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ABSTRACT: The construction of C—C bonds through cross-
coupling between two electrophiles in the absence of excess metallic
reducing agents is a desirable objective in chemistry. Here, we show
that N-alkylpyridinium salts can be efficiently merged with aryl or
alkyl halides in an intermolecular fashion, affording products in up
to 92% vyield at ambient temperature. These reactions harness the
ability of N-alkylpyridinium salts to form electron donor—acceptor
complexes with Hantzsch esters, enabling photoinduced single-
electron transfer and fragmentation to afford alkyl radicals that are
subsequently trapped by a Ni-based catalytic species to promote
C(sp?)—C(sp®) and C(sp®>)—C(sp®) bond formation. The opera-
tionally simple protocol is applicable to site-selective cross-coupling
and tolerates diverse functional groups, including those that are
sensitive toward metal reductants.
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Transmon metal-catalyzed C—C bond forming cross-
coupling’ has revolutionized the way countless organic
molecules are assembled, and it is an indispensable tool in the
modern synthetic chemist’s arsenal.” In particular, reductive
cross-electrophile couphng has witnessed rapid development
over the last two decades.” These transformations obviate the
need to presynthesize organometallic reagents, allowing the
direct union of two relatlvely more stable electrophlhc
organohahdes, pseudohahdes, or redox-active substrates® to
deliver the product.

Because of the ubiquity, low cost, and ease of accessibility
associated with aliphatic primary amines, recent advances have
taken advantage of these feedstock chemicals to prepare air-
and moisture-stable Katritzky pyridinium salts’ as alkylating
precursors in reductive coupling” (Scheme la). However,
examples of these deaminative processes are limited and often
involve elevated temperatures,* ™ and superstoichiometric
amounts of an expensive orgamc reagent (such as tetrakls—
(dlmethylammo)ethylene), diboryl compound/base'® or a
metal (such as Mn, Zn)* ¢ are required as terminal reducing
agents. Consequently, problems such as reaction reproduci-
bility that may arise from inconsistencies in the quality of
commercially available metallic reductants,*“'" as well as
environmental'> and toxicity'® issues during metal waste
disposal, especially when the reactions are performed at large
scale, are inevitable. Adding to these challenges is the
incompatibility of certain reactive functional groups to metal
reductive conditions (see below for further discussion). It
merits mention that methods for deaminative alkylation®”"*
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are scarce, and the majority of these C(sp®)—C(sp®) bond-
forming processes rely on olefins as alkyl group precursors.

In addition to metal-catalyzed cross- coué)lmg70114b15 and
photocatalyzed C—C bond formation,'***#'° the redox-active
nature of N-alkylpyridinium salts was recently exploited in
efficient photoexcitation of electron-donor—acceptor (EDA)
complexes generated from the pyridinium salt with bis-
(catecholato)diboron (B,cat,),'” Hantzsch ester,'® or triethyl-
amine'® to deliver C—X (X = B, C, S) bonds under catalyst-
free conditions (Scheme 1b). Inspired by these preceding
observations, we speculated if we could leverage the photo-
active EDA complex I formed between an N-alkylpyridinium
salt 1 and a relatively inexpensive electron donor 3, which,
under visible-light irradiation, would furnish an unactivated
alkyl radical species that could be captured in a nickel catalytic
cycle (involving the reaction of organohalide 2) to deliver the
final adduct 4 (Scheme 1c). Through this new catalytic
platform, stoichiometric metals or expensive reducing agents
are avoided, enabling facile entry to a broader spectrum of
multifunctional products that are otherwise inaccessible using
previously established reductive regimes. Furthermore, the
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Scheme 1. Strategies for Deaminative Functionalizations
with N-Alkylpyridinium Salts
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Scheme 2. Conditions Identified for Photoinduced Ni-
Catalyzed Deaminative Arylation and Alkylation®
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orthogonal activation of 1 and 2 means that difficult alkyl—
alkyl cross-coupling reactions that are often susceptible to
competitive homocoupling%’19 side pathways can be achieved
under mild base-free conditions at ambient temperature
without an exorbitantly large excess of either reactant, thereby
reducing waste generation. Herein, we describe the successful
implementation of a photoinduced deaminative strategy to
facilitate C(sp*)—C(sp®) and C(sp*)—C(sp®) cross-electro-
phile coupling with readily available organohalides.
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A survey of various Ni-based salts, ligands, electron donors,
and solvents was performed to merge pyridinium salt 5 with
aryl bromide 6 under blue light irradiation at ambient
temperature (see the Supporting Information (SI) for details).
We then found that the desired deaminative arylation product
8 was obtained in 85% isolated yield within 16 h, using 10
mol % of NiBr,-diglyme and 11 mol % of bipyridine L1 in the
presence of Hantzsch ester 7 as a reductant and DMA as a
solvent (see Scheme 2a). Replacing the Ni complex, ligand, or
solvent with other alternatives led to lower yields, and no
product was detected in the absence of the catalyst, 7 or light
(see the SI for details). Reaction conditions were separately
evaluated for the more-challenging union of pyridinium salt 9
with alkyl iodide 10 (see the SI for details), and 20 mol % of
the Ni-based complex derived from NiBr,-diglyme and L2 was
revealed to be optimal to furnish 12 in 76% isolated yield (83%
GC yield; see Scheme 2b). Decreasing the catalyst loading to
10 mol % resulted in diminished efficiency (62% GC yield).
Remarkably, performing the alkylation using a 1:1 ratio of 9
and 10 delivered 12 with a respectable GC yield of 55% (see
the SI for details). This compares favorably with other
reductive cross-electrophile protocols that employ super-
stoichiometric quantities of one cross-partner (2—3 equiv) to
suppress adventitious homocoupling,” or entail strongly
basic’*'*" and cryogenic conditions.’® Note that the analogous
alkylation with bromoalkane 11, in the presence of
tetrabutylammonium iodide (TBAI) as an additive, could
also generate 12 in 47% yield.

