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The synthesis of C-C bonds by cross-coupling of carbon nucleophiles
with carbon electrophiles has revolutionized organic synthesis. While C(sp?)-
C(sp?) bond formation has been well-developed, C(sp*)-C(sp®) bond
formation has become increasingly important to drug discovery. While
advancements have been made in carbon nucleophile synthesis, it remains
the case that carbon electrophiles are more abundant than carbon
nucleophiles. An increasingly useful solution is found in the cross-
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electrophile coupling (XEC) of C(sp?) and C(sp?) electrophiles, exemplified by
Step B in our original Org. Synth. publication above. In these XEC reactions,
cross-selectivity depends upon the relative ease of radical formation rather
than electronic differences of the coupling partners, providing a
complementary tool for expanding chemical space. This update provides an
overview of the many advancements in the XEC of aryl (and vinyl)
(pseudo)halides with alkyl halides (and other alkyl radical equivalents) with
an emphasis on practical advancements. As this field is rapidly expanding,
more comprehensive treatments of XEC reactions are available for further
reading.>”

Mechanism

At the time of our original report, the mechanism of XEC of aryl halides
with alkyl halides was poorly understood. Studies by our group had shown
that these reactions did not proceed via an organozinc intermediate,®” ruling
out established Ni-catalyzed cross-coupling mechanisms. Informed by key
prior electrochemical studies,® further studies suggested a new type of
mechanism (Figure 1)."!! Subsequent studies>'*" have largely converged on
three essential elements:

1) The alkyl electrophile is converted into an alkyl radical intermediate,
and the aryl or vinyl electrophile reacts with the Ni catalyst to form an
(L)Ni"(Ar)X intermediate by a non-radical mechanism.

2) The alkyl radical reacts with the (L)Ni"(Ar)X intermediate to form a
putative (L)Ni"(Ar)(Alkyl)X intermediate that rapidly undergoes reductive
elimination to form the C(sp?)-C(sp®) bond.

3) The Ni catalyst is reduced to turn over the catalytic cycle.

: 2y_
[reductant]/' (LN C(sp?)=X
(LNi'—X C(sp?)-X LN
[reductant] \C(sz)
C(sp?)—C(sp3)
“C(sp®)
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Figure 1. General proposed mechanism for C(sp?)-C(sp®) XEC
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While the exact details of this mechanism are still a source of active
investigation and debate, its study has led to improved understanding of the
mechanistic steps involved.*""3!* This understanding has led to expansion of
the substrate classes that participate in the transformation, enantioselective
methods, an explosion of related variants such as metallaphotoredox and
electrochemical approaches, and applications in total synthesis.

New Radical Precursors

While alkyl halides are far more abundant than alkyl organometallic
reagents, the largest commercially available pools of aliphatic electrophile
diversity are alcohols, amines, and alkanoic acids. A major, recent advance
has been the development of methods to cross-couple these substrate pools,
sometimes with a simple in situ activation step (Figure 2).
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Figure 2. Radical precursors used in XEC coupling reactions

While conversion of alcohols to alkyl halides is often high yielding, in
parallel synthesis applications the extra steps and purifications are limiting;
on scale, the extra time and solvent is a large cost. Directly utilizing alcohols
without stoichiometric activation has been limited to more activated
substrates, such as allylic and benzylic alcohols. Ukaji reported the coupling
of benzylic alcohols with aryl iodides enabled by a low-valent Ti Lewis acid."
Both Shu and Wang reported a similar approach for the reaction between
allylic alcohols and aryl halides, instead employing Zr and Mg Lewis acids,
respectively.'®"” For reactions with unactivated alcohols, many groups have
focused on the coupling of redox-active alcohol derivatives or in situ
generation of alkyl halides®®" Martin reported the use of N-
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alkoxyphthalimides which, upon reduction, generate O-centered radicals
that undergo Sscission to generate alkyl radicals that engage in XEC.** Gong
utilized dialkyl oxalates which can undergo Barton C-O scission to generate
3° and stabilized alkyl radicals capable of engaging in XEC with aryl
halides.”** Molander reported the Ni-catalyzed XEC of unactivated alkyl
tosylates with aryl and heteroaryl bromides using KI as a mediator,
generating the alkyl iodide in situ.”® We reported a protocol for the coupling
of benzyl mesylates with halides using co-catalytic cobalt phthalocyanine
(Co(Pc)).** The use of tosylates has been used in several industrial
applications since these original reports.”? The in situ conversion of alcohols
to alkyl bromides has been reported using three different strategies: 1) the Li
group used a paired electrolysis strategy to generate Ph;PBr, in situ for
concurrent bromination and XEC, avoiding the use of a metal terminal
reductant,” 2) we used a phosphonium reagent and BusNBr for a rapid in situ
pre-bromination step followed by XEC, which was amenable to high-
throughput experimentation (HTE) in the solution phase,® and 3) Gong and
Ma utilized a oxazolium bromide for a fast pre-bromination step, which
proved useful for the selective monofunctionalization of diols.”

