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ABSTRACT: This report describes a three-component, Ni-
catalyzed reductive coupling that enables the convergent
synthesis of tertiary benzhydryl amines, which are challenging
to access by traditional reductive amination methodologies.
The reaction makes use of iminium ions generated in situ from
the condensation of secondary N-trimethylsilyl amines with
benzaldehydes, and these species undergo reaction with several
distinct classes of organic electrophiles. The synthetic value of
this process is demonstrated by a single-step synthesis of antimigraine drug flunarizine (Sibelium) and high yielding derivatization
of paroxetine (Paxil) and metoprolol (Lopressor). Mechanistic investigations support a sequential oxidative addition mechanism
rather than a pathway proceeding via α-amino radical formation. Accordingly, application of catalytic conditions to an
intramolecular reductive coupling is demonstrated for the synthesis of endo- and exocyclic benzhydryl amines.

■ INTRODUCTION

Reductive amination is among the most important methods for
the synthesis of alkylamines and has seen widespread application
in the preparation of bioactive compounds. A recent analysis of
drug candidate syntheses published by three pharmaceutical
companies revealed that reductive amination is the sixth most
frequently used transformation in medicinal chemistry, repre-
senting 5.3% of the data set and accounting for approximately
one-quarter of all heteroatom alkylations/arylations.1 Reductive
amination has been carried out on large scale for the industrial
manufacture of a number of pharmaceutical agents.2 Notably, it
was the process chemistry group at Johnson & Johnson that
developed sodium triacetoxyborohydride (STAB), the reducing
agent of choice for reductive amination, when they found that
previously reported reagents either were not selective for imine
over carbonyl reduction or resulted in the formation of toxic and
inseparable byproducts.3 Using STAB, a wide range of
aldehydes/ketones and 1°/2° amines proved amenable to
reductive amination, which provided a reliable and modular
method to access complex alkylamine products (Scheme 1a).4

Despite the overwhelming utility of reductive amination for
the synthesis of 2°/3° alkylamines, the methodology is not
universal. Most notably, acetophenone and benzophenone
derivatives typically undergo reaction very slowly, if at all, due
to low iminium concentration and/or favorable enamine
tautomerization.4 This limitation impedes access to benzyl and
benzhydryl amines, which represent common motifs in
pharmaceutical agents.5 While many powerful methods exist
for the synthesis of benzyl amines, the synthesis of benzyhydryl
amines typically involves a multistep protocol and the use of toxic
alkylating reagents or reactive organometallic species (Scheme

1b).6 The Petasis reaction represents a useful three-component
approach to the synthesis of complex amines that avoids many of
these disadvantages, though it too suffers from substantial
limitations with respect to substrate scope, typically requiring
aldehydes with proximal coordinating functionality.7 Le Gall and
co-workers have published several reports of Barbier-type
conditions that deliver benzyhydryl amines.8 However, use of
heteroaryl halides was not successful, and examples of intra-
molecular coupling reactions have not been reported (vide inf ra).
Moreover, the reported scope of α-branched amines is limited to
L-proline methyl ester.8c In related work, the Saidi group has
demonstrated LiClO4-promoted reactions of iminium ions with
alkyl- and alkynylzinc halides, α-halozinc esters, and nucleophilic
arenes.9 As an alternative, we envisioned a direct Ni-catalyzed
C−C bond-forming three-component coupling between ben-
zaldehydes, amines, and organohalides. Such a strategy would
avoid the challenges associated with iminium formation from
aromatic ketones while maintaining the positive attributes of
reductive amination, namely the ability to deliver rapid and
modular access to a broad range of amines from abundant and
structurally diverse feedstocks.
We have previously disclosed two strategies for Ni-catalyzed

