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Formal and informal methods for advancing hypotheses on mechanisms were used in a 
study of the oxidative carbonylation of phenylacetylene to methyl phenylpmpiolate catalyzed 
by the PdCI2--CuCI--CuCI 2 system. The hypotheses remaining after discrimination and 
consistent with all experimental data include the steps of formation of the Cu I alkynyi 
complex, transfer of the phenylethynyl group from Cu t to Pd II, insertion of carbon monoxide 
into a Pd--C or Pd--OMe bond of the Pd tl r complex. Comparison of the formal 
and informal methods for advancing hypotheses conf'u'med a higher efficiency of the first 
method. 
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The study of  the mechanism of the oxidative 
cadmnylation of alkynes (I) ,  which is the simplest method 
for the synthesis of alkynylcarboxylic acid esters, is of  
theoretical and practical interest. 1 

POCI 2 
RC=CH + CO + MeOH + 2 NaOAc + 2 CuC! 2 1 arm, 20 =C-'= 

RCwCCOOMe + 2 AcOH + 2 NaCI + 2 CuCI ( ! )  

Along with the target product, the products of oxidative 
dimerization (reaction (2)) and oxidative chlorination 
(reaction (3)) of alkyne and carbon dioxide are formed 
under the experimental conditions. 

RC~CH + 2 NaOAc + 2 CuCI 2 

RC~CC~,CPh + 2 CuCI + 2 NaCI + 2 AcOH (2) 

RC~CH 4- NaOAc + 2 CuCI 2 

RC~CCI + 2 CuCI + NaCI + AcOH (3) 

R = Ph, Me, Me2COH 

Most of our study was performed with phenylacetylene. 
Previously, z based on the published data, we ad- 

vanced five hypotheses on the mechanism of reaction 
(I). Further study showed that four of them are incon- 
sistent with the experimental data. Considering the strat- 

egy of advancing and discriminating (selecting) hypoth- 
eses on mechanisms using a computer at the stage of 
their advancement,  3,4 it was of  interest to compare the 
efficiency of the informal and formal (computational)  
methods for the search for hypotheses. The ChemNet  4,5 
and MECHEM 6,7 programs were used in the formalized 
approach. 

To clarify the logic of both procedures, in this work 
after the Experimental section, we summarized the main 
experimental facts and the results of  selection of the 
hypotheses advanced by the informal method on the 
basis of the published data. l 

Ex p e r i me n ta l  

Experiments were carried out in a constant-temperature 
glass (at 20 *C) reactor with vigorous stirring of the liquid and 
gas phases in a closed system. The volume of the absorbed gas 
(CO) was measured by the volumetric method. The composi- 
tion of the reaction solution wasdetermined by GLC. The 
content of products of carbonylation (PhCa<2COOMe) and 
oxidative chlorination (PhCa~CI) of phenylacetylene was de- 
termined on a column (1 m x 3 ram) packed with Porapak P 
(a thermal-conductivity detector; helium as carrier gas; tem- 
perature of separation, 210 ~ The composition of the gas 
phase was determined by gas adsorption chromatography on a 
column (3 m • 3 ram) packed with active carbon AG-3 
(fraction 0.25--0.50 mm, temperature of separation 140 ~ 
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All reagents except for those mentioned below were reagent 
grade or analytical-purity grade and used without additional 
purification. Phenylacetylene (reagent grade) was distilled 
in vacuo before use. Carbon monoxide was obtained by the 
decomposition of formic acid in concentrated H2SO 4. Copper 
dichloride CuC! 2 �9 2H20 was dried at 120 =1= to constant weight 
before use. Copper(i) chloride was recrystallized from hot water, 
washed with acetone, and dried at 80 ~ in a nitrogen atmo- 
sphere. Methanol contained water (0.2 tool L-t). Deuterated 
methanol contained at most 99% MeOD. 

The kinetic isotope effect (KIE) was studied at 19 ~ and a 
CO pressure of I a t m  in a methanol solution at the folMwing 
concentrations of the catalyst and other components, C/mol L-I: 
CuCl, 0.3; PdCI 2, 1.4- 10-3; CuCl2, 0.2; LiCl, 3; Et3N, 0.5; and 
AcOH, 0.35. The AtONa--Et3N buffer mixture was used to 
maintain the constant pH. KIE was calculated as a ratio of the 
initial rates of formation of methyl phenyipropiolate (in 
nondeuterated and deuterated methanol) determined from the 
change in the product concentration over 15 mitt after the 
be~6"nning of the reaOJon. KIE and kinetic studies were carried 
out under the same conditions, z 

Results and Discussion 

Informal advancement o f  k~potkeaes 

Based on the analysis o f  the published data, five 
hypothet ical  mechanisms o f  react ion ( I )  (Scheme l ,  
M1--M3") were proposed.  

