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Organometallic Chemistry 

Salt  effects and the mechanism of electrophilic mercuration 
of unsaturated compounds 

2.* Salt effects and the nature of the electrophilic reagent in 
the solvomercuration of alkenes 
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The kinetics of the addition of Hg(OAc)2 to strained and unstrained alkenes was studied 
in MeOH solution in the presence of NaOAc. Based on salt effects, the HgOAc ion was 
shown to be the actual reagent in the reaction of the unstrained alkenes, whereas Hg(OAc)2 
was the reagent in the case of the strained alkenes. The mechanisms of the solvomercuration 
of alkenes of various structures were proposed. 
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There  are many  reports  on the  stereo- and regio- 
chemist ry  of  the  so lvomercura t ion  of  alkenes,  1-4 the 
kinetics o f  this  react ion,  4-6 and the use of  the  lat ter  for 
preparat ive purposes.  3,7 Al though this react ion is rather  
typical  of  Ad  E type react ions,  some specific features are 
observed. First ,  it  should be no ted  that  the s tereochemis-  
try of  the  reac t ion  is especial ly sensitive to the structure 
of  the  subs t ra te . l -4  In the  case of  the unstrained alkenes, 
this react ion is trans-stereoselective, 3 while the react ion 
with the  br idged and some monocyc l ic  systems conta in-  
ing a s trained double  bond  proceeds  mainly  by a cis- 

* For the previous report see Izv. Akad. Nauk, Sen Khim., 
1994, 819 [Russ. Chem. Bull., 1994, 43, 760 (Engl. Transl.)]. 

scheme and is often accompan ied  by a paral lel  trans- 
addit ion.  1-4 In the  react ions o f  mercury  salts with 
cyclopropene derivatives, the  s tereochemistry  can change 
from trans- to cis-stereoselective addi t ion  depending on 
the condi t ions of  the process and on the structure o f  the 
cyclopropene  system. 4 

The other  specific feature of  the mercura t ion  is the 
fact that  the electrophil ic  addi t ion o f  mercury  salts 
occurs as conjugated solvomercurat ion in low alcohols  
and mixed aqueous-organic  so lven t s )  Only  in the case 
of  some bridged strained alkenes,  are the  products  of  
solvomercurat ion accompan ied  by modera t e  amounts  of  
the products  of  the  addi t ion  of  the reagent.  5 The  reasons 
for these specific features are not  yet  clear.  Some au- 
thors consider  1 the  cis-products to be formed according 
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to a concerted scheme. However, in another work 9 it is 
suggested that the reaction with the strained alkenes 
involves a mercurinium intermediate. For these systems, 
the mercurinium intermediate is capable of  being con-  
verted not only to the trans-, but also to the cis-adducts 
as a result o f  a frontal attack by the counterion. Quan-  
tum-chemical  calculations lead to the conclusion that 
the cis-addition of  mercury salts is caused by specific 
structures of  the substrate and the mercurinium inter- 
mediate. 10 

It is not  yet clear what the nature of  the electrophilic 
reagent is. Many researchers believe that the reagent is 
the HgX + ion that results from the dissociation of  the 
sal t )  1 Other  authors 12 consider the HgX 2 salt as the 
electrophilic reagent. Analogous conclusions were also 
obtained by interpreting the kinetic data for the sol- 
vomercurat ion of  alkenes. ~ In Ref. 13, it is proposed 
that the ion pair HgOAc +, O A c -  is the reagent in the 
reactions of  styrenes with mercury acetate in methanol. 

Thus, al though there are a great number  of  works 
that deal with investigations of  the mechanism of  the 
reaction of  mercury salts with unsaturated compounds,  
even the principal regularities are still open to discus- 
sion. In our opinion, the main reason for this uncer- 
tainty is the absence of  any facts that could unequivo- 
cally confirm or rule out one or another proposition. 

We consider salt effects 5,14,15 to be a useful instru- 
ment  for investigating the mechanism of  the electrophilic 
mercuration of  alkenes. In the previous work, 5 we stud- 
ied the reaction of  bomylene  (1) with Hg(OAc) 2 in 
various solvents with small NaOAc additives. The data 
obtained indicated that  the reagent is mainly the 
Hg(OAc)2 salt. The reaction proceeds via an ion-pair  
mechanism involving the participation o f  a free mercu-  
rinium ion. In  view of  this conclusion, the proposition 
that cis-adducts are formed by a synchronous mecha-  
nism can be safely excluded. 