With the established conditions in hand, we first examined
the scope of deaminative arylation using a diverse array of
pyridinium salts 1 (secondary and primary alkyl, cyclic, and
acyclic) as well as bromoarenes 2 (see Scheme 3). Generally,
various electronically modified aryl bromides served as
effective substrates in cross-coupling, affording products in
up to 92% yield. These include molecules containing a nitrile
(13), an alcohol (36), an aldehyde (14), a ketone (185, 20), an
ester (19, 21, 25, 29), an amide (18, 27, 32—36), a sulfone
(16) and a sulfoamide (17, 39, 40, 43). Synthesis of Lewis
basic heterocycle 28, as well as products derived from
multifunctional bioactive compounds (22—24, 37, 38, 41,
42) further underscores the exceptional functional group
compatibility of the photoinduced catalytic reaction system.
Benzylpyridinium salts are also amenable substrates, although
purple light irradiation was required to give the product (43).
Reactions with functionalized aliphatic iodides were sub-
sequently investigated (see Scheme 4). Deaminative alkylation
was found to proceed efficiently to deliver 44—57 in up to 73%
yield. Commonly occurring functional groups such as a
phthalimide (44, 46, 47, 53, 54), an amino ester (49), an
ether (55) as well as an electron-deficient enoate (45, 56) are
tolerated. Chemoselective cross-coupling with the iodoalkane
motif enables access to 48, which bears a reactive aryl bromide
handle that could be subjected to further transformations.
Similar to the processes in Scheme 3, deaminative alkylation
with substrates appended to complex molecules could be
effected to generate the corresponding products 50—52. Of
particular note, the formation of 57 demonstrates a key
advantage of the present photoinduced catalytic manifold,
since alkyl-substituted aldehydes are found to be sensitive
toward excess metallic reductants®™ (see the SI for details).

Formation of photoactive EDA complexes between N-
alkylpyridinium salts 1 and 7 have already been documented in
previous studies.'® Further control experiments were per-
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Scheme 3. Scope of Deaminative Arylation”
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“Yields are for isolated and purified products. 4n was obtained in a 1:1 diastereomeric ratio. "The reaction was conducted with 20 mol % Ni
complex, 25 mol % L1 and 2 equiv of pyridinium salt. “The reactions were conducted with 12 mol % 4,4’-di-t-Bu-bpy, 1.5 equiv pyridinium salt, and

3 equiv Et;N. “The reaction was conducted with 20 mol % NiBr,-diglyme, 25 mol % 4,4’-di-t-Bu-bpy, and 1.5 equiv of pyridinium salt under 40 W
purple LEDs (390 nm) irradiation.

Scheme 4. Scope of Deaminative Alkylation®
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Scheme 5. Mechanistic Studies
a. Control experiments to probe the intermediacy of radicals derived from pyridinium salts
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Scheme 6. Proposed Mechanism for Photoinduced Ni-
Catalyzed Deaminative Cross-Coupling
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formed to provide evidence for the formation of radical
intermediates (from 1) in our system (Scheme Sa). When
excess TEMPO was added to the standard reaction mixture,
cross-electrophile coupling was suppressed and the TEMPO-
trapped product 59 was detected by GC analysis. On the other
hand, deaminative arylation of enantiomerically enriched 60
(prepared from commercially available (R)-2-amino-1-buta-
nol) with 6 led to complete erosion of stereochemistry in the
final product 61 (isolated in $8% yield as a racemic mixture),
suggesting the formation of a radical species thr0u§h a putative
single-electron transfer (SET) pathway from 60.”

To probe the supposed intermediacy of organonickel
species, a separately synthesized bipyridine-Ni(II) complex
Ni-1 (derived from oxidative addition of the corresponding
Ni(0) complex with 6) was reacted with 58 under the
established photoinduced cross-coupling conditions, and 2§
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Scheme 7. Site-Selective and Chemoselective Incorporation
of Aliphatic Groups by Photoinduced Catalytic Cross-
Coupling
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was produced in 58% yield (Scheme Sb). As expected, <2%
conversion to 25 was observed in the absence of the electron
donor 7. Furthermore, deaminative arylation of 58 with 6 was
found to proceed smoothly in the presence of catalytic
amounts of Ni-1 and L1. These results substantiate the
occurrence of an oxidative insertion process involving the
organohalide 2 prior to alkylation with the pyridinium salt 1.

Based on our studies, as well as past observations, we
propose a tentative reaction mechanism, as shown in Scheme
6. An EDA complex I'® is likely formed between N-
alkylpyridinium salt 1 and Hantzsch ester 7, which then
undergoes photoexcitation and SET to give dihydropyridine
radical cation II and IIL. Subsequent deaminative fragmenta-
tion of III yields triphenylpyridine IV and alkyl radical V,
which presumably enters a Ni catalytic cycle by associating
with Ni(II) complex ii, the oxidative insertion adduct derived
from Ni(0) species i and organohalide 2 (either by direct
oxidative addition or halogen atom abstraction/radical
recombination). The resulting alkylnickel species iii is poised
to undergo reductive elimination to furnish iv with
concomitant release of the desired product 4. To turn over
the cycle, we surmised that iv is reduced back to i in the
presence of II and IV, affording protonated pyridine
byproducts VI and VII. Overall, the chemoselective activation
of 1 and 2 enables the photoinduced catalytic cross-coupling to
occur under mild ambient conditions. Further investigations to
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shed light on the exact nature of the in-situ-generated
organonickel species are ongoing and will be disclosed in
due course.

