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A copper-based photocatalyst, Cu(tmp)(BINAP)BF,4, was found to be active in a photoredox Appel-type conversion of alcohols to

bromides. The catalyst was identified from a screening of 50 complexes and promoted the transformation of primary and secondary

alcohols to their corresponding bromides and carboxylic acids to their anhydrides. The protocol was also amendable and optimized

under continuous flow conditions.

Introduction

Synthetic photochemistry and photocatalysis continues to influ-
ence molecular synthesis [1-4]. In exploring photochemical re-
activity manifolds, there exists the potential to discover new
methods to construct important molecular fragments, as well as
revamp traditional chemical transformations. One such process
is the Appel reaction [5], which employs PPh; and an electro-
philic halogen source to promote the formation of an organic
halide from the corresponding alcohol (Figure 1) [6,7]. The
Appel reaction is representative of a host of transformations that
require stoichiometric reagents to effect a functional group

change of an alcohol. In 2011, Stephenson and co-workers re-

ported that photocatalysis could be used to promote the
alcohol—halide conversion using low catalyst loadings of a ru-
thenium-based catalyst (Ru(bpy);Cl,, 1 mol %) in the absence
of PPhj as a reductant (Figure 1) [8]. The method possesses nu-
merous advantages (wide functional group tolerance, no forma-
tion of oxidized phosphine byproducts [9-14], mild reaction
conditions and visible-light irradiation), which should be easily
embraced by the synthetic community. To further develop the
photochemical alcohol—halide transformation, the use of alter-
native photocatalysts based upon more abundant metals

was envisioned [15-18]. Specifically, our group has demon-
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Figure 1: Alcohol—bromide functional group transformations.
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strated that heteroleptic Cu(I) complexes [19-21] have signifi-
cant potential as photocatalysts that can promote a variety of
mechanistically distinct photochemical transformations includ-
ing single electron transfer (SET), energy transfer (ET), and
proton-coupled electron transfer (PCET) reactions [22-26].
Herein, the evaluation of Cu(I)-complexes for photocatalytic
Appel reactions and demonstration in continuous flow is de-

scribed.

Results and Discussion

The first step in identifying a heteroleptic diamine/bisphos-
phine Cu(I)-based photocatalyst for the conversion of an
alcohol to bromide involved screening a wide variety of struc-
turally varied complexes. Our group has previously demon-
strated that the nature of each ligand influences the physical and
photophysical properties as well as catalytic activity of the re-
sulting catalyst (Figure 2) [27].

A library of 50 different catalysts was evaluated in the conver-
sion of alcohol 1 to bromide 2 (Figure 2 and Figure 3). Several
homoleptic complexes were not evaluated due to problematic

general copper-based photocatalyst structures
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Figure 2: Ligands used in the library generation of heteroleptic copper(l)-based complexes for photocatalysis.
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Figure 3: Evaluation of the library of copper-based complexes in photocatalytic alcohol—bromide conversion. Reactions irradiated with 394 nm light
(pink) or 450 nm (blue). Front entries without an indicated phosphine ligand pertain to homoleptic Cu(diamine),BF4 complexes and are colored in
lighter blue. Entries without a color indicate reactions which could not be performed due to solubility or overoxidation of the complex.

oxidation or low solubility. Reactions were irradiated at either
394 nm (purple LEDs) or 450 nm (blue LEDs), depending on
the UV—vis absorption characteristics of the photocatalysts [28].
Stephenson and co-workers had previously reported that a pri-
mary alcohol structurally similar to 1 underwent conversion to
the corresponding bromide in 96% yield upon irradiation in the
presence of Ru(bpy);Cl; (1 mol %). The screening for a suit-
able copper-based catalyst was performed under identical reac-
tion conditions whereby the Ru-based photocatalyst was substi-
tuted for the Cu-based complex. Control reactions performed in
the absence of light or in the absence of catalyst at either 394 or
450 nm revealed no conversion to the bromide. From the
results, none of the homoleptic complexes promoted the
alcohol-to-halide conversion (1—2, see the light blue entries in
the front row of Figure 3). While many of the heteroleptic com-
plexes promoted the reaction, some trends were apparent. In
general, amongst the phosphines the dppf-based complexes
were poor catalysts, while when considering the diamine

ligands the dq and bathophenthroline catalysts provided poor to

modest yields. Also, BINAP and Xantphos-based catalysts
tended to afford higher yields of 2, while amongst the diamines,
the triazole-based complexes were almost all efficient at provid-
ing 2 (54-87% yield, not including dppf-based complexes).
Interestingly, the best catalyst for the transformation
(Cu(tmp)(BINAP)BF4, 99% of 2) was a poor catalyst for a pre-
viously reported photoredox reaction [27]. It should be noted
that Cu(tmp)(BINAP)* possesses an excited state reduction
potential of —1.93 V vs. SCE, much greater than that of
Ru(bpy); ™2 (—0.81 V vs SCE), albeit the copper complex has a
much shorter excited state lifetime (=4 ns vs =1100 ns for
Ru(bpy); ™). The excited state reduction potential should match
favorably with CBr4 (E1, = 0.30 V vs SCE) in DMF [29]. Note
that many of the corresponding homoleptic copper-based
sensitizers were ineffective at promoting the Appel-type reac-
tion.

With conditions in hand for the formation of the bromides, dif-
ferent alcohols were converted to their corresponding halides
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(Table 1). As shown previously, a benzyl-protected alcohol 1
could be transformed to the corresponding bromide 2 in 99%
yield, respectively (Table 1, entry 1). The corresponding bro-
mide of citronellol (4) was also formed in high yield (91%,
Table 1, entry 2). A long chain methyl ester 5 was also toler-
ated under the reaction conditions (98% of the bromide,
Table 1, entry 3). The corresponding dibromide could be
formed from 1,9-nonadiol (6) in quantitative yield (99%,
Table 1, entry 4). A sulfur-containing alcohol 7 was smoothly
converted to its bromide in 99% yield (Table 1, entry 5). An
allylic alcohol 8 having a cis-olefin underwent alcohol-to-halide
conversion in 89% yield and was isolated as a 1:1 mixture of cis
and trans isomers (Table 1, entry 6). Finally, a racemic second-
ary alcohol 9 was easily transformed to the corresponding
racemic bromide (99%, Table 1, entry 7).

Following the optimization of the catalyst structure and explo-
ration of scope, the batch reaction conditions were then trans-
ferred to continuous flow (Table 2). Initially, an experimental
set-up using a previously reported reactor for purple LEDs was
selected for the reaction [30,31]. Following injection of the
reaction mixture with a target residence time of 60 min, only
traces of the desired bromide 2 were observed. Extending the
residence time to 120 or 240 min increased the yield to
32-53%, but significant quantities of the starting alcohol 1 and
the corresponding formate ester 3 were observed. Using tetra-n-
butylammonium bromide (TBAB) as the halide source did not
improve the yield, but resulted in larger amount of the formy-

Beilstein J. Org. Chem. 2018, 14, 2730-2736.

Table 1: Photocatalytic conversion of alcohols to bromides in batch.

0
Ph
® A ©

EN-cu BF,

He®
(1 mol %)

CBry (2 equiv)

NaBr (2 equiv)
DMF, 24 h

purple LEDs

R==Br
alcohol

yield (%)2

1 BnO” >""OH 1 99

2 4 91
Me)\/\)\/\OH
3 MeO,C”~ )7 “OH 5 98

4 HO/\/\/\/\/\OH 6 99
5 Ph™S"0H 7 99
6 Bo—  \_oH 8 89°
OH
7 9 99
Ph/kMe

aYield determined by isolation via chromatography. Plsolated as a
1:1 mixture of cis and trans isomers.

Table 2: Photocatalytic conversion of alcohol 1 to bromide 2 in continuous flow.

(1 mol %)
CBry (2 equiv)
BnO~ " “OH
1 halide source (2 equiv)

DMF, residence time (min)
flow rate (uL/min)

purple LEDs
entry halide source Tres (Min) flow rate (uL/min) recovered 1 (%)? yield 2 (%) yield 3 (%)2
1 NaBr 60 216 89 <5 <5
2 NaBr 120 110 47 53 -
3 NaBr 240 54.2 45 32 23
4 TBAB 240 110 - 21 63
5 NaBr 240 110 - 91(83)P -

aYield determined by analysis of TH NMR. PYield determined by isolation via chromatography.
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lated product 3 (Table 2, entry 4). A possible explanation for
the increased yield of 3 when using TBAB could be due to
slower displacement of leaving group by the “bulkier” source of
bromide. In attempting to extend the residence time, the flow
rate of the reaction mixture was decreased. Knowing that faster
flow rates can improve mixing and reaction rates [32], an addi-
tional reactor was placed in line and the residence time of
240 min was repeated but with an increased flow rate
(110 pL/min, Figure 4 and Table 2 entry 5). Gratifyingly, the
desired bromide 2 was isolated in 91% yield.

With optimized flow conditions in hand for the formation of
bromides in continuous flow, five different alcohols were con-
verted to their corresponding halides (Table 3). The benzyl-pro-
tected alcohol 1 could be transformed to the bromide in
83% yield (Table 3, entry 1), as was citronellol (4, 83% yield,
Table 3, entry 2). A methyl ester 5, allylic alcohol 8 and
racemic secondary alcohol 9 could all undergo conversion to
their corresponding bromides in 240 min using the continuous
flow protocol (Table 3, entries 3 to 5).

The continuous flow protocol was also applicable to the synthe-
sis of anhydrides, which has also been previously reported by
Stephenson and co-workers [33]. The carboxylic acid 10
was submitted to a flow protocol using the optimized
Cu(tmp)(BINAP)BF, catalyst, CBr4 (1 equiv) and 2,6-lutidine
as base with a residence time of 20 min (Scheme 1). The an-
hydride derived from p-methoxybenzoic acid was isolated in
90% yield.

Beilstein J. Org. Chem. 2018, 14, 2730-2736.

Table 3: Photocatalytic conversion of alcohols to bromides in continu-
ous flow.

(1 mol %)
CBry4 (2 equiv)

&oH 4%“%— e

NaBr (2 equiv)
DMF, residence time 240 min
flow rate 110 pL/min

purple LEDs
entry alcohol yield (%)2
1 BnO~ " OH 1 83
Me Me

2 )\/\)\/\ 4 8
Me™ X OH

3 MeO,C~ )7 “OH 5 85
4 gno—  \—oH 8 8
OH
5 9 86
Ph)\Me

@Yield determined by isolation via chromatography.

Figure 4: Experimental set-up for the photocatalytic conversion of alcohols to bromides. PFA tubing is wrapped around purple LEDs (394 nm) and

fans are placed underneath reactors to maintain cooling.
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Scheme 1: Copper-based photocatalysis for photocatalytic synthesis of an anhydride.

Conclusion

In summary, a heteroleptic copper-based photocatalyst
Cu(tmp)(BINAP)BF4 was discovered for the photochemical
Appel-type conversion of alcohols to bromides, as well as
carboxylic acids to their anhydrides. The protocol was highly
efficient and could be adapted to continuous flow using purple
LED reactors. The batch and continuous flow processes were all
made possible due to the ability to screen highly modular

copper-based complexes for photocatalysis.

Supporting Information

Supporting Information File 1

Experimental details and compound characterization.
[https://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-14-251-S1.pdf]
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A copper-catalyzed azide—alkyne cycloaddition (CuAAC) reaction for the synthesis of 1,4-disubstituted 1,2,3-triazoles from alkyl

diacyl peroxides, azidotrimethylsilane, and terminal alkynes is reported. The alkyl carboxylic acids is for the first time being used

as the alkyl azide precursors in the form of alkyl diacyl peroxides. This method avoids the necessity to handle organic azides, as

they are generated in situ, making this protocol operationally simple. The Cu(l) catalyst not only participates in the alkyl diacyl

peroxides decomposition to afford alkyl azides but also catalyzes the subsequent CuAAC reaction to produce the 1,2,3-triazoles.

Introduction

The “click chemistry”, coined by K. B. Sharpless in 2001 [1], is
a powerful chemical transformation that has rapidly orthogonal-
ized traditional disciplinary boundaries. With the discovery of
“click chemistry”, new fields have been opened for the research
and synthesis of functionalized compounds that have applica-
tions in medicinal chemistry, drug discovery, materials chem-

istry, and as well as in bioconjugates [2-12].

The copper-catalyzed azide—alkyne cycloaddition (CuAAC)
reaction [13-21], derived from the Huisgen’s 1,3-dipolar cyclo-
addition of azides and alkynes [22], has conceivably emerged as
the premier example of click chemistry. Generally, organic
azides are used as the azido source in most of the CuAAC reac-
tions (Scheme 1a) [23]. However, the organic azides with low

molecular weight are considered to be unstable moieties that
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R'N3 + R?—=——H
CUAAC N=N
u _R1
RIX + NaN3 + R2—H 2J§/N R
X =1, Br, OTf R
R'B(OH), *+ NaN3 + R2——H —
(b) this work:
aliphatic carboxylic acids as the alkyl source
TMSNj3 as the azido source
o TSN CuAAC N=N,
+ 3 + R—H N—alkyl
alkyl” “OR' R/l\/ y

Scheme 1: General methods for the synthesis of triazoles.

can decompose spontaneously, with which the reactions are
difficult or dangerous to handle [16]. Thus, a one-pot two-step
process for the in situ generation of organic azides is highly re-
quired. A frequently used method to in situ generate organic
azides is the azidation of organic halides, such as aliphatic
halides, vinyl halides, or aromatic halides with sodium azide
[24-27]. Organic triflates [28] and organic boronic acids [29-31]
can also be used as alternative precursors for organic azides,
when reacted with sodium azide.

However, sodium azide is a highly toxic compound and has the
potential to explode. Azidotrimethylsilane (TMSNj3) has been
considered as a safer azide source, which actually has been suc-
cessfully used in the CuAAC reaction directly [32-35], but
rarely been used as an azido precursor to enrich the function-
ality of organic azide source. Moreover, as one of the most
commonly appearing compounds in nature, carboxylic acids
have rarely been directly used as the organic azide precursors
for CuAAC reactions, considering the frequent involvement of
organic halides. Thus, new methods with non or less toxic
reagents and enriched organic azide sources for CuAAC reac-
tion are still highly required.

Herein, we report a novel CuAAC reaction, using aliphatic
carboxylic acids as the alkyl source [36], and TMSNj as the
azide source (Scheme 1b). Because TMSNj can react with
alkynes to form the CuAAC reaction product [32-35], there is
one significant challenge of this method that need to be empha-
sized: how to control the reaction to generate the alkyl azides
from aliphatic carboxylic acids and TMSNj3, before TMSN3
directly reacting with alkynes.

Results and Discussion

Based on our unpublished work, we found that alkyl azide has
always appeared as a side product when the reaction involved
TMSNj3 and alkyl diacyl peroxide, easily available compounds
derived from aliphatic carboxylic acids. With this information
in mind, initially, we started our investigation with phenylacety-
lene (1a), commercially available lauroyl peroxide (2a), and
TMSNj3 (Table 1). In a preliminary experiment, the reaction of
1a with 2a in the presence of 10 mol % of CuCl in THF at
50 °C afforded 1,4-disubstituted 1,2,3-triazole 3a in 65% isolat-
ed yield (Table 1, entry 1). Surprisingly, under these conditions
no CuAAC product between TMSN3 and phenylacetylene was
detected. This result encouraged us to further exploit the optimi-
zation of the reaction conditions. Afterwards, the effect of the
solvent was also investigated (Table 1, entries 2—8). Dichloro-
methane could afford the best result and the yield of the desired
product 3a could be as high as 97% (Table 1, entry 2). Other
metal salts of copper, such as Cu(OAc),, Cul, and CuBr were
then examined and they showed lower catalytic efficiencies
than that of CuCl (Table 1, entries 9—11). Moreover, a reduced
amount of the catalyst loading leads to lower yields of product
3a (Table 1, entries 12—14).

With the optimized reaction conditions in hand, the scope of the
terminal alkynes was screened and the results are depicted in
Scheme 2. First, the reactivity of various substituted terminal
arylalkynes was examined. Only 1,4-regioisomeric products
were formed with good to excellent yields. Phenylacetylene
with an electron-withdrawing bromo-, chloro-, or fluoro substit-
uent afforded the corresponding products 3h—n in up to

92% yield, while phenylacetylenes with electron-donating
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Table 1: Optimization of the reaction conditions?@.

Beilstein J. Org. Chem. 2018, 14, 2916-2922.

P o N=N
B ~ Mo _ciHy TMSN conditions NV Crikz
_ * Cuhpg™ "O" 7 3 10 h
(0]
1a 2a, LPO 3a
entry catalyst (mol %) solvent yield (%)°
1 CuCl (10) THF (65)°
2 CuCl (10) CHoCly 96 (97)°
3 CuCl (10) EtOH 53
4 CuCl (10) DMF 13
5 CuCl (10) MeOH 7
6 CuClI (10) 1,4-dioxane trace
7 CuCl (10) MeCN trace
8 CuCl (10) acetone trace
9 Cul (10) CH,Cly 52
10 CuBr (10) CH,Cly 48
11 Cu(OAc); (10) CH,Cl, 64
12 CuCl (7.5) CH,Cl, 84
13 CuCl (5) CHoCly 70
14 CuCl (2) CH,Cly 54

@Reaction conditions: 1a (0.5 mmol), 2a (0.75 mmol), TMSN3 (0.75 mmol), catalyst (mol %), solvent (2 mL), 50 °C, 10 h. bYield was determined by

TH NMR analysis. Clsolated yield in parentheses.

groups gave the corresponding products 3b—g and 30—q in up to
86% yield. Instead of a six-membered ring, five-membered
heteroaromatics (ethynylthiophenes) have also been used, and
afforded the desired products 3s and 3t in up to 76% yield. Ter-
minal aliphatic alkynes were then examined and it was found
that they could smoothly deliver the corresponding 1,2,3-tri-
azoles 3u—z with high yields.

