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ABSTRACT: A Ni-catalyzed reductive cross-coupling of heteroaryl imines with C(sp*®) electrophiles for the preparation of heterobenzylic
amines is reported. This umpolung-type alkylation proceeds under mild conditions, avoids the pre-generation of organometallic reagents, and
exhibits good functional group tolerance. Mechanistic studies are consistent with the imine substrate acting as a redox-active ligand upon coor-

dination to a low-valent nickel center. The resulting Ni-bis(2-imino)heterocycle complexes can engage in alkylation reactions with a variety of
C(sp®) electrophiles, giving the heterobenzylic amine products in good yields.

Benzylic amines are common substructures in a variety of natural
products, agrochemicals, and pharmaceuticals.' In particular, het-
erobenzylic amines serve as important nitrogen-containing scaffolds
in medicinal chemistry. Two representative examples are Gilead’s
Phase II/III HIV capsid inhibitor Lenacapavir® and Pfizer’s commer-
cial anticancer agent Glasdegib®(Figure 1a). Due to broad interest in
this structural motif, a variety of synthetic approaches to prepare ben-
zylic amines have been developed. Of these methods, the 1,2-addition
of organometallic reagents to imines is one of the most well-estab-
lished;* however, pre-generation of sensitive and reactive organometal-
lic reagents and use of activated imine derivatives (e.g. sulfinyl imines,
N-arylimines, oximes, hydrazones, or phosphoryl imines) is typically
required (Figure 1b). When simple N-alkylimines are employed, stoi-
chiometric Lewis acid additives can be necessary to enhance the reac-
tivity. Moreover, a-deprotonation of the imine substrate by the basic
nucleophiles can be problematic.

In order to improve access to these structures, chemists have explored
two complimentary reaction modes of imines: 1,2-addition of organic

radicals to imines,>®”’

and the reductive alkylation of imines via o.-
amino radicals.® These reactions often exhibit improved functional
group tolerance by avoiding the use of organometallic reagents. As part
of our efforts to broaden the scope of electrophiles for Ni-catalyzed
cross-electrophile coupling, we discovered a mechanistically distinct
Ni-catalyzed reaction that enables the alkylation of heterocyclic
imines.”» This reaction leverages the redox non-innocence of 2-
iminoheterocycles as ligands on Ni in order to generate a-amino radi-
cal intermediates that can engage in alkylation reactions. In this com-
munication, we report the development of this method, which provides
access to a variety of heterobenzylic amines in good yield under mild
conditions (Figure 1c).

Conjugated nitrogen ligands such as diiminopyridines, o-diimines,
and bi- and terpyridines can be electronically non-innocent: their 7-
systems are able to accept one or two electrons when bound to first row
transition metals such as Fe, Co, and Ni."" For various organonickel
complexes, the redox properties of these catalysts have been proposed
to facilitate C—C bond forming and oxidation reactions." Although the
alkylation of imine ligand backbones by organometallic reagents has
been described previously," this reactivity has not been leveraged for a

catalytic cross-coupling. We envisioned that in the presence of a ter-
minal reductant, the radical character on the ligand could be har-
nessed in a metal-catalyzed umpolung alkylation of 2-iminohete-
roarenes.
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Figure 1. Context for development of Ni-catalyzed reductive imine
alkylation.
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Table 1. Optimization of Reaction Conditions®

z NiCl,-dme =z
~ | (5 mol %) ~ |
Ny B P ————————= %\ Ph
Mn® (1.0 equiv)
Neipy TMSCI (2.0 equiv) N o
1a 2a NMP (0.4 M) 3a
(1.0 equiv) (1.2 equiv) 23°C,14 h
entry deviation from standard conditions yield (%)"
1 none 87
2 no TMSCI 39
3 NMP/HFIP (4:1), no TMSCI 67
4 AcOH (1.0 equiv) instead of TMSCI 69
S Zn° (2.0 equiv) instead of Mn° 45
6 TDAE (1.5 equiv) instead of Mn® 12
7 benzyl chloride instead of 2a 88
8 1 mol % NiCl,-dme 83
9 0.1 mol % NiClL-dme 62
10 no Mn®or TMSCI 0
11 no NiCl-dme or TMSCI 19
12 no NiCl,-dme 66
13 MnClL (5 mol %) instead of NiCl,-dme 68
14 MnCL (5mol %) instead of NiCl,-dme, no 30
TMSCI
15 Ni(cod)2 (1.0 equiv), no Mn®or TMSCI 24

“Reactions conducted under inert atmosphere on 0.3 mmol scale. "De-
termined by '"H NMR versus an internal standard.

