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Abstract

This article depicts the reactivity study of olefins towards nucleophilic and electrophilic
reactions. The real-time NMR Kkinetic experiments showcased how the reactivity of the olefins
varies with varying electron density over the olefinic bond. Additionally, the SC-XRD study
reveals not only the electron density over olefin makes the difference in reactivity but the planar

arrangement also has an impact and could nullify these substitution effects.

1. Introduction

The soft © electron density present on the C=C double bond constitutes a reactive site on the
hydrocarbon skeleton. Olefins are readily available and valuable building blocks in natural
products, materials and pharmaceuticals. Therefore, many olefins have a tremendous demand
in industry, such as ethylene (with a worldwide production over 225.52 million metric tons in
2022), propene (with a worldwide production around 150.3 million metric tons in 2022),2 and
styrene (15.44 million metric tons in 2022).% Structurally, olefins contain at least one © bond,
which can be either a good electrophile or nucleophile. The n-system represents the key step
of many synthetically important reactions such as Sharpless dihydroxylation,* ozonolysis,®
Diels-Alder reaction,® Wacker oxidation,” hydrogenation,® halohydrin synthesis,® Friedel-
Crafts alkylations and acylations,!® Prins reactions,)! Hosomi-Sakurai allylations,*2
Mukaiyama aldol cross-couplings,*® Nicholas propargylations,** Mannich aminoalkylations,®

and Tsuji-Trost allylations®®.

In the case of unsubstituted alkenes, the two carbon atoms participating in the double bond are

comparatively electron rich because of the higher electronegativity of the carbon atom relative
to the hydrogen atom (C=C-H). The more electronegative character of the sp? carbon with

respect to the sp® carbon is an additional source for the better stabilization of a negative charge
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in the former case. Therefore, the usual reactivity pattern of the C=C functionality is the attack
by electrophiles, E*. However, this behavior can be reversed or modified by suitable
substitutions. For instance, in presence of an electron donating group the olefinic bond is more
reactive towards the electrophilic substitution reaction whereas in presence of an electron
withdrawing group the probable reactivity of C=C functionality would be more towards the
nucleophiles. Additionally, the alignment of the double bond with the substituents
(EDG/EWG) also affects its reactivity. Previous literature studies!’ have reported that the
reactivity of an olefin towards the electrophile or nucleophile depend upon the electron density

of the C=C.

Figure 1. Functionalization of C=C using electrophile and nucleophile

2. Results and Discussion

various reactivity patterns were observed with different types of substrates towards the
dibromination protocol: NBS-300 mol%, pyrrolidine-10 mol% (Figure 1).* The olefinic bond
of substituted methyl (E)- cinnamates and fS-nitrostyrenes reacted well with the established
protocol whereas, substituted A-methyl-g-nitrostyrenes surprisingly did not provide the
corresponding dibromo product except for 4-methoxy-4-methyl S-nitrostyrene. Thus a detailed
investigation was carried out to find the reactivity pattern of C=C functionality in S-methyl-

S-nitrostyrenes in comparison to substituted methyl (E)-cinnamates and S-nitrostyrenes.
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Figure 2. The reactivity difference of various C=C functionality

With the intent to study the reactivity of the differently substituted olefinic bonds, we have

taken various electrophilic sources such as molecular bromine (Brz, 1a), N-bromosuccinimide
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(NBS, 1b), 2-bromotetrahydrocyclopentapyrrole-1,3-dione (1c) and N-bromophthalimide (1d)

and pyrrolidine as the nucleophilic source 2.

Electrophilic Bromocationic Sources: i Nucleophilic Source:
i

o) 0 0 E

Br, E‘éN—Br C‘:‘éN—Br ©iléN—Br E CNH
o} o) o} :

1a 1b 1c 1d 1 2

Figure 3. Various electrophilic and nucleophilic sources used to study C=C reactivity

Reactivity of olefin in presence of electrophiles: Initially, the nucleophilic character of the

C=C bond was studied for all the olefinic substrates.

