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Abstract

The ubiquity of tertiary alkylamines in pharmaceutical and agrochemical agents, natural products
and smallmolecule biological probes!-2 continues to stimulate enormous efforts towards their
streamlined synthesis3=°. Arguably, the most robust method for tertiary alkylamine synthesis is
carbonyl reductive amination3: comprising two elementary steps, condensation of a secondary
alkylamine with an aliphatic aldehyde forms an all alkyl-iminium ion, which is reduced by a
hydride reagent. Chemists have sought to develop direct strategies for a ‘higher order’ variant of
this reaction via the union of an alkyl fragment with an in-situ generated all alkyl-iminium
ion10-14_ However, despite more than 70 years of research, the successful realization of a
‘carbonyl alkylative amination’ has remained elusive. Herein, we report that a practical and
general solution can be accomplished by the addition of alkyl-radicals to all alkyl-iminium ions.
The process is facilitated by visible-light and a silane reducing agent, which, together with the
other reaction components, trigger a distinct radical initiation step to establish a chain process. An
attractive feature of this operationally straightforward, metal-free and modular transformation is
the unbiased nature of tertiary amines that arise from the traceless union of aldehydes and
secondary amines with alkyl-halides. As such, the structural and functional diversity within these
classes of abundant feedstocks provides a versatile and flexible strategy for the streamlined
synthesis of complex tertiary amines.

Carbonyl reductive amination is an effective method for the preparation of linear tertiary

alkylamines, however, the synthesis of branched variants frequently presents problems3: the
condensation of a secondary alkylamine with a dialkylketone is often slow and may require
the use of activating reagents; di-alkylketones are also not as readily available as aldehydes
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and may require multi-step syntheses. A method by which an alkyl group could be directly
added to an aldehyde-derived alkyl-iminium ion would circumvent these problems and
would increase complexity by leveraging three, rather than two, programmable feedstocks
into a tertiary alkylamine synthesis. Unfortunately, the most logical approach to this multi-
component strategy - direct addition of common organometallic nucleophiles to alkyl-
iminium ions - seldom succeeds in delivering the tertiary alkylamine product1-14:
organometallic reagents, such as Grignard and alkyl-lithium reagents, are rarely compatible
with in-situ iminium ion formation from alkyl aldehydes and secondary alkylamines,
necessitating pre-formation and isolation of an unstable iminium ion1215, Additionally, their
high basicity results in competitive deprotonation of the C-H bond adjacent to the carbon-
nitrogen double bond, dramatically restricting their scopel8. Less reactive zinc- or cerium-
based organometallics also exhibit limited scope and are restricted to activated alkyl
fragments12:13.15* 17-18 The Petasis reaction offers broader scope in the amine component
but suffers from specific substrate requirements in the carbonyl and organoboron-derived
components1®. More efficient reactivity has been demonstrated with C(sp)-20-21, C(sp?)-19.22
and allyl-nucleophiles!®23, or with activating auxiliary-derived imines*, however the
successful deployment of a suitably reactive and generally available source of unactivated
alkyl nucleophile for the addition to an alkyl-iminium ion continues to prove uniquely
challenging. Considering the limitations of the organometallic methods, chemists have also
sought to develop strategies based on the addition of neutral alkyl-radical species to imine-
derivatives10: 24-26_ However, the low electrophilicity of the carbon-nitrogen double bond
means that the use of an activating group on either the nitrogen atom (R1) or in the carbonyl
component (R2) is essential to render the imine-derivative sufficiently reactive towards alkyl-
radicals, limiting these reactions’ scope and practical application with respect to the
downstream synthesis of tertiary amine targets (Figure 1b)10.24-26,

