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ABSTRACT: Unactivated alkyl chlorides are abundant building
blocks in organic synthesis, but they have been rarely engaged in
cross-electrophile coupling. Herein, we report a Ni/Ti-cocatalyzed
reductive allylic defluorinative cross-coupling between trifluoro-
methyl alkenes and unactivated alkyl chlorides and bromides,
enabling the efficient preparation of diverse functional-group-rich
gem-difluoroalkenes. Notably, synthesis of the gem-difluoroalkene
analogues of azaperone, haloperidol, and benperidol was also
accomplished using our method as a key step.

Because the gem-difluoroalkene moiety is a bioisostere of
the carbonyl group and possesses higher stability in in

vivo metabolism,1 replacing a carbonyl group by gem-
difluoroalkene in a biologically active compound is expected
to result in a superior analogue. However, examples of
biologically active gem-difluoroalkenes are limited,1b,2 which
is possibly attributed to the lack of methods to prepare these
compounds with high structural complexity and functional-
group diversity.3 Organic chemists have striven to achieve this
structural motif in the last decades and established two main
strategies: (1) gem-difluoroolefination of carbonyl or diazo-
compounds4 and (2) organometallics- or strong base-mediated
nucleophilic addition to trifluoromethyl alkenes followed by β-
F elimination.5,6 However, synthesis of sterically demanding
gem-difluoroalkenes with high functionality tolerance has been
achieved only very recently through photo-7 or Ni-catalysis.8

Last year, we established a Ni-catalyzed reductive allylic
defluorinative cross-coupling reaction, affording various gem-
difluoroalkenes under mild reaction conditions,8b but the main
disadvantage of this method lies in the use of unstable alkyl
iodides and tertiary alkyl bromides as precursors. In contrast,
alkyl chlorides are more desirable coupling partners in terms of
both stability and availability. Unfortunately, employing alkyl
chlorides or primary and secondary alkyl bromides as
substrates in our Ni-catalyzed reaction was not successful
because the Ni-catalyst turned out to be unable to cleave the
corresponding carbon-halide bonds efficiently.8b Indeed, the
use of unactivated alkyl chlorides in reductive cross-coupling is
rare.9−11 On the other hand, reductive Ti-catalysis finds wide
applications in organic synthesis12 and has been recently
discovered to be capable of promoting unactivated C−Cl bond
cleavage in the hydroalkylation of electron-deficient alkenes.9d

Herein, we envisaged a Ni/Ti-cocatalyzed13,14 reductive allylic
defluorinative cross-coupling reaction. In this cooperative
catalysis,15 Ti(III) is responsible for the carbon−halide bond
activation, and the generated carbon-centered radicals undergo

sequentially Ni-mediated addition to trifluoromethyl alkenes
and β-F elimination, enabling the efficient synthesis of diverse
gem-difluoroalkenes starting from unactivated alkyl chlorides or
bromides (Scheme 1).

For optimization of the reaction conditions, we used the
trifluoromethyl alkene 1a and the tertiary chloride 2a as
standard substrates (Table 1). Screening of all the reaction
parameters allowed us to define the optimal conditions: NiBr2
as catalyst, Ti(indenyl)Cl3 as cocatalyst, L1 as ligand, DMA as
solvent, and Zn as reducing agent at 60 °C (entry 1). The
absence of either Ni- or Ti-catalyst in the reaction led to the
dramatic decrease of the reaction yield, indicating the
synergystic effect of the two catalysts (entries 2 and 3). The
use of other pyridine-based ligands L2−L5 delivered no better
result (entries 4−7). The other Ni-sources including NiBr2·
glyme, NiI2, and Ni(acac)2 turned out to be substantially less
reactive (entries 8−10). The desired reaction proceeded also
in other polar solvents, such as DMF, NMP, and DMPU, but
the yields were relatively low (entries 11−13). In contrast, only
a trace amount of defluorinative product was produced in
toluene. When Mn was used as the reductant instead of Zn, the
product was obtained in a diminished efficiency (entry 15).
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Scheme 1. Ni/Ti-Cocatalyzed Reductive Allylic
Defluorinative Cross-Coupling
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The reaction using the titanocene complex TiCp2Cl2 as
cocatalyst afforded a slightly inferior result (entry 16). In
addition, lowering the reaction temperature to room temper-
ature had a detrimental effect on the outcome of the studied
reaction (entry 17).
With the optimal reaction conditions in hand, we

