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Abstract

In chemical literature, reactions are often represented in truncated form, i.e. some
of the educts and products are left out for brevity. A matrix formalism can be used to
obtain the stoichiometrically complete representation of chemical reactions in terms of
empirical formulas. The latter results lead from truncated constitutional descriptions of
chemical reactions to complete constitutional reaction equations. STOECH, a corresponding
computer program, has been implemented.

1. Introduction

In a stoichiometrically balanced reaction equation, the educts on the left-hand
side of the equation and the products on its right-hand side correspond to isomeric
ensembles of molecules (EM). Such a stoichiometrically complete description of
chemical reactions is needed for its representation by the fundamental equation

B+R=E ()

of the theory of the BE- and R-matrices (1]. Here, B and E represent BE-matrices
(bond-electron-matrices), which contain information about the molecular connectivity
(bonds = off-diagonal entries) and the free electrons (diagonal entries) of the ensemble
of molecules (EM) at the beginning (B) and the end (E) of the reaction. The reaction
matrix R is the difference of the BE-matrices B and E: R = E — B. R represents the
redistribution of the valence electrons during the reaction of eq. (1). According to
this model, the educt EM and the product EM of a stoichiometrically balanced
reaction or sequence of reactions can be subjected to an atom-by-atom mapping
according to the principle of minimal chemical distance (PMCD) [2~4]. Thus, the
basic requirements, prerequisites for the hierarchical classification and mechanistic
characterization of reactions can be established, namely the identification of the
reactive centers and of the bonds that are broken or made.
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An efficient documentation system for chemical reactions is based on the
hierarchical classification [5-7] that can be deduced from the above theory. Despite
its many advantages, this documentation system is not used as much as it should
be because in chemical literature, most chemical reactions are reported in truncated
form, i.e. some of the participating reactants are left out, assuming that any
knowledgeable reader is capable of restoring the stoichiometrically complete reaction
equations from the corresponding truncated representation, as is illustrated by schemes
I and 2.

When large data bases of truncated reactions must be converted into stoichio-
metrically balanced reactions, computer assistance is needed.

Scheme 1. Example of a truncated reaction:

Scheme 2. Example of a stoichiometrically complete reaction:

CH3"C02H + HO_C2H5 —> CH3-C02C2H5 + Hzo

In most cases, the complete constitutional reaction equation can be re-established
from the truncated representation by first determining the corresponding stoichio-
metrically balanced reaction equation and then finding the constitutional formulas
of the missing molecules. The latter is usually fairly easy to accomplish because,
with few exceptions, the omitted molecules are small molecules that are unambiguously
characterized by their empirical formulas and the context in which they are mentioned.
These molecules are listed as standard stoichiometric complement molecules.

In the present article, we review the hitherto published literature on balancing
truncated reactions, and report on our own endeavors in this field, including the
development of a corresponding computer program.

2. The algebra of chemical stoichiometry
2.1. STATE OF THE ART

The stoichiometric balancing of reaction equations by mathematical methods
was an active research topic in the late sixties [8-11]. In recent years, due to
computer-assisted classification and documentation of chemical reactions, interest
in this subject has resumed [12-16].

When Ugi and Kaufhold [8] investigated the reaction mechanism of the
stereoselective four-component condensation [17], they introduced so-called
stoichiometric matrices in order to establish a basis set of linearly independent
stoichiometric relations.

Fabishak [9] reported the use of the respective (sub)determinants for balancing
stoichiometric equations.
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Krishnamurthy [12] balanced chemical equations by a generalized inverse
matrix approach. He classified the reaction equations according to the nullity of the
coefficient matrix into "not feasible" (nullity = zero), "unique” (nullity = one), and
"non-unique” (nullity = two or more). In the last case, two or more equations form
a basis set, and all of their linear combinations are stoichiometrically allowable
representations of the underlying chemical reaction.

