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ABSTRACT: Although organic based photocatalysts provide an inexpensive, environmentally friendly
alternative, many are incapable of absorption within the visible wavelength range; this ultimately
influences their effectiveness. Photocatalytic reactions usually proceed via single electron transfer (SET)
or energy transfer (ET) processes from the photoexcited molecules to the various substrates. In our study,
the carbohalogenation of olefins was accomplished by combining CBr; and 4-Ph-pyridine under
irradiation. The atom transfer radical addition reaction of olefins was catalyzed by an in situ formed
photocatalyst via halogen bonding to afford a variety of products in moderate to good yields. Essential to
the reaction is the formation of a CT complex with the haloalkene, which triggers charge separation
processes and, ultimately, leads to the formation of the C-centered radical. While taking advantage of
relatively inexpensive, readily available, and environmentally friendly reagents, the indirect activation of
the substrate via the photoexcited catalyst paves the way for more efficient routes, especially for otherwise

challenging chemical syntheses.
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Introduction

Over the past decade, visible light photocatalysis has been extensively researched for the activation of
small molecules. This process is often used to synthesize or functionalize a myriad of organic molecules
that were previously difficult to access due to challenging or even impossible chemical transformations.!3
Most of the photocatalysts that have been developed so far are expensive and often use rare transition
metals (e.g., ruthenium [Ru(bpy);]*" or iridium [Ir(bpy)(ppy).]* complexes); in a few cases, several other
metal-based photocatalysts that incorporate heavy metals such as copper and bismuth have been
reported.*® Indeed, transition metal-based photocatalysts possess a long-lived metal-to-ligand charge
transfer (MLCT) state, making them ideal as chemical reagents.”® On the other hand, alternative and
complementary methods of the above-mentioned methodology based on utilizing an organic photocatalyst
have been actively developed.® Transition metal-based or organic photocatalyst undergo photocatalytic
reactions via single electron transfer (SET) or energy-transfer (ET) processes from the photoexcited
catalyst to the various substrates/reactants.!®!! In these cases, the photoexcited catalyst can indirectly
activate the substrate/reactant. Therefore, the development of photocatalysts that enable direct
substrate/reactant activation is expected to lead to the creation of more efficient catalysts for chemical

synthesis.

In this context, we have reported copper based photoredox complex catalyzed an atom-transfer radical
addition (ATRA) reaction.!?!3 In the course of our study, we have found that combining CBr,; with a
catalytic amount of 2,2-bipyridyl under 400 nm LED irradiation furnished the 1,2-addition product

through ATRA reaction with styrene (Scheme 1a).!4
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Scheme 1. (a) Preliminary results for the ATRA reaction between styrene and CBry. (b) In situ-formed

CT complex via halogen bonding between pyridine and haloalkane/halogen.

Br
2,2"-bipyridyl (5.0 mol%)
Ph/\ + CBI‘4 0:

400 nm LED, Ar, 20 h
1a 2a 53% yield 3a
1a 2a bipy
Amax (NM) <250 <250 281

7N+ xy =—= { “Nex—v
X = halogen —
Y = halogen or alkane

@ in situ-formed C-T complex through halogen bonding
@ new absoprtion respective CT band generated

@ visible light responsive

Since the reagents employed for this reaction did not show any absorption capabilities around the visible
region, we hypothesized that the in situ-formed active species may have acted as a photocatalyst under
these light conditions. From that point of view, we focused on developing a in situ-generated photocatalyst
based on halogen bonding which is relatively stable nonbonding interaction between the electrophilic
region of the halogen atom and the nucleophilic region of the reacting molecules.'>20 It is known that
complexation between an amine or pyridine and a halogen atom results in the formation of charge-transfer
complexes that respond to visible light, thus generated complex triggers photoinitiated charge separation,
thus leading to the formation of C-centered radicals (Scheme 1b).2! On the other hand, the use of halogen
bonding for photocatalysis is unreliable due to the instability of the cations or cation radical species that
are generated during the charge separation state by the photoexcitation of the CT complex; in the case of
using amine as a halogen bonding acceptor, decomposition often occurs immediately under the reaction
conditions.?!2 In 2019, Czekelius et al. performed photocatalytic perfluoroalkylation of alkenes mediated
via the in situ-formed phosphine-alkyl iodide EDA complex.??23 However, a photocatalysis through
halogen bonding employing a catalytic amount of amine has not been developed, and the methodology

has long been desired.
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Herein, we report the use of an in situ-generated photocatalyst that utilizes halogen bonding to enable

the photocatalytic transformation of olefins via ATRA reactions (Scheme 2).

Scheme 2. This work
/ \
__ N Br
./\ + CBy ——— CBrg
visible light

@ Metal-free photocatalysis
@ /n situ-formed photocatalyst through halogen bonding
@ visible light responsive

Results and Discussion

We first investigated the catalysis of N-heteroaromatics via the ATRA reaction between styrene (1a) and
CBry irradiated with a 3W LED light source (Table 1). When the reaction was performed using bipyridyl
as the catalyst under 450 nm LED irradiation, the corresponding product 3a was obtained in 1% yield
(Entry 1). Using phenanthroline as the catalyst improved the yield to 42% (Entry 2). To our delight, 1a
could be functionalized into the corresponding 3a at 450 nm using 5.0 mol% pyridine instead of the
bidentate bipyridyl-type catalyst (Entry 3). We then examined the effect of the substituents on the pyridine
ring. Here, introducing electron-donating substituents such as an N,N-dimethyl amino group onto the
pyridine ring gave 3a in lower yield (Entry 4). However, replacing the functional group with an electron-
deficient moiety such as a cyano or an acetyl group improved the yield of the product, and these results
indicated that the pyridines bearing electron withdrawing group tend to promote the desired reaction.
(Entries 5 and 6). While 4-phenylpyridine showed excellent catalytic activity when compared to the
aforementioned catalyst and gave the product in 57% yield (Entry 8), a significant drop in yield was noted
when 2-phenylpyridine was used as the catalyst (Entry 7).2* Additionally, the efficiency of the light source
was evaluated by comparing for the ATRA reaction of 1a. Under the optimized reaction conditions with

5.0 mol% catalyst loading, various wavelengths ranging from 400 to 500 nm were examined. We found
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that when the reaction was conducted under shorter wavelengths, i.e., between 400 and 420 nm, the yield

of 3a decreased slightly (Entries 9—11). However, using longer wavelengths resulted in a significant drop

in yield (Entries 12 and 13). Therefore, 450 nm was chosen as the optimal wavelength for this reaction.?’

Finally, the load of 1a was increased to 150 mol%, which resulted in the highest reaction yield of 70 %

(NMR) and 62 % (isolated yield) (Entry 14). A set of control experiments revealed that light and pyridine

were necessary for reactivity (Entries 15 and 16).

Table 1. Optimization of the ATRA reaction between styrene and CBr,

Ph/\ + CBI’4

1a

entry 1a (mol%)
1 100
2 100
3 100
4 100
5 100
6 100
7 100
8 100
9 100
10 100
11 100
12 100

cat. (5.0 mol%)

DCM (0.1 M)
X nm LED, Ar, 20 h

2a
100 mol%

cat.
2,2-Bipyridyl
phenanthroline
Pyridine
DMAP
4-CN-pyridine
4-Ac-pyridine
2-Ph-pyridine
4-Ph-pyridine
4-Ph-pyridine
4-Ph-pyridine
4-Ph-pyridine

4-Ph-pyridine

Br

oy

CBrs
3a

LED (nm) yield (%)
450 1
450 42
450 42
450 23
450 48
450 49
450 25
450 57
400 47
410 51
420 53
470 20
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13 100 4-Ph-pyridine 500 2

14 150 4-Ph-pyridine 450 70 (62)
15 150 4-Ph-pyridine dark NR

16 150 w/o cat. 450 NR

Yields were determined via "H NMR analysis of the crude reaction mixture using 1,1,2,2-tetrachloroethane as an internal
standard. The values in parentheses are the isolated yields.

With the optimized conditions in hand, we subjected various olefins to the ATRA reaction (Table 2) and
found that this reaction was applicable for a wide range of styrene-bearing alkyl (1b—e), halo (1f~h) and
cyano (1k) groups. Under the optimal conditions, 4-nitrostyrene (1j) did not react with CBry, due to 1j
could act as a quencher for complex formed.”?® However, the use of 4-MeO-substituted styrene (1i)
predominantly resulted in the polymerization of styrene because of the increased reactivity of the
stabilized olefin radical.?’ It was also determined that 2-vinylnaphthalene was well tolerated under the
aforementioned reaction conditions. Using internal olefins such as indene (1n) and stilbene (1p) resulted

in low yields, whereas -methylstyrene (10) gave no product at all.