Alkyl amines have also proven to be a ready source of alkyl radicals
through the reduction of the corresponding pyridinium salt. These salts,
initially described by Katritzky,* are readily prepared through condensation
with commercially available pyrylium salts and have been shown to furnish
alkyl radicals following single electron reduction.’*> Watson and co-workers
first described the use of these pyridinium salts in their Ni-catalyzed cross-
coupling with aryl boronic acids, demonstrating radical formation with Ni in
a redox-neutral coupling.*® Following this report, several groups
concurrently reported Ni-catalyzed XEC methods of aryl iodides and
bromides with alkyl pyridinium salts.*>**” Martin's work suggests that
neither on-cycle Ni’ or Ni" intermediates are capable of reducing pyridinium
salts to form alkyl radicals. Rueping shows theoretical support for the
proposed mechanism that these methods share, while the work by Han
displays an expanded scope to include alkyl halides and alkynyl bromides as
coupling partners. Molander utilized an organic photocatalyst and Et:N as
the terminal reductant in combination with Ni to induce the reaction without
a metal reductant. The use of alkyl pyridinium salts has also been extended
to the coupling of acyl electrophiles to synthesize functionalized ketones.?**

Based upon seminal studies in photoredox catalysis by Okada and
Overman,**! we reported the use of N-hydroxyphthalimide (NHP) esters in
XEC reactions with aryl iodides.*” These NHP esters can be readily prepared
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via condensation with N-hydroxyphthalimide. Following single electron
reduction, these esters fragment to release CO,, phthalimide anion, and an
alkyl radical. NHP esters react with Ni catalysts at rates similar to alkyl
iodides, and we reported that reactivity can be modulated by introducing
electronic-tuning groups on the phthalimide backbone and by adjusting the
solvent polarity.* These esters have been coupled to alkynyl bromides* and
acyl electrophiles, such as anhydrides and 2-pyridyl thioesters.**¢

We demonstrated that a 2° alkyl radical, formed via epoxide opening
using a titanocene co-catalyst, can be coupled with (L)Ni"(Ar)Br species to
form a new C-C bond.” The opening of epoxides and aziridines can also be
achieved through the use of an iodide co-catalyst, which provides an
iodohydrin or g-iodoamine, respectively, that can participate in the XEC as
previously described.**® Additionally, redox active sulfones have been
shown to generate alkyl radicals following single electron reduction, which
can then engage in XEC with aryl bromides.*

New Catalyst Systems and Conditions

Initial studies on XEC established a set of conditions: amide solvents,
bipyridine (bpy) and phenanthroline (phen) ligands, Zn or Mn reductant, and
iodide salt additives. Several challenging substrate classes have driven the
discovery of new catalysts and conditions that are broadly useful.

Figure 3 contains ligands that have been reported for the coupling aryl
halides with alkyl radical precursors. Pyridyl-2-carboxamidine (PyCam) and
pyridyl-2,6-bis(carboxamidine) (PyBCam) ligands, found via a screen of
Pfizer's compound collection for new nitrogen ligand motifs,® are useful for
aryl halides with coordinating groups in the 2-position and for a variety of
heteroarenes.”® BpyCam (2,2-bipyridine-6-carboxamidine) derivatives and
N-cyano carboxamidine ligands have also shown promise in a growing
collection of challenging reactions.’*”® Dual ligand strategies commonly
include combinations of bidentate N-donor ligands with phosphines,®*
terpyridines,® and pyridines.?** For the cross-coupling of unstrained 3° alkyl
halides, substituted pyridines are among the best available ligands.®>
Finally, Sevov reported on the use of a Ni “overcharge protector” complex,
which prevents over-reduction of the Ni catalyst.”

Several groups have reported on conditions where the alkyl radical is
formed by a co-catalyst or stoichiometric additive, independent of the Ni
catalyst. In several cases, pyridinium salts and NHP esters can be directly
reduced by Mn or Zn to form alkyl radicals.***® We demonstrated that benzyl
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mesylates, which are unreactive with (bpy)Ni catalyst, could be activated by
Co(Pc) co-catalysis to furnish diarylmethanes.** Co(Pc) is capable of
undergoing nucleophilic substitution with benzyl mesylates, after which
homolysis of the Co—-C bond furnishes the benzyl radical. This radical can
then be captured by the (bpy)Ni"(Ar)Br species and form product upon
reductive elimination. Komeyama extended this work to unactivated alkyl
tosylates by using the more nucleophilic vitamin B, Hazari and Zultanski
further demonstrated the utility of Co(Pc) in the organoreductant-promoted
coupling of unactivated alkyl bromides with aryl bromides.®® The Molander
group has shown NHP esters can form electron-donor-acceptor complexes
with Hantzsch ester which, upon photoexcitation, can generate alkyl radicals
that then interact with the Ni catalyst for productive cross-electrophile
coupling.®! Our group and others have used Ni/Ti co-catalysis to generate
alkyl radicals through the ring-opening of epoxides and demonstrating their
coupling with aryl halides.®** Ni/photoredox co-catalysis has emerged as a
powerful tool to form C-C bonds centered around decoupling radical and
polar elementary steps. Lei, Vanucci, and Molander have reported
metallaphotoredox XEC reactions using aliphatic amines as the terminal
reductant.” %% MacMillan reported on a Ni/Ir catalyst system enabled by the
use of silane reagents to facilitate alkyl radical formation from alkyl halides
by halogen-atom transfer to a silicon-centered radical.*®®” By tuning the
silane, this approach has been extended to other substrates.®®*
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Figure 3. Reported ligands for C(sp?)-C(sp®) XEC. Ligands that
have been used with at least three different radical precursors are
highlighted in purple
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New Reductants