Furthermore, the scope of the alkyl diacyl peroxides was then
studied (Scheme 3). The alkyl diacyl peroxides 2 were synthe-
sized from the corresponding aliphatic carboxylic acids in a
single step by DCC-mediated dehydrative condensation with
hydrogen peroxide, and were used directly after simple filtra-
tion without further treatment; see Supporting Information
File 1 for details [37]. The alkyl diacyl peroxides with long-
chain alkyl groups and methyl-substituted long-chain alkyl
groups afforded the corresponding 1,4-disubstituted 1,2,3-tri-
azoles with good to excellent yields (3aa, 3bb, 3dd, 3ff, 3hh,
3ii, and 311). Remarkably, the chlorodiacyl peroxide also toler-
ated the reaction conditions to afford chloro-substituted triazole
3ee with good yield. Moreover, alkyl diacyl peroxides bearing a
phenyl group, cyclopentyl group, or a cyclohexyl group also
afforded good yields (3cc, 3mm, and 3nn). Significantly, diacyl
peroxides with cyclic secondary alkanyl and alkenyl groups can
also gave the corresponding 1,2,3-triazoles 3gg, 3jj, and 3kk.

Tertiary alkyl diacyl peroxides are relatively more reactive than
primary and secondary alkyl diacyl peroxides, but they are not
stable enough for the simple filtration separation at room tem-
perature. Thus, we have not tried the reactions with tertiary
alkyl diacyl peroxides.

In order to understand the mechanism of this reaction, we per-
formed a set of experiments (Scheme 4). Firstly a radical
capturing reaction was carried out with the addition of a radical
trapping reagent (tetramethylpiperdinyloxy, TEMPO) [38,39] to
the standard reaction system, no product 3a was obtained; only
the radical trapped product 4 was detected by GC-MS
(Scheme 4a).

To further investigate this phenomenon, we synthesized a sub-
strate bearing a cyclopropylmethyl moiety, diacyl peroxide 2p,
which is a radical-clock [40,41]. The reaction of phenylacety-
lene with the diacyl peroxide 2p afforded a ring-opened prod-
uct 3pp in 88% yield. This result suggested the engagement of
radical species in the reaction (Scheme 4b).

Based on the previous literature [16,42,43] and the above exper-
imental findings, a possible reaction mechanism is suggested as
shown in Scheme 5. In the presence of the Cu(I) catalyst, alkyl
diacyl peroxide decomposes into an alkyl radical, CO,, and
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Scheme 2: Substrate scope of the terminal alkynes. Conditions: 1 (0.5 mmol), 2a (0.75 mmol), TMSN3 (0.75 mmol), CuCl (10 mol %), DCM (2 mL),

50 °C, 10 h. Yields of the isolated products are given.

releases a carboxyl—Cu(Il) complex, which undergoes a ligand
exchange with azidomethylsilane to form azido—Cu(II) species.
The alkyl radical then abstracts the azido moiety from the
azido—Cu(II) species to afford an alkyl azide and the regener-
ated Cu(l) catalyst. Then, a conventional CuAAC process
delivers the desired cycloaddition product 3.

Conclusion

In summary, we have established an efficient, ligand- and addi-
tive-free CuAAC reaction for the synthesis of 1,4-disubstituted
1,2,3-triazoles directly from a variety of readily accessible sub-
strates such as alkyl diacyl peroxides, azidotrimethylsilane, and

terminal alkynes. The alkyl carboxylic acids are for the first
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©]
P4
\
z

p N—alkyl
7 CuCl 10 mol % =~ alky
lkyl N
+ 2 y\ﬂ/O O)J\alkyl + TMSN;
o) DCM, 50 °C, 10 h
1a

2 3
N=N
N
Y
3cc, 90%
3aa, 73% 3bb, 72%
C' N
N="%
N
~
\ S
3dd, 69% 3ee, 73% 7 3ff, 78%
_N
N="\
N
3hh, 77%
399, 87%
3kk, 95% 31, 94%
3jj, 60%
3nn, 64%
3mm, 95%

Scheme 3: Substrate scope of the alkyl diacyl peroxides. Conditions: 1a (0.5 mmol), 2 (0.75 mmol), TMSN3 (0.75 mmol), CuCl (10 mol %), DCM
(2 mL), 50 °C, 10 h. Yields of the isolated products are given.

(a) addition of 3 equiv of TEMPO
. _N
= standard conditions N="\
//+ /l%/N“CHHza N

LPO + TMSN |
Ph SNs " TEMPO 1.5 mmol

O.
C11Hz3
1a 2a 3a, not detected 4, detected by GC-MS

(b) ring-opening experiment N J_//
N="%
N
=
J\/A standard conditions
V/Y + TMSN;

2p 3pp, 88%

Scheme 4: Preliminary mechanistic studies.
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Scheme 5: Plausible reaction mechanism.

time being used as the alkyl azide precursors in the form of
alkyl diacyl peroxides. This method avoids the necessity to
handle organic azides, as they are generated in situ, making this
protocol operationally simple. This reaction features a wide
substrate scope, good functional group tolerance, high yields,
and excellent regioselectivity. Most of all, the Cu(I) catalyst
plays two roles in the reaction: decomposes the alkyl diacyl
peroxides to afford the alkyl azides and catalyzes the subse-
quent CuAAC reaction to produce the 1,2,3-triazoles.

Experimental

General procedure: To a flame-dried Schlenk tube containing
a magnetic stirring bar, terminal alkyne 1 (0.5 mmol), diacyl
peroxide 2 (0.75 mmol), TMSN3 (90.4 mg, 0.75 mmol), CuCl
(4.9 mg, 0.05 mmol) and CH,Cl, (2 mL) were added, respec-
tively. The reaction mixture was stirred vigorously for 10 h at
50 °C. Then, the reaction mixture was cooled to room tempera-
ture, poured into saturated sodium bicarbonate solution (25 mL)
and extracted with CH,Cl, (3 x 25 mL). After drying over
MgSOy, the solvent was removed under reduced pressure in a
rotary evaporator; the residue was purified by column chroma-
tography on silica gel (PE/EA) to afford 3.

Supporting Information

Supporting Information File 1

Detailed experimental procedures and characterization data
for all new compounds.
[https://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-14-270-S1.pdf]
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The degenerative transfer of xanthates to olefins is enabled by the iridium-based photocatalyst [Ir{dF(CF3)ppy},(dtbbpy)](PF¢)
under blue LED light irradiation. Detailed mechanistic investigations through kinetics and photophysical studies revealed that the

process operates under a radical chain mechanism, which is initiated through triplet-sensitization of xanthates by the long-lived

triplet state of the iridium-based photocatalyst.

Introduction

A degenerative radical transfer of xanthates to olefins has been
developed as a robust synthetic tool to create new C—C and C—S
bonds in a single operation [1-13]. The method is featured by
not only its capability of introducing a wide range of carbon
substituents but also the ability of the installed xanthyl group in
being transformed into a variety of functionalities [1-14]. This
concept has also been of particular importance in the field of
polymer science, known as reversible addition—fragmentation
chain transfer (RAFT) polymerization [15,16]. Mechanistically,
the degenerative transfer of xanthates 1 to olefins 2 proceeds

through a radical chain mechanism, and thus requires an initial

formation of carbon radicals A that add onto olefins 2. The
subsequent reaction of the resulting alkyl radicals B with
xanthates 1 provides xanthate adducts 3 with generation of car-
bon radicals A that maintain the radical chain (Scheme 1A).
Peroxide initiators such as dilauroyl peroxide (DLP) are com-
monly utilized [1-14], while decomposition of DLP needs a
high reaction temperature and inevitably generates consider-
able amounts of byproducts derived from DLP that sometimes
require tedious purification of the desired products. A combina-
tion of triethylborane (Et3B) and molecular oxygen can also

initiate the reaction at lower temperature (e.g., room tempera-
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ture), while the employment of Et3B is hampered due to its
pyrophoric nature under aerobic conditions as well as unde-
sired Et3B-mediated dexanthylation of a-xanthyl ketones [17-
21]. As an alternative strategy, a light-driven approach has been
developed [22-26], since the first degenerative transfer of
xanthates using S-benzoyl O-ethyl xanthate as a photo-cleav-
able initiator under tungsten lamp irradiation was reported by
Zard [25,26] (Scheme 1B). However, these protocols have thus
far adopted energy intensive light sources. Therefore, there is
still ample room for establishing new protocols to realize the
degenerative transfer of xanthates onto olefins under user-
friendly and milder reaction conditions. Herein, we report a
photocatalytic degenerative radical transfer of xanthates to
olefins using an iridium-based photocatalyst under blue LED ir-
radiation (Scheme 1C). A series of mechanistic investigations
identified that the process involves a triplet-sensitization of the
xanthates by the long-lived triplet state of the iridium-based
photocatalyst that triggers the radical chain process [27].

Results and Discussion

Over the last decade, there has been a remarkable advance in
synthetic chemistry that takes advantage of various chro-
mophores (either metallic or organic) having visible-light
charge transfer absorption [28-37]. In the area of polymer syn-
thesis, visible-light-induced RAFT polymerization of xanthates
with vinyl monomers under blue LED (light-emitting diode) ir-
radiation has been reported [38-41]. Visible-light-induced
single unit monomer insertion of the thiocarbonylthio com-
pounds has also been developed for the synthesis of the se-
quence-controlled oligomers [41-45]. For example, the group of
Boyer and Xu developed fac-Ir(ppy); (6)-catalyzed polymeriza-
tion of xanthate 4 with various vinyl monomers such as vinyl
acetate, providing polymers of type 5 having a high molecular
weight with a narrow molecular weight distribution. It was pro-
posed that the polymerization is initiated by single-electron
reduction of xanthate 4 by the highly reducing photo-excited
state of fac-Ir(ppy)s (6) [46], although the details were not elu-
cidated (Scheme 2) [39,40].

Based on these backgrounds, we wondered if the degenerative
transfer of xanthates onto olefins could be facilitated by visible-
light photocatalysis under milder reaction conditions. We there-
fore commenced our investigation with the reaction of ethyl
ethoxycarbonylmethyl xanthate (1a) and 1-octene (2a) using
fac-Ir(ppy)s (6) in DMSO under blue LED irradiation (Apax =
469 nm, Table 1, entry 1). As expected, the desired xanthate
transfer was observed, while the process efficiency was not very
high, forming 3aa in only 58% yield with incomplete conver-
sion even after stirring for 20 h. Interestingly, we found that the
employment of the less reducing Ir catalysts 7 [46] and 8 [47]
also worked for the process (Table 1, entries 2 and 3). Espe-
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Scheme 1: Degenerative radical transfer of xanthates to olefins.

cially, the rather oxidizing [Ir{dF(CF3)ppy}.(dtbpy)](PF¢) (8)
resulted in full conversion of 1a, affording 3aa in 89% yield
(Table 1, entry 3). Other photocatalysts, such as Ru(bpy);Cl,
(9) [46], fluorescein (10) [48], and phenoxazine 11 [49], were
not optimal for the present transformation (Table 1, entries
4-6). It should be noted that the reaction without the photocata-
lyst under visible light- and halogen lamp irradiation resulted in
poorer conversion with formation of 3aa in only 10% and 30%
yield, respectively, suggesting that the photocatalyst was impor-
tant for the degenerative transfer of xanthate 1a (Table 1,
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Scheme 2: Photocatalytic RAFT polymerization of xanthate 4.

entries 7 and 8). On the other hand, the employment of a
365 nm UV lamp in place of the blue LED gave 3aa in 75%
yield, although a slower reaction rate was observed compared to
the optimal reaction conditions (Table 1, entry 9).

In principle, visible-light-mediated photocatalysis can serve for
electron transfer (for either oxidation or reduction) and/or for
energy transfer. We found that the reduction potential Ep/p of
xanthate 1a is —1.78 V vs SCE, which is not sufficient to be
reduced by the photoexcited states of Ir catalysts 6-8 (£, of
6*, 7* and 8% =—1.73, —1.28, and —0.89 V vs SCE, respective-
ly [46,47]). Apparently, photoinduced single-electron reduction
of xanthate 1a by the photoexcited state of the optimal catalyst
8 is not feasible. In contrast, the triplet energy Et of xanthate 1a
was estimated as 57.5 kcal/mol by DFT calculation, that is close
to those of photocatalysts 7 and 8 (E1 = 60.1 kcal/mol [50]), in-
dicating that the process could be initiated by the triplet sensiti-
zation pathway [51,52]. This assumption is in agreement with
the lower process efficiency (Table 1, entry 1) observed in the
reaction with fac-Ir(ppy)s (6) that possesses a lower triplet
energy (E1 = 55.2 kcal/mol [50]). The optimal photocatalyst 8
[47] has a longer excited state lifetime than 7 does [46],
suggesting that the lifetime of the excited state of the photocata-
lyst is a key factor for the energy transfer mechanism.

To obtain a detailed mechanistic insight, steady-state photolu-
minescence (PL) quenching of photocatalyst 8 was examined
using xanthate 1a and 1-octene (2a) as potential quenchers
(Figure 1). The intensity of the PL peak of photocatalyst 8 (con-
centration of 8 was fixed as 25 pM solution in degassed DMSO
for all the samples; for details see Supporting Information
File 1) at 480 nm, arising from the radiative emission of the
3MLCT state of the photocatalyst, was measured using 410 nm

light excitation. When the concentration of xanthate 1a was
gradually increased, a reduction in the PL intensity (/) of photo-
catalyst 8 was observed (Figure 1A). The Stern—Volmer plot of
the ratio /y/I, where I is the initial PL intensity in the absence
of quencher, versus concentration of 1a showed a linear rela-
tionship with a quenching rate kg = 1.25 x 107 M~ 157! (see Sup-
porting Information File 1). On the other hand, the addition of
1-octene (2a, 40 mM), in place of xanthate 1a, resulted in only

a small PL quenching of photocatalyst 8 (<8%, Figure 1B).

The time-resolved PL lifetime decay profiles of photocatalyst 8
(25 puM solution in degassed DMSO, 410 nm pulse excitation
and monitoring emission at 480 nm) were recorded in the
absence of a quencher, and in the presence of xanthate 1a and
1-octene (2a, 40 mM, Figure 1C). The lifetime profiles were de-
scribed using a mono-exponential decay function with a life-
time of 1.40 ps in the absence of a quencher, and 1.03 and
1.37 us in the presence of xanthate 1a and 1-octene (2a), re-
spectively. The decrease in the PL lifetime of photocatalyst 8 in
the presence of xanthate 1a suggests that they are interacting
with each other. On the other hand, only a very weak interac-
tion exists between 1-octene (2a) and the photocatalyst 8 as
demonstrated by the insignificant PL quenching of the photocat-
alyst [53].

The ns-transient absorption (TA) spectra of photocatalyst 8
(25 uM solution in degassed DMSO) obtained using 355 nm
pulse excitation and recorded at different delay times are shown
in Figure 2A. The band between 450 nm and 600 nm is attri-
buted to the excited MLCT state of the photocatalyst [53-55].
The positive AOD feature in the UV region (<400 nm) is also
ascribed to the excited SMLCT state [55]. The transient kinetic
profile probed at 480 nm decays mono-exponentially with a
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Table 1: Optimization of reaction conditions.?

+ 2 nHex

photocatalyst
(0.5 mol %)
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EtO,C” S~ “OEt

1a 2a (2 equiv)

DMSO, <30 °C, 20 h

blue LED

(Amax = 469 nm)

72*

2CI-

Ru(bpy)sCl> (9)

Entry Photocat. [51\% "é}é"é?b
1 6 -1.73
2 7 -1.28
3 8 -0.89
4 9 -0.81
5 10 -1.42
6 11 -1.80
7 none -
gef none -
99 none -

/E i Ry
0

!

!

5

e, I r o

Ir(Fppy)s (7)

‘ CO,H
O X ‘ Ar 0 Ar
HO (o) o) i -

[I{dF(CF3)ppy}2(dtbbpy)l(PFe) (8)

I
L

Ar= \_/
fluorescein (10) 11
Et Conv. Yield
[kcal/mol]P [%]° [%]°
55.2 64 58
60.1 38 34
60.1 >99 90 (89)d
46.5 13 13
447 34 31
56.5 9 9
- 10 10
- 39 30
- 84 75

aThe reactions were conducted using 0.3-0.5 mmol of xanthate 1a, 1-octene (2a, 2 equiv) and a photocatalyst in DMSO (1 M) at <30 °C with irradia-
tion of a blue LED strip (Amax = 469 nm, 15 W/m, 1.5 m) under an argon atmosphere. PThe values were obtained from references [46-50]. °NMR
yields using 1,1,2,2-tetrachloroethane as an internal standard. 9Isolated yield is stated in parentheses. ®Halogen lamp (300 W) was used in place of
blue LED. Reaction was conducted at 40 °C. 9365 nm UV lamp (100 W) was used in place of blue LED.

lifetime of 1.73 ps (Figure 2B); close to the lifetime of the
excited SMLCT state of photocatalyst 8 measured in Figure 1C.
The ns-TA spectra of xanthate 1a in degassed DMSO, measured
using 355 nm pulse excitation, at various delay times show a
broad band centered at ~620 nm (Figure 2C). This band has pre-
viously been ascribed to the absorption of the xanthic acid
radical formed plausibly from homolytic C—S bond cleavage of
the short-lived triplet state of xanthate 1a [22].

The ns-TA spectra of photocatalyst 8 (25 uM) in the presence of
xanthate 1a (40 mM) in degassed DMSO at various delay times
are shown in Figure 2D. The kinetic profile at 480 nm is de-
scribed using a mono-exponential decay function with a
quenched lifetime of 1.27 ps. The ca. 37% decrease in the life-
time of the excited MLCT state of photocatalyst 8 observed in
the PL lifetime decay measurement (Figure 1C) and ns-TA
kinetic measurement (Figure 2B) can be rationalized using
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either an energy-transfer or an electron-transfer mechanism. For
the same delay times and in the presence of 1a, the AOD values
in Figure 2D are smaller than those of photocatalyst 8 in the
absence of the xanthate (Figure 2A). This is due to the
quenching of the SMLCT state of the photocatalyst. If an elec-
tron-transfer process occurs from photocatalyst 8 to xanthate
1a, the AOD values in the UV region should be noticeably
higher due to the TA band contribution from bpy ™ connected to
an Ir metal center of the +4 oxidation state (i.e., absorption due
to [IrTV {dF(CF3)ppy},](dtbpy )] species) [55]. However, this
was not observed in Figure 2D; suggesting that quenching is
due to energy transfer rather than electron transfer, and in
agreement with the thermodynamic consideration where single-
electron reduction of xanthate 1a likely does not proceed with
the excited photocatalyst 8. We therefore propose that the ob-
served PL quenching is due to energy transfer from the excited
3MLCT state of photocatalyst 8 to the triplet state of xanthate
1a. When comparing the normalized TA spectra of photocata-
lyst 8 in the absence and presence of xanthate 1a (see Support-
ing Information File 1, Figure S4), an additional contribution
from a broad AOD band that stretches from 500 nm to 800 nm
is seen for the latter which is attributed to the absorption of the
xanthic acid radical. In this case, the xanthic acid radical is
formed from the homolytic bond cleavage of the excited triplet
state of 1a formed by direct 355 nm laser light excitation and
triplet—triplet energy transfer involving the excited photocata-
lyst 8.

