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A charge transfer complex (CTC)-enabled photoreduction of ether phosphonium salts for the generation
of oxyalkyl radicals was described. The photoreduction provides a convenient method to achieve selective
oxyalkylation of enamides with broad substrate scope. The method features operational simplicity, mild
and inherent green conditions.
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Enamides are essential building blocks for the synthesis of
pharmaceuticals and natural products [1-4]. Thus, the direct func-
tionalization of enamides to obtain high value-added complex
compounds is of great importance and has remained a long-
standing interest in organic synthesis [5-23]. The development
of synthetic strategies for the B-C(sp2)-H alkylation of enamides
has gained considerable efforts [24-26]. Transition-metal-catalyzed
cross coupling reactions have been proven to be effective for
the regio- and stereoselective synthesis of B-alkylated enamides
[27-32]. Meanwhile, visible-light-catalysis provides a powerful and
sustainable alternative for radical alkylation reactions [33-40]. In
this context, Yu and co-workers disclosed a photoredox-catalyzed
alkylation reaction of enamides with alkyl bromides as radical
precursors [41]. The group of Zhao, Loh [42,43] and Shang, Fu
[44] developed photocatalytic decarboxylative coupling reactions
of enamides with N-hydroxyphthalimide (NHPI) esters to prepare
alkylated enamides, respectively. Our group demonstrated that a
charge transfer complex (CTC) between NHPI ester and enamide
could lead to the alkylation of enamides [45]. Lu and Xiao and co-
workers described an elegant deaminative alkylation of enamides
with Katritzky salts by using an Ir-based photocatalyst (Fig. 1A)
[46]. Despite these advances, these elegant methods suffered from

* Corresponding authors at: School of Chemical Sciences, University of the Chi-
nese Academy of Sciences, Beijing 100049, China.
E-mail addresses: liugiang@ucas.ac.cn (Q. Liu), zxwang@ucas.ac.cn (Z. Wang),
chenxiangyu20@ucas.ac.cn (X. Chen).
1 These authors contributed equally to this work.

https://doi.org/10.1016/j.cclet.2023.108979

the use of expensive photocatalysts or stoichiometric amounts of
additive and the limited radical precursors. The development of
new alkylating agents to achieve the selective functionalization of
enamides under mild condition is still highly desirable.

Ethers are important scaffolds appearing in natural products
and drug molecules [47-49]. Specifically, tetrahydrofuran (THF),
one of the common solvents, has been widely used as a ba-
sic chemical feedstock in synthetic chemistry and industrial pro-
cesses [50]. Great efforts have been devoted to the development of
novel methods for their transformations [51,52]. Surprisingly, the
photoinduced oxyalkylation of enamides from ether compounds
was rarely explored. Very recently, Zhao and co-workers described
an Ir/Eosin Y photocatalyst-catalyzed cross-dehydrogenative cou-
pling (CDC) reactions for the ether functionalization of enamides
(Fig. 1B) [53]. However, the photocatalyst, excess oxidant, and sto-
ichiometric additive were all indispensable. In the past decade,
CTC-enabled photoreaction has emerged as an effective alterna-
tive for radical generation under transition metal-, photocatalyst-
, and oxidant-free conditions [54-56]. Our group demonstrated
that the phosphonium salts could form charge transfer complexes
(CTCs) with suitable electron donors to generate organic radical
species under blue light irradiation without using photocatalysts
and transition metals (Fig. 1C) [57-63]. We wondered whether we
could introduce this strategy to realize the selective oxyalkylation
of enamides. If so, a new and efficient method to generate oxyalkyl
radicals would be established. Herein, we disclosed a blue light
induced CTC-enabled photoreduction of ether phosphonium salts
for the selective oxyalkylation of enamides without using photo-
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Fig. 1. (A) photocatalysis for the alkylation of enamides; (B) photoredox-catalyzed
CDC reactions for the oxyalkylation of enamides; (C) phosphonium salts as precur-
sors generating organic radical species; (D) CTC-enabled photoreduction of ether
phosphonium salts for the oxyalkylation of enamides.

catalyst, transition metal, and stoichiometric amounts of additive
(Fig. 1D).