commenced to evaluate the substrate spectrum of this Ni/
Ti-cocatalyzed reductive allylic defluorinative cross-coupling
reaction (Scheme 2). First, an array of (hetero)aryl
trifluoromethyl alkenes bearing electron-withdrawing or
-donating substituents were reacted with the tertiary alkyl
chloride 2a, furnishing various gem-difluoroalkenes 3a−3l in
moderate to high yields. Notably, good tolerance of various
functional moieties including aryl bromide (3b), amide (3e),
ketone (3f), alcohol (3g) and thioether (3k) was observed in
the studied reactions. Furthermore, we utilized the trifluor-
omethyl alkenes containing the scaffold of estrone, naproxen,
or gemfibrozil as substrates, and the corresponding reactions

afforded the coupling products 3m−3o in good efficiency.
Unfortunately, in the case of aliphatic trifluoromethyl alkenes
as substrates, an inseparable mixture of the defluorination and
the hydroalkylation product was obtained.
Subsequently, we continued to survey the substrate scope of

this Ni/Ti-cocatalyzed reaction by varying the structure of
tertiary alkyl chlorides (Scheme 3). Gratifyingly, all the
reactions posed no problem, providing the products 3p-ad in
good to excellent yields. Again, a series of functional groups
including ester (3v-ad), ketone (3x), olefin (3y) and ferrocene
(3ad) were well tolerated in these reactions.
Next, we started to study the possibility to utilize secondary

alkyl chlorides in this defluorinative cross-coupling reaction
(Scheme 4). In the case of linear substrates, the reactions still
occurred and the products 4a−4d were obtained in good to
high yields with extended reaction time (48 h). However, the
reaction using cyclohexyl chloride failed to deliver the desired
product 4e on a synthetically useful level. Gratifyingly, all the
reactions with secondary alkyl bromides as precursors
furnished the defluorinative products 4a−4i in high to
excellent yields. Remarkably, in the absence of the Ti-
cocatalyst, only a very low yield could be achieved in the
case of the compound 4e, confirming the essential role of the
Ti-complex in this reaction. Moreover, in the case of
enantiomerically pure secondary bromides as starting materi-
als, the reactions yielded the products 4h and 4i in low
diastereomeric ratios, suggesting the participation of secondary
carbon-centered radicals in the reaction pathway.

Table 1. Variation of the Reaction Parameters for the Ni/Ti-
Cocatalyzed Reductive Allylic Defluorinative Cross-
Couplinga

entry variation from the optimal conditions yield (%)b

1 none 97 (93c)
2 without Ti(indenyl)Cl3 25
3 without NiBr2 15
4 L2 instead of L1 93
5 L3 instead of L1 80
6 L4 instead of L1 77
7 L5 instead of L1 70
8 NiBr2·glyme instead of NiBr2 63
9 NiI2 instead of NiBr2 65
10 Ni(acac)2 instead of NiBr2 21
11 DMF instead of DMA 61
12 NMP instead of DMA 49
13 DMPU instead of DMA 56
14 toluene instead of DMA trace
15 Mn instead of Zn 55
16 TiCp2Cl2 instead of Ti(indenyl)Cl3 85
17 25 °C instead of 60 °C 77

aUnless otherwise specified, reactions were performed on a 0.2 mmol
scale of the trifluoromethyl alkene 1a using 2.0 equiv of the tertiary
chloride 2a, 10 mol % NiBr2, 12 mol % ligand L1, 20 mol %
Ti(indenyl)Cl3, and 3 equiv of Zn in 1.0 mL DMA at 60 °C for 24 h.
bYields determined by 19F-NMR-spectroscopy using 4-fluoroanisole
as an internal standard. cYield of the isolated product after column
chromatography.