CH2= CH-- CH2X 
2 

X ' - M e  (a), OCOMe (b), Br (e) 

3 4 5 

~ C 0 2 M e  
C02Me 

6 

D 
7 

The present work is a continuation of  our investiga- 
tions of  the effect of  NaOAc additives on the solvomer- 
curation o f  unsaturated compounds  (2a- -c ) - - (7)  that 
have either normal or strained double bonds. 

Methanol and a methanol- isopropanol  mixture were 
used as solvents. 

Experimental 

The ratios between the products of the reactions of 
Hg(OAc) 2 with compounds 5--7 were determined by GLC 
after their reduction as described earlier, s using calibration 
plots. 

The kinetic studies were performed using a known proce- 
dure. s The purity of the reagents and solvents was 99.0-- 
99.8 %. 

Starting concentrations (mol L -~) of the reagents for the 
reaction in methanol were the following: in the reaction with 
2a: [Hg(OAc)2] 5.0" 10-4; [2a] 5.0.10 -3, [NaOAc] 0--5.0" 10 -3. 
In the reaction with 2b: [Hg(OAc)2 ] 5.0.10-4--1.0 �9 10-3; [2b] 
5.75.10-3--1.0 �9 10 -2, [NaOAc] 0--5.0.10 -3. In the reaction 
with 2e: [Hg(OAc)2] 1.0.10-2; [2e] 5.0.10 -2, [NaOAc] (1.5-- 
5.0) '10-3;  [Hg(OAc)2] 1.0"10 -3 , [2e] (1.0--7.4).10 -2 , 
[NaOAc] 0--6.25.10 -4. In the reaction with compound 3: 
[Hg(OAc)2 ] 5.0" 10 -4, [3] 5.0" 10 -3, [NaOAc] 0--5.0- 10 -3. In 
the reaction with compound 4: [Hg(OAc)2] 5.0" 10 -4, [4] 
5.0" 10 -3, [NaOAcl 0--1.25" 10-3; [Hg(OAc)2] 2.0" 10 - 4 -  
2.0- 10 -3, [4] (2.0--6.0)" 10 -3, [NaOAc] 2.0" 10-3--1.5 �9 10 .2 
In the reaction with compound 5: [Hg(OAc)2] 5.0.10 -4, [51 
(2.0--5.0). 10 -3, [NaOAc] 0--5.0.10 -3. In the reaction with 
compound 6: [Hg(OAc)2] 1.0" 10 -3, [6] 2.5" 10 --9, [NaOAc] 
0--5.0" 10 -3. In the reaction with compound 7: [Hg(OAc)?] 
1.0" 10 -3, [7] (2.5--6.0). 10 -3, [NaOAc] 0--5.0.10 -3. In the 
reaction of compound 4 in a MeOH--i-C3H7OH mixture: 
[Hg(OAc)2 ] 1.0.10 .3 , [4] (1.0--6.0) .10 -2, [NaOAc] 
0--2.0.10 .3 . 

Results and Discussion 

The reaction of  Hg(OAc) 2 with compounds  2- -7  in 
methanol and in a methanol- isopropanol  mixture is 
described by second-order  Eq. (1) (first-order with re- 
spect to each reagent). 

[Hg(OAc) 2] r~ ~3 
- d -  k ["g(OAc) 2] ~:C----C~| (1) 

dt 

Kinetic Eq. (1) was found by an integration method. It 
is also valid in the case of  the NaOAc additives. The 
general order of  the reaction with compound  2c was also 
determined by a differential method (n = 2_+0.1). The 
log k value found by this method was -3 .79 ,  whereas 
logkex p = -3 .72.  

For all of  the reactions investigated, a dramatic 
decrease in the reaction rates is observed in the presence 
of  NaOAc,  especially at low concentrat ions (Table 1). 
Thus, when the concentrat ion of  the salt additive is 
6.25" 10 .4 mol L, the rate constant of  the reaction with 
compound 2e is 66 times lower, and for the other 
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T a b l e  1. Rate constants of  the solvomercuration of alkenes 2 a - - e  

Alkene, NaOAc k/L (mol s) -1 kdiss 
solvent - /mol  L -1 / L  (mol s) -1 

2a~ 
MeOH 5.0- 10 -5 

2.5- 10 -4 
5.0 �9 10 -4 
6.25" 10 -4 
1.25" 10 -3 
3.0" 10 -3 
5.0" 10 -3 

2b, 
MeOH 5.0" 10 -5 

2.5" 10 -4 
6.25" 10 -4 
1.25" 10 -3 
2.0" 10 -3 
3.5" 10 -3 
5.0" 10 -3 

2 c ,  

M e O H  5.0" 10 -5 
1.0" 10 -4 
2.5" 10 -4 
5.0" 10 -4 
6.25" 10 -4 
1.5" 10 -3 
3.0 �9 10-3 
5 .0 .10  -3 