To verify the feasibility of our method, we first examined
whether the CTC strategy could promote the oxyalkylation of
enamides with THF phosphonium salt 1, which was prepared from
the reaction of perfluorobutyl iodide, PPhs, and THF under reflux.
To our delight, treatment of 1, enamide 2 with TMEDA as the
additive and DMA as the solvent under irradiation of blue light
gave the desired product 3 in 84% yield with E/Z=6.4:1 (entry 1,
Table 1). Previous study found that the deprotonation of the
iminium ion intermediate significantly affect the E/Z ratios of the
products [53]. Likewise, we evaluated various bases including inor-
ganic bases and organic bases, such as DIPEA, DBU, DABCO, DMAP,
K,CO3, Cs,C03, and NaOEt (Table S1 in Supporting information for
more results), but these bases had no obvious effects on the E/Z
ratios (entries 2-8). Solvent screening revealed that DMA was the
best choice (entry 9). Notably, the reaction worked as well in the
absence of TMEDA, affording the desired product in 55% yield (en-
try 10). Changing the equivalent of TMEDA was carried out but no
better result was delivered (entry 11). The control experiment con-
firmed the necessity of visible light (entry 12).

With the optimized conditions in hand, the reaction scope
was investigated. As presented in Scheme 1, the results revealed
that the current strategy turned out to be a general and efficient
method for the synthesis of oxyalkylated enamides. The gram-
scale reaction between 1 and 2 gave rise to 3 in 71% yield with
5.9:1 E/Z ratio (Supporting information for details). Both electron-
donating (MeO) and electron-withdrawing (F, Br, CF; and CO,Et)
groups on the phenyl ring at the para-, ortho-, or meta-position
of enamides were tolerable and furnished the corresponding prod-
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Table 1
Optimization of the reaction conditions.
Ac<, .Bn
l@ AC\N’Bn "standard conditions" N
® TMEDA (20 mol%) XX
o~ “PPh; * @ DMA, blue LED o
40+3 °C

1 (2.5 equiv.) 2 (1.0 equiv.) 3
Entry Variations from standard conditions Yield (%)? E/Z°
1 None 84 6.4:1
2 DIPEA instead of TMEDA 70 6.2:1
3 DBU instead of TMEDA 63 6.2:1
4 DABCO instead of TMEDA 70 5.3:1
5 DMAP instead of TMEDA 72 6.1:1
6 K,CO; instead of TMEDA 71 5.4:1
7 Cs,CO;5 instead of TMEDA 73 5.1:1
8 NaOEt instead of TMEDA 75 5.3:1
9 Other solvents (DMF, CH3CN, THF...) Trace-48
10 Without TMEDA 55 3.4:1
11 TMEDA (50 mol%) 60 7.2:1
12 Without visible-light irradiation - -

2 Yield of isolated product 3.
b The E/Z ratio were determined by 'H NMR spectroscopy of the reaction mixture.

ucts 4-10 in moderate to good yields with good E/Z selectivity.
Multi-substituted enamides were also used and provided the tar-
get products 11 and 12 with good results. Naphthyl-substituted
substrate was also used and delivered the desired enamide 13 in
70% yield with 3.3:1 E/Z ratio. In addition, the R! and R? sub-
stituents were also examined. The desired oxyalkylated enamides
14 and 15 were obtained in 75% and 72% yields, respectively. The
N-alkyl enamides without a Bn group were also tolerable and gave
good yields of the products 16 and 17, with good E/Z ratios. To fur-
ther examine the generality of the strategy, other reaction partners,
such as vinylnaphthalene, N-arylacrylamide, and N-methacryloyl-
N-methylbenzamide, were introduced to the reaction system and
the desired oxyalkylated alkene, oxindole, and isoquinolinedione
were obtained with good reaction efficiency (18-20). Next, we
studied the versatility of the reaction with various ether phospho-
nium salts, which could be easily prepared from the corresponding
commercially available halides. Tetrahydropyran derived phospho-
nium salt worked well to afford the desired product in 78% yield
with 4.6:1 E/Z ratio (21). Acyclic ether, including dimethyl ether,
ethyl methyl ether, benzyl methyl ether, and dimethoxyethane, de-
rived phosphonium salts could be readily employed to forge a vari-
ety of enamides with satisfactory results (22-25). In addition, TMS-
substituted ether phosphonium salt also reacted smoothly to give
the desired product (26). It was noteworthy that phosphonium salt
prepared from ester was also effective to furnish the oxyalkylated
enamides (27).

