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Establishment of correlations between the structure and reactivity 
of molecules in the gas phase based on information theory 
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A general approach to revealing correlations between the stntcture of molecules and their 
reactivity in fragmentation processes under electron impact conditions based on the rise of 
generalized structttral and mass spectral characteristics is suggested. The characteristics were 
obtained using information theory, molecular graphs, and absolute reaction rates. Informa- 
tion topological indices of molecular graphs were used as generalized structural characteris- 
tics of molectiles. They are a quantitative measure of the structural complexity of molecules 
and are expressed in information units. The gas-phase process of fragmentation of molecules 
under electron impact was used as a general reaction series for all volatiles. In terms of 
information theory, the mass spectrum represents the distribution of probabilities of the 
formation of ions of each type, and the information entropy of this distribution appears to be 
an integral characteristic of the reactivity of a molecule during fragmentation under electron 
impact in the gas phase. Using organic and organometallic compounds of several classes 
(ferrocene derivatives, arylsilanes, aromatic azo compounds, etc.) as examples, linear corre- 
lations between the information indices of the mass spectra and the information topological 
indices of the appropriate molecular graphs or electronic parameters of molecules have been 
found, which testifies that the approach suggested is adequate. 

Key words: mass spectrometry, reactivity; ferrocene derivatives, arylsilanes, aromatic 
compounds; correlation equations, information indices. 

The es tabl ishment  of  interrelat ions between the struc- 
ture of  molecules  and their  reactivity is one of  the key 
problems of  m o d e m  chemistry.  Two main questions 
appear  in the solut ion of  this problem.  The first of  them 
is to find a react ion that  is c o m m o n  to all compounds  
studied,  and the second is to choose the parameters  of  
the chemica l  process and the structural  parameters  of  
the substance that  correspond to each other.  

In the chemis t ry  of  solutions,  it is a lmost  impossible 
to find one c o m m o n  react ion occurr ing under  identical  
condi t ions  (med ium,  tempera ture ,  and others)  to com-  
pare the react ivi ty of  chemical  substances of  different 
classes. In addi t ion ,  the majori ty of  the reactions in 
solut ions are compl ica ted  by solvation effects and,  as a 
consequence ,  the  measured parameters  of  the reactivity 
(rate constants ,  equi l ibr ium constants ,  act ivation ener-  
gies, and heats of  reactions) are assigned not to the 
inherent  ( intr insic)  propert ies  of  the molecules  or ions 
involved, but to complex  ic t l -molecu la r  systems. For  
example ,  a compar i son  of  the heats of  nucleophi l ic  
st tbsti tution 

CH3Br + CI-  ~ CH3CI + Br- 

in the gas ( - 1 0 . 9  kcal mol - I )  and liquid (15.7 kcal tool - I )  
phases shows that the energy of  desolvation of  the transi- 

tion state in solution (26.6 kcal mol - I )  is substantially 
greater than the heat of  the r eac t ion )  i.e., the energy 
parameters of  the reaction measured in solution reflect the 
solvation process to a greater extent than the nucleophil ic  
substitution itself. 

By contrast ,  gas-phase  processes exclude the effect 
of  the solvent. Thus,  the gas-phase  acidi ty  has been 
de te rmined  for more than a thousand organic  and orga- 
nometa l l ic  compounds  from the data  o f  h igh-pressure  
mass spec t rometry  and ion cyclot ron resonance,  z How- 
ever, even in this case, one can es t imate  the  reactivi ty of  
only a l imited range of  molecules  and under  the condi -  
t ions of  only one,  albeit  quite c o m m o n ,  ac id -base  inter-  
action.  