3, 
MeOH 5.0" 10 -5 

2 .5 .10 -4 
3.75 �9 10 -4 
6.25- 10 -4 
1.25 �9 10 -3 
2.0" 10 -3 
3.5 �9 10 -3 
5 .0 .10  .3 

4, 
MeOH 5.0" 10 -5 

2.5" 10 -4 
6 .25.10 -4 
1.25.10 -3 
2.0" 10 -3 
5.5" 10 -3 

(9.25 + 0.35) 10 -1 
(3.76 + 0.15) 10 -1 
(1.43 + 0.06) 10 -1 
(8.86 + 0.30) 10 -2 
(6.93 + 0.30) 10 -2 
(4.20 + 0.17) 10 -2 
(2.21 + 0.10) 10 -2 
(1.85 +_ 0.07) 10 -2 
(2.40 + 0.12) 10 -1 
(1.29 + 0.06) 10 - I  
(5.25 + 0.17) 10 -2 
(2.44 + 0.10) 10 -2 
(1.26 _+ 0.04) 10 -2 
(8.58 + 0.35) t0 -3 
(6.95 + 0.21) 10 -3 
(5.96 +- 0.18) 10 -3 
(2.43 + 0.06) 10 -2 
(3.31 + 0.12) 10 -3 
(2.00 _+ 0.08) 10 -3 
(9.48 + 0.36) 10 -4 
(5.06 +_ 0.15) 10 -4 
(3.85 _+ 0.16) 10 -4 
(1.60 _+ 0.07) 10 -4 
(1.16 _+ 0.04) 10 -4 
(0.97 + 0.06) 10 -4 
(4.11 +0.21)" 10 -1 
(1.78 +_ 0.07) 10 -1 
(6.78 + 0.32) 10 -2 
(4.15 _+ 0.15) 10 -2 
(2.72 + 0.12) 10 -2 
(1.47 + 0.08) 10 -2 
(9.25 -+ 0.35) 10 -3 
(7.14 _+ 0.30) 10 -3 
(6.16 + 0.35) 10 -3 
1.23 + 0.07 
(4.86 -+ 0.20). 10 - l  
(1.55 +_ 0.07). 10 - l  
(8.81 + 0.34). 10 -2 
(4.65 + 0.15). 10 -2 
(2.74 + 0.22). 10 -2 
(2.10 + 0,05). 10 -2 

- -7  

Alkene, NaOAc k/L (mol s) -1 kdiss 
solvent /mol  L -1 / L  (mol s) -1 

4, 
MeOH: 
i-C3HTOH 
(50 : 50, 
vol. %) 

47 
MeOH: 
i-C3H7OH 
(20 : 80, 
vol. %) 

- -  (7.52 + 0.30 
5 .0 .10 .5 (3.58 + 0.15 
2.5- 10 -4 (1.50 +_ 0.06 
6.25.10 -4 (9.44 + 0.40 
1.5- 10 -3 (6.81 +_ 0.31 
2.0- 10 -3 (6.18 +0 .21  
3 .0 .10 -3 (5.56 ___ 0.28 
5.0- 10 -3 (5.16 •  
- -  (1.87 + 0.06 
5.0" 10 -5 (4.39 + 0.20 
2.5- 10 -4 (2.70 +__ 0.12 

. 1 0 - 2  
�9 10-2 
. 1 0 - 2  
�9 10-3 
�9 10-3 
. 10-3 
. 1 0 - 3  
�9 10-3 
,. 10-2 
. 10-3 
,. 10-3 

6.25" 10 -4 (2.46 + 0.11)" 10 -3 
1.5" 10 -3 (2.30 +_ 0.10)" 10 -3 
2.0" 10 .3 (2.20 +_ 0.12)- 10 -3 

5, - -  1.84 + 0.09 
MeOH 5.0" 10 -5 (3.30 + 0.10 

2.5" 10 -4 (1.79 + 0.06 
6.25" 10 -4 (I.10 + 0.05 
1.0" 10 -3 (8.19 +_ 0.45 
1.5" 10 .3 (6.28 + 0.28 
2.25 �9 10 .3 (5.17 + 0.25 
5.0" 10 -3 (3.94 +_ 0.20 