To better understand the reaction, a series of mechanistic ex-
periments were carried out (Scheme 2). The UV-vis experiments
were conducted to identify the possible pathways for the pho-
toactivation of phosphonium salts (Scheme 2A). The UV-vis spec-
troscopy studies showed that phosphonium iodide salt 1 exhibited
good photoactivity. Its peak tail deeply extended to the visible light
region and reached a wavelength of over 600 nm, indicating that
the salt could be activated by blue light irradiation. The absorption
of the mixture of 1 and TMEDA shifted bathochromically compared
to 1 and TMEDA, while the mixture of 1 with 2 exhibited no red-
shifted absorption. These results suggested that a more photoactive
charge transfer complex could be formed between 1 and TMEDA.
Nevertheless, the photolysis experiments of the salt also demon-
strated that the phosphonium iodide salt alone was sufficiently
photoactive as an intramolecular charge transfer complex (ICTC) to
generate THF radical, as well as the byproduct PPh; (Scheme 2B).
In addition, the radical inhibition study also suggested the pres-
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Scheme 1. Substrate scope. Yields of isolated products are given. The E/Z ratios
were determined by "H NMR spectroscopy of the reaction mixtures. 24 mmol scale
reaction.

Chinese Chemical Letters 35 (2024) 108979

A. UV-vis studies
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ence of a free THF radical in this transformation (Scheme 2C). In

1©/ TMEDA

addition, the chloride salt 28 was employed as the phosphonium
salt for the reaction. In the absence of TMEDA, only trace amount
of product 22 could be obtained, but the addition of TMEDA obvi-
ously increased the yield of the product (Scheme 2D). These results
imply an important role of I~ counter anion, but TMEDA could also
serve as an electron donor to enable single electron transfer pro-
cess for the generation of the oxyalkyl radical.

According to the above results and our previous reports [59-
62], we proposed a possible mechanism in Fig. 2. First, the pho-
toactive complexes, including the intramolecular ICTC (1) and in-
termolecular CTC A, could be excited by blue light to undergo a

Fig. 2. Proposed mechanism.
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SET process, where I~ and TMEDA serve as the electron donor, re-
spectively. The SET processes generate the oxyalkyl radical/I’ and
the oxyalkyl radical TMEDA'*, respectively. Then the addition of
the THF radical to the C=C double bond of enamide 2 afforded
radical intermediate B, which could be sequentially oxidized by
I'/TMEDA"* to provide a cationic intermediate C featuring two key
resonance structures. Finally, the deprotonation of C furnished the
product 3.

According to the mechanism, we propose that the reaction
could be benefited from the addition of TMEDA due to the follow-
ing reasons: (i) The reaction involves deprotonation, which could
be facilitated by stronger base TMEDA, (ii) the reaction produces
HI as the byproduct which could be stabilized by TMEDA, and
(iii) TMEDA serves as an electron donor to form photoactive CTC,
thus enhancing the photoactivity of the system. Nevertheless, these
roles of TMEDA are not essential, because (i) and (ii) could be ful-
filled by DMA solvent and the salt itself is photoactive. As such,
the reaction could give 55% yield in the absence of TMEDA (entry
10 in Table 1).

In conclusion, we have developed a simple and efficient strat-
egy for the direct oxyalkylation of enamides with ether phospho-
nium salts as the oxyalkylating reagents. The ether phosphonium
salts themselves or their combinations with TMEDA could serve as
photoactive ICTCs or CTCs to generate oxyalkyl radicals under vis-
ible light irradiation. With this strategy, enamides, vinylnaphtha-
lene, oxindole, and isoquinolinedione, bearing ether groups can be
easily prepared without using transition metal, photocatalyst, and
stoichiometric additive. It is expected that the synthetic method
could have potential applications in the synthesis of diverse enam-
ides.
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