Next, aliphatic olefins were subjected to this optimized ATRA reaction. As noted, aliphatic olefins tended
to give better yields than their styrene counterparts. Moreover, the gram scale reaction of 1q gave
corresponding product in 78% yield, although prolonged reaction time to 40 h was required. A linear,
alkene-bearing, unprotected alcohol (1s), an acetate (1t), a branched (1u), a TIPS-protected alcohol (1v),
an amine (1w), and an ester (laa) were all tolerated under these reaction conditions and gave the
corresponding product in moderate to good yields. Interestingly, the primary alkyl bromide (1x) was a
good substrate and gave the product in 88% yield without any decomposition of the C—Br bond. Although
the use of an allylbenzene (1y) as a substrate resulted in reduced yield, the phenyl butene (1z) furnished
the product in high yield. Notably, a cyclic alkene such as norbornene (1ab) smoothly furnished the
product with excellent selectivity. On the other hand, while the reaction proceeded using cyclooctene as

the starting material, the 1,2-addition and 1,4-addition products were obtained in 64% and 20%,
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respectively. Previous reports on ATRA reactions between cyclooctene and CBr, revealed that the
formation of the 1,4-addition product proceeded through a 1,5-hydrogen shift before the radical had been
trapped.?®?° When a conjugated diene such as isoprene (1ad) was used as the substrate, two regioisomers,

namely, 3ad and 3ad’, were generated in moderate yield with a regioisomeric ratio of 88:12. The radical

oNOYTULT D WN =

addition/cyclization trapping experiments were conducted using diallyl malonate (1ae).>° The reaction
12 between lae and CBr; gave the product 3ae in 75% yield with high diastereoselectivity. These

14 experiments revealed that the ATRA reaction was initiated through a radical addition to olefins.
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Table 2. Substrate scope for the atom-transfer radical addition of styrenes and CBry,

Br
./\ . CBr, 5 mol% 4-Ph-pyridine ./K/CBrs
DCM (0.1 M)
1 2 450 nm LED, Ar, 20 h 3
Styrenes
Br Br Br Me Br Br Br
©/l\/CBI'3 /@)VCB@ Me\©)\/CBI’3 CBrj /@)vCBFQ, /@/K/CBI’:;
Me F
3a, 62% 3b, 42% 3c, 34% 3d, 29% 3e, 61% 3f, 33%
Br Br Br
/@)\/CBI@ /@)\/CBQ /@)\/CBI@ /@/K/CB@ /@)\/CBQ \/@/‘\/CB@
Cl Br MeO
39, 66% 3h, 30% 3i, trace 3j, trace 3k, 36% 31, 45%
Br Br Br Br
CBrj CBrj .CBr3
OO "CBr Me Ph
3m, 37% 3n, 58%; 15:1 d.r. 30, trace 3p, 23%; 79:21 d.r. (from Z isomer)
Olefins
Br Br Br Br Br Br
Me%CB@ Me%CB@ HO%CB@ AcO___cBry Acow)yCBrg, Tipso._L__cBr,
7 9 4
Me
3q, 82% (78%)? 3r, 83% 3s, 84% 3t, 72% 3u, 42%; 55:45 d.r. 3v, 32%
Br Br Br Br MeO,C Br
BocHN__L__cBr, B|r<\>4)\/csr3 b By~ Ak cBy o A A cery
3w, 52% 3x, 88% 3y, 30% 3z, 84% 3aa, 43%
Br
LbCBrs Br\O“\CBr;; OCBrS Br\A\[Me Br3Cv\[ MeO,C. _CO,Me  MeO,C. _CO,Me
Br CBr3 ﬂ
CBr3
3ab, 90%; 94:6 d.r.  3ac, 64%; 58:42 d.r. 3ac’, 20%; 55:45 d.r. 3ad 3ad’ 3ae 75%: 92:8 d.r. 1ae
(cyclooctene) (cyclooctene) 48%; 3ad:3ad’ = 88:12 (from 1ae)

(from isoprene)

The diastereomeric ratio was determined via |lH NMR analysis of the crude reaction mixture.

24 mmol of 2 was used.

Further experiments were conducted to gain mechanistic insight into the catalyst’s mode of action. At

first, UV—Vis spectra of the solution containing 4-phenylpyridine, styrene, and CBr, alone as well as an
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equimolar mixture of 4-phenylpyridine with CBr4 were obtained. Styrene, 4-phenylpyridine, and CBr, did

oNOYTULT D WN =

not show any absorption bands around the visible region (Figure 1 top). In contrast, the UV—Vis spectrum

11 of the equimolar mixture of 4-phenylpyridine and CBr4 had a new absorption band at 444 nm, which

indicated that charge-transfer absorption had occurred between pyridine and CBr, via halogen bonding.

18 Moreover, the newly formed absorption band was also measured using 4-phenylpyridine with various

21 concentrations of CBr, (Figure 1 bottom).3! The broad band between 400 and 500 nm was concentration

dependent on CBry, indicating pronounced halogen bonding interactions between CBry and 4-

28 phenylpyridine. Thus, catalysis could have been initiated through the formation of the CT complex

31 between pyridine and CBry, followed by photoexcitation to generate the active species.

35 CBr,
3 6 styrene

—— 4-ph-py
37 4-ph-py + CBr, (1.0 equiv)

w
O
absorbance

44 0
200 250 300 350 400 450 500 550 600
45 wavelength (nm)
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— 4-ph-py
///\\ = 4-ph-py + CBr,
\ [\ 4-ph-py + CBr,
0.400 / \ 4-ph-py + CBr,
\ \ 4-ph-py + CBr,
\ 4-ph-py + CBr,
\ |== 4-ph-py + CBr,

0.300 \ / \
/
\

0.1 equiv)
0.2 equiv)
0.3 equiv)
0.5 equiv)
1.0 equiv)
5.0 equiv)

absorbance

350 400 450 500 550

wavelength (nm)

Figure 1. Study of the halogen-bond adduct. top) UV—Vis spectra of styrene (1a), CBry4 (2), 4-ph-py, and
a 1:1 mixture of 2 with 4-ph-py. The concentration of 1a, 2, and 4-ph-py in DCM was 1.0 mM each,
whereas the mixture of 2 and 4-ph-py was 0.1 M. bottom) UV—Vis spectra of 4-ph-py (0.1 M in DCM)
with different equivalents of CBr4 in DCM after irradiation at 450 nm for 1 h.

Further mechanistic investigations were also conducted (Scheme 3). The reaction between 1a and 2a under

the optimized conditions in oxygen resulted in no reaction (Eq. 1). This result indicated that the

photoexcited active species was quenched by a triplet oxygen molecule.?? Furthermore, radical trapping

experiments gave no desired product, whereas the use of TEMPO, galvinoxyl, and DMPO under the

optimized conditions proceeded via the radical intermediate (Eq. 2). In the case of using TEMPO as a

radical scavenger, TEMPO adduct was determined by ESI-MS. Finally, competition experiments using

styrene (1a) and decene (1q) were conducted (Eq. 3); the products obtained from styrene 3a and decene

3q were obtained in 55% and 10% yield, respectively. This result was consistent with previous reports in
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which the electron-deficient radical tended to react faster with the styrene analogs than with their aliphatic

oNOYTULT D WN =

counterparts.3?

Based on the literature reports and our experimental evidence, it was postulated that the reaction between

15 CBry and 4-phenylpyridine proceeded via the formation of the charge-transfer complex, I, before

18 photoexcitation at 450 nm (Scheme 4). The photoexcitation of I led to a homolysis of C—Br bond that

generated the radical, II, and the tribromomethyl radical, II’. The resulting C-centered radical, II’, was

25 then reacted with the olefins to generate the radical intermediate, III, which subsequently reacted with II

28 to furnish the desired ATRA product (route I). Another possibility is a radical chain mechanism where the

generated III reacts with CBry to give ATRA product and regenerate II’ (route 2).

35 Scheme 3. Controlled experiments for mechanistic studies
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Br
4-Ph-pyridine (5.0 mol%)
Ph"Xx + CBr Ph (1)
DCM (0.1 M) CBrs
1a 2a 450 nm LED, Ar, 20 h 3a
100 mol% under oxygen no reaction
Br
4-Ph-pyridine (5.0 mol%)
Ph"Xx + CBr Ph )
DCM (0.1 M) CBry

1a 2a 450 nm LED, Ar, 20 h 3a

with
100 mol% TEMPO, galvinoxyl, DMPO trace

MeﬂMe HRMS m/z (ESI)
M N Me caled for CgHp7BrsO4N; (M+H)* 509.9637

e |

found 509.9617
O\(\CBra
Ph
PR X 3

a

1a 4-Ph-pyridine (5.0 mol%

. . cBr py ( o) 55% (3
SO DCM (0.1 M)

1c7| 22 450 nm LED, Ar, 20 h 3q
100 mol% 10%

Scheme 4. Possible mechanism for the ATRA reaction of olefins

CBry | cen
Br 450 nm LED '
! r
! — :
N N
z I _ ]
CBry X x
R R
| I
Br
N\ N
Q @ + *CBrg
R R
[} 1]
route |
or o

Br N
./bCB@ @ + ./ngBra

route Il

Conclusion
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ATRA reactions of olefins catalyzed by an in situ-formed photocatalyst via halogen bonding were

investigated. Carbohalogenation of olefins with carbon tetrabromide afforded a variety of products in

moderate to good yields when irradiated at 450 nm. The photocatalysts from our study revealed that a CT

complex between pyridines and CBry was a crucial intermediate in the subsequent charge separation

processes that led to the formation of the C-centered radical.