6, - -  (7.98 + 0.26 
MeOH 5.0 .10 -5 (3.40 +_ 0.16 

2.5" 10 -4 (2.18 • 0.08 
6.25" 10 -4 (1.67 + 0.05 
1.0.10 -3 (1.42 + 0.06 
1.5" 10 -3 (1.25 +-- 0.05 
3.0. I0 -3 (1.05 + 0.04 

7, --  (8.61 + 0.50 
MeOH 2.5" 10 -4 (9.46 + 0.32 

6.25.10 -4 (5.53 +_ 0.19 
1.0" 10 -3 (4.24 + 0.15 
1.5 
2.0 
3.0 

,. 10-1 
,. i 0 - I  
,. 10-1 
b. 10 -2 
,. 10-2 
t .  10 -2 
,. 10-2 
~. 10-3 
~. 10-3 
,. 10-3 
~. 10-3 
~. 10-3 
,. 10-3 
b. 10 -3 
,�9 10-I 
,�9 10-2 
,- 10-2 
,. 10-2 

�9 10 -3 (3.46 + 0.11)" 10 -2 
�9 10 -3 (3.08 + 0.14) �9 10 -2 
�9 10 -3 (2.84 + 0.12)" 10 -2 

4.59- 10 - t  
1.42.10 - I  
1.00.10 - I  
9 .39.10 -2 

3.27- 10 .3 
2 .26.10 -3 
1.67.10 -3 
1.42.10 .3 
1.25.10 -3 

uns t r a ined  a lkenes  a 1 0 - - 3 0 - f o l d  decrease  in the  rate 
cons tan t  is observed.  In  t he  case o f  the  r eac t ion  with  
c o m p o u n d  6, t he  effect  o f  t he  salt addi t ive  is m i n i m u m .  
It  shou ld  be  n o t e d  that ,  at the  N a O A c  c o n c e n t r a t i o n s  
tha t  cause  t h e  m o s t  r e t a rda t ion  o f  t he  reac t ion ,  the  
effect  tha t  t he  addi t ives  have  on the  proper t ies  o f  t he  
m e d i u m  and  on  the  r eac t ion  rate  by chang ing  the  ion ic  
s t rength  o f  t he  so lu t ion  can  be neg lec ted .  

Let  us c o n s i d e r  t he  s o l v o m e r c u r a t i o n  o f  uns t ra ined  
a lkenes  2 a - - c ,  3, 4. A c c o r d i n g  to  t he  publ i shed  da ta  8J6 
and  t h e  resul ts  o f  t he  p resen t  work,  so lvoadducts  are 
f o r m e d  in t he  reac t ions  o f  H g ( O A c )  2 wi th  2 a - - e ,  3, 4 in 
M e O H  ( inc lud ing  the  reac t ions  wi th  t he  N a O A c  addi -  
t ives).  Based  on  the  r epea t ed ly  descr ibed  hypotheses ,  9 
one  can  c o n c l u d e  tha t  H g O A c  + is t he  reagent  in t h e s e  
react ions .  T h e  d i s soc ia t ion  cons tan t  o f  H g ( O A c )  2 in 

wa te r  is 1.8" 10-4.17 In  the  case o f  a m e t h a n o l  so lu t ion ,  
Hg(OAc)2  should  be a ra ther  weak  e lec t ro ly te ,  acco rd ing  
to t he  analysis o f  the  in f luence  o f  t he  na tu re  o f  the  
solvent  on  the  d issoc ia t ion  cons tan t .  18 T h e r e f o r e ,  even  
m o d e r a t e  N a O A c  addi t ives  can  s igni f icant ly  decrease  
[ H g O A c  +] and,  hence ,  the  r eac t ion  rate.  

T h e  s o l v o m e r c u r a t i o n  o f  a lkenes  2 a - - c ,  3, 4 can  be 
descr ibed  by S c h e m e  1 tak ing  in to  a c c o u n t  t he  na tu re  o f  
the  reagent .  

In  pr inc ip le ,  t he  r eac t ion  descr ibed  by S c h e m e  l 
m a y  also o c c u r  u n d e r  cond i t i ons  o f  q u a s i - e q u i l i b r i u m  
w h e n  [ H g O A c  +] is d e t e r m i n e d  by the  d i s soc ia t ion  c o n -  
stant (k_ 1 >> k2), as wel l  as u n d e r  t he  cond i t i ons  o f  
s ta t ionary  c o n c e n t r a t i o n s  w h e n  the  H g O A c  + ion,  as it is 
fo rmed ,  is invo lved  in the  subsequen t  convers ions .  In  
the  first ease, using the  m e t h o d  of  s ta t ionary  c o n c e n t r a -  
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Scheme 1 