coupling reactions with iminium and oxocarbenium ions that
prompted us to investigate Ni catalysis for this three-component
coupling. In one approach, the iminium or oxocarbenium ion
serves as a two-electron oxidant for Ni; transmetalation of the
resulting oxidative adduct with an organometallic reagent and
reductive elimination deliver the α-substituted amine or ether
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product.10 Whereas this approach was generally limited to
heteroaromatic electrophiles (quinolinium, pyridinium, benzo-
pyrylium ions)11 and required the use of organometallic reagents,
we recently demonstrated an alternative approach based on a
cross-electrophile coupling manifold for the reaction of
benzaldehyde-derived acetals and aryl iodides.12 In this
approach, single-electron reduction of an oxocarbenium ion
generated from the acetal and a Lewis acid delivers an α-oxy
radical that can be intercepted by Ni. Oxidative addition of a Ni
adduct with an aryl halide, followed by reductive elimination,
furnishes the benzhydryl ether product, and finally, single-
electron transfer from a stoichiometric reductant turns over the
Ni catalyst. We elected to pursue this strategy for the reductive
amination since cross-electrophile couplings are compatible with
Lewis acids of the sort necessary to induce iminium formation
from the condensation of an amine and aldehyde (Scheme
1c).13,14 Furthermore, a broad range of stable and commercially
available organic electrophiles (aryl, vinyl, alkyl, and acyl halides)
have been shown to be effective partners in cross-electrophile
couplings.15

■ RESULTS AND DISCUSSION
Optimization Studies. At the outset of our studies, we

anticipated a number of challenges in applying a Ni-catalyzed
cross-electrophile coupling strategy to reductive amination.
These included achieving selectivity for iminium over oxonium
coupling, preventing electrophile homocoupling pathways, and
avoiding catalyst poisoning by the secondary amine substrate and
tertiary amine product. To simplify reaction development, we
began our studies by investigating the two-component coupling

of preformed iminium triflate 1 and 4-fluoroiodobenzene in the
presence of Zn dust. In the absence of a transition metal catalyst,
no product formation was observed (Table 1). With the addition
of 10 mol % NiBr2·glyme under “ligandless” conditions,
benzhydryl amine 2 was formed in 20% yield. The addition of
bi- and tridentate amine ligands substantially improved the
reaction outcome, with the highest yields of 2 obtained when
quinox, pybox, or 2,6-bis(N-pyrazolyl)pyridine (bpp) was
employed (L6−L8). For a number of classes of amine ligands,
substitution proximal to the metal binding sites led to decreased
yields relative to those observed with the corresponding
unsubstituted ligand (see Table S1).
Although pybox (L7) provided the highest yield in the two-

component coupling with preformed iminium ion 1, in our
efforts to develop a three-component coupling, bpp (L8) proved
to be superior (see Table S8). This ligand is easy to prepare on
multigram scale and has previously been identified by our lab as
effective at promoting Ni-catalyzed reductive couplings of aryl
iodides with oxocarbenium ions and with styrenyl aziridines.12,16

With these optimized conditions, we turned our attention to
the three-component coupling by selecting the reaction of 4-
fluorobenzaldehyde (3), morpholine, and 4-fluoroiodobenzene
as a model system. An evaluation of Lewis acid additives revealed
that TMSCl provided only trace 4 (Table 2, entry 1), while the
use of TBSOTf led to an enhanced 43% yield (entry 2). In a
separate set of experiments, addition of tetra-n-butylammonium
chloride (TBACl) to the coupling reaction of 1 led to a
substantially diminished yield of 2, suggesting that the difference
in reactivity between TMSCl and TBSOTf is primarily due to
poisoning of the Ni catalyst by chloride anion (see Table S3 for
details). A similar control experiment with exogenous dimethyl-
amine indicated that free secondary amines also have a
deleterious effect on the reaction outcome. In contrast, the
addition of N-trimethylsilyl dimethylamine had no negative
effect on the yield (see Supporting Information). With this
knowledge at hand, we reasoned that using N-trimethylsilyl
morpholine in place of morpholine in the three-component

Scheme 1. Traditional versus Proposed Reductive Amination Table 1. Ligand Evaluationa

aReactions run on 0.2 mmol scale with 3.0 equiv ArI (Ar = 4-
fluorophenyl). bDetermined using 19F NMR analysis versus 1-
fluoronaphthalene as a quantitative external standard. cDetermined
from the yield of 4-fluorobenzaldehyde (3) following aqueous workup.
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reaction might therefore lead to more efficient formation of 4.
Notably, the use of N-trimethylsilyl amines in conjunction with
silyl triflates has been previously reported for the generation of
iminium ions.17 In the event, enhanced yields were observed
under these conditions with both TMSCl and TBSOTf as the
Lewis acid (entries 3−4). The optimized reaction conditions
with TBSOTf provide high selectivity for the desired
functionalization of the iminium ion over the intermediate
oxosilenium ion; < 5% yield of a benzhydryl TBS ether side
product is observed. In addition, cross coupling is strongly
favored over homocoupling of both the iminium ion and the aryl
iodide. Accordingly, the organohalide loading could be lowered
from 3.0 to 1.5 equiv without strongly affecting the yield of the
reaction.
While the ability to effect the three-component reaction of

