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ABSTRACT

The synthesis of a-alkyl, a’-2-azinyl amines by addition of 2-heteroaryl-based nucleophiles to alkyl substituted iminium ion is
typically a challenging synthetic transformation due to mismatched reactivities and competing deprotonation adjacent to the
carbon-nitrogen double bond. Here, we report a solution to this problem through the development of a multicomponent coupling
process wherein a putative 2-azinyl indium nucleophile, generated in situ from the corresponding 2-iodo heteroarene and indium
powder, adds to an iminium ion that is also formed directly in the reaction. This modular and operationally straightforward
carbonyl azinylative amination (CAzA) displays a broad scope, does not require a transition metal catalyst and only a metal
reductant is needed to generate a reactive 2-azinyl nucleophile in the reaction. Beyond the addition to iminium ions, the 2-
azinylation of polyfluoromethyl ketones to form the corresponding tertiary alcohols is also disclosed. Together, the products of
these reactions possess a high degree of functionality, are typically challenging to synthesize by other methods, and contain

motifs recognized as privileged in the context of pharmaceuticals and agrochemicals.

INTRODUCTION

Nitrogen-containing heteroarenes are present in 11 of the top 25 most frequently occurring ring systems in U.S. approved
drugs.'2 Of these, Lewis basic azines, such as pyridines, pyrimidines, quinazolines and pyrazines, are some of the most
prevalent structural units and share the unique properties that make this type of aromatic heterocycle an attractive com-
ponent in drug molecules — namely, hydrogen bond-acceptor ability and the capacity to interact via nonpolar interactions."
Moreover, the nitrogen atom in azine ring systems can confer considerable improvement of key pharmacological param-
eters, including biochemical potency, binding affinity, aqueous solubility and metabolic stability.2* The presentation of an
azine feature connected through the 2-position to an alkylamine substituent — a so-called a-alkyl 2-azinyl amine — repre-
sents an attractive polar scaffold in the design of pharmaceutical and agrochemical candidates due to the density of polar
functionality, multiple diversification points for analogue synthesis and a balance of C(sp®) and C(sp?) carbon frameworks.
Accordingly, the a-alkyl 2-azinyl amine motif can be found in a variety of biologically and medicinally relevant molecules
(Fig. 1A). For example, introduction of the a-amine moiety to a 2-alkyl-pyrimidine scaffold enabled improved physical
properties and cell permeability for an inhibitor of human immunodeficiency virus type-1 (HIV-1) integrase, which led to
the identification of a potentially clinically useful antiretroviral agent.® Despite broad interest in the a-alkyl 2-azinyl amine
feature, the availability of surprisingly few general and concise methods for their preparation appears to have hindered

their wider utilization.

Arguably, the most straightforward approach to this scaffold is via reductive amination of a 2-azine-substituted alkyl ke-

tone. However, due to poor reaction kinetics in the condensation step and/or competitive enamine tautomerization, this
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method can be capricious for many coupling combinations.® Moreover, 2-azine-substituted ketones are rarely readily
available and require their own, often cumbersome, syntheses. Beyond this, most approaches to the synthesis of a-alkyl
2-azinyl amines can be divided into two generic classes of reaction that exploit one or two electron processes: (a) 1,2-
additions of open- and closed-shell nucleophiles to activated 2-azinyl imines (Fig. 1B[i]),”~" and (b) coupling reactions of
a-amino radicals with activated 2-azine derivatives (Fig. 1B[ii—iv]). While the former approach has enabled the synthesis
of a range of a-alkyl 2-azinyl amine derivatives, these methods often require activation through the incorporation of a high
energy auxiliary on the imine nitrogen atom in order to instil the required reactivity towards the nucleophile.”®'* The
incorporation and removal of this auxiliary adds two further steps to the route required to make the parent a-alkyl 2-azinyl
primary amine by this strategy. Furthermore, these approaches often require preformation and isolation of the 2-azinyl

imine species.
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Figure 1. (A) Selected pharmaceutical compounds containing the a-heteroaryl amine motif. (B) Established approaches
to the a-alkyl 2-azinyl amine scaffold. (C) Carbonyl Azinylative Amination: a straightforward modular strategy for the

synthesis of a-alkyl 2-azinyl amines.