Blakley {13] described a procedure for computing whether or not a chemical
reaction is stoichiometrically possible between the members of a set of reactants.
If a reaction is possible, the procedure yields a basis set of reaction equations by
solving a system of linear equations. All of the stoichiometrically conceivable
equations are linear combinations of the elements of the basis set.

The BASIC-86 program CAPURS of Ayme et al. [14] generates all combinations
of the columns of a given matrix. The quadratic subdeterminants of the resulting
matrices are used to determine whether or not they correspond to soluble systems
of linear equations (SLE). If this is the case, CAPURS computes the stoichiometric
equations.

The contributions mentioned above are based on empirical formulas.

In their search for reactive atoms and bonds, Bargon et al. [16] determine the
iargest substructure that is, in terms of constitutional formulas, common to the educts
and products of a reaction (MCSS = maximum common substructure). The procedure
is based on connectivities and identity numbers. (The identity numbers are assigned
to the atoms according to their chemical element numbers.) The matching substructures
are deleted, and the procedure is repeated until no more atoms of the educts can thus
be mapped onto atoms of the products. The second and all of the following substructures
that are deleted must belong to the same molecules as the substructures deleted first.
In order to balance the reaction equation, the remaining parts of the educt molecules
are subsequently completed in the products and vice versa.

2.2. THE PROGRAM STOECH

In order to ensure that chemical reactions are really represented by stoichio-
metrically complete reaction equations in terms of empirical formulas, the corresponding
systems of linear equations are established and then solved by the Gauss—Jordan
method [8,13,18]. First, it is determined whether or not a given set of molecules
yields a stoichiometrically meaningful reaction equation. If this is the case, the
number of linearly independent equations is determined.

2.2.1. The representation of molecules and their chemical elements by matrices
(MCE-matrices)

Each column of an MCE-matrix represents the empirical formula of a molecule;
single atoms are also considered as molecules. The symbol Lad is used to denote
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formal electrical charges, which are treated as if they were atoms. Reaction-invariant
residues like the phenyl group can also be represented analogously.

This procedure is illustrated by the reaction scheme in fig. 1 that describes
the thermodynamic equilibrium system of isobutyraldehyde-(S)- a-phenylethylimine
A and benzoic acid B and their various adducts in methanol at 0 °C. In the original

i CoHsCO,IT (B Gl o _
Celly —CH — N =CIl —=CH(Cl3), *"° 2 (B) Cells — CH — NIl = CIH — CH(CHs),

A 1

CH
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- Calls — CH = NH — Cl = CH(Clh3),

0 —CO —Cells
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CHs Clily
11%(6) [ @ (5
S CeHy—CH — NH; —CH —CH(CHh); = Celly— CIl — NIl = CIl — CH(Clls)s

| : |
O - CO —Cells Cells —CO - 011 0~ CO — Cells
3 4

Fig. 1. The equilibrium system of the adducts that are formed from
isobutyraldehyde-(8)-a-phenylethylimine (A) and benzoic acid (B).

publication [8], this example was described in abbreviated form. In order to illustrate
our procedure, we will now work it out in detail.

The species that participate in this equilibrium system are listed in table 1.
This corresponds to the matrix AM.

Table 1

Molecules of the reaction scheme of fig. 1.

Label Molecule Label Molecule
A CH;oN B C,;H,0,
1 CppHgN® 2 C1gHy;NO,
3 C,gHy,NO? 4 C,eH,NO,
5 C,H,09 6 H®
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Table 2

Element-species table of the reaction scheme of fig. 1.

. Molecule label
Atomic symbol

A B 1 2 3 4 5 6

C 12 7 12 19 19 26 7 0

H 17 6 18 23 24 29 5 1

N 10 11 1 1 0 0

0 0 2 0 2 2 4 2 0

Lad 0 0 10 1 0 -1 1
127 12 19 19 26 7 O
17 6 18 23 24 29 5 1

AM=|1 0 1 1 1 1 0 0].