Scheme 2. Evaluation of the Substrate Scope the Ni/Ti-
Cocatalyzed Reaction by Variation of the Trifluoromethyl
Alkenesa,b

aUnless otherwise specified, reactions were performed on a 0.4 mmol
scale of the trifluoromethyl alkenes 1 (0.2 mmol sacle for
3m−o) using 2.0 equiv of the tertiary chloride 2a, 10 mol % NiBr2,
12 mol % ligand L1, 20 mol % Ti(Indenyl)Cl3, and 3 equiv of Zn in
2.0 mL DMA at 60 °C for 24 h. bYields of the isolated product after
column chromatography.
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When primary alkyl chlorides were employed as substrates,
no cross-coupling reaction occurred at all. In contrast, primary
alkyl bromides turned out to be pertinent precursors for this
Ni/Ti-cocatalyzed reaction, and the corresponding gem-
difluoroalkenes 5a−5n were furnished in good to excellent
yields (Scheme 5). Again, the significant influence of Ti-
cocatalysis was observed in the case of compound 5a, since
only a trace amount of the defluorinative product could be
generated when conducting the reaction without the Ti-
cocatalyst.
γ-Amino butyrophenones are reported to be dopamine 2

antagonists, and many of them are commercialized medi-
cations or under the clinical investigation for treatment of
mental diseases.16 In order to demonstrate the utility of our
method, the gem-difluoroalkene analogues of azaperone,
haloperidol, and benperidol were readily synthesized using
our Ni,Ti-cocatalyzed reductive allylic defluorinative cross-
coupling reaction as a key step followed by some simple
functionality conversions including saponification, iodination,
and base-mediated N-alkylation (Scheme 6).
Although it has been reported that Ti(III) is capable of

cleaving the carbon−halide bond in the radical pathway in
nonpolar solvent,9d the poor result of our defluorinative
reaction in toluene raised doubt whether the same process
occurs in this case. To verify it, we conducted the radical
trapping reactions employing the tertiary alkyl chloride 2a and
the primary alkyl bromide 2ao with 1,4-cyclohexadiene as a
hydrogen-radical source under our standard conditions in the

absence of Ni-salt (Scheme 7). In both cases, the
dehalogenated products 11 and 12 were obtained in good
yields, confirming that Ti(III) is also able to promote the
homolytic cleavage of carbon−halide bonds in DMA under
reductive conditions.
Furthermore, it is known that Ti(III) is able to catalyze

radical hydroalkylation of electron-deficient alkenes using
secondary or tertiary alkyl chlorides in the presence of NEt3·
HCl as a proton donor in nonpolar solvents.9d When the Ni-
catalyst was replaced by NEt3·HCl in our reaction, hydro-
alkylation of the trifluoromethyl alkene 1a did not occur, and a
small amount of the defluorinative product was afforded,
instead. This result reveals the indispensable role of Ni-catalyst
in the C−C bond-forming step for the defluorinative reaction
in DMA. In contrast, when the reaction was conducted in
toluene using TiCp2Cl2 as a catalyst, the hydroalkylation
product 13 could be formed as the single product in a high
yield (Scheme 8).
In summary, we developed a Ni,Ti-cocatalyzed reductive

allylic defluorinative cross-coupling reaction between trifluor-
omethyl alkenes and unactivated alkyl chlorides and bromides.
In this cooperative catalysis, the challenging unactivated
carbon−chloride or carbon−bromide bonds are cleaved by
the Ti(III)-catalyst in a radical pathway, while the following
C−C bond formation and β-F elimination are facilitated by the
Ni-catalyst. This new method offers an efficient entry to a
broad range of gem-difluoroalkenes with a good tolerance of

Scheme 3. Evaluation of the Substrate Scope the Ni/Ti-
Cocatalyzed Reaction by Variation of tert-Alkyl Chloridesa,b

aUnless otherwise specified, reactions were performed on a 0.4 mmol
scale of the trifluoromethyl alkene 1a (0.2 mmol scale for 3ac) using
2.0 equiv of the tertiary chlorides 2, 10 mol % NiBr2, 12 mol % ligand
L1, 20 mol % Ti(indenyl)Cl3, and 3 equiv of Zn in 2.0 mL of DMA at
60 °C for 24 h. bYields of the isolated products.