a) Reactivity of methyl (E)-cinnamate (3a) in presence of electrophiles: At first, upon
reaction with methyl (E)-cinnamate (3a), Br2 and NBS acted as reactive electrophilic reagents
resulting in the co-halogenated product [4a]t. n 4a = 100 and [4a]tz h = 80% respectively.
Whereas 2-bromotetrahydrocyclopentapyrrole-1,3-dione (1c) and N-bromopthalimide (1d)
acted as poor electrophilic sources resulting in co-halogenated product 4a in 5% at t = 8 h and
8 at t = 8 h respectively. In comparison to Br and NBS, 2-
bromotetrahydrocyclopentapyrrole-1,3-dione and N-bromopthalimide showed slower reaction
rates (Figure 4). The conjugation of the phenyl ring to the succinimide backbone in N-
bromophthalimide (1d), might decrease the electrophilicity of the ‘Br’ atom, whereas for 1c
the reason is not very clear to us.
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a- mo
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Figure 4. A plot for concentration vs. time for reaction of methyl (E)-cinnamate with various

electrophilic bromine sources in CD30D; Note: In case of molecular bromine (Brz, 1a), there

was a mixture of dibromo product and methoxy bromo product 4a in the ratio of 20:80.

b) Reactivity of methyl (E)-4-methoxycinnamate (3b) in presence of electrophiles: In

case of methyl (E)-4-methoxycinnamate (3b) all the electrophilic bromo reagents (la-d)

reacted relatively at a faster rate than methyl (E)-cinnamate (Figure 5). The conversion of

methoxy-bromo product 4b has been measured for various electrophilic bromo reagents are
[1a]tis h = 74%, [1b]tsn = 100%, [1c]ts h = 56%, [1d]ts h = 60% respectively. The rate of the

reaction is highest in Brz (1a) followed by 1b, 1c and 1d correspondingly, in the similar

sequence as of reaction with 3a. This could be attributed to the electron donating effect of the

methoxy substituent present at C-4 of the phenyl ring.
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Figure 5. A plot for concentration vs. time for reaction of methyl-4-methoxy-(E)-cinnamate

with various electrophilic sources in CD3;0D

c) Reactivity of methyl (E)-4-nitrocinnamate (3c) in presence of electrophiles: In a
similar way, when the same electrophilic bromo reagents (1a-d) were reacted with methyl (E)-
4-nitrocinnamate (1c), no product formation was observed. In this case, the presence of the
electron withdrawing substituent (-NO-) at C-4 of the phenyl ring might be the reason for

lowering the electron density of the olefin making it unreactive (Scheme 1).

o Bromocationic Source D3C\O o
1a-d (100 mol%) X
X O/ (] O/
CD3;0D-0.5 mL :
O,N .
’ 3¢ O2N 4c

No conversion
Scheme 1. Reactivity of C=C of methyl-(E)-4-nitrocinnmates (3c) in presence of various

electrophilic bromocationic sources (1a-d)

By comparing the above results it was found that, in case of (E)-cinnamates, the nucleophilicity
of the olefinic bond is substantially affected by the nature of the substituents on the phenyl

ring. The electron donating groups present on the phenyl ring increases the nucleophilic activity

of the olefinic bond by pushing the electron flow towards the C=C whereas the electron
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withdrawing groups decreases the nucleophilic activity of the same by pulling the electron
density. Subsequently, when the reactivity order of the various electrophilic bromo reagents is
compared (3a-d), it was found that Br reacts at a faster rate than the NBS followed by 2-
bromotetrahydrocyclopentapyrrole-1,3-dione (3c) and N-bromopthalimide (3d) (Figure 5 and
Figure 6).

In a similar way, a comparison study presenting the reactivity of substituted methyl cinnamates
showed the electrophilic reaction is faster in case of —OCHg3 substitution on the phenyl ring
whereas the —NO; substituted methyl (E)-cinnamate remained unreactive (Figure 6).

D5C.
(0] 3 o 0
X077 NBS (100 mol%) o
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Figure 6. A comparison study of substituent effect on the electrophilic substitution reaction of
methyl (E)-cinnamates (3a-c)

Further, the nucleophilic reactivity of the C=C functionality of various substituted /-
nitrostyrenes were studied with the above mentioned bromo-electrophiles (1a-d). Similar to
methyl (E)-cinnamates (4.3), it was observed that the rate of the reaction is influenced

depending upon the substituents present on the phenyl ring.
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d) Reactivity of g-nitrostyrene (5a) in presence of electrophiles: Although g-nitrostyrene
(5a) follows the similar trend to that of methyl (E)-cinnamates as a nucleophile but the reaction
rate is relatively slower. In case of g-nitrostyrene (5a), the co-halogenated product 6a forms
with molecular bromine (Brz), but with only 18% conversion in 8 h, whereas all others
electrophiles (1b-d) remain unreacted (Figure 7).
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Figure 7. A plot for concentration vs. time for reaction of g-nitrostyrenes with various
electrophilic sources in CD30OD; Note: In case of molecular bromine (Br2, 1a), there is a

mixture of dibromo S-nitrostyrene and methoxy bromo g-nitrostyrene (6a) in the ratio of 30:70.