Our investigations commenced with the coupling between (E)-N-
isopropyl-1-(pyridin-2-yl)methanimine (1a) and benzyl bromide
(2a). Use of NiCl-dme (5 mol %) as catalyst, Mn® as stoichiometric
reductant, NMP as solvent, and TMSCI as additive was found to be
optimal, furnishing the 1,2-addition product 3a in 87% yield (Table
1, entry 1). When TMSCI was omitted from the reaction, 3a was
formed in only 39% yield (entry 2). It is hypothesized that TMSCI
assists the turnover of the Ni catalyst by intercepting the initially
formed anionic imine alkylation product. Protic additives, such as
hexafluoroisopropanol (HFIP) (entry 3) and AcOH (entry 4) were
also beneficial, but inferior to TMSCI. Alternative reductants, such
as Zn" and tetrakis(N,N-dimethylamino )ethylene (TDAE), did not
perform as well as Mn° (entries 5-6). Benzyl chloride was found to
react just as well as 2a, providing the identical product in 88% yield
(entry 7). The catalyst loading could be dropped to 1 mol % with
only a small decrease in yield (entry 8); however, further lowering
the catalyst loading to 0.1 mol % significantly reduced the yield (en-
try 9).

A series of control experiments determined that no product formed
in the absence of Mn® and TMSCI (entry 10). However, we were
surprised to find that 3a still forms with just Mn® (19% yield, entry
11). Moreover, when the reaction was carried out under otherwise
identical conditions but without NiCl,-dme, or using MnCl, instead
of NiCl-dme, 3a was obtained in 66% yield (entry 12) and 68% yield
(entry 13), respectively. Use of MnCl, instead of NiCl,-dme in the
absence of TMSCl resulted in lower yield (entry 14). One possible
explanation is that the combination of Mn” and TMSCI generates
MnCl,, which may also form a redox active complex with the

coordinated heteroaryl imine.'* A second explanation is that the Mn°
source has trace Ni. Trace metal analysis by ICP-MS confirmed that
the Mn° source contains 54 ppm total Ni species. However, this
would represent a very low concentration of Ni catalyst (<0.005 mol
%). Use of Ni(cod)2 (1.0 equiv) in place of NiCl-dme, in the ab-
sence of Mn® and TMSC], furnished 3a in 24% yield, confirming that
Mnis not required for product formation (entry 15). Although use
of MnClL  gives product, the  combination of
NiCl,-dme/Mn’/TMSCl consistently gave better yields in the imine
alkylation. As a result, these conditions were used to evaluate the
scope of the reaction.

With the optimized conditions in hand, the scope of the heteroaryl
imine coupling partner was investigated (Scheme 1). Sterically di-
verse N-substitution on the imine was well tolerated, affording the
products containing n-Bu, i-Pr, and t-Bu groups in high yields (3a-
3c). Imines bearing cyclopropyl and cyclobutyl groups, two increas-
ingly popular fragments in drug development,~ provided the coupled
products in 67% yield (3d) and 70% yield (3e), respectively. Use of
the chiral imine derived from (R)-1-phenylethylamine gave product
3f in good yield, albeit with poor diastereoselectivity. The use of a
ketimine substrate did resultin product formation (3g), however the
yield was low, likely due to the increased steric hindrance at the site
of C-C bond formation.

Electron donating substituents at the 4- and S-position of the pyri-
dine were tolerated, furnishing the desired products in generally
good yields (3i-3k). Substitution at the 6-position afforded the
products in lower yields (3h, 3m, and S$3a), possibly because the
substituent hinders coordination of the imine to the Ni-catalyst. In
general, substrates bearing electron withdrawing groups at the 5-po-
sition give lower yield of the product, possibly due to competitive
over reduction.” In addition to 2-iminopyridines, several other het-
erocyclic imines can be employed, including the corresponding ben-
zimidazole (30), thiazole (3p), pyrimidine (3q), and quinoline
(3r).

A range of substituted benzylic bromides could be coupled with
imine la. Benzylic bromides with ortho substitution coupled
smoothly, affording products 4d—4g in good yield. In addition, the
reaction exhibits chemoselectivity for the benzylic halide in the pres-
ence of aryl iodides and bromides (4f and 4g); these functionalities
are frequently incompatible with standard organometallic reagents.
Benzylic chlorides perform comparably under standard reaction
conditions (3b and 4j). A secondary benzylic chloride also under-
went the alkylation, although in reduced yield and with poor dia-
stereoselectivity (4k).