Scheme 1 
MI: 

=. ClPdCOOMe ~ H  PdCi 2 + CO + MeOH . HCI 

CIPd--(Ph)C--CHCOOMe ~ HPdCI + PhC=CCOOMe; 

M2: 

CO + 2 MeOH [~.[_[_[_[_[_[_[_~l (MeO)2CO ~ H .  
-2 H* -MeOH 

PhC=CCOOMe; 

M3: 

[Pdl, CuCI2 CuC~CPh 
CO + MeOH ~ CICOOMe ,. 

--CuCI 

---.... PhC,~CCOOMe; 

M4: 

PhC--x, CH + CuCt .~---- ' -  PhC~CCu 2 C,t~12.,, ' PhC-=CCI, 
HCI -3 CuCl 

PhCmCCI + CO + M e O H  [Pd] j, PhC-,=CCOOMe + HCI; 

MS: 

PdCl2 
PhC~CH + CuCI ~ CuC~CPh CuCI 

--,,- CIPdC~CPh ~ CIPOCOC-=CPh M eOH 

- - - "  PhC~CCOOMe + HCI + Pd 0. 

The first mechanism (M/ )  was proposed in 1972)  
Mechanism M2 is associated with the synthesis o f  ester 
o f  alkynylcarboxylic acid from alkyne and dialkyl car -  
bonate.  9,1~ Mechanisms M3 and M 4  were formulated by 
analogy to other  processes. For  example ,  M3 is s imilar  
to the mechanism of  formation o f  ketones from the o -  
organometal l ic  Hg I! and Cu ! c o m p o u n d s  and acyl  ch lo-  
tides (reactions (4) and (5)), I t , l z  and 1t44 is similar  to 
the mechanism of  carbonylat ion o f  b romo-  and iodo-  
alkynes. 13 

RHoC! + R'COCi ~ RCOR" + HgC! 2 (4) 

RCttCCu + R 'COCl  ~ ~ O R '  + CuCl (5) 

The fo rmat ion  o f  i n t e rme d ia t e s  in mechan i sms  
M1--M4 ( (MeO)2CO,  C I C O O M e ,  14 RC=CCu,  and  
RC-=CCI ts) is possible in a lcoho l  solutions o f  PdC12, 
CuCI, and CuCl  2. Some steps o f  mechanism M5 are 
known Is,16 for the Pd 1! complexes  and alkynyl com-  
pounds o f  Cu 1, Ag I, and Fig !I. The  oxidat ive car-  
bonylation o f  alcohols occurs via in termediate  pal la-  
d ium alkoxycarbonyl complexes (XPdCOOR) .  t4 There-  
fore, the first two hypotheses can  be related to the 
schemes o f  the "a lcohola te ' -  or  "a lkoxycarbonyi ' - type  
mechanisms. Cu t and Pd H a - a l k y n y l  complexes  play a 
key role in schemes M4 and MS. W e  categorize these as 
"a lkynyl~type mechanisms.  Var iant  M3 has the features 
o f  both types. 

The characterist ic  feature o f  reac t ion  (1) is the in-  
duction per iod on the "concent ra t ion- - t ime"  plots for 
methyl  pheny lp rop io l a t e ,  d i m e t h y l d i a c e t y l e n c ,  and  
chloroalkyne and on the "rate o f  C O  absorp t ion- - t ime"  
curves (Fig. 1, curve 3). In select ing hypotheses,  we 
used the results of  studying the induct ion  per iod and 
quasi-steady-state kinetic data. 