e) Reactivity of 4-methoxy g-nitrostyrene (5b) in presence of electrophiles: In case of 4-
methoxy-g-nitrostyrene (5b) all the electrophilic bromo reagents (1a-d) reacted swiftly which

could be due to the increased electron density over the olefinic bond owing to the presence of

7
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electron donating substituent on the phenyl ring (Figure 8). The conversion of methoxy-bromo
4-methoxy-g-nitrostyrene (5b) has been measured for various electrophilic bromo reagents is
[1a]th = 100%, [1b]ts h = 100%, [1c]ts h = 100%, [1d]ts n = 100% respectively. Additionally,
the rate of the reaction is highest in Br, (1a) followed by 1b, 1c and 1d correspondingly.
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Figure 8. A plot for concentration vs. time for reaction of 4-methoxy-g-nitrostyrene (5b) with

various electrophilic sources in CD30D

f) Reactivity of 4-nitro-g-nitrostyrene (5c) in presence of electrophiles: 4-nitro-f-
nitrostyrene (5¢) remained unreactive towards all the electrophilic reagents as seen in previous

experiments (Scheme 2).
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x_NO, 1a-d (100 mol%) } E NO,
CD3;0D-0.5 mL B
O,N O.N r

2 5c 2 6¢c

No conversion

Scheme 2. Reactivity of C=C 4-nitro-f-nitrostyrene (5c) in presence of various electrophilic

bromocationic sources (1a-d)

Therefore, by comparing the reactivity of substituted -nitrostyrenes 5, it was found that, the
co-halogenated product 6 resulted with only 4-methoxy-f-nitrostyrene (5b) with 100 %
conversion in 4 h and the rate of the reaction was measured to be k = 9.4 x 10 mint. However,

[S-nitrostyrene (5a) and 4-nitro-g-nitrostyrene (5c¢) remained unreactive (Figure 9).
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Figure 9. A comparison study of substituent effect on the electrophilic substitution reaction of

[S-nitrostyrenes 5

Unlike substituted g-nitrostyrenes 5, substituted p-methyl-g-nitrostyrenes 7 did not react with
the electrophilic bromo reagents (1a-d). The only exception being the reaction of 4-methoxy-
p-methyl-g-nitrostyrene (7b) with molecular bromine (Brz, 1a) which resulted in the co-
halogenated product 8b with 51% conversion att =4 h.
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R = OCHg (7b) R = OCHj3 (8b) 0% conversion at t = 8 h (except Bry)
R = NO, (7c) R =NO, (8¢) 0% conversion att=8 h

Scheme 3. Reactivity of C=C of p-methyl-g-nitrostyrenes 7 in presence of various

electrophilic bromocationic sources (1a-d)
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Figure 10. A plot for concentration vs. time for reaction of 4-methoxy-f-methyl-g-nitrostyrene
(7b) with various electrophilic sources in CD30D

When substituted S-methyl-g-nitrostyrenes 7 were compared for reactivity towards N-
bromosuccinimide (1b), it was found that none of the nitrostyrenes 7 gave the co-halogenated
product 8 unlike methyl-(E)-4-cinnmates 3 and S-nitrostyrenes 5 (Figure 11).
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Figure 11. A comparison study of substituent effect on the electrophilic substitution reaction

of f-methyl-g-nitrostyrenes

The discrepancy in the reactivity of f-methyl-g-nitrostyrenes 7 in presence a methyl substituent
only, was quite intriguing. Presence of methyl substituent at the olefin, is expected to increase
the nucleophilicity of the olefinic bond. But the sluggishness of the reactions was observed.
Primarily, the decrease in reactivity of the C=C in the presence of an extra substituent at /-
carbon could be either due to the steric hindrance at the olefin bond or disruption of the
conjugation of the olefinic bond with the phenyl ring. Thus we continued our study to examine
the structure of p-methyl-g—nitrostyrene derivatives through the SC-XRD crystal structures
(Figure 12). Although we were not successful to get appropriate crystals of 7b, and 7c, for SC-
XRD studies, we did get the single crystal structures of three f-methyl-g-nitrostyrenes 7a (R
=H),}” 9 (R =CN) and 10 (R = F) as well as g—nitrostyrene (5a)*’. In the Figure 4.13, it can
clearly be seen that the phenyl ring and the olefin are in different planes.'” This could cause a
disruption of conjugation as a result of which the nature of the phenyl ring could be
inconsequential in determining the electron density over the double bond. However, this makes
the electron withdrawing nature of the nitro group dominant lowering the electron density over

the olefin making the p-methyl-p—nitrostyrenes unsuitable for nucleophilic attack. We believe

11
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that the structures of 7b, and 7c would be similar to that of 7, 9 and 10 with the phenyl ring

out-of-conjugation with the olefin.