To showcase the value of our reaction system, dibromide 62
was subjected to sequences of photoinduced deaminative
cross-coupling using N-alkylpyridinium salts 9 and 63 (Scheme
7a). Here, the alkyl bromide motif within 62 selectively
underwent alkylation with 63 to give 64 in 55% vyield.
Following another alkylation with 9, 65 was obtained in 70%
yield. In a second set of transformations, 62 was selectively
alkylated at the bromoarene site, using 63 to furnish 66 in 62%
yield, which was further converted to 67 in 46% yield. Thus,
access to both regioisomers 65 and 67 could be readily
achieved without the need for tedious protection/deprotection
strategies. In stark contrast, treatment of 62 to previously
reported reductive deaminative conditions (with Mn or Zn)***
only led to complex product mixtures (Scheme 7b). These
results highlight the unique capability of our photoinduced
catalytic regime to effectively discriminate the multiple reactive
sites of a substrate, which is crucial for attaining site-selective
cross-coupling,*’

In conclusion, we have developed a new catalytic manifold
for deaminative arylation and alkylation that operates under
mild reaction conditions. Central to this approach is the facile
generation of aliphatic radicals from photoexcitation of
pyridinium salt EDA complexes, and their subsequent
engagement with an appropriate organonickel species to
promote C—C bond formation. The present method
demonstrates excellent functional group tolerance and offers
a reliable avenue for site-selective installation of carbogenic
motifs through orthogonal halide activation. Further extension
of the strategy to other related transformations is ongoing.

B ASSOCIATED CONTENT

® Supporting Information

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acscatal.1c01416.

General information; optimization of reaction con-
ditions; prepartion of starting materials; synthesis and
characterization of products; mechanistic studies;
associated references and NMR spectra (PDF)

B AUTHOR INFORMATION

Corresponding Author
Ming Joo Koh — Department of Chemistry, National
University of Singapore, Republic of Singapore 117544;
orcid.org/0000-0002-2534-4921; Email: chmkmj@
nus.edu.sg

Authors
Tao Yang — Department of Chemistry, National University of
Singapore, Republic of Singapore 117544
Yi Wei — Department of Chemistry, National University of
Singapore, Republic of Singapore 117544
Complete contact information is available at:
https://pubs.acs.org/10.1021/acscatal.1c01416

Author Contributions

VThese authors contributed equally.

Notes

The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

This research was supported by the National University of
Singapore Academic Research Fund Tier 1: R-143-000-BS57-
114 (MJK).

B REFERENCES

(1) For reviews of transition metal-catalyzed cross-coupling
reactions, see: (a) Metal-Catalyzed Cross-Coupling Reactions, 2nd
Edition; de Meijere, A., Diederich, A. F., Eds; Wiley—VCH:
Weinheim, Germany, 2004. (b) Metal-Catalyzed Cross-Coupling
Reactions; Diederich, F., Stang, P. J., Eds.; Wiley—VCH: Weinheim,
Germany, 1998. (c) Handbook of Organopalladium Chemistry for
Organic Synthesis; Negishi, E., de Meijere, A, Eds.; Wiley—
Interscience: New York, 2002; p 1669. (d) Liu, C.; Zhang, H.; Shi,
W.; Lei, A. Bond formations between two nucleophiles: transition
metal catalyzed oxidative cross-coupling reactions. Chem. Rev. 2011,
111, 1780. (e) Jana, R; Pathak, T. M.; Sigman, S. Advances in
transition metal (Pd, Ni, Fe)-catalyzed cross-coupling reactions using
alkyl-organometallics as reaction partners. Chem. Rev. 2011, 111,
1417.

(2) For selected reviews, see: (a) de Meijere, A.; Meyer, F. E. Fine
feathers make fine birds: The Heck reaction in modern garb. Angew.
Chem., Int. Ed. Engl. 1995, 33, 2379. (b) Nicolaou, K. C.; Bulger, P.
G.; Sarlah, D. Palladium-catalyzed cross-coupling reactions in total
synthesis. Angew. Chem., Int. Ed. 2008, 44, 4442. (c) Dounay, A. B;
Overman, L. E. The asymmetric intramolecular Heck reaction in
natural product total synthesis. Chem. Rev. 2003, 103, 294S.
(d) Quasdorf, K. W.,; Overman, L. E. Catalytic enantioselective
synthesis of quaternary carbon stereocentres. Nature 2014, 516, 181.

(3) For selected reviews and examples, see: (a) Weix, D. J. Methods
and mechanisms for cross-electrophile coupling of Csp” halides with
alkyl electrophiles. Acc. Chem. Res. 2015, 48, 1767. (b) Liu, J.; Ye, Y.;
Sessler, J. L.; Gong, H. Cross-Electrophile Couplings of Activated and
Sterically Hindered Halides and Alcohol Derivatives. Acc. Chem. Res.
2020, 53, 1833. (c) Knappke, C. E. L; Grupe, S.; Gartner, D.; Corpet,
M,; Gosmini, C; von Wangelin, A. J. Reductive cross-coupling
reactions between two electrophiles. Chem. - Eur. J. 2014, 20, 6828.
(d) Poremba, K. E.; Dibrell, S. E,; Reisman, S. E. Nickel-catalyzed
enantioselective reductive cross-coupling reactions. ACS Catal. 2020,
10, 8237. (e) Goldfogel, M. J; Huang, L.; Weix, D. J. Cross-
electrophile coupling: principles and new reactions. In Nickel Catalysis
in Synthesis: Methods and Reactions; Ogoshi, S., Ed.; Wiley—VCH:
Weinheim, Germany, 2020; p 352.

