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Salt effects and the mechanism of electrophilic mercuration 
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The structures of the products of the reaction of arylphenyl-substituted alkynes with 
mercury acetate in methanol and acetic acid as well as the stereo- and regiochemistry of the 
reaction were determined. The reaction in methanol has an unusual regiochemistry, viz., the 
electrophilic fragment of Hg(OAc)2 adds to the carbon atom bearing the aryl substituent. The 
reaction in acetic acid yields trans-products. The kinetics of these reactions were investi- 
gated, and a correlation analysis of the kinetic data was carried out. For the reaction in 
CH3OH , the effects of the addition of NaOAc on the reaction rate and on the ratio between 
the products were determined. Mechanisms for the reactions were suggested and discussed. 
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The kinet ic  regulari t ies  and the mechan i sm of  sol- 
vomercura t ion  o f  alkenes depend  on the propert ies  and 
the nature  of  the  substrate.  1-3 It has been expedient  to 
carry out  a s imilar  s tudy using disubst i tuted acetylenes 
as unsa tura ted  systems. The kinet ic  da ta  on  the electro-  
phi l ic  mercura t ion  of  alkynes are scarce 4,5 and do not  
allow one to identify many  impor tan t  features of  this 
reaction.  The  s te reochemis t ry  of  the  addi t ion  o f  mercury  
salts to disubst i tuted alkynes has also been  poor ly  inves- 
tigated.6 -11 

In  the  present  work we s tudied the kinetics and 
s tereo-  and reg iochemica l  regulari t ies of  the  react ion of  
mercu ry  ace ta te  wi th  a ry lpheny l - subs t i tu t ed  alkynes 
( l a - - e ) .  

RC6H4C~CC6H5 
la--c 

R = H (a), p-CH3 (b), p-OCH 3 (c). 

CH3OH and C H 3 C O O H  were used as solvents. 

* For Parts 1--3, see Refs 1--3. 

Results and Discussion 

The react ion of  Hg(OAc)  2 with d iphenylace ty lene  l a  
in CH3OH has been studied previously. 12 It was found 
that  the react ion yields a saturated c o m p o u n d  (2a). 

RCsH4C_----CC6H 5 + 2Hg(OAc) 2 
la--c 

CH30H 
NaCI 

gCl ?CH 3 

RCeH4 CI CCeH51 
HgCI OCH 3 

2a--c 

In the present  work we showed that  a lkynes l b  and 
l c  react in a similar  way. An interest ing pecul iar i ty  of  
the  lat ter  react ions is that  the reagent  adds against  the 
electronic effects of  the  substi tuents at the  t r ip le  bond. 
The react ion gives compounds  2b and 2e in which  the 
chloromercuro  groups are bound  to the  carbon a tom 
that  bears the  aryl substituent.  Accord ing  to the  N M R  
spectral  data, the  react ion mixture  contains  one more  
compound  (8--10 %), which is probably  the  isomer 
with the opposi te  regiochemistry.  
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Table 1. The 13C NMR spectra, 8 (JHgc/Hz), CDC13 

Compound C(1)* C(2) CH 3 CH3(OCOCH3) CO(OCOCH3) Other 
Cipso Co C., Ct, 

3b 142.44 151.04 21.38 20.78 
(2295) (267,9) 

3c 141.91 I50.53 55.47 20.83 
(2310) (269.2) 

2b 97.01 107.73 21.10 
(69.5) 51.68 

51.68 

2b 97.59 107.58 55.32 
(1736) (70.8) 51.57 

51.57 

168.94 
(17.2) 

t69.02 
(20.9) 

Ar 135.66 128,68 126 .92  140.18 
(60.9) (13.0) 

Ph 138.75 128.32 130.01 127.42 
(54.1) (90.6) (24.5) 

Ar 130.86 128.55 114.66 160.62 
(62.3) 

Ph 138.89 128.47 128.53 127.35 
(55.3) (90.5) (25.0) 

Ar 139.05 134.13 130.!2 133.12 
(63.0) (176.6) 

Ph 140.85 128.57 128.29 128.08 
(87.2) 

Ar 133.16 133,46 113.81 159,42 
(62.5) (174.8) (70.8) 

Ph 140.19 128.97 127,73 127.21 
(85.3) 

* C(1) is the carbon atom bound to the chloromercuro group. 