The alkynyl- type mechanisms agree well with the 
induction period because they assume the par t ic ipat ion 

C- I0: 'tool L -I 

8 

3 

6 

4 

2 

0 0.5 1.0 1.5 2.0 t/h 

Fig. 1. Dynamics of accumulation o f  PhC~CCOOMe during 
the oxidative carbonylation of P h ~ H  with addition of CuCI 
to the initial solution and without it in the PdCI2--CuCI 2 -  
NaOAc system (|PdCI2J 0 = 5.6-10 -3 mol L-I; [CuCI210 -- 
0.2 tool L-l;  [NaOAcl0 = 0.2 tool L- t ;  19 ~ 1 arm CO; 
volume of the methanol solution 10 niL); |CuCI]0/mol L - j  = 
0 (I); 0.04 (2); and 0.20 (3). 
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of an intermediate Cu I alkynyl complex, and Cu ! is 
absent from the starting catalytic solution. At the same 
time, in the case of the alkoxycarbonyl-type mecha- 
nisms, the induction period should not appear. These 
ideas were confirmed in the experiments with CuCi 
added to the initial solution, where the induction period 
either decreased or was absent, depending on the initial 
CuCI concentration (see Fig. 1). The results of studying 
the earbonylation of  Cu l, Hgll, and Ag I phenylethynyl 
compounds to form the same product under the condi- 
tions of reaction (1) with close quantitative parameters 
(rate, selectivity to alkyne) also agree well with the 
alkynyl-type mechanisms, z 

Based on the data obtained, we excluded the hypo- 
thetical mechanisms M1 and .442. In the ease of M3, the 
induction period could be observed for the formation of 
the carbonylation product, but not for the rate of carbon 
monoxide absorption. In addition, chlorocarbonate (and 
dimethyl carbonate) was not observed in the contact 
solution during experiments. Therefore, mechanism M3 
was also excluded from consideration. 

For the selection of hypothetical schemes M4 and 
M5, we studied the kinetics of the process by the method 
of a one-factor experiment. The chosen conditions al- 
lowed us to maintain constant compositions of the Cu I, 
Cu I1, and Pd t! complexes and concentration of the 
chloride ion ([LiCll >> [CuCII + {CuCI2]). The [CuCll, 
[CuCI2], and [PdCIll values were proportional to the 
corresponding initial concentrations [CuCI]o, [CuCl210, 
and [PdCI2] 0 (T = 20 *C, p = 1 atm). 

The analysis of  the hypothetical conjugation nodes of 
the sequences of  the steps of  the formation of  
chloroalkyne and alkynylearboxylic acid ester (for M4, 
the successive scheme; for MS, the parallel scheme with 
the conjugation node on the Cu i c~-phenylethynyl com- 
plex) allowed us to design a purposeful kinetic experi- 
ment with variable [PdCi2lo, [CuCll0, and [CuCI2L 
concentrations. 2 

All experimental dependences agree qualitatively and 
quantitatively with mechanism M5 and conflict with 
M4. Rate laws (Eqs. (12) and (13)) that describe experi- 
mental dependences within the experimental error were 
derived from the detailed scheme M5 (Eqs. (6)--(ll))  
taking into account the mechanism of chloroalkyne 
formation 17 and assuming that step (6) is at quasi- 
equilibrium, steady-state concentrations of intermedi- 
ates I l, 12, and 13, and insignificant contribution of 
intermediates to the material balance with respect to 
[CuCII, [CuCI2], and [PdCI2]: 

PhC=CH + CuCI k ~  PhC~Ceu + H +, (6) 

11 

k 2 
_ ~ 12 ,  (7) I I  + CuCl2 k_~ 

12 + CuCI2 k~ _-= PhC-=:CCI + 3 CuCI. (8) 

i1 + PdCl 2 k4 . 13 + CuCI, (9) 

13 + CO + MeOH ks ," PhC~4~COOMe + Pd. (10) 

P d + 2 C u C I : ~  /q = PdCI 2 + 2 c u C I ,  ( l l )  

k I [PhCmCHlo [CuCl]o [PdCl? lo 
r0phC_..CCOOM~ = [H+I + knlCuCl21~ + klll[PdCl2]o , (12) 

krv [PhC-CH} o [CuCllo [CuCI 2 ]o 2 
r~ = [H+I + kti[CuCl21 ~ + km[PdCl2lo , (13) 

where k[ = k4K l, Iql = k3K~Jk__l, k m = k J k _ l ,  k w = 
k3KIK2; r ~ is the initial rate of formation of the corre- 
sponding product. 

Computatiotlai advamcement o f  hypotheses 
and their discrlmination 

ARer the informal advancement of the hypotheses 
about the mechanism and selection described above, we 
repeated the procedure of  advancement, but using the 
ChemNe# and MECHEM ql,7 programs, to compare the 
results and find hypotheses that are missing without 
formalized methods. 

