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Abstract
New compounds derived from stereoisomers of 2,4-diphenylcyclobutane-1,3-dicarboxylic acids or truxillic acids, 1,4diphenylcyclobutane-2,3-dicarboxylic acids or truxinic acids and their alkaloidal precursors, the truxillines, are elucidated through
application of the Pólya’s formalism. The counting sequence of stereoisomers of those chemical compounds which belong to the
family of heteropolysubstituted monocyclobutane derivatives is consistent with the chemical enumeration method using theorem of
Pólya which comprises key steps such as representation of graph, permutation of symmetry’s operations, cycle index, topological
and enantiomerical indicator and generating functions. This method leads to a system of equations which is solved to obtain the
number of chiral and achiral graphs of stereoisomers of truxillic acids, truxinic acids and the truxillines among which few
compounds are not yet chemically well-known.
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Introduction
2,4-diphenylcyclobutane-1,3-dicarboxylic acids or truxillic acids, 1,4-diphenylcyclobutane-2,3-dicarboxylic acids or truxinic
acids and their alkaloidal precursors, the truxillines, have been extensively studied in chemistry [1-10]. Truxillic and truxinic
acid derivatives are most known [5,6]. These two categories of diacids exist in a natural state in the sheets of coke and are
also obtained by topochemical photodimerisation of the forms α and β of cinnamic acid [7]. In facts, Schmidt has established
that the three different packing modes of cinnamic acid in the solid-state yield two different dimers upon irradiation: the 
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and  forms yield the anti-head-tail and the syn-head-head dimmers, respectively, and the -form is photoinert [8,9].
Chemistry of these acids was studied in 1919-1922 by German chemists Stoermer and Stobbe and coworkers [10-13].
Truxillic and truxinic acids can be used in the synthesis of analgesics [14] Alkaloidal precursors of those diacids, called
truxillines, are a group of tropane alkaloids that have been of interest for over 100 years; the two most abundant isomers,
alpha- and beta-truxilline, were structurally elucidated at the end of the nineteenth century [15-17]. They are found in some
species of the families Solanaceae, Erythroxylaceae, Proteaceae, Euphorbiaceae, Rhizophoraceae, Convolvulaceae, and
Cruciferae [18]. Furthermore, truxillines were detected and characterized in illicit cocaine and coca leaf by Moore et al. [19]
The relative amount of truxillines in cocaine is indicative of the variety of coca used for cocaine processing, and thus, is
useful in source determination [20]. The presence of truxillines in coca leaf is due to 2 + 2 photodimerization of cis-and/or
trans-cinnamoylcocaine [21]. Considering the fact that literature is not widely extensive on the elucidation of stereoisomers of
2,4-diphenylcyclobutane-1,3-dicarboxylic acids, 1,4-diphenylcyclobutane-2,3-dicarboxylic acids and truxillines in regard
with the quantity of papers published on those molecules, the focus of this study is to determine and design the structures of
the exact number of all the chemical species belonging to this family of compounds through the use of Pólya’s theorem
independently of the constraints of bonds strengths, thermodynamics properties and molecular stabilities.

Research Methodology
During the last decades, group theory has become an essential tool for chemists [22-24]. One of its applications to chemistry
is to carry out a rigorous inventory of the chiral and achiral forms of a given chemical compounds [25,26]. The techniques of
enumeration of the molecules made remarkable great strides thanks to progress of data processing and now make it possible
to approach in a quantitative way all the fields of chemistry. Moreover, the inventory and the characterization of
stereoisomers of a given family are essential in the modeling of this one and lead to discovered new chemical compound [27].
One of the most used methods is the Pólya‘s formalism [28,29] rising from its theorem which utilizes the indicating
polynomial of cycles of the action of permutation G on the whole of the points of the parent graph and listed in Equation. 1
hereafter.