Scheme 4. Evaluation of the Substrate Scope the Ni/Ti-
Cocatalyzed Reaction by Variation of sec-Alkyl Chlorides/
Bromidesa,b

aUnless otherwise specified, reactions were performed on a 0.4 mmol
scale of the trifluoromethyl alkene 1a (0.2 mmol scale for 4h and
4i) using 2.0 equiv of the secondary bromides 2, 10 mol % NiBr2, 12
mol % ligand L1, 20 mol % Ti(indenyl)Cl3, and 3 equiv of Zn in 2.0
mL of DMA at 60 °C for 24 h. bYields of the isolated products.
cReaction time: 48 h. dReaction performed without Ti(indenyl)Cl3.
eDetermined by 19F-NMR-spectroscopy. fDetermined by 13C NMR-
spectroscopy.
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diverse functional moieties. Moreover, we have successfully
synthesized the gem-difluoroalkene analogues of azaperone,
haloperidol, and benperidol using this Ni,Ti-cocatalyzed
reaction as a key step.
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Scheme 5. Evaluation of the Substrate Scope the Ni/Ti-
Cocatalyzed Reaction by Variation of pri-Alkyl Bromidesa,b

aUnless otherwise specified, reactions were performed on a 0.4 mmol
scale of the trifluoromethyl alkene 1a (0.2 mmol scale for 5l−n) using
2.0 equiv of the primary bromides 2, 10 mol % NiBr2, 12 mol % ligand
L1, 20 mol % Ti(indenyl)Cl3, and 3 equiv of Zn in 2.0 mL of DMA at
60 °C for 24 h. bYields of the isolated products. cReaction performed
without Ti(indenyl)Cl3.

Scheme 6. Synthesis of gem-Difluoroalkene Analogues of Biologically Active γ-Amino-Butyrophenones

Scheme 7. Radical Trapping Reactions with 1,4-
Cyclohexadiene

Scheme 8. Ti-Catalyzed Hydroalkylation of Trifluoromethyl
Alkene 1a
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(d) Beǵue,́ J.-P.; Bonnet-Delpon, D.; Rock, M. H. Addition of
Organolithium Reagents to α-(Trifluoromethyl)styrene: Concise
Synthesis of Functionalised gem-Difluoroalkenes. J. Chem. Soc., Perkin
Trans. 1 1996, 1409−1413. (e) Ichikawa, J.; Fukui, H.; Ishibashi, Y. 1-
Trifluoromethylvinylsilane as a CF2C

