Photocatalytic a-Alkylation of Amines with Alkyl Halides
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ABSTRACT: a-Branched amines represent essential building
blocks for organic synthesis. They are traditionally prepared
through nucleophilic addition to imines. These methods often re-
quire highly reactive organometallic reagents and proceed under
rigorous air- and moisture-free conditions. Here we describe an al-
ternative approach that involves a net dehydrogenative coupling
between alkyl bromides and amines. Mechanistically, the reaction
likely involves photocatalytic generation of an a-amino radical and
a stabilized carbon-centered radical (allyl, benzyl, a-carbonyl) fol-
lowed by radical recombination. This approach offers a mild, atom-
economical, redox neutral synthesis of a-branched amines that
shows broad scope and avoids pre-metalated reagents.

Branched amines (A) are components of natural products, phar-
maceutical agents, and agricultural chemicals. They are key build-
ing blocks for organic synthesis and subunits of ligands for transi-
tion metals. Traditional synthetic approaches to a-branched amines
generally rely on addition of a carbon-based nucleophile to an
imine electrophile (Figure 1a). This general strategy encompasses
venerable methods such as the Strecker (CN-)* and Mannich (eno-
late)? reactions. Organometallic additions can involve highly reac-
tive Grignard or organolithium reagents or milder nucleophiles like
organoboron species.®*56 Reductive amination extends this con-
cept to hydride nucleophiles. While these traditional nucleo-
phile/electrophile pairings have been utilized extensively, they of-
ten require highly reactive or specialized nucleophiles, which limits
their generality and scalability.

Inverting the normal polarity of imine addition suggested an al-
ternative route to a-branched amines. In principle, an a-C-H alkyl-
ation of amines with a suitable electrophile could yield the desired
products (Figure 1b). In practice, however, N-alkylation is expected
to occur between an amine and an electrophile. Notwithstanding
the facility of N-alkylation, recent discoveries in the area of photo-
catalysis appeared to offer the opportunity to develop a mild, um-
polung C-alkylation of amines.”

Pandey, Reiser and Yoon independently demonstrated that an
excited state Ir or Ru photocatalyst could generate a nucleophilic
o—amino radical B through single-electron transfer (SET) and pro-
ton loss (Figure 1c).8%1° Subsequently, Giese addition to an elec-
tron-deficient olefin led to the a-branched amine products. Our la-
boratory recently showed that this addition could be carried out re-
gioselectively with nonsymmetrical amines,*! and the MacMillan
group reported that the same o-amino radical can engage (het-
ero)aryl halides to give a-(hetero)aryl amines.'? Alternatively, sev-
eral groups have demonstrated that the o-amino radicals (B) can be
accessed in a reductive manifold from iminium ions, 3415 while

Rovis’ group achieved similar transformations both photochemi-
cally and electrochemically.16:17
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Figure 1. Synthesis of a-branched amines.

They key step in many photocatalytic methods is the SET from
an amine to the exited state Ir(111)* photocatalyst to form the re-
duced Ir(I1) species. We wondered if this Ir(Il) intermediate would
reduce appropriate electrophiles to form an a-amino/alkyl radical
pair (Figure 1D). Subsequent radical coupling would provide the
a-branched amine products and could represent a mild, redox-neu-
tral C-C bond formation that avoids prior formation of reactive re-
agents such as those used in traditional imine addition chemistry.'8
Encouragingly, Xu and coworkers have demonstrated the a-alkyl-
ation of N-aryl glycine derivatives under photolytic conditions,*2
while Walsh has described the alkylation and arylation of aza-allyl



Table 1. Scope of a-allylation and a-benzylation of N-benzyl anilines and related substrates?
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anions in a thermal process that likely involves radical-radical cou-
pling.2! Here we show the successful realization of a mild o-alkyl-
ation of amines that involves a redox-neutral coupling with alkyl
bromides.

a-Allylation and benzylation of amines. Reaction develop-
ment focused on N-benzyl aniline (1a) coupling with allyl (2) or
benzyl (3) bromide. A brief survey of reaction parameters identi-
fied the conditions outlined in Table 1 (for reaction optimization
see  Supplementary  Table S1). Photocatalyst PC1
[Ir(dF(CF3)ppy)2(dtbbpy)(PFe)] proved optimal for the C-alkyla-
tion, and the reactions proceeded at room temperature in acetone in
the presence of a mild base (Na2CO3) under 450 nm light. The ma-
jor side product in other solvent/base/catalyst combinations was the
N-alkylated isomer. Similarly, in the absence of base or photocata-
lyst, the N-alkylated isomer was formed prominently or exclu-
sively.

The reaction tolerated electron-rich and electron-deficient N-
benzyl groups, with yields for allylation generally paralleling yields
for benzylation (4 — 9). Mono- and di-substitution was accommo-
dated at all positions on existing N-benzyl ring (10-13). No reduc-
tion of aryl halides or a methyl ketone (9) was observed, while ox-
idation at methoxy ether and benzylic methyl groups was also
avoided. Heteroaryl rings including pyridine (14, 15) and furan
rings could be introduced on the substrate successfully, although
the attenuated yield in the case of furan 16 could implicate oxida-
tion of that electron-rich ring over the course of the reaction.

The N-phenyl ring could be substituted with electron-withdraw-
ing groups while maintaining synthetically useful yields (17 — 23).
By contrast, electron-rich N-aryl rings ring provided complex mix-
tures, likely arising from oxidation of the aniline and N-alkylation.
For example, an aminophenol derivative yielded modest yields of
the C-allylated (24a) and -benzylated products (24b). Low mass
balances and N-alkylation was observed in both cases.