To confirm the possibility of a direct photoexcitation of
xanthate 1 using blue LED light irradiation as an alternative
mechanism, a steady-state UV—vis absorption spectroscopy
study of xanthate 1a was conducted (Figure 3). The UV—vis
absorption spectrum of 1a (1 mM in DMSO) showed absorp-
tion bands at 340—390 nm assigned to the n—n* electronic tran-
sition of the C=S bond as a characteristic peak of thiocarbonyl
containing compounds [56]. In fact, the reaction of 1a and 2a
under 365 nm UV lamp irradiation without a photocatalyst
delivered product 3aa in 75% yield (Table 1, entry 9). This in-
dicates the excitation of xanthate 1a through an n—n* elec-
tronic transition of the C=S bond is in operation in the UV irra-
diation process.

Beilstein J. Org. Chem. 2018, 14, 3047-3058.
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Figure 3: UV-vis absorption spectrum of 1a (1 mM solution in DMSO).

The involvement of a radical chain mechanism was further con-
firmed by calculating the quantum yield (®) because a chain
process provides multiple equivalents of product per photon
absorbed by the photocatalyst (O > 1). The photon flux of blue
LED (Apax = 469 nm) was determined using the potassium
ferrioxalate actinometer [57,58]. After irradiation of the mix-
ture of xanthate 1a and olefin 2b under optimal reaction condi-
tions with blue LED light irradiation for 4 h (Scheme 3), prod-
uct 3ab was obtained in 58% yield. This is consistent with
12 equivalents of xanthate adduct 3ab produced per photon
absorbed by the photocatalyst 8 (O = 12).

On the basis of these observations, a proposed triplet sensitiza-
tion mechanism is illustrated in Scheme 4. In this reaction,
photocatalyst 8 serves as a catalyst of an initiation step through
energy transfer from photoexcited 8* to xanthate 1 to form
excited xanthate 1* and regeneration of 8 in the ground state
[59-61]. The resulting excited xanthate 1* induces homolytic
scission of the C—S bond to generate the stabilized S-radical and
C-radical A, which then enters the innate radical chain-propaga-
tion mechanism to provide xanthate adduct 3. It is worth noting
that at the wavelength of the light source used (469 nm),
xanthate 1a absorbs a negligible amount of light (Figure 3) and
the majority of triplet 1a formed is due to energy transfer from
excited catalyst 8*.

S
S 8 (0.5 mol %) )I\
coc s ogt T P )S\/OEt
2 Al
DMSE) (1 M) EtOZC/\ OAc
) <30°C,4h
1a 2b (2 equiv) 3ab (58%)

Scheme 3: Determination of quantum yield.

blue LED (Amax = 469 nm)

quantum yield (®) = 12
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Having optimized the reaction conditions on the photocatalytic
degenerative transfer of xanthates, we next explored the scope

of olefins 2 using xanthate 1a (Table 2). The present method
tolerated a variety of functionalities such as acetyl, cyano, silyl,

Table 2: Scope of olefins.?

Beilstein J. Org. Chem. 2018, 14, 3047-3058.

ethoxy, N-Boc amino, boryl, hydroxy, and halogen groups,
affording xanthate adducts 3ab-ai in good yields (Table 2,
entries 1-8). We found strained 1,1-disubstituted olefins such as
methylenecyclopropane 2j and methylenecyclobutane (2k) are
amenable to the current protocol (Table 2, entries 9 and 10),
whereas the reaction of methylenecyclopentane (21) afforded
not only the desired xanthate adduct 3al in 60% yield but also
the substituted cyclopentene 3al’ in 18% yield (Table 2, entry
11), implicating that the redox process is partially operating
along with the main radical chain process. Norbornene (2m)
was found reactive for degenerative transfer of xanthate 1a (Ta-
ble 2, entry 12). The reaction was also applied to dienes 2n and
20, which led the formation of functionalized cyclopentane 3an
and pyrrolidine 3ao, respectively, via 5-exo-trig radical cycliza-
tion (Table 2, entries 13 and 14). The present method was
capable in functionalizing olefins 2p and 2q installed on steroid
scaffolds with high efficiency (Table 2, entries 15 and 16).

We next examined the reactions of various xanthates 1 with
allyl acetate (2b, Table 3). The reactions of ketonyl xanthates
having phenyl, para-bromophenyl, methyl, cyclopropyl, N,O-
dimethyl acetylhydroxamate, and chloromethyl moieties
proceeded smoothly, producing xanthate adducts 3bb—gb in
good yields (Table 3, entries 1-6). Notably, the photocatalyti-

S
S 8 (0.5 mol %)
~J o AR s ort
EtO,C~ °S” "OEt o
. DMSO, <30 °C EtOZC/\/kR
1a 2 (2 equiv) blue LED 3
(Amax = 469 nm)
Entry Olefins 2 Products 3 Yield® (time)
S
R
A R S)J\OEt
2 R
Et02C/\)\/
1 2b OAc 3ab 88% (18 h)
2 2c CN 3ac 73% (45 h)
3 2d SiMes 3ad 85% (46 h)
4¢ 2e OEt 3ae 70% (41 h)
5¢ 2f NHBoc 3af 80% (61 h)
6d 2g Bpin 3ag 72% (30 h)
X
OH
7 N /\)S\/oit/OH 84% (37 h)
2h EtO,C
3ah
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Table 2: Scope of olefins.2 (continued)

1
NN
6 = ~ B /\)S\/O\Et/\ 73% (48 h)
2 EtO,C Br
3ai
CO,Me S
Mg COMe
EtO
9 64% (48 h)
CO,Me EtO,C %'COQMe
2 3aj
S
EtO2C SJ<
10 \/\b OEt 90% (26 h)
2k
3ak
EtO,C
) s
S
11d & %f _/<0Et 60% (20 h)
21
3al
CO,Et

18%° (20 h)
endo/exo = 80:20

73% (10 h)

(dr =78:22)
2m
S
Ny (/7 EtO,C >\0Et
—S
13 68% (24 h)
(dr =88:12)
EtO,C CO,Et
2n EtOZC COzEt
3an
S
N\ / EO,C okt
—S
14 74% (13 h)
¥ (dr=71:29)
s
N
20 Ts
3ao
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Table 2: Scope of olefins.2 (continued)

15f

169

Beilstein J. Org. Chem. 2018, 14, 3047-3058.

o™ H 94% (26 h)
CO,E (dr = 50:50)
¢}
EtO\ﬂ/S
S
3ap
EtO,C

80% (50 h)
(dr = 50:50)

3aq

aThe reactions were conducted using xanthate 1a (0.3-0.5 mmol), olefin 2 (2 equiv) and 8 (0.5 mol %) in DMSO (1 M) at <30 °C with irradiation of a
blue LED strip (Amax = 469 nm) under an argon atmosphere. Plsolated yields are stated. 1 mol % of 8 was used. 94 equiv of olefin 2 were used.
eNMR yield using 1,1,2,2-tetrachloroethane as an internal standard. fThe reaction was conducted in DMSO/DCE 1:1 (0.5 M). 9The reaction was con-

ducted in DMSO/DCE 3:5 (0.4 M).

Table 3: Scope of xanthates.?

S
OAc
R. L
S)I\OEt
1 2b (2 equiv)
Entry Xanthates 1
S
1 S)]\OEt
O
1b
B
’ s
2 S)J\OEt
(6]
1c

S
8 (0.5 mol %)
S)I\OEt
DMSO, <30 °C R\)\/OAC
blue LED 3
(Amax = 469 nm)
Products 3 Yield® (time)
S
S)J\OEt
OAc 78% (44 h)
o]
3bb
S
B
' s)koa
)\/OAC 69% (47 h)
o]
3cb
S
S)I\OEt
AH/\ L_onc 59% (51 h)
0
3db

3055



Table 3: Scope of xanthates.? (continued)
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S~ “OEt
Me\[(\)\/OAc 82% (71 h)
o)
3eb
S
Me S)J\OEt
N A 81% (27 h
MeO \H/\)\/O C ( )
o)
3fb
)
SJ\OEt
A 75% (17 h
Cl/ﬁ]/\)\/o c o ( )
o)
3gb
I X
Et Et
oS S0 69% (52 h)
ACOMNVOAC (dr = 52:48)
o)
3hb
S
S)J\OEt
N/\)\/OAC 80% (41 h)
o)
3ib
S
0 S)LOEt
&/\)\/OAC 56% (24 h)
o)
3jb
s
CF; s)koa 74% (24 h)
(dr =63:37)
AcHN OAc

3kb

aThe reactions were conducted using xanthate 1 (0.3 mmol), olefin 2b (2 equiv) and 8 (0.5 mol %) in DMSO (1 M) at <30 °C with irradiation of a blue
LED strip (Amax = 469 nm) under an argon atmosphere. Plsolated yields are stated. 1 mol % of 8 was used. 9Five equivalents of olefin 2b were used.

cally cleavable aryl bromide (Table 3, entry 2) and the a-chloro-
carbonyl moiety (Table 3, entry 6) were also stable under the
current reaction conditions [62,63]. Furthermore, double addi-
tion of bisxanthate 1h was successfully achieved in the pres-
ence of 5 equiv of olefin 2b, giving 3hb in 69% yield (Table 3,
entry 7). This method is also suitable for generating a-amino-

alkyl radicals from phthalimidomethyl and succinimidomethyl

xanthates [64], as well as a-trifluoromethylamino xanthate 1k
[65] to afford desired products 3ib—kb in good to moderate
yields (Table 3, entries 8—10).

Conclusion
We have established a protocol for a photoinduced radical addi-

tion of xanthates to olefins using an iridium-based photocata-
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lyst under blue LED irradiation, leading to diverse xanthate
adducts. This reaction proceeds through a radical-chain propa-
gation mechanism via an initiation involving a triplet-sensitiza-
tion process of xanthates by an excited iridium-based photocata-
lyst.
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Oxidative alkene difunctionalization reactions are important in synthetic organic chemistry because they can install polar func-

tional groups onto simple non-polar alkene moieties. Many of the most common methods for these reactions rely upon the reactivi-

ty of pre-oxidized electrophilic heteroatom donors that can often be unstable, explosive, or difficult to handle. Herein, we describe a

method for alkene oxyamination and diamination that utilizes simple carbamate and urea groups as nucleophilic heteroatom donors.

This method uses a tandem copper—photoredox catalyst system that is operationally convenient. The identity of the terminal oxidant

is critical in these studies. Ag(I) salts proved to be unique in their ability to turn over the copper cocatalyst without deleteriously

impacting the reactivity of the organoradical intermediates.

Introduction

Over the past decade, a renewed interest in synthetic photo-
chemistry has resulted in the discovery of a broad range of pow-
erful new bond-forming transformations [1-4]. Much of this
work has been premised on the ability of visible light-activated
photocatalysts to generate highly reactive odd-electron interme-
diates via photoinduced electron transfer processes. A major
theme of research that has emerged from these studies is the ap-
plication of various cocatalysts to intercept the organoradical
intermediates of photoredox reactions and modulate their subse-
quent reactivity [5,6]. The combination of photoredox catalysis

with transition metals, Lewis acids, and organocatalysts has

been productively utilized in asymmetric transformations [7-9],
cross-couplings [10-12], and oxidative decarboxylation reac-
tions [13,14], among others. The use of a cocatalyst to control
these photochemical transformations enables reactions that are
not accessible from the native reactivity of the organoradical
intermediates by themselves.

Our laboratory is interested in the design of photochemical
strategies for oxidative functionalization reactions [15,16]. We
recently described [17] a new approach to alkene difunctional-

ization that combines the photoredox activation of electron-rich
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alkenes with copper(ll)-mediated oxidation of electron-rich
radicals as described by Kochi [18-20]. These studies resulted
in the development of a general new protocol for oxyamination
(Figure 1a) and diamination (Figure 1b) of alkenes. The mecha-
nism we have proposed for photocatalytic oxyamination is
outlined in Figure 1c. Photoinduced one-electron oxidation of
an appropriately electron-rich styrene 1 results in the formation
of a radical cation 1°* that is susceptible to attack by various
heteroatomic nucleophiles, including carbamates [21,22].
Subsequent oxidation of radical 7 by Cu(II) affords a formally
cationic intermediate that is trapped by the carbamoyl oxygen to
afford oxonium 8. The loss of the fert-butyl cation provides the
oxyamination product 2, which can be isolated in good yields
with excellent diastereoselectivity. Turnover of the photocata-
lyst can be coupled to the reduction of Cu(I) to Cu(0), which

a) photocatalytic oxyamination

Beilstein J. Org. Chem. 2019, 15, 351-356.

can be observed precipitating from solution over the course of
the reaction.

Copper(Il) salts have been demonstrated to be convenient termi-
nal oxidants in a variety of synthetically useful catalytic reac-
tions [23-26]. They are easily handled, are available from
commodity chemicals for nominal cost, and present minimal
environmental and health concerns in large-scale applications.
The use of stoichiometric copper(Il) reagents, however, could
become prohibitive in certain applications where specific, syn-
thetically laborious ligand sets might be required, as in enantio-
selective catalytic oxidation reactions or certain cross-coupling
applications. We wondered, therefore, if catalytic loadings of
copper(Il) salts might be used in these reactions by adding a

secondary terminal oxidant to turn over the intermediate

. Ph
FBUOZO 25 mol %3 )OL BF,-
HN.  12equivCu(TFA), o >\ J /\
HO e
Ph__~ 450 nm blue LED
. CH,Cly, 15 h 2H TPPT (3)
82%, >20:1 dr
b) photocatalytic diamination
PhHN\fO 1mol % 6 j\ Mes
1.2 equiv Cu(OAc)
HN ? PN N O +/\
450 nm blue LED )—Q N _
PhJ\) CH,Cl,, 36h  Ph H Mé  BF4
4 5 MesAcrMe* (6)

52%, >20:1 dr

c) mechanistic hypothesis for photocatalytic alkene oxyamination

t- BuO

+O/ Bu
|
P)ﬁQ
Ot Bu /4_\
P a— Ph cu'

Figure 1: a) Photocatalytic oxyamination, b) photocatalytic diamination, and ¢) proposed mechanism for photocatalytic oxyamination using copper(Il)

as a terminal oxidant.
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copper(l) complex. We describe herein the results of this inves-
tigation, which has led to the identification of a tandem
photoredox copper(Il) catalytic system for the net-oxidative
difunctionalization of alkenes.

Results and Discussion

A range of mild oxidants can oxidize copper(l) to copper(ll),
and the use of dioxygen for this purpose is frequently exploited
to effect synthetically useful copper-catalyzed aerobic oxida-
tion reactions [27,28]. However, the use of molecular oxygen as
a terminal oxidant presents unique challenges in photoredox
chemistry. Triplet dioxygen rapidly quenches the excited state
of most common photoredox catalysts [29-31], decreasing their
effective lifetimes and producing singlet dioxygen or super-
oxide, which can react destructively with many common
organic functional groups. Moreover, the organoradical inter-
mediates that characterize much of photoredox chemistry can
react rapidly with ground-state dioxygen to afford unstable
hydroperoxy radicals that can also decompose unproductively
[32,33]. Indeed, in our previous study of photocatalytic alkene
difunctionalization, we found that dioxygen and similar com-
monly used terminal oxidants resulted in unproductive decom-
position of the substrates [17], and that Cu(Il) oxidants were
uniquely suitable in this application. At the outset of this inves-
tigation, therefore, we imagined that the identification of a
co-oxidant for use with catalytic Cu(Il) might face similar prac-
tical constraints. Ideally, we hoped to identify a terminal
oxidant that would be compatible with the chemistry of the

Table 1: Optimization of dual-catalytic reaction conditions?@.

2.5mol % 3
x mol % Cu(TFA),

t-BuOYO
HN oxidant

th/\J 450 nm blue LED

CH,Cly, 2 h
1

entry Cu(TFA) (mol %)

10
10
10
10
10
30
30
0
30
30
30

O NO O WON -

©

10¢
11d
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radical intermediates, would not generate any highly reactive
oxygen species, and would not produce toxic or chromatograph-

ically problematic byproducts.

As a starting point for our optimization studies, we examined
the intramolecular oxyamination of carbamate 1 (Table 1), a
reaction we had previously studied under stoichiometric Cu(II)
conditions and found to proceed in good yield using 2.5 mol %
2,4,6-triphenylpyrylium tetrafluoroborate (TPPT, 3) as a photo-
catalyst and 1.2 equiv of Cu(TFA), as a stoichiometric oxidant.
We lowered the loading of Cu(TFA), to 10 mol % and assessed
the effect of a series of alternate oxidants that have been used in
other copper-catalyzed oxidation reactions. Most failed to
produce significant quantities of the desired product (Table 1,
entries 1-3). As expected, the use of oxygen as a terminal
oxidant resulted in rapid conversion of 1 to an intractable mix-
ture of decomposition products, with only trace formation of the
desired oxyamination product (Table 1, entry 1). Other oxidants
afforded less decomposition but were not effective in turning
over the Cu(Il) cocatalyst (Table 1, entries 2 and 3). Of all of
the oxidants screened, silver(I) salts were found to be uniquely
effective at mediating turnover of the copper(Il) catalyst
[34-36]. After screening commercially available silver(I) salts,
Ag,COj3 was found to be the optimal terminal oxidant (Table 1,
entry 5). There is a competitive silver-mediated photodecompo-
sition process that consumes the starting alkene unproductively,
and thus the copper(Il)/silver(I) ratio was tuned to optimize the
efficiency of the desired oxyamination process (Table 1, entries

o BF4 Ph
N S
O N 7
)_Q Ph~ 0= “Ph
+
Ph H TPPT (3)
2
oxidant yield?
air 8%
K2S20g (3 equiv) trace
MnO> (3 equiv) 9%
Ag-0 (3 equiv) 25%
AgoCO3 (3 equiv) 43%
AgoCO3 (3 equiv) 54%
Ag2CO; (1 equiv) 70%
AgCO3 (1 equiv) 7%
none 10%
AgoCO3 (1 equiv) 3%
AgoCO3 (1 equiv) trace

aAll reactions were conducted in degassed CH,Cl, and irradiated with a 15 W blue LED flood lamp for 2 h. PYields were determined by 'H NMR anal-
ysis of the unpurified reaction mixtures using phenanthrene as an internal standard. °No TPPT. 9No light.
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5-7). Optimal conditions were found to be 2.5 mol % TPPT,
30 mol % Cu(TFA),, and 1 equiv AgoCO3 in CH,Cl, (Table 1,
entry 7). Finally, control experiments validated the necessity of
each reaction component. Minimal product formation was ob-
served when Cu(TFA),, Ag,CO3, TPPT, or light were omitted
from the reaction (Table 1, entries 8—11), confirming that the
combination of photoredox and copper(ll) catalysis is critical to

achieve good reactivity.