Non-benzylic alkyl halides were also investigated (Scheme 1), which
revealed that the yield of the reaction is influenced by both the iden-
tity of the imine and the alkyl electrophile. Whereas efforts to couple
cyclohexyl iodide with 2-iminopyridine 1a gave significant quanti-
ties of the imine homocoupling product 1a’,'* the corresponding sec-
alkyl N-hydroxyphthalimide (NHP) esters were competent cou-
pling partners, giving the desired products in serviceable yields (40—
4r).» The less hindered n-Bu imine 1b was less prone to homocou-
pling and could be coupled with cyclohexyl iodide and cyclohexyl
bromide to furnish 41in 7% yield and 32% yield respectively. Reac-
tion of 1b with the corresponding heterocyclic halides furnished
products 4m and 4n in modest to good yields but with excellent se-
lectivity for the 1,2-addition product. For comparison, benzylic hal-
ides 4h and 4i and an NHP ester (41, X = CONHP) that performed
well with branched imine 1a were coupled with imine 1b to afford



products in comparable yields (Scheme 1). Taken together, these
scope studies demonstrate a generally high tolerance for nitrile,

Scheme 1. Substrate Scope’
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“Reactions conducted under inert atmosphere on 0.3 mmol scale with isolated yields reported as average of 2 runs. *1.0 mmol scale.

ketone, ester, and halide functional groups, which often are poorly Initial mechanistic investigations were focused on the role of Ni and
tolerated under standard organometallic conditions. Mn, given that productive reactivity is observed in the absence of Ni
(Table 1, entries 11-14). When the reaction between la and



cyclohexyl iodide was carried out electrochemically with a reticu-
lated vitreous carbon foam (RVC) cathode and Zn° as a sacrificial
anode, amine 40 was isolated in 58% yield (Scheme 2a). Addition of
imine 1a (2.0 equiv) to Ni(cod)2 (1.0 equiv) resulted in formation
of a royal-purple colored complex presumed to be bis(2-imino-
pyridine) complex §; subsequent addition of benzyl bromide and
TMSCl provided 3ain 51% yield (Scheme 2b). Addition of pregen-
erated benzyl manganese chloride» 6 to imine 1a in the absence of
NiCl,-dme failed to give imine alkylation product 3a; when the same
experiment was conducted in the presence of Ni, diamine 1a’ was
produced 57% yield (Scheme 2c). Finally, the importance of form-
ing a bidentate substrate-metal complex was confirmed by using
benzaldehyde-derived imine 7 and isomeric pyridyl imine 8, which
both failed to undergo the coupling reaction under standard condi-
tions (Scheme 2d). Taken together, these results demonstrate that
Mn is not required for product formation and that Ni catalyzes the
radical alkylation reaction through bidentate coordination to the
imine substrate.

a) Electrochemical coupling
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Figure 2. Mechanistic studies.

We next decided to investigate our hypothesis that these substrates
are non-innocent ligands in reduced Ni complexes. Although redox-
active 2-iminopyridines have not previously been leveraged for Ni-
catalyzed cross-electrophile couplings, Wieghardt and others have
characterized the redox properties and electronic structures of low-
valent bis(2-imino)pyridine nickel complexes. In Wieghardt’s stud-
ies, the electronic structure of the formally Ni’ complex 11 can be
best described as a Ni" with antiferromagnetically coupled ligand-
based radicals localized on the imine carbons. Oxidation of this com-
plex results in a Ni' complex 11°* with remarkable covalency be-
tween the metal-ligand 7-system (Scheme 2e).» DFT= and EPR» on
putative reaction intermediates derived from 1a verified that the
complex §»and 5°* has similar electronic properties to those (11 and
11) studied by Wieghardt (Figure 2e).>* We hypothesize the sub-
strate’s capacity to act as a redox-active ligand enables the activation
of imines for alkyl radical addition under mild conditions through
coordination to low-valent Ni.

From the calculated electronic structures and mechanistic experi-
ments, a plausible mechanism is proposed in Scheme 2. Initial com-
plexation of the bidentate 2-iminoheteroarene with the Ni"-precat-
alyst is hypothesized to form complex I, which could undergo two
electron reduction to yield intermediate IL. Addition of the C(sp?)
radical to II would give Ni' complex III, which can propagate the
radical chain by single electron transfer (SET) to the electrophile
while generating Ni" complex IV. With the assistance of N-silylation
of the alkylated product, ligand exchange with the 2-iminohete-
roarene could then regenerate complex I. We hypothesize the radi-
cal character localized on the imine carbon of nickel complex II fa-
cilitates the addition of an alkyl radical (Figure 2); however, alterna-
tive mechanisms involving radical addition to (1a).Ni' (§°) cannot
be ruled out at this time.

N
L,
3-TMS N T )
x~No, | WN 0
Nl SR? Mn
TMSCI N/ SN N
1 _ ligand X reduction
exchange R ]
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Figure 2. Proposed catalytic cycle.

In conclusion, the Ni-catalyzed reductive cross-coupling of redox-
active imines with C(sp?) alkyl electrophiles has been reported. The
reaction occurs under mild conditions and is tolerant of a variety of
functional groups, including N- and S-heterocyclic coupling part-
ners. Formation of low valent Ni-2-iminoheteroarene complexes
provides a mild way to access intermediates primed for radical addi-
tion. Further mechanistic investigations into the nature of the exact
mode of C(sp*) and C(sp*) electrophile activation as well as the role



of manganese salts formed during the reaction are the subject of on-
going research in our laboratory.
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