ZG ( f1 , f 2 ,..., f n ) =

1
G

f

gG

1

j1 ( g )

f 2j2 ( g ) ... f njn ( g )

Where n is the order of group G and for each i going of 1 to n,

(1)

ji ( g ) is the number of i-cycles of permutation associated to

an element g belonging to G. Thus, the statement of this theorem becomes:

W = ZG ( F1 ,...Fn )

(2)

Where for each i going of 1 to n, Fi indicates the formal series given in Equation. 3:

Fi =  ai yci

.

(3)

cC

When we have a finite set of substituent C the formal series W and Fi are simply polynomials. Where
function and ai the number of stereo-isomer having i substituent

cC

yci

is monomial

.
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The various permutations of the eight sites of substitution of the monocycloalcane can be gathered in sets

Z top and Z en

respectively indicating the topological cycle indicator and the enamtiomeric cycle indicator. Indeed, the topological cycles
indicator is obtained by adding all the cycle index generated by all the operations with parent group while the enantiomeric
cycle indicator results from the summation of the cycle index resulting from the only proper rotation.

Mathematical formulation
Considering the fact that 2,4-diphenylcyclobutane-1,3-dicarboxylic acids, 1,4-diphenylcyclobutane-2,3-dicarboxylic acids and
truxillines are organic compounds containing four-membered ring. Let us now consider the parent monocyclobutane as a
three-dimensional object represented by the stereograph having a D4h global symmetry as shown in FIG. 1 [30-38].
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FIG. 1. Stereograph of cyclobutene.

The sixteen symmetry operations of this parent group are listed in Equation 4 hereafter:
'
'
''
''
D4h = E, C41 , C2 , C43 , C2(1)
, C2(2)
, C2(1)
, C2(2)
, σ h , S41 , i, S43 , σv(1) , σ v(2) , σ d(1) , σ d(2) 

(4)

The eight sites of substitution of the stereograph of cyclobutane above form the unit (1, 2, 3, 4,1', 2', 3', 4'). While making act
these various operations on unit sites of substitution, one obtains the table of the permutations recapitulated in Table 1
according to the direct notation, the notation by partition and index of cycle.
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TABLE 1. Permutations generated by different symmetry operations of D 4h symmetry.
Symmetry
operations

Direct notation

Partition’s
Notation

Cycle index

E

(1)(2)(3)(4) (1’) (2‘) (3‘) (4’)

[18]

𝑓18

C4

(1, 2, 3,4) (1’,2’,3’,4’)

[42]

𝑓42

C2

(1,3) (2,4) (1’,3’) (2’,4’)

[24]

𝑓24

C43

(1, 4, 3,2) (1’,4’,3’2’)

[42]

𝑓42

C2' (1)

(1,2’) (1’,2 ‘) (4,3’) (4’,3’)

[24]

𝑓24

C2' ( 2 )

(1,4) (1’,4’) (2,3) (2,3)

[24]

𝑓24

C2'' (1)

(1,1 ‘) (3,3’) (2,4’) (2’,4)

[24]

𝑓24

C2'' ( 2 )

(2,2’) (1,3’) (4,4’) (1’,3)

[24]

𝑓24

h

(1,1’) (2,2’) (3,3’) (4,4’)

[24]

𝑓24

S4

(1,2’, 3,4’) (1’, 2,3’,4)

[42]

𝑓42

i

(1,3’) (1’,3) (4,2’) (4’,2)

[24]

𝑓24

S 43

(1,4’, 3,2’) (1’, 4,3’,2)

[42]

𝑓42

 v (1)

(2,4) (2’,4’) (1) (1’) (3) (3’)

[22]. [14]

𝑓22 ⋅ 𝑓14

 v ( 2)

(1,3) (1’,3’) (2) (2’) (4) (4’)

[22]. [14]

𝑓22 ⋅ 𝑓14

 d (1)

(1,2) (1’,2’) (4,3) (4’,3’)

[24]

𝑓24

 d ( 2)

(1,4) (1’,4’) (2,3) (2’,3’)

[24]

𝑓24

We derive the topological cycle indicator ( Z

top

) and the enantiomeric cycle indicator ( Z

en

) from the above table in

equation 5 and 6 respectively.

z top =
zE =

(

1 8
f1 + 4 f 42 + 9 f 24 + 2 f14 f 22
16

(

1 8
f1 + 2 f 42 + 5 f 24
8

)

)

(5)

(6)

The cycle index used in Equation. 5 and Equation. 6 can be transform using Equation. 7 in the case of binary heterosubstition
and which allows us to obtain the generating function given in Equation. 8.