The most common electron sources used in XEC for catalyst turnover are
metal reductants, typically Zn or Mn powder, which are inexpensive, easy to
handle and store on the benchtop, possess good atom economy (27-33 g per
mole of electrons), and the resulting metal salts are easily separated from
products. However, in >100 g scale applications, these heterogenous
reductants present mass-transfer limitations, sometimes resulting in
irreproducible kinetics,”*7? and disposal of large amounts of metal salts can
be complicated.”” In addition, accurately characterizing the activity of metal
powders is difficult, leading to lot-to-lot variability.

The use of organic terminal reductants has been explored, resulting in
several different systems reported recently, such as pure organic reductants,
photoredox-assisted organic reductants, and electrochemically driven
organic reductants (Figure 4). These alternative reduction systems often
allow for non-amide solvents to be used, suggesting solvent limitations are
tied to the reductant rather than the catalyst. We utilized
tetrakis(dimethylamino)ethylene (TDAE) in mechanistic studies to support
that an organozinc intermediate was not necessary for XEC."” We also found
that the use of TDAE as reductant in XEC allows for the use solvents such as
acetonitrile and propylene carbonate.”” Reisman demonstrated that TDAE
could drive XEC reactions between NHP esters and alkenyl bromides.”
Recent work by Hazari, Uehling, Zultanski and coworkers reported the
synthesis and use of tuned homogeneous reductants based on the
tetraaminoethylene scaffold seen in TDAE.® These new reductants exhibit a
range of reduction potentials as well as increased air-stability, allowing for
use and storage on the benchtop. A variety of groups have reported on the
use of sacrificial Zn, Fe, or steel anodes for XEC reactions.” While this avoids
issues with stirring metal powders, it still results in stoichiometric metal salt
waste. Some recent reports have utilized an amine terminal reductant in a
divided electrochemical cell.**”” Several groups concurrently reported on the
use of photoredox catalysis to allow the use of organic terminal reductants,
such as silanes and 3° amines.? 5+
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Figure 4. Reductants used in XEC
Enantioconvergent, Enantioselective, and Enantiospecific Reactions

XEC reactions that allow setting a stereocenter have progressed rapidly
alongside achiral work, often providing useful mechanistic insights as well
as powerful new transformations. Although there exist parallels to
enantioconvergent cross-coupling reactions with nucleophiles, realization of
enantioconvergent XEC of racemic 2° electrophiles proved to be complex.
Initial studies by the Reisman group demonstrated the key concepts that set
the stage for the present blossoming of the field. In particular, 2° benzylic
radical precursors have been the most reliable C(sp®) coupling partners for a
variety of C(sp?) coupling partners.”*® Coupling of aryl halides with o-halo
nitriles,® a-halo esters,* and a-halo sulfones® also appear quite general. In a
twist on benzylic radical precursors, the stereoconvergent XEC of styrenyl
aziridines with aryl iodides using a chiral BiOx ligand was also reported.*
Recent work has included biimidazoline as a competent chiral ligand for the
XEC of aryl or alkenyl halides with alkyl chlorides or styrene oxides under
metallaphotoredox conditions.**® Several chiral ligand classes have allowed
for enantioconvergent reactions (Figure 5).88%

Beyond enantioconvergent XEC, there are a few reports of
enantioselective XEC. We have reported the enantioselective XEC of meso-
epoxides with aryl bromides via a chiral Ti co-catalyst.®> Based upon studies
by Gansauer,” we proposed that this co-catalyst engaged in the
enantioselective opening of the meso-epoxide, forming a p-titanoxy carbon
radical, followed by radical capture by the (L)Ni"(Ar)Br complex and
reductive elimination to generate the trans-f-arylcycloalkanol.
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Figure 5. Chiral ligands utilized in enantioconvergent XEC

In 2016, the Jarvo lab reported the first enantiospecific XEC reaction (the
intramolecular coupling of benzylic esters with aryl bromides) which
proceeds via inversion at the benzylic center.”” Despite many advancements
in enantiospecific, intramolecular C(sp®)-C(sp®) coupling, enantiospecific
XEC of aryl and alkyl halides remains limited thus far.>*

Adaptation to Small and Large Scale

Interest in applications to medicinal and process chemistry has driven
innovation in reaction solvent, reactor design, and reductant choice. The
outcomes of these approaches have demonstrated areas for improvement.

