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Abstract: We demonstrated herein a free-radical
alkenylation of the C(sp®)-H bond in 1,2-dichloroethane
with cinnamic acid and g-nitrostyrene. This method not
only provides a facile approach to chloroalkylated
styrenes, but also would be instructive for halogen-atom
directing selective functionalization of inert C(sp®)-H
bond.

Keywords: Free-radical, C-H activation;
Decarboxylation; Haloalkane; Cinnamic acid

One of the most atom-economic and valuable
transformations in synthetic organic chemistry is the
free-radical promoted selective functionalization of
C(sp®)-H bond.l As depicted in Scheme 1A,
considerable advances in site-selective conversion of
the C-H bond in amine, ether and alcohol have been
achieved in the past decades.”’! In these cases, it is
believed that the unique selectivity is dominantly due
to bond dissociation energy (BDE) of the C-H bond,
polar effect and stability of the radical intermediate.!
However, the heteroatom-directing effect seems only
limited in N and O atoms. Although halogen-atom
might play the similar role, selective activation of the
C(sp®-H bond in general haloalkane has not been
realized so far. Two major factors probably make it
challenging. One is the relatively weaker BDE of the
carbon-halogen bond than that of C-H bond. And the
other is the three full p-orbitals (three lone-pairs) of
halogen atom that would weaken the p-SOMO
delocalization. Nevertheless, several examples of this
conversion have been achieved in dichloromethane
(DCM).B! The homolytic cleavage of the C-H bond
occurred prior to that of the C-Cl bond leading to a
more stable CI,CH radical (formation enthalpy: AH%
= 223 += 1.0 kcal/mol) than CICH, radical
(formation enthalpy: AH% = 28.0 + 0.7 kcal/mol).P!

It might be due to the p-SOMO-p delocalization in
Cl,CH radical (Scheme 1B). Of particular interests
are  free-radical initiated  highly  selective
functionalization of C(sp®)-H bond. We began to
investigate this conversion with general haloalkanes.
Herein we wish to report a free-radical alkenylation
of 1,2-dichloroethane (DCE) and 1,3-dichloropropane
via selective activation of the inert C(sp®-H bona
(Scheme 1C). To the best of our knowledge, it is the
first example of oxidative coupling of DCE with
cinnamic acids and/or S-nitrostyrenes.!

A. Radical-promoted selective functionalization of C(sp®)-H via O/N-atom directing.
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B. Previous works on radical activation of C(sp®)-H in DCM (Li, Loh, Liu, Tang et al.):
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Scheme 1. Free-radical promoted selective

functionalization of C(sp®)-H bond via heteroatom
directing.

Initially we chose (E)-3-(4-bromophenyl)acrylic
acid and DCE as the model substrate to optimize the
reaction conditions (Table 1). We started with a series
of peroxides, and TBPA was found more effective
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than others to afford the desired product 1 (entries
1-4). Then temperature was monitored (entries 5 and
6). An elevated temperature cound not give a better
yield. Next an array of metal and or metal salts were
screened (entries 7-14). As a result, low yields of the
products were obtained with or not the initiators
(entry 15). Subsequently, we examined the
concentration of the reactants (entries 16-18). To our
delight, the yield increased to 42% by using 5 mL of
DCE as the solvent. Interestingly, decreasing the
amounts of TBPA to 2 equivalents gave a better yield
rather than 3 equivalents (entries 19-21). Furthermore,
addition of a catalytic Cu,O led to a similar result
(entry 22). Finally, a mixed solvent cound not
accelerate  the reaction (entry 23). The
decarboxylative methylation would occur in t-BuOH,
which  might undergo an  addition and
decarboxylation reaction of the methyl radical with
cinnamic acid.[ It‘s worth noting that only E-alkenes
were observed in all cases.®!

Table 1. Modification of the typical reaction conditions.?

- COOH
cl
/©N oo
Br

Cl

/@MCI
Br

1

peroxide
initiator

entry '}2;%:7)9 catalyst (mol%) szl:sﬂ T (°C) 1%°

1 DTBP (3) Cu.0 (5) 2 120

2 TBHP (3) Cu:0 (5) 2 120

3 DCP (3) Cu.0 (5) 2 120

4 TBPA (3) Cu.0 (5) 2 120 30
5 TBPA (3) Cu:0 (5) 2 130 18
6 TBPA (3) Cu:0 (5) 2 110 21
7 TBPA (3) Cu (5) 2 120 12
8 TBPA (3) cucl (5) 2 120 15
9 TBPA (3) cul (5) 2 120 16
10 TBPA (3) CUF, (5) 2 120 13
11 TBPA (3) Cu(acac), (5) 2 120 15
12 TBPA (3) Cu(OAGC): (5) 2 120 10
13 TBPA (3) FeCl, (5) 2 120