0 2 0 2 2 4 2 0
6o 61 0 1 0 -11

2.2.2. Solution of the systems of linear equations
The SLE are solved by determining the Hermitian canonical form according
to the Gauss—Jordan approach:

(1) Exchange of two rows of AM,
(2)  Multiplication of a row of AM with a non-zero integer.
(3) Addition of a multiple of a row to another row.

The result is the matrix SR

1 0 01 0 1 1 ~1
010112 1 O
SR=|0 01 0 1 0 -1 1
000 00O O O
00 0 00O O O

The zero rows (fourth and fifth row) may be deleted without affecting the set of
solutions {13, 18, 19]. These rows were lincar combinations of other rows and were
transformed into zero rows by the Gauss—Jordan procedure.
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The number of linearly independent stoichiometrically allowable equations
N=C-R, 3
N = number of linearly independent equations,

C = number of columns (molecules),
R = number of non-zero rows after applying the Gauss—Jordan method.

Since the matrix SR contains eight columns and three non-zero rows, we

obtain five stoichiometrically allowable equations. Any stoichiometrically allowable
relation corresponds to linear combinations of the equations mentioned above.

The solutions of eq. (3)

-
y
100101 1 -17° 0
01011210;;.—.0 (3)
001010 -1 1]’ 0
a
L€ |

are obtained by assigning the value 1 to one of the independent variables a, b, c,
d, e and a value of O to all other independent values; the values of the dependent
variables x, y and z are then determined.

Inthe case of a=1,b6=0,¢c=0, d=0, e=0, we obtain

lax+0*y+0*z4+1*%1+0*0+1%0+1*x0+(-1)*x0=0
O#x+1#y+0+z+1*1+1%0+2*%0+1%0+0%0=0
O#x+0*y+1%z+0*1+1%0+0*0+(-1)*x0+1%x0=0

=2x+1=0—-x=-1, y+1=0->y=-1, z=0.

The resultis x= -1, y= -1,2=0,a=1,b=0,¢c=0,d=0, ¢e=0, and we have
eq. (4). Equations (5)—(8) are obtained analogously.

The components of the column vectors are the stoichiometric coefficients;

column entries with negative algebraic signs belong to the educts, and positive
algebraic signs refer to the products. Here, the educts are represented on the left-
hand side of the reaction equation and the products on the right-hand side, both with
positive stoichiometric coefficients. Since stoichiometric relations are equivalence



1. Ugi, A. Dengler, Truncated reaction equations 7

relations, and thus symmetric, a sign of equality is used in stoichiometric equations
instead of reaction arrows,

C,,H 7N + C;H(0, = C,4H,;3NO,, 4)
C7H40, + CjpH gN® = CgH,NOF, (5)
C1oH 7N + 2C,H0, = CygHygNO,, (6)
C,,H 5N + C;H(O, = C;,H 4N® + C,H,09, (7
C,,HsN®=C,H ;N + H®, (8)

The equations of the reaction scheme in fig. 1 are represented by the following
combinations of egs. (4)-(8):

eq. (7) - A+B=1+5,
cg. (4)~cq. (7) —1+5=2,
eq. (5)—cq. @)-eq. B)>2+6=3,
eq. (6)-ceq. (5)-cq. (M —>3+5=4.

2.2.3. Incomplete systems of equations

When the given molecules do not suffice to yicld balanced stoichiometric
cquations, i.c. when the reaction cquations are given in truncated form, the program
STOECH tries to balance the stoichiometric equations by adding molccules from
a file of molecular complements. This file contains the empirical formulas of small
molccules that arc often encountered as reactants or co-products of chemical reactions.
If no suitable complement is listed, it is supplicd by the user, who also inserts it
into the file of molecular complements. This stoichiometric complementation is
illustrated by the example in {ig. 2.