aldehydes, aryl iodides, and N-trimethylsilyl amines in high yield
was gratifying, we recognized that the practical scope of the
reaction would be decreased due to the limited commercial
availability of N-trimethylsilyl amines.18 Furthermore, these
species are challenging to isolate cleanly due to facile hydrolysis.
Therefore, we sought convenient conditions for the synthesis
and use of N-trimethylsilyl amines that did not require their
isolation. On the basis of a procedure from Dilman and co-
workers,17b we found that exposing secondary amine 5 to proton
sponge and TMSOTf, followed by filtration, resulted in a dioxane
solution of N-trimethylsilyl amine 6 of sufficient purity for direct
use in the three-component reaction (Scheme 2). In this study,

proton sponge was uniquely effective in promoting the silylation;
other organic or inorganic bases we examined did not lead to
complete silylation or only did so for especially nucleophilic
secondary amines.

Intermolecular Scope Elucidation. With optimized
conditions in hand, we sought to evaluate the scope of the C−
C bond-forming reductive amination reaction. Drawing on
commercially available N-trimethylsilyl amines, we first estab-
lished the scope of the benzaldehyde and aryl iodide components
(Table 3a). Aromatic aldehydes bearing electron-withdrawing
(8a, 8b), -neutral (8d), and -donating substituents (8e, 8f) all
perform extremely well under the reaction conditions. Gratify-
ingly, a broad tolerance was observed with respect to the
electronic properties of the aryl iodide component as well (cf. 8c,
8d). We were pleased to find that a variety of heteroaromatic
aldehydes were compatible with the reaction conditions. Thus, α-
branched tertiary amines containing furan (8g), benzothiophene
(8h), indole (8i), and pyridine (8j) groups were all accessed in
good to excellent yields. Even ferrocenecarboxaldehyde provided
the corresponding reductive amination product (8l), albeit in a
somewhat reduced yield. In general, moderately electron-rich
aldehydes and aryl halides tend to provide higher yields than
electron-deficient partners. In particular, electron-deficient
heteroaromatic aldehydes, such as 3-pyridinecarboxaldehyde,
afford only trace amounts of the desired C−C coupled product
(see Table S13). Nevertheless, owing to the modularity of the
method, the same substituent may be introduced as the halide
instead: 3-iodopyridine afforded cross-coupled product 8k in
62% yield.
Regarding the scope in amine for the Ni-catalyzed iminium

functionalization disclosed herein, application of the TMSOTf/
proton sponge silylation conditions substantially widens the
diversity of products accessible by this three-component
transformation (Table 3b). Thus, efficient reductive coupling
was realized utilizing acyclic aliphatic (7, 9b), benzylic (9c),
homobenzylic (9a), and allylic amines (9d). A noteworthy
example is compound 9c, which is generated in 77% isolated
yield and features distinct handles for orthogonal functionaliza-
tion at the amino group after selective PMB-deprotection19 and
at the Cl or BPin groups by metal-catalyzed cross coupling.
Further, numerous exo- and endocyclic secondary amines (9f−
9i) are well tolerated under the reaction conditions, including
highly sterically congested cis-2,6-dimethylpiperidine.
The potential of the method with respect to library synthesis

for the pharmaceutical and agrochemical industries was explored
further using more complex amine substrates. Thus, pyrimidine-
and benzoisothiazole-derived amines are competent substrates
for this transformation (9j and 9k). We were pleased to find that
excellent diastereoselectivities were achieved employing chiral
secondary amine starting materials (9l and 9m). By utilizing
(−)-ephedrine as the amine component, simple replacement of
both exchangeable protons by TMS groups during the in situ
silylation step allows isolation of silylated nicotine aldehyde
derivative 9m in 81% yield. Further support for a synthetically
valuable process is demonstrated by the high yielding, single-step
synthesis of flunarizine (9n), the active agent of antimigraine
drug Sibelium.
For comparison, established syntheses of flunarizine require

four synthetic steps and use toxic alkylating agents.20 Traditional
reductive amination is ineffective for the synthesis of flunarizine
and other benzhydryl amines in this study. For example,
attempted syntheses of flunarizine using recently identified
conditions for reductive amination of benzophenones21 or