We found that these optimized reaction conditions are applic-
able to both oxyamination and diamination reactions. Experi-
ments probing the scope of these transformations are summa-
rized in Figure 2. A range of styrenes bearing varying electron-
donating and electron-withdrawing substituents smoothly
undergo oxyamination (9-12), as do ortho-substituted styrenes
(13). The presence of an electron-rich heterocycle is also toler-
ated (14), without any evidence of oxidative decomposition of
this sensitive functional group. Modifications to the alkyl tether
(15) did not adversely affect the reaction. Intermolecular
oxyamination of styrenes is also feasible using these conditions.
While simple styrenes polymerize rapidly under these condi-
tions, a range of B-substituted styrenes undergo smooth oxyami-
nation using fert-butyl carbamate as the nucleophilic nitrogen
atom source (16-18). Finally, alkene diamination is also readily
achieved using N-phenylureas as nucleophiles, although acri-
dinium photocatalyst 6 afforded modestly higher yields in these
reactions (19-21).

A complete mechanistic picture of this reaction will require ad-
ditional experimentation; however, control experiments demon-
strate that Ag,CO3 is not a competent terminal oxidant on its
own (Table 1, entry 9) and that the presence of Cu(Il) is critical
for the oxyamination to occur (Table 1, entry 8). Moreover, our
previous studies demonstrated that Cu(Il) can serve as a compe-
tent terminal oxidant in a stoichiometric fashion. Thus, it seems
clear that the role of the Ag(I) additive in this reaction is to
re-oxidize Cu(l) to Cu(Il), and that the Cu(II) salt in this trans-
formation is indeed a cocatalyst for the oxidative difunctional-
ization of styrenes. Efforts to render this transformation enan-
tioselective by utilizing chiral Cu(Il) complexes have thus far
not been successful. A screen of several classes of privileged
ligands for asymmetric copper catalysis produced only racemic
oxyamination products. We interpret this observation as an indi-
cation that Cu(II) is unable to control the stereochemistry of the
C-N bond-forming step, as one might expect from its proposed
role in radical oxidation (Figure 1C).

Conclusion
These studies have demonstrated that the copper-mediated
alkene difunctionalization reactions recently reported by our

laboratory can be rendered catalytic in Cu(Il) by adding a sec-

Beilstein J. Org. Chem. 2019, 15, 351-356.

a) intramolecular oxyamination

o—{o 04:: o—{{j

2, 70% yield

(0] 40 o)
(0]
04 N Me O’(
N A N
X | H X
| H o) F | H
N F
Me

11, 66% yield

9, 66% yield 10, 55% yield

12, 53% yield 13, 63% yield

c) intramolecular diamination

O
(0]
phN—4{
PhN’{N N N
e, I
= H Me

19, 40% yield® 20, 50% yield® 21, 28% yield®

Figure 2: Scope studies for dual-catalytic alkene difunctionalization

using 2.5 mol % 3, 30 mol % Cu(TFA),, and a 15 W blue flood lamp.
Diastereomer ratios >20:1 unless otherwise noted. 23:1 dr. P10:1 dr.
®Reaction conducted using MesAcrMe* (6) as photocatalyst.

ondary terminal oxidant, and that Ag(I) salts appear to be
uniquely effective in this capacity. This work thus provides a
platform for the development of enantioselective photocatalytic
alkene difunctionalization reactions that can use a chiral Cu(II)
complex as a substoichiometric catalyst rather than as a termi-
nal oxidant. Moreover, much of the utility of photoredox cataly-
sis has been predicated on its ability to generate radical interme-
diates under mild and operationally convenient conditions. The
ability to intercept transient photogenerated organoradical inter-
mediates and divert them towards carbocation reactivity is an

intriguing paradigm for the expansion of photoredox chemistry
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towards net oxidative transformations. Current studies in our
laboratory are investigating the further application of copper
cocatalysts to a wide range of alternate photoredox-mediated

oxidative transformations.

Supporting Information

Supporting Information File 1

Full experimental details for all reactions.
[https://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-15-30-S1.pdf]
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A diastereoselective approach to axially chiral imidazopyridine-containing biaryls has been developed. The reactions proceed

through a radical cyclization cascade to construct the biaryls with good to excellent central-to-axial chirality transfer.

Introduction

Axially chiral biaryls are prevalent in natural products, bioac-
tive molecules and organocatalysts [1,2]. Among the many
methods that have been developed for the synthesis of chiral
biaryls [3-10], reactions that take avantage of the central-to-
axial chirality transfer have been less explored [11-14]. In addi-
tion, an antroposelective synthesis of imidazopyridine-based

biaryls has not been reported.

Nitrogen-centered radicals (NCRs) are attractive reactive inter-
mediates for organic synthesis as they provide opportunities for
the efficient construction of C—N bonds [15-19]. Recently, the
generation of NCRs through electron transfer-based methods
has been attracting attention. Organic electrochemistry is a

powerful tool for adding or taking electrons from organic mole-

cules to promote redox reactions because of its reagent-free fea-
ture and the tunability of electric current and potential [20-30].
We [31-34] and others [35-41] have studied the reactions of
electrochemically generated NCRs. Particularly, we have
recently reported an electrochemical synthesis of imidazo-fused
N-heteroaromatic compounds via a radical cyclization cascade
[31]. Building on this work, we report herein an atroposelective
synthesis of imidazopyridine-containing biaryls via central-to-

axial chirality transfer (Scheme 1).

Results and Discussion
The substituents on the phenyl ring (R') and at the propargylic
position (R?) of carbamate 2 were varied to study their effects

on the diastereoselectivity (Table 1). The electrolysis was con-

795


https://www.beilstein-journals.org/bjoc/about/openAccess.htm
mailto:haichao.xu@xmu.edu.cn
https://doi.org/10.3762%2Fbjoc.15.76

kal

undivided cell

10 mol % cat.

Beilstein J. Org. Chem. 2019, 15, 795-800.

[ I

R? lOA A
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P Ar = 4-t-BuCgHj
N R? : cat. :

R', R2 = bulky substituents

Scheme 1: Reaction design.

Table 1: Investigation on the effects of substituents on the diastereoselectivity.?

RvVC F)_El Pt

1 (10 mol %), NaHCO3 (2 equiv)

Ao |
PN

07 ~0" "R?
2a—d
Entry Substrate
1 2a (R! = +-Bu, R2 = t-Bu)
2 2b (R' =t-Bu, R2 = iPr)
3 2¢ (R! = Ph, R2 = t-Bu)
4 2d (R! = OiPr, R? = t-Bu)

Et4,NBF4 (1 equiv), MeCN/H,0 (9:1)
reflux, 7.5 mA, 3.75 h

3a—d

Product, yield,P dr¢

()-3a, 68%, 14:1 dr
(£)-3b, 64%, 3:1 dr
(%)-3c, 73%, 2:1 dr
(£)-3d, 78%, 3:1dr

aReaction conditions: undivided cell, 1 (0.03 mmol), 2 (0.3 mmol), HoO (1 mL), MeCN (9 mL), 3.5 F mol~". PIsolated yield. “Determined by "H NMR

analysis of the crude reaction mixture.

ducted under previously established conditions employing a
three-necked round-bottomed flask as the cell, a reticulated
vitreous carbon (RVC) anode and a platinum plate cathode [31].
The reaction was carried in refluxing MeCN/H,0 (9:1) with
tetraarylhydrazine 1 as the redox catalyst, NaHCO3 (2 equiv) as
an additive, and Et4NBF4 (1 equiv) as the supporting elec-
trolyte. These investigations indicated that bulky tertiary groups
at both R! and R? positions were needed to ensure efficient
chirality transfer. Hence, carbamate 2a (Table 1, entry 1) bear-
ing a -Bu group at R! and R positions, respectively, reacted to
give imidazopyridine-based biaryl 3a in 68% yield with good
diastereoselectivity (14:1 dr). Replacing the #-Bu group at the
propargylic position with iPr (Table 1, entry 2) or on the phenyl
ring with Ph (Table 1, entry 3) or OiPr (Table 1, entry 4) all
resulted in low diastereoselectivity (2:1 to 3:1).

The scope of the electrosynthesis was investigated by varying
the peripheral substituents of the carbamate substrate 2
(Scheme 2). The pyridyl ring could be substituted at positions 4,
5 and 6 with a range of substituents with diverse electronic
properties such as OMe (3e), Br (3f), CF3 (3g), CN (3h), ClI

(3i), and Me (3j). Pyridyl rings bearing multiple substituents
were also tolerated (3k and 31). The stereochemistry of the
biaryl product was determined by obtaining an X-ray crystal
structure of 3k. The #-Bu-substituted phenyl ring on the alkyne
moiety containing an extra OMe (3m) or Me (3n and 30) group
was tolerated albeit with reduced diastereoselectivity. The #-Bu
group on the phenyl ring and at the propargylic position could
be replaced with other bulky tertiary substituents to afford a
range of functionalized biaryl products (3p—w). The electro-
chemical conditions were compatible with several functional
groups including aryltrimethylsilane (3p), silyl ether (3q-s),
ester (3t) and cylic ketal (3u). Note that all the diastereomers
were separable by flash column chromatography.

Heating a solution of the major isomer of 3n in MeCN at 80 °C
for 4 h did not lead to isomerization, suggesting that the stereo-
selectivity of the reaction was not controlled by relative thermo-
dynamic stability of the diastereomers. The major isomer of 3c,
which contained a sterically less demanding Ph group at the R!
position (cf. Table 1), did not isomerize at room temperature for

1 year. However, heating a solution of this compound in MeCN

796



Beilstein J. Org. Chem. 2019, 15, 795-800.

6 R2 RVC F Hl!] Pt

R'— | 1 (10 mol %), NaHCO3 (2 equiv)
4 \)\NH | |
41\ Et4NBF,4 (1 equiv), MeCN/H,0 (9:1)
07 0 R3 reflux, 7.5 mA, 3.75 h
2e-w 3e—w, yield,2 drP

t-Bu
= NC.__~ OH
ol t-Bu X t-Bu

t-Bu Cl

(%)-3j, 78%, 8:1dr ()-3k, 48%, >20:1dr X-ray (3k)
[CCDC 1888229]

OMe

Me t-Bu t-Bu

(£)-3n, 82%,° 7:1 dr (%)-30, 75%, 10:1 dr

t-Bu

(£)-3p, 83%, 6:1dr

(£)-3t, 96%, >20:1dr  (£)-3u, 72%, 10:1dr (£)-3v, 70%, 9:1dr (£)-3w, 64%, 8:1 dr

Scheme 2: Scope of electrochemical synthesis of axially chiral biaryls. Reaction conditions: undivided cell, 2 (0.3 mmol), H,O (1 mL), MeCN (9 mL),
3.5 F mol™". @lsolated yield of the major diastereomer. PDetermined by "H NMR analysis of crude reaction mixture. °Combined yield of the two dia-
stereomers.
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at 80 °C for 4 h resulted in a mixture of diastereomers in a ratio
of 3:1. These results suggest that the sterically demanding sub-
stituents at R! and R? positions (cf. Table 1) are critical to
ensure good stereoselectivity during the product formation and

to prevent isomerization after the reaction.

A mechanism for the electrochemical synthesis was proposed
based on the results from our previous work [31] and of this
work (Scheme 3). The redox catalyst 1 is oxidized at the anode
to give radical cation I. In the meanwhile, H,O is reduced at the
cathode to afford HO™ and H,. The base generated at the
cathode deprotonates 2a to give its conjugate base II. The an-

anode e —— |

Beilstein J. Org. Chem. 2019, 15, 795-800.

ionic II is oxidized by radical cation I through single electron
transfer (SET) to give radical intermediate III, which under-
goes a biscyclization to give V. Further oxidation of V fol-
lowed by hydrolysis of the cyclic carbamate moiety leads to the
formation of 3a.

Based on the proposed reaction mechanism and the results
mentioned above, the cyclization of vinyl radical IV to give V
is the atroposelective step. Density functional theory (DFT)-
based calculations suggested that the cyclization of IV could be
explained by a Curtin—-Hammett scenario (Scheme 4) [42].
Specifically, the equilibrium of the conformations I'V and IV’ is
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Scheme 3: Proposed reaction mechanism for the electrochemical synthesis of 3a.
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much faster than their respectively cyclizations to give V and
V'. Since TS2 is relatively lower in energy than TS3, V is
formed as the major product.

Conclusion

In summary, we have developed a diastereoselective approach
for the synthesis of axially chiral biaryls through an electricity-
powered cyclization cascade. The reactions employ easily
assembled starting materials and afford functionalized imidazo-
pyridine-based biaryls in good to high yields and diastereoselec-
tivity.

Supporting Information

Supporting Information File 1
Experimental part.
[https://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-15-76-S1.pdf]

Acknowledgements
Financial support of this research from MOST
(2016YFA0204100), NSFC (21672178), and the Fundamental

Research Funds for the Central Universities, is acknowledged.

ORCID® iDs

Jinshuai Song - https://orcid.org/0000-0002-1909-9253
Hai-Chao Xu - https://orcid.org/0000-0002-3008-5143

References

1. Bringmann, G.; Gulder, T.; Gulder, T. A. M.; Breuning, M. Chem. Rev.
2011, 111, 563-639. doi:10.1021/cr100155e

2. Pu, L. Chem. Rev. 1998, 98, 2405-2494. doi:10.1021/cr970463w

3. Tanaka, K. Chem. — Asian J. 2009, 4, 508-518.
doi:10.1002/asia.200800378

4. Wallace, T. W. Org. Biomol. Chem. 2006, 4, 3197-3210.
doi:10.1039/b608470m

5. Bringmann, G.; Price Mortimer, A. J.; Keller, P. A.; Gresser, M. J.;
Garner, J.; Breuning, M. Angew. Chem., Int. Ed. 2005, 44, 5384-5427.
doi:10.1002/anie.200462661

6. Ma, G.; Sibi, M. P. Chem. — Eur. J. 2015, 21, 11644—-11657.
doi:10.1002/chem.201500869

7. Link, A.; Sparr, C. Chem. Soc. Rev. 2018, 47, 3804—3815.
doi:10.1039/c7¢cs00875a

8. Wang, Y.-B.; Tan, B. Acc. Chem. Res. 2018, 51, 534-547.
doi:10.1021/acs.accounts.7b00602

9. Yang, H.; Yang, X.; Tang, W. Tetrahedron 2016, 72, 6143-6174.
doi:10.1016/j.tet.2016.08.042

10. Wencel-Delord, J.; Panossian, A.; Leroux, F. R.; Colobert, F.
Chem. Soc. Rev. 2015, 44, 3418-3430. doi:10.1039/c5cs00012b

11.Raut, V. S.; Jean, M.; Vanthuyne, N.; Roussel, C.; Constantieux, T.;
Bressy, C.; Bugaut, X.; Bonne, D.; Rodriguez, J. J. Am. Chem. Soc.
2017, 139, 2140-2143. doi:10.1021/jacs.6b11079

Beilstein J. Org. Chem. 2019, 15, 795-800.

