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ABSTRACT: Methods for the synthesis of α-branched alkyl-
amines are important due to their ubiquity in biologically active
molecules. Despite the development of many methods for amine
preparation, C(sp3)-rich nitrogen-containing compounds continue
to pose challenges for synthesis. While carbonyl reductive
amination (CRA) between ketones and alkylamines is the
cornerstone method for α-branched alkylamine synthesis, it is
sometimes limited by the sterically demanding condensation step
between dialkyl ketones and amines and the more restricted
availability of ketones compared to aldehydes. We recently reported
a “higher-order” variant of this transformation, carbonyl alkylative amination (CAA), which utilized a halogen atom transfer (XAT)-
mediated radical mechanism, enabling the streamlined synthesis of complex α-branched alkylamines. Despite the efficacy of this
visible-light-driven approach, it displayed scalability issues, and competitive reductive amination was a problem for certain substrate
classes, limiting applicability. Here, we report a change in the reaction regime that expands the CAA platform through the realization
of an extremely broad zinc-mediated CAA reaction. This new strategy enabled elimination of competitive CRA, simplified
purification, and improved reaction scope. Furthermore, this new reaction harnessed carboxylic acid derivatives as alkyl donors and
facilitated the synthesis of α-trialkyl tertiary amines, which cannot be accessed via CRA. This Zn-mediated CAA reaction can be
carried out at a variety of scales, from a 10 μmol setup in microtiter plates enabling high-throughput experimentation, to the gram-
scale synthesis of medicinally-relevant compounds. We believe that this transformation enables robust, efficient, and economical
access to α-branched alkylamines and provides a viable alternative to the current benchmark methods.

■ INTRODUCTION
The ability of α-branched amine motifs to modulate key
biological interactions and regulate the physiochemical proper-
ties of small molecules has rendered them as ubiquitous
structural features among pharmaceutical agents, agrochem-
icals, and natural products (Figure 1A).1 The continuing need
for the synthesis of novel biologically active α-branched amines
has meant that the development of robust and general methods
for their synthesis, based on modular processes that draw from
diverse and abundant feedstocks, remains an important
challenge to chemical synthesis.2−8

For many years, carbonyl reductive amination (CRA) has
been the benchmark method for the synthesis of complex
alkylamines and is particularly effective when there is limited α-
branching in the respective amine and carbonyl components.3

However, poor reactivity is often observed when sterically
encumbered ketones are used due to the energetically
unfavorable nature of such a condensation step.9 Furthermore,
the limited availability of dialkyl ketones, relative to aldehydes,
often necessitates multistep sequences as part of the overall
preparative process for α-branched alkylamines. Critically, the
intrinsic dependence of this process on a hydride component

makes the synthesis of α-tertiary amines�a class of amine that
has become established as an important structural unit in
biologically active molecules�inaccessible via this method-
ology.10,11 Therefore, a robust and general higher-order variant
of CRA, in which an alkyl group could be directly added to an
imine or iminium ion, derived from either alkyl aldehydes or
ketones, has the potential to circumvent these limitations while
unlocking greater chemical complexity through the utilization
of three distinct components.

Conceptually, general higher-order CRAs exist in the form of
processes such as the Strecker reaction (cyanide nucleophile),
Mannich and Reformatsky reactions (enolate or equivalent
nucleophiles), or Barbier reactions (allyl- or benzyl-metal
nucleophiles) and their related transformations.12−15 However,
although these reactions involve the addition of carbon
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nucleophiles to enolizable imines or iminium ions, they
represent special cases involving species of attenuated basicity.
In contrast, a general method for the addition of nonstabilized
organometallic reagents (derived in situ from nonactivated
alkyl fragments) to alkyl imines or iminium ions has remained
an, essentially, unsolved synthetic challenge, with a few notable
exceptions (vide infra).16 Due to their high reactivity,
deleterious reactions are often observed between nonstabilized
alkyl metal reagents and the native carbonyl and, therefore,
often require preformation of alkyl-substituted imines and
iminium ions, which itself is problematic due to their intrinsic

instability. Moreover, the basicity of nonstabilized alkyl metal
reagents results in competitive deprotonation adjacent to the
carbon−nitrogen double bond, which generally reduces the
scope of nascent processes to nonenolizable imines and
iminium ions.

To circumvent the problems associated with the addition of
classical alkyl metal nucleophiles to iminium ions, our group
recently introduced a multicomponent carbonyl alkylative
amination (CAA) reaction.17−19 This transformation leveraged
the addition of neutral, but nucleophilic, alkyl radicals to
iminium ion electrophiles. The alkyl radicals were generated

Figure 1. (A) Selected pharmaceutical compounds containing the α-branched alkylamine motif. (B) First-generation silane/visible-light-mediated
carbonyl alkylative amination (CAA) and its limitations. (C) Design plan second-generation CAA: zinc-mediated carbonyl alkylative amination via
capture of unactivated alkyl radical or alkyl zinc species. (D) Zinc-mediated carbonyl alkylative amination: a robust and general method for the
efficient synthesis of complex alkylamines enabling an extensive reaction scope.
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via a halogen atom transfer (XAT)-mediated radical chain
process dependent on tris(trimethylsilyl)silane [(Me3Si)3Si−
H] and visible light (Figure 1B), initiated by light-driven
activation of a putative ternary electron donor−acceptor
(EDA) complex. The key step in realizing this transformation
was the role of a rapid radical termination step through
hydrogen atom transfer (HAT) between the aminium radical
cation (resulting from the addition of an alkyl radical to the
iminium ion) and the silane reagent. The reaction efficiently
coupled a wide range of secondary amines with enolizable
aldehydes and nonactivated alkyl iodides, leading to the
streamlined synthesis of complex tertiary alkylamines display-
ing a remarkably broad range of functionally and structurally
diverse substituents.

Despite the efficacy and broad scope of this process, the
generation of alkyl radicals under our silane/visible-light (Si/
hυ)-mediated process resulted in some limitations on the
reaction that could not be resolved. The use of (Me3Si)3Si−H
often led to substantial levels of reductive amination-derived
side products, particularly with the use of anilines or amines
containing a proximal electron-withdrawing group, which
resulted in lower reaction yields and challenging purifications.
Alkyl radicals generated from alkyl iodides displaying α- or β-
electron-withdrawing substituents were polarity-mismatched to
the highly electrophilic iminium ions, which resulted in a
slower rate of addition. As a result, these highly reactive
radicals rapidly engaged the hydridic (Me3Si)3Si−H reagent,
which led to substantial amounts of competitive hydro-
deiodination and nonproductive reactions. The dependence
on XAT-derived alkyl radicals also restricted the radical
precursors to alkyl halides. This mechanistic paradigm
precluded the use of several classes of alkyl fragments, such
as those containing α-heteroatoms, due to the inherent
instability or intractable nature of the required reagents.
Furthermore, while the CAA reaction was an effective solution
for small-scale amine synthesis, it relied on the use of an
expensive silane reagent and visible light, which, in connection
with the reliance on dichloromethane as the reaction solvent,
imposed limitations on the reaction’s scalability and its overall
sustainability. While the (Si/hυ)-mediated process enabled
excellent scope in the secondary amine, aldehyde, and alkyl
halide component, significantly lower yields were obtained
when using primary amines, unless the imine was derived from
activated α-ketoesters.18 This prevented direct access to
complex secondary alkylamines, which are also privileged
motifs in biologically active molecules. Finally, one obvious
conceptual advantage of a CAA platform over conventional
CRA is the potential synthesis of complex α-tertiary amines.
However, under our Si/hυ-mediated regime, ketones were
always found to be incompetent substrates, unless highly
activated. Taken together, these limitations have prevented the
full realization of CAA as a truly general platform for amine
synthesis.

