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We have performed ab initio calculations to determine the structure and charge 
distribution of some alkynoyl cations and their parent alkynoyl fluorides. We 
have used Mulliken population analysis and a new technique developed by 
Y~ifiez, Stewart and Pople. Our results indicate that the mesomeric form 
O § = C ~ - - C e = C r - - R  is one of the most important contributors to the structure 
of these cations, in agreement with experimental conclusions. We have also 
found that the participation of mesomeric form O = C ~ = C e = C r + - - R  is not 
negligible and increases with y-substitution. In the 3-phenylpropynoyl cation 
substantial delocalization of charge into the phenyl group occurs. Calculations 
from YSP population analysis are in good agreement with experimental 
evidence. 

Key words: Population analysis of alkynoyl cations - Alkynoyl cations - 
Alkynoyl fluorides 

1. Introduction 

The structure and stability of vinyl and related cations is of considerable interest to 
the chemist since it has been proved that they are intermediates in the electrophilic 
additions to alkynes [1] and in the solvolysis reactions of vinyl halides [2, 5] and 
vinyl triflates [5, 6]. There is a considerable number of experimental studies of 
carbocations [7] but little is known of their structures, and most of this information 
comes from theoretical work [8]. 

Recently, proton and 13C NMR spectroscopy became one of the most important 
experimental tools to probe the structure and charge distribution of carbocations 
[9] as it has been proved [10] that chemical shifts do reflect the trend of charge 
densities on carbon atoms of similar hybridization and substitution. One of the 
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Fig. 1. Mesomeric forms of alkynoyl cations 
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applications of this technique [11] dealt with the study of alkynylcarbenium ions 
and alkynoyl cations. 

Alkynoyl cations were prepared (from their parent alkynoyl fluorides) and studied 
for the first time by Olah et al. [11]. These ions present an interesting structural 
problem: the relative importance of the mesomeric vinylic forms I, II and III (see 
Fig. 1) on their structure and stability. 

Structure and charge distribution of some of these cations have been studied using 
semiempirical methods [12]. In this paper we present an ab initio study, using an 
STO-3G minimal basis set [13] of some alkynoyl cations and their parent alkynoyl 
fluorides. This will permit us to analyze the relative contribution of the three different 
mesomeric forms to the structure of this type of cation. We have also analyzed the 
influence of the substituents on the contribution of each particular form. 

2. Calculations 

We have carried out a STO-3G minimal basis set geometry optimization of 
propynoyl (IVa), but-2-ynoyl (IVb), 3-fluoropropynoyl (IVc) and 3-phenylpropynoyl 
(IVd) cations (see Fig. 2) and their corresponding parent alkynoyl fluorides (Va-Vc), 
except 3-phenylpropynoyl fluoride. 

In the optimization process we have adopted the following restrictions: In the but-2- 
ynoyl cation (IVb) and but-2-ynoyl fluoride (Vb) the CH3 group was kept unchanged, 
assuming local C3~ symmetry with the HCH angles equal to 109.47 degrees and the 
CH bond lengths equal to 1.10A, In the 3-phenylpropynoyl cation (IVd) the 
aromatic ring was also kept unchanged, assuming a regular ring with CC and CH 
bond lengths equal to 1.397 A~ and 1.084 A, respectively. 

With these exceptions all the remaining geometrical parameters were optimized 
according to the following scheme, in order to save computation time: 

a) Optimization of the C--C bond lengths 
b) Optimization of the C--R bond lengths 

+ 

O = C - - C ~ C - - R  

IVa, R =  H 
b, R = CH3 
c , R = F  
d , R =  Ph 

F \ 
. C - - C ~ C - - R  

o// 
Va,  R = H  

b, R = CH3 
c, R = F  Fig. 2. Alkytmyl cations and their parent 

alkynoyl fluorides included in this study 
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c) Optimization of the C--O bond length (and the C--C--O angle, in the case 
of neutral molecules) 

d) Optimization of the C--F bond length and the C--C--F angle, only for 
neutral molecules 

e) Steps a), b), c) and d) were repeated until changes in the total energy were less 
than 10 -~ a.u. for variations of +0.005 A in the bond lengths and 0.2 degrees 
in the bond angles. For the 3-phenylpropynoyl cation this process was executed 
only once, to save computing time. 

Once the optimized geometry was obtained we carried out a Mulliken population 
analysis on all the systems studied. 

Very recently, Y~ifiez, Stewart and Pople [14] have developed a new partition 
technique based in the use of spherical density basis functions that do not present 
the limitations of the Mulliken populations analysis [15] in the sense that the charge 
distribution obtained is quite insensitive to the basis set used in the SCF calculation. 
This technique gave good results [14] in the population analysis of neutral molecules. 
We have applied this method (which will be referred to hereafter as YSP popula- 
tion analysis), using the standard density basis functions defined in Ref. [14], to 
obtain the charge distribution of alkynoyl cations and alkynoyl fluorides to check 
the reliability of this partition technique applied to charged systems. 

3. Structure and Charge Distribution 

We present in Table 1 the optimized geometry of the alkynoyl cations and their 
parent alkynoyl fluorides, included in this study. 

The only experimental structure found in the literature was that of alkynoyl 
fluoride [16]. The agreement between our results and the experimental ones is not 
very good, but the experimental structure was obtained by introducing several 
assumptions (C~---C, ~ O ,  and C--H bond lengths) due to the limited isotopic 
data available, which prevents that structure from being very accurate. 