In this work, we applied the earlier suggested method s 
for the combined use of ChemNet and MECHEM as 
described below. The essence of the variant is the fol- 
lowing. Given a set of the types of steps input by us in 
the general form (transforms) and constraints on the size 
of the molecules, the number of different types, and the 
oxidation states of a metal in the catalytically active 
complexes and intermediates, ChemNet generated the 
reaction network (all reactions and intermediates pos- 
sible in this system under specified constraints). In this 
ease, the purpose of the MECHEM program reduced to 
identifying the simplest mechanisms of formation of the 
target product (methyl pheny!propiolate) from the reac- 
tion network obtained by ChemNet. 

The list of transforms used in the ChemNet program 
is given in Scheme 2. Starting species and constraints 
are listed below. 

I. For reaction (i) written in the form of the equation 

PhC,eCH + CO + MeOH + 2 CuCl 2 

PhC~CCOOMe + 2 HCI + 2 CuCI, (14) 

the reactants and components of the system PhC-=CH, 
CO, MeOH, CuCI2, CuCI, and PdCI 2 were the starting 
species. 

2. The maximum number of atoms in the molecule 
obtained was 20 (Me and Ph were considered as insepa- 
rable pseudo-atoms). 

3. Each molecule should contain at most three car- 
bon atoms (the carbon atoms in the Me and Ph groups 
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M - - e l  + H - - C : - - C - -  - - . -  M--C--=C - + H - - C I .  

M = Cul;  

I I 
M I - - C  - + M2- -C I  . M1--Ct + IVI2--C - , 

I I 
M 1 = C u  j , M  2 = Pd"; 

M - - C E - C - -  + C--=O *, M - - C ( O ) - - C _ = C - - .  

M = pdll;  

M - - C I  + M e O - - H  ---4,. M e O - - M  + H- -C i  

M == P d ' ,  Cu ' ;  

M - - O - -  + C~----O " - ~  M - - C ( O ) - - O - - .  

M = pdll; 

Scheme 2 

M - - C = O  + MeO--H ~ M- -H  + M e O - - C = O  , 
I I 

M = Pd u, 

M I + CI--M2--CI ~ M1--CI + M2--CI, 

M t = Pd 0 -+ Pd i or Pd j --~ Pd", 
M 2 = Cull; 

were ignored) ,  at m o s t  t h ree  oxygen  a toms ,  and o n e  
pheny l  group.  

4. T h e  accep tab le  ox ida t ion  s ta tes  o f  coppe r  are I 
and  II,  and  for  pa l l ad ium,  they  axe 0, I, and  I I .  

5. T h e  h ighes t  c o o r d i n a t i o n  n u m b e r s  for  c o p p e r  and  
pa l lad ium were  set  at two.  

Table 1. Seven-step mechanisms (six intermediates) 

M I - - O M e  + M2- -C I  --- . .  M I _ C I  + M 2 - - O M e ,  

M 1 ==Cu I, M 2 = pdtl; 

I I 
X - - M - - C - - ,  ~ X - - C - - +  M .  

I I 
M = P d  u - -+Pd  ~  " = C . O ;  

M1--CI + M 2 - - y  ~ M I - - y  + IVfz--CI . 

M t, M 2 = P d  II, Y == H ,  C ,  O ;  

M - - C = O  + --C--=C -- " M - - C - - - C - - C = O ,  
I I I I 

M = P d ' ;  

M--C=C--H 
I I 

M = Pdll; 

= M--H + - - C ~ - - C - - ,  

M--C--=C - + --O--C(O)--O-- 

---~ M--O-- +--C-----C--C(O)--O-- , 

M = Po qj. 

Using  the  C h e m N e t  p r o g r a m  w i t h  t h e s e  cons t r a in t s ,  
we  o b t a i n ed  233 e l e m e n t a r y  s teps  a n d  34 spec ies  (wi th in  
2 m i n  o n  a P e n t i u m  7 5 -b as ed  P C ) .  T h e s e  e l e m e n t a r y  
s teps  were  t h e n  input  in to  the  M E C H E M  p ro g ram,  a n d  
the  s t o i ch i o me t ry  o f  r eac t ion  (14)  was  speci f ied .  As a 
result ,  41 m e c h a n i s m s  were  g e n e r a t e d  (Tables  1--3) .  