0
o :
H;Cﬂ!——c\H/C\/o "H_Cl—'/ll\ /CHz\ __cl

H,C CH CH
CH,-CH, 3 z 2

CeHgOs C4HgCIO

Fig. 2. Preparation of 5-chloropentane-2-one from
- acetyl-y-butyrolactone: truncated reaction equation.
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This reaction corresponds to the stoichiometric matrix AM and its Hermitian canonical
form SR:

AM=

SO - O

1
0
0
0

w O oo

According to SR, the above system of equations only has a trivial solution where
all stoichiometric coefficients are zero. This means that the representation of the
respective reaction is truncated. If the reaction of fig. 2 is complemented by HCl
and CO,, members of the molecular complement file, the matrices AM,; and SR,
result, together with the reaction equation of fig. 3:

6 5 1 0 1 0 0 -1
8 9 0 1 01 0 1
AMe=tg 1 0 1) SRi=lo 01
31 2 0 000 O
0
ﬁ /Ll\ CH
H3C —C—CH 0 + HCl ——p c 2 cl
- / + CO
\CH,—cé, H3C \CH2 \CH,/ ‘
CgHgO3 CsHgCIO

Fig. 3. Preparation of S-chloropentane-2-one from
o-acetyl-y-butyrolactone: complete reaction equation.

After augmentation by SO, and HCI, the reaction equation of the
synthesis of acetylchloride according to fig. 4 is represented by the matrices AM,
and SR,:

2 200 0 1 000 1
4 30 0 1 0100 -1
AM,=/0 1 2 0 1|, SR,=/0 0 1 0 1
211 2 0 000 1 -1
001 1 0 0000 O
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0 0
/
HyC —— C/ _S_E).(.:_lz__, HsC — C//
O—H Cl
C,H,0, C,HsCIO

Fig. 4. Preparation of acetylchloride from
acetic acid: truncated reaction equation,

Although five chemical elements participate in this reaction, five molecules suffice
to solve the system of equations. This is due to the fact that a zero row is formed.
The complete reaction eq. (9) results:

Csz02 + SOCIZ = CzH}ClO + 802 + HC] (9)

After balancing the reaction equation, the oxidation of 1-amino-2-naphthol
to 1, 2-naphthochinone (fig. 5) is represented by the matrices AM; and SRj:

10 10 0 0 0 0 O 100 000 1
9 6 4 0 0 2 1 01 000 0 -1
0O 0 1 3 2 0 1 001000 -1
AMs=l g g 01100l 5000100 2
1 0 1.0 0 0 0 000010 =2
1 2 00010 00 0O0O0T1 1
H ITIHZ }Il I
|
H. .C. _C~ _OH H. .C. _C_ .0
c* >c” S¢ FeCl; "~c=7>¢
| tl | —_— | I |
/C\ /C\ /C\ H,0O /C\\ /C\ /,C\
HT > C” TH 2 H (1: l H
|
H H H H
CioHgNO CioHgO2

Fig. 5. Preparation of 1, 2-naphthochinone from
1-amino-2-naphthol: truncated reaction equation.
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Equation (10) represents the reaction of fig. 5:
C,oHoNO + 2FeCl; + H,0 = C,yH¢O, + NH,Cl + 2FeCl, + HCL (10)

The stoichiometrically balanced reaction equation (or system of linearly
independent equations) is subsequently translated into a constitutional representation
with the help of a structure file. In this file, which resembles the co-product file
of CICLOPS [22], small molecules like H,0, CO,, etc., are listed. If more than one
constitutional formula is in the file of molecular complements for a given empirical
formula, then a decision is sometimes possible on the basis of the principle of
minimal chemical distance (PMCD) {2-4,20,21]. The PMCD may also serve to
obtain an atom-by-atom mapping of the educts onto the products.

The system of computer programs that accomplishes the algebraic and graph-
theoretical complementation of truncated chemical reactions will be available upon
request by mid-1992.
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