The  kinet ic  cu rve s  could be  desc r ibed  by a f i r s t -  
o r d e r  r a t e  equation (Fig. 1). Rate  constants  we re  ca lcula ted  f rom the equation k = (2.303/~-) . log  C0/C, the r e -  
sul ts  being as  shown in Tab l e s  2 and 3. 

It can be seen  f rom Tab le  2 that  the effect  of  introducing subs t i tuents  into the Ar2IC1 benzene r ing  was 
min ima l .  A graph  showing the va r i a t ion  of log k t with the subst i tuent  ~ constant  (the sum %c~ § am-xo~ was 
plotted in the case  of the p - c h l o r o - m - d i n i t r o  der ivat ive)  is g iven as  Fig.  2. F r o m  the value of the reac t ion  con-  
stant ,  p =+ 0.39, it was concluded that  these  reac t ions  were  insensi t ive  to a l te ra t ions  in the subst i tuent  e l e c .  
t ron ic  effect,  and nucleophil ic  with r e s p e c t  to the organic  subs t r a t e .  

Th is  las t  conclusion would be cons is ten t  with both a o n e - e l e c t r o n  t r a n s f e r  m e c h a n i s m  (SET-mechan ism)  
[Eq. (2)] and a pene t ra t ion  m e c h a n i s m  [Eq. (5)] with the Hg a tom cons ide red  as a nucleophilic carbenoid  

At-- I --At Ar~---~ I ~Ar 
~Hg I--Ar ~ --, -* Arl + ArHgCI r (5) 

Hg- --CIPr-e --Cl Ar--Hg| 
(i~ (n) 

The schemes of (2) and (5) show reaction proceeding through nucleophilie CI- anion interaction, it being 
known that halide ions promote reaction (1) [8], while the diaryliodonium borofluorides do not react with mer- 
cury [9]. Still another analogy can be set up here. The alkylmercury perchlorates, especially the perohlorates 
of secondary and tertiary alkyl compounds, readily lose metallic mercury and pass over into earbooation form 
[10] 
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Fig. 1. Typical  kinetic curves  for the react ions of Ph2ICl (1) and 
Ph2IBr (2) with metal l ic  m e r c u r y  in acetoni t r i le  solution at 20~ 
and corresponding semilcgar i thmic anamorphic  curves ,  (3) and (4). 

Fig. 2. Variat ion of the rate  of breakdown of the substi tuted d ia ry l -  
iodonium chlor ides  (YC6H4)2IC1 under the action of m e r c u r y  in ace -  
toni t r i le  solution at 50~ with the a constant of the substituent 
Y = p-OCtt 3 (a); p-CH 3 (b); H (c); p-C1 (d); m-NO 2 (e); p - C I - m -  
No2 (~). 

alkIIgC!O 4-+ alkQ + Hg 0 '-- CI04Q 

The a lky lmercury  haltdes are ,  on the other  hand, completely  stable. It could be that complex (I) in the meehan-  
i sm of (5) is established by CI- ion coordination, an effect which would be lost if the CI- were replaced by a 
BF 4- ion. 

If it were  a s sumed  that the Hg atom functions as an electrophil ic  earbeaoid,  the react ion mechanism could 
be descr ibed  by the following scheme:  

�9 ~.~"--'~O r)--.--[~ Ar ~ i--ar ~ Ar--Hg | At--I--AT " C1 ~ A ~ ; 

Ar--Hg ArI+ArItgC1 
-'Hg ~'Hg ~ :  (IV) 

(m) 

(6) 

Although the key steps in the mechanism of (5) and (6), namely (I) --* (II) and (IID -* (IV), each proceed through 
a cycl ic  t ransi t ion state, the f i rs t  is a two-e lec t ron ,  and the second a four-e lec t ron,  p rocess .  Thus, the (I) -~ 
(II) reac t ions  reca l l s  a Wagner- -Meerwein  r ea r r angemen t ,  and the (IID ~ (IV) reac t ion  a Stevens or Wittig r e -  
a r rangement .  It is well-known fact that r ea r r angemen t s  of the lat ter  type proceed through radical  pair  f o rma-  
t ion [11]. It was, therefore ,  neces sa ry  to consider  the possibi l i ty that the react ions  in question here  might also 

( I I I )  ~- 

proceed through a rad ica l  mechanism 

? ? 
: I--Ar*-~:I--AI 

Ar. ] , Ar. r 
�9 Hg �9 Itg 

(V) 

c1 
J 

- ~  I - - A r  <___ 

J 
Ar--Hg 

(IV) 

The mechan i sm of (6) would be consis tent  with the observed  substituent effect if (II1) ~ (IV) were  the slow step 
in the scheme, and the IIg-containing radica l  involved in radica l  pair  (V) formation were nucleophilic.  