The activation of the substrate via halogen bonding to form the CT complex is a novel activation method

that can be used for challenging synthetic routes since halogen bond acceptors such as pyridine are

relatively inexpensive and readily available. Continued efforts are focused on extending this new

methodology to other classes of compounds for photocatalysis, including alkyl halides with amines or

phosphines.

B Experimental Section General considerations

General Information

Unless otherwise noted, all reactants or reagents including dry solvents were obtained from commercial
suppliers and used as received.

Analytical thin-layer chromatography (TLC) was carried out using 0.25 mm commercial silica gel plates
(Merck silica gel 60 F,s4). Flash column chromatography was performed with Kanto silica gel 60N
(Spherical, Neutral, 40-50 mm). Visualization of the developed chromatogram was performed by UV
lamp (254 nm) and vanillin or basic potassium permanganate stain. NMR spectra were recorded on a
JEOL ECA 500 spectrometer (500 MHz for 'H NMR, 125 MHz for 13C NMR and 470 MHz for '°F NMR),

and are internally referenced to residual protio solvent signals or TMS (note: CDCl; referenced at & 7.26
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and 77.0 ppm respectively, TMS referenced at & 0 and 0 ppm respectively). Data for 'H NMR are reported
as follows: chemical shift (& ppm), multiplicity (s = singlet, d = doublet, t = triplet, q = quartet, m =
multiplet, br = broad, dd = doublet of doublets, ddd = doublet of doublet of doublets, td = triplet of
doublets), coupling constant (Hz), integration, and assignment. Data for *C{!H} NMR are reported in
terms of chemical shifts (6 ppm). IR spectra were recorded on a Perkin Elmer Spectrum 100 FTIR
spectrometer and are reported in terms of frequency of absorption (cm™'). High-resolution mass spectra
(HRMS) were obtained on a JEOL JMS-T100TD (TOF Mass Analyzer) and are reported as m/z (M+H™,
relative intensity). Melting points were measured on a Yanagimoto micro melting point apparatus without

correlation.
General Procedure for Atom-Transfer Radical Addition

A Pyrex® test tube (12.5 cm x 1.6 ¢cm) containing a mixture of alkene 1 (1.5 equiv, 0.15 mmol),
carbontetrabromide 2 (1.0 equiv, 0.1 mmol) and 4-phenylpyridine (0.05 equiv, 0.005 mmol) in
dichloromethane (1.0 mL) was degassed via FPT cycling for three times and backfilled with Ar. The tube
was placed ca. 0.5 cm from 3W 450 nm LED. The resulting solution was stirred at ambient temperature
for 20 h. The residue was filtrated through Celite, washed with CHCI;, concentrated in vacuo. The
resulting mixture was purified by flash column chromatography on silica gel (n-hexane) to give desired

product 3.

Scale up reaction of 1q

100 mL flask containing a mixture of alkene 1q (1.5 equiv, 6.0 mmol), carbontetrabromide 2 (1.0 equiv,
4.0 mmol) and 4-phenylpyridine (0.05 equiv, 0.2 mmol) in dichloromethane (40 mL) was degassed via
FPT cycling for three times and backfilled with Ar. The tube was placed ca. 0.5 cm from 3W 450 nm LED
x 4. The resulting solution was stirred at ambient temperature for 40 h. The residue was filtrated through
Celite, washed with CHCI3, concentrated in vacuo. The resulting mixture was purified by flash column
chromatography on silica gel (n-hexane) to give desired product 3q (78% yield, 1.46 g, 3.12 mmol) as a

coloress oil.

Characterization Data

5 1,3,3,3-Tetrabromopropyl)benzene (3a): Following the general procedure, 3a was
r

| CBrs obtained from a flash column chromatography (n-hexane) as a white crystalline solid
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(62% yield, 26.8 mg, 0.062 mmol). TLC (Si0,): R = 0.54 (n-hexane). 'TH NMR (500 MHz, CDCL;) 6
7.49 (d, J=17.5 Hz, 2H), 7.37 (t,J = 7.5 Hz, 2H), 7.31 (t, J = 7.5 Hz, 1H), 5.33 (dd, J = 7.5 Hz, 4.0 Hz,
1H), 4.12 (dd, J = 15.5 Hz, 4.0 Hz, 1H), 4.06 (dd, /= 15.5 Hz, 7.5 Hz, 1H). BC{'H} NMR (125 MHz,
CDCl3) 6 140.8, 128.94, 128.87, 128.1, 66.4, 50.0, 35.0. NMR spectra of the 3a were consistent with the

reported one.'4

1-Methyl-4-(1,3,3,3-Tetrabromopropyl)benzene (3b): Following the general

/©)\/ e procedure, 3b was obtained from a flash column chromatography (n-hexane) as

a colorless oil (42% yield, 18.7 mg, 0.042 mmol). TLC (SiO,): Ry = 0.59 (n-

hexane). '1H NMR (500 MHz, CDCl,) 6 7.37 (d, J=7.5 Hz, 2H), 7.17 (d, J=17.5

Hz, 2H), 5.32 (dd, J= 7.5 Hz, 4.0 Hz, 1H), 4.11 (dd, J = 15.5 Hz, 4.0 Hz, 1H), 4.05 (dd, /= 15.5 Hz, 7.5

Hz, 1H), 2.34 (s, 3H). BC{'H} NMR (125 MHz, CDCl;) 6 139.0, 137.8, 130.0, 128.0, 66.4, 50.3, 35.2,
21.3. NMR spectra of the 3b were consistent with the reported one.!3¢

1-Methyl-3-(1,3,3,3-Tetrabromopropyl)benzene (3c): Following the general

\©)\/CBF3 procedure, 3¢ was obtained from a flash column chromatography (n-hexane) as a
colorless oil (34% yield, 15.2 mg, 0.034 mmol). TLC (SiO,): Ry = 0.59 (n-

hexane). 1H NMR (500 MHz, CDCl;) 6 7.29-7.23 (m, 3H), 7.12 (d, J= 7.5 Hz,

1H), 5.29 (dd, J=7.5 Hz, 4.0 Hz, 1H), 4.11 (dd, J = 15.5 Hz, 4.0 Hz, 1H), 4.05 (dd, J=15.5 Hz, 7.5 Hz,

1H), 2.37 (s, 3H). BC{'H} NMR (125 MHz, CDCl;) 5 140.8, 138.6, 129.7, 128.73, 128.72, 125.2, 66.4,
50.2,35.2, 21.4. NMR spectra of the 3¢ were consistent with the reported one.!?

1-Methyl-2-(1,3,3,3-Tetrabromopropyl)benzene (3d): Following the general

f | CBr, procedure, 3d was obtained from a flash column chromatography (n-hexane) as a
colorless oil (29% yield, 12.9 mg, 0.029 mmol). TLC (SiO,): R¢ = 0.57 (n-hexane).

'H NMR (500 MHz, CDCl3) $ 7.53 (d, J= 6.9 Hz, 1H), 7.26 (dt, /= 7.5 Hz, 6.9 Hz,

1H), 7.20 (dt, J=7.5 Hz, 6.9 Hz, 1H), 7.15 (d, J = 7.5 Hz, 1H), 5.56 (br, 1H), 4.21-4.13 (m, 2H), 2.50 (s,

3H). BC{'H} NMR (125 MHz, CDCl;) § 139.1, 135.3, 130.8, 128.6, 128.1, 126.8, 66.2, 45.9, 35.3, 19.5.

NMR spectra of the 3d were consistent with the reported one.!?

1-Methyl-4-(1,3,3,3-Tetrabromopropyl)benzene (3e): Following the general
CBrs  procedure, 3e was obtained from a flash column chromatography (n-hexane) as
a yellow crystalline solid (61% yield, 29.8 mg, 0.061 mmol). TLC (SiO,): Ry =

0.61 (n-hexane). '"H NMR (500 MHz, CDCly) § 7.41 (d, J = 8.6 Hz, 2H), 7.37
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(d, J= 8.6 Hz, 2H), 5.32 (dd, J= 7.5 Hz, 4.0 Hz, 1H), 4.12 (dd, J = 16.0 Hz, 4.0 Hz, 1H), 4.04 (dd, J =
7.5 Hz, 16.0 Hz, 1H), 1.31 (s, 9H). BC{'H} NMR (125 MHz, CDCl;) § 152.2, 137.8, 127.7, 125.8, 66.5,
50.2, 35.2, 34.7, 31.3. NMR spectra of the 3e were consistent with the reported one.!?