Medicinal chemistry routinely uses parallel, small scale (<~10 pmol)
reactions to rapidly explore chemical space and process chemistry often uses
the same parallel systems to optimize a key step. Adapting XEC to HTE
revealed difficulties in stirring heterogeneous reactions, dosing small
amounts of metal powders, and identifying additional catalysts to cover
larger areas of chemical space.”® A number of reports addressed these issues
by slurrying the metal powder and dosing the slurry with a large-bore
pipette, which is sufficient as long as excess reductant is employed, and
others utilized stirring with tumble stirrers.” Another solution is coating the
reductant onto ChemBeads®™ (small glass beads) and then dosing by weight
or volume (with a scoop); these have the added advantage of allowing the
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use of a shaker instead of a tumble-stirrer (Figure 6).”*® This approach has
proven to be general for several different XEC reactions and is relatively
affordable to implement.?#3%

High Throughput Experimentation (HTE) and ChemBeads — pmol scale reactions

Br [ [Ni)/Ligand (5-7 mol%)
\ P
R-Het g —> D
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Figure 6. Strategies for small-scale XEC at umol and nmol scale

On the very smallest of scales, DNA-encoded libraries (DELs) have
rapidly become a key tool in medicinal chemistry, but present unique
challenges for reaction development as they usually require aqueous
conditions, high salt concentrations, and very low substrate (DNA)
concentrations.” This has been addressed by utilizing reversible adsorption
to solid support (RASS) with a silane terminal reductant, allowing the use of
amide solvents without water or photochemical activation (Figure 6).”® The
other main approach has been the use of metallaphotoredox catalysis (vide
supra).”!® Overall, XEC reactions appear amenable to DELs and we expect
to see additional reports in this area in the future.

On larger scales, researchers have explored both batch and flow
processes. Flow chemistry has become a key tool in the pharmaceutical
industry for scale up and XEC has been adapted in several different ways,
dependent upon the reduction approach: a packed Zn column,'™ a flow
electrochemical cell”” or a flow photochemical cell.’®®*"™ Thus far, these flow
reactions have been largely proof of concept and not yet scaled further,
suggesting a promising area for future development.

Org. Synth. 2022, 99, 215-233 225 DOI: 10.15227 / orgsyn.99.0215



o)

rganic
—_—
Syntheses
Following our original report in Org. Synth., reports on batch scale up
reactions have also appeared. Most have used metal reductants (Mn or Zn),
but sacrificial anode electrochemical reactions have also been explored.””®
With metal powders, specialized stirring equipment and metal powder
activation have been important to success as the reactor size (and shape)
changes.”” To date, the largest reported XEC reaction is a batch reaction to
produce 5.7 kg of product (64% yield). The reaction used Mn powder as the
reductant (activated with TES-CI) in a 600 L reactor.”

Conclusions

Nickel-catalyzed cross-electrophile coupling has seen significant growth
in the past decade. Since the initial report, the substrate scope has expanded
to include epoxides, aziridines, and derivatives of carboxylic acids and alkyl
amines as alkyl radical sources for coupling. Various modes of activation
have been developed, and a clearer mechanistic understanding is being used
to drive these advancements. As we and others continue to examine and
address the limitations of these methods, we anticipate that cross-electrophile
coupling will continue to evolve and become a mainstay in organic synthesis.

That leaves an important question: whither, nucleophiles?

References

1.  Department of Chemistry, University of Wisconsin-Madison,
Madison, Wisconsin 53706. E-Mail: Dweix@wisc.Edu. This work was
supported by the NIH (R0O1GM097243 to DJW), the NSF (DGE-1747503
to LEE and DCS), and the HHMI (Gilliam Fellowship to KA]J).

2. Goldfogel, M. J.; Huang, L.; Weix, D. J. Cross-Electrophile Coupling.
In Nickel Catalysis in Organic Synthesis; Ogoshi, S., Ed.; John Wiley &
Sons, Ltd, 2019; pp 183-222.

3. Gu, J.; Wang, X.; Xue, W.; Gong, H. Org. Chem. Front. 2015, 2, 1411-
1421.

4. Yi L;Ji, T; Chen, K.-Q.; Chen, X.-Y.; Rueping, M. CCS Chem. 2021, 4,
9-30.

5. Lucas, E. L.; Jarvo, E. R. Nat. Rev. Chem. 2017, 1, 1-7.

6.  Everson, D. A.; Shrestha, R.; Weix, D. J. ]. Am. Chem. Soc. 2010, 132,
920-921.

Org. Synth. 2022, 99, 215-233 226 DOI: 10.15227 / orgsyn.99.0215



0 rganic
—_—
Syntheses

7. Everson, D. A.; Jones, B. A.; Weix, D. ]. J. Am. Chem. Soc. 2012, 134,
6146-6159.

8. Durandetti, M.; Nédélec, J.-Y.; Périchon, J. J. Org. Chem. 1996, 61, 1748—
1755.

0. Durandetti, M.; Devaud, M.; Périchon, J. New J. Chem. 1996, 20, 659—
667.

10. Biswas, S.; Weix, D. J. J. Am. Chem. Soc. 2013, 135, 16192-16197.

11. Weix, D.J. Acc. Chem. Res. 2015, 48, 1767-1775.

12.  Ren, Q. Jiang, F.; Gong, H. |. Organomet. Chem. 2014, 770, 130-135.

13. Diccianni, J.; Lin, Q.; Diao, T. Acc. Chem. Res. 2020, 53, 906-919.

14. Knappke, C. E. L; Grupe, S.; Gértner, D.; Corpet, M.; Gosmini, C.;
Jacobi Von Wangelin, A. Chem. - Eur. |. 2014, 20, 6828—-6842.