Table 2. Development of a Three-Component Couplinga

entry X Lewis acid
conv 3
(%)b

yield
(%)b

biaryl
(%)b

dimer
(%)b,c

1 H TMSCl 87 1 0 20
2 H TBSOTf 78 43 2 1
3 TMS TMSCl 99 37 9 7
4 TMS TBSOTf 99 90 1 0

aReactions run on 0.25 mmol scale with 3.0 equiv ArI (Ar = 4-
fluorophenyl). bDetermined using 19F NMR analysis versus 1-
fluoronaphthalene as a quantitative external standard. cYield of 1,2-
bis(5-fluorophenyl)-1,2-dimorpholinoethane (dimerized iminium ion).

Scheme 2. N-Trimethylsilyl Amine Preparation and
Immediate Use in Three-Component Couplinga

aIsolated yield on 0.5 mmol scale with 1.5 equiv ArI (Ar = 4-
chlorophenyl).
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Table 3. Substrate Scope for Three-Component Couplinga

aIsolated yields on 0.5 mmol scale. bPerformed using 2.0 equiv aryl iodide. cRelative configuration determined by X-ray crystallography. dStarting
material was the free amino alcohol with 2.4 equiv proton sponge and 2.5 equiv TMSOTf used in the silylation step. ePerformed at 65 °C using 2.0
equiv of aryl bromide and quinox (12 mol %) in place of bpp. fPerformed in THF (0.2 M). gPerformed in toluene (0.2 M) using 2.0 equiv alkyl
bromide and 3.0 equiv Zn0 under ligandless conditions.
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Ti(Oi-Pr)4/NaBH4 failed to produce the active ingredient.
Additionally, homoveratrylamine-derived product 9a is inacces-
sible by reductive amination using STAB but is generated in 93%
yield under the Ni-catalyzed conditions (see Supporting
Information). Our reductive iminium coupling protocol is also
suitable for the late-stage derivatization of secondary amine
pharmaceuticals, as the active ingredients of antihypertensive
drug Lopressor (metoprolol) and antidepressant Paxil (parox-
etine) perform well under the Ni-catalyzed coupling conditions
(9o, 9p). Finally, the reductive cross coupling can easily be scaled
up and performed on the benchtop using solvent as purchased.
For example, benzhydryl amine 9i was furnished in 69% yield
under these user-friendly conditions (Scheme 3).

Aside from aryl iodides, other aryl, vinyl, and alkyl halides serve
as coupling partners. Only minor changes to the reaction
conditions were required to effect cross coupling with aryl
bromides (Table 3c). Benzhydryl amines 10a−10c were formed
in high yield employing quinox (L6) as a ligand and 2.0 equiv of
the electrophile at slightly elevated temperature (65 °C). Since
more aryl bromides are commercially available than aryl iodides,
we expect that these results will enhance the versatility of the
reaction. Couplings using vinyl triflates (11), vinyl bromides
(12), and alkyl bromides (13) are also possible (Table 3d).
However, it is important to note that control reactions on the
alkyl coupling reveal background reactivity in the absence of a Ni
catalyst (up to 11% yield 13) and may therefore implicate a
different overall mechanism.
Intramolecular Scope Elucidation.Having established the

scope of the three-component coupling, we questioned whether
the process might be amenable to intramolecular variants as well.
In particular, we sought to explore the reductive coupling of
organohalides tethered to aromatic aldehydes or to secondary
amines. We envisioned that this two-component cyclization
would provide convenient access to valuable exo- and endocyclic
tertiary amine products while maintaining high degrees of
modularity.
Under the standard reaction conditions, intramolecular

reductive amination of tethered bromoaldehydes is possible.
Thus, exocyclic tertiary amines derived from fluorene (15a),
xanthene (15b), and benzoxepane (15c) were obtained in high
yields (Table 4a). The reaction of vinyl bromide substrate 14d
was somewhat less efficient but provided dimethylamino-
chromane 15d in a preparatively useful 50% yield. Interestingly,
aryl bromides were found to be more efficient cyclization
substrates than aryl iodides; aryl iodides underwent unproductive

protodehalogenation under the reaction conditions. It is also
notable that the intramolecular reactions are much more
sensitive to the amine identity, presumably because the rigidity
and steric hindrance conferred by the intramolecular substrate
impose additional constraints on the chemistry taking place at
the Ni center.22 For example, in case of substrate 14c, use of
TMS−pyrrolidine and TMS−NMeCy in place of TMS−NMe2
delivered cyclized products in only 33% and 14% yield,
respectively.23