We questioned whether many of these limitations could be
overcome by harnessing a new method of free radical
generation. We hypothesized that removing the reaction’s
dependence on the hydridic (Me3Si)3Si−H reductant could
potentially alleviate the issues associated with the deleterious
pathways of reductive amination and hydro-deiodination. It is
well-established that zinc, as well as other metal reductants, can
generate alkyl radicals via single-electron transfer (SET) prior
to the generation of relevant organometallic species.20 In 1998,
Rieke and co-workers demonstrated that the formation of alkyl

zinc species from alkyl bromides proceeded through two
distinct SET events.20a First, activated zinc mediates single-
electron reduction of the alkyl bromide via inner-sphere
electron transfer to generate an alkyl radical, which can then
either dissociate from this complex or recombine with zinc to
form the alkyl zinc species via a second SET event. It has been
established that both alkyl radicals and alkyl zinc species are
potentially competent nucleophiles when coupled with
iminium ions.13−19,21,22 Therefore, we questioned whether
leveraging this divergent activation mode would enable us to
access a dynamic platform capable of addressing the limitations
imposed by our first-generation Si/hυ-mediated transformation
(Figure 1C) and expand the capabilities of the CAA process
toward the general and practical synthesis of alkylamines.

Here, we report the successful realization of this idea of a
second-generation CAA reaction, mediated by zinc powder
(Figure 1D). In contrast to our photochemical process, no
reductive amination side products are observed, which enables
an operationally simple, efficient, and scalable synthesis of
complex alkylamines. Overall, the reaction displays a notably
broad substrate scope, which extends to the productive
coupling of primary amines and unactivated ketones
(previously found to be incompatible substrates under our
Si/hυ-mediated conditions), enabling efficient construction of
a range of amine scaffolds highly relevant in biologically active
molecules. Moreover, the development of a microscale high-
throughput platform was shown to be effective at enabling
rapid optimization of reactions involving specific classes of
substrate. We also found that carboxylic acid-derived redox-
active esters (RAEs) were effective precursors for the alkyl
nucleophiles, which enhance the pool of alkyl fragments and
extend the structural diversity attainable through the CAA
platform.

■ OPTIMIZATION STUDIES
Optimization studies began using N-methylbenzylamine (1a, 1
equiv), hydrocinnamaldehyde (2a, 2 equiv), and isopropyl
iodide (3a, 3 equiv) as representative coupling partners,
through which to assess the competence of a range of metal

Table 1. Selected Optimization for the Zinc-Mediated CAA
Reaction

entry reductant Lewis acid (equiv) solvent yield (%)a

1 Mn TMSOTf (1) CH2Cl2 2
2 In TMSOTf (1) CH2Cl2 28
3 Zn TMSOTf (1) CH2Cl2 43
4 Zn TMSOTf (2) CH2Cl2 99
5 Zn TMSOTf (2) EtOAc 100
6 Zn TBSOTf (2) EtOAc 87
7 Zn TMSCl (2) EtOAc 93
8 Zn TFA (2) EtOAc 45
9b Zn TMSOTf (2) EtOAc 65
10b Zn TMSOTf (1) EtOAc 84

aYields of 4a were determined by 1H NMR using 1,1,2,2
tetrachloroethane as an internal standard. bAmine hydrochloride
salt used.
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reductants (Table 1, entries 1−3) and consistent with our Si/
hυ-mediated CAA reaction. A silyl triflate was used routinely in
our optimization experiments because of its important role in
the original Si/hυ-mediated CAA reaction.17 While promising
activity was observed for both indium (28%) and zinc (43%),
optimization was pursued using higher-yield zinc dust. Further
exploration of reaction conditions revealed that increasing the
amount of TMSOTf resulted in near-quantitative yields using
dichloromethane (CH2Cl2) as the solvent. Unlike our first-
generation CAA work, which was restricted to CH2Cl2, the Zn-
mediated process showed productive yields with a broad range
of solvents (see the Supporting Information for full details).
EtOAc was selected as the optimal solvent due to its enhanced
safety profile and lower environmental impact. The Zn-
mediated CAA also worked with other silicon-based Lewis
acids (entries 6−8), including the more economical TMSCl,
with only slightly reduced yields. The amine·HCl salt of N-
methylbenzylamine (1a) could be used in place of the free
amine, with the reaction requiring a reduced loading of
TMSOTf and leading to only a small reduction in yield
(entries 9−10).

To validate the new Zn-mediated CAA reaction against the
Si/hυ-mediated process, we compared reactions under both
conditions where the first-generation conditions had resulted
in the formation of substantial quantities of a reductive

amination side product (Table 2). Under Si/hυ-mediated
conditions, amines with a proximal electron-withdrawing
functional group, such as N-benzylglycine derivative 1b, gave
the desired α-branched tertiary amine 4b in 54% yield,
alongside 23% of the reductive amination side product 5b.
Under the Zn-mediated CAA reaction conditions, we were
pleased to observe that the desired product (4b) was formed in
78% yield, with no evidence of reductive amination.
Interestingly, other amines that had similar problems under
the Si/hυ-mediated conditions but were not classified as
classically electronically biased also showed dramatic improve-
ment under the Zn-mediated CAA reaction conditions. 3-
(Benzylamino)propionitrile (1c) gave 40% of the desired
product under the Si/hυ-mediated conditions accompanied by
28% of the reductive amination product, whereas the Zn-
mediated CAA reaction conditions gave 64% of 4c as the
exclusive product.

Further observations showed that the Zn-mediated CAA
reaction could be performed using reduced equivalencies of
both the aldehyde and alkyl iodide, compared to the Si/hυ-
mediated process, if the reaction concentration was increased.
Although the reaction is sensitive to air (giving 25% yield when
run without an inert atmosphere), it can be carried out
effectively by sparging the reaction vessel with nitrogen gas for
10 min and enabling near-quantitative (>99%) conversion to
the amine product. The reaction performs well with a range of
zinc powders with minimal variance in reaction yield, tolerating
a range of particle sizes from 10 to 400 μm (see the Supporting
Information for full details of these experiments).

It is important to note that, during the course of our work,
Le Gall and co-workers reported a similar process, wherein
preformed, nonstabilized alkyl zinc reagents were productively
added to in situ-generated iminium ions.21g In the main part,
this elegant method enabled the efficient construction of α-
branched amines, derived from in situ-generated (non-
enolizable) iminium ions and nonactivated alkyl zincs (Figure
2). Although this reaction validated that a narrow range of alkyl
zincs would add to selected iminium ions, the platform
displayed several limitations that could limit its potential
applicability: the reaction accommodated limited functionality,
falling short of the functional group tolerance necessary for the
reaction to be considered a viable alternative to reductive
amination in a general sense; neither primary amines nor
ketones were successfully demonstrated as components of the
imine/iminium electrophile; only secondary alkyl zinc reagents
were shown to react productively with iminium-ions derived
from enolizable aldehydes, and no results were provided for
the reaction of primary- or tertiary alkyl zincs. Accordingly, we
hoped our initial results would develop into a practical
multicomponent platform that would lead to the development
of a general amine synthesis reaction.

■ RESULTS AND DISCUSSION
Equipped with a set of optimized conditions, the scope of the
zinc-mediated CAA reaction was explored by varying the
amine component while retaining hydrocinnamaldehyde 2a
and isopropyl iodide 3a. The performance of different
secondary amines with various electronic and steric properties
was assessed under our reaction conditions. A remarkably
broad range of amines were able to react efficiently to give α-
branched amine products 4c−w in good yields (Figure 3). In
comparison to our Si/hυ-mediated CAA reaction, we
frequently observed superior yields with many secondary

Table 2. Probing Alkylation vs Reduction Pathwaysa,b

entry conditions R 4 (%) 5 (%)

1 Si/hυ CO2Et 54 23
2 zinc CO2Et 78 0
3 Si/hυ CH2CN 40 28
4 zinc CH2CN 64 0

aSi/hυ CAA conditions: 2b (2 equiv), 3a (3 equiv), (Me3Si)3Si−H
(2 equiv), TBSOTf (2 equiv) EtOAc. bZn-mediated CAA conditions:
2b (2 equiv), 3a (3 equiv), Zn (2 equiv), TMSOTf (2 equiv), EtOAc.
All yields determined by 1H NMR using 1,1,2,2 tetrachloroethane.