15. Suga, T.; Ukaji, Y. Org. Lett. 2018, 20, 7846-7850.

16. Jia, X.-G.; Guo, P.; Duan, J.; Shu, X.-Z. Chem. Sci. 2018, 9, 640—645.

17.  Yu, H,; Wang, Z.-X. Org. Biomol. Chem. 2021, 19, 9723-9731.

18.  Wang, S.; Qian, Q.; Gong, H. Org. Lett. 2012, 14, 3352-3355.

19. Anka-Lufford, L. L.; Prinsell, M. R.; Weix, D. ]. J. Org. Chem. 2012, 77,
9989-10000.

20. Cong, F.; Lv, X.-Y,; Day, C. S.; Martin, R. J. Am. Chem. Soc. 2020, 142,
20594-20599.

21.  Gao, M,; Sun, D.; Gong, H. Org. Lett. 2019, 21, 1645-1648.

22.  Ye, Y.; Chen, H;; Sessler, J. L.; Gong, H. J. Am. Chem. Soc. 2019, 141,
820-824.

23.  Molander, G. A,; Traister, K. M.; O’Neill, B. T. J. Org. Chem. 2015, 80,
2907-2911.

24.  Ackerman, L. K. G.; Anka-Lufford, L. L.; Naodovic, M.; Weix, D. J.
Chem. Sci. 2015, 6, 1115-1119.

25. Beutner, G. L.; Simmons, E. M.; Ayers, S.; Bemis, C. Y.; Goldfogel, M.
J.; Joe, C. L.; Marshall, J.; Wisniewski, S. R. ]. Org. Chem. 2021, 86,
10380-10396.

26. Beckwith, R. E.].; Bonazzi, S.; Cernijenko, A.; Fazal, A.; Tichkule, R. B.;
Visser, M. S. 3-(1-Oxoisoindolin-2-yl)piperidine-2,6-dione Derivatives
and Uses Thereof. US2019062309A1, February 28, 2019.

27. Li, Z;Sun, W.; Wang, X,; Li, L.; Zhang, Y.; Li, C. J. Am. Chem. Soc.
2021, 143, 3536-3543.

28.  Chi, B. K;; Widness, J. K.; Gilbert, M. M.; Salgueiro, D. C.; Garcia, K. J.;
Weix, D. J. ACS Catal. 2022, 12, 580-586.

29. Lin, Q.; Ma, G.; Gong, H. ACS Catal. 2021, 11, 14102-14109.

Org. Synth. 2022, 99, 215-233 227 DOI: 10.15227 / orgsyn.99.0215



0 rganic
—_—
Syntheses

30. Katritzky, A. R.; Marson, C. M. Angew. Chem. Int. Ed. Engl. 1984, 23,
420-429.

31. José, ]. T.; Fernandes, V. A.; Matsuo, B. T.; Delgado, J. A. C.; De Souza,
W. C.,; Paixdo, M. W. Chem. Commun. 2020, 56, 503-514.

32. Liao, J,; Basch, C. H,; Hoerrner, M. E; Talley, M. R.; Boscoe, B. P.;
Tucker, J. W.; Garnsey, M. R;; Watson, M. P. Org. Lett. 2019, 21, 2941-
2946.

33. Basch, C. H;; Liao, J.; Xu, J.; Piane, J. J.; Watson, M. P. J. Am. Chem. Soc.
2017, 139, 5313-5316.

34. Martin-Montero, R.; Yatham, V. R;; Yin, H.; Davies, J.; Martin, R. Org.
Lett. 2019, 21, 2947-2951.

35.  Yue, H.; Zhu, C; Shen, L.; Geng, Q.; Hock, K. J.; Yuan, T.; Cavallo, L.;
Rueping, M. Chem. Sci. 2019, 10, 4430—4435.

36. Ni, S.;Li C.-X;; Mao, Y.; Han, J.; Wang, Y.; Yan, H.; Pan, Y. Sci. Adv.
2019, 5.

37. Yi, ], Badir, S. O.; Kammer, L. M.; Ribagorda, M.; Molander, G. A.
Orgq. Lett. 2019, 21, 3346-3351.

38.  Yu, C. G,; Matsuo, Y. Org. Lett. 2020, 22, 950-955.

39. Pulikottil, F. T.; Pilli, R.; Suku, R. V.; Rasappan, R. Org. Lett. 2020, 22,
2902-2907.

40. Okada, K.; Okamoto, K.; Oda, M. J. Am. Chem. Soc. 1988, 110, 8736—
8738.

41. Pratsch, G.; Lackner, G. L.; Overman, L. E. ]. Org. Chem. 2015, 80, 6025~
6036.

42, 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. J. Am. Chem. Soc. 2016, 138, 5016-5019.

