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This Highlight details the recent emergence of a new type of A% reaction (three-component
condensation of an amine, an aldehyde and an alkyne). In contrast to the classic A® coupling
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The three-component coupling of an amine, an aldehyde and an
alkyne, commonly known as the A® reaction, represents an
ideal entry point to synthetically versatile propargylic amines of
type 1 (eq 1).! Not surprisingly, therefore, a significant amount
of attention has focused on this transformation which has
resulted in the development of operationally convenient and
high-yielding approaches, including enantioselective variants.*
While cyclic amines readily undergo the A® reaction to form
propargylic amines with the general structure 2, the
corresponding ring-substituted regioisomers 3 are inaccessible
via this method. A two-component alkynylation approach to
compounds 3 is not generally feasible due to the difficulties
associated with accessing the requisite aminoaldehydes 4. Here
we discuss recent advances that enable the formation of
compounds 3 via redox-neutral three-component coupling
reactions (egs 2 & 3).
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Previous approaches to ring-substituted propargylic amines
related to 3 have focused on the oxidative C-H bond
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process, the redox-A® reaction incorporates an iminium isomerization step and leads to amine
a-alkynylation. The overall transformation is redox-neutral by virtue of a combined reductive
N-alkylation/oxidative C—H bond functionalization.

functionalization of tertiary amines (typically N-aryl amines
and most commonly N-aryl tetrahydroisoquinolines).? In
addition to these transformations which are also referred to as
CDC reactions (cross-dehydrogenative coupling reactions),’
photoredox approaches to amine alkynylation have been
reported. The common feature of these two-component
strategies is the requirement for an external oxidant. An
alternate approach to ring-substituted propargylic amines was
developed independently by the Li°® and Seidel® groups.”®
These researchers showed that amino acids such as proline and
pipecolic acid, when heated with a mixture of an appropriate
aldehyde and an alkyne, undergo copper-catalyzed three-
component decarboxylative coupling reactions to form
propargylic amines 5 (eq 2). The most recent advance in this
field, enabling the preparation of ring-substituted propargylic
amines, is the redox-A® reaction®*! which employs the same
starting materials as the classic A® process (eq 3).121®
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Scheme 1. The A® vs. the redox-A® reaction, mechanistic

considerations.

With regard to the mechanism of the two transformations, both
the A® reaction and the redox-A3 reaction likely require the
initial formation of iminium ion 6 (Scheme 1). In the classic A®
process, 6 is trapped with a metal acetylide to give product 1.
In contrast, the redox-A® reaction requires the isomerization of
iminium ion 6 to its regioisomer 8 which may be achieved via
azomethine ylide 7, an intermediate in the decarboxylative A®
reaction.>® Through the seminal work of Huisgen and Grigg,**
it is well established that the deprotonation of iminium ions
provides a viable entry to azomethine ylides, species that have
been used in various [3+2] and other pericyclic reactions.'®
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Once formed, protonation of 7 could result in either the original
iminium ion 6 or its desired regioisomer 8. The site of
protonation should largely be determined by the charge
distribution in 7, in addition to potential other factors such as
sterics. Importantly, evidence has recently been obtained for
the intermediacy of azomethine ylides in iminium
isomerizations that lead to non-pericyclic amine a-
functionalization.’®”  The realization of a three-component
redox-A® reaction requires for the iminium isomerization
pathway to effectively compete with the direct addition of
metal acetylide to 6. In favorable cases, 5 may be obtained
from 1 via stepwise isomerization. This alternate route appears
to be viable based on the reversibility of certain iminium
alkynylations, as recently demonstrated by Nakamura and co-
workers. 18