(4) For selected examples of the cross-coupling of two organo-
halides, see: (a) Everson, D. A.; Shrestha, R.;; Weix, D. J. Nickel-
catalyzed reductive cross-coupling of aryl halides with alkyl halides. J.
Am. Chem. Soc. 2010, 132, 920. (b) Yu, X,; Yang, T.; Wang, S.; Xu,
H.; Gong, H. Nickel-catalyzed reductive cross-coupling of unactivated
alkyl halides. Org. Lett. 2011, 13, 2138. (c) Everson, D. A.; Jones, B.
A;; Weix, D. J. Replacing conventional carbon nucleophiles with
electrophiles: nickel-catalyzed reductive alkylation of aryl bromides
and chlorides. J. Am. Chem. Soc. 2012, 134, 6146. (d) Biswas, S.; Weix,
D. J. Mechanism and selectivity in nickel-catalyzed cross-electrophile
coupling of aryl halides with alkyl halides. J. Am. Chem. Soc. 2013, 13§,
16192. (e) Wang, X.; Ma, G; Peng, Y.; Pitsch, C. E.; Moll, B.J.; Ly, T.
D.; Wang, X,; Gong, H. Ni-catalyzed reductive coupling of electron-
rich aryl iodides with tertiary alkyl halides. J. Am. Chem. Soc. 2018,
140, 14490. (f) Liu, J.; Ren, Q.; Zhang, Q.; Gong, H. Preparation of
vinyl arenes by nickel-catalyzed reductive coupling of aryl halides with
vinyl bromides. Angew. Chem., Int. Ed. 2016, S5, 15544. (g) Cherney,
A. H; Kadunce, N. T.; Reisman, S. E. Catalytic asymmetric reductive
acyl cross-coupling: synthesis of enantioenriched acyclic a, a-
disubstituted ketones. J. Am. Chem. Soc. 2013, 135, 7442. (h) Kim,
S.; Goldfogel, M. J.; Gilbert, M. M.; Weix, D. J. Nickel-catalyzed cross-
electrophile coupling of aryl chlorides with primary alkyl chlorides. J.
Am. Chem. Soc. 2020, 142, 9902. (i) Sakai, H. A.; Liu, W.; Le, C. C,;
MacMillan, D. W. C. Cross-electrophile coupling of unactivated alkyl
chlorides. J. Am. Chem. Soc. 2020, 142, 11691. (j) Sheng, J.; Ni, H.;

https://doi.org/10.1021/acscatal.1c01416
ACS Catal. 2021, 11, 6519-6525


https://pubs.acs.org/doi/10.1021/acscatal.1c01416?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acscatal.1c01416/suppl_file/cs1c01416_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ming+Joo+Koh"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-2534-4921
https://orcid.org/0000-0002-2534-4921
mailto:chmkmj@nus.edu.sg
mailto:chmkmj@nus.edu.sg
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Tao+Yang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yi+Wei"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.1c01416?ref=pdf
https://doi.org/10.1021/cr100379j?ref=pdf
https://doi.org/10.1021/cr100379j?ref=pdf
https://doi.org/10.1021/cr100327p?ref=pdf
https://doi.org/10.1021/cr100327p?ref=pdf
https://doi.org/10.1021/cr100327p?ref=pdf
https://doi.org/10.1002/anie.199423791
https://doi.org/10.1002/anie.199423791
https://doi.org/10.1002/anie.200500368
https://doi.org/10.1002/anie.200500368
https://doi.org/10.1021/cr020039h?ref=pdf
https://doi.org/10.1021/cr020039h?ref=pdf
https://doi.org/10.1038/nature14007
https://doi.org/10.1038/nature14007
https://doi.org/10.1021/acs.accounts.5b00057?ref=pdf
https://doi.org/10.1021/acs.accounts.5b00057?ref=pdf
https://doi.org/10.1021/acs.accounts.5b00057?ref=pdf
https://doi.org/10.1021/acs.accounts.0c00291?ref=pdf
https://doi.org/10.1021/acs.accounts.0c00291?ref=pdf
https://doi.org/10.1002/chem.201402302
https://doi.org/10.1002/chem.201402302
https://doi.org/10.1021/acscatal.0c01842?ref=pdf
https://doi.org/10.1021/acscatal.0c01842?ref=pdf
https://doi.org/10.1021/ja9093956?ref=pdf
https://doi.org/10.1021/ja9093956?ref=pdf
https://doi.org/10.1021/ol200617f?ref=pdf
https://doi.org/10.1021/ol200617f?ref=pdf
https://doi.org/10.1021/ja301769r?ref=pdf
https://doi.org/10.1021/ja301769r?ref=pdf
https://doi.org/10.1021/ja301769r?ref=pdf
https://doi.org/10.1021/ja407589e?ref=pdf
https://doi.org/10.1021/ja407589e?ref=pdf
https://doi.org/10.1021/jacs.8b09473?ref=pdf
https://doi.org/10.1021/jacs.8b09473?ref=pdf
https://doi.org/10.1002/anie.201607959
https://doi.org/10.1002/anie.201607959
https://doi.org/10.1002/anie.201607959
https://doi.org/10.1021/ja402922w?ref=pdf
https://doi.org/10.1021/ja402922w?ref=pdf
https://doi.org/10.1021/ja402922w?ref=pdf
https://doi.org/10.1021/jacs.0c02673?ref=pdf
https://doi.org/10.1021/jacs.0c02673?ref=pdf
https://doi.org/10.1021/jacs.0c04812?ref=pdf
https://doi.org/10.1021/jacs.0c04812?ref=pdf
pubs.acs.org/acscatalysis?ref=pdf
https://doi.org/10.1021/acscatal.1c01416?rel=cite-as&ref=PDF&jav=VoR