Despite these limitations, perhaps the best-in-class example of this strategy is the use of Ellman sulfinylimines, the 1,2-
addition reactions of which displays a broad scope in aldimine and organometallic component and also provides an
effective means for the synthesis of enantioenriched a-alkyl 2-azinyl amines.® Examples of analogous reactions that do
not require the use of activating groups on the imine are scarce and display very specific substrate requirements, which
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limits scope and utility of such reactions. Notable examples of 1,2-additions of alkyl radicals to non-activated 2-azinyl
imines were reported by Bode and co-workers,''~'2 however these were limited to intramolecular examples for the syn-
thesis of 2-azinyl piperidine or piperazine products. Reisman et al. have reported an efficient Ni-catalyzed reductive al-
kylation of pre-formed N-alkyl 2-azinyl imines, using secondary alkyl or benzyl halides and mediated by a stoichiometric
metal reductant, which provided an effective preparation of a range of a-alkyl 2-azinyl secondary amines (Fig. 1B[i]).° A
ligand centred radical on a Ni-coordinated imine complex is thought to combine with an alkyl radical, forming the N-alkyl
2-azinyl amine after decomplexation. 2-Azinyl-substituted imines, which typically react as electrophiles, could conceivably
be used to access a-amino radical species via single electron reduction processes and coupled with electrophilic partners.
While this appears as an attractive transformation for an umpolung synthesis of heterobenzylic amines, Dixon et al.
demonstrated that the addition of a 2-pyridyl substituted a-amino radical to an activated alkene acceptor was particularly

sluggish due to the electron-deficiency of the radical nucleophile.™

The second generic class of transformations includes those based on bond forming reactions between an activated 2-
azine fragment and an a-amino radical. For example, variations on the Minisci reaction, wherein a net oxidative C-H
functionalization of a protonated azine with an a-amino radical at the 2- or 4-position, have emerged for the assembly of
the a-alkyl 2-azinyl amine scaffold.'>'® Most notably, Phipps and co-workers have reported a series of powerful transfor-
mations that couple N-acetyl amino acid redox active esters or N-acetylated amines with a range of azines to form a-alkyl
2-azinyl N-acetyl amides through a BINOL-phosphoric acid and photocatalytic coupling reaction in good yields and with
high enantioselectivity (Fig. 1B][ii]).'®'® Rovis and co-workers showed that a limited number of 2-cyano pyridines undergo
reductive coupling with a butyrophenone-derived oximes or NH-imines under photocatalytic or electrochemical condi-
tions, respectively, to form a-phenyl, o’-butyl 2-pyridyl amines (Fig. 1BJiii]), although the yields were frequently low.20-%!
Finally, Doyle, MacMillan and co-workers have demonstrated the utility of visible-light mediated photocatalysis for the
synthesis of a-azinyl pyrrolidines or morpholines from various 2-halo azines, via its merger with Ni-catalysis,?>"% or by

employing a homolytic aromatic substitution pathway (Fig. 1B[iv]).2*

Despite the recent advancements (vide supra), there remain several strategic gaps in the synthetic chemist’s toolbox for
the general preparation of a-alkyl 2-azinyl amines. For example, it is surprising that the, apparently, straightforward addi-
tion of 2-azine organometallics, such as heteroaryl-Grignard or -lithium reagents, to non-activated imines has not been
successfully exploited, a deficiency that is possibly due to the diminished nucleophilicity and frequent instability of these
reagents.?>-?® There also remains a paucity of multicomponent processes that are capable of generating modular func-
tionally and structurally complex variants of the pharmaceutically privileged a-alkyl 2-azinyl amine scaffold from readily

available building blocks.

Herein, we report the development of an operationally straightforward and general multicomponent method that ad-
dresses some of the key strategic gaps in the synthesis of a-alkyl 2-azinyl amines (Fig. 1C). In this modular reaction, an
iminium ion, which is generated in situ from an aldehyde and a secondary amine, is coupled with a 2-iodo azine via the
intermediacy of a putative 2-azinyl indium nucleophile (also generated in situ). A broad range of tertiary amine products
containing many pharmaceutically-relevant structural and functional features can be formed via these tandem C-N and
C-C bond forming steps from abundant amine and carbony! feedstocks and readily available 2-iodo azines. This work
also reveals the underexplored utility of a 2-azinyl-anion equivalent that we believe manifests in the form of the or-
ganoindium species, and which is demonstrated through its reactions with other common synthetically versatile
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functionalities. Considering the demonstrated importance and interest in nitrogen-rich scaffolds, we believe these meth-

ods will be of substantial interest to the synthetic community in both industrial and academic settings.