12.Vorogushin, A. V.; Wulff, W. D.; Hansen, H.-J. J. Am. Chem. Soc.
2002, 124, 6512-6513. doi:10.1021/ja0201505

13.Guo, F.; Konkol, L. C.; Thomson, R. J. J. Am. Chem. Soc. 2011, 133,
18-20. doi:10.1021/ja108717r

14.Qiu, L.; Kwong, F. Y.; Wu, J.; Lam, W. H.; Chan, S.; Yu, W.-Y.;
Li, Y.-M.; Guo, R.; Zhou, Z.; Chan, A. S. C. J. Am. Chem. Soc. 2006,
128, 5955-5965. doi:10.1021/ja0602694

15.Kérkas, M. D. Chem. Soc. Rev. 2018, 47, 5786—-5865.
doi:10.1039/c7¢cs00619e

16.Zhao, Y.; Xia, W. Chem. Soc. Rev. 2018, 47, 2591-2608.
doi:10.1039/c7¢cs00572e

17.Chen, J.-R.; Hu, X.-Q.; Lu, L.-Q.; Xiao, W.-J. Chem. Soc. Rev. 2016,
45, 2044-2056. doi:10.1039/c5cs00655d

18.Zard, S. Z. Chem. Soc. Rev. 2008, 37, 1603-1618.
doi:10.1039/b613443m

19.Xiong, T.; Zhang, Q. Chem. Soc. Rev. 2016, 45, 3069-3087.
doi:10.1039/c5¢s00852b

20.Yan, M.; Kawamata, Y.; Baran, P. S. Chem. Rev. 2017, 117,
13230-13319. doi:10.1021/acs.chemrev.7b00397

21.Wiebe, A.; Gieshoff, T.; Mohle, S.; Rodrigo, E.; Zirbes, M.;
Waldvogel, S. R. Angew. Chem., Int. Ed. 2018, 57, 5594-5619.
doi:10.1002/anie.201711060

22.Mohle, S.; Zirbes, M.; Rodrigo, E.; Gieshoff, T.; Wiebe, A,;
Waldvogel, S. R. Angew. Chem., Int. Ed. 2018, 57, 6018-6041.
doi:10.1002/anie.201712732

23.Feng, R.; Smith, J. A.; Moeller, K. D. Acc. Chem. Res. 2017, 50,
2346-2352. doi:10.1021/acs.accounts.7b00287

24.Moeller, K. D. Chem. Rev. 2018, 118, 4817—-4833.
doi:10.1021/acs.chemrev.7b00656

25.Yan, M.; Kawamata, Y.; Baran, P. S. Angew. Chem., Int. Ed. 2018, 57,
4149-4155. doi:10.1002/anie.201707584

26.Yang, Q.-L.; Fang, P.; Mei, T.-S. Chin. J. Chem. 2018, 36, 338-352.
doi:10.1002/cjoc.201700740

27.Tang, S.; Liu, Y.; Lei, A. Chem 2018, 4, 27-45.
doi:10.1016/j.chempr.2017.10.001

28. Yoshida, J.-i.; Kataoka, K.; Horcajada, R.; Nagaki, A. Chem. Rev.
2008, 7108, 2265-2299. doi:10.1021/cr0680843

29.Jiang, Y.; Xu, K.; Zeng, C. Chem. Rev. 2018, 118, 4485-4540.
doi:10.1021/acs.chemrev.7b00271

30.Francke, R.; Little, R. D. Chem. Soc. Rev. 2014, 43, 2492-2521.
doi:10.1039/c3cs60464k

31.Hou, Z.-W.; Mao, Z.-Y.; Melcamu, Y. Y.; Lu, X; Xu, H.-C.
Angew. Chem., Int. Ed. 2018, 57, 1636—1639.
doi:10.1002/anie.201711876

32.Hou, Z.-W.; Yan, H.; Song, J.-S.; Xu, H.-C. Chin. J. Chem. 2018, 36,
909-915. doi:10.1002/cjoc.201800301

33.Hou, Z.-W.; Mao, Z.-Y.; Song, J.; Xu, H.-C. ACS Catal. 2017, 7,
5810-5813. doi:10.1021/acscatal.7b02105

34.Hou, Z.-W.; Mao, Z.-Y.; Zhao, H.-B.; Melcamu, Y. Y.; Lu, X; Song, J.;
Xu, H.-C. Angew. Chem., Int. Ed. 2016, 55, 9168-9172.
doi:10.1002/anie.201602616

35. Gieshoff, T.; Kehl, A.; Schollmeyer, D.; Moeller, K. D.; Waldvogel, S. R.
J. Am. Chem. Soc. 2017, 139, 12317-12324.
doi:10.1021/jacs.7b07488

36. Xu, H.-C.; Moeller, K. D. J. Am. Chem. Soc. 2008, 130, 13542-13543.
doi:10.1021/ja806259z

37. Gieshoff, T.; Schollmeyer, D.; Waldvogel, S. R. Angew. Chem., Int. Ed.
2016, 55, 9437-9440. doi:10.1002/anie.201603899

38.Kehl, A.; Breising, V. M.; Schollmeyer, D.; Waldvogel, S. R.
Chem. — Eur. J. 2018, 24, 17230-17233. doi:10.1002/chem.201804638

799


https://www.beilstein-journals.org/bjoc/content/supplementary/1860-5397-15-76-S1.pdf
https://www.beilstein-journals.org/bjoc/content/supplementary/1860-5397-15-76-S1.pdf
https://orcid.org/0000-0002-1909-9253
https://orcid.org/0000-0002-3008-5143
https://doi.org/10.1021%2Fcr100155e
https://doi.org/10.1021%2Fcr970463w
https://doi.org/10.1002%2Fasia.200800378
https://doi.org/10.1039%2Fb608470m
https://doi.org/10.1002%2Fanie.200462661
https://doi.org/10.1002%2Fchem.201500869
https://doi.org/10.1039%2Fc7cs00875a
https://doi.org/10.1021%2Facs.accounts.7b00602
https://doi.org/10.1016%2Fj.tet.2016.08.042
https://doi.org/10.1039%2Fc5cs00012b
https://doi.org/10.1021%2Fjacs.6b11079
https://doi.org/10.1021%2Fja0201505
https://doi.org/10.1021%2Fja108717r
https://doi.org/10.1021%2Fja0602694
https://doi.org/10.1039%2Fc7cs00619e
https://doi.org/10.1039%2Fc7cs00572e
https://doi.org/10.1039%2Fc5cs00655d
https://doi.org/10.1039%2Fb613443m
https://doi.org/10.1039%2Fc5cs00852b
https://doi.org/10.1021%2Facs.chemrev.7b00397
https://doi.org/10.1002%2Fanie.201711060
https://doi.org/10.1002%2Fanie.201712732
https://doi.org/10.1021%2Facs.accounts.7b00287
https://doi.org/10.1021%2Facs.chemrev.7b00656
https://doi.org/10.1002%2Fanie.201707584
https://doi.org/10.1002%2Fcjoc.201700740
https://doi.org/10.1016%2Fj.chempr.2017.10.001
https://doi.org/10.1021%2Fcr0680843
https://doi.org/10.1021%2Facs.chemrev.7b00271
https://doi.org/10.1039%2Fc3cs60464k
https://doi.org/10.1002%2Fanie.201711876
https://doi.org/10.1002%2Fcjoc.201800301
https://doi.org/10.1021%2Facscatal.7b02105
https://doi.org/10.1002%2Fanie.201602616
https://doi.org/10.1021%2Fjacs.7b07488
https://doi.org/10.1021%2Fja806259z
https://doi.org/10.1002%2Fanie.201603899
https://doi.org/10.1002%2Fchem.201804638

39.Lin, M.-Y,; Xu, K;; Jiang, Y.-Y.; Liu, Y.-G.; Sun, B.-G.; Zeng, C.-C.
Adv. Synth. Catal. 2018, 360, 1665-1672.
doi:10.1002/adsc.201701536

40.Zhang, S.; Li, L.; Xue, M.; Zhang, R.; Xu, K.; Zeng, C. Org. Lett. 2018,
20, 3443-3446. doi:10.1021/acs.orglett.8b00981

41.Hu, X.; Zhang, G.; Bu, F.; Nie, L.; Lei, A. ACS Catal. 2018, 8,
9370-9375. doi:10.1021/acscatal.8b02847

42.Seeman, J. |. J. Chem. Educ. 1986, 63, 42—48. doi:10.1021/ed063p42

License and Terms

This is an Open Access article under the terms of the
Creative Commons Attribution License
(http://creativecommons.org/licenses/by/4.0). Please note

that the reuse, redistribution and reproduction in particular
requires that the authors and source are credited.

The license is subject to the Beilstein Journal of Organic
Chemistry terms and conditions:
(https://www.beilstein-journals.org/bjoc)

The definitive version of this article is the electronic one
which can be found at:
doi:10.3762/bjoc.15.76

Beilstein J. Org. Chem. 2019, 15, 795-800.

800


https://doi.org/10.1002%2Fadsc.201701536
https://doi.org/10.1021%2Facs.orglett.8b00981
https://doi.org/10.1021%2Facscatal.8b02847
https://doi.org/10.1021%2Fed063p42
http://creativecommons.org/licenses/by/4.0
https://www.beilstein-journals.org/bjoc
https://doi.org/10.3762%2Fbjoc.15.76

(J BEILSTEIN JOURNAL OF ORGANIC CHEMISTRY

Photochemical generation of the 2,2,6,6-tetramethylpiperidine-
1-oxyl (TEMPO) radical from caged nitroxides by

near-infrared two-photon irradiation and its

cytocidal effect on lung cancer cells

Ayato Yamada', Manabu Abe 1-2:3, Yoshinobu Nishimura™, Shoji Ishizaka®-2,
Masashi Namba?2°, Taku Nakashima?®, Kiyofumi Shimoji® and Noboru Hattori 2-5

Full Research Paper

Address:

1Department of Chemistry, Graduate School of Science, Hiroshima
University, 1-3-1 Kagamiyama, Higashi-Hiroshima, Hiroshima
739-8526, Japan, 2Hiroshima Research Centre for
Photo-Drug-Delivery Systems (HiU-P-DDS), Hiroshima University,
1-3-1 Kagamiyama, Higashi-Hiroshima, Hiroshima 739-8526, Japan,
3JST-CREST, K’s Gobancho 6F, 7, Gobancho, Chiyoda-ku, Tokyo
102-0075, Japan, 4Graduate School of Pure and Applied Sciences,
University of Tsukuba, 1-1-1 Tennoudai, Tsukuba, Ibaraki 305-8571,
Japan and ®Department of Molecular and Internal Medicine, Graduate
School of Biomedical & Health Sciences, Hiroshima University, 1-2-3

Beilstein J. Org. Chem. 2019, 15, 863-873.
doi:10.3762/bjoc.15.84

Received: 01 February 2019
Accepted: 16 March 2019
Published: 10 April 2019

This article is part of the thematic issue "Reactive intermediates part I:
radicals”.

Guest Editor: T. P. Yoon

Kasumi, Minami-ku, Hiroshima, Hiroshima 734-8551, Japan
© 2019 Yamada et al.; licensee Beilstein-Institut.

Email: License and terms: see end of document.

Manabu Abe” - mabe@hiroshima-u.ac.jp; Yoshinobu Nishimura” -
nishimura@chem.tsukuba.ac.jp; Noboru Hattori" -
nhattori@hiroshima-u.ac.jp

* Corresponding author

Keywords:
caged compound; nitroxide; photolysis; radical; theranostics;
two-photon

Abstract

Novel caged nitroxides (nitroxide donors) with near-infrared two-photon (TP) responsive character, 2,2,6,6-tetramethyl-1-(1-(2-(4-
nitrophenyl)benzofuran-6-yl)ethoxy)piperidine (2a) and its regioisomer 2b, were designed and synthesized. The one-photon (OP)
(365 £ 10 nm) and TP (710-760 nm) triggered release (i.e., uncaging) of the 2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO) radical
under air atmosphere were discovered. The quantum yields for the release of the TEMPO radical were 2.5% (2a) and 0.8% (2b) in
benzene at ~1% conversion of 2, and 13.1% (2a) and 12.8% (2b) in DMSO at =1% conversion of 2. The TP uncaging efficiencies
were determined to be 1.1 GM at 740 nm for 2a and 0.22 GM at 730 nm for 2b in benzene. The cytocidal effect of compound 2a on
lung cancer cells under photolysis conditions was also assessed to test the efficacy as anticancer agents. In a medium containing
100 pg mL™! of 2a exposed to light, the number of living cells decreased significantly compared to the unexposed counterparts
(65.8% vs 85.5%).
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Introduction

Nitroxides (aminoxyl radicals) possess a delocalized unpaired
electron and exhibit negligible dimerization reactivity, making
them persistent open-shell species [1-4]. In addition to their
ease of handling, nitroxides are highly sensitive to electron
paramagnetic resonance (EPR) spectroscopy and redox reac-
tions. Therefore, nitroxides have been developed and utilized in
diverse and crucial applications, not only in chemistry, but also
in biology, physiology, and energy sciences. These applications
include spin-labels [5-7], fluorophore-nitroxide probes [8],
contrast agents in magnetic resonance imaging (MRI) [9], po-
larization transfer agents for nuclear magnetic resonance
(NMR) [10-13], and radical batteries [14,15]. Furthermore, the
efficient synthesis of polymers with narrow molecular mass dis-
tributions has been accomplished using nitroxides as a medi-
ator, i.e., so-called nitroxide-mediated polymerization (NMP)
[16-20], and the nitroxide-mediated synthesis of ketones from
alcohols is also well utilized in organic synthesis [21-25]. The
huge number of studies concerning nitroxides clearly indicates
the importance of new methods of generating nitroxides for the
future development of science and technology. Notably, in
physiological studies [26-32], spatiotemporal control of
nitroxide generation is a key approach for investigating the role
of redox-active nitroxides in mediating oxidative stress in
organisms [27-32].

In 1997, Scaiano and co-workers reported the triplet-xanthone
sensitized generation of the 2,2,6,6-tetramethylpiperidine-1-
oxyl (TEMPO) radical from alkoxyamine 1 under ultraviolet
(355 nm) irradiation (Scheme 1) [33]. De-aerated conditions are
necessary for the triplet-sensitized generation of TEMPO due to
the triplet quenching ability of O,. The polymerization reac-
tions were initiated via photochemical reaction [34-36]. For
physiological studies, however, the photochemical release of
nitroxides should be achieved in the presence of O,. Thus, the
triplet sensitized method may not be useful for physiological
studies. The application of alkoxyamines as theranostic agents
[37-40] has been proposed and reported by Brémond and
co-workers [41,42].

Near-infrared (NIR) photons are excellent light sources in phys-
iological studies as this wavelength of light is less harmful to
living tissue than ultraviolet irradiation. Deeper penetration of
NIR photons into biological samples is possible using NIR radi-
ation with wavelengths of 6501050 nm (= 27-44 kcal mol ™).
However, in general, chromophores do not absorb at such long
wavelengths and the photon energy is too low for bond-
cleavage reactions to generate (i.e., uncage) functional mole-
cules. For example, the bond-dissociation energy of the weak
PhCH,—OPh, linkage is reported to be 52.1 kcal mol~! [43].
These issues can be solved by using the NIR-two-photon (TP)

Beilstein J. Org. Chem. 2019, 15, 863—-873.
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Scheme 1: Photochemical generation of TEMPO radical.

excitation technique [44], in which a molecule is electronically
excited to the same state generated by one-photon (OP) excita-
tion in the UV—vis region [45]. In addition to the advantages of
TP excitation, three-dimensional control of the electronic exci-
tation is possible because the probability of TP excitation is
proportional to the square of the light intensity [46]. The light-
induced generation of nitroxides using the TP excitation tech-
nique, i.e., the concentration jump of nitroxides, is one promis-
ing method of exploring the role of these species in life phe-
nomena [47-54] and of promoting site-selective chemical reac-
tions such as polymerization. Very recently, Guillaneuf and
co-workers reported the two-photon-induced release of nitrox-
ides in a materials science study [55].

In the last decade, we developed a TP-responsive photo-labile
protecting group [56-58] with simple cyclic stilbene structures
such as 2-(4-nitrophenyl)benzofuran (NPBF) that absorb in the
NIR region of 710-760 nm for the uncaging of bioactive
substances such as glutamate and Ca?" [59-64]. Herein, we
report the synthesis of new caged nitroxides (nitroxide donors)
2a and 2b having the TP-responsive NPBF chromophore and
the NIR TP-triggered generation of the 2,2,6,6-tetramethylpi-
peridine-1-oxyl (TEMPO) radical under atmospheric condi-
tions using these species (Scheme 1). Because free radicals are
cytotoxic due to their strong DNA-damaging activity [65], they
play important roles as anticancer therapeutic agents [66].
Among the free radicals, nitroxides including the TEMPO
radical have unique properties, where they can act not only as
radical scavengers, but also as anticancer agents [67]. Due to
the unique properties described above, nitroxides are not toxic
to normal host cells and exhibit toxicity only to tumor cells.
Thus, nitroxides are ideal candidates as anticancer therapeutic

agents. Based on this knowledge, the cytocidal effect of the
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radical released from compound 2a on lung cancer cells was

tested in vitro, in addition to the fundamental study.

Results and Discussion

The caged-TEMPOs 2a and 2b were synthesized as shown in
Scheme 2. The new compounds, 5-ethyl- and 6-ethyl-2-(4-nitro-
phenyl)benzofuran (S5a and Sb), were synthesized from
1-ethynyl-4-nitrobenzene (4) that was prepared from the com-
mercially available 1-iodo-4-nitrobenzene (3) [68]. The
TEMPO moiety was introduced at the benzylic position of 5a
and 5b using the copper-catalyzed radical reaction in the pres-
ence of fert-butyl hydroperoxide (TBHP) to afford 2a and 2b in
38% and 52% yield, respectively [69]. The caged TEMPOs 2a
and 2b were thermally stable in benzene below 320 K (47 °C),
as confirmed by electron paramagnetic resonance (EPR) spec-
troscopic analysis. Significant thermal decomposition of 2a and
2b was observed at ~340 K (67 °C), as indicated by the typical
EPR signals (see Supporting Information File 1, Figure S1).

The photophysical data for the new compounds 2a,b and 5a,b

are summarized in Table 1. The absorption maxima of com-

~
a) H—=—TMS, TBAF

b) TEMPO, Cu(OAc),/bpy, TBHP (2 equiv), air, 60 °C

Scheme 2: Synthesis of caged nitroxides 2a and 2b.

Table 1: Photophysical data for 2a, 2b, 5a, and 5b in benzene (DMSO).

Entry Aabs [Nm]2 e[M1ecm™
] 24 371 24800
(375) (23100)
366 23000
2 2b (370) (23400)
s 50 372 23800
(378) (20000)
367 22300
4 Sb (372) (19000)

Beilstein J. Org. Chem. 2019, 15, 863—-873.

pounds 2 and S were observed at =370 nm with a molar extinc-
tion coefficient € 20000 M~! ¢cm™! in both benzene and
DMSO. The emission profile showed a significant solvent
effect. The fluorescence quantum yields in DMSO of 5a and 5b
were determined to be 16.1 and 8.6%, respectively, although no
emission was observed from these compounds in non-polar
benzene, indicating that the excited state has zwitterionic char-
acter. The charge transfer transition was supported by time-de-
pendent density functional theory (TD-DFT) calculations for Sa
at the CAM-B3LYP/6-31G(d) level of theory (Supporting
Information File 1, Figure S2). The fluorescence quantum
yields of caged-TEMPO 2a and 2b were found to be 2.9 and
2.2% in DMSO, which are much smaller than those of 5a and
5b, respectively, suggesting the chemical reactivity of the

singlet excited states of 2a and 2b.

Time-correlated single photon counting (TCSPC) measurement
was performed at 298 K in DMSO to estimate the fluorescence
lifetime (t) of 2 and 5 (Table 1). Single-exponential decay
curves were observed for 5a and 5b, respectively (Supporting

Information File 1, Figure S3). The lifetimes determined by

Y
5b
)
2b
Aem [nm]° ®f x 102¢ 7 [ps]¢
- =0.0 -
(576) (2.9) (220, 1370)¢
— =0.0 —
(564) (2.2) (390, 890)f
- =0.0 -
(577) (16.1) (1430)
— =0.0 —
(563) (8.6) (870)

aAbsorption maximum of 2a, 2b, 5a, 5b. PEmission maximum of 2a (1.18 x 1076 M), 2b (1.18 x 1076 M), 5a (1.16 x 1076 M), 5b (1.12 x 1076 M).
CFluorescence quantum yields. The standard sample 9,10-diphenylanthracene (®f = 0.91) was used for determining the quantum yields.
dFluorescence lifetime monitored at 560 nm. The concentrations were the same as those used for the fluorescence measurements. ®Each contribu-
tion is 57% and 43%, respectively. fEach contribution is 70% and 30%, respectively.
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single-exponential fitting were 1430 (5a) and 870 ps (5b), re-
spectively (Table 1, entries 3 and 4). Double-exponential decay
was, however, observed for the TEMPO-substituted NPBF de-
rivatives 2a and 2b, where the lifetimes were 220 (57%) and
1370 ps (43%) for 2a, and 390 (70%) and 890 ps (30%) for 2b
(Table 1, entries 1 and 2). For 2a and 2b, intermolecular charge
transfer processes induced by the TEMPO moiety may account

for the double-exponential decay curves to some extent.

