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ABSTRACT: Herein a synergistic combination of a nickel
catalyst and benzaldehyde for the utilization of amides and
thioethers in C(sp®)—H alkylation and arylation reactions
employing simple aryl or alkyl halides is reported. This method
provides a simple and cheap strategy for the direct
functionalization of amides and thioethers. Readily available
starting materials, mild reaction conditions, a good functional-
group tolerance, and a broad substrate scope make this
methodology attractive and practical for pharmaceutical and

synthetic chemistry.

he direct functionalization of C—H bonds is known as a

reliable access to complex structures. This is based on the
distinct advantages of high step- and atom-economy as well as
the use of readily available substrates. Although the selective
functionalization of C—H bonds has been extensively
investigated during the past decades, in most of the cases,
preactivation of substrates, directing groups, stoichiometric
additives, or oxidants is needed.' The direct C(sp*)—H
arylation/alkylation is still a challenging field.

Fully or partially saturated nitrogen heterocycles are key
motifs of numerous pharmaceutical structures and natural
products, and the five-membered pyrrolidine rin§ is one of the
most ubiquitous and important representatives.” Additionally,
cyclic amines such as proline are widely applied in asymmetric
synthesis.” There is no doubt that efficient methods for the
functionalization of these systems are of importance. As is
shown in Figure 1, there are different approaches to obtain a-
functionalized nitrogen heterocycle derivatives. Based on
previous research, the most frequently reported method for
this kind of transformation involves the formation of a dipole-
stabilized carbanion, followed by an electrophilic substitution
or transmetalation.* Different electrophiles such as organotin
compounds, silyl reagents, phenyl isocyanate, aldehydes, CO,,>
and others have been used. a-Lithiation can be followed by
transmetalation with ZnCl, and, finally, by palladium-catalyzed
Negishi coupling with an aryl halide to yield N-protected a-
aryl pyrrolidine derivatives.” This strategy usually requires
multistep sequences, and an excess of s-BuLi is needed for a
successful conversion. Other new methods convert given
amines into an electrophilic species that can be coupled with a
nucleophilic partner such as an alkyne, indole, or ketone.” The
key intermediate for this method is an iminium ion. The most
frequently studied processes involved the use of copper
catalysts in combination with an external chemical oxidant to
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Figure 1. Methods for amine a-C—H bond functionalization and our
new concept.

form the imimium ion. Much less prevalent, recent research is
based only on chemical oxidants;® others apply electro-
chemistry’ or photochemistry'’ to generate iminium ions.
Figure 1c shows a new method for direct functionalization of
C(sp®)—H bonds adjacent to nitrogen in heterocycles. An a-
amino radical intermediate was generated through standard
radical-forming conditions'' or a photochemical radical-
generating procedure.'” Radical-based methods are powerful
tools for the direct C(sp®)—H activation, but still not often
applied in the functionalization of nitrogen heterocycles.
Recently, organic free-radical chemistry and visible light-
mediated photoredox-catalyzed reactions are regarded as
valuable tools in organic synthesis, especially for late-stage
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functionalization of pharmaceutical compounds.'”> Numerous
outstanding strategies for functionalizing C(sp®)—H bonds
have been reported.14 However, the direct alkylation of
C(sp®)—H bonds by normal alkyl halides is rare. In 2017,
Macmillan’s group first reported the C(sp®)—H alkylation
using the strategy of polarity-matching with the iridium
complex Ir[dF(CF,)ppyl,(dtbbpy)PF,, a nickel catalyst, and
a hydrogen atom transfer catalyst through single-electron
transfer (SET) and hydrogen atom transfer (HAT) proc-
esses.'”? There was no further study on sp>—sp® coupling, until
recently, when our group'” reported a new strategy by merging
cheap benzaldehyde as a photosensitizer with nickel catalysis
for photoredox C(sp®)—H arylation/alkylation mediated by
UVA light. At the same time Martin’s group'® and Rueping’s
group'” also reported photoredox C(sp®)—H arylation/
alkylation and C(sp®)—H arylation of toluene and derivatives
by combining benzophenone and nickel catalysis induced by
CFL light.