Figure 2. Le Gall and co-workers process for the addition of
nonstabilized alkyl zinc reagents to in situ-generated iminium ions.
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amines when using the Zn-mediated conditions: 4i (zinc�
69%; Si/hυ�22%), 4o (zinc�83%; Si/hυ�57%), and 4r

(zinc�65%; Si/hυ�29%). Pleasingly, we were also able to
access amine products that were shown to be unproductive in

Figure 3. Amine scope of zinc-mediated carbonyl alkylative amination reaction. aAmine hydrochloride salt.
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our previous Si/hυ-mediated CAA reactions to form amines 4e
and 4h. No reductive amination side products were observed
in any reactions performed under zinc conditions. In contrast
to previous reports for the addition of discrete alkyl zinc
reagents to imines or iminium ions, our optimized conditions
were shown to tolerate a broad range of relevant functional
groups, including esters, free alcohols, sulfones, amides,
ketones, alkenes, alkynes, and aromatic heterocycles.

Under Si/hυ-mediated reaction conditions, primary amines
have been unproductive coupling partners, restricting direct

access complex secondary amines via this methodology. We
were pleased to observe, under our optimized Zn-mediated
reaction conditions, primary amines could be employed as
effective coupling partners, enabling the synthesis of secondary
alkylamines 6a−j in good yields. The ubiquity of secondary
amines in biologically active molecules, as well as the expanded
capability for further downstream functionalization through the
free (NH) motif, makes the successful realization of this
variation of the CAA reaction an important advance toward a
general amine synthesis process. Primary anilines also proved

Figure 4. Use of amine-containing drugs in the zinc-mediated carbonyl alkylative amination reaction. aAmine hydrochloride salt was used.

Figure 5. Aldehyde scope of the zinc-mediated carbonyl alkylative amination reaction. aAmine hydrochloride salt. bZinc (4 equiv), 3a (4 equiv).
cTMSCl (1 equiv). dZinc (3 equiv), 3a (3 equiv), and TESCl (1 equiv). enBuOAc (0.4 M).
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to be competent substrates for the transformation, facilitating
the synthesis of secondary amines 7a−d, with slightly
decreased yields relative to the primary alkylamine substrates.
Unfortunately, nitroaniline (7e) appeared not to be tolerated
under our reaction conditions. Contrary to the findings of our
optimization studies, the comparable use of free amine or the
respective HCl salt was not general for all amines; 4n, 4o, and
7a−d gave lower yields when the amine HCl salt is used and,
in such situations, we recommend assessment with both the
free amine and the HCl salt in order to obtain optimum yields.

A key aim of this work was to develop a transformation that
would tolerate the types of complex functionality frequently
encountered in pharmaceutical candidates or other biologically
relevant molecules. Accordingly, several amine-containing
drugs were subjected to the standard Zn-mediated CAA
reaction conditions: amines 8a−e could be prepared in
synthetically useful yields (Figure 4) and highlight the
reactions’ efficacy for the synthesis of complex alkylamine
architectures.

A range of linear (to form 9a−c) and branched (to form
9d−i) aldehydes were good substrates in the Zn-mediated
CAA reaction, producing the corresponding amine products in
good yields. It is notable that even aldehydes with an acidic α-
proton reacted effectively to give amines 9j−k (Figure 5).
When the aldehyde component contained an electron-rich π-
system (9h and 9k), the use of a weaker Lewis acid (TMSCl or
TESCl) was required to achieve optimal yields. Paraformalde-
hyde was also a competent coupling partner, enabling the
synthesis of unbranched amine 9l. Unfortunately, α-tertiary
aldehydes and ketones (9n−o) were unsuitable reaction
partners under the current reaction conditions, presumably
due to a slow condensation and the lower reactivity of the
corresponding sterically hindered and less-electrophilic imi-

nium ions. Contrary to previously established examples of
organometallic addition to benzaldehyde-derived imines or
iminium ions, these substrates were found to be capricious
under our reaction conditions (see the Supporting Information
for full details).

Next, attention turned to the compatibility of alkyl iodides,
and we were pleased to observe that a range of cyclic and linear
nonactivated secondary alkyl iodides reacted well and
produced the amine products 10a−e in good yields (Figure
6). A range of benzyl bromides and benzyl chlorides were also
coupled effectively under our optimized reaction conditions,
enabling efficient access to β-arylethyl amines 10f−j. In
addition, alkyl halides bearing proximal electron-withdrawing
groups (that were prone to rapid proto-deiodination under our
previous Si/hυ-mediated conditions) were also shown to react
effectively to give amines 10k−l.

It is important to note the addition of stabilized alkyl halide
species has previously been reported to enolizable imines and
iminium ions, under Barbier- or Reformatsky-type re-
gimes.14,15,21 However, there are benefits to having one
reaction platform that can exploit the different classes of
alkyl halides to access the diverse amine architectures. The
reaction shows an intrinsic selectivity for nonactivated alkyl
iodides over the corresponding alkyl bromides; a reaction of 2-
bromopropane failed to yield amine 4a. Unfortunately,
heterobenzylic bromides showed poor but synthetically useful
yields under our optimized reaction conditions (10p).

In contrast to the Si/hυ-mediated CAA reaction, non-
activated primary and tertiary alkyl iodides were shown to be
low-yielding under the optimized Zn-mediated reaction
conditions (exemplified by the results for amines 10m−o).
As the Si/hυ-mediated CAA reaction was productive with
primary, secondary, and tertiary alkyl radicals, we questioned

Figure 6. Alkyl iodide scope of the zinc-mediated carbonyl alkylative amination reaction. aAmine hydrochloride salt.
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whether the low yields in the zinc-mediated reaction could be
attributed to the poor reactivity of the alkyl zinc species. To
explore this, we preformed alkyl zinc species formed from
nonstabilized 2-iodopropane and 2-methyl-2-iodopropane and
showed they were competent nucleophiles under our standard
reaction conditions, giving yields of 79% (4a) and 91% (10o),
respectively. Surprisingly, the preformed primary alkyl zinc
(derived from n-propyl iodide) remained low-yielding (20%,
10n); see the Supporting Information for full details.
Considering these observations, we hypothesized that the
low yields observed for the reaction of tertiary alkyl iodides,
under our reaction conditions, could be attributed to
deleterious SN1- or E1-type processes under acidic reaction
conditions. However, as the reaction of the primary alkyl zinc
species suffered from inherently low reactivity and knowing
that primary radical addition to iminium ions proceeds at a
diminished rate relative to the other iodide classes,23 we looked
to explore the effect of additives to improve the efficiency of
this challenging class of coupling reactions.

Catalytic amounts of transition-metal additives have been
well-established to modulate the reactivity of alkyl zinc species.
Copper(I) salts have been shown to substantially enhance the
reactivity of alkyl zinc species in Barbier-type reactions.21ce It
has been suggested that these catalysts intercept and stabilize
the associated carbon-centered radical during zinc-mediated
radical formation from alkyl iodides. However, it is also known
that copper(I) salts can catalyze halogen−zinc exchange
processes, leading to some mechanistic ambiguity surrounding
the role of copper iodide in these processes. However,
considering these reports, we set about exploring its ability
to improve the coupling efficiency of nonactivated primary
alkyl iodides. Given the increasing number of components in
the Zn-mediated CAA process, we elected to explore this latest
iteration of the reaction using a high-throughput experimenta-
tion platform.

■ HIGH-THROUGHPUT EXPERIMENTATION (HTE)
The efficient optimization of complex multicomponent
reactions remains an important challenge in organic chemistry.
The vast area of “reagent space”, encompassed by a process
with many optimizable parameters, can render this scale of
optimization unfeasible using traditional synthetic approaches.
To address this challenge and attempt to efficiently evaluate
the utility of a copper(I) catalyst, we sought to develop a high-
throughput system capable of performing rapid reaction
optimization.24 We hoped the realization of this platform
would enable us to unlock productive reactivity for primary
alkyl iodides through undertaking a multiparameter optimiza-
tion on microscale format.