The reaction of diphenylacetylene la  with Hg(OAc)2 
in CH3COOH has been studied several times. 11,13 It has 
been believed for a long time that this reaction yields the 
cis-adduct. We showed unambiguously 7,~ that the reac- 
tion product, 3a, has the trans-configuration. 

CHaCOOH 
RC6H 4 - -C~C-CeH 5 + Hg(OAc) 2 

I a - - c  NaCl 

RC6H4\ /HgC] 
C=C.. 

CH3COO" O6H 5 
3a - -e  

The introduction of donor substituents into the ben- 
zene ring does not change the stereochemistry of the 
process. Mercury acetate reacts with compounds lb and 
le  trans-stereoselectively, as it reacts with la. It should 
be noted that acetoxymercuration of lb and 1r occurs 
with the expected regiochemistry, i.e., the nucleophile, 
which completes the reaction, adds to the carbon atom 
bound to the aryl group. 

The structures of the products 2b--e,  and 3b--e were 
determined by IH and t3C N M R  spectroscopy (Ta- 
ble 1). The procedure for the structural and stereo- 
chemical identification of the compounds has been re- 
ported previously.6, 7 The most comprehensive informa- 
tion on the arrangement of the functional groups with 
respect to the HgC1 substituent is provided by the 
tH--~99Hg (for the CH3 group) and 13C--199Hg spin 
coupling constants. In particular, the magnitudes of the 
2JHg c constants are a strict criterion for the stereo- 
chemical assignment. The regiochemistry of the reac- 
tions with alkynes lb and le  was determined from the 

long-range JHgc constants for the carbon atoms of the 
aromatic ring, which are only observed for the substituents 
located in the geminal position with respect to the HgC1 
group. 

The interaction of I a - - c  with Hg(OAc)2 in CH3OH 
and CH3COOH is described by a second-order kinetic 
equation: 

d[--C=-C--] 
/4Hg(OAch][--C~-C--] (I) 

t i t  

Similar results were obtained 5 for tile reactions of a 
wide range of acetylene compounds in CH3COOH. 

The stoichiometry of the reaction in CH3OH can be 
adjusted to kinetic equation (1) by assuming that the 
methoxymercuration product (4) formed initially reacts 
with Hg(OAc)2. tn conformity with this assumption, the 
formal kinetic scheme of the process in methanol can be 
presented as follows: 

Scheme 1 
kl "~. 7" 

--C_----C-- + Ng(OAc)2- b- CH30_C_=C_NgCt 

4 
k2 

4 + Ng(OAc)2 ~ products 

At ~ >> k~ we have 

d[--C~C--! =kl[--C---C--] [Hg(OAc)2], 
dt 

where k I is equal to k in Eq. (1). 
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Fig. 1. The anamorphosis of Eq. (2) for methoxymercuration 
of alkynes la ,  lb, and le  in CH3OH. 

By integrat ing Eq. (1) taking into account  the stoi- 
ch iomet ry  o f  the  reac t ion  in CH3OH we obtain re la t ion-  
ship (2). 

In A~~ + In B~  - 2 A o +  2C 

k = B~ C (2) 

(B 0 - 2 A 0 ) ' t  

where A 0 and B o are the  initial  concentra t ions  of  the 
alkyne and Hg(OAc)  2, respectively ( tool  L - I ) ,  C is the  
current  concen t ra t ion  o f  the  alkyne (tool L - I ) .  The  plots 
presented  in Fig. 1 indicate  that  Eq. (2) really holds. 
The kinet ic  da ta  for the  react ions  in CH3OH and 
C H 3 C O O H  are l isted in Table 2. 

The rate constants  of  the  react ions  s tudied correlate 
with the  ~+ constants;  the  corresponding 9 values are: - 
1.11 (r = 0.999) for the  reac t ion  in CH3OH and -1 .41  
(r  = 0.999) for the  react ion in C H 3 C O O H .  These values 
are 2 - -4  t imes  smal ler  than  those  in o ther  typical  reac-  
t ions of  e lec t rophi l ic  addi t ion  to unsa tura ted  sys t ems)  4 

The  addi t ion  of  sod ium acetate  decreases the  reac-  
t ion rate in CH3OH,  though the  re tardat ion  effect is 
relat ively small  (Table 2). W h e n  the  concent ra t ion  of  
N a O A c  is 3.0" 10 -3 tool  L - l ,  the  re tardat ion of  the  
react ion reaches  its m a x i m u m  value (Fig. 2). Fo r  the  
react ion in C H 3 C O O H ,  no re tardat ion is observed at the  
same concen t ra t ion  of  NaOAc.  The dependence  of  the 
reciprocal  of  the  second-o rde r  rate constant  on the  
N a O A c  concent ra t ion  on CH3OH is curvil inear (Fig. 3). 