We next turned to the reactivity of tethered bromoamines with
benzaldehydes en route to pharmaceutically relevant 1-aryl
benzocylic amines. We found that bidentate quinox provided far
superior yields than tridentate bpp for this class of cyclizations,
possibly due to relief of steric hindrance around the Ni center. All
examined cyclization substrates furnished the targeted endocy-
clic benzhydrylamines irrespective of the length of the methylene
spacer (Table 4b). However, the overall efficiency of these
cyclizations is diminished compared to that for the exocyclic
amine synthesis described above. For example, 1-(4-fluorophen-
yl)-substituted isoindoline 17a, tetrahydroquinoline 17b, and
tetrahydrobenzoazepine 17c were obtained in 26−67% yield.
Nevertheless, the modularity renders this two-component
coupling an attractive alternative to traditional, more linear
syntheses of exo- and endocyclic benzhydryl amines.

Mechanistic Investigations. While the iminium function-
alization is clearly Ni-catalyzed (see Table 1), we sought evidence
to distinguish among various possible mechanisms.24 We
considered three pathways in which Ni directly mediates C−C
bond formation from a NiIII intermediate (Scheme 4). Related to
our previously proposedmechanism for the reductive coupling of
acetals, the iminium coupling could proceed by oxidative
addition of Ni0 I to the organohalide electrophile. Concurrently,
Zn-mediated single-electron reduction of the iminium ion
provides α-amino radical B that intercepts NiII complex II to
provide NiIII adduct III. C−C reductive elimination then affords
the alkylamine product and NiI halide IV, which is reduced to
complete the catalytic cycle (Scheme 4a).12,25 Alternatively, if

Scheme 3. Benchtop Reaction Scale-Upa

aSet up on the benchtop using Schlenk techniques and dioxane
(anhydrous) purchased from Sigma-Aldrich: proton sponge (1.2
equiv), TMSOTf (1.25 equiv) for amine silylation; then NiBr2·glyme
(10 mol %), bpp (12 mol %), Zn0 (2.0 equiv), TBSOTf (1.2 equiv),
dioxane (0.2 M), 50 °C, 24 h.

Table 4. Intramolecular Reductive Aminationa

aIsolated yields on 0.5 mmol scale. bReactions run in THF (0.05 M).
cReactions run in dioxane (0.1 M) with quinox (12 mol %) in place of
bpp.
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Zn-mediated reduction of the iminium ion is not facile, the
reaction may instead occur by a radical chain process. In this
process, NiI complex IV serves as a single-electron reductant for
the iminium ion, and the resultant NiII halide is reduced by Zn to
Ni0 species I.
A third alternative that we considered is a sequential oxidative

addition pathway, which differs from the first two possible
mechanisms in that it altogether avoids formation of a discrete
free α-amino radical (Scheme 4b). Specifically, Ni could undergo
two sequential two-electron oxidative additions to the aryl halide
and iminium ion, enabled by an intermediate one-electron
reduction of NiII complex II by Zn. Reductive elimination of NiIII

adduct III delivers the benhydryl amine product and NiI halide
IV, which is reduced by Zn to turn over the catalytic cycle. The
stoichiometric oxidative addition of Ni0 to the chloride analogue
of Eschenmoser’s salt was demonstrated by Pierpont and
Barefield in the 1970s, and our lab has described catalytic
coupling chemistry of quinolinium and pyridinium ions
according to this elementary step.10,26

A fourth distinct mechanism proceeds by Ni-catalyzed
generation of an organozinc reagent, followed by noncatalyzed
addition of that species to the iminium ion. Indeed, in the case of
aldehyde 3, a preformed arylzinc bromide is a competent
nucleophile toward addition to the iminium ion formed in situ,
providing 2 in similar yield to the standard reaction conditions
(Table 5, entries 1−2). The work of Le Gall and co-workers
provides precedent for this mechanism via cobalt catalysis,
though in most cases the zinc reagent is formed prior to the
introduction of the iminium precursors.8 In contrast, Gosmini
and co-workers have reported that NiCl2 does not promote
arylzinc generation under similar conditions.27