To translate our reaction from a 0.4 mmol reaction down to
a 10−20 μmol system, we had to overcome four key
challenges: (1) achieving effective mixing of the heterogeneous
reaction mixtures; (2) the requirement that the reaction be
performed under inert conditions; (3) the use of corrosive
activating agents such as TMSOTf, which often are
incompatible with methods of sealing reactions conducted in
plate format; and (4) the need to effectively remove excess zinc
byproducts from the reaction mixture to enable accurate
quantitative analysis. Critically, we aimed to base our HTE-
optimization platform on a traditional microplate format that
would allow for its integration into automated workflows.24,25

During our initial attempts toward establishing this micro-
scale high-throughput platform, it became clear that ethyl

acetate would not be a suitable solvent for this system due to
its relatively high volatility that resulted in a lack of
reproducibility.24,25 To combat this, we screened a variety of
solvents with boiling points above ethyl acetate, focusing on
solvents with similar properties (see the Supporting
Information for full details). Pleasingly, we discovered that n-
butyl acetate (nBuOAc) enabled improved reaction perform-
ance and effective suppression of solvent loss due to
evaporation, while still being able to be easily removed
through exposure to high vacuum.

In its fully optimized form, our microscale platform utilized
polypropylene 384-well microtiter plates charged with stir bars
in each well. During the reaction, the microtiter plates are
enclosed in a commercial “nano-nest” reactor,26 which was
modified with additional silicon sheets to provide effective
compression of a PFA sheet onto the reaction well (see the
Supporting Information for full details). This effective
compression enables gastight sealing within each well, enabling
effective heating on a standard hot plate under an internal inert
atmosphere, circumventing the need for a glovebox. During the
optimization of this platform, it was found that heating the
reactions to 50 °C was essential to allow effective stirring due
to the high viscosity of the reaction mixtures.24 The utilization
of a basic resin quench (Amberlite IRA 96) allowed for the
simultaneous removal of all metal and reactive species in a
simple filter plate format, avoiding the need for complex plate-
based liquid−liquid separation techniques. In addition, this
platform could also be combined with scavenging resins to
enable the effective removal of aldehyde (tris(2-aminoethyl) or
hydrazine resin) or secondary amine (isocyanate resin)
impurities, enabling the generation of higher-purity α-branched
amine samples. Although the reaction mixtures could be

Figure 7. (A) Workflow for the microscale zinc-mediated CAA
reaction. (B) Validation of the zinc-mediated CAA reaction; yields
were determined by 1H NMR using 1,1,2,2 tetrachloroethane; 10
μmol conditions: amine (1 equiv), aldehyde (1.5 equiv), alkyl iodide
(3 equiv), zinc (2 equiv), TMSOTf (2 equiv), nBuOAc (0.2 M), 50
°C, 16 h; 0.4 mmol conditions: amine (1 equiv), aldehyde (1.5
equiv), alkyl iodide (3 equiv), zinc (2 equiv), TMSOTf (2 equiv),
nBuOAc (0.4 M), room temperature (rt), 16 h.
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effectively analyzed by liquid chromatography-mass spectrom-
etry (LC-MS), we chose to integrate microscale 1H NMR,
which would enable the generation of accurate yield data
during the array synthesis of structurally diverse, complex
alkylamines and circumvent the need for a previously attained
calibrated analytical standard.

To validate our HTE platform for the microscale synthesis
of α-branched amines, we tested the synthesis of a range of
amines (4e, 4w, and 6g) using our optimized microscale, plate-
based workflow (Figure 7). We were pleased to find that our
HTE platform was able to effectively replicate the yields of the
batch-scale reactions with a comparable efficacy. It is important
to note that a slightly reduced concentration was employed
(0.2 M) and elevated temperature (50 °C) was employed to
ensure sufficient mixing within the microplate; however, this
was observed to have no noticeable effect on the reaction yield
(see the Supporting Information for full details). In addition,
our microscale platform was also able to effectively replicate
the yields of the poorly performing primary alkyl iodides in the
synthesis of amine products 10m−n.

We next set out to utilize our microscale HTE platform to
re-evaluate the use of methyl iodide as an alkylating feedstock,
which was shown to perform poorly (10m, 9%) under the
standard reaction conditions (Figure 7). The simultaneous and
systematic optimization of four parameters (equivalents of
methyl iodide, aldehyde, copper iodide, and TMSOTf) was
performed on a single microtiter plate on a 10 μmol scale
(Figure 8). We observed that the addition of 20 mol % copper
iodide was essential for yields above 10% and a lower loading

of TMSOTf was also beneficial to the reaction. Pleasingly, we
were able to identify an improved yield of 56% after 96
reactions using our microscale HTE platform. This reaction
required the addition of 40 mol % copper iodide, in
combination with 2 equiv of hydrocinnamaldehyde (2a), 3
equiv of methyl iodide (3b), and 1.5 equiv of TMSOTf, in
nBuOAc (0.2 M). However, subsequent optimization of zinc
loading and concentration was performed in 0.4 mmol batch
reaction due to the increased viscosity of the mixture that
caused problems in the microtiter plate format. This workflow
enabled the identification of optimal reaction conditions in
only five further reactions through increasing zinc loading to 3
equiv and the reaction concentration to 0.4 M to give amine
10m in near-quantitative assay yield (AY�96%, IY�81%).
With these new conditions, we observed that the high yields
were conserved when iodomethane was used across reactions
using different amines (Figure 9, 11a−b). Importantly, we
found that a range of other primary iodides also worked under
these conditions (10n, 11c−g).

This new method was also shown to be applicable to the
synthesis of norepinephrine-dopamine reuptake inhibitor
prolintane 11h. This synthesis was performed in a single
step, from commercially available starting materials, and
generated the tertiary alkylamine product in quantitative
yield (IY�93%). Importantly, this procedure circumvents
the multistep construction of the ketone precursor�which
limited previously published methods toward the synthesis of
prolintane using carbonyl reductive amination.27

Figure 8. Workflow for the optimization of primary alkyl iodides using a bespoke high-throughput screening platform.
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Next, we looked to reinvestigate the contradictory reactivity
observed by tertiary alkyl iodides under our reaction
conditions. Working with our hypothesis that the lower yields
observed under our reaction conditions could be attributed to
deleterious SN1-type reactivity, associated with tertiary alkyl
iodides under our acidic reaction conditions, we first looked at
modulating the TMSOTf loading of the reaction. After further
optimization (see the Supporting Information for details), we
were able to unlock the reactivity of tertiary alkyl halides;
reducing the TMSOTf loading from 1.5 to 0.1 equiv produced
amine 10o in good yields, from both the iodide (AY�100%)
and bromide (AY�86%, IY�63%) precursors.

Furthermore, benzaldehyde had previously been found to be
capricious under the original reaction conditions. However,
using these newly optimized conditions, a range of electron-
deficient, neutral, and electron-rich benzaldehydes gave good-
to-moderate yields (12a−c). This provided a wider variety of

functional groups compared to the XAT-mediated CAA
reaction, which could only tolerate the use of electron-deficient
benzaldehydes. Heterobenzylic aldehydes also gave more
good-to-moderate yields with a variety of heteroaryl groups
(12d−g).

Finally, we sought to demonstrate the scalability of our
reaction as part of a potential downstream application. The 5-
HT2A receptor antagonist pharmacophore (13) is a common
biologically active motif (Figure 9B) implicated in treating a
range of disorders from Alzheimer’s to schizophrenia.28

However, larger α-branched analogues of this motif have
remained underexplored.29 Utilizing our copper-mediated
conditions, we were able to perform the synthesis of the α-
branched amine at 0.4 mmol (68%) and gram-scale (4.0 mmol,
80%) to give excellent yields of the desired amine product 13a,
demonstrating the potential of this method for the rapid
production of 5-HT2A receptor antagonist analogues.