The first redox-A3 reaction was reported by the Seidel group in
early 2013.° Their strategy was based on the notion that the
iminium ion isomerization pathway (vide supra) may be
accelerated by employing electron-deficient aldehydes. In
addition, it was reasoned that sterically demanding aldehydes
should slow down the rate of the classic A® reaction. 2,6-
dichlorobenzaldehyde, an aldehyde that fits these criteria, was
evaluated in reactions with pyrrolidine and phenylacetylene.
Out of a selection of various commercially available copper(l)
and copper(ll) compounds, Cu(ll) 2-ethylhexanoate (Cu(2-
EH),) was identified as an excellent catalyst. Under the
optimized conditions, the redox-A® product 9a was obtained
nearly exclusively over the A® product 10a (Scheme 2). The
nature of the aldehyde was found to have a dramatic effect on
the outcome of the reaction. For instance, electronically similar
2,4-dichlorobenzaldehyde showed only a moderate preference
for redox-A® product 9b. In general, for aromatic aldehydes,
steric factors appear to outweigh electronics, as illustrated by
the observation that mesitaldehyde gave rise to excellent
product ratios. However, with aliphatic aldehydes such as
cyclohexane-carbaldehyde, the regular A% products were
obtained almost exclusively. Control experiments showed that
limited isomerization of 9a to 10a occurs under the reaction
conditions, establishing that the product ratios are likely the
result of the intrinsic reactivities of the intermediates. Cu(2-
EH), is thought to play a dual role in the overall process. In
addition to forming the copper acetylide, it serves as a source of
2-ethylhexanoic acid which is likely involved in iminium
isomerization.

Cu(2-EH); (15 mol%) O

RCHO (1 equiv) ~
[N > phenylacetylene (1.5 equiv) )N ~>ph + N
H R RN
) PhMe (0.25 M) Ph
1.5 equiv uW, 150 °C, 15 min 9 10
Cl Me MeO
Cﬁf cl” : iC| ©}< /Cﬁ{ @G Ok
Cl Me Me OMe
9a/10a > 25:1 9b/10b = 2.6:1 9¢/10c = 1:2 9d/10d = 11:1 9e/10e = 1:1  9f/10f < 1:25
81% 70% 66% 79% 78% 89%

Scheme 2. A® vs. redox-A® reaction with pyrrolidine: Dependence of
product ratios on the aldehyde.

The scope of the Cu(2-EH), catalyzed redox-A® reaction was
evaluated with regard to pyrrolidine and various alkynes
(Scheme 3). Good to excellent product ratios and moderate to
excellent yields of redox-A® products were obtained.
Homologues of pyrrolidine were also evaluated and in the case
of piperidine and azepane provided synthetically useful product

2 | Org. Chem. Front., 2014, 00, 1-3

ratios in favor of the redox-A® products. Morpholine on the
other hand provided mostly regular A3 product in a reaction
with  phenylacetylene. Interestingly, replacement of
phenylacetylene for ortho-tolylacetylene resulted in a slight
preference for the redox-A® product, illustrating that for a
bulkier metal acetylide the rate of the standard A® reaction
might be slowed down sufficiently to allow for more effective
iminium isomerization.

Cu(2-EH); (15 mol%) R R R R
a amine (1.5 equi.v) o kNJ\ o LN)
CHO alkyne (1.5 equiv) A " .
_—
o PhMe (0.25 M) X R
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R = 4-OMe-CgHy: 11/12 = 24:1, 70% R = cyclohexyl: 11/12 > 25:1, 81%
R =4-CO,Me-CgHy: 11/12 > 25:1,45% R = cyclopropyl: 11/12 > 25:1, 79%
R = 4-CN-CgHy4: 11/12 > 25:1, 43% R =1Bu: 11/12 = 11:1, 55%
Ar R = 3-Me-CgHy: 11/12 > 25:1, 91% R = nPr: 11/12 > 25:1, 76%
R = 2-Me-CgHy: 11/12 > 25:1, 91% R = 1-cyclohexenyl: 11/12 > 25:1, 86%
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R = cyclohexyl: 11/12 = 8:1, 80%
R = 1-cyclohexenyl: 11/12 = 4:1, 90%

R=H:11/12=1:7,60%
R =Me: 11/12 = 1.2:1, 42%

Scheme 3. Scope of the Cu(2-EH), catalyzed redox-A® reaction by
Seidel et al.