OP photolysis of 2a (5 mM) was first conducted in benzene at
~298 K using 365 nm light (6.02 x 10'5 photons s™!) under
atmospheric conditions (Figure 1). Clean release of the TEMPO
radical was confirmed by measuring the electron paramagnetic
resonance (EPR) signals of the typical nitroxide, Ay = 15.5 G
(g =2.00232, Figure 1 and Figure 2c). The first-order rate con-
stant for generation of TEMPO in the bulk photoreaction was
found to be k= 1.6 x 107> s™!. The amount of photochemically
released TEMPO radical was determined by comparing the EPR
intensity with the calibration curve of the standard TEMPO
sample (Supporting Information File 1, Figure S4). The chemi-

365 nm (LED)

2a/2b . N
(5mM) under air L
solvent, 298 K (@)
TEMPO
chemical yield of TEMPO
solvent (quantum yield)
from 2a/2b
benzene 80%/81%
(2.5%/0.8%)
56%/58%
DMSO (13.1%/12.8%)

0.5

|
|
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Figure 1: Photochemical generation of TEMPO from 2a and 2b. EPR
spectra acquired during the photolysis of 2a (5 mM) in benzene using
365 nm LED light under air atmosphere.
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cal yield of TEMPO was 80% after 10 min irradiation in
benzene under air atmosphere (Figure 2g). Secondary photore-
action of TEMPO gradually decreased the chemical yield of
TEMPO. The quantum yield (®) for photochemical release of
the TEMPO radical was 2.5% at %1% conversion in the photo-
lysis of 2a in benzene under atmospheric conditions. Similar
photochemical generation of the TEMPO radical was con-
ducted with 2b (5 mM, Supporting Information File 1,
Figure S5 and Figure 2d,h). The clean generation of the
TEMPO radical was also observed during photolysis under
365 nm irradiation in benzene at ~298 K under atmospheric
conditions, although the reaction was slower than that of 2a,
k=55x10°s"1; ®=0.8% at 1% conversion of 2b. Howev-
er, the chemical yield of TEMPO was also high (81% after
20 min irradiation under the same conditions), although slow
photochemical decomposition of TEMPO was observed with
prolonged irradiation (Figure 2h). In DMSO, the quantum yield
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Figure 2: Time profile for photochemical generation of TEMPO radical
from 2 (5 mM) at =298 K in benzene: (a) from 2a under degassed
conditions, (b) from 2b under degassed conditions, (c,g) from 2a under
air conditions, (d,h) from 2b under air conditions, (e) from 2a under O,
(f) from 2b under O,.
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for the formation of TEMPO increased significantly to 13.1%
(from 2a) and 12.8% (from 2b) at ~1% conversion of 2 under
atmospheric conditions (Figure 1). The notable effect of the sol-
vent on the TEMPO generation may be due to the increase in
the lifetime of the excited states. Photochemical decomposition
of TEMPO in DMSO was found to be faster than that in
benzene, but the chemical yield of TEMPO (56% from 2a and
58% from 2b after 40 s irradiation) was found to be lower than

that obtained in benzene (Figure 1).

To obtain insight into the mechanism of generation of the
TEMPO radical, the photolysis of 2 was conducted under
degassed conditions using the freeze-pump-thaw (FPT) method
(Figure 2a,b). Interestingly, the generation of the TEMPO
radical was highly suppressed under the photolysis conditions
(Figure 2a,b). Under air conditions, however, the photochemi-
cal release of TEMPO was detected in benzene, as shown in
Figure 2¢,d. Faster formation of TEMPO was observed when
0O, atmosphere was used instead of an air atmosphere
(Figure 2e,f). Therefore, the O, molecule may play an impor-
tant role in clean generation of the TEMPO radical during pho-
tolysis. Indeed, the compounds oxidized at the benzylic carbon,
6 and 7, were isolated in 15% (15%) and 56% (42%) yield in
the photolysis of 2a and 2b under atmospheric conditions, re-
spectively (Scheme 3), indicating that under degassed condi-
tions, the photochemically generated radical pair returns to the
starting compound 2 with rapid radical recombination. Over
70% of the caged TEMPO 2a and =85% of 2b were recovered
after 2 h of irradiation under degassed conditions. The retarded
formation of TEMPO after 5 min of irradiation is due to the de-
crease in the relative absorbance of 2a to those of primary pho-
toproducts (Figure 2c,e).

The TP photolysis of 2a (10 mM) and 2b (10 mM) was carried
out in benzene under atmospheric conditions using 710, 720,

-0
/'—:O/\/)—@Noz

L BR _

Oz
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730, 740, 750, and 760 nm near infrared light from a
Ti:sapphire laser (pulse width 100 fs, 80 MHz) emitting at an
average of 700 mW (Figure 3 for 2a and Supporting Informa-
tion File 1, Figure S6 for 2b). The typical EPR signals of
TEMPO were also observed after TP excitation of 2a and 2b
(Supporting Information File 1, Figure S7). The formation of
TEMPO at 740 nm, k749 = 4.9 x 107° 57! in the bulk photoreac-
tion, was the fastest in the TP-uncaging reaction of 2a
(Figure 3). For the uncaging reaction of 2b, the rate of
consumption under 730 nm irradiation, k739 = 1.6 x 1070 s71,
was larger than those at other wavelengths (Supporting Infor-
mation File 1, Figure S6).
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= o .
© .
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Figure 3: Time profile, In([2a]/[2a]y) versus irradiation time, of two-
photon uncaging reaction of TEMPO in the photolysis of 2a in
benzene, at wavelengths of 710-760 nm and power of 700 mW.

The TP action spectra of 2a and 2b in benzene are shown in
Figure 4, where the spectra were obtained by extrapolation from
the absolute TP cross-section of the parent NPBF (18 GM) at

7
+
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6

o
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WN%

Scheme 3: Photochemical generation of TEMPO radical and photoproducts 6 and 7 under air atmosphere.
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Figure 4: ESR spectra acquired during the photolysis of 2a (5 mM) in
benzene using 365 nm light.

720 nm [58]. The TP cross-section of 2a was higher than that of
2b by =15 GM. This higher GM value may be due to the
stronger donor—acceptor character of 2a relative to that of 2b,
because the electron-donating alkyl group is located at the para-
position of the p-nitrophenyl group in 2a.

As observed in the OP uncaging reaction at 365 nm, the effi-
ciency of the TP-induced TEMPO uncaging reaction of 2a was
almost three times higher than that of 2b in benzene. This is at-
tributed to the substituent effect of the meta-alkoxy group on
the reactivity in the electronically excited states [70]. Moreover,
the relative stability of radicals BRa and BRb generated by the
photolysis of 2a and 2b had an important impact on the
uncaging efficiency. The isodesmic reaction shown in Scheme 4
suggests the radical BRa derived from 2a was 2.04 kcal mol ™!

e

BRa

Beilstein J. Org. Chem. 2019, 15, 863—-873.

more stable than BRb generated from 2b based on DFT calcula-
tions at the B3LYP/6-31G(d) level of theory. In DMSO, no sig-
nificant difference between 2a and 2b was observed for the
photochemical release of the TEMPO species, although the sol-
vent effect is not clearly explained.

As mentioned above, the spatiotemporally controlled genera-
tion of the radical pair of TEMPO and BR was confirmed in the
photolysis of compounds 2a and 2b. Because free radicals play
important roles as anticancer therapeutic agents, the cytocidal
effect of the radical released from compound 2a was also tested
in vitro using lung cancer cells. One hundred thousand Lewis
lung carcinoma (LLC) cells were seeded into 24-well plates
(medium: DMEM) and incubated overnight at 37 °C under an
atmosphere of 95% air and 5% CO,. The medium was replaced
with fresh phenol-red free DMEM containing various concen-
trations of 2a (0, 10, 100 ug mL™!) and further incubated for 4 h
under the same conditions. Without exposure to light, 2a
itself exhibited slight cytotoxicity based on trypan blue exclu-
sion, and =80-90% living cells remained in the medium con-
taining of 100 ug mL~! of 2a (Supporting Information File 1,
Figure S8).

The cytocidal effect of the radicals released from compound 2a
on LLC cells was also tested. Four hours after 1 min exposure
to 360 nm light in various concentrations of 2a-containing me-
dium, the number of living cells decreased in a 2a concentra-
tion-dependent manner (Supporting Information File 1, Figure
S9). After exposure of the cells in the medium containing
100 pg mL™! of 2a, the number of living cells decreased signifi-
cantly compared to that without exposure (66.5% vs 87.8%,
Supporting Information File 1, Figure S10). An irradiation-
time-dependent decline in the viability of the LLC cells was
also observed (Figure 5). To evaluate whether the cytocidal
effect was due to photochemical radical generation, cells
exposed to 360 nm light for 1 min and the unexposed congeners
were stained by using a ROS-ID oxidative stress detection kit
(Enzo Life Sciences, Farmingdale, NY, U.S.A.). Reactive
oxygen species (ROS) were detected in the cells irradiated in
the 2a-containing medium, but not in the non-irradiated cells in

NO,

&g 2\:0 +

Scheme 4: Isodesmic reaction from BRa and 5b to 5a and BRb.

AE = +2.0 kcal mol™!

X
| P NO;
5a
+
0]
SO

BRb

868



100 -

80 4

60 4

|

0 sec 30sec 60sec 90sec 120sec 150sec

Live cells (%)

10 sec

Exposure time (sec)

Figure 5: Irradiation time-dependent decline in viability of LLC cells
with compound 2a.

2a-containing medium or the irradiated cells without 2a-con-
taining medium (Figure 6). Thus, the preliminary analyses indi-
cated that the photochemical generation of radicals from 2a in-
duced cancer cell death in vitro, although no in vivo study was
performed because of the low water solubility of 2a. At this
point, we cannot rule out generate of ROS by photosensitiza-
tion of the chromophore in the presence of O, for the cytotoxic-

1ty.

Conclusion

In the present study, novel caged nitroxides 2a and 2b having a
TP-responsive chromophore were synthesized, and OP- and
TP-induced generation of the TEMPO radical with these species
was examined. The quantum yields for generation of the
TEMPO radical from 2a and 2b were determined to be 2.5%

100 um

1 min exposure with 2a

non-exposure with 2a
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and 0.8% in benzene, respectively. The quantum yields in
DMSO were found to be higher than those in benzene, 13.1%
and 12.8%, respectively. The OP-uncaging efficiency (e x @)
was found to be 480 and 175 for 2a and 2b, respectively, at
360 £ 10 nm, in benzene, and 3026 and 2995 in DMSO, respec-
tively. The TP efficiency of the TEMPO uncaging reaction was
found to be 1.1 GM at 740 nm for 2a and 0.22 GM at 730 nm
for 2b in benzene. The TP-induced clean release of the TEMPO
radical is expected to be applicable to further physiological
studies and site-selective polymerization reactions.

Experimental

All reagents were purchased from commercial sources and were
used without additional purification, unless otherwise mention-
ed. Caged nitroxides 2a and 2b were prepared according to the
methods described previously (Scheme 2) and were isolated by
silica gel column chromatography and GPC. 'H and 13C NMR
spectra were reported in parts per million (3) by using CDClj.
IR spectra were recorded with a FTIR spectrometer. UV—vis
spectra were taken by a SHIMADZU UV-3600 Plus spec-
trophotometer. Mass spectra were measured by a Mass Spectro-
metric Thermo Fisher Scientific LTQ Orbitrap XL, performed
by the Natural Science Center for Basic Research and Develop-
ment (N-BARD), Hiroshima University.

Preparation of caged compounds 2a and 2b

6-Ethyl-2-(4-nitrophenyl)benzofuran (5a). 4-Nitro-1-iodo-
benzene (16.3 g, 65.5 mmol), Pd(dppf)Cl, (0.97 g, 1.3 mmol),
PPhj (recrystallized, 0.51 g, 1.9 mmol) and Cul (0.25 g,
1.3 mmol) were added under N, atmosphere followed by tolu-
ene (97 mL) and iPr,NH (49 mL, 359 mmol). The mixture was
stirred for 10 min, and TMSA (11.5 mL, 81.6 mmol) in toluene
(64 mL) was added at room temperature. It was stirred until all
iodobenzene was consumed (20 min). TBAF 1 M in THF
(100 mL, 100 mmol) was added followed by 5-ethyl-2-
iodophenol (21.6 g, 86.9 mmol). The temperature was in-
creased to 80 °C, and the mixture was stirred for 21.5 h. The

reaction was quenched with 10% aqueous citric acid (400 mL)

100 pm 100 um

non-exposure without 2a

Figure 6: Detection of intracellular ROS only in irradiated LLC cells with 2a-containing medium.
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and extracted with DCM. The combined extracts were washed
with 10% aqueous NaOH (400 mL), water and dried with an-
hydrous MgSOj,. The solvent was removed by rotary evapora-
tion and the crude product was purified by silica gel column
chromatography (hexane/EtOAc 10:1, v/v) to give 6-ethyl-2-(4-
nitrophenyl)benzofuran (5a, 10.0 g, 57.3%). mp 114 °C; IR
(KBr, em™): 3429, 2968, 1601, 1520, 1344, 1108, 828, 825,
754, 692; 'H NMR (400 MHz, CDCl3) & (ppm) 8.30 (d, J =
9.0 Hz, 2H), 7.98(d, J = 9.0 Hz, 2H), 7.54 (d, J = 8.0 Hz, 1H),
7.39 (s, 1H), 7.20 (d, /= 0.9 Hz, 1H), 7.14 (dd, J = 8.0, 1.4 Hz,
1H), 2.80 (q, J = 7.6 Hz, 2H), 1.32 (t, J = 7.6 Hz, 3H);
13C NMR (100 MHz, CDCls) & (ppm) 156.05 (C), 152.86 (C),
147.12 (C), 143.06 (C), 136.56 (C), 126.43 (C), 125.01 (CH),
124.33 (CH), 124.07 (CH), 121.22 (CH), 110.42 (CH), 105.12
(CH), 29.25 (CH,), 15.84 (CHz); HRMS—ESI (m/z): [M] calcd.
for C;¢H3NO3, 267.09009; found, 267.09064.

2,2,6,6-Tetramethyl-1-(1-(2-(4-nitrophenyl)benzofuran-6-
ylethoxy)piperidine (2a). Under air, TEMPO (0.23 g,
1.5 mmol), 6-ethyl-2-(4-nitrophenyl)benzofuran (Sa, 1.26 g,
4.72 mmol), Cu(OAc), (16.5 mg, 0.092 mmol), bpy (13.8 mg,
0.094 mmol), TBHP (aqueous 70%, 0.41 mL, 2.9 mmol) were
added into a two-necked flask in the dark. The reaction was
stirred at 60 °C for 15 h. Upon completion, the mixture was
purified silica gel column chromatography (hexane/ether 15:1,
Vv/v) to give 2a (236 mg, 37.8%). mp 109 °C; IR (KBr, cm™!):
3429, 2934, 1600, 1521, 1345, 1062, 825; 'H NMR (400 MHz,
CDCl3) 6 (ppm) 8.31 (d, J = 9.0 Hz, 2H), 7.99 (d, J = 9.0 Hz,
2H), 7.57 (d, J = 8.1 Hz, 1H), 7.54 (s, 1H), 7.25 (dd, J = 8.1,
1.2 Hz, 1H), 7.21 (d, J = 0.7 Hz, 1H), 4.91 (q, J = 6.7 Hz, 1H),
1.54 (d, J= 6.6 Hz, 3H), 1.51 (s, 3H), 1.32 (s, 6H), 1.20 (s, 3H),
1.05 (s, 3H), 0.66 (s, 3H); 13C NMR (100 MHz, CDCls) &
(ppm) 155.69 (C), 153.25 (C), 147.18 (C), 144.70 (C), 136.50
(C), 127.39 (C), 125.08 (CH), 124.33 (CH), 122.65 (CH),
121.04 (CH), 109.47 (CH), 105.13 (CH), 83.28 (CH), 59.79
(C), 40.43 (CHy), 34.23 (CH3) , 23.82 (CHj), 20.40 (CH3),
17.24 (CH3); HRMS-ESI (m/z): [M + H]" caled. for
C,5H39N,04, 423.22783; found, 423.22754.

5-Ethyl-2-(4-nitrophenyl)benzofuran (5b). 4-Nitro-1-iodo-
benzene (16.8 g, 67.5 mmol), Pd(dppf)Cl, (1.0 g, 1.3 mmol),
PPhj (recrystallized, 0.53 g, 2.0 mmol) and Cul (0.26 g,
1.3 mmol) were added under N, atmosphere followed by tolu-
ene (100 mL) and iPr,NH (50.5 mL, 370 mmol). The mixture
was stirred for 10 min, and TMSA (1.75 mL, 12.5 mmol) in tol-
uene (10 mL) was added at room temperature. It was stirred
until all iodobenzene was consumed (20 min). TBAF 1 M in
THF (100 mL, 100 mmol) was added followed by 4-ethyl-2-
iodophenol (22.22 g, 89.6 mmol). The temperature was in-
creased to 80 °C, and the mixture was stirred for 20 h. The reac-

tion was quenched with 10% aqueous citric acid (666 mL) and

Beilstein J. Org. Chem. 2019, 15, 863—-873.

extracted with DCM. Combined extracts were washed with
10% aqueous NaOH (666 mL), water and dried with anhydrous
MgSOy. The solvent was removed by rotary evaporation and
the crude product was purified silica gel column chromatogra-
phy (hexane/EtOAc 10:1, v/v) to give 5-ethyl-2-(4-
nitrophenyl)benzofuran (5b, 12.2 g, 67.6%). mp 129 °C; IR
(KBr, cm™1): 2922, 1601, 1514, 1340, 1194, 853, 811, 754, 690;
'H NMR (400 MHz, CDCl3) & (ppm) 8.30 (d, J = 9.0 Hz, 2H),
7.99 (d, J=9.0 Hz, 2H), 7.46 (d, J = 9.2 Hz, 1H), 7.44 (s, 1H),
7.21 (dd, J= 8.4, 1.8 Hz, 1H), 7.19 (d, /= 0.8 Hz, 1H), 2.76 (q,
J=17.6 Hz, 2H) 1.30 (t, J = 7.6 Hz, 3H); !3C NMR (100 MHz,
CDCl3) 6 (ppm) 154.12 (C), 153.38 (C), 147.21 (C), 139.74
(C), 136.47 (C), 128.79 (C), 126.24 (CH), 125.12 (CH), 124.29
(CH), 120.14 (CH), 111.12 (CH), 105.04 (CH), 28.83 (CHy),
16.15 (CH3); HRMS-ESI (m/z): [M™] caled. for C15H{3NO3,
267.09009; found, 267.09030.