Figure 9. (A) Reaction scope for copper iodide-assisted Zn CAA reaction. (B) Gram-scale synthesis of biologically active α-branched alkylamine.
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■ REDOX-ACTIVE ESTERS AS ALKYL DONORS
Thus far, the development of the CAA reaction platform has
focused on the use of alkyl halides as alkylating agents.
However, the low commercial availability, frequent toxicity,
and limited stability of alkyl halides remain potentially limiting
factors of the reaction. As zinc is known to initiate radical
generation through single-electron reduction, we hypothesized
that other reductively activated alkylating feedstocks may be
amenable to use in the CAA transformation.

Alkyl carboxylic acids are chemically stable and widely
available feedstocks.30 Consequently, the ability to harness this
functional handle within a CAA reaction could substantially
expand the chemical space accessible via this transformation.
In recent years, the activation of carboxylic acids via the
formation of a RAE has enabled access to a myriad of
transformations.31 It has been demonstrated that upon single-
electron reduction mediated by zinc, RAEs can fragment to
give alkyl radicals.32 Moreover, there is also limited evidence
that RAEs can be transformed into discrete alkyl zinc reagents
in a similar fashion to alkyl halides.33 Consequently, we
hypothesized that RAEs would be able to act as pseudohalides,
thus enabling the efficient alkylation of in situ-generated
iminium ions.

We were pleased to observe that N-hydroxytetrachloroph-
thalimide-derived RAEs (11) are indeed a viable reaction
partner (Figure 10), furnishing the desired amine products
from a broad range of RAEs. Happily, primary, secondary, and
tertiary RAEs were able to react productively without the need
for an additional copper additive. Methylation was also
possible using this methodology, enabling the synthesis of
amine 10m in modest yield (51%). Critically, the increased

stability of many RAEs, compared to alkyl iodides, enabled
access to a greater variety of structural diversity, previously
inaccessible via Si/hυ-mediated radical generation. RAEs with
nearby electron-withdrawing groups (14e−f) were shown to
react effectively under our optimized reaction conditions. In
addition, RAEs containing α-heteroatoms (14j−m) were
shown to react in good yields to produce a variety of
functionalized amines. It is important to note that these amine
products would be difficult to produce via reductive amination
and would be inaccessible via our previous Si/hυ-mediated
CAA platform due to the reaction’s dependence on alkyl
iodides.

■ α-TERTIARY AMINE SYNTHESIS
Molecules containing the α-tertiary amine motif have shown
promise across several prominent disease areas. The
distinctively high level of topological complexity provided by
the incorporation of three functionalized alkyl components,
around a central nitrogen atom, renders them highly effective
at mediating key biological interactions and exquisitely tunable
in terms of their physiochemical properties.11 However, this
class of amines are notoriously challenging to access via
traditional synthetic methods, especially with all-alkyl α-tertiary
amines.10

While catalytic methods are emerging for their synthesis,
most prominently proceeding through the Giese-type
functionalization of an α-amino radical, these methods are
fundamentally limited in terms of accessible chemical space
due to the incorporation of the structural signature associated
with the alkene Giese acceptor.34 Arguably, one of the best-
established strategies toward the synthesis of α-tertiary amines

Figure 10. Redox-active ester scope for the zinc-mediated carbonyl alkylative amination reaction.

Journal of the American Chemical Society pubs.acs.org/JACS Article

https://doi.org/10.1021/jacs.3c14037
J. Am. Chem. Soc. 2024, 146, 9045−9062

9055

https://pubs.acs.org/doi/10.1021/jacs.3c14037?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.3c14037?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.3c14037?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.3c14037?fig=fig10&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.3c14037?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


is the 1,2-addition of carbon-centered nucleophiles.35−37

However, these examples are invariably limited to activated,
preformed imines. While unquestionably a powerful strategy,
there are notably few examples of addition to nonactivated
dialkyl imines, likely due to competitive α-deprotonation
resulting from the basic nature of the organometallic
nucleophile. Therefore, a CAA platform capable of synthesiz-
ing unbiased α-tertiary amines has the potential to dramatically
improve the modularity of these processes and expediate access
to this structural motif. Despite our continued efforts, under
our previously reported Si/hυ-mediated regime, ketones were
found to be low-yielding substrates unless the imine was
formed using activated α-ketoesters. We hoped our newly
optimized zinc-mediated activation mode would now allow us
access to this previously inaccessible class of alkylamines. To
realize this vision, we identified two key challenges in
unlocking ketones as competent substrates on our Zn-
mediated CAA platform. The sterically challenging condensa-
tion between the amine and the relevant ketone component
would likely necessitate more forcing reaction conditions.
Furthermore, the higher electron density of ketiminium
renders this intermediate a less competent electrophile.

To assess this hypothesis, we evaluated the coupling
between p-anisidine (1b), acetone (2b), and isopropyl iodide
(3a) (Table 3). As a primary amine, we reasoned that not only
does p-anisidine provide a sterically less hindered amine for the
condensation but the resulting imine may also impart greater
stability leading to a higher effective concentration of the active
electrophile. The intrinsically high concentrations required for
the reactions with ketimines prevented us from using our HTE

system due to poor stirring that arose from the viscosity of the
reaction mixture.

After further extensive optimization, it was found that the
presence of a copper iodide additive, in tandem with a higher
reaction concentration, was essential to bring about optimal
yields for the desired transformation. In addition, somewhat
counterintuitively, considering the aqueous instability of the
ketimine intermediate, the addition of water was found to be
important for attaining high yields. This can likely be attributed
to the in situ generation of triflic acid that facilitates more
forcing conditions, generating a higher concentration of the
ketimine in solution.

With optimized conditions in hand, we sought to evaluate
the scope of this new method toward the synthesis of α-tertiary
amines (Figure 11). We first examined a range of anilines
bearing electronically diverse substituents over a range of
substitution patterns. We were pleased to observe that a variety
of electron-rich (17a, 87%), electronically neutral (17b, 82%),
and electron poor (17e, 85%) anilines all reacted effectively
under our reaction conditions. In addition, both aryl bromides
(17c, 85%; 17f, 90%) and aryl iodides (17d, 96%) were
preserved under the reaction conditions, enabling the
possibility of further product diversification. Both ortho
substitution (17g, 50%) and disubstituted anilines (17h,
42%) were also shown to be tolerated under the reaction
conditions. Despite the reduced electrophilicity of alkylamine-
derived iminiums, a range of primary aliphatic amines were
shown to react productively with 1-Cbz-4-piperidone under
our reaction conditions to give amines 18a−g. Notably, alkyl
chlorides (18c, 37%), alkenes (18f, 58%), and an aromatic
heterocycle (18g, 47%) were all shown to be tolerated under
our reaction conditions.

We next turned our attention to the ketone scope of the
transformation. A range of structurally diverse cyclic ketones
were found to be successful substrates under our reaction
conditions. Four- to six-membered cyclic ketones were found
to react efficiently to give amines 19a−i in good yields. A
variety of functionalized six-membered cyclic ketones,
containing O-, S-, and N-heteroatoms, were also found to be
competent substrates (19e−d). Oxetanone was also compat-
ible as the ketone component, delivering the amino-oxetane
product in reasonable yield (19i) under slightly modified
reaction conditions (lower loading of TMSOTf and addition of
HFIP) that were required to suppress a decomposition
pathway (see the Supporting Information for full details).38

Furthermore, a range of linear cyclic ketones was also shown to
react proficiently under our reaction conditions (20a−e).

Finally, we examined the alkyl halide scope for this system.
We were pleased to see that both secondary (21a−c) and
primary alkyl iodides (21d) were competent nucleophiles.
However, activated alkyl iodides (21e−g) were found to be
unsuitable coupling partners under our reaction conditions as
competitive alkylation of the primary amine often out-
competed the desired alkylation of the relevant iminium ion.