Seeking to develop a direct carbony! alkylative amination (CAA) method, we hypothesized
that the addition of a neutral carbon-centered radical to an in situ generated, positively-
charged, alkyl-iminium ion would obviate the requirement for auxiliary-activated imines and
provide a single-step synthesis of tertiary alkylamines. To the best of our knowledge, the
elementary step comprising the direct intermolecular addition of an alkyl-radical to an alkyl-
iminium ion has not been reported, that is, with the exception of a solitary example in 1991
using a mercury salt under UV-light irradiation to generate an alkyl-radical that was added to
a formaldehyde-derived iminium ion?”. Addition of a neutral nucleophilic alkyl-radical to an
alkyl-iminium ion would afford an aminium radical cation (ARC), a species that could then
be intercepted through hydrogen atom transfer (HAT) to form the protonated tertiary
alkylamine (Figure 1c). A radical-based CAA requires the orchestration of a number of
simultaneously occurring events to form reactive intermediates, each of which is capable of
following competitive and deleterious reaction pathways. For example, a high concentration
of the reactive alkyl-iminium ion would need to be maintained in order to effectively engage
the incipient alkyl-radical. Furthermore, the HAT-reagent must be capable of rapidly
intercepting the transient ARC while avoiding reduction of the iminium ion. In spite of these
challenges, we report the realization of our hypothesis through the development of modular,
unbiased and efficient CAA, a new method that combines three abundant feedstocks —
secondary amine, aldehyde and alkyl-halide — in a single step. Central to the success of this
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protocol is the unique effect of visible-light in facilitating a radical initiation step under mild
conditions and leads to a practical and general synthesis of complex tertiary alkylamines.

Initial investigations focused on a representative reaction between A~methylbenzylaming,
hydrocinnamaldehyde and 2- iodopropane (Figure 2a). Attempts to secure CAA using
classical protocols for radical generation failed to produce an efficient reaction?®, For
example, use of tributyltin hydride (BusSn-H) and azobisisobutyronitrile (AIBN) gave trace
amounts of alkylamine 4a (entry 1), which could be modestly improved by using
tris(trimethylsilyl)silane [(Me3Si)3Si-H] in place of the tin reagent (entry 2)2°. We evaluated
different additives to promote the high alkyl-iminium ion concentration needed to effectively
intercept the alkyl-radical and found that the presence of fert-butyldimethylsilyl
trifluoromethylsulfonate (TBSOTT) secured high conversion, as determined by 1H NMR
(S18-S19, Supplementary Information 1). Consequently, a thermal reaction combining
(Me3Si)3Si-H, AIBN and TBSOTT produced the desired alkylamine 4a but as a 3:1 mixture
with the corresponding reductive amination product 4a’ (entry 3, 4a’” not shown).
Interestingly, a reaction that combined TBSOTT with Bu3Sn-H and AIBN, under thermal
conditions, resulted exclusively in formal reductive amination to 4a’ (entry 4). Further
exploration of the target transformation (S5, Supplementary Information 1) led us to identify
a set of unique and much simpler reaction conditions that exploited the effect of visible-
light activation, which, after parameter optimization, produced high yields of the desired
alkylamine (4a in 92% assay yield and 80% yield after isolation) with only trace amounts of
reductive amination (entry 5). When TBSOTf was omitted, 4a was still obtained in 82%
assay Yield, providing a set of conditions which could be used when acid-sensitive
functional groups were present. An important aspect of these mild reaction conditions is the
distinct nature of the radical initiation step. While there are a number of possible
explanations for this phenomenon, homolysis of the C-1 bond seems unlikely given that a
control reaction using a 455 nm long-pass filter (removing the minor UV and near-UV
components of the blue LED lamp required for the homolysis30’31) still generated 4a in 86%
yield (entry 7). We studied systematically the lightabsorbing properties of each component
and likely intermediates involved in the CAA reaction — secondary amine, alkylaldehyde,
alkyl-iodide, enamine, iminium and (Me3Si)3Si-H — as well as their combinations, in order
to probe for the possibility of a photosensitization or electron donor-acceptor (EDA)
complex that could be involved in radical generation32. While neither any component alone,
nor the combination of any two components showed absorption above or close to 455 nm,
the UV-Vis absorption spectrum of a ternary mixture comprising enamine (formed by
condensation of 1a and 2a), 2-iodopropane (3a) and (Me3Si)3Si-H revealed a new red-
shifted band (400-500 nm). Although at present we do not have sufficient evidence to invoke
a specific interaction, this observation potentially supports a multi-component interaction,
whose visible-light excitation leads to radical initiation (S12-17, Supplementary Information
1). Regardless, this radical initiation process offers distinct advantages over other light-
mediated processes because the (Me3Si)3Si-H is not incorporated in the newly formed bond
and thereby permits C(sp3)-C(sp3) bond generation; previous reports have been restricted to
the formation of carbon-heteroatom bonds involving the initiating reagent31:33, Furthermore,
we believe that the benign nature of the new radical generation step, in the absence of