RESULTS AND DISCUSSION
Reaction Discovery and Optimization

In 2020, our group disclosed carbonyl alkylative amination (CAA) method for tertiary alkylamine synthesis (Fig. 2A).%"
Through this visible light-mediated process, a range of alkyl radicals add to in situ generated all-alkyl-iminium ions and
the resulting aminium radical cation undergoes rapid hydrogen atom transfer (HAT) with a silane to form the tertiary
alkylamine product, released after workup. This transformation allows for remarkably facile access to an array of complex
amines from abundant and diverse building blocks and can be extended to the synthesis of a-tertiary amino acid deriva-
tives and o-fluoromethyl tertiary amines.?®-2° Continuing the evolution of the generic CAA strategy, we speculated that
leveraging 2-iodo azines, as precursors to heteroarene radical coupling partners, may be amenable to this photochemical

protocol and provide a convenient means to generate a-alkyl 2-azinyl amines.
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Figure 2. (A) Tertiary alkylamine synthesis via visible-light & silane-driven Carbonyl Alkylative Amination (CAA). (B)
Preliminary results for a visible-light & silane driven Carbonyl Azinylative Amination (CAzA) for the synthesis of a-alkyl 2-

azinyl tertiary amines. (C) Selected optimization for the multicomponent carbonyl azinylative amination reaction.

We recognized that the generation of a 2-azinyl radical under the mild reaction conditions used for the alkyl radicals would
be substantially more challenging due to the higher energy nature of the heteroaryl radical species. Indeed, our extensive
preliminary studies were largely unsuccessful, with only a modest yield of the desired a-alkyl 2-azinyl amine 4a obtained
(Fig. 2B). In the proposed mechanism for the visible light-mediated CAA reaction tris(trimethylsilyl)silane [(Me3Si)s;Si—H]

fulfils a multifaceted role: it is integral to radical initiation, quenches the aminium radical cation on the amine nitrogen
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atom after radical addition to the iminium ion and carries the radical chain through halogen atom transfer (XAT) with the
alkyl iodide.®® We speculated that the poor outcome of the CAzA reaction under these conditions was due to rapid,
competitive hydrogen atom transfer (HAT) of the 2-pyridyl radical (BDE of pyridine ~ 100 kcal mol™) with (Me;Si);Si—H
(BDE = 84 kcal mol™). To avoid the use of (Me;Si);Si—H, and guided by the pioneering studies of Rieke on the formation
of heteroleptic alkylzinc reagents,' we initially considered that a stronger single electron reducing agent might facilitate
the formation of the desired 2-pyridyl radical from the parent 2-iodo pyridine. However, in line with the observations of
Rieke, then subsequent reduction of the incipient heteroaryl radical with a second equivalent of a metal may lead to the
corresponding 2-pyridyl organometallic species, which has not previously been explored in terms of its reactivity towards

electrophilic all-alkyl iminium species, to the best of our knowledge.

Our initial experiments to probe this hypothesis focused on the use of zinc powder, without any further additives classically
used to aid the generation of such reagents,* to form the corresponding pyridyl-zinc iodide (Fig. 1C). We were pleased
to observe that stirring a mixture of N-methylbenzylamine (1a), hydrocinnamaldehyde (2a) and 2-iodopyridine (3a) in a
dichloromethane solution with 1.5 equivalents of zinc powder and trimethylsilyl trifluoromethanesulfonate (TMSOTT, to
facilitate iminium ion formation) at room temperature afforded a-substituted 2-pyridyl amine 4a in 16% assay yield (AY),
as determined by "H NMR spectroscopy (Table 1, entry 1). Raising the temperature of the reaction resulted in only trace
amounts of the desired product being formed (entry 2) and no significant benefit was observed when changing the equiv-
alents of Zn (entries 3 & 4). We noted that the use of indium powder, whose first ionization potential of +5.8 eV indicates
a good single electron reductant (compare with that of Na [+5.1 eV] and Zn [+9.4 eV]),*® gave comparable yields to those
obtained with zinc (entry 5, also see Supplementary Information, Table S1), and when the reaction was stirred at elevated
temperature a substantially higher yield of 4a was obtained (see Supplementary Information, Table S2). Following further
exploration of the reaction parameters around this lead result, a set of optimal conditions were identified that consistently
produced high assay yields of the desired amine 4a (entry 6): vigorous stirring of a 1,4-dioxane solution containing amine
1a (1 equiv.), aldehyde 2a (1.5 equiv.), 2-iodo pyridine 3a (2 equiv.), indium powder (1.5 equiv.) and TMSOTf (1.5 equiv.)
at 70 °C for 8 h afforded amine 4a in 85% assay yield, which after isolation and purification by silica gel chromatography
provided 67% yield of the desired product. A cursory screen of alternate Lewis and Brgnsted acids revealed a particular
dependence on the use of TMSOTT (entries 7-8, also see Supplementary Information, Table S3). Control experiments
revealed that both indium and TMSOTTf were vital for the success of the reaction (entries 9-10). We believe that TMSOTf
is playing multiple roles in the reaction, including aiding iminium ion formation, enhancing the reactivity of the carbon-
iodine bond through coordination to the adjacent pyridine nitrogen and activating the indium metal (see Supplementary
Information, Section 9.1).3* Under the optimized conditions a reaction using 2-bromopyridine gave an assay yield of 20%
and no product was formed with 2-chloropyridine (returning only the starting material) highlighting the importance of the