Hg(OAc)~_ ~kl~ H~JOAc + O/~c 
k-1 

8 

Hc~OAc + "~C--C / k 2  \ / 
/ -- ~ k-~-T-.'q-=P\ ,,+/ 

HgOAc 

9 
\ / 
C__-:_G + MeOH ~ solvoadduct 

HgOAc 

tions for species (9), the following equation was ob- 
tained: 

[HO(OAC) 2] /c2k3[Hg{OAC) 2] [ / C-  Cx] 
- d  = 

dt k_ 2 + k 3 

For ion (8): 

(2) 

+ K[Hg(OAc)2] [HgOAc] , (3) 
[O~,cl 

then 

-d[Hg(OAC)z ] k2k3K[HcJ(OAc)2 ] [ ;C'-C~] 
(4) 

dt k_ 2 + k 3 [O#.cl 

Since the degree of Hg(OAc) 2 dissociation is low, 
the equilibrium concentration of the reagent can be 
taken as equal to its analytical concentration. Using the 
known equilibrium for weak electrolytes, it is easy to 
find that [OAc-] = a[Hg(OAc)2]. Taking into account 
the degree of dissociation (ct) of weak electrolytes, we 
obtain: 

[OAc-] = KI/2[Hg(OAc)2] 1/2. (5) 

Putting expression (5) in Eq. (4) results in: 

-d  [HgCOAc)2] = kek3K'/2 [Hg(OAc)2]'/2 [ ;C=CQ] 
(6) 

dt k_2 + k3 

Thus, under quasi-equilibrium conditions of  the re- 
action, the order of the reaction with respect to the 
reagent should be 0.5, which does not agree with the 
experimental data. This is the argument that earlier R 
resulted in ruling out the "dissociative" mechanism. In 
fact, a fractional order disagrees not with the "dissocia- 
tive" mechanism in general, but only with the variant of 
this mechanism, in which the concentration of ion 8 is 

determined by the equilibrium constant (K) of the first 
stage. 

Based on Scheme 1, where the principle of station- 
ary concentrations is also valid for the HgOAc + ion, we 
can obtain Eq. (7): 5 

-d [Hg(OAc)2] k, k2k3 [Hg(OAc)2][~C=C-~] 

For the order with respect to alkene to correspond to 
that found experimentally, it must be accepted that 

<<    )Eo cj 

Then 

- d [Hg(OAc)2]  klk2k 3 [Hg(OAc)2][, ~ C=C~] 

dt k_l(k2 + k3)[O~c] , (8) 

where the experimentally found second order rate con- 
stant is equal to 

klk2k 3 
kex p = k-l(k2+ k3)[O.~c I (9) 

In the presence of NaOAc, the rate constant is 
described by expression 

k = 
klk2k3 

k_~(k2+ %)([OAcl + [OAcdl) (lO) 

where [OAcd] is the concentration of OAc-  which equals 
[NaOAcl. As follows from Eq. (10), the dependence of 
1/k on the salt concentration should be depicted by a 
straight line starting from the point that equals 1/kexp: 

1/k : t/kex p + a[OAcd] , (11) 

where 

~-,(k2+ k9 

The data given in Figs. 1, 2 show that, when the salt 
concentration is lower than 2 .5-10 -3 rnol L -1, this 
dependence is in fact linear, but at higher NaOAc 
concentrations it becomes curvilinear and then reaches a 
plateau. It should be specially noted that, regardless of 
the difference in the slopes of the lines, the deflection 
from the linear dependence occurs at the same NaOAc 
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2b (0.998) 

160 / 

120 / ~  3 (0.999) 

/ /  
8O 

/ ~ / /  ,- 2a (0.998) 

60 " 4 0 

0 1 2 3 4 
[NaOAc1.103/mol L -1 

Fig. t. Dependence of 1/k on [NaOAc] in the reaction of 
Hg(OAc)2 with alkenes 2a--e, 3, 4 in MeOH (in brackets, the 
correlation coefficients r for the linear parts are given). 

concentrat ion regardless of  the nature of  the alkene. 
This fact indicates that linear dependence (1 I) is deter- 
mined only by the nature of  the reagent. 

At relat ively high concen t r a t i ons  of  salt 
(>2.5 �9 10 -3 mol  L- l ) ,  the value of  [HgOAc +] decreases 
significantly, and a parallel route with mercury acetate 
as a reagent arises in the course of  the reaction. As 
expected, in this case linear dependence (11) is not  
valid. 