Although this CAA process was found to enable the
synthesis of a diverse range of α-tertiary amine products,
certain limitations were identified: ketones bearing acidic α-
protons were shown to be low-yielding substrates, secondary
amines, and aryl ketones were found to be incompetent
substrates (likely due to the sterically challenging condensation
step), and the forcing conditions necessary to mediate the
condensation slightly reduced the observed functional group
tolerance relative to the standard reaction (see the Supporting

Table 3. Selected Optimization for the Zinc-Mediated CAA
Reaction

entrya
Zn

(equiv) solvent additive
yield
(%)a

1 2.0 EtOAc
(0.4 M)

- 9

2 2.0 CH2Cl2
(0.4 M)

- 53

3 2.0 toluene
(0.4 M)

- 14

4 2.0 EtOAc
(0.4 M)

CuI (10 mol %) 41

5 2.0 CH2Cl2
(0.4 M)

CuI (10 mol %) 59

6 3.0 toluene
(0.4 M)

CuI (10 mol %) 51

7 3.0 CH2Cl2
(0.8 M)

CuI (10 mol %) 51

8 3.0 toluene
(1.6 M)

CuI (10 mol %) 61

9 3.0 toluene
(1.6 M)

CuI (10 mol %), H2O
(1.5 equiv)

73

10 3.0 CH2Cl2
(1.6 M)

CuI (10 mol %), H2O
(1.5 equiv)

72

11 3.0 toluene
(1.6 M)

CuI (10 mol %), H2O
(1.5 equiv)

93

12 3.0 toluene
(1.6 M)

CuI (10 mol %), H2O
(1.5 equiv)

100

aYields of 17a were determined by 1H NMR using 1,1,2,2
tetrachloroethane as an internal standard.
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Information for full details). Current efforts are focused on

further bespoke optimization of the Zn-mediated CAA toward

the synthesis of α-tertiary amines and our studies will be

reported in due course. However, despite these limitations, we

believe the high levels of modularity, scalability, affordability,

and operational simplicity render this method highly attractive

for the synthesis of this highly privileged class of amines.

■ MECHANISTIC CONSIDERATIONS
Understanding the mechanism of this Zn-mediated CAA
reaction poses an extensive challenge due to potentially
divergent mechanistic pathways operational at several steps
in the process. In the first instance, a Rieke-type formation of
alkyl zincs is proposed to proceed through the radical
intermediate en route to an organozinc intermediate.20a This
gives rise to a system wherein both radical and polar
mechanisms can exist in equilibrium (for example, the pathway

Figure 11. α-Tertiary amine scope for the zinc-mediated carbonyl alkylative amination reaction. aAmine hydrochloride salt. bCopper iodide (50
mol %), ketone (2.5 equiv), alkyl halide (4 equiv), DCM/HFIP (5:1, 0.67 M). cZinc (8 equiv), alkyl halide (5 equiv).
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to an organozinc) or in parallel (reaction of an alkyl radical or
organozinc with the iminium ion). Furthermore, such a
dynamic mechanistic network could be substrate-dependent
and related to both the nature of the alkyl nucleophile and the
iminium ion intermediate. This means that a problem with
many of the possible experiments becomes the difficulty in
dissecting the radical and polar pathways, which means that a
more detailed and systematic mechanistic study is extremely
complex and beyond the scope of this work. That said, we
conducted several exploratory experiments to elucidate some
fundamental mechanistic parameters.

The primary focus of investigations was the use of a
cyclopropylamine substrate as a possible trap for an aminium
radical cation (Figure 12A). Observation of ring opened (and
hence hydrolyzed product) has been used before as a probe for
aminyl radical cations (Section S10.5).39 Our experiments
detected products that were devoid of a cyclopropane ring and
the desired product with the cyclopropylamine motif intact.
This suggests that a radical addition to an iminium ion is
certainly viable under our reaction conditions. However, a
control reaction revealed that there is a competing
decomposition pathway for the starting cyclopropylamine
and the desired cyclopropane product, which means that the
loss of the cyclopropane motif may not be solely the result of a
radical addition pathway. Therefore, a radical mechanism may

still be most likely, but interpretation of these results should be
treated with caution. A series of experiments were conducted
in the presence of 1,1-diphenylethylene as a radical trap, under
optimized conditions developed for primary, secondary, and
tertiary alkyl iodides. On the premise that the heteroleptic alkyl
zinc reagents generated in this process do not react with 1,1-
diphenylethylene, these reactions may provide some informa-
tion on the operation of a polar or radical pathway. For the
reaction of the primary iodides, the addition of this alkene did
not affect the observed yield of the desired amine product 10n
(Figure 12Bi), suggesting a radical pathway may not be
operational. A note of caution needs to be applied to this
result; the result does not prove the passage of a polar pathway
because the addition of primary radicals to 1,1-diphenyl-
ethylene has been shown to be slow, and so it may be that the
iminium ion reacts with the primary alkyl radical in preference
to 1,1-diphenylethylene. However, a clearer outcome was
observed for reactions with secondary and tertiary alkyl iodides
that were doped with 1,1-diphenylethylene. Here, a substantial
reduction in the assay yield of 4a and 10o (compared to a
reaction in the absence of 1,1-diphenylethylene) was observed
in both cases, implicating a radical pathway as being
competitively operational (Figure 12Bi,ii). No product was
observed for the corresponding reaction using redox-active
esters in the presence of 1,1-diphenylethylene. While not
conclusive, these results and further experiments shown in
Section S10 suggest that both polar (primary) and radical
(secondary and tertiary) pathways could be operational and
are dependent on the structural nature of the alkyl nucleophile,
which contrasts previous studies (Sections S10.1−
S10.2).13−1621g

■ CONCLUSIONS
In recent years, the mechanistic versatility afforded by
transition-metal catalysis has continued to provide impactful
solutions to many problems associated with the synthesis of
complex amines.2 In fact, the intricate design of novel ligands
and catalyst systems has enabled the innovative design of novel
strategies toward the synthesis of complex amines. Hence, it is
important to ask why in this era of catalytic methodology this
synthetic platform utilizing a stoichiometric metal reductant
remains a viable solution to the synthesis of complex
alkylamines? Critically, general, multicomponent, catalytic
methods toward the synthesis of complex but unbiased amines
remain an, essentially, unsolved synthetic challenge. The
successful coupling of an in situ-generated imine with a
transition-metal center, which would open the door to
multicomponent asymmetric, amine synthesis, is yet to be
demonstrated.40 Importantly, those catalytic methods that have
been demonstrated often rely on the use of stoichiometric
reductants to turn the relevant catalytic cycle.41 In fact, in the
absence of asymmetric catalysis, the ability to perform such
transformations without the need for financially and environ-
mentally expensive transition-metal catalysts offers a more
synthetically efficient solution to the synthesis of complex
alkylamines. Therefore, although the future of amine synthesis
undoubtably lies in the development of general catalytic
regimes, in their absence, the development of cost-effective,
robust, and general methods toward the synthesis of amines
remains a critically important challenge of organic synthesis.

To this end, we have engineered a second-generation CAA
platform for an economical, robust, and scalable strategy for
the synthesis of complex alkylamines. The removal of the

Figure 12. Preliminary mechanistic considerations.
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hydridic silane reagent [(Me3Si)3Si−H] was shown to
eliminate the deleterious reductive amination pathway that
limited the yields and led to challenging purifications for
numerous amines under our previously disclosed Si/hυ-
mediated CAA platform. Critically, this new Zn-mediated
activation mode enabled the dramatic expansion of the
chemical space accessible via the CAA reaction through
unlocking previously incompatible substrate classes. Notably,
this new reaction platform was able to facilitate modular access
to secondary amines and α-tertiary amines, which were
previously inaccessible under the Si/hυ-mediated CAA
reaction. The utilization of activated alkyl carboxylic acids as
an alkylating feedstock dramatically expanded the chemical
diversity available for this component of the reaction. This
expansion in scope was underpinned by the development of a
microscale high-throughput platform capable of performing
rapid optimization of bespoke substrates as well as the array
synthesis of complex amines. We believe that the generality
and operational simplicity of this transformation will provide a
viable alternative to reductive amination, enabling more
expedient access to complex amines in medicinal chemistry.