2-iodo group and the relative reactivity of the weaker carbon—iodine bond with respect to indium insertion.

The insertion of indium into reactive allyl halides, propargyl halides and a-halo esters via Barbier or Reformatsky-type
activation modes is well precedented.® Furthermore, the activation of aryl halides using elemental indium alongside
additives such as LiCl and Co catalysts has enabled the use of arylindiums in a variety of transition metal-catalyzed cross
coupling processes.?** In contrast to these methods, the use of indium metal for the insertion into 2-azinyl halides to
form the corresponding heteroarylindium species and their subsequent role in productive carbon-carbon bond forming
reactions is limited to a solitary report, to the best of our knowledge.*” In this case, an indium mediated addition of 2-
iodopyridine to neat aldehyde at 75 “C generated the corresponding 1,2-addition product, although no details were pro-
vided on the nature of the putative 2-pyridyl nucleophile. In contrast, the mild and operationally straightforward reaction
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conditions afforded by the near equimolar multicomponent coupling reaction of our new CAzA reaction offer a modular
and potentially general entry into highly functionalized and structurally complex 2-azinyl tertiary alkylamines. Although
the CAzA process requires 1.5 equivalents of indium powder as a reductant, it is notable that no other metal additives or
catalysts are required. This draws an interesting distinction to related, but mechanistically disparate, reductive processes
that form similar products reported by the groups of Reisman and Doyle, in particular.®?® In these cases, a transition metal

catalyst is required in addition to the use of a stoichiometric quantity of a metal reductant to afford the desired products.

Exploration of reaction scope

With an optimized set of reaction conditions in hand, we explored the scope of this transformation by first varying the
amine component, using cyclohexanecarboxaldehyde (Fig. 3, 1b) and 2-iodopyridine (3a) as representative coupling
partners. Both assay yield and yield of isolated product are quoted in all cases to provide a measure of reaction efficiency
separated from isolation of materials, which is frequently problematic with tertiary alkylamines. A range of cyclic, bicyclic,
spirocyclic and heterocyclic secondary amines were smoothly converted to the corresponding a-alkyl 2-azinyl tertiary
alkylamines (Fig. 3, 4b-4j, 4r-4w), allowing for the incorporation of a broad selection of pharmaceutically ubiquitous fea-
tures arising from the diversity of the abundant secondary alkylamine feedstock. Primary amines and anilines, however,
consistently performed poorly in the reaction, frequently resulting in complex product mixtures. For example, using p-
anisidine (11) as the amine component gave the corresponding secondary amine product 4l with a low assay yields and
challenging purification precluded accurate yield determination (see Supplementary Information, Section 7.2). However,
N-methyl-p-anisidine (1k) was capable of coupling to give N-aryl tertiary amine 4k in good yield, suggesting an important
role of the intermediate iminium ion. N,N-dialkylamines displaying linear functionalized alkyl substituents, including aro-
matic and tetrazole containing groups, gave tertiary amines 4m-4q. The use of benzyl and allylamine derivatives gives
rise to products that can be readily transformed to the corresponding primary and secondary amines (4n, 4q) for down-
stream diversification. Several secondary amine-containing drugs, drug fragments and a natural product were accommo-
dated in the reaction, producing tertiary amine derivatives 4r-4w and demonstrating a compatibility of the reaction with
more complex functionality. We were pleased to find that, in many cases, amines with multiple Lewis basic functionalities
were well tolerated in this reaction. As an additional feature, the reaction was found to be amenable to the use of amine
hydrochloride salts — a form in which they are often supplied — by lowering the amount of TMSOTf required to substoichi-
ometric levels; the hydrochloride salt is presumed to assist the iminium ion formation and hence there is less reliance on
the TMSOTTf additive to promote this step.
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Next, we surveyed the scope of the reaction in the aldehyde component using amine 1x and 2-iodopyridine 3a as repre-
sentative coupling partners (Fig. 4A). Accordingly, a variety of aliphatic (Fig. 4, 2x-2ai) and aromatic (2aj-2ap) aldehydes
were successfully coupled in the carbonyl azinylative amination reaction to give amine products which we, upon inspec-
tion, would expect to possess favorable pharmacokinetic properties as orally available agents: molecular weights ranging
from 300-500 Da and between five to eight H-bond acceptors.®® Both linear aldehydes and a-branched aldehydes, in-
cluding carbocycle and heterocycle-containing, were readily converted to amines 4x-4ai. The reaction of a substituted
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cyclopropyl aldehyde resulted in formation of the expected amine 4ae without any trace of strained ring-opening prod-
ucts.*® This radical clock experiment suggests that the reaction pathway does not go through an indium-mediated iminium
reduction to an a-amino radical and subsequent addition-elimination to the 2-iodo pyridine. A range of aromatic and
heteroaromatic aldehydes could be used, giving rise to (hetero)benzhydrylamine derivatives 4aj-4ap. These amines,
which contain the a-aryl, a’-2-azinyl methylamine motif but can be challenging to access by traditional methods.*® Some
heteroaromatic aldehydes, such as 2-pyridinecarboxaldehyde, lead to poor yields of the desired products (2aq) and re-
ductive amination was observed as the predominant reaction pathway. However, use of several Lewis-basis heteroaryl
aldehydes generated the methylamine motive substituted with two heteroarenes in synthetically useful yields (2ao-p,