Though recent progress allows easier access to a-
functionalization of amines, several conditions must be
satisfied at the same time for a successful transformation. A
multistep synthesis, stoichiometric oxidants, and directing
groups are usually not desired; photoredox transformation
seems to be better, but the iridium complex is much too
expensive. Meanwhile, the conditions usually change strongly
from case to case, which makes this method much more
difficult to use widely. Inspired by previous research and as
continuing work on benzaldehyde-mediated C(sp*)—H direct
functionalization, the hypothesis is that this new strategy can
be used for a-C—H functionalization of amides and thioethers.

The coupling of N-Boc pyrrolidine and bromobenzene was
chosen as a model reaction for our investigation. For the initial
experiments, we utilized NiBr,-glyme and 4,4'-di-tert-butyl-
2,2'-bipyridyl (dtbbpy) as the nickel catalyst, benzaldehyde as
the photosensitizer, and K,HPO, as the base in acetone under
irradiation with UVA light for 24 h (Table 1), and the desired
product 3a was formed in 50% yield (Table 1, entry 1).
Further experiments showed that the yield of 3a was strongly
influenced by the initial concentration (Table 1, entries 1—4).
The optimum concentration included the use 0.3 mL of
solvent; at higher concentration, the nickel catalyst did not
dissolve completely (Table 1, entry 2). Previous reports
indicate that an excess of pyrrolidine is needed for this type of
transformation, and thus we also varied the amount of
pyrrolidine (Table 1, entries 1, S, and 6). The yield gradually
increased when increasing the amount of 1. For reasons of
economy and convenient isolation, we used S5 equiv of
pyrrolidine, and then the yield could be increased to 88% by
prolonging the irradiation time to 60 h (Table 1, entry 14).
Next, we turned our attention to different nickel salts (Table 1,
entries 7—9). Other Ni(II) salts did not work well for this
reaction; as expected, Ni(COD), only gave a low yield. The
control experiments shown in entries 10—13 prove that all of
the parameters were significant for the success of this
transformation.

We then explored the scope of this reaction. As shown in
Scheme 1, a wide variety of aryl bromides tolerating either
electron-donating or electron-withdrawing substituents under-
went the desired C(sp*)—H arylation products. 4-Bromoani-
sole worked well (3b, 78% yield), and an ortho-methyl
substituent showed similar reactivity (3¢, 74% yield). Diverse
electron-withdrawing groups in the para position, such as
trifluoromethyl (3d), nitriles (3e), esters (3f), fluoride (3g),

Table 1. Reaction Optimization”

NiBr,.glyme (10 mol %)
dtbbpy (10 mol %)
PhCHO (0.5 eq)

N
Boc

K,HPO, (2.0 eq)
acetone 0.3 ml

1 2 UVA, rt 3a
entry deviation from standard conditions Yield 3a [%]”

1 None S0

2 0.2 mL of acetone 36

3 0.5 mL of acetone 12

4 1.0 mL of acetone 11

N 2 equiv of 1 30

6 8 equiv of 1 54

7 Ni(acac), instead of NiBr,-glyme trace

8 NiCl,-glyme instead of NiBr,-glyme trace

9 Ni(COD), instead of NiBr,-glyme 17

10 Without UVA n.d.

11 Without PhCHO n.d.

12 Without K,HPO, n.d.

13 Without dtbbpy n.d.

14 Irradiated for 60 h 88(80)°

“Standard reaction conditions: bromobenzene (0.2 mmol, 1.0 equiv),
N-Boc pyrrolidine (1.0 mmol, 5.0 equiv), benzaldehyde (0.1 mmol,
0.5 equiv), NiBr,-glyme (0.02 mmol, 10 mol %), dtbbpy (0.02 mmol,
10 mol %), K,HPO, (0.4 mmol, 2.0 equiv), acetone (0.3 mL), 24 h.
“Yield determined by '"H NMR analysis using 1,3,5-trimethoxyben-
zene as the internal standard. “Isolated yield.

and ketones (3h), were perfectly tolerated and gave a good
yield (50—85%). A pyridine ring (3i) and a thiophene ring (3j)
also worked. Next, we checked N-substituted pyrrolidines
(3k—o0), tert-butoxycarbonyl (Boc), benzyloxycarbonyl (Cbz),
acetyl (Ac), pivalate (Piv), and phenylacetyl groups; all were
tolerated, but for acetyl and pivalate substituted pyrrolidine the
yields dropped to 26% (3m) and 23% (3n). Ureas,
dimethylaniline, amide, and lactams (3p—r) could be
converted, too. N-Methylpyrrolidinone (3s) underwent a-
arylation in good yield and regioselectivity for the endocyclic
secondary position.