2,2,6,6-Tetramethyl-1-(1-(2-(4-nitrophenyl)benzofuran-5-
ylethoxy)piperidine (2b). Under air, TEMPO (46.8 mg,
0.3 mmol), 5-ethyl-2-(4-nitrophenyl)benzofuran (5b, 267 mg,
1 mmol), Cu(OAc), (3.6 mg, 0.02 mmol), bpy (3.1 mg,
0.02 mmol), TBHP (aqueous 70%, 0.086 mL, 0.6 mmol) were
added into a Schlenk tube in the dark. The reaction was stirred
at 60 °C for 16.5 h. Upon completion, the mixture was purified
by silica gel column chromatography (hexane/ether 15:1, v/v) to
give 2b (66 mg, 52%). mp 144 °C; IR (KBr, cm™1): 2922, 1602,
1520, 1342, 1108, 852, 746; '"H NMR (400 MHz, CDCl3) &
(ppm) 8.31 (d, J=9.0 Hz, 2H), 7.99 (d, J = 9.0 Hz, 2H), 7.57
(d, J=1.6 Hz, 1H), 7.50 (d, J = 8.6 Hz, 1H), 7.36 (dd, J = 8.6,
1.7 Hz, 1H), 7.23 (s, 1H), 4.88 (q, J = 6.6 Hz, 1H), 1.53 (d, J =
6.7 Hz, 3H), 1.51 (s, 3H), 1.33 (s, 6H), 1.19 (s, 3H), 1.02 (s,
3H), 0.60 (s, 3H); 13C NMR (100 MHz, CDCl3) & (ppm) 154.75
(C), 153.43 (C), 147.24 (C), 141.55 (C), 136.47 (C), 128.34 (0),
125.15 (CH), 125.04 (CH), 124.32 (CH), 119.50 (CH), 110.98
(CH), 105.39 (CH), 83.13 (CH), 59.76 (C), 40.42 (CHy), 34.37
(CH3), 23.78 (CH,), 20.38 (CHj3), 17.24 (CH3); HRMS-ESI
(m/z): [M + H]" calcd. for Co5H3oN,Oy; 423.22783; found
423.22757.

1-(2-(4-Nitrophenyl)benzofuran-6-yl)ethan-1-ol (6a). mp
133 °C; 'H NMR (400 MHz, CDCl3) & (ppm) 8.31 (d, J =
9.0 Hz, 2H), 7.99 (d, J = 9.0 Hz, 2H), 7.61 (d, J = 7.7 Hz, 1H),
7.61 (s, 1H), 7.30 (dd, J = 8.1, 1.3 Hz, 1H), 7.22 (s, 1H), 5.06
(m, 1H), 1.90 (d, J = 3.6 Hz, 1H), 1.57 (d, J = 6.5 Hz, 3H);
13C NMR (100 MHz, CDCl3) & (ppm) 155.72 (C), 153.61 (C),
147.24 (C), 144.47 (C), 136.26 (C), 127.96 (C), 125.16 (CH),
124.34 (CH), 121.56 (CH), 121.34 (CH), 108.33 (CH), 104.97
(CH), 70.50 (CH), 25.58 (CH3).

1-(2-(4-Nitrophenyl)benzofuran-5-yl)ethan-1-o0l (6b). mp
149 °C; 'H NMR (400 MHz, CDCl3) § (ppm) 8.30 (d, J =
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9.0 Hz, 2H), 7.99 (d, J = 9.0 Hz, 2H), 7.66 (s, 1H), 7.53 (d, J =
8.5 Hz, 1H), 7.39 (dd, J = 8.5, 1.7 Hz, 1H), 7.22 (s, 1H), 5.04
(q, J = 6.4 Hz, 1H), 1.88 (s, 1H), 1.57 (d, J = 6.4 Hz, 3H);
13C NMR (100 MHz, CDCls) & (ppm) 154.93 (C), 153.81 (C),
147.29 (C), 141.48 (C), 136.22 (C), 128.74 (C), 125.24 (CH),
124.32 (CH), 123.67 (CH), 118.28 (CH), 111.45 (CH), 105.14
(CH), 70.47 (CH), 25.64 (CH3); HRMS—ESI (m/z): [M] calcd.
for C;gH 3Ny, 283.08501; found, 283.08548.

1-(2-(4-Nitrophenyl)benzofuran-6-yl)ethan-1-one (7a). mp
214 °C; '"H NMR (400 MHz, CDCl3) & (ppm) 8.35 (d, J =
8.9 Hz, 2H), 8.18 (s, 1H), 8.05 (d, /= 8.9 Hz, 1H), 7.93 (dd, J =
8.2, 1.3 Hz, 1H), 7.71 (d, J = 8.2 Hz, 1H), 7.29 (s, 1H), 2.70 (s,
3H); 13C NMR (100 MHz, CDCl3) & (ppm) 197.22 (C), 156.45
(C), 155.12 (C), 147.82 (C), 135.52 (C), 134.84 (C), 132.93 (C),
125.76 (CH), 124.41 (CH), 123.88 (CH), 121.41 (CH), 111.79
(CH), 104.85 (CH), 26.86 (CH3).

1-(2-(4-Nitrophenyl)benzofuran-5-yl)ethan-1-one (7b). mp
229 °C; 'H NMR (400 MHz, CDCl3) § (ppm) 8.34 (d, J =
9.0 Hz, 2H), 8.30 (s, 1H), 8.04 (d, /= 8.6 Hz, 1H), 8.03 (d, /=
9.0 Hz, 2H), 7.62 (d, J = 8.7, 1H), 7.32 (s, 1H), 2.69 (s, 3H);
13C NMR (100 MHz, CDCl5) & (ppm) 197.35 (C), 157.84 (C),
154.86 (C), 147.63 (C), 135.59 (C), 133.41 (C), 128.79 (C),
126.38 (CH), 125.51 (CH), 124.40 (CH), 122.86 (CH), 111.57
(CH), 105.38 (CH), 26.82 (CHj3); HRMS-ESI (m/z): [M™]
caled. for C;gHNOy4, 281.06936; found, 281.06970.

Photoirradiation of LLC cells with compound
2a

One hundred thousand Lewis lung carcinoma (LLC) cells were
seeded into a 24-well plate (medium: DMEM) and incubated
overnight at 37 °C in an atmosphere of 95% air and 5% CO,.
The medium was replaced with fresh phenol-red free DMEM
containing 100 pg/mL of compound 2a. Four hours after
various irradiation time of 360 nm light (0, 10, 30, 60, 90, 120,
and 150 s) using a fluorescence microscope (BIOREVO
BZ-9000, Keyence, Osaka, Japan), cell viability was deter-
mined by trypan blue exclusion. Bars represent the mean =+ stan-
dard deviation (n = 4).

Detection of intracellular ROS in irradiated
LLC cells with 2a-containing medium

Fifty thousand Lewis lung carcinoma (LLC) cells were seeded
into 24-well plate (medium: DMEM) and incubated overnight at
37 °C in an atmosphere of 95% air and 5% CO,. The medium
was replaced with fresh phenol-red free DMEM containing 0 or
100 pg/mL of compound 2a. Thirty minutes after 1 min or no
exposure of 360 nm light using a fluorescence microscope
(BIOREVO BZ-9000, Keyence, Osaka, Japan), intracellular
ROS were detected using the ROS-ID Oxidative Stress Detec-
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tion Kit (Enzo Life Sciences, Farmingdale, NY, USA) in
conjunction with fluorescence microscopy. Intracellular ROS
was detected in the form of green fluorescence signals. Bars,
100 um.

Supporting Information

Supporting Information File 1

'H and 13C NMR charts for new compounds and
Figures S1-S8.
[https://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-15-84-S1.pdf]
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Four-component coupling reactions between xanthogenates, alkenes, CO, and sulfonyl oxime ethers were studied. In the presence

of hexabutylditin, working as a propagating radical reagent,

the chain reaction proceeds, as expected, taking into account

reagents polarities, affording the corresponding functionalized a-keto oximes. Although yields are modest, this rare one-pot four-

component process is easy to carry out and the resulting compounds, bearing multiple functionalities, have the potential for further

elaboration.

Introduction

Multicomponent reactions constitute a powerful and highly effi-
cient tool in organic synthesis to build up intricate compounds
from simple molecules in a single operation [1-5]. Needless to
say, the contribution by radical chemistry is not trivial [5-7].
While alkenes and alkynes have served as efficient radical
donor/acceptor type C2 synthons in multicomponent radical
reactions, CO and isonitriles were shown to react as donor/

acceptor type C1 synthons [6-15]. In this context, sulfonyl

oxime ethers are powerful acceptors of type C1 synthon
[8,16,17], which terminates the multicomponent reaction by a
B-scission of RSO, radicals [18-20]. Recently, one of
us reported on a three-component radical reaction using
xanthogenates, alkenes, and sulfonyl oxime ethers (Scheme 1,
reaction 1) [21,22]. The reaction proceeds efficiently to provide
good yields of a-alkoxyimino esters, potential precursors of

lactams, lactones and f-keto esters. Since the three-component
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radical reaction involving alkyl halides and two radical C1
synthons, CO and sulfonyl oxime ethers, is known to be
feasible [23-25], we were tempted to explore a novel class of
four-component radical reaction [26-28] incorporating a
xanthogenate, an alkene, CO, and a sulfonyl oxime ether
(Scheme 1, reaction 2). This paper reports on the synthesis of
functionalized a-keto oximes through such a one-pot, four-com-

ponent procedure.

Results and Discussion

We first investigated the reaction of xanthate 1a [29], 1-octene
(2a), CO, and sulfonyl oxime ether 3a as a model reaction.
When the mixture of 1a, 2a (5 equiv), and 3a (1.2 equiv) in

previous work: alkene difuctionalization by three-

Beilstein J. Org. Chem. 2019, 15, 1822-1828.

CgHg (16 mL) in the presence of hexabutylditin as a radical
mediator, and DTBHN (di-fert-butyl hyponitrite) as a radical
initiator was heated under CO (130 atm) at 45 °C for 16 h, the
envisaged four-component coupling product, keto oxime Sa,
was obtained in 43% yield, along with the three-component
product 4a (4a/5a = 9:91) (Table 1, entry 1). In this reaction,
several unidentified byproducts were also formed. Since the
conversion of 1a (ca. 70%) was incomplete, a higher concentra-
tion ([1a] = 0.05 M) using 8 mL of C¢Hg was employed,
resulting in a higher conversion (ca. 80%), affording Sa
in 47% yield (Table 1, entry 2). The use of DCE (1,2-dichloro-
ethane) as a solvent gave a 50% yield of 5a (Table 1, entry 3).
The present four-component product also proceeded under

component radical reactions (ref. [21])

OR' . E R
N~ radical initiator
E.__S.__OEt 1
~ N + R+ i - (1)
s PhO,S l}l
OR'
this work: alkene-difunctionalization by four-component radical reactions
OR' . .. .. E R
- radical initiator 2)
E\/S\n/OEt + xR +co + N|
s PhO,S o 3
“OR'

Scheme 1: Concept: Alkene difuctionalization by four-component radical reaction using xanthates, alkenes, CO and sulfonyl oxime ethers.

Table 1: Four-component coupling reaction of ethyl 2-((ethoxycarbonothioyl)thio)acetate (1a), 1-octene (2a), CO, and sulfonyl oxime ether 3a under

radical conditions?.

(BuzSn), 2 equiv

o OBn
- DTBHN 30 mol %
EtOJ\/S OBt 4+ ZZ™CgHys + CO + )Nl :
e PHOLS 45°C, 16 h
S 2
130 atm
1a 0.05M 2a 3a
0 o)
H
EtO CeHis £ CeH1s
N _N
N o) ~OBn
4a OBn 5a
entry solvent 2a (equiv) 3a (equiv) ratio® (4a/5a) 5ac (%)
1d CgHe 5.0 1.2 9:91 43
2 CeHeg 5.0 1.2 13:87 47 (39)
3 DCE 5.0 1.2 9:91 50 (43)
4® DCE 5.0 1.2 8:92 41 (38)
5 DCE 10.0 15 13:87 56 (52)

aReaction conditions: 1a (0.4 mmol), 2a (2 or 4 mmol), CO (130 atm), 3a (0.48 or 0.6 mmol), DTBHN (0.12 mmol), (BuzSn)z (0.8 mmol), CgHg or DCE
(8 mL), 45 °C, 16 h. PDetermined by GC. °GC yields determined by using nonane as an internal standard. Isolated yields by silica gel chromatogra-
phy are given in the parenthesis. 9CgHg (16 mL). Conversion of 1a = ca. 70%. ©lrradiation by Xe lamp was carried out in the absence of DTBHN.
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photoirradiation conditions in the absence of costly DTBHN
(Table 1, entry 4). The reaction with 10 equivalents of 2a
together with 1.5 equivalents of 3a led to a higher conversion
(ca. 90%), affording acceptable yield and selectivity (Table 1,
entry 5).

With optimized reaction conditions in hand (Table 1, entry 5),
we then examined the generality of this four-component radical
cascade reaction using xanthates 1, olefins 2, CO, and oxime
esters 3, leading to Sa-l (Figure 1). The xanthate 1b, bearing a
phenyl ester, gave similarly to 1a, a-keto oxime 5b in moderate
yield. The reaction of 1a or 1b with vinylcyclohexane (2b) in
the presence of CO and 3a afforded the corresponding a-keto
oximes Sc and 5d in 54 or 32% yield, respectively. The condi-
tions were shown to be compatible with the presence of nitriles,
ethers and halogens. Alkenes having a tert-butyldimethylsilyl
ether such as 6-siloxy-1-hexene 2c thus participated to the reac-
tion to give Se in 57% yield. Alkenes having a chlorine atom, as
in 2d, were also competent substrates in the present four-com-

ponent coupling reaction, affording 5f, albeit in modest yield.

Beilstein J. Org. Chem. 2019, 15, 1822-1828.

The reaction of 1a with 6-heptenenitrile (2e) and 5-hexen-2-one
(2f) gave the corresponding four-component coupling products
5g and 5h, in 34 and 41% yield, respectively. The reaction with
cyano-substituted sulfonyl oxime ester 3b also worked well to
provide cyano-functionalized a-keto oximes. 5i, 5j, and 5k
were thus accessible through the four-component coupling reac-
tion between xanthogenates, alkenes, CO, and 3b in acceptable
isolated yields (39-50%). Finally, the reaction between aceto-
phenone xanthate 1c¢, 2b and 3a gave the corresponding keto
oxime 5l in 39% yield. The functionalized a-keto oximes ob-
tained herein should be useful scaffolds for further functionali-
zation. Indeed, the a-keto oximes were reported to be used for
the synthesis of a variety of synthetic intermediates, including
functionalized keto-aldehydes [22], aminoalcohols [30], tri-

azoles [31], just to name a few.

A reaction mechanism is finally proposed for the four-compo-
nent cascade reaction, which is depicted in Figure 2 [22-24,32-
34]. Initially, a-carbonyl radical A [8] was generated by the
reaction of the tributyltin radical with 1a. The electrophilic

o) oBn (BusSn) 0]
R OJJ\/S OEt + /\RZ + CO + NI DTBHN R1O R2
hif 3 DCE
PhO,S” R N
S 135 atm ~
45°C, 16 h 0" Y~ ©OBn
1 2 3 ' 5 R
o o 0
N< N N
07 N"0Bn 0"~ Nogn 0"~ Napn
5a, 52% 5b, 33% 5¢, 54%

o] 0 o]
OTBS Cl
PhO PhO EtO
_N _N. _N._
o) \OBn (0] OBn (e} OBn

5d, 32% 5e, 57% 5f, 44%
0
0 0 o)
EtO
Eto)k/j;\/VCN EtOJ\/j:/\)J\ §
N, _N_ (0] ~ “OBn
o) OBn o) OBn oN
5g, 34% 5h, 41% 5i, 50%
o} o o
cl
EtO OoTBS  EtO Ph
N\ N\
07\ 0Bn 0”7 Y% "OBn 07~ Nogy
CN CN
5§, 40% 5k, 39% 51, 39%

Figure 1: Vicinal difunctionalization of alkenes by four-component radical cascade reaction using xanthogenate 1, alkenes 2, CO, and sulfonyl oxime
ethers 3 leading to 5a—l. Reaction conditions: 1 (0.4 mmol), 2 (4 mmol), CO (130 atm), 3 (0.5 mmol), DTBHN (30 mol %), (BuzSn)> (0.8 mmol), DCE

(8 mL), 45 °C, 16 h.
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Figure 2: Proposed radical chain mechanism.

a-carbonyl radical A does not react with CO even at high CO
pressure [6], and therefore selectively adds to electron-rich
olefin 2a to form a carbon-centered radical B. The radical B,
regarded as a nucleophilic radical, then undergoes radical
carbonylation with CO to give an acyl radical C [35], which
then adds to electron-deficient sulfonyl oxime ether 3a to afford
5a. The resulting radical D then undergoes B-fragmentation pro-
viding 5a along with the phenylsulfonyl radical E. Sy2 reac-
tion between radical E and hexabutylditin regenerates the tri-
butyltin radical which sustains the radical chain. Since radical B
can also add to sulfonyl oxime ether 3a, we used high CO pres-
sure conditions to encourage the radical carbonylation to form

acyl radical C.