Mass spectral  f ragmentat ion of  molecules  can be 
proposed a~ a c o m m o n  process for all volatiles.  Two 
exper imenta l ly  de te rmined  parameters  of  a mass spec-  
trum conta in  all necessary informat ion on the reactivity 
of  individual molecules:  the mass numbers  and the 
ampl i tudes  of  tl~e peaks of  ions appear ing  due to the 
sequent ia l -para l le l  processes of  in t ramolecu la r  decom-  
posit ion o f  a compound  under  e lec t ron impact ,  in this 
case, the quali tat ive character is t ics  of  the reactivi ty are 
given by the types of  reactions of  format ion  or  d e c o m -  
posi t ion of  ions. In part icular ,  two types o f  processes are 
typical of  the f ragmentat ion of  fe r rocenylmethylcarb inol :  
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reactions involving simple bond cleavage and bond rear- 
rangement (Scheme I). 
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Reactions involving the elimination of n-bound ligands 
belong to the first type. The products of rearrangement 
reactions, ions and eliminated neutral fragments, con- 
tain new bonds that were absent in the initial molecule. 
Processes involving dehydration and the migration of a 
hydroxy group to a metal atom also belong to this type. 3 

A quantitative measure of the degree of fragmenta- 
tion via a given route is the ratio of the intensities of 
daughter and parent ions, which, according to the for- 
mal kinetics laws for monomolecular stationary pro- 
cesses, is equal to the ratio of the rate constants of the 
formation and decomposition reactions for a given ion 4 
(Scheme I). Therefore, one may treat the relative in- 
tensities of mass spectral peaks in the same manner as 
reaction rate constants. Based on this. the traditional 
approach to the problem of correlations between the 
structure of a molecule and its reactivity in the gas 
phase, as in the chemistry of solutions, would be to 
search for dependences of the quantitative parameters of 
fragmentation processes on the electronic and structural 
parameters of molecules. 

In terms of this approach we have established that, in 
particular, the degrees of fragmentation of diphenyl- 
mercury and alkylmercury halide derivatives, which in- 
volves cleavage of the mercury--carbon bond, correlate 
linearly with the Brown and Taft ~ constants of the 
substituents, respectively (Scheme 2). 5 
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In the case of benzenechromiumtricarbonyl deriva- 
tives, the degree of dissociation of the metal--ligand 
bond correlates linearly with the number of vibrational 
degrees of freedom of the decomposing ion 6 (Scheme 3), 
and in the case of nonsubstitnted metallocenes, the 
degree of dissociation of the metaI--Cp bond depends 
linearly on the frequencies of the vibrations of the 
metal--ligand bond 3 (Scheme 4). 

Scheme 3 
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All regularities established are analogous to is,'ener- 
getic, isoentropy, and isostructural reaction series, which 
are well known in the chemistry of solutions, and they 
are in entire correspondence with the theory of absolute 
reaction rates, which gives the following simplified ex- 
pression for the rate constant of monomolecular decom- 
position of individual particles that are not in thermody- 
namic equilibrium with the medium: 7 

Iogk = Iogv - Slog(I - e/EL (l) 

where v is the frequency or the entropy factor, which is 
taken to be equal to the frequency of the vibration of the 
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cleaved bond for processes of simple bond cleavage, e is 
the activation energy, E is the intrinsic energy of the 
ion, and S is the number of effective oscillators, which is 
equal to (3N - 6)/3 (3 is the empirical coefficient) for 
a molecule consisting of N atoms. 

Hence it follows that mass spectra contain rich irlfor= 
mation about the reactivity of molecules and ions in the 
gas phase. The scheme of fragmentation gives an idea of 
the types of processes of intramolecular dissociation into 
ions, and the intensities of the peaks give information 
about the extent of the occurrence of these processes. 111 
addition, studying the mass spectra of a series of related 
compounds shows the main factors determining the reac- 
tivity of ions in the gas phase. For example, the fragmen- 
tation of organomercury compounds is determined only 
by electronic effects of substituents in the ligands, while 
the size of a substituent becomes the main factor in 
benzenechromiumtricarbonyl derivatives, and the entropy 
factor is predominant in metallocenyl cations. 