The analysis of  the kinetic data obtained in the 
presence of  the NaOAc additives allows one to conclude 
that, in the absence of  salt or at low NaOAc concentra-  
tions, the HgOAc + ion is the actual reagent. In this 
case, a decrease in the ionization and dissociation prop- 
erties o f  the medium should lead to a decrease in 
[HgOAc +] and therefore to a change in the character of  
dependence (11). In this connection,  we studied the 
kinetics of  the solvomercurat ion of  cyclohexene in 
M e O H - - i - C 3 H 7 O H  mixtures (50 : 50 and 20 : 80 in 
volume, respectively). The data obtained are shown in 

1/k 

400 

320 

240 

160 

80 

2 ./.f'"-" 

�9 1 

/ 
I I I I I 

1 2 3 4 [NaOAc].103/mol L -] 

Fig. 2. Dependence of 1/k on [NaOAc] in the reaction of 
Hg(OAc) 2 with cyclohexene 4: 1, in a MeOH--i-C3HTOH 
mixtnre (50 : 50, vol. %); 2 , in a MeOH--i-C3H7OH mix- 
ture (20 : 80, vol. %). 

Fig. 2. In a mixed solvent, the 1 /k- -OAc d- dependence 
differs from that in MeOH.  

The results obtained in the (20 : 80) M e O H - -  
i-C3H7OH mixture are especially significant. Even small 
amounts o f  NaOAc additives (5.0" 10 .5 mol  L -1) re- 
sults in a 4.3-fold decrease in the rate constant (see 
Table 1). An increase in the salt concentrat ion from 
5.0" 10 .5 to 2.0" 10 .3 mol L - I  results in only a 2-fold 
decrease in the reaction rate. The degree of  Hg(OAc) 2 
dissociation in a mixed solvent should be significantly 
lower than that in methanol.  Therefore, even small 
amounts of  NaOAc suppress the dissociative reaction, 
and the products formed involve the participation of  
Hg(OAc)2 as a reagent. 

Let us considered the kinetic data for strained alkenes 
5--7.  The distinctive feature of  these systems is the 
absence of  the linear dependence 1 /k - - [OAc- ]  (Fig. 3). 
The other pecularity is the fact that added NaOAc 
induces the formation of  adducts or increases the amount  
of  the adducts (Table 2). The products of  the reactions 
with compounds  5 - -7  have been described earlier. 2,19,2~ 

Based on conclusions reported previously 5 and on 
the above-mentioned pecularities, it is proposed that 
Hg(OAc) 2 is the reagent in the mercurat ion of  com-  
pounds 5- -7  (Scheme 2). 

The addition of  NaOA causes the transformation of  
free ion 12 to solvate-separated (11) and close (10) ion 
pairs. At limiting NaOAc concentrations (-0.01 mol L-I) ,  
when the rate constant becomes independent of  [NaOAc], 
the reaction proceeds via ion pairs 10, 11. 

The analysis of  Scheme 2 by the method of  station- 
ary concentrations leads to equation, which unfortu- 
nately could not be checked experimentally. In order to 
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T a b l e  2. Influence of  NaOAc on the ratio between adducts and 
solvoadducts in the solvomercuration of alkenes (2a--e) - -  (7) 

Alkene NaOAc PI : R3 (P1 + P2) : P3 
/mol  L -1 /tool. % /tool, % 

5 - -  21 : 79 45 : 55 
2.5 �9 10 -4 27 : 73 58 : 42 
6.25 �9 10 -4 32 : 68 70 : 30 
1.0 �9 10 -3 38 : 62 82 : 18 
1.5 �9 10 -3 41 : 59 90 : 10 
5.0 �9 10 -3 46 : 54* 

6 - -  0 : 100 
2.5 �9 10 -4 7 : 93 22 : 78 
5.0 �9 10 -4 10 : 90 31 : 69 
1.0 �9 10 -3 13 : 87 43 : 57 
2.0 �9 10 -3 19 : 81 63 : 37 
5.0 �9 10 -3 30.5 : 69.5* 

* Ratios that were used for calculation of the 0 value. 

30 
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10 

7 

5 

I I I I I 

1 2 3 INaOAc] �9 103/mol L -1 

Fig. 3. Dependence of  1/k on [NaOAc] in the reaction of 
Hg(OAc)2 with alkenes 1, 5--7  in MeOH (the curve for 
compound 1 was plotted using the data reported in Ref. 5). 

conl~rm t h e  p r o p o s e d  i o n - p a i r  m e c h a n i s m  involv ing  par-  
t i c ipa t ion  o f  f ree  i on  12, we cons ide red  a s impl ie r  
s c h e m e  regard ing  ion  pairs 10, l l  as a u n i t e d  pair  13, 

wh ich  is conve r t ed  to  t he  adducts  and so lvoadduc t s  with 
the  effect ive  cons tan ts  k2, k3, respec t ive ly  ( S c h e m e  3). 