Br 1-Fluoro-4-(1,3,3,3-Tetrabromopropyl)benzene (3f): Following the general
/@2\/ CBrg procedure, 3f was obtained from a flash column chromatography (n-hexane) as a

F colorless oil (33% yield, 14.8 mg, 0.033 mmol). TLC (Si0,): R¢=0.56 (n-hexane).
'H NMR (500 MHz, CDCl;) 6 7.48 (dd, J = 7.5 Hz, 5.2 Hz, 2H), 7.06 (t, J = 8.0 Hz, 2H), 5.34 (dd, J =
8.0 Hz, 3.4 Hz, 1H), 4.10 (dd, J=15.5 Hz, 3.4 Hz, 1H), 4.01 (dd, /= 15.5 Hz, 8.0 Hz, 1H). BC{'H} NMR

(125 MHz, CDCl;) 6 163.7, 161.8, 136.6, 136.5, 130.1, 130.0, 116.0, 115.8, 66.4, 49.1, 34.7. YF NMR
(100 MHz, CDCl;) 6 -111.9. NMR spectra of the 3f were consistent with the reported one.!?

Br 1-Chloro-4-(1,3,3,3-Tetrabromopropyl)benzene (3g): Following the general
/©)\/ CBrs procedure, 3g was obtained from a flash column chromatography (n-hexane) as a

cl white crystalline solid (66% yield, 30.7 mg, 0.066 mmol). TLC (SiO,): R¢=0.61
(n-hexane). 1H NMR (500 MHz, CDCl;) 6 7.43 (d, J= 8.6 Hz, 2H), 7.34 (d, J =

8.6 Hz, 2H), 5.30 (dd, /= 8.3 Hz, 3.7 Hz, 1H), 4.10 (dd, J = 15.5 Hz, 3.4 Hz, 1H), 4.01 (dd, J = 15.5 Hz,
8.3 Hz, 1H). BC{'H} NMR (125 MHz, CDCl;) § 139.2, 134.8, 130.0, 129.1, 66.2, 48.9, 34.6. NMR

spectra of the 3g were consistent with the reported one.!?

Br 1-Bromo-4-(1,3,3,3-Tetrabromopropyl)benzene (3h): Following the general
/©)\/ CBs procedure, 3h was obtained from a flash column chromatography (n-hexane) as a
Br white crystalline solid (30% yield, 15.3 mg, 0.030 mmol). TLC (SiO;): R¢= 0.57
(n-hexane). 1H NMR (500 MHz, CDCl3) 6 7.50 (d, J= 8.3 Hz, 2H), 7.37 (d, J= 8.3 Hz, 2H), 5.29 (dd, J
= 8.3 Hz, 3.7 Hz, 1H), 4.10 (dd, J = 15.5 Hz, 3.7 Hz, 1H), 4.01 (dd, J = 15.5 Hz, 8.3 Hz, 1H). BC{1H}

NMR (125 MHz, CDCl3) 6 139.7, 132.1, 129.8, 122.9, 66.2, 48.9, 34.6. NMR spectra of the 3h were

consistent with the reported one.!?

Br 1-Cyano-4-(1,3,3,3-Tetrabromopropyl)benzene (3k): Following the general
/ED)\/CBr3 procedure, 3g was obtained from a flash column chromatography (n-hexane) as a
NC coloress oil (36% yield, 16.4 mg, 0.036 mmol). TLC (SiO,): R¢=0.10 (n-hexane).
'"H NMR (500 MHz, CDCl;) 6 7.68 (d, /= 8.6 Hz, 2H), 7.62 (d, /= 8.6 Hz, 2H),

5.32(dd, J=8.6 Hz, 3.4 Hz, 1H), 4.12 (dd, J=15.5 Hz, 3.4 Hz, 1H), 4.02 (dd, J = 15.5 Hz, 8.6 Hz, 1H).
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BC{TH} NMR (125 MHz, CDCl;) § 145.6, 132.7, 129.0, 118.2, 112.8, 65.9, 47.9, 34.1. NMR spectra of

the 3k were consistent with the reported one.?*

Br 1-Chloromethyl-4-(1,3,3,3-Tetrabromopropyl)benzene (3I): Following the
\/©)\/ CBrs general procedure, 31 was obtained from a flash column chromatography (7-
Cl hexane) as a colorless oil (45% yield, 21.6 mg, 0.045 mmol). TLC (SiO,): R¢
=0.26 (n-hexane). 'TH NMR (500 MHz, CDCl;) 6 7.49 (d, /= 7.8 Hz, 2H), 7.40 (d, J= 7.8 Hz, 2H), 5.33-
5.32 (m, 1H), 4.58 (s, 2H), 4.12 (dd, J=15.5 Hz, 1.7 Hz, 1H), 4.04 (dd, J=15.5 Hz, 7.5 Hz, 1H). BC{'H}

NMR (125 MHz, CDCl5) 6 140.9, 138.2, 129.1, 128.5, 66.3, 49.3, 45.6, 34.8. NMR spectra of the 31 were

consistent with the reported one.!?

Br 2-(1,3,3,3-Tetrabromopropyl)naphthalene (3m): Following the general
“)\/CB@ procedure, 3m was obtained from a flash column chromatography (n-hexane) as
OO a white crystalline solid (37% yield, 17.9 mg, 0.037 mmol). TLC (SiO,): R¢ =
0.51 (n-hexane). 'H NMR (500 MHz, CDCl;) 6 7.90-7.88 (m, 2H), 7.85-7.82 (m, 2H), 7.63 (d, J = 8.6
Hz, 1H), 7.53-7.50 (m, 2H), 5.54 (t, /= 5.2 Hz, 1H), 4.18 (d, J= 5.2 Hz, 2H). BC{'H} NMR (125 MHz,

CDCly) 6 137.7, 133.3, 132.9, 129.1, 128.2, 127.7, 127.3, 126.9, 126.7, 125.4, 66.1, 50.7, 35.0. FTIR
(ATR) 3391, 3054, 3024, 2928, 2163, 1913, 1709, 1632, 1600, 1509, 1470, 1440, 1416, 1371, 1271, 1220,
1201, 1174, 1158, 1126, 1089, 1050, 1018, 1002, 986, 964, 942, 907, 892, 857, 816, 772, 756, 737, 703,

660 cm™!. HRMS m/z (DART) calcd for Cj3H;Br,” (M+H)"482.7589, found 482.7612. m.p. 84.2-86.2
°C.

Br 1-Bromo-2-tetrabromomethyl-2,3-dihydro-1H-inden (3n): Following the general
©:§---08r3 procedure, 3n was obtained from a flash column chromatography (n-hexane) as a
coloress oil {58% yield, 25.7 mg, 0.058 mmol (dr = 15 : 1)}. TLC (SiO,): R¢=0.55

(n-hexane). TH NMR (500 MHz, CDCl;) 6 7.44 (dd, J = 8.3 Hz, 4.6 Hz, 1H), 7.30 (dd, J = 4.6 Hz, 3.7
Hz, 2H), 7.23 (dd, J = 8.3 Hz, 3.7 Hz, 2H), 5.65 (d, J = 3.1 Hz, 1H), 4.20 (ddd, J = 9.2 Hz, 4.0 Hz, 3.1
Hz, 1H), 3.60 (dd, J=17.5 Hz, 9.2 Hz, 1H), 3.25 (dd, J=17.5 Hz, 4.0 Hz, 1H). 3C{'H} NMR (125 MHz,
CDCl;) 6 141.9, 140.6, 129.5, 127.9, 126.0, 124.5, 71.7, 55.1, 45.5, 38.3. NMR spectra of the 3n were

consistent with the reported one.!?

Br (1,3,3,3-Tetrabromo-2-phenylpropyl)benzene (3p): Following the general

GBI procedure, 3p was obtained from a flash column chromatography (n-hexane) as a

Ph colorless oil {23% yield, 11.7 mg, 0.023 mmol, 79:21 d.r. (from Z isomer)}. TLC
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(8i0,): Ry=0.19 (n-hexane). 'H NMR (500 MHz, CDCly) § 7.59 (br, 1H), 7.47-7.37 (m, 5H), 7.32-7.21
(m, 4H), 5.94 (d, J = 5.8 Hz, 1H), 4.38 (d, J = 5.8 Hz, 1H). 3C{'H} NMR (125 MHz, CDCL,) § 140.7,
138.1, 128.9, 128.71, 128.68, 128.4, 127.7, 71.9, 55.0, 42.9. FTIR (ATR) 3062, 3030, 1601, 1496, 1453,
1339, 1185, 1157, 177, 1033, 977, 915, 853, 825, 778, 761, 725, 698 cm. HRMS m/z (DART) calcd for
C,sH;,Brs (M-Br)* 428.8484, found 428.8479.