2ar), the products of which display up to seven heteroatoms.
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Figure 4. (A) Scope of carbonyl azinylative amination reaction in the aldehyde component. (B) Synthesis of a,a’-dialkyl,

a”’-2-pyridyl tertiary amines.

The CAZzA reaction could also accommodate the use of a ketone to deliver a synthesis of a-2-azinyl a-tertiary amines
(ATAs). Molecules bearing an ATA motif — a nitrogen with an adjacent fully substituted carbon atom — are prevalent
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among pharmaceuticals and bioactive molecules but efficient methods for their synthesis have remained elu-

8.1220.21.28.41-4% \While the addition of organometallic nucleophiles to N-activated ketimine derivatives is well estab-

sive.
lished, reports of the addition of non-activated organometallics to non-activated all-alkyl ketimines are exceptionally
rare.”*'~*3 Preliminary investigations guided us towards the use of primary amines for this transformation to overcome the
challenging condensation between aliphatic ketones and secondary amines that had yielded none of the desired product
in our investigations to date. Surprisingly, we found that ketimines derived from primary benzylamines were uniquely
reactive in this process and delivered the a-2-azinyl ATA in modest but synthetically useful yield, given the challenging
nature of the transformation (Fig. 4B). We found that increasing the equivalents of the ketone component and the reaction
concentration enabled a range of cyclic and linear ketones (Fig. 4B, 5a-e) to be successfully coupled with 4-methoxyben-
zylamine (17) and 2-iodopyridine (3a) to give a-2-azinyl a-tertiary amines (ATAs), 6a-6e. The use of the CAzA method to
assemble these sterically congested and functionality-dense amines represents a rare example of C(sp?)-rich ATA syn-
thesis by addition of an organometallic nucleophile to non-activated ketimines. Removal of the para-methoxybenzyl
(PMB) protecting group from amine 6a was achieved by an oxidative reaction using ceric ammonium nitrate (CAN) under
acidic conditions, giving 7a, which demonstrated a streamlined approach to the synthesis of 2-azinyl a,a’-dialkyl primary

amines.