43. Salgueiro, D. C; Chi, B. K;; Guzei, I. A; Garcia-Reynaga, P.; Weix, D. J.
Angew. Chem. Int. Ed. 2022.

44. Huang, L.; Olivares, A. M.; Weix, D. J. Angew. Chem. - Int. Ed. 2017, 56,
11901-11905.

45. Nij, S.; Padial, N. M; Kingston, C.; Vantourout, J. C.; Schmitt, D. C,;
Edwards, J. T.; Kruszyk, M. M.; Merchant, R. R.; Mykhailiuk, P. K.;
Sanchez, B. B.; Yang, S.; Perry, M. A.; Gallego, G. M.; Mousseau, J. J.;
Collins, M. R;; Cherney, R.].; Lebed, P. S.; Chen, J. S.; Qin, T.; Baran, P.
S. J. Am. Chem. Soc. 2019, 141, 6726—6739.

46. Wang, J; Cary, B. P,; Beyer, P. D.; Gellman, S. H.; Weix, D. J. Angew.
Chem. 2019, 131, 12209-12213.

47. Zhao, Y.; Weix, D.]. ]. Am. Chem. Soc. 2014, 136, 48-51.

Org. Synth. 2022, 99, 215-233 228 DOI: 10.15227 / orgsyn.99.0215



o)

rganic
—_—

Syntheses

48.  Woods, B. P.; Orlandi, M.; Huang, C. Y.; Sigman, M. S.; Doyle, A. G. J.
Am. Chem. Soc. 2017, 139, 5688-5691.

49. Hughes, J. M. E,; Fier, P. S. Org. Lett. 2019, 21, 5650-5654.

50. Hansen, E. C,; Pedro, D. J.; Wotal, A. C.; Gower, N.J.; Nelson, J. D.;
Caron, S.; Weix, D. ]J. Nat. Chem. 2016, 8, 1126-1130.

51. Hansen, E. C,; Li, C; Yang, S.; Pedro, D.; Weix, D.]. J. Org. Chem. 2017,
82, 7085-7092.

52.  Kim, S.; Goldfogel, M. J.; Gilbert, M. M.; Weix, D.]J. J. Am. Chem. Soc.
2020, 142, 9902-9907.

53. Hamby, T. B.; LaLama, M. J.; Sevov, C. S. Science 2022, 376, 410-416.

54. Perkins, R. ].; Hughes, A.].; Weix, D. J.; Hansen, E. C. Org. Process Res.
Dev. 2019, 23, 1746-1751.

55.  Wang, X,; Wang, S.; Xue, W.; Gong, H. |. Am. Chem. Soc. 2015, 137,
11562-11565.

56. Molander, G. A,; Traister, K. M.; O’Neill, B. T. J. Org. Chem. 2014, 79,
5771-5780.

57.  Truesdell, B. L.; Hamby, T. B.; Sevov, C. S. |. Am. Chem. Soc. 2020, 142,
5884-5893.

58. Jiang, W.-T.; Yang, S.; Xu, M.-Y.; Xie, X.-Y; Xiao, B. Chem. Sci. 2020, 11,
488-493.

59. Komeyama, K.; Ohata, R.; Kiguchi, S.; Osaka, I. Chem. Commun. 2017,
53, 6401-6404.

60. Charboneau, D.J.; Huang, H.; Barth, E. L.; Germe, C. C.; Hazari, N;
Mercado, B. Q.; Uehling, M. R; Zultanski, S. L. J. Am. Chem. Soc. 2021,
143, 21024-21036.

61. Kammer, L. M.; Badir, S. O.; Hu, R.-M.; Molander, G. A. Chem. Sci.
2021, 12, 5450-5457.

62. Zhao, Y.; Weix, D.]. ]. Am. Chem. Soc. 2015, 137, 3237-3240.

63. Parasram, M.; Shields, B. J.; Ahmad, O.; Knauber, T.; Doyle, A. G. ACS
Catal. 2020, 10, 5821-5827.

64. Duan, Z.; Li, W.; Lei, A. Org. Lett. 2016, 18, 4012—-4015.

65. Paul, A.; Smith, M. D.; Vannucci, A. K. J. Org. Chem. 2017, 82, 1996~
2003.

66. Zhang, P.; Le, C. C.; MacMillan, D. W. C. J. Am. Chem. Soc. 2016, 138,
8084-8087.

67. Sakai, H. A.; Liu, W.; Le, C. “Chip”; MacMillan, D. W. C. ]. Am. Chem.

Soc. 2020, 142, 11691-11697.

Org. Synth. 2022, 99, 215-233 229 DOI: 10.15227 / orgsyn.99.0215



o)

68.

69.

70.

71.

72.
73.

74.

75.

76.
77.

78.

79.

80.

81.
82.

83.

84.

85.

rganic
—_—
S yntheses

Bacauanu, V.; Cardinal, S.; Yamauchi, M.; Kondo, M.; Ferndndez, D.
F.; Remy, R.; MacMillan, D. W. C. Angew. Chem. Int. Ed. 2018, 57,
12543-12548.

Chen, T. Q.; MacMillan, D. W. C. Angew. Chem. Int. Ed. 2019, 58,
14584-14588.