Nature. Author manuscript; available in PMC 2021 February 24.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Kumar et al.

Page 4

classical chemical initiators, will aid the development of straightforward metal-free radical
C(sp3)-C(sp3) bond forming reactions from alkyl-halides.

Having established a viable protocol, we began an extensive investigation of the scope of
CAA by first testing its capacity to produce a-branched cyclic tertiary alkylamines, which
revealed a wide range of functionalized saturated cyclic and heterocyclic secondary
alkylamines could be successfully employed in this radical-based process (Figure 2b),
producing the desired alkylamines (4b-40). Notably, auxiliary-activated radical addition
methods cannot be used to directly access this class of tertiary alkylamines, which can be
produced in a single step using the new protocol. We found that AV, V- dialkylamines
displaying a range of both linear and branched functionalized alkyl substituents (including
aromatic heterocycles) gave the tertiary alkylamines 4a, 4p-4ae in good yields.

For certain amines bearing electron-withdrawing groups close to the nitrogen atom,
reductive amination was observed as a competing side reaction (10% with 4s). N-alky!l
anilines and even poorly nucleophilic diarylamines could be employed effectively (4af-4ai),
which expands the potential scope of the CAA process, as evidenced by their ubiquity in
pharmaceutically-relevant molecules. A reaction using A-phenyl hydroxylamine produced
the expected product (4aj) via addition to the corresponding nitrone intermediate. To
demonstrate compatibility with features typically encountered in pharmaceutical agents, we
showed that a range of drug fragments proved tolerant of the reaction conditions, producing
the complex tertiary amine products in synthetically useful yields (4ak-4aq).

A selection of functionalized linear aldehydes produced the corresponding tertiary
alkylamines (Figure 3a, 5a-k). Branched aldehydes, including saturated cyclic and
heterocyclic features also performed well, forming hindered tertiary alkylamines 5I-q.
Beyond aliphatic aldehydes, we were pleased to observe that formaldehyde (to 5r),
substituted benzaldehydes (to 5sv) and heteroaryl aldehydes (5w-x) function well in the
reaction and their successful conversion to amine products considerably expands the scope
of CAA.

Simple and functionalized primary alky! iodides proved to be good coupling partners when
5-10mol% of ethyl 2-iodo-2- methylpropionate (which, more easily, generates alkyl radicals
than a primary alkyl iodide) was added to the reaction34, with linear alkane fragments added
to alkyl-iminium ions to form tertiary alkylamines 6a-n. Although the reaction
accommodated a variety of functional groups in the alkyl-halide, slightly lower yields were
observed for radicals containing proximal electron withdrawing groups (6c¢). This is likely to
originate from a competitive HAT between the silane and alkyl-radical as well as slower rate
of addition of an electrophilic alkyl-radical to the iminium ion. Benzyl bromides and
methoxymethyl bromide, the iodides of which are unstable, were found to be suitable
alkylating agents and gave the amine products in synthetically useful yields (61, 6n). As
expected, secondary alkyl-halides were competent substrates and formed amines 60-t in
good yields. Tertiary alkyl-iodides were also excellent coupling partners, producing hindered
alkylamine products 6u-w (which would be challenging to prepare via reductive amination)
in high yield. A selection of unactivated alkyl-bromides reacted under the modified
conditions (with the radical chain initiator3#) to give reasonable yields of the tertiary
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alkylamines (61, 6n, 6p, 6r & 6w) and provides an alternative protocol if an alkyl-iodide is
not available. We were pleased to find that iodomethane (acting as a source of methyl-
radical) could be added to an iminium ion providing access to an important class of
branched tertiary alkylamines (6x). In addition to the 90 examples of successful CAA
documented in Figures 2 and 3, we have detailed an extended assessment of the reaction
scope (Figure S9, Supplementary Information 1) that includes substrates that give moderate,
but still synthetically useable, yields as well as examples where the process is low yielding
or unsuccessful.