−-CH2
+ Synthon: Synthesis of

Functionalized 1,1-Difluoro-1-alkenes via Isolable 2,2-Difluorovinylsi-
lanes. J. Org. Chem. 2003, 68, 7800−7805. (f) Ichikawa, J.; Ishibashi,
Y.; Fukui, H. A Novel Synthesis of Functionalized 1,1-Difluoro-1-
alkenes via Isolable 2,2-Difluorovinylsilanes. Tetrahedron Lett. 2003,
44, 707−710. (g) Ichikawa, J.; Mori, T.; Iwai, Y. A New Class of
Substrates for the Nucleophilic 5-endo-trig Cyclization, 1-Trifluor-
omethylvinyl Compounds: Syntheses of Indoline and Pyrrolidine
Derivatives. Chem. Lett. 2004, 33, 1354−1355. (h) Miura, T.; Ito, Y.;
Murakami, M. Synthesis of gem-Difluoroalkenes via β-Fluoride
Elimination of Organorhodium(I). Chem. Lett. 2008, 37, 1006−
1007. (i) Ichikawa, J.; Iwai, Y.; Nadano, R.; Mori, T.; Ikeda, M. A
New Class of Substrates for Nucleophilic 5-endo-trig Cyclization, 2-
Trifluoromethyl-1-alkenes: Synthesis of Five-Membered Hetero- and
Carbocycles That Bear Fluorinated One-Carbon Units. Chem. - Asian
J. 2008, 3, 393−406. (j) Fuchibe, K.; Takahashi, M.; Ichikawa, J.
Substitution of Two Fluorine Atoms in a Trifluoromethyl Group:
Regioselective Synthesis of 3-Fluoropyrazoles. Angew. Chem., Int. Ed.
2012, 51, 12059−12062. (k) Zhang, Z.; Zhou, Q.; Yu, W.; Li, T.; Wu,
G.; Zhang, Y.; Wang, J. Cu(I)-Catalyzed Cross-Coupling of Terminal
Alkynes with Trifluoromethyl Ketone N-Tosylhydrazones: Access to
1,1-Difluoro-1,3-enynes. Org. Lett. 2015, 17, 2474−2477. (l) Hayashi,
T.; Huang, Y. H. Rhodium-Catalyzed Asymmetric Arylation/
Defluorination of 1-(Trifluoromethyl)alkenes Forming Enantioen-
riched 1,1-Difluoroalkenes. J. Am. Chem. Soc. 2016, 138, 12340−
12343. (m) Liu, Y.; Zhou, Y.; Zhao, Y.; Qu, J. Synthesis of gem-
Difluoroallylboronates via FeCl2-Catalyzed rBoation/β-Fluorine
Elimination of Trifluoromethyl Alkenes. Org. Lett. 2017, 19, 946−
949. (n) Yang, J.; Zhou, X.; Zeng, Y.; Huang, C.; Xiao, Y.; Zhang, J.
Divergent Synthesis from Reactions of 2-Trifluoromethyl-1,3-
conjugated Enynes with N-Acetylated 2-Aminomalonates. Org.
Biomol. Chem. 2017, 15, 2253−2258. (o) Dai, W.; Lin, Y.; Wan, Y.;
Cao, S. Cu-Catalyzed Tertiary Alkylation of α-(Trifluoromethyl)-
styrenes with Tertiary Alkylmagnesium Reagents. Org. Chem. Front.
2018, 5, 55−58. (p) Wu, X.; Xie, F.; Gridnev, I. D.; Zhang, W. A