Using the  react ions  o f  Hg(OAc)2 with alkynes l a  and 
l b  as examples ,  it has been  shown that  in the presence 
of  NaOAc ,  the  corresponding unsatura ted  compounds ,  
3a and 3b, are formed.  Accord ing  to the  N M R  datal the  
amount  of  the  la t ter  is as high as 20 % at a salt 
concent ra t ion  of 0.1 mol  L -1. Thus,  ace toxymercura t ion  
of  alkynes in C H 3 O H  also occurs trans-stereoselectively. 
In our opin ion ,  the  presence of  3a and 3b in the  react ion 

Table 2. The rate constants of the reaction of Hg(OAc) 2 with 
alkynes l a - - c  

Alkyne Solvent NaOAc k" 10 -4 

mol L -1 L (mol s) -x 

la  CH3OH 

Ib CH3OH 

lc CH3OH 

la  CH3COOH* 

lb CH3COOH* 

l c  CH3COOH* 

--  7.10+1.14 
2.5" 10 -4 4.60+0.28 
5.0" 10 -4 4.00_+0.24 
1.0- 10 -3 3.07+_0.18 
2.0- 10 .3 2.40_+0.16 
3.0- 10 -3 2.22+0.12 

--  15.9+2.0 
2.5" 10 -4 7.65+0.45 
5.0.10 -4 5.89_+0.41 
1.0" 10 -3 5.01• 
2.0.10 -3 4.10_+0.25 
3.0" 10 -3 3.71_+0.19 

--  55.1-+3.3 

--  7.34+0.48** 
3.0.10 -3 7.54+_0.52 

18.1_+2,0 

- -  86.8_+5.0 

* The temperature was 64.5 ~ ** Lit. data: s 7.7" 10 .4 at 
68.1 ~ 

mixture is addi t ional  evidence for the stepwise forma-  
t ion of  b is-adducts  2. 

The above-noted  character is t ic  features of  methoxy-  
mercura t ion  in the  presence of  N a O A c  are similar  to 
those observed in the react ions with alkenes having a 
strained double  b o n d )  - 3  It  has been specula ted  in the 
l i terature that  some propert ies  of  the t r iple  bond  are 
similar  to those of  the - - C = C  - bond  in cyc lopropene  
compounds ,  and,  therefore,  the  tr iple bond  should pos-  
sess a certain strain energy. 15,16 This suggestion has 

k.lO4/L tool -] s-1 

16 

12 

~ 
lb 

l a  

I I I I 

0 i 2 3 [NaOAc]'103/rnol L -l 

Fig. 2. The dependence of the rate constant of the reaction of 
Hg(OAc) 2 with alkynes la  and lb in CH3OH on the concen- 
tration of NaOAc. 
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Fig. 3. The dependence of l/k for the reaction of Hg(OAc)2 
with alkynes l a  and lb in CH3OH on the concentration of 
NaOAc. 

been conf i rmed by a calculat ion,  17 according to which 
acetylene  is 9.1 kcal tool - I  more  strained than ethylene.  

The results obta ined  imply that  the  general  scheme,  
which was considered in detail  in our previous publ ica-  
t ions,  1-3 is valid for the  react ions of  Hg(OAc)2 with 
acetylene compounds .  

In acetic acid,  the  react ion involves the  in termedia te  
format ion  o f  ion pair  (5), which dissociates into ions in 
CH3OH.  As follows from the corre la t ion data, the tr iple 
bond is loosened only slightly as the ion pair  forms, and 
the positive charge is most ly  located at the  metal  atom. 
In methanol ,  the ion pair  t ransforms into free ion (6) 
more  quickly than  it is conver ted into products.  At  
l imit ing concent ra t ions  of  NaOAc  the react ion most ly  
occurs via ion pair  5, which is converted both into 
products  and into solvoadducts.  