As a further demonstration of this new methodology, we showed that the secondary amine-
containing pharmaceutical agent, desloratadine, whose tertiary amine derivatives have
recently attracted attention due to their improved pharmacokinetic properties and convey a
longer duration of antagonism at the histamine H1 receptor3®, can be used as the amine
component of this CAA to directly append two interchangeable molecular fragments within
the a-branched tertiary alkyl amine product (Figure 4a). Using the standard coupling
conditions, we showed that a collection of desloratadine- derived p-branched tertiary amine
products can be readily prepared in a modular fashion (8a-g). As a demonstration of the
reactions’ efficacy, we were able to prepare a a-d2-A’-alkyl derivative of desloratidine
(>95% D incorporation, 8g) in a single step from commercial d2-paraformaldehyde and 2-
iodopropane. Furthermore, a similar reaction, but using d5-iodoethane and a linear aldehyde
provided direct access to different class of labelled tertiary amine (8h)3.

CAA on desloratadine provides a striking distinction from our previous work3” on
photoredox-mediated alkylamine synthesis, which was based on alkene
hydroaminoalkylation via the generation and reaction of a-amino radicals (Figure 4b-c).
While we previously showed that this secondary amine can engage highly activated alkenes
(to 8i), the tertiary alkylamine products always contain the structural signature derived from
the intrinsic requirements of a reaction requiring an activated alkene acceptor. In contrast,
the present mechanistically distinct, reaction enables the use of a wide range of primary,
secondary and tertiary alkyl-halides, providing direct access to tertiary alkylamines that are
unbiased by any functional requirements of the transformation and contain no trace of the
activating groups required in the readily available building blocks.

A major advantage of this CAA strategy is its modularity; the vast array of distinct coupling
partners within each of the three abundant feedstocks required for this reaction means that
structural and functional diversity can be easily programmed into the tertiary amine products
(Figure 4d). To illustrate this, we evaluated the cross compatibility of the process by varying
each reaction component in order to produce a range of complex tertiary alkylamines with
diverse structural and functional properties. The reaction’s robust nature is reflected by the
ease with which densely functionalized alkylamines 9a-g can be produced in a single step
from readily available building blocks, highlighting their suitability for early-stage drug
discovery applications (Figure 4d). The streamlined nature by which these products are
prepared, undoubtedly demonstrates the synthetic potential of this new process. Given the
intuitive retrosynthetic logic that underpins CAA, this practical multi-component process
has the potential to become the benchmark in amine preparation for practitioners of
synthetic chemistry in academic and industrial institutions.
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Figure 2. Scope of the amine component in carbonyl alkylative amination.
a. Optimal reaction conditions. b. Scope of amine component. 2No TBSOTf used PTMSOTf
used instead of TBSOTT. CAmine’HCI salt used. TMS: trimethylsilyl; Tf:

trifluoromethanesulfonyl; Cy: cyclohexyl.
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Figure 4. One step synthesis of complex tertiary alkyl amines via carbonyl alkylative amination
and its comparison with related methods.

a. Rapid and streamlined synthesis of desloratadine analogues made possible by CAA. b. An
example of amine synthesis using photocatalytic alkene hydroaminoalkylation highlighting
the “‘biased’ nature of the products resulting from the activated alkene acceptor. c. Distinct
mechanistic pathways of alkene hydroaminoalkylation and CAA. d. Structurally diverse
tertiary alkylamines formed by CAA in one step from readily available building blocks.
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