Some a-quaternary amines were accessible using the photocata-
Iytic alkylation. In detail, a substrate bearing a phenyl and methyl
group adjacent to the amine could be allylated or benzylated (25a,
b) successfully. Similarly, benzhydryl aniline provided syntheti-
cally useful yields of the allylated and benzylated products (26a,
b). Extending the chemistry to a glycine derivative provided qua-
ternary a-aminoesters 27a and 27b in good yield. However, only
trace quantities of di-allylated or di-benzylated products were ob-
served (28) in the alkylation of N-benzyl aniline, even when excess
amounts of the bromide were used. We interpret this outcome to
indicate that a-quaternary amines can be synthesized if one of the
a-substituents is small (e.g., methyl) or able to stabilize a radical
(e.g., phenyl, ester).

As an example of potential opportunities in medicinal chemistry,
the calcium blocker bepridil (29) was benzylated and allylated
without complications arising from the tertiary amine (30, 31).

Scope of alkyl bromides. The a-alkylation proved relatively in-
sensitive to electronic or steric differences among benzylic bro-
mides (Table 2a). Electron-withdrawing (32-35) and electron-do-
nating (36) groups on the electrophile had little impact on yield.



Table 2. Synthetic scope of alkyl bromides?

R—-Br
(1.2 equiv)
N
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Likewise, substitution was accommodated at the ortho (37) and
meta positions (38), and disubstituted benzyl bromides were suc-
cessful coupling partners (39-40). A naphthalene (41), pyridine
(42) and furan (43) were introduced successfully under the standard
conditions as well. As shown in Table 2b, secondary benzylic (44,
45) or allylic (46) bromides provided the a-branched amines in ex-
cellent yield. Even trityl and tert-butyl bromides (47, 48) were
competent reaction partners, albeit in reduced yield.

Several additional classes of activated alkyl bromides could par-
ticipate in the a-alkylation (Table 2c). For example, propargyl bro-
mide yielded the terminal alkyne 49 without formation of detecta-
ble levels of the corresponding allene. A series of o-bromo car-
bonyl and related compounds provided amino-nitrile (50), amino-
amide (51), amino-ester (52, 53) and amino-ketone (54) products.
Separately, tetrahydroisoquinoline represented an excellent sub-
strate, reacting cleanly with several alkyl bromides (55-60). Com-
plete regioselectivity was observed, and the reaction accommo-
dated allylic, propargylic and benzylic bromides as well as o-
bromo ketones and lactones. With regard to current limitations, un-
activated secondary or primary alkyl bromides (e.g., i-PrBr, n-
PrBr) do not react under these conditions. Allyl chloride provides
the a-branched product in reduced yield whereas the iodide leads
to exclusive N-alkylation (see Supplementary Table 1). Finally, the
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reaction performed similarly on a ~30 mg scale and 500 mg scale
as demonstrated by several examples (38, 54, 60).

Alkylation with acetone. Introduction of the smallest ketone,
acetone, would require bromoacetone, which is a controlled sub-
stance and a highly toxic lachrymator. As an alternative, we dis-

Table 3. a-Alkylation of amines with in situ generated bromoacetone
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Figure 2. Mechanistic studies.

covered that bromotrichloromethane can effect the dehydrogena-
tive coupling between benzylic amines and acetone (Table 3). Sev-
eral substituted N-benzyl anilines were found to react cleanly and
provide the a-amino ketone products in 71-85% vyields. Under
these conditions, bromoacetone is likely generated in situ and par-
ticipates analogously to other alkyl bromides, providing a safer al-
ternative than using bromoacetone directly.?

Mechanistic considerations. Existing data supports the mecha-
nism outlined in Figure 1d. Irradiation of PC1 generates an excited
state [Ir(111)]* complex that acts as an oxidant (E12°* = 1.21 V vs
SCE; Ir*3*/1r*2) to accept an electron from an amine (BnNHPh Epr2
=0.89 V).232* Loss of proton alpha to the amine generates a carbon-
based radical intermediate. Separately, the reduced Ir(Il) species
(Ev2™ = -1.37 vs SCE; Ir*?/Ir*3) could transfer an electron to the
alkyl bromide (BnBr: E° = -0.51; ethyl bromoacetate: E® = -0.78;
bromoacetonitrile: E® = -0.60).25 Loss of bromide ion would yield
a second, C-based radical, which could combine with the a-amino
radical formed through oxidation.

An alternative mechanism for the allylation reactions could in-
volve conjugate Sn2’ substitution of the bromide (Figure 2a). To
investigate this possibility, we tested crotyl bromide (67) in the re-
action. Radical addition to the olefin would be expected to give a
single isomeric product. By contrast, radical combination could oc-
cur at either termini of the allylic radical to give a mixture of the
branched (68) and linear product (69). The latter outcome was ob-
served experimentally (68:69 = 1:1.5). Similar results were ob-
tained with allylic bromide 70. Finally, additional evidence for the
intermediacy of a-amino radicals came from a failed attempt to
couple with (bromomethyl)trimethylsilane (73, Figure 2b). In this
case, the diamine 74 was obtained, indicative of a radical homo-
coupling.
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imines. Recent advances in photocatalysis have allowed inversion
of this normal polarity to facilitate the redox neutral a-alkylation
of an amine with alkyl bromides. The upshot of this approach is a
mild synthesis of a-branched amines that avoids reactive organo-
metallic reagents and displays a broad scope. We anticipate that this
method will find use in the synthesis of medicinally relevant small
molecules, natural products, and other valuable amines.
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