ACS Catalysis

pubs.acs.org/acscatalysis

Zhang, H,; Zhang, K; Wang, Y; Wang, X.-S. Nickel-catalyzed
reductive cross-coupling of aryl halides with monofluoroalkyl halides
for late-stage monofluoroalkylation. Angew. Chem., Int. Ed. 2018, 57,
7634.

(S) For selected examples of the cross-coupling of organchalides and
pseudohalides, see: (a) Chen, H.; Jia, X;; Yu, Y.; Qian, Q.; Gong, H.
Nickel-catalyzed reductive allylation of tertiary alkyl halides with
allylic carbonates. Angew. Chem., Int. Ed. 2017, 56, 13103. (b) Arendt,
K. M.; Doyle, A. G. Dialkyl ether formation by nickel-catalyzed cross-
coupling of acetals and aryl iodides. Angew. Chem., Int. Ed. 20185, 54,
9876. (c) Ye, Y,; Chen, H; Sessler, J. L; Gong, H. Zn-mediated
fragmentation of tertiary alkyl oxalates enabling formation of alkylated
and arylated quaternary carbon centers. J. Am. Chem. Soc. 2019, 141,
820. (d) Ackerman, L. K. G.; Lovell, M. M.; Weix, D. J. Multimetallic
catalysed cross-coupling of aryl bromides with aryl triflates. Nature
2015, 524, 454. (e) Huang, L.; Ackerman, L. K. G.; Kang, K.; Parsons,
A.; Weix, D. J. LiCl-accelerated multimetallic cross-coupling of aryl
chlorides with aryl triflates. J. Am. Chem. Soc. 2019, 141, 10978.
(f) Kang, K; Huang, L; Weix, D. ]J. Sulfonate Versus Sulfonate:
Nickel and Palladium Multimetallic Cross-Electrophile Coupling of
Aryl Triflates with Aryl Tosylates. J. Am. Chem. Soc. 2020, 142, 10634.
(g) Liy, J. H; Yang, C. T,; Lu, X. Y.; Zhang, Z. Q; Xu, L; Cui, M,;
Lu, X; Xiao, B;; Fu, Y,; Liu, L. Copper-catalyzed reductive cross-
coupling of nonactivated alkyl tosylates and mesylates with alkyl and
aryl bromides. Chem. - Eur. J. 2014, 20, 15334. (h) Bhonde, V. R;;
O'Neill, B. T.; Buchwald, S. L. An improved system for the aqueous
Lipshutz-Negishi cross-coupling of alkyl halides with aryl electro-
philes. Angew. Chem., Int. Ed. 2016, SS, 1849.

(6) For selected examples of the cross-coupling of organohalide and
redox-active esters, see: (a) Huihui, K. M. M.; Caputo, J. A.; Melchor,
Z.; Olivares, A. M.; Spiewak, A. M.; Johnson, K. A.; DiBenedetto, T.
A; Kim, S.; Ackerman, L. K. G.; Weix, D. ]J. Decarboxylative cross-
electrophile coupling of N-Hydroxyphthalimide esters with aryl
iodides. J. Am. Chem. Soc. 2016, 138, 5016. (b) Huang, L.;
Olivares, A. M.; Weix, D. J. Reductive decarboxylative alkynylation
of N-Hydroxy-phthalimide esters with bromoalkynes. Angew. Chem.,
Int. Ed. 2017, 56, 11901. (c) Suzuki, N.; Hofstra, J. L.; Poremba, K.
E.; Reisman, S. E. Nickel-catalyzed enantioselective cross-coupling of
N-Hydroxyphthalimide esters with vinyl bromides. Org. Lett. 2017,
19,2150. (d) Cong, F.; Lv, X.-Y.; Day, C. S.; Martin, R. Dual Catalytic
Strategy for Forging sp>—sp® and sp*—sp® Architectures via -Scission
of Aliphatic Alcohol Derivatives. J. Am. Chem. Soc. 2020, 142, 20594.

(7) (a) Katritzky, A. R;; De Ville, G; Patel, R. C. Carbon-alkylation
of simple nitronate anions by N-substituted pyridiniums. Tetrahedron
1981, 37, 25. (b) Bapat, J. B.; Blade, R. J.; Boulton, A. J.; Epsztajn, J;
Katritzky, A. R.; Lewis, J.; Molina-Buendia, P.; Nie, P.-L.; Ramsden,
C. A. Pyridines as leaving groups in synthetic transformations:
Nucleophilic displacements of amino groups, and novel preparations
of nitriles and isocyanates. Tetrahedron Lett. 1976, 17, 2691.
(¢) Katritzky, A. R; Marson, C. M. Pyrylium mediated trans-
formations of primary amino groups into other functional groups.
New Synthetic Methods. Angew. Chem., Int. Ed. Engl. 1984, 23, 420.
(d) Basch, C. H; Liao, J; Xu, J; Piane, J. J.; Watson, M. P.
Harnessing alkyl amines as electrophiles for nickel-catalyzed cross
couplings via C—N bond activation. J. Am. Chem. Soc. 2017, 139,
5313.