With respect to the 2-iodo azine component, the scope of the reaction was explored using morpholine (1z) and cyclohex-
anecarboxaldehyde (2b) as representative coupling partners, under the same optimized reaction conditions (Fig. 5). We
identified that a range of 2-iodo azines performed well in the carbonyl azinylative amination reaction. Using a selection of
di- and tri-substituted 2-iodopyridines, we were able to prepare the corresponding a-alkyl 2-azinyl amines (Fig. 5, 8a—j),
bearing substituents at the 3-, 4-, 5- and 6-position of the pyridine ring. The chemo- and regioselective activation of the
2-iodo group in the presence of other bromide and iodide substituents demonstrates the mild nature of the indium activa-
tion process and allowed for the synthesis of substrates such as 8b-e, bearing versatile handles for downstream func-
tionalization. Other functional handles, such as allyloxy (8i), ester (8j) and carbamate (8r) groups could be incorporated
into the heterobenzylic amine scaffold. A variety of 2-iodopyrimidines were successfully applied to give amines 5k-5n.
Other heterocycles were smoothly incorporated into the tertiary amine scaffold, including pyrazine (80), isoquinoline (8p),
furopyridine (8q) and pyrrolopyrimidine (8r) rings, all of which have found a broad utility in drug design and synthesis as
pharmacophores for molecular recognition.?°-%2 3-lodopyridine (3s) could be used to give amine 8s, albeit in a lower yield
to its 2-pyridyl counterpart (8a) offering an interesting insight to the nature of activation of differentially substituted iodo
azines; azines with an iodide in the 2-position are more reactive that the 3-iodo and 4-iodo congeners. Pentafluoroiodo-
benzene (3v) was shown to undergo successful coupling with an iminium to give amine 8v with a perfluorophenyl sub-
stituent. This suggests that sufficient electron deficiency of the aromatic ring could preclude the requirement for 2-iodo
azines, and possibly expand the scope of this transformation. This hypothesis was supported by the unsuccessful cou-
pling of more electron-rich heteroarenes (see Supplementary Information, Section 7.2). It was noted that with most ex-
amples, isolated yields were 5—15% lower than assay yields due to mass loss upon silica gel chromatography, which is

commonly encountered with alkylamines.
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Figure 5. Scope of carbonyl azinylative amination reaction in the 2-iodo azine component.

Having established a broad scope for the carbonyl azinylative amination, we questioned whether the native ketone
could serve as a competent electrophile for the putative organoindium nucleophile, therefore enabling a complementary
process for the synthesis of the corresponding tertiary alcohols substituted with a 2-azinyl group (Fig. 6A). The corre-
sponding 2-pyridyl Grignard reagents have been shown to add to ketones in modest yield (usually less than 50%). In our
initial survey of reaction conditions, we found that the use of TMSOTf was poorly effective in the addition of the putative
2-pyridyl indium to ketones. We were pleased to discover that 2-iodopyridine (3a) reacted with 4-tetrahydropyranone (5a)
in the presence of a catalytic amount (25 mol%) of (x)-camphorsulfonic acid (CSA) in a THF solution to provide tertiary
alcohol 9a in an adequate assay yield. Unfortunately, however, other non-activated acyclic ketones exhibited very poor
reactivity, resulting in low yields of the corresponding tertiary alcohols and perhaps reflects the mild nature of the putative
2-pyridyl indium species. Perhaps unsurprisingly, more reactive aliphatic and aromatic aldehydes could be employed as

effective electrophiles under these conditions, giving rise to secondary alcohols 9b and 9c.
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Figure 6. (A) Indium-mediated 2-pyridylation of aldehydes and ketones and the synthesis of pharmaceutically-relevant

butyrophenone derivatives. (B) Indium-mediated 2-pyridylation of perfluoromethyl ketones.

While there appears to be little to no benefit to using 2-pyridyl indiums in the addition to carbonyls over the more conven-
tional Grignard reagent, we sought to establish whether our method provided any chemoselectivity over classical organ-
ometallic reagents. We selected dione 10 as a substrate to investigate this potentially useful facet of 2-azinyl-indium
reagents. Butyrophenones are a class of antipsychotic drugs with applications in the treatment of schizophrenia or as
sedatives in veterinary settings.®® They all feature a phenylbutanone chain and marketed members of this drug class,
such as haloperidol, contain an aryl-substituted tertiary alcohol on the piperidine ring. The selective 2-azinylation of the
piperidinone unit in dione 10 would provide a streamlined strategy for the synthesis of an aza-haloperidol analogue and
other butyrophenone derivatives. Based on our results of adding 2-pyridyl indium reagents to ketones, we reasoned that
the cyclic ketone may react in preference to the acyclic carbonyl. Harnessing the disparity of this intrinsic selectively of
the putative 2-pyridyl indium species allowed for site selective heteroarylation of diketone 10 using 2-iodo-5-chloropyridine
(3w) at slightly elevated temperature and concentration to give tertiary alcohol 11a, which is an analogue of haloperidol
containing a single carbon-to-nitrogen bioisosteric replacement, as a 3:1 mixture of regioisomers. Pleasingly, 2-io-
dopyridine (3a) showed similar selectivity with our diketone precursor 10, to furnish the alcohol 11b, a further analogue
of haloperidol. While the yields of 11a and 11b were modest, the alcohol products were readily isolable from their product
mixtures, and much of the remaining mass balance could be attributed to unreacted starting material which could be
recovered (see Supplementary Information, Section 5.2). As a control reaction, we tested the same 2-azinylation reaction
with the Grignard reagent derived from 3w and observed only trace amounts of the desired product 11a with the reaction
forming an intractable mixture, which also precluded regioselectivity determination. In contrast, the conditions developed
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in this report allow for the selective installation of an a-2-azinyl tertiary alcohol in a single step, which remains the key
challenge in the synthesis of butyrophenone drugs,®* demonstrating a streamlined method for the generation of analogues