(

f i j → 1 + x i + yi

)

j

(7)
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Where x and y represent the molecular weight of the substituent X and Y respectively. F

top

 
( x,y ) =  a top
j x y (8)
j

F en ( x,y ) =  a enj x  y

(9)

j

For each hetero-substitution with degree  and

en
 , a top
j and a j represent respectively the number of topolical isomers and

the number of enantiomeric isomers. From these latters we can derive the number of chiral form and the number of achiral
forms denoted by Ac and Aac using Equation. 10
top

Ac + Aac = a j

en

2Ac + Aac = a j

(10)

Results and Discussion
Truxillines, truxinic and truxillic acids are represented by this topological formula C4 H 4 X 2Y2 where X and Y represent
respectively (i) the carboxylic and phenyl groups for truxinic and truxillic acids and (ii) the methyl ecgonine esther and
phenyl groups for truxillines.
(I) Let’us represent the molecular weight of carboxylic and phenyl groups respectively by x and y for the case of truxinic and
truxillic acids. By application of Equations 5-9 we obtain these resulting generating functions:

(

)

F top xi y j = xy7 + yx 7 + 5x 2 y6 + 5x 2 y5 + 5y 2 x 6 + 10x 4 y 4 + x 8 y8 + 13x 2 y5 + 13y 2 + 21x 3 y 4
+ 21x 4 y3 + 5xy6 + 5yx 6 + x 7 + y 7 + 37x 2 y 4 + 37y 2 x 4 + 40x 3 y3 + 13xy5 + 13yx 5
+ 5x + 5y + 40x y + 40y x + 21xy + 21yx + 5x + 5 y + 37x y + 21xy
6

6

2

3

2

3

4

4

5

5

2

2

(11)

3

+ 21yx 3 + 10x 4 + y 4 + 13xy 2 + 13yx 2 + 5x 3 + 5y3 + 5xy + 5x 2 + 5y 2 + x + y + 1
And

F en ( xi y j )=y 7 + yx 7 + 6 x 2 y 6 + 6 y 2 x 6 + 7 x3 y 5 + 7 y 3 x5 + 13x 4 y 4 + x8 + y 8 + 21x 2 y 5
+ 21y 2 x 5 + 35x 3 y 4 + 35 y 3 x 4 + 7 xy 6 + 7 yx 6 + x 7 + y 7 + 60 x 2 y 4 + 60 y 2 x 4
+ 70 x 3 y 3 + 21xy 5 + 21yx 5 + 6 x 6 + 6 y 6 + 70 x 2 y 3 + 70 y 2 x 3 + 35xy 4
+ 35 yx + 7 x + 7 y + 60 x y + 35 xy + 35 yx + 13x + 13 y + 21xy
4

5

5

2

2

3

3

4

4

(12)
2

+ 21yx 2 + 7 x 3 + 7 y 3 + 7 xy + 6 x 2 + 6 y 2 + x + y + 1
Now, let’s retain the corresponding term with our topological formula C4 H 4 X 2Y2 . In other way we retain just the term
corresponding to

 =2 and  =2:

F top ( x 2 ,y 2 ) = 37x 2 y2 and F en ( x 2 ,y 2 ) = 60x 2 y2

(13)

The number of chiral form and the number of achiral forms can be calculated using Equation 10.
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Ac + Aac = 37
 Ac = 23 et

2Ac + Aac = 60

Aac = 14

(14)

These calculations show that molecular system C4 H 4 X 2Y2 exhibits a total number of 37 stereo and position isomers which
are depicted by the molecular graphs shown in FIG. 2. The chirality fittingness reveals that this molecular system generates
23 chiral forms and 14 achiral forms.