Step Mechanism 

1 2 3 4 5 6 7 8 

CuCI 2 + Pd , ~ C u C I +  PdCi 
CuC! 2 + PdC! ~ PdCI 2 + CuCi 
PhCCH + CuCI ~ HCI + CuCCPh 
PdCI 2 + MeOH ) HCI + MeOPdCI 
PdCI 2 + CuCCPh ) CuCI + CIPdCCPh 
MeOOCPdCCPh ~ PhCCCOOMc + Pd 
MeOPdCOCCPh ~ PhCCCOOMe + Pd 
CO + MeOPdCI ~ CIPd--COOMe 
MeOPdC! + CuCCPh . ~ CuC! + MeOPdCCPh 
CO + MeOPdCCPh * MeOOCPdCCPh 
CO + MeOPdCCPh ,~ MeOPdCOCCPh 
HPdCI ) HCi + Pd 
MeOH + CIPdCCPh ~ HCI + MeOPdCCPh 
CO + CIPdCCPh ) CIPdCOCCPh 
CuCCPh + CIPdCOOMe ) CuCI + MeOOCPdCCPh 
PhCCH + CIPdCOOMe ) CIPd- -CPh=CH--COOMe 
CIPd- -CPh=CH--COOMe ~ PhCCCOOMe + HPdCI 
MeOH + ClPdCOCCPh ) PhCCCOOMe + HPdCI 
MeOH + CIPdCOCCPh ~ HCI + MeOPdCOCCPh 

1 1 1 1 1 1 l 1 
I 1 1 1 1 1 1 1 
1 I 1 1 I 1 1 
1 I l I 

t 1 l 1 
! 1 1 

1 
1 

i 1 
1 1 

1 1 
1 

I 

I 1 

Note. Here and in Tables 2 and 3, the entries correspond to the stoichiometric numbers of  steps (Horiuti 
numbers) or the specific mechanism. The absence of an entry implies the absence of the step in the given 
mechanism. 
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T a b l e  2. Eight-step mechanisms (seven intermediates) 

Step Mechanism 
9 10 11 12 13 14 15 16 17 I# 19 20 21 

CuCI 2 + Pd ) CuC! + PdC! 1 
CuCI 2 + PdC! ) PdCl 2 + CuCI 1 
PhCCH + CuCl ) HCI + CuCCPh I 
PdCI 2 + CuCCPh ) CuCI + CIPdCCPh 
CuCI + MeOH ) HCI + CuOMe i 
MeOOCPdCCPh ) PhCCCOOMr + Pd 1 
MeOPdCOCCPh ) PhCCCOOMe + Pd 
PdC! 2 + McOH ) HCI + MeOPdC! 
PdCl 2 + CuOMr ) CuCI + MeOPdC! 1 
CO + MeOPdC! ) CiPd--COOMr 1 
CO + Mr . ) MeOOCPdCCPh 
CO + M�9 ) MeOPdCOCCPh 
CO + CIPdCCPh ; CIPdCOCCPh 
CuCCPh + MeOPdCI ) CuCl + McOPdCCPh 
CuOMe + ClPdCCPh ) CuCI + MeOPdCCPh 
MeOPdCI + CIPdCCPh ~ PdCI:~ + MeOPdCCPh 
CuCCPh + CIPdCOOMe ) CuCl + MeOOCPdCCPh 1 
CuOMe + CIPdCOCCPh ) CuCI + MeOPdCOCCPh 
PhCCH + CIPdCOOMr ) CIPd--CPh=CH--COOMe 
CIPd--CPh=CH--COOMe ) PhCCCOOMe + HPdCI 
HPdCl ) HC! + Pd 
ClPdCOOMr + CiPdCCPh ) PdCi2 + MeOOCPdCCPh 
MeOPdCI + CuCCPh ) CuCI + MeOPdCCPh 
CIPdCOOMe + MeOPdCCPh ) 

MeOPdCl + MeOOCPdCCPh 
MeOPdCI + CIPd--CO--CCPh ) 

) PdCl 2 + MeOPdCOCCPh 
MeOH + CIPdCCPh ) HCI + MeOPdCCPh 
MeOPdCCPh + CIPdCOCCPh 

) CIPdCCPh + MeOPdCOCCPh 

1 1 ! 1 
1 ! i I 
1 I 1 t 

1 1 
1 1 1 l 
1 

1 1 1 

I 1 1 i 1 1 ! 
1 1 i 1 1 ! 1 

1 1 1 1 t 1 
1 1 1 1 1 

I ! 
1 1 1 

1 ! 1 1 1 
1 
I 1 l 

1 
1 1 

I 1 1 

1 1 
1 1 

The  m e c h a n i s m s  ob ta ined  by C h e m N e t  and 
M E C H E M  are the sets o f  steps satisfying the con- 
straints. The purpose of  a researcher in the analysis of  
each mechanism is to take into account the possibility of  
the reversibility of  reactions, the presence of  quasi- 
equilibrium and rate-limiting steps, and other factors 
that can affect thc kinetics o f  the process. 