Organic Letters Letter

DOI: 10.1021/acs.orglett.9b03102
Org. Lett. XXXX, XXX, XXX−XXX

E

http://dx.doi.org/10.1021/acs.orglett.9b03102


Copper-Catalyzed Reductive Defluorination of β-Trifluoromethylated
Enones via Oxidative Homocoupling of Grignard Reagents. Org. Lett.
2018, 20, 1638−1642. (q) Wang, P.; Pu, X.; Zhao, Y.; Wang, P.; Li,
Z.; Zhu, C.; Shi, Z. Enantioselective Copper-Catalyzed Defluor-
oalkylation Using Arylboronate-Activated Alkyl Grignard Reagents. J.
Am. Chem. Soc. 2018, 140, 9061−9065.
(6) For reviews on C-F bond cleavage in organic synthesis, see
(a) Burdeniuc, J.; Jedicka, B.; Crabtree, R. H. Recent Advances in C-F
Bond Activation. Chem. Ber. 1997, 130, 145−154. (b) Amii, H.;
Uneyama, K. C−F Bond Activation in Organic Synthesis. Chem. Rev.
2009, 109, 2119−2183. (c) Ahrens, T.; Kohlmann, J.; Ahrens, M.;
Braun, T. Functionalization of Fluorinated Molecules by Transition-
Metal-Mediated C-F Bond Activation To Access Fluorinated Building
Blocks. Chem. Rev. 2015, 115, 931−972. (d) Fujita, T.; Fuchibe, K.;
Ichikawa, J. Transition-Metal-Mediated and Catalyzed C−F Bond
Activation by Fluorine Elimination. Angew. Chem., Int. Ed. 2019, 58,
390−402.
(7) (a) Xiao, T.; Li, L.; Zhou, L. Synthesis of Functionalized gem-
Difluoroalkenes via a Photocatalytic Decarboxylative/Defluorinative
Reaction. J. Org. Chem. 2016, 81, 7908−7916. (b) Lang, S.; Wiles, R.
J.; Kelly, C. B.; Molander, G. A. Photoredox Generation of Carbon
Centered Radicals Enables the Construction of 1,1-Difluoroalkene
Carbonyl Mimics. Angew. Chem., Int. Ed. 2017, 56, 15073−15077.
(c) Phelan, J. P.; Lang, S. B.; Sim, J.; Berritt, S.; Peat, A. J.; Billings, K.;
Fan, L.; Molander, G. A. Open-Air Alkylation Reactions in
Photoredox-Catalyzed DNA-Encoded Library Synthesis. J. Am.
Chem. Soc. 2019, 141, 3723−3732. (d) Xia, P.-J.; Ye, Z.-P.; Hu, Y.-
Z.; Song, D.; Xiang, H.-Y.; Chen, X.-Q.; Yang, H. Photocatalytic,
Phosphoranyl Radical-Mediated N−O Cleavage of Strained Cyclo-
ketone Oximes. Org. Lett. 2019, 21, 2658−2662. (e) He, Y.; Anand,
D.; Sun, Z.; Zhou, L. Visible-Light-Promoted Redox Neutral γ,γ-
Difluoroallylation of Cycloketone Oxime Ethers with Trifluoromethyl
Alkenes via C−C and C−F Bond Cleavage. Org. Lett. 2019, 21,
3769−3773. (f) Wiles, R. J.; Phelan, J. P.; Molander, J. A. Metal-Free
Defluorinative Arylation of Trifluoromethyl Alkenes via Photoredox
Catalysis. Chem. Commun. 2019, 55, 7599−7602.
(8) (a) Ichitsuka, T.; Fujita, T.; Ichikawa, J. Nickel-Catalyzed Allylic
C(sp3)−F Bond Activation of Trifluoromethyl Groups via β-Fluorine
Elimination: Synthesis of Difluoro-1,4-dienes. ACS Catal. 2015, 5,
5947−5950. (b) Lan, Y.; Yang, F.; Wang, C. Synthesis of gem-
Difluoroalkenes via Nickel-Catalyzed Allylic Defluorinative Reductive
Cross-Coupling. ACS Catal. 2018, 8, 9245−9251. (c) Lin, Z.; Lan, Y.;
Wang, C. Synthesis of gem-Difluoroalkenes via Nickel-Catalyzed
Reductive C−F and C−O Bond Cleavage. ACS Catal. 2019, 9, 775−
781. (d) Lu, X.; Wang, X.-X.; Gong, T.-J.; Pi, J.-J.; He, S.-J.; Fu, Y.
Nickel-Catalyzed Allylic Defluorinative Alkylation of Trifluoromethyl
Alkenes with Reductive Decarboxylation of Redox-active Esters.
Chem. Sci. 2019, 10, 809−814. (e) Ding, D.; Lan, Y.; Lin, Z.; Wang,
C. Synthesis of gem-Difluoroalkenes by Merging Ni-Catalyzed C−F
and C−C Bond Activation in Cross-Electrophile Coupling. Org. Lett.
2019, 21, 2723−2730.
(9) An example of intramolecular reductive coupling reactions
employing unactivated alkyl chlorides: (a) Tollefson, E. J.; Erickson,
L. W.; Jarvo, E. R. Stereospecific Intramolecular Reductive Cross-
Electrophile Coupling Reactions for Cyclopropane Synthesis. J. Am.
Chem. Soc. 2015, 137, 9760−9763. Examples of intermolecular
reductive coupling reactions employing unactivated alkyl chlorides:
(b) Börjesson, M.; Moragas, T.; Martin, R. Ni-Catalyzed Carbox-
ylation of Unactivated Alkyl Chlorides with CO2. J. Am. Chem. Soc.
2016, 138, 7504−7507. (c) Hansen, E. C.; Li, C.; Yang, S.; Pedro, D.;
Weix, D. J. Coupling of Challenging Heteroaryl Halides with Alkyl
Halides via Nickel-Catalyzed Cross-Electrophile Coupling. J. Org.
Chem. 2017, 82, 7085−7092. (d) Wu, X.; Hao, W.; Ye, K.-Y.; Jiang,
B.; Pombar, G.; Song, Z.; Lin, S. Ti-Catalyzed Radical Alkylation of
Secondary and Tertiary Alkyl Chlorides Using Michael Acceptors. J.
Am. Chem. Soc. 2018, 140, 14836−14843. (e) Luo, L.; Zhai, X. Y.;
Wang, Y.-W.; Peng, Y.; Gong, H. Divergent Total Syntheses of C3 a−
C7′ Linked Diketopiperazine Alkaloids (+)-Asperazine and (+)-Pes-