Br 1,1,1,3-Tetrabromoundecane (3q): Following the general procedure, 3q was
Me‘@))\/CBr3 obtained from a flash column chromatography (n-hexane) as a coloress oil (82% yield,
38.4 mg, 0.082 mmol). TLC (SiO,): R = 0.64 (n-hexane). 'H NMR (500 MHz,
CDCl;) 6 4.20 (dt,J=7.2 Hz, 4.6 Hz, 1H), 3.83 (dd, J=11.5 Hz, 4.6 Hz, 1H), 3.55 (dd, J = 11.5 Hz, 5.2
Hz, 1H), 2.11-1.93 (m, 2H), 1.63-1.47 (m, 2H), 1.33-1.25 (m, 11H), 0.89 (t, J = 6.9 Hz, 3H). BC{1H}
NMR (125 MHz, CDCl) 6 66.9, 52.1, 39.7, 36.4, 31.8, 29.4, 29.2, 28.7, 27.3, 22.6, 14.1. NMR spectra

of the 3q were consistent with the reported one.!?

Br 1,1,1,3-Tetrabromotridecane (3r): Following the general procedure, 3r was obtained
Meﬁ)\/CBrC" from a flash column chromatography (n-hexane) as a coloress oil (83% yield, 41.2 mg,
0.083 mmol). TLC (SiO,): R¢= 0.64 (n-hexane).!H NMR (500 MHz, CDCl;) § 4.20
(dt,J=4.6 Hz, 4.0 Hz, 1H), 3.84 (dd, /= 16.0 Hz, 4.0 Hz, 1H), 3.55 (dd, J = 16.0 Hz, 4.6 Hz, 1H), 2.11-
1.93 (m, 2H), 1.63-1.56 (m, 1H), 1.54-1.47 (m, 1H), 1.37-1.27 (m, 14H), 0.88 (t, /= 5.7 Hz, 3H). BC{'H}
NMR (125 MHz, CDCl) 6 66.9, 52.1, 39.7, 36.4, 31.9, 29.6, 29.5, 29.4, 29.3, 28.7, 27.3, 22.7, 14.1.

NMR spectra of the 3r were consistent with the reported one.?3

Br 5,7,7,7-Tetrabromoheptan-1-ol (3s): Following the general procedure, 3s was
Hoﬁ)\/Cst obtained from a flash column chromatography (n-hexane : ethyl acetate = 2:1) as a
* coloress oil (84% yield, 35.9 mg, 0.084 mmol). TLC (SiO,): R = 0.40 (n-hexane :

ethyl acetate = 2:1). '"H NMR (500 MHz, CDCl;) 3 4.22 (dq, J = 4.6 Hz, 4.0 Hz, 1H), 3.85 (dd, /= 16.0
Hz, 4.0 Hz, 1H), 3.70 (t,J = 5.2 Hz, 2H), 3.56 (dd, ] = 16.0 Hz, 4.6 Hz, 1H), 2.16-1.99 (m, 2H), 1.75-1.60
(m, 4H), 1.40 (s, 1H). BC{'H} NMR (125 MHz, CDCl;)  66.8, 62.6, 51.7, 39.4, 36.2, 31.7, 23.7. NMR

spectra of the 3s were consistent with the reported one.®

Br 1,1,1,3-Tetrabromo-4-acetoxybutane (3t): Following the general procedure, 3t was
ACO\)\/CBrS obtained from a flash column chromatography (n-hexane : ethyl acetate = 10:1) as a
coloress oil (72% yield, 30.8 mg, 0.072 mmol). TLC (SiO»): Ry = 0.38 (n-hexane : ethyl acetate = 10:1).

IH NMR (500 MHz, CDCLy) 5 4.53 (dd, J = 11.5 Hz, 5.2 Hz, 1H), 4.42-4.33 (m, 2H), 3.75 (dd, J = 20.6
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Hz, 5.2 Hz, 1H), 3.70 (dd, /= 20.6 Hz, 11.8 Hz, 1H), 2.14 (s, 3H). BC{'H} NMR (125 MHz, CDCly) 6
170.3, 66.8, 63.1, 45.5, 35.1, 20.8. NMR spectra of the 3t were consistent with the reported one.!?

Br 1,1,1,3-Tetrabromo-4-acetoxy-4-methylbutane (3u): Following the general
ACOW)\/CB@ procedure, 3u was obtained from a flash column chromatography (r-hexane : ethyl
Me acetate = 10:1) as a coloress oil (42% yield, 18.6 mg, 0.042 mmol, 55:45 d.r.). TLC
(Si0,): Ry = 0.25 (n-hexane : ethyl acetate = 10:1). 1H NMR (500 MHz, CDCl;) 6 5.20 (dq, J=9.2 Hz,
6.3 Hz, 1H), 4.23 (ddd, J=9.2 Hz, 5.5 Hz, 3.7 Hz, 1H), 3.68 (dd, /= 16.3 Hz, 3.7 Hz, 1H), 3.63 (dd, J =
16.3 Hz, 5.5 Hz, 1H), 2.11 (s, 3H), 1.43 (d, 3H). BC{'H} NMR (125 MHz, CDCl;) 3 170.1, 71.7, 62.3,
51.1,35.9,21.2,17.2. FTIR (ATR) 2927, 2847, 1742, 1372, 1231, 1058, 946 cm™'. HRMS m/z (DART)

calcd for C;H;Br,O, (M+H)*442.7487, found 442.7471.

Br 1,1,1,3-Tetrabromo-4-((triisopropylsilyl)oxy)butane (3v): Following the
T|PSO\)\/CBV3 general procedure, 3v was obtained from a flash column chromatography (n-
hexane) as a coloress oil (32% yield, 17.3 mg, 0.032 mmol). TLC (SiO,): R¢= 0.60 (n-hexane). 'TH NMR
(500 MHz, CDCl3) 6 4.23-4.19 (m, 1H), 4.10 (dd, J = 10.9 Hz, 5.7 Hz, 1H), 3.95 (dd, /= 10.9 Hz, 5.7
Hz, 1H), 3.91 (dd, J = 10.9 Hz, 2.9 Hz, 1H), 3.58 (dd, J = 10.9 Hz, 5.7 Hz, 1H), 1.13-1.07 (m, 21H).
BC{TH} NMR (125 MHz, CDCl;) § 67.2, 62.6, 50.2, 36.4, 18.0, 12.0. FTIR (ATR) 2943, 2866, 1740,
1462, 1370, 1229, 1217, 1111, 1065, 999, 945, 882, 791, 685 cm'!. HRMS m/z (DART) calcd for
C13H,7Br,OSi (M+H)* 542.8559, found 542.8555.

Br 1,1,1,3-Tetrabromo-4-((tert-butoxycarbonyl)amino)butane (3w): Following
BOCHN\)\/CB% the general procedure, 3w was obtained from a flash column chromatography (n-
hexane : ethyl acetate = 10:1) as a coloress oil (52% yield, 25.2 mg, 0.052 mmol). TLC (SiO,): R¢=0.22
(n-hexane : ethyl acetate = 10:1). 1H NMR (500 MHz, CDCl,) 6 5.03 (br, 1H), 4.29-4.28 (m, 1H), 3.78-
3.57 (m, 1H), 1.46 (s, 9H). BC{'H} NMR (125 MHz, CDCl,) § 155.6, 80.2, 63.9, 50.4, 47.5, 35.5, 28.3.
FTIR (ATR): 3348, 2977, 1694, 1511, 1392, 1367, 1252, 1166, 1076, 942, 720 cm'!. HRMS m/z
(DART) calcd for CoH¢BryNO,* (M+H)"485.7909, found 485.7923.

Br 1,1,1,3,7-Pentabromoheptane (3x): Following the general procedure, 3x was obtained
Brﬂ)\/CBrS from a flash column chromatography (n-hexane) as a coloress oil (88% yield, 43.1 mg,
0.088 mmol). TLC (SiO,) R¢= 0.35 (n-hexane). 'TH NMR (500 MHz, CDCls) 6 4.21
(dq, J=4.6 Hz, 4.0 Hz, 1H), 3.85 (dd, J = 16.0 Hz, 4.0 Hz, 1H), 3.55 (dd, /= 16.0 Hz, 4.6 Hz, 1H), 3.44

(t, J= 6.3 Hz, 2H), 2.17-2.10 (m, 1H), 2.05-1.87 (m, 3H), 1.84-1.76 (m, 1H), 1.73-1.64 (m, 1H). BC{'H}

ACS Paragon Plus Environment



oNOYTULT D WN =

The Journal of Organic Chemistry Page 20 of 26

NMR (125 MHz, CDCl5) 6 66.7, 51.3,38.7,36.0, 33.1, 31.7,26.0. FTIR (ATR) 2940, 2864, 1733, 1455,
1430, 1248, 1187, 1005, 939, 721 cm'!. HRMS m/z (DART) calcd for C;H;;Br, (M-Br)*410.7589, found
410.7574.