As a first mechanistic probe, we evaluated the use of
tetrakis(dimethylamino)ethylene (TDAE) as an organic reduc-
tant. In a number of previously published examples of Ni-
catalyzed cross-electrophile couplings, the intermediacy of
organometallic reagents has been unambiguously ruled out by
demonstrating high levels of product formation when TDAEwas
used in place of Zn or Mn.28 However, because TDAE (Ered

1/2 =
−0.78 V vs SCE in MeCN)29 is a soluble reductant, whereas Zn
(Ered

1/2 =−1.0 V vs SCE inMeCN) is not, the failure of TDAE to
replicate the Zn/Mn conditions cannot necessarily be taken as
evidence in favor of an organometallic intermediate. In our case, a
reaction with preformed iminium ion 1 (Ered1/2 =−0.97 V vs SCE
in MeCN) and TDAE afforded <1% yield of cross-coupled
product 2 (Scheme 5a). Instead, the majority of the mass balance

was accounted for by dimerized iminium ion 18, formed upon
exposure of the iminium ion to TDAE even in the absence of Ni.
Thus, TDAE’s failure as a reductant did not allow us to rule out
organozinc formation.
We next hypothesized that it might be possible to gain insight

into the presence or absence of organozinc species bymodulating
the reactivity of the iminium ion. All of the Ni cross-coupling
pathways in Scheme 4 involve a formal 1- or 2-electron reduction
of the iminium ion at some point in the catalytic cycle. In such a
scenario, an iminium ion with a low enough reduction potential
would be an unsuitable substrate for the Ni-catalyzed reaction
but might still be susceptible to nucleophilic 1,2-addition by a
preformed arylzinc halide. Consistent with this hypothesis, a
reaction involving electron-rich iminium ion 20 (Ered1/2 = −1.26
V vs SCE in MeCN for the corresponding dimethylamine-
derived iminium ion) does not form reductive amination product
21 under the standard conditions, while a reaction of the same
electrophile with a preformed arylzinc bromide provides 21 in
78% yield (Scheme 5b). This result, in combination with further
experiments presented below, argues against the formation of
organozinc species in the arylation reaction.
We next turned our attention to evaluating the three

mechanistic scenarios involving Ni-mediated C−C bond
formation (see Scheme 4). Initially, we sought evidence for the
formation of α-amino radical B by introducing various
intermolecular radical traps. The addition of 1 equiv TEMPO

Scheme 4. Possible Reaction Mechanisms

Table 5. Additives as Mechanistic Probesa

entry additive (equiv) conversion 3 (%)b yield (%)b

1 none 94 95
2 ArZnBr (2 equiv)c 100 85
3 TEMPO (1 equiv) 52 1
4 styrene (3 equiv) 87 80
5 1,1-diphenylethylene (5 equiv) 96 89

aReactions run on 0.5 mmol scale with 1.5 equiv ArI (Ar = 4-
fluorophenyl). bDetermined using 19F NMR analysis versus 1-
fluoronaphthalene as a quantitative external standard. cNo ArI was
added.
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almost completely shut down productive reactivity, which
suggested the presence of some odd-electron intermediate
(Table 5, entry 3). However, no TEMPO adducts were observed
by NMR following the reaction. In the absence of direct evidence
for such a species, the deleterious effect of TEMPO cannot be
taken as confirmation of organic radical formation under the
reaction conditions, as TEMPO could serve to poison the Ni
catalyst instead.
Attempts to trap an organic radical species intermolecularly

with styrene or 1,1-diphenylethylene additives were unsuccess-
ful, as only a small decrease in the yield of 2 was observed in both
cases (entries 4−5). A similar experiment was carried out in the
presence of ethyl acrylate in the anticipation that a pathway
involving radical trapping and functionalization by Ni would lead
to the formation of adduct 22. Instead, we observed formation of
the alternate regioisomer 23; importantly, acrylate incorporation
does not occur in the reaction with a preformed arylzinc reagent
in the absence of a NiII catalyst (Scheme 6a). The formation of 23
is consistent with the Heck insertion of a NiII−Ar complex across
the acrylate π-bond; a mechanism proceeding by a Ni0/I/III cycle
would be anticipated to generate 22 or a mixture of 22 and 23.
Interestingly, this result stands in contrast to the recent reductive
cross-coupling work of Nevado and co-workers in which alkyl
radical addition to acrylonitrile is observed over Heck insertion of
preformed (dtbbpy)NiIIArCl.28d The differing regiochemical
outcome in the iminum coupling is most consistent with a
sequential oxidative addition mechanism that avoids formation
of a free α-amino radical.
Further evidence in favor of this mechanism was obtained