Thus, the study of the fragmentation of molecules 
under electron impact in the gas phase makes it possible 
to substantially broaden the concept of reaction series 
compared to that in the chemistry of solutions, because 
there is no solvent in this case and all processes occur 
under standard conditions. Using this approach, which 
copies many features of the methodology of studies of 
liquid-phase reactions, in terms of a single reaction 
series, one can quantitatively compare the reactivity of a 
limited range of molecules having a common direction 
of fragmentation. 

In all examples considered, the main process is 
cleavage of the metal--ligand bond, while the contribu- 
tions of other routes of decomposition to the fragmenta- 
tion scheme are insignificant, which corresponds to the 
idea of the single reaction series. However, this situation 
is the exception rather than the rule. In most cases, even 
small changes in the structure of a molecule result in a 
qualitative change in its reactivity. Let us consider, e.g., 
the fragmentation of three structurally related com- 
pounds of the ferrocene series (Scheme 5). 

Ferrocene itself decomposes according to a scheme 
of sequential elimination of Cp ligands. Migration of the 
hydrogen atom of the methyl group to the nonsubstituted 
ring followed by the elimination of cyclopentadienyl and 
fulvene molecules is typical of methylferrocene. In the 
case of ferrocenylcarbinol, dehydration and migration of 
the hydroxy group to the metal atom are predominant )  
The quantitative comparison of the reactivity of these 
molecules cannot be performed in terms of the approach 
considered above, which requires the conservation of a 
common mechanism for all compounds studied and the 
use of  differential, i.e., related to one common process, 
kinetic parameters. Therefore, we suggest another ap- 
proach based on the search for common parameters of 
the reactivity of  molecules in the gas phase, which are 
formed on the basis of the information theory using not 
one, as in the first case, but the whole set of processes of 
fragmentation of the compound studied. 
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From the point of view of information theory, a mass 
spectrum is the distribution of probabilities of  formation 
of ions of each kind (Pi), which are calculated as the 
ratio of the intensity of a given ion (/~) to the total 
intensity of all ions of the spectrum (Pi = Iv'Z/j) - Substi- 
tuting the values of these probabilities into the Shannon 
formula (2), we obtain the amplitude information index 
HMS (3), which is the integral characteristic of the 
reactivity of the molecule studied under the conditions 
of its fragmentation under electron impact in the gas 
phase. 8 

H = -Epilog2Pi, ( 2 )  

rims = - x( U x  l?tog2( /i/x t?. (3) 

Information topological indices of molecular graphs are 
widely used presently as an integral structural parameter 
for establishing structure--property correlations. 9-1! The 
structure of a molecule of N atoms, e.g., methylamine, is 
replaced by its mathematical image, a molecular graph in 
which each atom corresponds to a vertex and each chemi- 
cal bond corresponds to an edge. The molecular graph can 
be presented in matrix form, for example, as a matrix of 
distances in which the value of the length of the shortest 
chain of bonds connecting two vertices is put at the 
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Fig. i. Formation of information topological indices of mo- 
lecular graphs. 

intersection of  the numbers of  these vertices. Summing 
these values in a row (or column) of  the matrix, we obtain 
distance parameters of  vertices of  the given molecular 
graph. Using this parameter,  the whole set of N vertices 
can be divided into classes of  equivalence (rti, i = 1 ..... m, 
where m is the number  of  classes), each of  which contains 
vertices (vi) with equal distance values (d(vj)). As a result, 
we obtain a spectrum of  the distance parameters of the 
molecular  graph in which distance values are plotted on 
the abscissa, and the number  of  vertices with a given 
distance are plotted on the ordinate, tz,t3 The probabilities 
of  the appearance of  vertices of  each kind can be calcu- 
lated from this spectrum, as in the case of  the mass 
spectrum. Substituting the values of  these probabilities in 
the Shannon formula, we obtain the information topologi- 
cal index of  the molecular  graph HMG, which is a quanti- 
tative measure of  the complexity of  the molecular structure 
and is expressed in the information units, bits (Fig. 1). 