Br (2,4,4,4-Tetrabromobutyl)benzene (3y): Following the general procedure, 3y was
Ph \)\/CBr3 obtained from a flash column chromatography (n-hexane) as a coloress oil (30% yield,
13.4 mg, 0.030 mmol). TLC (Si0,): Ry = 0.38 (n-hexane). !H NMR (500 MHz, CDCl;) & 7.34-7.26 (m,
5H), 4.39-4.35 (m, 1H), 3.85 (dd, J=4.6 Hz, 4.0 Hz, 1H), 3.67 (dd, /= 11.5 Hz, 4.6 Hz, 1H), 3.53 (dd, J
= 9.2 Hz, 5.2 Hz, 1H), 3.23 (dd, J = 9.2 Hz, 5.2 Hz, 1H). BC{'H} NMR (125 MHz, CDCl;) 3 137.4,

129.4, 128.6, 127.3, 65.8, 51.5, 46.0, 35.9. NMR spectra of the 3y were consistent with the reported one.®

Br (3,5,5,5-Tetrabromopentyl)benzene (3z): Following the general procedure, 3z was

CBrs  obtained from a flash column chromatography (n-hexane) as a coloress oil (84%

Ph
yield, 38.6 mg, 0.084 mmol). TLC (SiO;) R¢=0.40 (n-hexane). 'H NMR (500 MHz, CDCly) 5 7.32-7.20
(m, 5H), 4.18 (ddt, J=9.7 Hz, 4.6 Hz, 4.0 Hz, 1H), 3.88 (dd, J = 16.0 Hz, 4.0 Hz, 1H), 3.57 (dd, J= 16.0
Hz, 4.6 Hz, 1H), 2.98 (ddd, J = 13.8 Hz, 9.2 Hz, 4.6 Hz, 1H), 2.82 (ddd, J = 13.8 Hz, 8.0 Hz, 5.7 Hz, 1H),
2.44 (dddd, J = 13.8 Hz, 9.2 Hz, 6.9 Hz, 4.0 Hz, 1H), 2.28 (dddd, J = 14.3 Hz, 9.7 Hz, 5.2 Hz, 4.6 Hz,
1H). BC{'H} NMR (125 MHz, CDCL) 5 140.2, 128.6, 126.3, 66.8, 51.3, 41.1, 35.9, 33.6. NMR spectra

of the 3z were consistent with the reported one.®

o.C 1,1,1,3-Tetrabromo-4,4-bis(carboxymethoxy)butane (3aa): Following the
Me Br
2 CBr, general procedure, 3aa was obtained from a flash column chromatography (-

MeO,C hexane : ethyl acetate = 10:1) as a coloress oil (43% yield, 21.5 mg, 0.043 mmol).
TLC (Si0;): Ry = 0.12 (n-hexane : ethyl acetate = 10:1). 'H NMR (500 MHz, CDCl;) & 4.27-4.22 (m,
1H), 3.92 (dd, J = 16.0 Hz, 4.0 Hz, 1H), 3.86 (dd, J = 10.9 Hz, 4.0 Hz, 1H), 3.80 (s, 1H), 3.77 (s, 1H),
3.59 (dd, J = 16.0 Hz, 10.9 Hz, 1H), 2.89-2.83 (m, 1H), 2.45-2.38 (m, 1H). 3C{'H} NMR (125 MHz,

CDCly) 6 168.9, 168.6, 67.0, 53.0, 52.9, 50.3, 48.7, 38.4, 35.0. NMR spectra of the 3aa were consistent

with the reported one.!?

CBry 2-Bromo-3-(tribromomethyl)bicyclo[2.2.1]heptane (3ab): Following the general
Z—E 7 procedure, 3ab was obtained from a flash column chromatography (n-hexane) as a

Br coloress oil (90% yield, 38.0 mg, 0.090 mmol, 94:6 d.r.) TLC (SiO,): Rf = 0.50 (n-
hexane). 1H NMR (500 MHz, CDCl;) 6 4.11 (ddd, J=9.7 Hz, 5.7 Hz, 1.2 Hz, 1H), 2.88 (d, J= 5.7 Hz,

1H), 2.67 (d, J= 1.2 Hz, 2H), 2.34 (d, J = 10.9 Hz, 1H), 2.09 (dd, /= 12.6 Hz, 10.9 Hz, 1H), 1.63 (dd, J
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=12.6 Hz, 9.2 Hz, 2H), 1.44 (t, J = 10.9 Hz, 1H), 1.34 (d, J= 10.9 Hz, 1H). BC{'H} NMR (125 MHz,
CDCly) 6 74.0, 56.7, 46.0, 44.2, 44.1, 35.3, 30.2, 24.2. NMR spectra of the 3ab were consistent with the

reported one.'4

Br .CBr; 1-Bromo-4-(tribromomethyl)cyclooctane (3ac): Following the general procedure,
O 3ac was obtained from a flash column chromatography (n-hexane) as a coloress oil
{64% yield, 28.0 mg, 0.064 mmol, 58:42 d.r. (from 1-octene)}. TLC (SiO,): R¢ =

0.49 (n-hexane). 'H NMR (500 MHz, CDCl;) 6 4.49-4.44 (m, 1H, H, (trans)), 4.42-4.37 (m, 1H, H,
(cis)), 2.75-2.70 (m, 1H), 2.66-2.54 (m, 2H), 2.49-2.32 (m, 5H), 2.25-2.12 (m, 4H), 2.09-1.96 (m, 3H),
1.93-1.88 (m, 1H), 1.86-1.56 (m, 8H), 1.53-1.38 (m, 2H). BC{'H} NMR (125 MHz, CDCl;) 5 60.4, 60.2,
55.8,55.7,55.3,54.9,37.9,36.5,34.8, 33.0,32.13,32.07, 31.3, 29.8, 28.3, 27.8, 25.6, 23.0. FTIR (ATR):
3412, 2963, 2921, 2849, 2695, 2163, 1981, 1721, 1460, 1443, 1436, 1423, 1373, 1361, 1347, 1328, 1281,
1245, 1229, 1208, 1175, 1155, 1119, 1099, 1073, 1043, 1005, 975, 944, 913, 856, 833, 820, 774, 762,

697, 673 cm’', HRMS m/z (DART) calcd for CoH;4Br; (M-Br)*358.8640, found 358.8627. NMR spectra

of the 3ac were consistent with the reported one.?’

Br - Me BrsC_xMe L1,1,1,5-Tetrabromo-3-methyl-3-pentene (3ad, 3ad’): Following
\/\[CBrs \/\[Br the general procedure, 3ad and 3ad’ was obtained from a flash
3ad 3ad’ column chromatography (n-hexane) as a coloress oil {48% yield,

19.0 mg, 0.048 mmol, 3ad:3ad’ = 88:12 (from isoprene)}. TLC (SiO,): Ry = 0.44 (n-hexane). 'H NMR
(500 MHz, CDCl3) 6 5.97 (t,J = 8.6 Hz, 1H), 4.04 (d, /= 8.6 Hz, 2H), 3.82 (s, 2H), 2.08 (s, 3H). 3C{'H}
NMR (125 MHz, CDCl,) 6 137.1, 130.3, 67.0, 39.2, 27.5, 17.8. FTIR (ATR): 2922, 2853, 1736, 1650,
1437, 1377, 1306, 1229, 1203, 1090, 1020, 981, 935, 871, 788, 700 cm-'. HRMS m/z (DART) calcd for

Ce¢HoBry (M+H)" 396.7432, found 396.7443.