Two independent studies from the Yu'° and Ma'! groups,
published within a short time frame in late 2013/early 2014,
explored the possibility of performing redox-A® reactions with
tetrahydroisoquinoline (THIQ) as the amine component. Both
groups employed the same substrate combination in their initial
evaluation of this process (Scheme 4). The two studies showed
that reactions of THIQ with benzaldehyde and dec-1-yne,
conducted between room temperature and 30 °C in the presence
of catalytic amounts of CuBr, resulted in near exclusive
formation of the standard A® product 14. Remarkably, Yu et al.
found that the simple replacement of CuBr for Cul in a reaction
that was conducted under otherwise identical conditions led to
the exclusive formation of the redox-A® reaction product 13.
The same effect was observed in the Ma study when CuBr was

Yuetal:

i

catalyst (10 mol%)
PhCHO ( 1 equiv)
dec-1-yne (1.2 equiv)

_ >
PhMe (0.25 M)
4AMS,30°C,24h 13 n-CgHyy 14 n-CgHq7
1.2 equiv
with CuBr: 13/14 < 1:19, 92% yield
with Cul: 13 only, 88% yield
Ma et al:
catalyst(s)
PhCHO ( 1.4 equiv) N__Ph N Ph
dec-1-yne (1 equiv)
O o I ‘ I
NH PhMe (0.17 M)
4AMS, 12h 13 n-CgHqy 14 n-CgHq7
1.4 equiv

with CuBr (15 mol%), rt:
13 = 1% yield, 14 = 92% yield

with CuBr (2.5 mol%) and PPh; (2.75 mol%), 80 °C:
13 only, 90% yield

Scheme 4. Evaluation of catalysts in the redox-A® reaction with THIQ.

used in combination with triphenylphospine (PPhs) as a ligand.
These authors also noted a dependence of product ratios on

This journal is © The Royal Society of Chemistry 2014

Page 2 of 4



Page 3 of 4

P OO~NOUILAWNPE

22

catalyst loading, with lower loadings coupled with higher
reaction temperatures giving rise to increased product ratios in
favor of the redox-A® product 13. This was rationalized on the
basis that lower catalyst loadings should slow down the rate of
addition of the copper acetylide to either iminium ion, allowing
more time for iminium isomerization. Both studies nicely
illustrate the dramatic effect that a counteranion and/or a ligand
can exert on the course of an A%redox-AZ reaction.

Cul (10 mol%)
aldehyde (1 equiv) N._R

alkyne (1 equiv)
BT Il * It

PhMe (0.25 M)
4AMS,50°C,24h 15 R 16 R

NH

R = CgHg: 15/16 = 1:0, 89%
R = 4-Me-CgHy: 15/16 = 1:0, 94%
N R R=3.Me-CgHy: 15116 > 19:1, 90%
R = 2-Me-CgHy: 15/16 = 1:0, 84%
l R = 4-MeO-CgHy: 15/16 = 1:0, 77%2
R = 4-Br-CgHy: 15/16 = 17:1, 94%

R =4-CI-CgHy4: 15/16 = 1:0, 92%
R = 4-CF5-CgHy: 15/16 = 7:1, 93%
R = 2-thienyl: 15/16 = 1:0, 72%?
R = 1-naphthyl: 15/16 > 19:1, 91%
R = cyclohexyl: 15/16 = 3:1, 85%
R = cyclopropyl: 15/16 = 4:1, 79%

2 performed at 80 °C

R' = nBu: 15/16 = 1:0, 85%
~ R' = CgHs: 15/16 > 19:1, 89%
R' = cyclohexyl: 15/16 = 1:0, 83%
‘ | R' = cyclopropyl: 15/16 = 1:0, 88%
R' = (CH,)3CN: 15/16 > 19:1, 91%

R' = (CHy);Cl: 15/16 > 19:1, 88%
R' = (CH,)sPh: 15/16 = 1:0, 99%
R' = 2-propenyl: 15/16 = 1:0, 86%
R'=TMS: 15/16 = 1:0, 79%

Scheme 5. Scope of the Cul catalyzed redox-A?® reaction by Yu et al.

