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Abstract
1

H, 19F or 31P NMR integration data of the specific signals of the reaction products of the multi(identical) spaced
functional group reactants, followed by the binomial theorem calculation allows to the same results obtained from GC
analysis. According to the unsymmetrical or symmetrical parts of the substrate structure, the number of products may be
determined.
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1. Introduction
Compounds containing multi(identical) spaced functional groups exist in some natural substances (Hausmann et al.
2006) and synthesized products (Barton et al., 2016). In polymer field bis(functional) compounds are well described,
they are used as monomers (Qomi et al., 2007), but in major cases these compounds are not so far from to each other
and they undergo chain polymerization reactions.
Some functional groups undergo competitive reactions, yielding isomers such as Markovnicov/anti-Markovnicov
products of ionic addition on alkenes (Lorusso et al., 2006) and alkynes (Trostyanskaya et al., 2012), Z/E elimination
reaction products (Darcsi et al., 2017; Bhalla et al., 2016), nucleophilic oxirane ring opening reaction products (Larin et
al., 2014; Mariéet al. 2007) etc.
The determination of the number and the proportions of the reaction products in the mixture is not evident from NMR
data only, in this kind of reaction products is generally confirmed by gas chromatography (GC) data (Mekni et al.,
2002).
Herein we focused on the determination of the number of products and their proportions from NMR data, followed by
the binomial theorem calculations and their comparison to those obtained from the GC data. Our idea is consolidated by
some experimental results previously published.
2. Results and Discussion
n identical spaced functional groups molecule containing, are considered to react simultaneously as well as independent
molecules. Each reactional functional group can yields to two isomer products (via a or b possibilities, omitting the
stereochemistry) (Schemes 1, 2). The reactions on each side are simultaneous and the same but with different
probabilities on a and b routes).
The 1H, 19F or 31P nucleus NMR signals are integrable. But, the integration data can give information only about the a
and b ratio. This information is unable to determine directly the number of products and the proportion of each
component in the mixture, in both symmetrical and unsymmetrical parts of reactant molecules.
Starting from the simple case, by studding the bis(identical) spaced functional groups. If the two molecule parts are
different (Scheme 1), the reaction yields 22 = 4 products and the corresponding NMR spectra shows 4 signals (2 for a
and 2 for b possibilities).
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Scheme 1. Bis(identical) spaced functional groups.
The application of a probability calculation allows the determination of the proportion in each product (Equation 1).
(a + b)2 = a2 + ab + ba + b2

(1)

If the molecule is symmetrical, the number of products decreases to 3 (ab is identical to ba). The number of NMR
signals is also equal to 2 for each part (2 signals for a and 2 signals for b possibilities). The proportion of the three
products is determined from the NMR signals integration data applied to the binomial theorem, in which the mixed
product is the sum of the cross reactions (ab + ba):
(a + b)2 = a2 + 2ab + b2
There are some experimental results of our previous works, justifying this later calculation for elimination (Mekni et al.,
2002; Mekni, 2014) and addition (Mekni et al., 2000) reactions (Table I). The integration of 1H or 19F NMR signals
followed by the application of the binomial theorem allows the determination of the number of products and their
proportions. The obtained results are in total correlation with the GC data (Table 1).

Scheme 2. Example of elimination reaction on bis(iodo) spaced functional groups.

Scheme 3. Example of radical addition reaction on bis(alkyne) spaced functional groups.

Scheme 4. Example of ionic addition reaction on bis(alkene) spaced functional groups
The results of the latter reaction (Scheme 4) are not well significant in term of the proportions because there are
simultaneous degradation reactions (Mekni et al., 2000). But, they confirm clearly the formation of the mixed product
theoretically expected product.
Table 1. Examples of bis(identical) spaced functional group substrate reactions.
Products

1

H NMR (a/b)

19

F NMR (a/b)

NMR (%)

GC (%)

Reference

1a/1b/1c

98/2

98/2

96/4/0

96/4/0

Mekni et al., 2002

2a/2b/2c

66/34

66/34

44/45/11

44/45/11

Mekni, 2014

1a/1b/1c*

62/38

61/39

25/15/12

24/15/13

Mekni et al., 2000

If the molecule contains three different parts containing identical spaced reactional functional groups, it yields 2 2 = 8
products for which the proportions are given according to the binomial equation 2.
(a + b)3 = aaa + aab + aba + abb + baa + bba + bab + bbb
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Scheme 5. Tris(identical) spaced functional groups.
If the substrate molecule parts are identical, the number of products becomes equal to 4 (ab is identical to ba). The
calculation in this case follows the relation:
(a + b)3 = a3 + 3a2b + 3ab2 + b3
In the case of a molecule containing four (identical) reactional functional groups, linked to different parts, the number of
products will be 24 = 16, according to the binomial theorem (Equation 3):
(a + b)4 = aaaa + abaa + aaba +aaab + baaa + bbaa + baba + baab + aabb
+ bbab + abbb + bbbb

+ abab + abba + bbba + babb
(3)

Scheme 6. Tetra(identical) spaced functional groups.
If the molecule parts are identical, the number of isomers decreases to 5.
a4 + 4a3b + 6a2b2 + 4ab3 + b4
The application of the bionomial theorem to the NMR integration data to calculate the number of isomers and their
proportions in the mixture is true for the first, second order. So, by recurrence this calculation is applicable to the n
order in both cases symmetrical and unsymmetrical molecule substrate.

Scheme 7. Poly(identical) spaced functional groups.
The number of product is equal to 2n and their proportions are given by the binomial theorem (Equation 4) applied to
the corresponding NMR integration nucleus data.
𝑛 )𝑎𝑏 𝑛−1
(𝑎 + 𝑏)𝑛 = 𝑎𝑛 + (𝐶1𝑛 )𝑎𝑛−1 𝑏 + (𝐶2𝑛 )𝑎𝑛−2 𝑏 2 + … + (𝐶𝑛−1
+ 𝑏𝑛

(4)

Particularly, if the parts of the molecule are identical, the number of isomers decreases to n + 1 products, respecting
Pascal’s triangle in term of number of products and their proportions.
The obtained probability calculations results are in correlation with the chromatographic ones.
3. Conclusion
Because their signals are integrable, the 1H, 19F or 31P NMR data may be sufficient to determine the number of products
and their proportions in a mixture of products resulting from multi(identical) functional group reagent. If the molecule
parts are unsymmetrical, the number of products is given by the relation 2n, and decrease to n + 1 isomers in the case of
symmetrical reactants.
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