talazine A Enabled by a Ni-Catalyzed Reductive Coupling of Tertiary
Alkyl Chloride. Chem. - Eur. J. 2019, 25, 989−992.
(10) For examples of reductive cross-couplings employing activated
alkyl chlorides, see (a) Cherney, A. H.; Kadunce, N. T.; Reisman, S. E.
Catalytic Asymmetric Reductive Acyl Cross-Coupling: Synthesis of
Enantioenriched Acyclic α,α-Disubstituted Ketones. J. Am. Chem. Soc.
2013, 135, 7442−7445. (b) Cherney, A. H.; Reisman, S. E. Nickel-
Catalyzed Asymmetric Reductive Cross-Coupling between Vinyl and
Benzyl Electrophiles. J. Am. Chem. Soc. 2014, 136, 14365−14368.
(c) Kadunce, N. T.; Reisman, S. E. Nickel-Catalyzed Asymmetric
Reductive Cross-Coupling between Heteroaryl Iodides and α-
Chloronitriles. J. Am. Chem. Soc. 2015, 137, 10480−10483.
(d) Wang, X.; Wang, S.; Xue, W.; Gong, H. Nickel-Catalyzed
Reductive Coupling of Aryl Bromides with Tertiary Alkyl Halides. J.
Am. Chem. Soc. 2015, 137, 11562−11565. (e) Anka-Lufford, L. L.;
Huihui, K. M. M.; Gower, N. J.; Ackerman, L. K. G.; Weix, D. J.
Nickel-Catalyzed Cross-Electrophile Coupling with Organic Reduc-
tants in Non-Amide Solvents. Chem. - Eur. J. 2016, 22, 11564−11567.
(f) Zhang, J.; Lu, G.; Xu, J.; Sun, H.; Shen, Q. Nickel-Catalyzed
Reductive Cross-Coupling of Benzyl Chlorides with Aryl Chlorides/
Fluorides: A One-Pot Synthesis of Diarylmethanes. Org. Lett. 2016,
18, 2860−2863. (g) Poremba, K. E.; Kadunce, N. T.; Suzuki, N.;
Cherney, A. H.; Reisman, S. E. Nickel-Catalyzed Asymmetric
Reductive Cross-Coupling To Access 1,1-Diarylalkanes. J. Am.
Chem. Soc. 2017, 139, 5684−5687. (h) Hofstra, J. L.; Cherney, A.
H.; Ordner, C. M.; Reisman, S. E. Synthesis of Enantioenriched
Allylic Silanes via Nickel-Catalyzed Reductive Cross-Coupling. J. Am.
Chem. Soc. 2018, 140, 139−142. (i) 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, 14490−14497.
(11) For reviews on reductive cross-couplings, see (a) Everson, D.
A.; Weix, D. J. Cross-Electrophile Coupling: Principles of Reactivity
and Selectivity. J. Org. Chem. 2014, 79, 4793−4798. (b) Moragas, T.;
Correa, A.; Martin, R. Metal-Catalyzed Reductive Coupling Reactions
of Organic Halides with Carbonyl-Type Compounds. Chem. - Eur. J.
2014, 20, 8242−8258. (c) Gu, J.; Wang, X.; Xue, W.; Gong, H.
Nickel-Catalyzed Reductive Coupling of Alkyl Halides with Other
Electrophiles: Concept and Mechanistic Considerations. Org. Chem.
Front. 2015, 2, 1411−1421. (d) Weix, D. J. Methods and Mechanisms
for Cross-Electrophile Coupling of Csp2 Halides with Alkyl
Electrophiles. Acc. Chem. Res. 2015, 48, 1767−1775. (e) Wang, X.;
Dai, Y.; Gong, H. Nickel-Catalyzed Reductive Couplings. Top. Curr.
Chem. 2016, 374, 43. (f) Richmond, E.; Moran, J. Recent Advances in
Nickel Catalysis Enabled by Stoichiometric Metallic Reducing Agents.
Synthesis 2018, 50, 499−513.
(12) For selected examples of reductive Ti-catalysis, see
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