of this important scaffold.

In contrast to the modest reactivity of alkyl ketones, we observed that the more reactive ketone, 2,2,2-trifluoroacetophe-
none (12a), was an effective electrophile for heteroarylation, giving a-trifluoromethyl-a’-(2-pyridyl) tertiary alcohol 13a in
reasonable yield (Fig. 6B). Indeed, a variety of fluoromethyl ketones could be successfully coupled with 2-iodopyridine
(3a) to give fluorinated tertiary alcohols displaying aryl (13a-c, 13h-i), heteroaryl (13d), benzyl (13f), and alkyl (13e-g)
substituents. These results distinguish this method for the synthesis of perfluoromethylated tertiary alcohols from other
protocols involving the use of organometallic reagents. For example, with readily enolizable (trifluoromethyl)alkylketones,
which themselves are non-trivial to prepare, classical heteroaryl organometallic reagents participate in competitive and
unproductive deprotonation at the acidic a-position meaning that products are formed in low yields.5® Alternative ap-
proaches based on additions to highly reactive 2-azinyl(trifluoromethyl)ketones using alkyl organometallic reagents that
contain hydridic B-hydrogens are rarely straightforward and can result in carbonyl reduction over alkyl addition.®6-%° This
indium mediated ketone addition offers a single step solution to the synthesis of a class of tertiary alcohols that are difficult
to prepare by other means. The successful synthesis of the difluoromethyl (CHF,) variant (13h) is particularly noteworthy
because this motif has attracted considerable interest in medicinal chemistry, as a lipophilic hydrogen bond donor and

bioisostere of hydroxyl and thiol groups.®®

Preliminary mechanistic investigations

When considering the possible reactive species involved in the key C—C bond forming step, we envisioned two possible
scenarios: (i) addition of a pyridyl radical, formed through indium-mediated single electron reduction of the 2-iodo azine,
to an iminium ion; or (ii) addition of a 2-azinyl indium species, which could be formed either by oxidative addition of In
metal to the 2-iodo azine or via sequential indium-mediated single electron reductions, to an iminium ion. Note that initial
N-silylation of the azine to form an N-trimethylsilyl azinium species was directly observable by '"H NMR analysis (see
Supplementary Information, Section 9.1) and assumed to be important for activation of the iodo azine. To probe a radical
pathway, we reasoned that addition of a 2-pyridyl radical to an iminium ion would result in an aminium radical cation.
However, the exclusive formation of 9b, formed from an aldehyde bearing a pendant alkene, suggests an open shell
pathway is not central to the key addition step as rapid 5-exo-trig cyclization (k = 108-10° s to 14)% would be expected
in the event of a 2-pyridyl radical pathway (Fig. 7A). A 2-pyridyl radical bearing a 3-allyloxy substituent has been shown
to undergo rapid addition to the pendant alkene.®® However, when subjected to our standard conditions, the use of 2-iodo
pyridine 3i resulted in the formation of desired tertiary amine 5i in 86% assay yield alongside pyridine 15 resulting from
protodeiodination (Fig. 7B) but no trace of the product from radical cyclization onto the alkene motif (16). In contrast,
pyridine 3x, displaying a pendant ketone motif, was involved in two competing pathways under our reaction conditions:
the desired 2-pyridylation to furnish amine 5x and intramolecular addition of the 2-pyridyl carbon atom to the pendant
ketone to give cyclized product 17, which provides evidence in support of a polar mechanism involving a 2-pyridyl indium

species (Fig. 7C).
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Figure 7. Mechanistic studies. (A) Radical clock experiments. (B) Intramolecular cyclization to probe radical mechanism.
(C) Intramolecular cyclization to probe polar mechanism. (D) Intermolecular competition experiments to probe for polar
or radical pathway. (E) A plausible pathway for a polar mechanism.