(8) (a) Yue, H.; Zhu, C.; Shen, L.; Geng, Q.; Hock, K. J.; Yuan, T,;
Cavallo, L.; Rueping, M. Nickel-catalyzed C—N bond activation:
activated primary amines as alkylating reagents in reductive cross-
coupling. Chem. Sci. 2019, 10, 4430. (b) Nj, S.; Li, C. X;; Mao, Y;
Han, J.; Wang, Y.; Yan, H,; Pan, Y. Ni-catalyzed deaminative cross-
electrophile coupling of Katritzky salts with halides via C—N bond
activation. Sci. Adv. 2019, S, No. eaaw9516. (c) Liao, J.; Basch, C. H.;
Hoerrner, M. E,; Talley, M. R;; Boscoe, B. P.; Tucker, J. W.; Garnsey,
M. R; Watson, M. P. Deaminative reductive cross-electrophile
couplings of alkylpyridinium salts and aryl bromides. Org. Lett. 2019,
21, 2941. (d) Martin-Montero, R.; Reddy Yatham, V.; Yin, H.; Davies,
J; Martin, R. Ni-catalyzed reductive deaminative arylation at sp’
carbon centers. Org. Lett. 2019, 21, 2947. (e) Yi, J.; Badir, S. O,;

6524

Kammer, L. M,; Ribagorda, M.; Molander, G. A. Deaminative
reductive arylation enabled by nickel/photoredox dual catalysis. Org.
Lett. 2019, 21, 3346.

(9) For previous reports employing TDAE with nickel catalysis, see:
(a) Anka-Lufford, L.; Huihui, K. M. M.; Gower, N. J.; Ackerman, L.
K. G.; Weix, D. J. Nickel-catalyzed cross-electrophile coupling with
organic reductants in non-amide solvents. Chem. - Eur. ]. 2016, 22,
11564. (b) Broggi, J.; Terme, T.; Vanelle, P. Organic electron donors
as powerful single-electron reducing agents in organic synthesis.
Angew. Chem., Int. Ed. 2014, 53, 384.

(10) Xu, H.; Zhao, C; Qian, Q; Deng, W.; Gong, H. Nickel-
catalyzed cross-coupling of unactivated alkyl halides using bis-
(pinacolato)diboron as reductant. Chem. Sci. 2013, 4, 4022.

(11) (a) Yin, J.; Maguire, C. K;; Yasuda, N.; Brunskill, A. P. J;
Klapars, A. Impact of lead impurities in zinc dust on the selective
reduction of a dibromoimidazole derivative. Org. Process Res. Dev.
2017, 21, 94. (b) Takai, K; Kakiuchi, T.; Utimoto, K. A. A dramatic
effect of a catalytic amount of Lead on the Simmons-Smith reaction
and formation of alkylzinc compounds from iodoalkanes. reactivity of
Zinc metal: activation and deactivation. J. Org. Chem. 1994, 59, 2671.
(c) Durandetti, M.; Gosmini, C.; Perichon, J. Ni-catalyzed activation
of a-chloroesters: a simple method for the synthesis of a-arylesters
and f-hydroxyesters. Tetrahedron 2007, 63, 1146. (d) Amatore, M,;
Gosmini, C. Direct method for carbon-carbon bond formation: the
functional group tolerant cobalt-catalyzed alkylation of aryl halides.
Chem. - Eur. ]. 2010, 16, 5848. (e) Wang, S.,; Qian, Q.; Gong, H.
Nickel-catalyzed reductive coupling of aryl halides with secondary
alkyl bromides and allylic acetate. Org. Lett. 2012, 14, 3352.

(12) Acemoglu, M.; Krell, C. M.; Marterer, W. Transition Metal-
Catalyzed Couplings in Process Chemistry; Magano, J., Dunetz, J. R,
Eds.; Wiley—VCH: Weinheim, Germany, 2013; pp 15—23.

(13) O'Neal, S. L; Zheng, W. Manganese toxicity upon over-
exposure: a decade in review. Curr. Envir. Health Rpt. 2015, 2, 315.

(14) (a) Rossler, S. L.; Jelier, B. J.; Magnier, E.; Dagousset, G.;
Carreira, E. M.; Togni, A. Pyridinium salts as redox-active functional
group transfer reagents. Angew. Chem., Int. Ed. 2020, 59, 9264.
(b) Plunkett, S.; Basch, C. H.; Santana, S. O.; Watson, M. P.
Harnessing alkylpyridinium salts as electrophiles in deaminative alkyl-
alkyl cross-couplings. J. Am. Chem. Soc. 2019, 141, 2257. (c) Sun, S.
Z.; Romano, C.; Martin, R. Site-selective catalytic deaminative
alkylation of unactivated olefins. J. Am. Chem. Soc. 2019, 141,
16197. (d) Zhang, M. M,; Liu, F. Visible-light-mediated allylation of
alkyl radicals with allylic sulfones via a deaminative strategy. Org.
Chem. Front. 2018, S, 3443. (e) Klauck, F. J. R;; Yoon, H.; James, M.
J.; Lautens, M.; Glorius, F. Visible-light-mediated deaminative three-
component dicarbofunctionalization of styrenes with benzylic radicals.
ACS Catal. 2019, 9, 236. (f) Baker, K. M.; Lucas Baca, D.; Plunkett,
S.; Daneker, M. E.; Watson, M. P. Engaging alkenes and alkynes in
deaminative alkyl-alkyl and alkyl-vinyl cross-couplings of alkylpyr-
idinium salts. Org. Lett. 2019, 21, 9738. (g) Ashley, M. A; Rovis, T.
Photoredox-catalyzed deaminative alkylation via C-N bond activation
of primary amines. J. Am. Chem. Soc. 2020, 142, 18310.