FIG. 2. Molecular graph of truxillic and truxinic acids or truxillines.

Compounds of this molecular library of truxinic and truxillic acids can be subdivided into three (03) classes:
•

Truxillic acids which are cyclobutane having two phenyls and two carboxylic groups symmetrically laid out compared
to the diagonal of the cycle. There are five stereoisomers of the truxillic acid (trux1, trux2, trux3, trux4 and trux5
known in the literature as peri-, epi-, gamma-, alpha- and epsi-truxillic acid respectively [10-11]). These 5 compounds
can be obtained by distillation of the cinnamic acid. They are also found in a large variety of plants [12-13].

•

Truxinic acid stereoisomers in which the two carboxylic groups are carried by two adjacent carbons. It’s the case of
following compound trux6, trux7, trux8, trux9, trux10 and trux11 [14].

•

Unspecified truxillic/truxinic acids (from trux12 till trux37).

(II) Let’us represent the molecular weight of methyl ecgonine esther and phenyl groups respectively by x and y for the case of
truxillines. By application of Eqs 5-9 we obviously obtain the same results for the molecular system C4 H 4 X 2Y2 which
exhibits a total number of 37 stereo and position isomers which are depicted by the molecular graphs shown in FIG. 2. The
chirality fittingness reveals that this molecular system generates 23 chiral forms and 14 achiral forms which are also
subdivided into two (02) classes:
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•

Truxillines which are cyclobutane having two phenyls and two methyl ecgonine esther groups symmetrically laid out
compared to the diagonal of the cycle. There are five stereoisomers of the truxillines (trux1, trux2, trux3, trux4 and
trux5 known in the literature as peri-, epi-, gamma-, alpha- and epsi-truxillines respectively).

•

Truxillines stereoisomers in which the two methyl ecgonine esther groups are carried by two adjacent carbons. It’s
the case of following compound trux6, trux7, trux8, truxil9, trux10 and trux11 [14].

•

Unspecified truxillines (from trux12 till trux37).

Although certain molecules of this library are referred in the literature, it is to be hoped that others among the unspecified
truxillic/truxinic acids and truxillines will be perhaps discovered in the nature or by way of synthesis. We are aware that
severals will never exist taking into account their high degree of instability from the thermodynamic point of view.

Conclusion
This work was devoted to the elucidation of stereoisomers of truxillic/truxinic acids and truxillines in order to open the door
to potential discovering of a new compound from the unspecified derivatives of 2,4-diphenylcyclobutane-1,3-dicarboxylic
acids or truxillic acids, 1,4-diphenylcyclobutane-2,3-dicarboxylic acids or truxinic acids and their alkaloidal precursors, the
truxillines. This has been done through the application of the method of Pólya to the enumeration of the stereoisomers of the
truxillic/truxinic acids and truxillines which are a heterosubstituted cyclobutane of a quaternary nature of partial degree of
substitution 2 for phenyl and 2 for the carboxylic acid or methyl ecgonine esther. Calculations shown that both compounds
have 23 chiral forms and 14 forms achirals among its family members (diacids and non-diacids). The most known compounds
of this series, because of their usefulness in chemistry are the truxillic acids, the truxinic acids and truxillines which are three
categories of compounds obtained by natural way or synthesis. However unspecified truxillic/truxinic acids and truxillines are
not forcing of less importance because it is undoubtedly from this third class of the truxillic/truxinic acids and truxillines that
one could discover new molecules resulting from this family of compounds. The results obtained are in agreement with those
that Emadak [31] obtained by associating graphs and permutation’s theory to enumerate the derivatives of the monocyclic
cycloalcanes.
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