A s imilar  app roach  is c o m m o n l y  used for the  analysis 
o f  c o m p l e x  react ions  tha t  p roceed  via an i on -pa i r  m e c h a -  
nism.  21 An  ana logous  p r o c e d u r e  was used  for  t he  in ter -  
p re ta t ion  o f  the  k ine t ic  data  ob ta ined  for the  reac t ion  o f  
H g ( O A c )  2 wi th  bo rny lene  1. s In  these  works ,  t he  ex-  
pressions tha t  a l low one  to check  the  a g r e e m e n t  o f  a 
p roposed  s c h e m e  wi th  the  observed  regular i t ies  are con-  
s idered in detail .  

It  fol lows f rom S c h e m e  3 (see Ref.  5) tha t  the  rat io 
be tween  the  products  o f  the  conve r s ion  o f  ion  pair  13 
and the  so lvoadducts  g e n e r a t e d  f rom a free m e r c u r i n i u m  
ion  12 should  d e p e n d  l inear ly  on  the  c o n c e n t r a t i o n  o f  
N a O A c  added.  It  should  be  stressed tha t  in the  reac t ion  
wi th  bo rny lene  1 at [ N a O A c ]  > 1.0" 10 -2 tool  L -1, on ly  
so lvoadducts  are fo rmed ,  5 whi le  the  reac t ions  wi th  c o m -  
pounds  5 - - 7  yield bo th  adducts  and so lvoadduc t s  even  
wi th  a 10-fold excess o f  N a O A c  wi th  respec t  to  the  

S c h e m e  2 

\ /  
C 
[I + Hg(OAc)2 
C 

/ \  

\ /  \ /  \ /  
C C C. 

[: +. HoOAoIOAc ,----" 1! +',HoOAcl IbAc 1: .%,HgOAc + OAc 

adduets + adducts + 
solvoadducts solvoadducts solvoadducts 

\ /  
C 

H 
C 

/ \ 

S c h e m e  3 
\ /  

C 

+ Hg(OAc)2 4 i ~  I+~LIgOAc, OAc k4 
k_ 1 (~'" / \  13 

' /2 '  
adducts, P~ 

\ /  
C 
i';' aOAc + 

k_ 4 (~" / \  12 

solvoadduets, P2 solvoadducts, P3 



342 Russ. Chem.Bull., VoL 44, No. 2, February, 1995 Kartashov et aL 

P1/R1 

1.0 

0.8 

0.6 

0.4 

0.2 

�9 1 

I I I ~ I 

1 2 3 [NaOAc] .103/mol L -1 

Fig. 4. Dependence of the P1/R3 ratio on [NaOAc]: 1, for the 
reaction of Hg(OAc) 2 with compound 5 in MeOH; 2, for the 
reaction of Hg(OAc)2 with compound 6 in MeOH. 
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Fig. 5. Dependence of the (P[ + P2)/P3 ratio on [NaOAc] in 
the reaction of Hg(OAc) 2 with compound 5 in MeOH (r = 
0.982). 

reagent. Therefore, if the adducts/solvoadducts ratio is 
used (see, for example, Ref. 5), a linear dependence is 
not valid (see Table 2, Fig. 4). This attests to the fact 
that solvoadducts are formed not only from ion 12. If  
the ratio of  adducts and solvoadducts generated from ion 
pair 13 at intermediate concentrations of NaOAc is 
believed to be the same as that at the limiting additive 
concentrations (the dependence I /k - - [OAc-]  reaches a 
plateau, see Fig. 3), it is possible to calculate the amount 
of solvoadducts generated only from ion 12. 

If  the adduct/solvoadduct (P I/P2) ratio at the NaOAc 
limiting concentrations is denoted as 0, the amount of 
product (P1 + P2) generated from ion pair 13 at inter- 
mediate [NaOAc] is described by expression (12). 

P1 + P2 = Pl + Pl/0 (12) 

The amount of solvoadducts that are formed from mer- 
curinium ion 12 is expressed by Eq. (13): 

P3 = R3 - P1/0, (13) 

where R 3 is the total amount of solvoadducts deter- 
mined experimentally, mol. %, P1 is the amount of 
adducts determined experimentally, mol. %, and 0 is 
0.85 and 0.44 for compounds 5 and 6, respectively. 