14 TBPA (3) AgNO;s (5) 2 120

15 TBPA (3) - 2 120 16
16 TBPA (3) - 3 120 23
17 TBPA (3) - 5 120 42
18 TBPA (3) - 7 120 41
19 TBPA (2) - 5 120 54
20 TBPA (1.5) - 5 120 30
21 TBPA (1.75) - 5 120 38
22 TBPA (2) Cu:0 (2) 5 120 53
23° TBPA (2) - 5 120 35

@ Conditions: cinnamic acid (1 equiv., 0.2 mmol), DCE (as solvent), heat
(measured temperature of oil bath), sealed tube, 5 h., unless otherwise noted. °
Isolated yield. ¢ Solvent (4 mL of DCE and 1 mL of t-BuOH). DTBP=
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Di-tert-butyl peroxide; TBHP= tert-Butyl hydroperoxide; DCP= Dicumyl
peroxide; TBPA= tert-Butyl peroxyacetate.

With the information in hand, we then evaluated
the substrate scope (Table 2). It was found that
various cinnamic acids yielded the corresponding
products smoothly. A series of
(E)-(3,4-dichlorobut-1-en-1-yl)benzenes were
isolated as the major products with electron-deficient
aryl substituted cinnamic acids (1-12). Gratifyingly,
(E)-3-(pyridin-3-yl)acrylic acid afforded the expected
product in 61% yield (8). In addition, cinnamic acids
containing the aromatic cores with substituents in
different positions affected the yield slightly (9 and
10). (E)-3-(4-(trifluoromethoxy)phenyl)acrylic acid
gave a 62% yield of the product while
(E)-3-(4-acetoxyphenyl)acrylic acid only afforded a
yield of 30% (11 and 12). It indicated that the
electron density of the aromatic core in cinnamic
acids might play a critical role in this reaction. In
order to investigate the electronic effect, a set of
cinnamic acids with electron-rich arenes were
examined (13-17). To our surprise, a series of
(E)-1-chloro-4-arylbut-3-en-2-yl  acetates (13-16)
were isolated as the major products with these type of
cinnamic acids. Furthermore, (2E,4E)-5-phenylpenta-
2,4-dienoic acid also yielded the corresponding
product 17. In these cases, a catalytic amount of
Cu20 (2 mol%) could improve the yields. Low
conversion of the starting materials were often found
in the cases of 10, 12 and 17, which resulted in
relatively low yields of the corresponding products.
Finally, we had also evaluated bromo and iodo and
even fluoroalkanes. But all failed. The former two
kinds of haloalkanes gave a mass involving
dehalogenative products. And only low yield of
decarboxylative methylation products was isolated
with fluoroalkanes.

Table 2. Decarboxylative coupling of cinnamic acids with
DCE.2

TBPA, 120°C, 5 h

SN cl
- . _ FelL
FG = Electron withdrawing >
: CN, CO3R, NO;...
X COH groups: s 2R, 2
FG@A/ . |/\/cl _ o
Z 2 mol% Cu,0 o*
TBPA, 120°C,5h N al
FG = Electron donating FGr _
groups: R, OR, NHAc...
Cl cl al
/©/\)\/C‘ /@/\)\/Cl Fj@/\)\/CI
Br cl F
1, 54%P 2, 60% 3,50%

Cl Cl Cl

/@/\)\/CI A Cl
0.
3 O2N -
(o}

5, 58%° 6, 64%
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Cl
@/\)\/CI
‘ ~
N

8,61% 9,51%

(o]
/@/V\/CI
F3CO

11, 62%

Cl
/@/\)\/CI
NC

7,65%

cl
@\/\)\/C'
Br
10, 46%

(o} O o
Ok Ok Ok
MeO
13, 56%° 14, 51%° 15, 58%°

2 Conditions: cinnamic acid (1 equiv., 0.2 mmol), DCE (5 mL), TBPA (2
equiv., 0.4 mmol), 120 °C (measured temperature of oil bath), sealed tube, 5 h.,
unless otherwise noted. ° Isolated yield. ¢ Cu,O (2 mol%, 0.004 mmol).

Next, we also examined other chloroalkanes and
coupling partners (Scheme 2). As depicted in Scheme
2A, reaction of (E)-3-(4-cyanophenylacrylic acid
with 1,3-dichloropropane afforded the expected
product 18 in 25% yield. The relatively low yield
might be due to the solvent effect, which affected the
efficiency of reaction critically. It’s noteworthy that
26% vyield of (E)-1-phenylpent-1-en-3-yl acetate 19
can be isolated from a relatively complex system
given by radical coupling reaction of cinnamic acid
with 1-chloropropane (Scheme 2B). Although the
yield is relatively low, this example suggested that
highly site-specific functionalization of the C(sp®)-H
bond in more general haloalkanes could be realized in
the future. Additionally, S-nitrostyrenes also could be
utilized as the effective coupling partners in this
system (Scheme 2C). Furthermore, we had carefully
studied the effect of copper salts in both electron-rich
and electron-poor aryl-substituted cinnamic acids.
And we found that the copper salts affected the
electron-defficient acids little. But the electron-rich
acids and g-nitrostyrene substrates would give a more
complex system without the copper salts. And we
proposed that the copper salts might accelerate the
single-electron oxidation of the radical adduct and
therefore a nuclophilic substitution occurred with
electron-rich substrates.