■ ASSOCIATED CONTENT
*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/jacs.3c14037.

All experimental procedures, mechanistic discussion, and
compound characterization (including 1H and 13C NMR
spectra, IR, and HRMS data) (PDF)

■ AUTHOR INFORMATION
Corresponding Author

Matthew J. Gaunt − Yusuf Hamied Department of Chemistry,
University of Cambridge, Cambridge CB2 1EW, United
Kingdom; orcid.org/0000-0002-7214-608X;
Email: mjg32@cam.ac.uk

Authors
Joseph M. Phelps − Yusuf Hamied Department of Chemistry,

University of Cambridge, Cambridge CB2 1EW, United
Kingdom; orcid.org/0000-0002-6706-8742

Roopender Kumar − Yusuf Hamied Department of
Chemistry, University of Cambridge, Cambridge CB2 1EW,
United Kingdom

James D. Robinson − Yusuf Hamied Department of
Chemistry, University of Cambridge, Cambridge CB2 1EW,
United Kingdom

John C. K. Chu − Yusuf Hamied Department of Chemistry,
University of Cambridge, Cambridge CB2 1EW, United
Kingdom

Nils J. Flodén − Yusuf Hamied Department of Chemistry,
University of Cambridge, Cambridge CB2 1EW, United
Kingdom

Sarah Beaton − Yusuf Hamied Department of Chemistry,
University of Cambridge, Cambridge CB2 1EW, United
Kingdom

Complete contact information is available at:
https://pubs.acs.org/10.1021/jacs.3c14037

Author Contributions
†J.P., R.K., J.D.R., and J.C.K.C. contributed equally to this
work.

Funding
Funding sources are the following: EPSRC Centre for Doctoral
Training�SynTech EPS024220/1 for studentships (J.M.P.,
J.D.R., S.B.), EPSRC for EP/S020292/1 (R.K., J.C.K.C.), and
the Gates Cambridge Trust (N.J.F.). In addition, funding was
provided by AstraZeneca (J.D.R.), Pfizer (J.M.P.), and Vertex
(S.B.)
Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
The authors are grateful for useful discussions with Dr. Roger
Howard, Dr. Simon Beritt, and Dr. Ethan Fisher (Pfizer).

■ REFERENCES
(1) (a) Bezprozvanny, I.; Tsien, R. W. Voltage-Dependent Blockade

of Diverse Types of Voltage-Gated Ca2+ Channels Expressed in
Xenopus Oocytes by the Ca2+ Channel Antagonist Mibefradil (Ro 40-
5967). Mol. Pharmacol. 1995, 48, 540−549. (b) Johansen, L. M.;
DeWald, L. E.; Shoemaker, C. J.; Hoffstrom, B. G.; Lear-Rooney, C.
M.; Stossel, A.; Nelson, E.; Delos, S. E.; Simmons, J. A.; Grenier, J.
M.; Pierce, L. T.; Pajouhesh, H.; Lehár, J.; Hensley, L. E.; Glass, P. J.;
White, J. M.; Olinger, G. G. A Screen of Approved Drugs and
Molecular Probes Identifies Therapeutics with Anti-Ebola Virus
Activity. Sci. Transl. Med. 2015, 7, No. 290ra89. (c) Dempke, W. C.
M.; Desole, M.; Chiusolo, P.; Sica, S.; Schmidt-Hieber, M. Targeting
the Undruggable: Menin Inhibitors Ante Portas. J. Cancer. Res. Clin.
Oncol. 2023, 149, 9451−9459. (d) Gandhi, V.; Plunkett, W.; Cortes,
J. E. Omacetaxine: A Protein Translation Inhibitor for Treatment of
Chronic Myelogenous Leukemia. Clin. Cancer Res. 2014, 20, 1735−
1740. (e) Blakemore, D. C.; Castro, L.; Churcher, I.; Rees, D. C.;
Thomas, A. W.; Wilson, D. M.; Wood, A. Organic Synthesis Provides
Opportunities to Transform Drug Discovery. Nat. Chem. 2018, 10,
383−394. (f) Wetzler, M.; Segal, D. Omacetaxine as an Anticancer
Therapeutic: What Is Old Is New Again. Curr. Pharm. Des 2011, 17,
59−64.
(2) For excellent reviews pertinent to the synthesis of α-branched

amines: (a) Trowbridge, A.; Walton, S. M.; Gaunt, M. J. New
Strategies for the Transition-Metal Catalyzed Synthesis of Aliphatic
Amines. Chem. Rev. 2020, 120, 2613−2692. (b) Choudhury, L. H.;
Parvin, T. Recent Advances in the Chemistry of Imine-Based
Multicomponent Reactions (MCRs). Tetrahedron 2011, 67, 8213−
8228. (c) Kobayashi, S.; Ishitani, H. Catalytic Enantioselective
Addition to Imines. Chem. Rev. 1999, 99, 1069−1094.
(3) (a) Afanasyev, O. I.; Kuchuk, E.; Usanov, D. L.; Chusov, D.

Reductive Amination in the Synthesis of Pharmaceuticals. Chem. Rev.
2019, 119, 11857−11911. (b) Irrgang, T.; Kempe, R. Transition-
Metal-Catalyzed Reductive Amination Employing Hydrogen. Chem.
Rev. 2020, 120, 9583−9674. (c) Reshi, N. U. D.; Saptal, V. B.; Beller,
M.; Bera, J. K. Recent Progress in Transition-Metal-Catalyzed
Asymmetric Reductive Amination. ACS Catal. 2021, 11, 13809−
13837.
(4) (a) Beatty, J. W.; Stephenson, C. R. J. Amine Functionalization

via Oxidative Photoredox Catalysis: Methodology Development and
Complex Molecule Synthesis. Acc. Chem. Res. 2015, 48, 1474−1484.
(b) Nair, V. N.; Tambar, U. K. Synthesis of Amines via Coupling of
Imines and Alkylarenes. Tetrahedron Lett. 2022, 98, No. 153788.
(c) Matheau-Raven, D.; Gabriel, P.; Leitch, J. A.; Almehmadi, Y. A.;
Yamazaki, K.; Dixon, D. J. Catalytic Reductive Functionalization of
Tertiary Amides Using Vaska’s Complex: Synthesis of Complex
Tertiary Amine Building Blocks and Natural Products. ACS Catal.
2020, 10, 8880−8897. (d) Leitch, J. A.; Rossolini, T.; Rogova, T.;
Maitland, J. A. P.; Dixon, D. J. α-Amino Radicals via Photocatalytic
Single-Electron Reduction of Imine Derivatives. ACS Catal. 2020, 10,
2009−2025.
(5) (a) Guillena, G.; Ramón, D. J.; Yus, M. Hydrogen Autotransfer