A reaction involving the presence of excess deuterium chloride in a stirred mixture of 1-iodoisoquinoline 3p, indium pow-
der and TMSOTf resulted in the complete conversion to 1-deuteroisoquinoline (1-d-18) (Fig. 7D). It is notable that stirring
the reaction at 70 °C for 20 h was required to achieve complete deuteration. Organoindium species are typically charac-
terised by their mild reactivity and kinetic inertness to deprotonative processes;* while the CAzA reaction does not pro-
ceed effectively in protic solvent (see Supplementary Information, Table S2), it appears that the reactive azinyl indium
species does share these properties, to an extent. In the presence of classical hydrogen atom transfer reagents, the
reaction still produced exclusively the deuterated product over isoquinoline (18). Given the high calculated electron affinity
of the 2-pyridinium radical cation (Int. Il, Fig. 7E) [6.59 eV] (calculated at the BLYP/aug-cc-pVDZ//BLYP/cc-pVDZ level of
theory),®! we can reason that following single electron reduction of the corresponding TMS-activated 2-iodo-azinium cat-
ion (Int. 1), a successive single electron reduction process to generate the organoindium reagent (Int. lll) would outcom-
pete undesired HAT to quench the azinium radical cation. Together, these data suggest that the formation of a putative
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2-azinyl indium species and its addition to an electrophile (Int. IV) proceed via a polar mechanism. For further discussion

and experiments investigating the reaction mechanism, see the Supplementary Information, Section 9.

CONCLUSION

In summary, we have developed an operationally straightforward protocol for the synthesis of highly functionalized o-
alkyl 2-azinyl tertiary amines from readily accessible or commercially available feedstock components. This procedure
offers practical access to a complex structural unit that is often challenging to assemble in such a modular fashion. The
carbonyl azinylative amination protocol is run under mild and operationally straightforward conditions, enabling a broad
scope in all three reaction components. A notable feature of this reaction platform is its independence from the need for
a transition metal catalyst, which is usually required to generate a reactive aryl species in other related processes. Beyond
the reaction with iminium ions, the 2-azinylation of aldehydes and electron-poor ketones was also realized, under modified
conditions, delivering a collection of heterobenzylic alcohols. Additionally, the platform can be adapted to the synthesis
of tertiary alcohols containing both di- or trifluoromethyl and heteroaryl substituents, which may be of use in the search
for biologically active molecules. Our preliminary studies lead is to believe the reaction invokes a 2-azinyl indium species,
which undergoes nucleophilic addition to a C=X electrophile. These findings reveal previously unexplored aspects of the
reactivity of heteroleptic 2-azinylindium reagents, which may present further applications of interest to synthetic chemists

working in academic and industrial settings.
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METHODS

General procedure for the multicomponent synthesis of heterobenzylic amines employing secondary amines,
aldehydes and iodo azines

An oven dried vial (Biotage Microwave Process Vial 10 mL, equipped with gas-tight pierceable caps) was charged with
a magnetic stirring bar and indium powder (0.60 mmol, 1.5 equiv). The vial was sealed, evacuated and backfilled with N
(3 cycles). To this was added dry dioxane (1.0 mL) followed by amine or amine hydrochloride (0.40 mmol, 1.0 equiv),
aldehyde (0.60 mmol, 1.5 equiv) and 2-iodo azine (0.80 mmol, 2.0 equiv) followed by trimethylsilyl trifluoromethanesulfonate
(0.60 mmol, 1.5 equiv with neutral amines, or 0.20 mmol, 0.5 equiv with amine hydrochloride salts) via microsyringe. The
reaction vial was heated at 70 °C with vigorous stirring for 8 h. The crude reaction mixture was cooled and diluted with
CHCl;z (20 mL), 10% ag. NaOH (15 mL) was added, and the resultant mixture was stirred vigorously for 10 min, until the
aqueous layer appeared cloudy white. The aqueous phase was extracted with CH,Cl, (3 x 10 mL), and the combined
organic extracts were dried over anhydrous Na,SO., filtered and concentrated in vacuo. The residue was purified by silica
gel column chromatography using a mixture of ethyl acetate and petroleum ether (with 5% v/v triethylamine), or a mixture

of methanol and dichloromethane (with 5% v/v triethylamine), to give the a-alkyl 2-azinyl amine product.

DATA AVAILABILITY

All experimental procedures, extended mechanistic discussion and compound characterization (*H and '3C NMR spectra, IR

and MS data) are available in the Supplementary Information.
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