MeO,C__CO,Me  3-(Bromomethyl)-4-(2,2,2-tribromoethyl)-dimethylcyclopentene-1,1-carboxyl-
ﬂ ate (3ae): Following the general procedure, 3ae was obtained from a flash column

Br CBr; chromatography (n-hexane : ethyl acetate = 10:1) as a coloress oil {75% yield, 40.5

mg, 0.075 mmol, 92:8 d.r. (from 1ae)}. TLC (SiO,): R¢ = 0.11 (n-hexane : ethyl
acetate = 10:1). 'H NMR (500 MHz, CDCl;) 6 3.77 (s, 6H), 3.57 (dd, /= 5.7 Hz, 4.6 Hz, 1H), 3.35 (dd,
J=10.9 Hz, 4.6 Hz, 1H), 3.30 (dd, /= 10.3 Hz, 9.5 Hz, 1H), 3.09 (dd, J=9.5 Hz, 6.3 Hz, 1H), 2.80-2.74
(m, 2H), 2.61 (dd, J = 7.5 Hz, 6.9 Hz, 1H), 2.57-2.51 (m, 1H), 2.40 (dd, J = 14.3 Hz, 9.2 Hz, 1H), 2.37
(dd, J=14.3 Hz, 5.7 Hz, 1H). BC{'H} NMR (125 MHz, CDCl;) 6 172.6, 172.5, 58.6, 57.8, 53.1, 44.4,

3ae

ACS Paragon Plus Environment



oNOYTULT D WN =

The Journal of Organic Chemistry Page 22 of 26

43.3,39.5,394, 38.3,33.6. FTIR (ATR): 3461, 3001, 2952, 2844, 1727, 1434, 1369, 1257, 1244, 1199,
1165, 1111, 1068, 1028, 964, 937, 912, 875, 854, 822, 722, 690, 669, cm!. HRMS m/z (DART) calcd
for C12H17Br404 (M+H)+ 5407855, found 540.7861.

mASSOCIATED CONTENT

Supporting Information

The Supporting Information is available free of charge at https://pubs.acs.org/doi/10.1021/acs.joc.0000.
'H, BC{'H} and '°F NMR spectra, UV/Vis and FL and PL spectra, and full detailed optimization study
experiments (PDF).

BAUTHOR INFORMATION

Corresponding Author

Correspondence to E.Y. and A.L
Eiji Yamaguchi (yamaguchi@gifu-pu.ac.jp)
Akichika Itoh (itoha@gifu-pu.ac.jp)

Competing interests

The authors declare no competing interests.

BACKNOWLEDGMENT

This work was supported by the Sumitomo Foundation, and JSPS KAKENHI Grant number: 18K14871.
HEREFERENCES

(1) Narayanam, J. M. R.; Stephenson, C. R. J. Visible light photoredox catalysis: applications in organic
synthesis. Chem. Soc. Rev. 2011, 40, 102—113.

(2) Shaw, M. H.; Twilton, J.; MacMillan, D. W. C. Photoredox catalysis in organic chemistry. J. Org.
Chem. 2016, 81, 6898—6926.

(3) Marzo, L.; Pagire, S. K.; Reiser, O.; Konig, B. Visible-light photocatalysis: Does it make a difference
in organic synthesis? Angew. Chem. Int. Ed. 2018, 57, 10034—10072.

ACS Paragon Plus Environment



Page 23 of 26 The Journal of Organic Chemistry

oNOYTULT D WN =

(4) Prier, C.K.; Rankic, D. A.; MacMillan, D. W. C. Visible light photoredox catalysis with transition
metal complexes: Applications in organic synthesis. Chem. Rev. 2013, 113, 5322-5363.

(5) Hockin, B. M.; Li, C.; Robertson, N.; Zysman-Colman, E. Photoredox catalysts based on earth-
abundant metal complexes. Catal. Sci. Technol. 2019, 9, 889-915.

(6) Riente , P.; Pericas, M. A. Visible Light-Driven Atom Transfer Radical Addition to Olefins using
Bi,03 as Photocatalyst. ChemSusChem 2015, 8, 1841-1844.

(7) Meyer, T. J. Photochemistry of metal coordination complexes: metal to ligand charge transfer excited
states. Pure & Appl. Chem. 1986, 58, 1193—1206.

(8) Watts R. J. Ruthenium polypyridyls: A case study. J. Chem. Educ. 1983, 60, 834—842.

(9) Romero, N. A.; Nicewicz, D. A. Organic photoredox catalysis. Chem. Rev. 2016, 116, 10075-10166.

(10) (a) Ravelli, D.; Fagnoni, M.; Albini, A. Photoorganocatalysis. What for? Chem. Soc. Rev. 2013, 42,
97-113; (b) Tucker, J. W.; Stephenson, C. R. J. Shining light on photoredox catalysis: Theory and
synthetic applications. J. Org. Chem. 2012, 77, 1617-1622.

(11) Teegardin, K.; Day J. I.; Chan, J.; Weaver, J. Advances in photocatalysis: A microreview of visible
light mediated ruthenium and iridium catalyzed organic transformations. Org. Process. Res. Dev. 2016,
20, 1156-1163.

(12) K. Matsuo, E. Yamaguchi, A. Itoh, Atom-Transfer Radical Addition Photocatalysis Using a
Heteroleptic Copper Complex. Asian J. Org. Chem. 2018, 7, 2435-2438.

(13) Previous report for ATRA reactions between olefins with olefins, see: (a) Making Copper
Photocatalysis Even More Robust and Economic: Photoredox Catalysis with [Cu''(dmp),CI|Cl. Eur. J.
Org. Chem. 2020, 1523-1533; (b) E. Voutyritsa,; I. Triandafillidi,; N. V. Tzouras,; N. F. Nikitas,; E. K.
Pefkianakis,; G. C. Vougioukalakis,; G. Kokotos, Photocatalytic Atom Transfer Radical Addition to
Olefins Utilizing Novel Photocatalysts. Molecules 2019, 24, 1644-1653; (c) B. Chen,; C. Feng,; P. Liu,;
J. M. Ready, Rhodium-Catalyzed Enantioselective Radical Addition of CX, Reagents to Olefins. Angew.
Chem. Int. Ed. 2017, 56, 8780-8784.

(14) Recent examples on the photocatalytic ATRA reactions, see: (a) Yajima, T.; Shigenaga, S. Metal-
Free Visible Light Hydroperfluoroalkylation of Unactivated Alkenes Using Perfluoroalkyl Bromides. Org.
Lett. 2019, 21, 138-141. (b) Sideri, 1. K.; Voutyrista, E.; Kokotos, C. G. Photoorganocatalysis, Small
Organic Molecules and Light in the Service of Organic Synthesis: the Awakening of a Sleeping Giant.
Org. Biomol. Chem. 2018, 16,4596—4614. (¢) Sun, J.; Li, P.; Guo, L.; Yu, F.; He, Y.-P.; Chu, L. Catalytic,
Metal-free Sulfonylcyanation of Alkenes via Visible Light Organophotoredox Catalysis. Chem. Commun.,
2018, 54, 3162-3165. (d) Rawner, T.; Lutsker, E.; Kaiser, C. A.; Raiser, O. The Different Faces of

ACS Paragon Plus Environment



oNOYTULT D WN =

The Journal of Organic Chemistry Page 24 of 26

Photoredox Catalysts: Visible-Light-Mediated Atom Transfer Radical Addition (ATRA) Reactions of
Perfluoroalkyl Iodides with Styrenes and Phenylacetylenes. ACS Catal. 2018, 8, 3950-3956. (e) Park, G.-
R.; Choi, Y.; Choi, M. G.; Chang, S.-K.; Cho, E. J. Metal-Free Visible-Light-Induced
Trifluoromethylation Reactions. Asian J. Org. Chem. 2017, 6, 436—440. (f) Yajima, T.; Ikegami, M.
Metal-Free Visible-Light Radical Iodoperfluoroalkylation of Terminal Alkenes and Alkynes. Eur. J. Org.
Chem. 2017, 2126-2129.

(15) Recent report on the halogen bonding, see: (a) Varadwaj, P. R.; Varadwaj, A.; Marques, H. M.
Halogen Bonding: A Halogen-Centered Noncovalent Interaction Yet to Be Understood. Inorganics 2019,
7,40-102. (b) Cavallo, G.; Metrangolo, P.; Milani, R.; Pilati, T.; Priimagi, A.; Resnati, G.; Terraneo, G.
The Halogen Bond. Chem. Rev. 2016, 116, 2478-2601. (c) Kolaf, M. H.; Hobza, P. Computer Modeling
of Halogen Bonds and Other c-Hole Interactions. Chem. Rev. 2016, 116, 5155-5187.(d) Eskandari, K.;
Lesani, M. Does Fluorine Participate in Halogen Bonding? Chem. Eur. J. 2015, 21, 4739-4746.