The unusual  regiochemis t ry  of  adducts  2b,c can be 
explained by assuming that  free mercur in ium ion 6, as 
in the react ions with alkenes,  3 has an asymmetr ica l  
structure.  In this case, interact ion is possible between 
the e lec t rophi l ic  f ragment  of  the  reagent  and the ben-  
zene ring to give a n -complex  structure (7). This type 
o f  c o m p l e x  f o r m a t i o n  was e s t ab l i shed  for  y - a ry l -  
p ropy lmercury  chlorides.  18 In the same work, it has 
been found tha t  the  energy of  in teract ion increases as 

the donat ing abil i ty of  the subst i tuent  in the  benzene  
ring increases. 

+ .H g OAc H gOAc - - c - - - C . ~  ,'_'+X 
C~..-~- C 

R F'~-C6 H f ~C6H 5 
7 8 

If  the  s tabi l izat ion of  the  in te rmedia te  by the forma-  
t ion of  a type 7 complex  is sufficiently effective, it can 
counterbalance  the  difference in the  stabil izing abilities 
of  the aryl and phenyl  substi tuents provided  that  the  
electron requirements  of  the e lec t ron-def ic ien t  center  of  
the in termedia te  are relatively low. As the da ta  o f  corre-  
lation analysis imply,  this s i tuat ion can occur  in the  
react ion in question. 

The structure of  the ca t ion of  ion pair  (8) is appar-  
ently more  symmetr ica l ,  and the conversion of  this ion 
pair  into the  products  is governed by the e lec t ron-  
releasing propert ies  of  the  aryl substi tuent.  

Experimental 

The !H and BC NMR spectra were recorded on a VXR-400 
Varian spectrometer in CDC13. The chemical shifts of the 1H 
and 13C nuclei were referred to the internal TMS and are 
presented in the 6 scale. 

The kinetic measurements were carried out on a SF-46 
spectrophotometer. 

The solvents were purified by the standard procedures) 9 
The general procedure for the reaction of Hg(OAc)2 with 

alkynes. A solution of Hg(OAc)2 and a solution of alkyne were 
mixed at ambient temperature. The ratio between the reactants 
was 2 : 1 in CH3OH or 1 : 1 in CH3COOH. The concentrations 
of alkynes used in the experiments were 0.1--0.15 mol L -1. 
When the reaction was completed, the reaction mixture was 
poured into a 1% aqueous solution of NaC1. The resulting 
precipitate was filtered off, washed with H20 and with hexane, 
and dried in air at -20 ~ 

1,1 - Bis(ehloromercuro)-2,2-dimethoxy- 1 -(p-methylphenyl)- 
2-phenylethane (2b) was prepared by the reaction of 1.66 g of 
Hg(OAc) 2 and 0.5 g of compound lb in 40 mL of CH3OH. 
The duration of the reaction was 12 h. Yield 82%. M.p. 113-- 
115 ~ decomp. (hexane : chloroform, 1 : 4 ) .  tH NMR, 
8:2.305 s (3 H, CH3), 3.452 s (6 H, 20CH3),  7.05--7.15 m 
(9 H, C6H4, C6H5). 

- - C _ C - -  + Hg(OAc)2 

Scheme 2 

\ / 
C,._~-----G, C 

,,+,, - O A c  

HgOAc 

5 

adduets, solvoadduots 

- - O A c  

+ -OAc 

HgOAc 

_6'__+~_ 
6 

solvoadducts 
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1,1-Bis(ehloromercuro)-2,2-dimethoxy- 1- (p-methoxy- 
phenyl)-2-phenylethane (2c) was prepared by the reaction of 
1.53 g of Hg(OAc) 2 and 0.5 g of compound lc in 40 mL of 
CH3OH. The duration of the reaction was 12 h. Yield 84%. 
M.p. 133--135 ~ with decomp. (hexane : chloroform, 1 : 1). 
IH NMR, 5:3.439 s (6 H, 20CH3) ,  3.770 s (3 H, OCH3), 
6.73 m and 7.05--7.13 m (2 H, 7 H, CrH 4, C6H5). 