Some of  the hypotheses advanced by the formal 
method have been suggested previously: mechanism M1, 
the mechanism with the intermediate formation of  di- 
methyl carbonate, arid numerous variants of  the phenyl- 
ethynyi mechanism. No variant o f  mechanisms with the  
intermediate formation of  chlorocarbonate and chloro- 
acetylene was considered because we did not input the 
corresponding transforms into ChemNet .  The previously 
obtained experimental  data excludcd the possibility of  
these mechanisms. 

Many mixed, intermediate variants of  the mechanisms 
are a characteristic feature of  the formalized advancement 
of  hypotheses. This case is very. characteristic. 

Some of the newly obtained mechanisms can be 
discriminated on the basis of  the experimental data 

briefly presented above. Mechanism 4 (see Tablc I) and 
mechanism 15 (see Table 2) correspond to mechanism 
M1, ruled out at the stage of  selecting the hypotheses 
formulated without computer  programs. Mechanisms 30 
and 34 in Table 3 are related to the intermediate forma- 
tion of  dimethyl carbonate, which was not observed in 
thc contact solution (see above). At the same time, the 
tables contain many mechanisms that were not consid- 
ered previously and cannot bc discriminated on the basis 
of  the data presented at the beginning of  this work. Let 
us consider mechanism 2 (see Table 1) as an example. 
One of  the most  probable variants of  this mechanism 
(including the parallel formation of  chloroalkyne) is 
presented by reactions (15)--(22): 

PhC~'CH + CuCl k ,  HCl + PhC-=CCu, (15) 
- k I 

I '  

i1 + C u C I  z k 2 .  12 , (16) 

12 + CuC] 2 k~ ,,. PhC-=CCI 4- 3 CuCI, ( ]7)  
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PdCI 2 + MeOH ,... ks - C l P d O M e  + HCI, (18) 
' k S 

11 + C lPdOMe k4 ~. CuCI + MeOPdC~CPh,  (19) 

13 

I 3 + CO /q -- MeOCOPdC=~Ph ,  (20) 

14 

14 p PhC=JCCOOMe + P d ,  (21) 

P d +  2 CuCI 2 - - . ~  PdCI2 + 2 CuCI. (22) 

The rate laws for the formation of  products of  
phenylacetylene transformation derived from the mecha- 
nism presented above almost  coincide with the equa- 
tions corresponding to mechanism MS. Evidently, this 
mechanism and several analogous mechanisms (see 
Tables 1--3) cannot  be discr iminated on the basis of  the 
previously obta ined exper imental  data. 

The main difference between M5 and the mecha-  
nisms close to mechanism 2 in Table 1 is in the se- 
quence o f  steps o f  the transfer of  the phenylethynyl 
group from Cu I to Pd II and  the cleavage o f  the O - - H  
bond in methanol .  Genera l ly  speaking, these mecha-  
nisms may have different dependences  o f  the rates of  
formation o f  the products  o f  phenylacetylene transfor- 
mat ion on the methanol  concentrat ion,  the partial CO 
pressure, and the concent ra t ion  o f  the H + ion. However, 
it is difficult to study these dependences,  because this 
study would require a special solvent which would allow 
the concentra t ion  o f  methanol  to be varied, preserving 
the propert ies  o f  the solution. Otherwise ligand should 
be used that  would stabilize the state of  the catalyst 
when varying the partial  CO pressure over wide ranges 
and the acid concentra t ion.  

6 3 

C" 102/tool L - |  

m t i i 

0 5 10 15 t/rain 

Fig. 2. A plot of methyl phenylpropiolate concentration vs. 
time: 1--4, series of experiments with MeOH; 5, 6, series of 
experiments with MeOD. 