(15) (a) Liao, J.; Guan, W.; Boscoe, B. P.; Tucker, J. W.; Tomlin, J.
W.; Garnsey, M. R.; Watson, M. P. Transforming benzylic amines into
diarylmethanes: cross-couplings of benzylic pyridinium salts via C—N
bond activation. Org. Lett. 2018, 20, 3030. (b) Hoerrner, M. E.; Baker,
K. M,; Basch, C. H; Bampo, E. M.; Watson, M. P. Deaminative
arylation of amino acid-derived pyridinium salts. Org. Lett. 2019, 21,
7356.

(16) (a) Klauck, F. J. R;; James, M. J.; Glorius, F. Deaminative
strategy for the visible-light-mediated generation of alkyl radicals.
Angew. Chem., Int. Ed. 2017, 56, 12336. (b) Jiang, X.; Zhang, M.-M.;
Xiong, W.; Lu, L.-Q.; Xiao, W.-J. Deaminative (carbonylative) alkyl-
Heck-type reactions enabled by photocatalytic C-N bond activation.
Angew. Chem., Int. Ed. 2019, S8, 2402. (c) Xia, Q.; Li, Y.; Wang, X;
Dai, P.; Deng, H.; Zhang, W.-H. Visible light-driven a-alkylation of N-
aryl tetrahydroisoquin -olines Initiated by electron donor-acceptor
complexes. Org. Lett. 2020, 22, 7290.

https://doi.org/10.1021/acscatal.1c01416
ACS Catal. 2021, 11, 6519-6525


https://doi.org/10.1002/anie.201803228
https://doi.org/10.1002/anie.201803228
https://doi.org/10.1002/anie.201803228
https://doi.org/10.1002/anie.201705521
https://doi.org/10.1002/anie.201705521
https://doi.org/10.1002/anie.201503936
https://doi.org/10.1002/anie.201503936
https://doi.org/10.1021/jacs.8b12801?ref=pdf
https://doi.org/10.1021/jacs.8b12801?ref=pdf
https://doi.org/10.1021/jacs.8b12801?ref=pdf
https://doi.org/10.1038/nature14676
https://doi.org/10.1038/nature14676
https://doi.org/10.1021/jacs.9b05461?ref=pdf
https://doi.org/10.1021/jacs.9b05461?ref=pdf
https://doi.org/10.1021/jacs.0c04670?ref=pdf
https://doi.org/10.1021/jacs.0c04670?ref=pdf
https://doi.org/10.1021/jacs.0c04670?ref=pdf
https://doi.org/10.1002/chem.201405223
https://doi.org/10.1002/chem.201405223
https://doi.org/10.1002/chem.201405223
https://doi.org/10.1002/anie.201509341
https://doi.org/10.1002/anie.201509341
https://doi.org/10.1002/anie.201509341
https://doi.org/10.1021/jacs.6b01533?ref=pdf
https://doi.org/10.1021/jacs.6b01533?ref=pdf
https://doi.org/10.1021/jacs.6b01533?ref=pdf
https://doi.org/10.1002/anie.201706781
https://doi.org/10.1002/anie.201706781
https://doi.org/10.1021/acs.orglett.7b00793?ref=pdf
https://doi.org/10.1021/acs.orglett.7b00793?ref=pdf
https://doi.org/10.1021/jacs.0c11172?ref=pdf
https://doi.org/10.1021/jacs.0c11172?ref=pdf
https://doi.org/10.1021/jacs.0c11172?ref=pdf
https://doi.org/10.1016/0040-4020(81)85037-5
https://doi.org/10.1016/0040-4020(81)85037-5
https://doi.org/10.1016/S0040-4039(00)77797-5
https://doi.org/10.1016/S0040-4039(00)77797-5
https://doi.org/10.1016/S0040-4039(00)77797-5
https://doi.org/10.1002/anie.198404201
https://doi.org/10.1002/anie.198404201
https://doi.org/10.1002/anie.198404201
https://doi.org/10.1021/jacs.7b02389?ref=pdf
https://doi.org/10.1021/jacs.7b02389?ref=pdf
https://doi.org/10.1039/C9SC00783K
https://doi.org/10.1039/C9SC00783K
https://doi.org/10.1039/C9SC00783K
https://doi.org/10.1126/sciadv.aaw9516
https://doi.org/10.1126/sciadv.aaw9516
https://doi.org/10.1126/sciadv.aaw9516
https://doi.org/10.1021/acs.orglett.9b01014?ref=pdf
https://doi.org/10.1021/acs.orglett.9b01014?ref=pdf
https://doi.org/10.1021/acs.orglett.9b01016?ref=pdf
https://doi.org/10.1021/acs.orglett.9b01016?ref=pdf
https://doi.org/10.1021/acs.orglett.9b01097?ref=pdf
https://doi.org/10.1021/acs.orglett.9b01097?ref=pdf
https://doi.org/10.1002/chem.201602668
https://doi.org/10.1002/chem.201602668
https://doi.org/10.1002/anie.201209060
https://doi.org/10.1002/anie.201209060
https://doi.org/10.1039/c3sc51098k
https://doi.org/10.1039/c3sc51098k
https://doi.org/10.1039/c3sc51098k
https://doi.org/10.1021/acs.oprd.6b00370?ref=pdf
https://doi.org/10.1021/acs.oprd.6b00370?ref=pdf
https://doi.org/10.1021/jo00089a003?ref=pdf
https://doi.org/10.1021/jo00089a003?ref=pdf
https://doi.org/10.1021/jo00089a003?ref=pdf
https://doi.org/10.1021/jo00089a003?ref=pdf
https://doi.org/10.1016/j.tet.2006.11.055
https://doi.org/10.1016/j.tet.2006.11.055
https://doi.org/10.1016/j.tet.2006.11.055
https://doi.org/10.1002/chem.201000178
https://doi.org/10.1002/chem.201000178
https://doi.org/10.1021/ol3013342?ref=pdf
https://doi.org/10.1021/ol3013342?ref=pdf
https://doi.org/10.1007/s40572-015-0056-x
https://doi.org/10.1007/s40572-015-0056-x
https://doi.org/10.1002/anie.201911660
https://doi.org/10.1002/anie.201911660
https://doi.org/10.1021/jacs.9b00111?ref=pdf
https://doi.org/10.1021/jacs.9b00111?ref=pdf
https://doi.org/10.1021/jacs.9b07489?ref=pdf
https://doi.org/10.1021/jacs.9b07489?ref=pdf
https://doi.org/10.1039/C8QO01046C
https://doi.org/10.1039/C8QO01046C
https://doi.org/10.1021/acscatal.8b04191?ref=pdf
https://doi.org/10.1021/acscatal.8b04191?ref=pdf
https://doi.org/10.1021/acs.orglett.9b03899?ref=pdf
https://doi.org/10.1021/acs.orglett.9b03899?ref=pdf
https://doi.org/10.1021/acs.orglett.9b03899?ref=pdf
https://doi.org/10.1021/jacs.0c08595?ref=pdf
https://doi.org/10.1021/jacs.0c08595?ref=pdf
https://doi.org/10.1021/acs.orglett.8b01062?ref=pdf
https://doi.org/10.1021/acs.orglett.8b01062?ref=pdf
https://doi.org/10.1021/acs.orglett.8b01062?ref=pdf
https://doi.org/10.1021/acs.orglett.9b02643?ref=pdf
https://doi.org/10.1021/acs.orglett.9b02643?ref=pdf
https://doi.org/10.1002/anie.201706896
https://doi.org/10.1002/anie.201706896
https://doi.org/10.1002/anie.201813689
https://doi.org/10.1002/anie.201813689
https://doi.org/10.1021/acs.orglett.0c02631?ref=pdf
https://doi.org/10.1021/acs.orglett.0c02631?ref=pdf
https://doi.org/10.1021/acs.orglett.0c02631?ref=pdf
pubs.acs.org/acscatalysis?ref=pdf
https://doi.org/10.1021/acscatal.1c01416?rel=cite-as&ref=PDF&jav=VoR