Nimmagadda, S. K.; Korapati, S.; Dasgupta, D.; Malik, N. A.; Vinodini,
A.; Gangu, A. S,; Kalidindi, S.; Maity, P.; Bondigela, S. S.; Venu, A.;
Gallagher, W. P.; Aytar, S.; Gonzdlez-Bobes, F.; Vaidyanathan, R. Org.
Process Res. Dev. 2020, 24, 1141-1148.

Yin, J.; Maguire, C. K,; Yasuda, N.; Brunskill, A. P. J.; Klapars, A. Org.
Process Res. Dev. 2017, 21, 94-97.

Takai, K.; Kakiuchi, T.; Utimoto, K. J. Org. Chem. 1994, 59, 2671-2673.
Anka-Lufford, L. L.; Huihui, K. M. M.; Gower, N. J.; Ackerman, L. K.
G.; Weix, D. ]. Chem. - Eur. ]. 2016, 22, 11564-11567.

Acemoglu, M.; Baenziger, M.; Krell, C.; Marterer, W. Experiences with
Negishi Couplings on Technical Scale in Early Development. In
Transition Metal-Catalyzed Couplings in Process Chemistry: Case Studies
from the Pharmaceutical Industry; Magano, J., Dunetz, J. R., Eds.; Wiley-
VCH, Verlag GmbH & Co. KGaA: Weinheim, 2013; pp 15-23.

Suzuki, N.; Hofstra, J. L.; Poremba, K. E.; Reisman, S. E. Org. Lett. 2017,
19, 2150-2153.

Perkins, R. J.; Pedro, D. J.; Hansen, E. C. Org. Lett. 2017, 19, 3755-3758.
Li, H.; Breen, C. P.; Seo, H.; Jamison, T. F.; Fang, Y.-Q.; Bio, M. M. Org.
Lett. 2018, 20, 1338-1341.

Cherney, A. H.; Reisman, S. E. J. Am. Chem. Soc. 2014, 136, 14365—
14368.

Poremba, K. E.; Kadunce, N. T.; Suzuki, N.; Cherney, A. H.; Reisman,
S.E.]. Am. Chem. Soc. 2017, 139, 5684-5687.

Cherney, A. H.; Kadunce, N. T.; Reisman, S. E. J. Am. Chem. Soc. 2013,
135, 7442-7445.

DeLano, T.].; Reisman, S. E. ACS Catal. 2019, 9, 6751-6754.

Lu, Q.; Guan, H.; Wang, Y.-E.; Xiong, D.; Lin, T.; Xue, F.; Mao, J. J. Org.
Chem. 2022, 87, 8048-8058.

Kadunce, N. T.; Reisman, S. E. |. Am. Chem. Soc. 2015, 137, 10480—
10483.

Guan, H.; Zhang, Q.; Walsh, P. J.; Mao, J. Angew. Chem. Int. Ed. 2020,
59, 5172-5177.

Geng, J.; Sun, D.; Song, Y.; Tong, W.; Wu, F. Org. Lett. 2022, 24, 1807—
1811.

Org. Synth. 2022, 99, 215-233 230 DOI: 10.15227 / orgsyn.99.0215



o)

86.
87.
88.
89.
90.
91.
92.
93.
94.

95.

96.

97.

98.

99.

100.

101.

rganic
—_—
S yntheses

Li, T.; Cheng, X.; Lu, J.; Wang, H.; Fang, Q.; Lu, Z. Chin. ]. Chem. 2022,
40, 1033-1038.

Lau, S. H.; Borden, M. A.; Steiman, T. ].; Wang, L. S.; Parasram, M.;
Doyle, A. G. J. Am. Chem. Soc. 2021, 143, 15873-15881.

He, J.; Xue, Y.; Han, B.; Zhang, C.; Wang, Y.; Zhu, S. Angew. Chem.
2020, 132, 2348-2352.

Lan, Y.; Wang, C. Commun. Chem. 2020, 3.

Gansduer, A.; Behlendorf, M.; von Laufenberg, D.; Fleckhaus, A.;
Kube, C.; Sadasivam, D. V.; Flowers II, R. A. Angew. Chem. Int. Ed.
2012, 51, 4739-4742.

Konev, M. O; Hanna, L. E;; Jarvo, E. R. Angew. Chem. Int. Ed. 2016, 55,
6730-6733.

Poremba, K. E.; Dibrell, S. E.; Reisman, S. E. ACS Catal. 2020, 10, 8237—
8246.

Aguirre, A. L.; Loud, N. L.; Johnson, K. A.; Weix, D. J.; Wang, Y. Chem.
— Eur. J. 2021, 27, 12981-12986.

Tu, N. P.; Dombrowski, A. W.; Goshu, G. M.; Vasudevan, A.; Djuric, S.
W.; Wang, Y. Angew. Chem. Int. Ed. 2019, 58, 7987-7991.

Dombrowski, A. W.; Gesmundo, N. J.; Aguirre, A. L.; Sarris, K. A,;
Young, J]. M.; Bogdan, A. R.; Martin, M. C.; Gedeon, S.; Wang, Y. ACS
Med. Chem. Lett. 2020, 11, 597-604.

Kang, K.; Loud, N. L,; DiBenedetto, T. A.; Weix, D.]J. J. Am. Chem. Soc.
2021, 143, 21484-21491.