The Yu group studied the scope of the redox-A® reaction of
THIQ with Cul as the catalyst, using a 1:1:1 ratio of substrates
(Scheme 5).2° Excellent results were obtained for a range of
different alkynes and aldehydes. In many instances, the redox-
A3 product 15 was formed exclusively over the standard A3
product 16. However, a drop in product ratios was observed for
aliphatic aldehydes. It was further established that 1,2,3,4-
tetrahydro-p-carboline is also amenable to the redox-A®
reaction (not shown). The authors noted that, under their
optimized conditions, pyrrolidine provided exclusively the

standard A® products.
Cul (1 mol%)
(R,R)-N-pinap (2.2 mol%) ©\/>
PhCOOH (5 mol%) NUR

©i> + RCHO + R—=—H
NH PhMe (0.17 M) w

4AMS,40°C, 12h
1.4 equiv 17 R

1.4 equiv

R = CgHs, R' = n-CgH7, 98%, 94% ee

R = CgHs, R' = cyclohexyl, 94%, 95% ee

R = CgHs, R' = MeCOOCH,, 91%, 91% ee
R = CgHs, R' = TBSO(CH,),, 96%, 93% ee
R = CgHs, R' = CgHs, 94%, 95% ee

R = CgHs, R' = 4-F-CgHy, 95%, 94% ee

R = CgHs, R’ = 4-MeO-CgHg, 97%, 93% ee

R = 4-Me-CgHy, R' = n-CgHy7, 95%, 94% ee

R = 4-F-CgHy, R' = n-CgH17, 97%, 95% ee

R = 2,6-Cly-CgHs, R' = n-CgHy7, 89%, 93% ee
R = N-Ts-indole-3-, R' = n-CgH17, 80%, 92% ee

Scheme 6. Scope of the enantioselective redox-A® reaction by Ma et al.

Ma and coworkers, in addition to exploring the scope of the
THIQ-based redox-A® reaction with the CuBr/PPh; catalyst
system, developed a remarkably efficient enantioselective
variant of this process (Scheme 6).* A pinap ligand, originally
developed by Carreira et al. and used in the regular A3
reaction,’® was shown to be ideally suited to facilitate
asymmetric redox-A® reactions. A low catalyst loading was
sufficient and all products were obtained in excellent yields and
enantioselectivities. Interestingly, the addition of benzoic acid
as a cocatalyst was shown to result in improved yields. The
scope of this reaction was further extended to 6,7-dimethoxy-
1,2,3,4-tetrahydroisoquinoline, which was shown to undergo a

This journal is © The Royal Society of Chemistry 2014
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highly enantioselective redox-A® reaction (eq 4). Interestingly,
Yu et al. reported that under their conditions of Cul catalysis,
6,7-dimethoxy-1,2,3,4-tetrahydroisoquinoline failed to undergo
a reaction with benzaldehyde and dec-1-yne; neither A3 nor

redox-A? products were isolated.
MeO.
Me0:©i_/\N\/Ph

i @

Cul (1 mol%)
(R,R)-N-pinap (2.2 mol%)
PhCOOH (5 mol%)
PhCHO (1.4 equiv)

MeO.
. :@Q PhMe (0.17 M)
MeO NH 4AMS,40°C,12h 4-Br-CgH,
1.4 equiv 18, 92%, 98% ee
In conclusion, the recently developed redox-A® reaction

provides a useful complement to the traditional A® coupling
process.  Ring-substituted propargylic amines not readily
available by other means can now be prepared in a single step
and in redox-neutral fashion. Some of these reactions proceed
under remarkably mild conditions which undoubtedly will
encourage their widespread application. The observation that a
simple change in counteranion and/or the addition of
appropriate ligands can change the course of the reaction from
exclusively A® to exclusively redox-A® bodes well for the
development of related redox-transformations.
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