Mass spectral studies show that a richer fragmentation 
scheme corresponds,  as a rule, to a molecule with a more 
compl ica ted  structure. Therefore a correlation between 
the information indices of  the structure and the mass 
spectrum would be expected. In fact, these correlations 
were found in representative selections of  about 20 classes 
of  organic and organometal l ic  compounds.  13-Is In par- 
ticular,  regression analysis of  stntctural and mass spectral 
indices of  arylsilanes (Fig. 2) revealed three groups of 
compounds ,  each of  which is characterized by its struc- 
tural peculiarities. Phenylmethylsi lanes are in the first 
group,  the  second  group conta ins  a l ly lphenyl -  and 
phenylvinylsi lanes,  and methylvinylsilanes are in the third 
group, t4 The linear dependence  of  the infommtion topo-  
logical iqdices of  molecular  graphs of  monosubsti tuted 
ferrocenes on the information indices of  the mass spectra 
of  these compounds  is presented in Fig. 3. The whole set 
of  compounds  studied is divided into two subsets, each of 

RRISiR2R 3 

2.78 3,00 3.22 3.37 3.50 3.64 3.69 HMG 

Fig, 2. Interrelation between mass spectra (HMs) and struc- 
tural (HMG) indices of arylsilanes: 
/, //MS = --5.9 + 2.9HMG (r = 0945, n = 12, R I = Ph, 

R 2 = Me); 

2, HMS = -8.3 + Z8HMG (r = 0.982, n = 10, R I = All, 
Vin, R 2 = Ph); 

3, //MS = --8.5 + 3.4HMG (r = 0.856, n = 6, R ~ = Vin, 
R 2 = Me) 

HMC 

5 

4 

CpFeCsH4--R 

2 I I I I I I i 

1.23 2.85 3.13 3.66 HMI- 

Fig. 3. Interrelation between structural (HMG) and mass spec- 
tral (Hms) indices of monosubstituted ferrocenes: 
1, //MS = 1.70 + 0.57HMG (r = 0.940, n = 10); 
2, HMS = 1.23 + 098HMG (r = 0.975, n = 16). 

which is characterized by its regression line with approxi-  
mately the same slope. 13 

The existence of  several dependences  within one 
class of  compounds  is related to the fact that,  in terms of  
tile model  used, information topological indices do not 
take into account  the electronic effects of  substi tuents,  
which can exert a substantial effect on the degree of  
fragmentat ion,  as has been discussed above. This is also 
indicated by the linear correlat ions between the infor- 
mation indices of mass spectra and Hammet t  o con-  
stants, which have been established for 10 classes of  
aromatic  compounds  (azo compounds ,  Schi f f ' s  bases, 
amides,  and others).  Is 

The results obtained indicate that the approach sug- 
gested is promising for the solution of  the s t ruc tu re - -  
reactivity problem. The correlat ions of  informat ion indi-  
ces of  mass spectra with Hammet t  o constants  are o f  
special interest,  because they allow dimensionless  values 
of  o constants  to be expressed in informat ion units. 
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Fig. 4. Distribution of mass spectral indices (HMs) for four 
classes of organometallic compounds: 
I, CpFeCsH4R; 2, RCsH4Mn(CO)3; 3, RCsH4Re(CO)3; 
4, RC6H5Cr(CO) 3. 

mass spectra,  which take into account  all possible direc-  
tions of  f ragmentat ion of  a compound  under  electron 
impact  and which are a measure of  the complex i ty  of  its 
intramolecular  decomposi t ion scheme, can serve as quan- 
titative parameters  of  the reactivity of  molecules  in the 
gas phase; 3) information topological  indices of  the 
corresponding molecular  graphs, which are a measure of  
the structural complexi ty  of  molecules ,  can serve as a 
general ized structural pa ramete r  of  molecules;  and 4) 
the structt, re ( information topological  indices of  mo-  
lecular graphs) and the reactivity ( informat ion indices of  
mass spectra) are compared  in a c o m m o n  dimension  
scale (in the information units, bits). 
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