In this case, if Scheme 3 is valid, expression (14) is 
obtained: 

P I _ _  + P2 _ k2 +k3 + (k2 +ks)k'-a[OAc]. (14) 

P3 k4 ksk4 

Figures 5 and 6 show that this linear dependence is 
valid in fact. 

The analysis of the dependence of k on [NaOAc] 5 
also confirms the validity of Scheme 3. For the systems 

studied where ion pair 13 affords solvoadducts, Eq. (15) 
is obtained: 

1 1 ~--1 k~l 

k~ k~(k2+ k3) k~(4+ k3) 

( 1 ) 
(k~ + k3)J:_ 4 [oAo] 4 + k3 

+ +I 
k4k 5 k 4 

(15) 

Then we introduced a designation analogous to that 
reported in Ref. 5: 

(k 2 + 4)k_4 [OAc] k2 + 4 
+ - -  -- d, (16) 

where the ratios between the combination of the con- 
stants are equal to the right side of Eq. (14). The graphic 
dependences shown in Figs. 5 and 6 are described by 
Eqs. (17) and (18), respectively. 

Pl + P2 

P3 
- (5639+100) [O,~c] - (0,06+_0.03), (17) 

Pl + P2 

P3 
(823+29) [O,~c] - (0.016+_0.006). (18) 

Eq. (15) indicates that the 1/k ratio should depend 
linearly on 1/(d + 1), which is in fact observed (see Figs. 
7, 8). 

Eqs. (19) and (20), which approximate the graphic 
dependences (see Figs. 7 and 8, respectively), make it 
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Fig. 6. Dependence of the (Pj + P2)/P3 ratio on [NaOAc] in 
the reaction of Hg(OAc)2 with compound 6 in MeOH (r = 
0.995). 
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Fig. 7. Dependence of 1/k on the value of 1/(d + 1) in the 
reaction of Hg(OAc)2 with compound 5 in MeOH (r = 0.938). 

possible to calcula te  the  rate constants  for a fixed 
[NaOAc] .  

t /k = 03+_4) - (t3+l)/(5639[OAc-] + 1.0) (19) 

1/k = (1225+40) - (958+25)/(823[OAc-] + 1.0) (20) 

A compar i son  between k ca lcula ted  with Eqs. (19), 
(20) and those  found exper imenta l ly  showed that  they 
agree sat isfactori ly (see Table 1). 

At l imit ing [NaOAc] ,  when the stage of  the  conver-  
sion of  ion pair  13 to free ion 12 (k 4 = 0) is absent,  or 
direct ly  using the  me thod  o f  s tat ionary concentra t ions  
for Scheme 4, Eq. (21) is obtained:  

1 1 k ~  
T = k'--i + kl(k2+k3) (21) 
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Fig. 8. Dependence of l /k  on the value of 1/(d + 1) in the 
reaction of Hg(OAc) 2 with compound 6 in MeOH (r = 0.995). 

Scheme 4 

V V 
II + H (oAo)  ii +' goAo dAc 
C k -  l ~;"" ' / \  / \  13 

adducts  so lvoadducts 

Eqs. (19), (20), and (21) indicate that the segments 
that are cut off at the ordinates axis (see Figs. 7, 8), are 
13.0 and 1225.0, respectively. Using these data, one can 
calculate kdiss = 7.69" 10 -2 L (tool s) -1 for compound 5 
and kdiss =- 8.16" 10 -4 L (tool s) - I  for compound 6. 
In  the  second  case,  the  c a l c u l a t e d  ra te  cons t an t  
is c lose  to t he  c o n s t a n t  f o u n d  e x p e r i m e n t a l l y  
(1 .05 .10  -1 L (tool s ) - l ) ,  while in the first case the cor- 
relation is less satisfactory (kex p = 3.94" t0  -2 L (tool s)- t ) .  
F rom our point of  view, however, this is not in disagree- 
ment  with the proposed interpretation. 

Thus, the analysis of  the kinetic data  and the argu- 
ments  repor ted earl ier  5 allow one to conc lude  that  in the 
react ion of  the  strained alkenes in me thano l  the reagent  
is mainly  the Hg(OAc)2 salt rather  than  the free ion 
HgOAc +. In the presence of  the  N a O A c  additives, the 
parallel  route according to Scheme 1 can be entirely 
neglected. It appears that  the reactivity of  the strained 
and unstrained alkenes with respect to e lect rophi l ic  
reagents HgOAc and Hg(OAc)  2 differ significantly due 
to the  state and the propert ies  of  the  strained double  
bond. 22 
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