In all cases there is a drastic shortening of the CO bond length in going from the 
neutral molecule to the cation and there is also a shortening of the C~--C B bond 
length and an increase in the length of the CB--C v bond. This indicates that the 
oxonium form II is one of the most important mesomeric contributors, in agree- 
ment with the laC nmr study of Olah et al. [11], who conclude that form II is the 
predominant one in order to explain the surprising fact that the a carbon in the 
IVa and IVb cations is substantially shielded with respect to their precursors Va 
and Vb. However, our results indicate that form III cannot be neglected, and some- 
what qualify the conclusions of these authors. 

In Fig. 3 we present the charge distribution of all systems studied here, using the 
Mulliken and YSP population analyses. 

Mulliken population analysis indicates that the positive charge on C~ in the cation 
is greater than in the neutral molecule. YSP population analysis gives a smaller 
charge in the cation than in the neutral molecule. The difference in the charge on 
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Fig. 3. Charge distribution (10 -3 electron) of alkynoyl cations and their parent alkynoyl 
fluorides obtained using the YSP population analysis. Values within parentheses were obtained 
using Mulliken population analysis 

C, between the ion and the precursor is a little bit bigger in IVb than in IVa. Both 
types of  population analysis indicate a considerable increase in the charge on Cr 
in the cations relative to the neutral molecules. However, while Mulliken population 
analysis indicates that this increase is greater in IVa than in IVb, the YSP 
population analysis yields the opposite trend. 

The charge at the oxygen atom is about the same for all cations. In going from the 
neutral molecule to the cation, this charge decreases considerably indicating, once 
again, that the mesomeric form II is one of the most important contributors to the 
structure of these cations. 

Although no experimental data are yet available for the IVc cation, our results 
indicate that the general behaviour discussed for IVa and IVb could be extended 
to this case. The most important difference with the previous cases is that the C~ 
charge is particularly large in IVc due to the expected polarization of  the a C - - F  
bond. 
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o=c__c=c  
VI 

O=C~-~-C~C~ 
VII Fig. 4. Additional mesomeric forms of 3-phenylpropynoyl 

cation 

Our results for the 3-phenylpropynoyl cation (IVd) show no substantial changes 
in the charges at C,, C~ or C~ with respect to the other cations, although there is a 
considerable delocalization of charge into the ortho and para positions of the 
aromatic ring, indicating that in this particular ion mesomeric forms VI and VII 
(see Fig. 4) must be included in the description of its structure, in agreement with 
experimental conclusions [11]. 

4. Influence of the Substituents 

From the values of the geometrical parameters presented in Table I, it is evident 
that shortening of the C~--C B and lengthening of the CB--C ~ bonds are emphasized 
when the 7-hydrogen is substituted by fluorine atoms or methyl groups. 

This indicates that y-substitution favors a larger contribution of form III. It is 
clear that a different process must be responsible for this effect, in each case, given 
the different nature of the substituents. 

Fluorine substitution produces a substantial increase of the Cr charge (see Fig. 3) 
favouring a greater participation of form III (see Fig. 1). Therefore, in this case, 
is the withdrawal of a-electrons from the Cr atom that increases the contribution 
of form III. When the substituent is a methyl group there is no substantial increase 
of the C~ charge, and the effect must be of hyperconjugative type. In Table 2 we 
present the electron charge density in the p~ orbitals (perpendicular to the molecular 
plane) for the IVa, IVb and IVd cations. We can see that a donation of electrons 
into the 2p orbitals at C~ and C~ (with the corresponding increase of their electron 
density) occurs when the 7-H is substituted by a --CH3 group. Again, this increases 
the contribution of form III. 

Of course, this effect must be stronger when the substituent is a phenyl group. 

Table 2. Electron density in the pu orbital of propynoyl (IVa), 
2-but-ynoyl (IVb) and 3-phenylpropynoyl (IVd) cations 

Cation C~ Ca C~ 

IVa 0.753 1.100 0,786 
IVb 0.762 1.126 0.773 
IVd 0.780 1.163 0.773 
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Table  2 shows tha t  in the case o f  IVd the increase o f  the 2p~ charge densi ty  at  Ca 

and  C a is bigger  than  in IVb,  cor responding  to a shorter  C~--Cr  and  a longer  

Ca--C~ b o n d  length and  a greater  par t ic ipa t ion  of  fo rm III .  

5. Conclusions 

F r o m  our  results we can conclude tha t  oxon ium forms [ and  I I  are thc p r e d o m i n a n t  
mesomer ic  cont r ibu tors  to  the structure of  a lkynoyl  cations,  in agreement  with the 
results o f  cmr studies. We  have also observed tha t  the par t ic ipa t ion  o f  form I I I  is 
no t  negligible and  tha t  its relat ive impor tance  increases when the ~-hydrogen is 
replaced by  subst i tuents  tha t  ei ther wi thdraw ~-electrons f rom the C~ a tom or  
dona te  ~ charge which migrates  to C~ and C, .  In  the case of  the 3 -phenylpropynoyl  
cat ion,  an  impor t an t  delocal izat ion o f  charge takes  place in the ring, mak ing  
pa r t i c ipa t ion  of  mesomer ic  forms VI and  VII  also impor tan t .  

Final ly ,  YSP popu la t ion  analysis  seems to be useful to calculate charge distri-  
but ions  in cations,  giving values which are consis tent  with s t ructural  exper imental  
evidences. 
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