Interest ing resu l t s  were  obtained f rom study of the t empera tu re  var ia t ion of the ra tes  of DC and DB 
breakdown under the act ion of m e r c u r y .  The activation energies  of Table 3 were  obtained from log l~ vs 1/T 
Arrhenius  plots. Activation entropies were calculated f rom the well-known equation AS~ -- 4,576 lg (A/T)  - 
49.21. The fact that the values of AS # were  both large and negative suggested that the t rans  ition state for the 
limiting step in the mechan i sm was m o r e  highly o rde red  than the initial state. Although the activation energies  
were  not large,  they were  still  higher  than the activation energy  for  diffusion; since the react ion ra te  was sens i -  
tive to a l terat ion in the nature of the substituent, diffusion could not have been the limiting step here .  
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In giving p r e f e r e n c e  to the one -e l ec t ron  t r a n s f e r  m e c h a n i s m ,  one mus t  ignore the m e c h a n i s m s  of (5) and 
(6), e i ther  of  which would be  cons i s ten t  with low act ivat ion energ ies  and high, negat ive ac t iva t ion  en t rop ies .  
Mechan i sm (5) would seen  to be m o r e  probable  than (6), s ince me ta l l i c  m e r c u r y  behaves  as a nueleophilic,  r a -  
t he r  than e lec t rophi l ic ,  ea rbenoid  in its r eac t ions  with Hg [4] and T1 [5] organic  compounds .  

EXPERIMENTA L 

The  d iary l iodonium sa l t s  used he re  had been p r e p a r e d  by  the methods  of [12]. The  iodobenzene, benzene,  
and diphenyl we re  de t e rmined  on an LKhM-8M ch roma tog raph  equipped with a f l ame- ion iza t ion  detector~ using 
a 1.5 m x 3 m m  g lass  column packed with a 5% solution of t r i scyanoc thoxypropane  on Celi te-545,  with N~ act ing 
as the c a r r i e r  gas  at 20 m l / m i n .  Each compound was identified by c o m p a r i s o n  with s tandards .  Composi t ions  
were  ca lcula ted  r e l a t ive  to internal  s tandards ,  b romobenzene  in the case  of the DC and chlorobenzene  in the 
case  of the DB. Bes t  s epa ra t ions  were  obtained at 70~ in the ca se  of  the P h H - P h B r - P h I  mix tu re s ,  and at 
100~ in the ca se  of  the P h I - P h P h  m i x t u r e s .  

The  yield of o r g a n o m e r c u r y  compound was de te rmined  f r o m  spec t ropho tome t ry  of the dithiozone c o m -  
plex, working with an SF-16 s p e c t r o m e t e r  s y s t em.  In t e r f e r ence  f r o m  ca lomel  in the PhHgC1 de te rmina t ion  was 
avoided by following the method of acid ex t rac t ion  f r o m  3 N HC1 desc r ibed  in [13]. Here  the to ta l  amount of Hg 
products ,  PhHgC1 + ca lomel ,  was de t e rmined  as the Hg(II) di thiozonate through spec t ropho tome t ry  of the HC1- 
acidif ied r eac t i on  m i x t u r e  [14]. The  ca lomel  content of the reac t ion  mix tu r e  was then obtained by d i f ference .  

React ion Kinet ic  Studies.  React ions were  c a r r i e d  out in a 60 -ml  celI  whose t e m p e r a t u r e  was held con-  
s tant  to within • 0.5~ into this cel l  t h e r e  was rap id ly  loaded 30 ml  of  a p rev ious ly  t h e r m o s t a t e d  MeCN solution 
of the d iary l iodonium sal t  in quest ion.  The  m e r c u r y  su r face  a r e a  was 13 cm 2. React ions  were  c a r r i e d  out with 
the solut ion s t i r r e d  at 600-900 r p m *  the a r r a n g e m e n t  being such that  the s t i r r e r  was located above, but not in 
contact  with, the m e r c u r y ,  thus a s s u r i ng  that the su r f ace  a r e a  of  the l a t t e r  remair~s constant .  React ion  was 
followed by r emov ing  s am p l e s  (1 ml) e v e r y  10-20 rain, depending on the reac t ion  r a t e .  The iodonium sal t  con-  
tent  of each s amp l e  was de t e rmined  by the p rocedure  of [7]. 

CONCLUSIONS 

1. A study has  been  made  of the k inet ics  of the r eac t ions  of d iary l iodonium sa l t s  with meta l l i c  m e r c u r y  
in ace ton i t r i l e  solution.  

2. The  r eac t ions  of  the d iaryl iodonium chlor ides  with m e r c u r y  a r e  insensi t ive  to changes  in the subs t i -  
tuent in the benzene r ing  of the iodonium sal t .  

3. A study has  a lso  been made  of the t e m p e r a t u r e  va r i a t ion  of the r a t e s  of  decomposi t ion  of diphenyl iodo-  
nium chlor ides  and b r o m i d e s  under  the act ion of m e r c u r y  in ace ton i t r i l e  solution. Act ivat ion p a r a m e t e r s  have 
been  obtained for  these  r eac t ions .  

4. Discuss ion  is given of poss ib le  m e c h a n i s m s  for  the r eac t ions  of these  sa l t s  with m e r c u r y .  
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