ACS Catalysis pubs.acs.org/acscatalysis

(17) Wu, J; He, L; Noble, A; Aggarwal, V. K. Photoinduced
deaminative borylation of alkylamines. J. Am. Chem. Soc. 2018, 140,
10700.

(18) W, J,; Grant, P. S;; Li, X.; Noble, A.; Aggarwal, V. K. Catalyst-
free deaminative functionalizations of primary amines by photo-
induced single-electron transfer. Angew. Chem., Int. Ed. 2019, S8,
5697.

(19) (a) Goldup, S. M.; Leigh, D. A.; McBurney, R. T.; McGonigal,
P. R; Plant, A. Ligand-assisted nickel-catalysed sp*—sp® homocou-
pling of unactivated alkyl bromides and its application to the active
template synthesis of rotaxanes. Chem. Sci. 2010, 1, 383. (b) Prinsell,
M. R; Everson, D. A.; Weix, D. J. Nickel-catalyzed, sodium iodide-
promoted reductive dimerization of alkyl halides, alkyl pseudohalides,
and allylic acetates. Chem. Commun. 2010, 46, 5743.

(20) (a) Wang, J.-R; Manabe, K. Transition-metal-catalyzed site-
selective cross-coupling of di-and polyhalogenated compounds.
Synthesis 2009, 2009, 140S. (b) Giuliano, M. W.; Miller, S. J. Site-
selective reactions with peptide-based catalysts. Top. Curr. Chem.
2018, 372, 157.

6525 https://doi.org/10.1021/acscatal.1c01416
ACS Catal. 2021, 11, 6519—6525


https://doi.org/10.1021/jacs.8b07103?ref=pdf
https://doi.org/10.1021/jacs.8b07103?ref=pdf
https://doi.org/10.1002/anie.201814452
https://doi.org/10.1002/anie.201814452
https://doi.org/10.1002/anie.201814452
https://doi.org/10.1039/c0sc00279h
https://doi.org/10.1039/c0sc00279h
https://doi.org/10.1039/c0sc00279h
https://doi.org/10.1039/c0cc01716g
https://doi.org/10.1039/c0cc01716g
https://doi.org/10.1039/c0cc01716g
https://doi.org/10.1055/s-0029-1216632
https://doi.org/10.1055/s-0029-1216632
https://doi.org/10.1007/128_2015_653
https://doi.org/10.1007/128_2015_653
pubs.acs.org/acscatalysis?ref=pdf
https://doi.org/10.1021/acscatal.1c01416?rel=cite-as&ref=PDF&jav=VoR