in the N -Alkylation of Amines and Related Compounds Using

Journal of the American Chemical Society pubs.acs.org/JACS Article

https://doi.org/10.1021/jacs.3c14037
J. Am. Chem. Soc. 2024, 146, 9045−9062

9059

https://pubs.acs.org/doi/10.1021/jacs.3c14037?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/jacs.3c14037/suppl_file/ja3c14037_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Matthew+J.+Gaunt"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-7214-608X
mailto:mjg32@cam.ac.uk
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Joseph+M.+Phelps"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-6706-8742
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Roopender+Kumar"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="James+D.+Robinson"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="John+C.+K.+Chu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Nils+J.+Flode%CC%81n"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sarah+Beaton"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.3c14037?ref=pdf
https://doi.org/10.1126/scitranslmed.aaa5597
https://doi.org/10.1126/scitranslmed.aaa5597
https://doi.org/10.1126/scitranslmed.aaa5597
https://doi.org/10.1007/s00432-023-04752-9
https://doi.org/10.1007/s00432-023-04752-9
https://doi.org/10.1158/1078-0432.CCR-13-1283
https://doi.org/10.1158/1078-0432.CCR-13-1283
https://doi.org/10.1038/s41557-018-0021-z
https://doi.org/10.1038/s41557-018-0021-z
https://doi.org/10.2174/138161211795049778
https://doi.org/10.2174/138161211795049778
https://doi.org/10.1021/acs.chemrev.9b00462?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.9b00462?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.9b00462?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.tet.2011.07.020
https://doi.org/10.1016/j.tet.2011.07.020
https://doi.org/10.1021/cr980414z?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr980414z?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.9b00383?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.0c00248?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.0c00248?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.1c04208?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.1c04208?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.accounts.5b00068?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.accounts.5b00068?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.accounts.5b00068?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.tetlet.2022.153788
https://doi.org/10.1016/j.tetlet.2022.153788
https://doi.org/10.1021/acscatal.0c02377?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.0c02377?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.0c02377?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.9b05011?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.9b05011?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr9002159?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr9002159?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.3c14037?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Alcohols and Amines as Electrophiles. Chem. Rev. 2010, 110, 1611−
1641. (b) Jafarzadeh, M.; Sobhani, S. H.; Gajewski, K.; Kianmehr, E.
Recent Advances in C/N-Alkylation with Alcohols through Hydride
Transfer Strategies. Org. Biomol. Chem. 2022, 20, 7713−7745.
(c) Stiniya, S.; Saranya, P. V.; Anilkumar, G. An Overview of Iron-
catalyzed N-alkylation Reactions. Appl. Organomet. Chem. 2021, 35,
No. e6444. (d) Lavagnino, M. N.; Liang, T.; MacMillan, D. W. C.
HARC as an Open-Shell Strategy to Bypass Oxidative Addition in
Ullmann−Goldberg Couplings. Proc. Natl. Acad. Sci. U.S.A. 2020, 117,
21058−21064.
(6) (a) Müller, T. E.; Hultzsch, K. C.; Yus, M.; Foubelo, F.; Tada,

M. Hydroamination: Direct Addition of Amines to Alkenes and
Alkynes. Chem. Rev. 2008, 108, 3795−3892. (b) Huang, L.; Arndt,
M.; Gooßen, K.; Heydt, H.; Gooßen, L. J. Late Transition Metal-
Catalyzed Hydroamination and Hydroamidation. Chem. Rev. 2015,
115, 2596−2697.
(7) Gilio, A. K.; Thorpe, T. W.; Turner, N.; Grogan, G. Reductive

Aminations by Imine Reductases: From Milligrams to Tons. Chem.
Sci. 2022, 13, 4697−4713.
(8) (a) Das, J.; Guin, S.; Maiti, D. Diverse Strategies for Transition

Metal Catalyzed Distal C(Sp 3)−H Functionalizations. Chem. Sci.
2020, 11, 10887−10909. (b) Docherty, J. H.; Lister, T. M.; Mcarthur,
G.; Findlay, M. T.; Domingo-Legarda, P.; Kenyon, J.; Choudhary, S.;
Larrosa, I. Transition-Metal-Catalyzed C−H Bond Activation for the
Formation of C−C Bonds in Complex Molecules. Chem. Rev. 2023,
123, 7692−7760.
(9) (a) Abdel-Magid, A. F.; Carson, K. G.; Harris, B. D.; Maryanoff,

C. A.; Shah, R. D. Reductive Amination of Aldehydes and Ketones
with Sodium Triacetoxyborohydride. Studies on Direct and Indirect
Reductive Amination Procedures. J. Org. Chem. 1996, 61, 3849−3862.
(b) Wang, Z.; Pei, D.; Zhang, Y.; Wang, C.; Sun, J. A Facile One-Pot
Process for the Formation of Hindered Tertiary Amines. Molecules
2012, 17, 5151−5163.
(10) For excellent reviews on ATA synthesis, see: (a) Clayden, J.;

Donnard, M.; Lefranc, J.; Tetlow, D. J. Quaternary Centres Bearing
Nitrogen (α-Tertiary Amines) as Products of Molecular Rearrange-
ments. Chem. Commun. 2011, 47, 4624. (b) Hager, A.; Vrielink, N.;
Hager, D.; Lefranc, J.; Trauner, D. Synthetic Approaches towards
Alkaloids Bearing α-Tertiary Amines. Nat. Prod. Rep. 2016, 33, 491−
522.
(11) (a) Xiao, Z.; Yang, M. G.; Dhar, T. G. M.; Xiao, H.-Y.; Gilmore,

J. L.; Marcoux, D.; McIntyre, K. W.; Taylor, T. L.; Shi, H.; Levesque,
P. C.; et al. Aryl Ether-Derived Sphingosine-1-Phosphate Receptor
(S1P1) Modulators: Optimization of the PK, PD, and Safety Profiles.
ACS Med. Chem. Lett. 2020, 11, 1766−1772. (b) Fujita, T.; Inoue, K.;
Yamamoto, S.; Ikumoto, T.; Sasaki, S.; Toyama, R.; Yoneta, M.;
Chiba, K.; Hoshino, Y.; Okumoto, T. Fungal Metabolites. Part 12.
Potent Immunosuppressant, 14-Deoxomyriocin, (2S,3R,4R)-(E)-2-
Amino-3,4-dihydroxy-2-hydroxymethyleicos-6-enoic acid and Struc-
ture-Activity Relationships of Myriocin Derivatives. J. Antibiot. 1994,
47, 216−224. (c) Parijat, P.; Kondacs, L.; Alexandrovich, A.; Gautel,
M.; Cobb, A. J. A.; Kampourakis, T. High Throughput Screen
Identifies Small Molecule Effectors That Modulate Thin Filament
Activation in Cardiac Muscle. ACS Chem. Biol. 2021, 16, 225−235.
(d) Rishton, G.; Catalano, S. M.; Look, G. C. Isoindoline
Compositions and Methods for Treating Neurodegenerative Disease.
WO Patent WO2015/116923A1, 2015. (e) Vuckovic, S.; Prostran,
M.; Ivanovic, M.; Dosen-Micovic, L.; Todorovic, Z.; Nesic, Z.;
Stojanovic, R.; Divac, N.; Mikovic, Z. Fentanyl Analogs: Structure-
Activity-Relationship Study. Curr. Med. Chem. 2009, 16, 2468−2474.
(f) Tyler, M. W.; Yourish, H. B.; Ionescu, D. F.; Haggarty, S. J.
Classics in Chemical Neuroscience: Ketamine. ACS Chem. Neurosci.
2017, 8, 1122.
(12) (a) Kouznetsov, V. V.; Galvis, C. E. P. Strecker Reaction and α-

Amino Nitriles: Recent Advances in Their Chemistry, Synthesis, and
Biological Properties. Tetrahedron 2018, 74, 773−810. (b) Gröger, H.
Catalytic Enantioselective Strecker Reactions and Analogous Syn-
theses. Chem. Rev. 2003, 103, 2795−2828. (c) Wang, J.; Liu, X.; Feng,
X. Asymmetric Strecker Reactions. Chem. Rev. 2011, 111, 6947−6983.

(13) (a) Filho, J. F. A.; Lemos, B. C.; de Souza, A. S.; Pinheiro, S.;
Greco, S. J. Multicomponent Mannich Reactions: General Aspects,
Methodologies and Applications. Tetrahedron 2017, 73, 6977−7004.
(b) Noble, A.; Anderson, J. C. Nitro-Mannich Reaction. Chem. Rev.
2013, 113, 2887−2939. (c) Verkade, J. M. M.; van Hemert, L. J. C.;
Quaedflieg, P. J. L.; Rutjes, F. P. J. Organocatalysed Asymmetric
Mannich Reactions. Chem. Soc. Rev. 2008, 37, 29−41. (d) Saranya, S.;
Harry, N. A.; Krishnan, K. K.; Anilkumar, G. Recent Developments
and Perspectives in the Asymmetric Mannich Reaction. Asian J. Org.
Chem. 2018, 7, 613−633.
(14) (a) Ocampo, R.; Dolbier, W. R. The Reformatsky Reaction in

Organic Synthesis. Recent Advances. Tetrahedron 2004, 60, 9325−
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