A. Radical decarboxylic alkenylation of DCP.
2 mol% Cuy0 ¢ al
TBPA, 120°C, 5h X

X COOH
/©/\/ + o " —M——>
NC NC

18, 25%
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B. Radical decarboxylic coupling of cinnamic acid with 1-chloropropane.

o
5 mol% CuF,
_COOH 3 equiv. TBPA Ok
+ o \
120°C, 12 h

(1 equiv. 0.2 mmol) (3mL) 19, 26%

C. Radical alkenylation of DCE with S-nitrostyrenes.

2 mol% Cu0

cl
X NO2 TBPA, 120°C, 5 h S cl
/@/\/ . CI/\/C‘ /@/\)\/
O2N OyN
5,28%
2 mol% Cu,0 Cl
X NO; TBPA, 120 °C, 5 h A cl
/©/\/ + C‘/\/CI [ /©/\)\/
NC NC
7,42%
o}
2 mol% Cu,0 Ok
X NO2 TBPA, 120°C, 5 h
@/V . CI/\/CI T @/V\/C\
13, 18%
Scheme 2. Free-radical promoted selective

functionalization of C(sp®)-H bond in chloroalkanes.

Finally, mechanistic studies were carried out to
get insight into the details of this process (Scheme 3).
As demonstrated in Scheme 3A, a radical trapping
experiment showed that no desired product was
observed by loading a radical scavenger TEMPO.
Furthermore, radical adducts | and 11 were detectec
by GC-MS, which indicated that the methyl radical as
well as the 1,2-dichloroethyl radical might be the
active intermediates in this process. Based upon the
previous literatures™® and the above results, we
proposed a possible mechanism for this reaction
(Scheme 3B and 3C). Thermal homolysis of TBPA
would generate acetic and tert-butoxy radicals.
Alternatively, single-electron reduction of TBPA by
Cu(l) would afford acetic anion and t-BuO radical.
Then p-fragmentation of tert-butoxy radical gave
acetone and methyl radical. Hydrogen-atom-transfer
(HAT) from chloroalkane to tert-butoxy or methyl
radical occurred to form radical A, which then added
to the carbon-carbon double bond leading to radical B.
Subsequently, decarboxylation followed by HAT of
B would yield (E)-(3,4-dichlorobut-1-en-1-yl)arene if
the substituents on the arene are
electron-withdrawing groups. While the substituents
are electron-donating groups, one electron oxidatior:
of B by Cu(ll) leading to a benzyl cation C would be
faster than decarboxylation. And then a radical cation
D would be formed by decarboxylation and HAT of
C. Allyl nucleophilic substitution followed by single
electron reduction would yield the final product.

This article is protected by copyright. All rights reserved.
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A. Radical trapping experiment.

o
o COH
O,
©A/ + CI/\/C‘ + >r Ok

(1 equiv., 0.2 mmol) 5mL TBPA (3 equiv.)

2 mol% Cu,0 or not
+ N _
o-

120°C,5h
TEMPO (3 equiv.)

A A

(not detected) CI n
(detected by GC-MS)

cl (OAc

B. Generation of the primary radical.

A
Q .
>r0\o)‘k | °
TBPA \ A —O)K

(o}
O pfragmentation
+ >r EE—— )K + "CHs

C. Suggested mechanism.

o ci
o FG = EWG cl
t-BuO* *CHg EWG*
or j@” -CO,, - He
coH

t+-BuOH CH, }

Cu uj
FG = EDG
Cl -+
CO,H N cl
I et
-CO,, -

)OK
o cu" + ¢
EDGAOA)\/

cl A” >~
C\/\/

N\ COH
A

Scheme 3. Mechanistic studies.

In summary, a free-radical alkenylation of the
C(sp®-H bond in DCE with cinnamic acids and/or
S-nitrostyrenes was developed. It allows a convenient
access to a variety of chloroalkylated styrenes, which
are valuable building blocks by diverse late-stage
transformations. Besides, the results of
1-chloropropane and 1,3-dichloropropane indicated
that site-specific HAT of the C(sp®-H bond in
haloalkane via halogen-atom direction would be
possible. Continuous investigations in this field are
ongoing in this lab.

Experimental Section

General procedure: A mixture of cinnamic acids (1
equiv., 0.2 mmol) and TBPA (2 equiv., 0.4 mmol) was
heated in DCE (5 mL) under reflux at 120 °C (measured
temperature of oil bath) for about 5 h in a sealed tube.
After the reaction finished, the mixture was evaporated
under vacuum and purified by column chromatography to
afford the desired product.
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