Conclusion

In summary, we demonstrated that a four-component radical
cascade reaction, between xanthogenates, alkenes, CO, and sul-
fonyl oxime ethers, can proceed under radical mediated condi-
tions, using hexabutylditin as a radical chain carrier, to give the
corresponding keto-oximes in moderate yields. A variety of
functional groups are tolerated under the high CO pressure and
temperature conditions. Among multicomponent reactions, spe-
cific four-component reactions are still rare [26-28]. The
present procedure, which is easy to carry out using an auto-

clave in a single operation, shows that a fine tuning of the reac-

tion conditions (pressure and temperature) and reagents polari-
ties offer a straightforward access to polyfunctionalized sub-
strates from readily available starting materials.

Experimental

General information

'H NMR spectra were recorded on a JEOL ECP-500
(500 MHz) and JEOL ECS-400 (400 MHz) spectrometers in
CDCl; and referenced at 0.00 ppm for TMS. 13C NMR spectra
were recorded on a JEOL ECP-500 (125 MHz) and JEOL ECS-
400 (100 MHz) spectrometers in CDClj3 and referenced at
77.00 ppm for CHCl3. Chemical shifts are reported in parts per
million (). Splitting patterns are indicated as follows: br,
broad; s, singlet; d, doublet; t, triplet; q, quartet; m, multiplet.
Infrared spectra were obtained on a JASCO FT/IR-4100 spec-
trometer; absorptions were reported in reciprocal centimeters.
High-resolution mass spectra were recorded on a JEOL MS700
spectrometer or Exactive Plus EMR (Thermo Fisher Scientific).
The products were purified by flash chromatography on silica
gel (Kanto Chem. Co. Silica Gel 60N (spherical, neutral,
40-50 um)) and, if necessary, were further purified by recy-
cling preparative HPLC (Japan Analytical Industry Co. Ltd.,
LC-918) equipped with GPC columns (JAIGEL-1H + JAIGEL-
2H columns) using CHCI3 as eluent. Xanthogenate 1a,b [20],
1c [36], alkene 2¢ [37], and oxime ester 3a,b [20] were pre-
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pared according to reported procedures. Photoirradiation was
carried out using a 500 W Xenon short arc lamp (Ushio Co.
Ltd., lamp house: SX-UI500XQ, Xenon short arc lamp: UXL-
500SX, power supply: BA-X500).

Typical procedure for the synthesis of 5a

under thermal conditions

A magnetic stirring bar, 1a (90.1 mg, 0.4 mmol), 2a (455.3 mg,
4.0 mmol), 3a (141.4 mg, 0.51 mmol), (BuzSn), (474.7 mg,
0.82 mmol), DTBHN (21.4 mg, 0.12 mmol), and 1,2-dichloro-
ethane (8 mL) were placed in a stainless steel autoclave. The
autoclave was closed, purged three times with carbon mon-
oxide, pressurized with 130 atm of CO and then stirred at 45 °C
for 16 h. Excess CO was discharged at room temperature after
the reaction. The reaction mixture was then filtered and concen-
trated in vacuo to give a residue, which was subjected to silica
gel column chromatography using hexane/EtOAc 10:1 as
eluent, affording Sa (83.7 mg, 0.22 mmol, 52%).

Procedure for the synthesis of 5a under

photoirradiation conditions

A magnetic stirring bar, 1a (82.0 mg, 0.39 mmol), 2a
(225.8 mg, 2.0 mmol), 3a (133.1 mg, 0.48 mmol), (BuzSn),
(452.6 mg, 0.78 mmol), and 1,2-dichloroethane (8 mL) were
placed in a stainless-steel autoclave equipped with two sapphire
glass windows and an inserted Pyrex glass liner. The autoclave
was closed, purged three times with carbon monoxide, pressur-
ized with 130 atm of CO and then irradiated by Xenon lamp
(500 W) with stirring for 16 h. Excess CO was discharged after
the reaction. The reaction mixture was then filtered and concen-
trated in vacuo to give a residue, which was subjected to silica
gel column chromatography using hexane/EtOAc 10:1 as
eluent, affording 5a (52.9 mg, 0.15 mmol, 38%).

Ethyl (E)-4-(2-((benzyloxy)imino)acetyl)decanoate (5a): IR
(neat, ZnSe) vy (cm™1): 3065, 2955, 1732, 1584, 1455, 1303,
1210; '"H NMR (CDCl3, 400 MHz) & 7.49 (s, 1H), 7.38-7.33
(m, 5H), 5.25 (s, 2H), 4.10-4.08 (m, 2H), 3.35-3.33 (m, 1H),
2.21-2.17 (m, 2H), 1.25-1.21 (m, 11H), 0.87 (t, J = 6.8 Hz,
3H); '3C NMR (CDCl3, 100 MHz) & 201.7, 173.0, 148.0, 136.1,
128.6, 128.6, 128.5, 77.9, 60.3, 45.3, 32.1, 32.0, 31.6, 29.2,
27.1, 26.4, 22.6, 14.2, 14.1; EIMS m/z (relative intensity): 316
(4), 227 (8), 199 (2), 91 (100); HRMS—-EI (m/z): [M — C,H50]*
caled for C19H6NO3, 316.1913; found, 316.1916.

Phenyl (E)-4-(2-((benzyloxy)imino)acetyl)decanoate (5b): IR
(neat, ZnSe) vy (cm™1): 2954, 2928, 1760, 1685, 1196, 1188;
'H NMR (CDCl3, 500 MHz) & 7.54 (s, 1H), 7.39-7.34 (m, 8H),
7.24-7.21 (t, J = 7.4 Hz, 1H), 7.07-7.06 (d, J = 9.5 Hz, 11H),
5.25 (s, 2H), 3.49-3.44 (m, 1H), 2.57-2.45 (m, 2H), 2.13-2.04
(m, 1H), 1.98-1.89 (m, 1H), 1.72-1.62 (m, 1H), 1.48-1.40 (m,
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1H), 1.29-1.22 (m, 10H), 0.89-0.86 (t, J = 7.5 Hz, 3H);
13C NMR (CDCl3, 125 MHz) & 201.7, 171.7, 150.8, 148.2,
136.3, 129.5, 128.7, 128.6, 125.9, 121.7, 78.1, 45.4, 32.3, 32.2,
31.7,29.4, 27.3, 26.5, 22.7, 14.2; EIMS m/z (relative intensity):
316 (1), 91 (100); HRMS-EI (m/z): [M — CcH50]" calcd for
C19H»6NO3, 316.1913; found, 316.1910.

Ethyl (E)-6-((benzyloxy)imino)-4-cyclohexyl-5-oxohexa-
noate (5c¢): IR (neat, ZnSe) vyax (ecm™1): 3065, 2978, 1681,
1497, 1370, 1251, 1210; 'H NMR (CDCl3, 500 MHz) & 7,48 (s,
1H), 7.38-7.33 (m, 5H), 5.25 (s, 2H), 4.12-4.06 (m, 2H),
3.27-3.23 (m, 1H), 2.22-2.17 (m, 1H), 2,13-2.06 (m, 1H),
1.96-1.92 (m, 1H), 1.86-1.85 (m, 1H), 1.71-1.59 (m, 5H),
1.25-1.22 (t, J = 7 Hz, 3H), 1.17-0.90 (m, 5H); 13C NMR
(CDCl3, 125 MHz) 5 201.1, 173.1, 148.7, 148.6, 136.2, 128.6,
128.5, 77.9, 60.3, 51.0, 50.9, 40.3, 32.2, 26.3, 23.4, 14.3, 14.1;
EIMS m/z (relative intensity): 359 (1), 125 (2), 109 (6), 91
(100); HRMS-EI (m/z): [M]* calcd for Cy1HgNOQy, 359.2097;
found, 359.2067.

Phenyl (E)-6-((benzyloxy)imino)-4-cyclohexyl-5-oxohexa-
noate (5d): IR (neat, ZnSe) vyax (cm™1): 2927, 2852, 1759,
1682, 1492, 1197, 1135; 'H NMR (CDCl3, 500 MHz) & 7.52 (s,
1H), 7.39-7.34 (m, 7H), 7.26-7.21 (m, 2H), 7.07-7.05 (m, 2H),
5.24 (s, 2H), 3.36-3.33 (m, 1H), 2.51-2.30 (m, 2H), 2.12-1.95
(m, 2H), 1.82-1.50 (m, 7H), 1.23-0.89 (m, 6H); !3C NMR
(CDCl3, 100 MHz)  202.0, 171.8, 148.9, 136.4, 129.6, 128.9,
128.8, 128.8, 128.7, 126.0, 121.7, 78.1, 51.1, 40.5, 32.5, 31.6,
30.2, 26.5, 26.5, 23.5; EIMS m/z (relative intensity): 314 (53),
232 (8), 91 (100); HRMS-EI (m/z): [M — CcH50]" calcd for
Ci9H¢NO3, 314.1756, found, 314.1760.

Phenyl (E)-4-(2-((benzyloxy)imino)acetyl)-8-((tert-butyl-
dimethylsilyl)oxy)octanoate (5e): IR (neat, ZnSe) vy« (cm_l):
2952, 2854, 1760, 1686, 1595, 1493. 'H NMR (CDCls,
500 MHz) & 7.49 (s, 1H), 7.35-7.33 (m, 8H), 7.20-7.19 (m,
1H), 7.04-7.02 (m, 2H), 5.21 (s, 2H), 3.54-3.50 (m, 2H),
3.50-3.40 (m, 1H), 2.45-2.42 (m, 2H), 2.08-2.03 (m, 1H),
1.93-1.87 (m, 1H), 1.71-1.61 (m, 1H), 1.56-1.40 (m, 3H), 0.85
(s, 9H), 0.06 (s, 6H); '3C NMR (CDCl3, 125 MHz) & 201.4,
171.5, 150.6, 148.0, 136.0, 129.4, 128.6, 125.8, 121.5, 78.6,
62.7, 44.9, 31.9, 30.3, 28.3, 26.7, 26.4, 25.9, 18.3, 5.1, —5.3;
EIMS m/z (relative intensity): 440 (20), 404 (24), 263 (20), 91
(100); HRMS-EI (m/z): [M — OCH,Ph]* calcd for
CyoH34NO4Si, 404.2257; found, 404.2260.

Ethyl (E)-4-(2-((benzyloxy)imino)acetyl)-12-chlorodode-
canoate (5f): IR (neat, ZnSe) vpay (cm™1): 2930, 2856, 1731,
1682, 1455, 1371, 699; 'H NMR (CDCl3, 500 MHz) & 7.49 (s,
1H), 7.38-7.34 (m, 5H), 5.25 (s, 2H), 4.12-4.07 (m, 2H),
3.54-3.51 (t,J = 6.5 Hz, 2H), 3.37-3.35 (m, 1H), 2.24-2.15 (m,
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2H), 1.96-1.92 (m, 1H), 1.83-1.73 (m, 3H), 1.65-1.58 (m,1H),
1.42-1.37 (m, 3H), 1.25-1.22 (m, 11H); 13C NMR (CDCls,
125 MHz) 201.6, 173.1, 148.1, 128.6, 128.5, 77.9, 60.3, 45.4,
45.1, 32.6, 32.1, 32.0, 29.5, 29.2, 28.8, 27.1, 26.8, 26.5, 14.2;
EIMS m/z (relative intensity): 378 (1), 289 (3), 105 (1), 91
(100); HRMS-EI (m/z): [M — C,H50]* calcd for
C,1Hy9NO3Cl, 379.1419; found, 378.1842.

Ethyl (E)-4-(2-((benzyloxy)imino)acetyl)-8-cyanooctanoate
(5g): IR (neat, ZnSe) vpyax (cm_l): 2938, 2246, 1683, 1731;
'H NMR (CDCl3, 400 MHz)  7.50 (s, 1H), 7.35-7.41 (m, 5SH),
5.26 (s, 2H), 4.08-4.14 (m, 2H), 3.34-3.40 (m, 1H), 2.14-2.27
(m, 5H), 1.90-1.97 (m, 1H), 1.77-1.82 (m, 1H), 1.54-1.68 (m,
3H), 1.29-1.47 (m, 2H), 1.24 (t, J = 7.6 Hz, 3H); 13C NMR
(CDCl3, 100 MHz)  201.0, 172.8, 148.0, 136.0, 128.6, 128.5,
119.5, 77.9, 60.4, 44.7, 31.8, 31.0, 26.5, 26.2, 25.2, 16.9, 14.2;
EIMS m/z (relative intensity): 313 (1), 91 (100), 77 (6), 55 (7);
HRMS-EI (m/z): M - C2H50]+ calcd for C18H21N203,
313.1552; found, 313.1556.

Ethyl (E)-4-(2-((benzyloxy)imino)acetyl)-7-oxooctanoate
(5h): IR (neat, ZnSe) vpax (cm™1): 3510, 2936, 1732, 1715,
1684; '"H NMR (CDCl3, 400 MHz) 6 7.49 (s, 1H), 7.38-7.26
(m, SH), 5.25 (s, 2H), 4.12-4.07 (m, 2H), 3.39-3.35 (m, 1H),
2.40-2.27 (m, 2H), 2.27-2.20 (m, 2H), 2.06 (s, 3H), 2.00-1.85
(m, 2H), 1.82-1.73 (m, 2H), 1.25-1.22 (t, J = 7.2 Hz, 3H);
13Cc NMR (CDCl3, 100 MHz,) d 207.7, 200.9, 172.9, 147.9,
136.0, 128.6, 128.6, 128.5, 78.0, 60.4, 44.3, 40.6, 31.7, 29.9,
26.5, 25.2, 14.2; EIMS m/z (relative intensity): 302 (2), 91
(100), HRMS-EI (m/z): M - C2H50]+ calcd for C17H2()NO4,
302.1392; found, 302.1390.

Ethyl (E)-4-(2-((benzyloxy)imino)-2-cyanoacetyl)decanoate
(5i): IR (neat, ZnSe) vy« (cm™1): 2930, 2857, 1733, 1698,
1455, 1035; 'H NMR (CDCls, 500 MHz)  7.43-7.38 (m, 5H),
5.50 (s, 2H), 4.12-4.06 (m, 2H), 3.37-3.32 (m, 1H), 2.26-2.14
(m, 2H), 2.01-1.94 (m, 1H), 1.85-1.80 (m, 1H), 1.66—1.60 (m,
1H), 1.44-1.33 (m, 1H), 1.28-1.19 (m, 11H), 0.89-0.86 (t, J =
6.5 Hz, 3H); 13C NMR (CDCls, 125 MHz) & 195.4, 172.7,
134.4, 132.4, 129.2, 128.9, 128.8, 107.4, 80.6, 60.4, 45.4, 31.9
31.6, 31.5, 29.1, 27.0, 26.1, 22.5, 14.2, 14.1; EIMS m/z (rela-
tive intensity): 341 (2), 200 (6), 131 (8), 91 (100); HRMS-EI
(m/z): [M — C,H50]* caled for CogHeN,O3, 341.1865; found,
341.1867.

Ethyl (E)-4-(2-((benzyloxy)imino)-2-cyanoacetyl)-7-((tert-
butyldimethylsilyl)oxy)heptanoate (5j): IR (neat, ZnSe) v;ax
(em™1): 2929, 2857, 1732, 1698, 1255; 'H NMR (CDCl3,
500 MHz) § 7.34 (m, 5H), 5.47 (s, 2H), 4.12-4.05 (m, 2H),
3.53-3.48 (m, 2H), 3.39-3.36 (m, 1H), 2.28-2.18 (m, 2H),
2.06-1.93 (m, 1H), 1.85-1.78 (m, 1H), 1.72-1.61 (m, 1H),

Beilstein J. Org. Chem. 2019, 15, 1822-1828.

1.59-1.50 (m, 1H), 1.41-1.38 (m, 2H), 1.26-1.21 (t, 3H), 0.88
(s, 9H), 0.02 (s, 6H); 13C NMR (CDCls, 125 MHz) § 195.2,
172.6, 134.3, 132.4, 129.2, 129.0, 128.8, 107.3, 80.7, 62.5, 60.5,
41.1, 31.5, 30.1, 28.0, 26.2, 25.9, 18.3, 14.2, =5.2; EIMS m/z
(relative intensity): 417 (13), 215 (4), 131 (5), 91 (100);
HRMS-EI (m/z): M - C4H9]+ calcd for C21H29N2055i,
417.1846; found, 417.1853.

Ethyl (E)-4-(2-((benzyloxy)imino)-2-cyanoacetyl)-12-
chlorododecanoate (5k): IR (neat, ZnSe) viax (cm_l): 2932,
2857, 1731, 1698, 1035; '"H NMR (CDCl;, 500 MHz) & 7.40
(m, 5H), 5.48 (s, 2H), 4.12-4.07 (m, 2H), 3.55-3.53 (t, J =
6.5 Hz, 2H) 3.36-3.33 (m, 1H), 2.29-2.18 (m, 2H), 2.00-1.92
(m, 1H), 1.85-1.74 (m, 3H), 1.67-1.62 (m, 1H), 1.42-1.38 (m,
3H), 1.25-1.12 (m, 12H); 13C NMR (CDCls, 125 MHz) &
195.4, 172.7, 134.3, 132.4, 129.2, 129.0, 128.8, 107.3, 80.6,
60.4, 45.4, 45.1, 32.5, 31.8, 31.6, 29.3, 29.1, 28.7, 27.0, 26.7,
26.1, 14.2; EIMS m/z (relative intensity): 404 (1), 181 (16), 169
(14), 131 (23), 119 (17), 91 (100); HRMS-EI (m/z):
[M - C,H50]" caled for CooHp9N,05Cl, 404.1867; found,
404.1858.

(E)-3-Cyclohexyl-2,6-dioxo-6-phenylhexanal O-benzyl oxime
(51): IR (neat, ZnSe) vpay (cm™1): 2926, 2852, 1682, 1449,
1208; 'H NMR (CDCl3, 400 MHz) & 7.89-7.88 (m, 2H),
7.54-7.32 (m, 8H), 5.17 (s, 2H), 3.34-3.30 (m, 1H), 2.89-2.69
(m, 2H), 2.02-2.00 (m, 2H), 1.69-1.51 (m, 6H), 1.16-0.88 (m,
6H); 13C NMR (CDCl3, 100 MHz) 202.3, 199.5, 148.6, 136.7,
136.1, 132.9, 128.7, 128.5, 128.5, 128.4, 128.0, 77.8, 51.1, 40.2,
36.1, 31.4, 29.9, 26.3, 22.6; EIMS m/z (relative intensity): 300
(6), 284 (9), 257 (5), 91 (100); HRMS-EI (m/z):
[M — OCH,Ph]* calcd for C;gH»>NO,, 284.1651; found,
284.1645.
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