when we evaluated substrates that might undergo intramolecular
radical cyclization.30 Specifically, when we exposed preformed
homoallyl iminium ion 24 to the standard reaction conditions,

we did not observe formation of radical cyclization product 25 or
more than trace amounts of direct arylation product 26.31 Rather,
the major product was homoallyl benzene 27, which could result
from an aza-Cope rearrangement of 24 to 28 and subsequent Ni-
catalyzed methylene functionalization (Scheme 6b). Notably,
computational analysis indicates that 24 is the thermodynami-
cally favored iminium ion by 7.7 kcal/mol, and 29 is the more
stable radical by 9.6 kcal/mol. Since 27 arises from the less stable
iminium ion that is also harder to reduce,32 the result is
inconsistent with a mechanism wherein Zn mediates reduction
by single electron transfer. Instead, these data suggest that Ni
reacts with the iminium ion directly and selectively, favoring
reaction with 28 presumably for steric reasons. Product 27 could
thereby arise via either a Curtin−Hammett scenario or with Ni
involved in both the iminium rearrangement and reduction.
We also evaluated 2-allylbenzaldehyde 31 as a radical

cyclization probe. Once again, 32, the anticipated product of
radical cyclization/functionalization, was not formed under the

Scheme 5. Assessing the Roles of Ni and Zna

aSee Supporting Information for complete details of reaction
conditions. Yields are determined by 19F/1H NMR versus 1-
fluoronaphthalene or dimethyl terephthalate as a quantitative external
standard. Ar = 4-fluorophenyl; Ar′ = 2,3-dihydrobenzofuran-5-yl.

Scheme 6. Additional Mechanistic Experimentsa

aSee Supporting Information for complete details of reaction
conditions. Yields are determined by 19F NMR versus 1-fluoronaph-
thalene as a quantitative external standard. Ar = 4-fluorophenyl.
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standard coupling conditions. Further, only 1% yield of direct
addition product 33 was formed. Instead, the major product was
tetrahydronaphthalene 34 (Scheme 6c). We propose that 34 is
formed by cationic cyclization of the iminium ion with the
pendant alkene, followed by a transannular hydride shift to afford
a methylene iminium ion that can be functionalized in a Ni-
catalyzed process. Rearranged products are not observed in
greater than trace amounts in the reactions of 4-fluorophenylzinc
bromide with 24 or 31 in the absence of Ni/bpp and Zn0,
reinforcing that ArZnX are not intermediates in this reaction.
Our inability to trap an organic radical in these inter- and

intramolecular experiments contradicts a radical chain mecha-
nism. Indeed, the fact that (bpp)NiICl (19, Ered

1/2 = −0.8 V vs
SCE in MeCN),12 like Zn, is not a competent single electron
reductant for inducing iminium dimerization of 1 also speaks
against this mechanism (Scheme 5c).33 Instead, a sequential
oxidative addition mechanism best accounts for all of the results.
The failure of TDAE as a reductant for the coupling reaction
despite its ability to reduce the iminium substrates is in line with
this proposal. Furthermore, a sequential oxidative addition
mechanism is the only mechanism that can account for the
success of the intramolecular coupling reactions. A zinc
reduction mechanism or a radical chain mechanism, wherein
radical formation is decoupled from Ni oxidative addition, would
not be expected to favor an intra- over an intermolecular process.

■ CONCLUSION

In conclusion, we have developed a Ni-catalyzed, three-
component reductive coupling for the synthesis of tertiary
alkylamines from benzaldehydes, organic electrophiles, and N-
trimethylsilyl amines, which are conveniently prepared and used
without isolation. We have demonstrated C−C bond formation
with several distinct classes of organic electrophiles including aryl
iodides/bromides, vinyl bromides/triflates, and alkyl bromides.
We anticipate that this reaction will prove useful in circumstances
where the ketone precursor to a desired amine product is not
commercially available or does not readily undergo reductive
amination. Furthermore, the convergent nature of this approach
shouldmake it ideal for library synthesis. While the precise details
of the reaction mechanism remain under active study,
preliminary experiments advocate a sequential oxidative addition
mechanism and strongly mitigate against in situ organozinc
formation. We are optimistic that an increased understanding of
the role of Ni in this reaction can lead to the development of an
enantioselective reductive amination.
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