Table 4. Kinetic isotope effects of formation of 
PhCaCCOOMe for the replacement of MeOH by 
MeOD 

Alcohol Entry o 0 v~:  r s 

tool L - t  h - j  

MeOH 1 0.150 0.163 +0.017 
2 0.185 
3 0.156 
4 0.160 

MeOD 5 0.18 0.185 +0.017 
6 0.19 

Note. Here v o is the initial rate, Va~ r is the average 
initial rate, and s is the standard deviation; r~i/r D = 
0.88. 

Based on the analysis o f  the newly obtained hypoth-  
eses, it is very fruitful for their  selection to study the 
kinetic isotope effect (KIE)  when MeOH is replaced by 
MeOD.  For  the mechanisms in which the cleavage o f  a 
M e O - - H  bond occurs aRer the  irreversible step o f  the 
transfer o f  the alkynyl group from Cu ! to Pd II, the 
kinetic isotope effect ku/k  D should be close to unity (see 
mechanisms 5---8 in Table 1 and mechanism 21 in 
Table 2). Fo r  other mechanisms,  this value should be 
- 3 - - 4  (by analogy to the known kinetic isotope effects o f  
the processes involving H20) . t s ,  t~ 

The results obtained (Table 4) indicate that  the dif-  
ference between the rates of  formation o f  methyl phenyl-  
propiolate when MeOH and M e O D  are used is compa-  
rable with the experimental  error. 

Closeness of  the KIE value (rH/r D ratio) to unity 
allows us to exclude all mechanisms except 5 - -8  (see 
Table 1) and 21 (see Table 2) from consideration.  The 
latter mechanism contains a nonl inear  step involving 
two pal ladium-containing intermediates 

M e O P d ~ P h  + CIPdCOC~CPh 

~, CIPdC~,CPh + MeOPdCOC~CPh,  

which seems highly improbable because the concent ra-  
tions of  these intermediates should be very low. 

The same intermediate M e O P d C O C - C P h  can be 
obtained in a simpler way: the reaction of  CIPdCOC~--CPh 
with methanol.  In addit ion,  if this or similar steps play 
an important  role in the process, the appearance o f  
cri t ical  phenomena z~ or osciUations 21 would  he ex,  
pet ted.  Phenomena of  this type were not detected in the 
system. 

Mechanisms 5--8 in Table 1 are rather close and 
differ in three features. 

1. The nucleophilic at tack on the carbon atom of  the 
carbonyl group is either intermolecular  (7, 8) or in- 
t ramolecular  (5). 

2. Carbon monoxide is inserted into either the Pd - -C  
(5, 7, o") or the Pd- -OMe bond (6). 
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3. When the o-organometallic compound dissoci- 
ate.s, either the palladium hydride complex (7) or Pd ~ 
(5, 6, 8) is formed. 

The palladium hydride complex, if formed, can di- 
rectly be oxidized by the Cu il compounds in the reac- 
tion 

HPdCI  + 2 CuCI  2 ~ PdCI  2 + 2 CuCI  + HCI. 

Further studies toward discriminating mechanisms 
5--8 (see Table 1) based on the contrasts between them 
are necessary to refine the mechanism and choose from 
the four remaining hypotheses. 

Thus, the use of the strategy based on advancing and 
selecting mechanistic hypotheses for the reaction under 
study makes it possible to design and efficiently perform 
discriminating experiments aimed at checking the most 
characteristic features (distinctions) of competing hy- 
potheses. Of course, an experienced researcher knows 
the main hypotheses on the mechanism of each specific 
reaction discussed in scientific publications. However, 
an advantage of the formalized method is finding many 
mixed, intermediate variants of  mechanisms that are not 
usually considered intuitively. Correspondingly, experi- 
ments without the formalized method are designed and 
their results are interpreted ignoring this large group of 
hypothetical mechanisms. This substantially affects con- 
clusions. In addition, information on the possible mecha- 
nisms grows rapidly, and computer programs can help in 
storing and processing this information. 

The use of  libraries of  elementary reactions (involv- 
ing catalysts) and special computer programs allows 
almost any researcher not only to consider all main 
hypotheses, but also to find all (with specified con- 
straints) hybrid variants of the main hypotheses. In 
addition, the formulation of steps (transforms) in the 
generalized form results in finding new mechanisms that 
were not considered previously for a given reaction. 

The hypotheses remaining after the selection make it 
possible to focus the scope of our knowledge about the 
mechanism of the reaction under study and to formulate 
directions of further studies. 

This work was financially supported by the Russian 
Foundation for Basic Research (Project Nos. 97-03-32324 
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