C(sp®>)—C(sp®) coupling is an important but difficult area.
On one hand, this can be an atom-economic transformation
with high importance for the late-stage modification of
pharmaceuticals and natural products. On the other hand,
controlling the stereochemistry is a big challenge for sp’-
hybridized carbon atoms, and the natural tendency of transient
alkyl metal sgecies for parasitic homodimerization or f-hydride
elimination'® is to restrict the development of this kind of
reaction. With the results of Scheme 1 in hand, we wondered
whether our photochemical strategy could be extended to
C(sp®)—H alkylation of pyrrolidine. As shown in Scheme 2,
with respect to aliphatic bromides which contain various
functional groups all were compatible with moderate to good
yields. We initially used the same optimized conditions of the
arylation reaction, but the yield of 4a was only 15%. Another
round of condition screening revealed that changing the
solvent to acetonitrile could greatly improve the yield of 4a to
62%. To our delight, our protocol could be applied to the
challenging acyclic (4b) and cyclic (4c) secondary alky
bromides. Other alkyl fragments carrying commonly used
functional groups (4d—f) such as cyclohexylmethyl, esters, and
trifluoromethyl were all used in good yields (40%—76%).
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Scheme 1. Scope of the sp>-C—H Arylation of Amides”
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R K,HPO, (2.0 eq) R
acetone 0.3 ml
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“Reactions were performed on 0.2 mmol scale by following the
general procedure. Yields are isolated yields.

Beyond that, organosilyl (4g) and boronate (4h) groups were
tolerated.

Based on previous research, our system could be used for
C(sp®’)—H bond functionalization in ethers, too. We
postulated that other heteroatoms that can imbue a hydridic
nature to their neighboring a-C—H bonds might be susceptible
to this approach. Tetrahydrothiophene was tested, and
surprisingly, the corresponding arylation and alkylation
product were purified in high yields as shown in Scheme 3.
For an arylation product, esters (6b), nitriles (6c), and
trifluoromethyl (6d) were tolerated and gave good yields (65—
79%). Our methodology could also be used for sp’-C—H
alkylation of tetrahydrothiophene. Compounds 6e—g were
synthesized with moderate to good yield (53—73%).

In conclusion, we have developed a facile and efficient
photoredox C(sp®>)—H alkylation and arylation methodology
catalyzed by the merging of a benzaldehyde and nickel catalyst
and showed the successful application of it on ethers and
amides. The combination of inexpensive and common organic-
photosensitizer with a cheap transition metal would be a
promising strategy in the near future, as it offers access to

Scheme 2. Scope of the sp>-C—H Alkylation of Amides”

NiBry=glyme (10 mol %)
dtbbpy (10 mol %)

O\H *+  Br—Alkyl PhCHO (0.5 eq) D\alkyl

N —_— > N

Boc K,HPO, (2.0 eq) Boc
1 CH,CN 0.3ml 4
UVA, rt

{ e~
N
Boc

N
Boc Boc
(2) - 4a, 62% (¢) - 4b, 43% (2) - 4¢, 61%
[~
&/\COOMe N
N
goc Boc Boc
(2) - 4d, 40% (2) - 4e, 69% (¢) - 4f, 76%
N N
Boc Boc

(£) - 49, 67% (%) - 4h, 66%

“Reactions were performed with 0.2 mmol scale by following the
general procedure. Yields are isolated yields.

Scheme 3. Attempts for sp>-C—H Arylation/Alkylation of
Thio-Containing Substrate”
NiBry=glyme (10 mol %)

dtbbpy (10 mol %)
PhCHO (0.5 eq)

KoHPO, (2.0 eq) Q\Ar/Alkyl

{ \ + Br—Ar/Alkyl
S

CH4CN 0.3 ml
5 UVA, 1t 6
COOMe cN CFs3
6a, 60% 6b, 79% 6c, 71% 6d, 65%
S S S
6e, 73% 6f, 65% 69, 53%

“Reaction were performed with 0.2 mmol scale by following the
general procedure. Yields were isolated yields.

challenging C(sp*)—C(sp?) and C(sp®)—C(sp®) bond for-
mation in organic synthesis.
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