Wang, J.; Lundberg, H.; Asai, S.; Martin-Acosta, P.; Chen, J. S.; Brown,
S.; Farrell, W.; Dushin, R. G.; O'Donnell, C. J.; Ratnayake, A. S.;
Richardson, P.; Liu, Z.; Qin, T.; Blackmond, D. G.; Baran, P. S. Proc.
Natl. Acad. Sci. 2018, 115, E6404-E6410.

Flood, D. T.; Asai, S.; Zhang, X.; Wang, J.; Yoon, L.; Adams, Z. C.;
Dillingham, B. C.; Sanchez, B. B.; Vantourout, J. C.; Flanagan, M. E,;
Piotrowski, D. W.; Richardson, P.; Green, S. A_; Shenvi, R. A.; Chen, J.
S.; Baran, P. S.; Dawson, P. E. ]. Am. Chem. Soc. 2019, 141, 9998-10006.
Kolmel, D. K,; Ratnayake, A. S.; Flanagan, M. E. Biochem. Biophys. Res.
Commun. 2020, 533, 201-208.

Koélmel, D. K.; Meng, J.; Tsai, M.-H.; Que, J.; Loach, R. P.; Knauber, T.;
Wan, J.; Flanagan, M. E. ACS Comb. Sci. 2019, 21, 588-597.

Watanabe, E.; Chen, Y.; May, O.; Ley, S. V. Chem. - Eur. ]. 2020, 26,
186-191.

Org. Synth. 2022, 99, 215-233 231 DOI: 10.15227 / orgsyn.99.0215



0 rganic
—_—
yntheses

102. Debrouwer, W.; Kimpe, W.; Dangreau, R.; Huvaere, K.; Gemoets, H.
P. L.; Mottaghi, M.; Kuhn, S.; Van Aken, K. Org. Process Res. Dev. 2020,
24,2319-2325.

103. Brill, Z. G.; Ritts, C. B.; Mansoor, U. F.; Sciammetta, N. Org. Lett. 2020,
22,410-416.

104. Pomberger, A.; Mo, Y.; Nandiwale, K. Y.; Schultz, V. L.; Duvadie, R.;
Robinson, R. I; Altinoglu, E. I.; Jensen, K. F. Org. Process Res. Dev.
2019, 23, 2699-2706.

Daniel J. Weix was raised in Oak Creek, WI. After
undergraduate training with Prof. Tom Katz at
Columbia University, graduate work with Prof.
Jonathan Ellman at University of California,
Berkeley, and postdoctoral training with Prof. John
Hartwig at Yale University and University of
Mlinois  Urbana-Champaign, he started his
independent career at the University of Rochester
in 2008, receiving tenure in 2014. In 2017, he moved
to University of Wisconsin-Madison. His research
program has been focused on the themes of cross-
electrophile coupling, multimetallic catalysis,
mechanistic study, and the development of new
catalysts.

Daniel C. Salgueiro was raised in Miami, FL. He
completed his B.S. in chemistry in 2018 under Prof.
Simon B. Blakey at Emory University, Atlanta, GA.
Continuing his northwestern trajectory, in 2018
Daniel joined the group of Prof. Daniel J. Weix at
the University of Wisconsin-Madison, where he
studies  Ni-catalyzed  C(sp®)-C(sp?)  cross-
electrophile coupling reactions. In 2021, he
participated in a 4-month internship at Janssen
Pharmaceuticals under Dr. Pablo Garcia-Reynaga
developing a Ni-catalyzed decarboxylative
arylation reaction.

Org. Synth. 2022, 99, 215-233 232 DOI: 10.15227 / orgsyn.99.0215



0 rganic
Syntheses

Lauren E. Ehehalt was raised in Clinton Township,
MI. She began her research in chemistry by
participating in a 3-month internship in 2018 in the
lab of Prof. Stephen P. Thomas at the University of
Edinburgh, Edinburgh, Scotland, UK. She
completed her A.B. in chemistry in 2020
supervised by Prof. Paul J. Chirik at Princeton
University, Princeton, NJ. In 2020, Lauren joined
the group of Prof. Daniel J. Weix at the University
of Wisconsin-Madison, where she has studied Ni-
catalyzed C(sp®)-C(sp?) cross-electrophile coupling
reactions. Her work currently focuses on Ni-
catalyzed stereoretentive C(sp®)-C(sp®) cross-
electrophile coupling reactions.

Keywan A. Johnson was raised in Saint Croix, U.S.
Virgin Islands. He completed his B.S. in 2013 at the
University of Delaware under Prof. Donald
Watson. In 2013, he joined the lab of Prof. Daniel
Weix at the University of Rochester, receiving his
M.S. in 2015. He relocated with Prof. Weix to the
University of Wisconsin-Madison. In 2018, he
participated in the NSF GROW program under
Prof. Yoshiaki Nakao at Kyoto University. In 2019,
he began postdoctoral training under Prof. F. Dean
Toste at the University of California, Berkeley. He
is currently a Senior Scientist at Merck in Rahway,
NJ.

Org. Synth. 2022, 99, 215-233

233 DOI: 10.15227 / orgsyn.99.0215