SC-XRD structure of g-methyl-g-nitrostyrene (7a)

\i' TI

DL \V : ‘
“‘f"- 2 N0, } f/} I\‘
g ¥ S’ . : ) \} ‘1_

@ &J~32.72°

SC-XRD structure of 4-cyano-g-methyl-g-nitrostyrene (9)

SC-XRD structure of g-nitrostyrene (5a)

L ? OTNOZ ‘::} \ {

) ~4.9°
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Figure 12. Single Crystal-XRD structure of g-methyl g-nitrostyrenes (7a, 9, 10) and f-

nitrostyrene (5a)

Reactivity of olefin in presence of nucleophile: After being able to find the structure-
reactivity relationship of the olefins towards electrophilic addition reaction, we intended to
examine the same for nucleophilic addition reaction with an assumption of a reverse structure-
activity relationship. The nucleophilic substitution reaction of the C=C functionality was then
accessed to compare the reactivity of the olefins. In contrast to electrophilic substitution
reaction, the rate of reaction of substituted methyl (E)-cinnamates towards nucleophiles
showed no product formation. This could be due to the poor electrophilic nature of the olefinic

bond owing to the presence of ester group.

o [ »

N~ O
0,
/@/\)J\O/ (100 mol%) MO/
R 3 CDClz-0.5mL o 1

No conversion

R = -H (3a) R=-H(11a),t=14h
R = -OCHj (3b) R =-OCH; (11b), t= 11 h
R =-NO, (3¢c) R =-NO, (11¢), t=10 h

Scheme 4. Reaction of substituted methyl (E)-cinnamate with pyrrolidine in CDCl3

In order to investigate the nucleophilic substitution reactions similar control experiments were
performed with various g-nitrostyrenes 5 and fS-methyl-g-nitrostyrenes 7 using pyrrolidine as
the nucleophile. As a result, with S-nitrostyrenes 5a and 5c, the product aldamine 12 formation
was observed immediately after the addition of pyrrolidine. However, with 4-methoxy-4-

nitrostyrene (5b), the aldamine product 12 was obtained correspondingly at a slower rate.
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Figure 13. A plot for concentration vs. time showing the comparative study of substituent
effect on the nucleophilic substitution reaction of S-nitrostyrenes 5

However, as seen in the reaction profile diagrams, the quick formation of the aldamine product
was observed in g-nitrostyrenes 4, whereas in case of f-methyls-nitrostyrene 6 a gradual
increase in concentration of the product was obtained. f-methyl -nitrostyrenes having electron
withdrawing groups on the aromatic ring showed faster reversal to the aldamine intermediate
13 as compared to those having electron donating groups. With g-methyl g-nitroalkene (4-H,
7a) the aldamine intermediate formation at [13a]to = 0.05, whereas with groups having electron
donating groups such as (4-OMe, 7b) the aldamine concentration is [13b]to = 0.02 (Figure
4.13). With electron withdrawing group (4-NO, 7c), the aldamine concentration was relatively
higher, [13c]to = 0.09 (Figure 14).
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Figure 14. A plot for concentration vs. time showing the comparative study of substituent

effect on the nucleophilic substitution reaction of f-methyl-g-nitrostyrene

3. Conclusion

In conclusion, rate of electrophilic substitution reaction of various types of olefins were studied
and it was observed that the C=C functionality present in methyl (E)-cinnamate has the highest
rate of reaction towards the electrophilic sources. Comparing the p-methyl-f-nitrostyrenes, j-
nitrostyrenes reacted well with the electrophiles but due to the missing conjugation with the
aromatic ring owing to the extra methyl group at s-carbon, g-methyl-£-nitrostyrenes remained
unreactive towards electrophilic substitution reaction. However, the reactivity of the olefinic
bond towards nucleophile showed just the opposite order. The presence of the —CH3 group at
S-carbon of the p-methyl-S-nitrostyrene interrupts the conjugation, due to which the C=C
functionality facilitates the nucleophilic attack of the pyrrolidine. Thereby, in this short study
we have shown real-time experiments of how the reactivity of the olefins vary when the

electron density over the olefinic bond is varied due to substituents.
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Figure 15. Comparative study of electrophilic and nucleophilic reactivity of olefinic bond
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