E- 2-Chloromercuro- 1- (p-methylphenyl) - 2-phenylethene 
acetate (3b) was prepared by the reaction of 1.16 g of Hg(OAc) 2 
and 0.7 g of compound lb in 40 mL of CH3COOH. The 
duration of the reaction was 48 h. Yield 78%. M.p. 183-- 
185 ~ (hexane : chloroform, 7 : 3). IH NMR, 8:1.985 s 
(3 H, CH3), 2.395 s (3 H, CH3OCO), 7.58 m and 7.25 m 
(2 H, C6H4), 7.26 m and 7.35 m (3 H, 2 H, C6H5). 

E-2-Chloromereuro-l-(p-methoxylphenyl)-2-phenylethene 
acetate (3c) was prepared by the reaction of 1.0 g of Hg(OAc) 2 
and 0.66 g of compound lc in 35 mL of CH3COOH. The 
duration of the reaction was 48 h. Yield 88%. M.p. 170-- 
171 ~ (hexane : chloroform, 7 : 3). 1H NMR, 8:1.973 s 
(3 H, CH3OCO), 3.830 s (3 H, OCH3), 7.58 m and 6.93 m 
(2 H, 2 H, C6H4), 7.26 m and 7.34 m (3 H, 2 H, C6H5). 

The reaction of Hg(OAe) 2 with alkyne lb in the presence 
of NaOAc. Alkyne lb (1.5 g) in 30 mL of a solvent was added 
to a solution of Hg(OAc)2 (3.7 g) and NaOAc (0.7 g) in 
48 mL of CH3OH. After 48 h the reaction mixture was 
poured into a 1% aqueous solution of NaC1 and extracted with 
chloroform. The organic fraction was washed with H20 and 
dried with MgSO 4. Removal of the solvent gave 3.6 g of an 
oily residue. Recrystallization of the residue from a hexane-- 
chloroform mixture, 1 : 4, afforded compound 2b. M.p. 114-- 
115 ~ (decomp.). From the mother liquor, 0.65 g of com- 
pound 3b was isolated by preparative TLC on LSL 5/40 silica 
gel (using a hexane--benzene--ethyl acetate--chloroform mix- 
ture, 5 : 3 : 1 : 1, as the elnent). M.p. 182--184 ~ (CH3OH). 
The 1H and 13C NMR spectra of this compound are identical 
to those of the compound obtained directly in the reaction of 
Hg(OAc)2 with lb in CH3COOH. 

The reaction of Hg(OAc) 2 in alkyne la  in the presence of 
NaOAc was carried out in a similar way. Product 3a was 
identified in the reaction mixture by 1H and 13C NMR spec- 
troscopy. 

The rate of the reaction was measured on the basis of the 
change in the concentration of the alkyne. Current concentra- 
tions of alkynes were determined by spectrophotometry using 
calibration curves at ~ = 295 nm for compound la, 299 nm for 
lb, 304 nm for le. The calibration curves were constructed 
using solutions (in CH3OH or CH3COOH) of alkynes, the 
reaction products, and their mixtures in various proportions. 
During the construction of the calibration plot the maximum 
concentration of an alkyne in the cell in the absence of the 
products was 4.0.10 -5 mol L -1. To determine the current 
concentration of an alkyne, an aliquot part of the reaction 
mixture was poured into 25 mL of a solution of NaC1 in 
aqueous 2-propanol (the molar fraction of i-C3H7OH was 
0.91) with a concentration of 2.5 �9 10 -3 mol L -1. The volume 
of the aliquot portion or its dilution were adjusted in such a way 
that the alkyne concentration in the cell at the zero degree of 
conversion was 4.0" 10 -5 tool L -1 within the limits of experi- 
mental error. Provided the conditions of the construction of the 
calibration curves and of the kinetic analysis are identical, the 
current concentration of an alkyne can be determined with an 
accuracy of 8--10% up to a degree of conversion of -60%. 

The reaction in CH3OH was carried out at 25+0.1 ~ The 
concentrations of the starting reactants were the following: 

Hg(OAc) 2 (7.5--9.5)" 10 .2 mol L -1, alkynes la - -c  (4.5-- 
5.0)" 10 .2 mol L -1, NaOAc 2.5" 10-4--3.0 �9 10 -3 tool L -1. 

The reaction in CH3COOH was carried out at 64.5+_0.1 ~ 
The concentrations of the starting reactants were the following: 
Hg(OAc)2 (6.5--7.5)- 10 -2 mol L -1, la, lc  0.05 tool L - t ,  lb 
0.005 mol L -l .  
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