(16) For recent examples on the functional material chemistry based on halogen bonding, see: (a)
Teyssandier, J.; Mali, K. S.; Feyter, S. D. Halogen Bonding in Two-Dimensional Crystal Engineering.
ChemistryOpen 2019, 225-241. (b) Tepper, R.; Schubert, U. S. Halogen Bonding in Solution: Anion
Recognition, Templated Self-Assembly, and Organocatalysis. Angew. Chem. Int. Ed. 2018, 57, 6004—
6016. (c) Li, B.; Zang, S.-Q.; Wang, L.-Y.; Mak, T. C. W. Halogen Bonding: A Powerful, Emerging Tool
for Constructing High-Dimensional Metal-Containing Supramolecular Networks. Coord. Chem. Rev.
2016, 308, 1-21. (d) Ivanov, D. M.; Novikov, A. S.; Ananyev, 1. V.; Kirina, Y. V.; Kukushkin, V. Y.
Halogen bonding between metal centers and halocarbons. Chem. Commun. 2016, 52, 5565-5568. (e)
Brown, A.; Beer, P. D. Halogen Bonding Anion Recognition. Chem. Commun. 2016, 52, 8645-8658. (f)
Berger, G.; Soubhye, J.; Meyer, F. Halogen Bonding in Polymer Science: From Crystal Engineering to
Functional Supramolecular Polymers and Materials. Polym. Chem. 2015, 6, 3559-3580. (g) Gilday, L. C.;
Robinson, S. W.; Barendt, T. A.; Langton, M. J.; Mullaney, B. R.; Beer, P. D. Halogen Bonding in
Supramolecular Chemistry. Chem. Rev. 2015, 115, 7118-7195.

(17) For example, for a recent review on the biochemistry using halogen bonding, see: (a) Pizzi, A.;
Demitri, N.; Terraneo, G.; Metrangolo, P. Halogen Bonding at the Wet Interfaces of an Amyloid Peptide
Structure. CrystEngComm, 2018, 20, 5321-5326. (b) Mendez, L.; Henriquez, G.; Sirimulla, S.; Narayan,
M. Looking Back, Looking Forward at Halogen Bonding in Drug Discovery. Molecules 2017, 22, 1397—
1411. (c) Scholfield, M. R.; Zanden, C. M. V.; Carter, M.; Ho, P. S. Halogen bonding (X-bonding): a
biological perspective. Protein Sci. 2013, 22, 139-152.

ACS Paragon Plus Environment



Page 25 of 26 The Journal of Organic Chemistry

oNOYTULT D WN =

(18) For selected reviews on the reaction using a halogen bonding, see: (a) Yang, H.; Wong, M. W.
Application of Halogen Bonding to Organocatalysis: A Theoretical Perspective. Molecules 2020, 25,
1045-1069. (b) Postigo, A. Electron Donor-Acceptor Complexes in Perfluoroalkylation Reactions. Eur.
J. Org. Chem. 2018, 6391-6404. (c) Bulfield, D.; Huber, S. M. Halogen Bonding in Organic Synthesis
and Organocatalysis. Chem. Eur. J. 2016, 22, 14434-14450. (d) Nagorny, P.; Sun, Z. New Approaches to
Organocatalysis Based on C—H and C—X Bonding for Electrophilic Substrate Activation. Beilstein J. Org.
Chem. 2016, 12, 2834-2848.

(19) For recent examples on the reaction based on a halogen bonding, see: (a) Sutar, R. L.; Engelage, E.;
Stoll, R.; Huber, S. M. Bidentate Chiral Bis(imidazolium)-Based Halogen-Bond Donors: Synthesis and
Applications in Enantioselective Recognition and Catalysis. Angew. Chem. Int. Ed. 2020, 59, 6806—6810.
(b) M. Saito, Y. Kobayashi, Y. Takemoto, Divergent and Chemoselective Transformations of Thioamides
with Designed Carbene Equivalents. Chem. Eur. J. 2019, 25, 10314-10318. (c) Poteat, C. M.; Lindsay,
V. N. G. Controlled a-Mono- and a,a-di-Halogenation of Alkyl Sulfones Using Reagent—Solvent Halogen
Bonding. Chem. Commun. 2019, 55, 2912-2925. (d) Kazi, I.; Guha, S.; Sekar, G. Halogen Bond-Assisted
Electron-Catalyzed Atom Economic lodination of Heteroarenes at Room Temperature. J. Org. Chem.
2019, 84, 6642—6654. (e¢) Wang, C.; Danovich, D.; Chen, H.; Shaik, S. Oriented External Electric Fields:
Tweezers and Catalysts for Reactivity in Halogen-Bond Complexes. J. Am. Chem. Soc. 2019, 141, 7122—
7136.

(20) For recent examples on the radical polymerization based on a halogen bonding, see: (a) Tian, C.;
Wang P.; Ni, Y.; Zhang, L.; Cheng, C.; Zhu, X. Angew. Chem. Int. Ed. 2020, 132,3938-3944. (b) Xu, H.;
Wang, C.-G.; Lu, Y.; Goto, A. Pyridine N-oxide catalyzed living radical polymerization of methacrylates
via halogen bonding catalysis. Maclomolecules 2019, 52, 2156-2163. (c) Ni, Y.; Tian, C.; Zhang, L.;
Cheng, C.; Zhu, X. ACS Macro Lett. 2019, 8, 1419-1425.

(21) (a) Liu, Y.; Chen, X.-L.; Sun, K.; Li, X.-Y.; Zeng, F.-L.; Liu, X.-C.; Qu, L.-B.; Zhao, Y.-F.; Yu, B.
Visible-Light Induced Radical Perfluoroalkylation/Cyclization  Strategy To  Access 2-
Perfluoroalkylbenzothiazoles/Benzoselenazoles by EDA Complex. Org. Lett. 2019, 21, 4019-4024. (b)
Yoshioka, E.; Kohtani, S.; Hashimoto, T.; Takebe, T.; Miyabe, H. Photo-Induced Atom-Transfer Radical
Reactions Using Charge—Transfer Complex between lodine and Tertiary Amine. Chem. Pharm. Bull.
2017, 65, 33-35.

(22) Helmecke, L.; Spittler, M.; Baumgarten, K.; Czekelius, C. Metal-free activation of C—I bonds and
perfluoroalkylation of alkenes with visible light using phosphine catalysts. Org. Lett. 2019, 21, 7823—
7827.

ACS Paragon Plus Environment



oNOYTULT D WN =

The Journal of Organic Chemistry Page 26 of 26

(23) Crisenza, G. E. M.; Mazzarella, D.; Melchiorre, P. Synthetic methods driven by the photoactivity
of electron donor—acceptor complexes. J. Am. Chem. Soc. 2020, 142, 5461-5476.

(24) Full results for optimization study of pyridines were detailed in supporting information as Table S1.

(25) Full results for optimization study of light source were detailed in supporting information.

(26) Motoyoshiya, J.; Fengqiang, Z.; Nishii, Y.; Aoyama, H. Fluorescence quenching of versatile
fluorescent probes based on strongly electron-donating distyrylbenzenes responsive to aromatic
chlorinated and nitro compounds, boronic acid and Ca?*. Spectrochimica Acta Part A 2008, 69, 167-173.

(27) Qiu, J., Matyjaszewski, K., Polymerization of substituted styrenes by atom transfer radical
polymerization. Maclomolecules 1997, 30, 5643-5648.

(28) Matsumoto, H.; Nakano, T.; Takasu, K.; Nagai, Y. Radical reactions in the coordination sphere. 4.
Addition of carbon tetrachloride to cis-cyclooctene catalyzed by
dichlorotris(triphenylphosphine)ruthenium(Il). J. Org. Chem. 1978, 43, 1734—1736.

(29) Eckenhoff, W. T.; Pintauer, T.; Atom transfer radical addition (ATRA) catalyzed by copper
complexes with tris[2-(dimethylamino)ethyl]amine (MesTREN) ligand in the presence of free-radical
diazo initiator AIBN. Dalton Trans. 2011, 40, 4909-4917.

(30) Allodi, M. A.; Kirschner, K. N.; Shields, G. C. Thermodynamics of the hydroxyl radical addition to
isoprene. J. Phys. Chem. A4, 2008, 112, 7064-7071.

(31) Pan, Z.; Fan, Z.; Cheng, J. Halogen-bond-promoted a-C-H amination of ethers for the synthesis of
hemiaminal ethers. Adv. Synth. Catal. 2018, 360, 1761-1767.

(32) Darmanyan, A. P.; Arbogast, J. W.; Foote, C. S. Singlet oxygen generation by triplet charge-transfer
complexes. J. Phys. Chem. 1991, 95, 7308-7312.

(33) Dolbier, W. R.; Structure, Reactivity, and Chemistry of Fluoroalkyl Radicals. Chem. Rev. 1996, 96,
1557-1584.

(34) Song, C.-X.; Chen, P.; Tang, Y. Carboxylation of Styrenes with CBry, and DMSO via Cooperative
Photoredox and Cobalt Catalysis. RSC Adv. 2017, 7, 11233-11243.

(35) Sawama, Y.; Nakatani, R.; Imanishi, T.; Fujiwara, Y.; Monguchi, Y.; Sajiki, H. Effect of Sodium
Acetate in Atom Transfer Radical Addition of Polyhaloalkanes to Olefins. RSC Adv., 2014, 4, 8657-8660.

ACS Paragon Plus Environment



