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CONSPECTUS: Redox-neutral methods for the functionalization of amine a- @ N
C—H bonds are inherently efficient because they avoid external oxidants and X

reductants and often do not generate unwanted byproducts. However, most of x=NROs
the current methods for amine a-C—H bond functionalization are oxidative in
nature. While the most efficient variants utilize atmospheric oxygen as the
terminal oxidant, many such transformations require the use of expensive or toxic
oxidants, often coupled with the need for transition metal catalysts. H
Redox-neutral amine a-functionalizations that involve intramolecular hydride
transfer steps provide viable alternatives to certain oxidative reactions. These
processes have been known for some time and are particularly well suited for
tertiary amine substrates. A mechanistically distinct strategy for secondary amines
has emerged only recently, despite sharing common features with a range of
classic organic transformations. Among those are such widely used reactions as
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the Strecker, Mannich, Pictet—Spengler, and Kabachnik—Fields reactions, D\ o =~ — N
Friedel—Cerafts alkylations, and iminium alkynylations. In these classic processes, A Pr
condensation of a secondary amine with an aldehyde (or a ketone) typically leads .
to the formation of an intermediate iminium ion, which is subsequently attacked " A—K\\@' R
by a nucleophile. The corresponding redox-versions of these transformations N - T VR

R

utilize identical starting materials but incorporate an isomerization step that R R

enables a-C—H bond functionalization. Intramolecular versions of these

reactions include redox-neutral amine @-amination, a-oxygenation, and a-sulfenylation. In all cases, a reductive N-alkylation is
effectively combined with an oxidative a-functionalization, generating water as the only byproduct.

Reactions are promoted by simple carboxylic acids and in some cases require no additives. Azomethine ylides, dipolar species
whose usage is predominantly in [3 + 2] cycloadditions and other pericyclic processes, have been identified as common
intermediates. Extension of this chemistry to amine a,f-difunctionalization has been shown to be possible by way of converting
the intermediate azomethine ylides into transient enamines.

This Account details the evolution of this general strategy and the progress made to date. Further included is a discussion of
related decarboxylative reactions and transformations that result in the redox-neutral aromatization of (partially) saturated cyclic
amines. These processes also involve azomethine ylides, reactive intermediates that appear to be far more prevalent in
condensation chemistry of amines and carbonyl compounds than previously considered. In contrast, as exemplified by some
redox transformations that have been studied in greater detail, iminium ions are not necessarily involved in all amine/aldehyde
condensation reactions.

1. INTRODUCTION

The broadly defined field of C—H functionalization continues
to draw unwavering attention. A major focus is placed on the
C—H functionalization of amines, mostly concerning moder-
ately activated a-C—H bonds but recently also extending to less
reactive f--C—H bonds.'™ Given the privileged role of
functionalized amines as bioactive materials, the tremendous
level of interest in this substrate class is hardly surprising.
Different strategies are available to accomplish the functional-
ization of amine @-C—H bonds, yet the field is dominated by

of these efforts. Redox-neutral* methods that operate via
hydride transfer mechanisms™® provide interesting alternatives,
as do photoredox strategies,” but these also typically rely on
tertiary amines as starting materials.® Our group has introduced
a mechanistically distinct concept that provides a pathway for
the C—H functionalization of secondary amines. This approach
enables the formation of products that are regioisomers of
those obtained in classic organic transformations such as the
venerable Strecker, Mannich, and Friedel—Crafts reactions. A

oxidative approaches.®> Tertiary amines or protected amines
(carbamates, amidines, N-aryl amines, etc.) are the main targets
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common feature of these widely utilized reactions is that they synthetic procedures. Azomethine ylides (e.g, 4) have been

involve the condensation of a primary or secondary amine with identified as important intermediates, opening up a new chapter

an aldehyde (or ketone) and a (pro)nucleophile to afford in the chemistry of these dipolar species whose transformations

products of type 1 (Scheme 1). In reactions with secondary have largely been dominated by pericyclic processes.” '* Here
we provide the first account of this general strategy for amine

Scheme 1. Classic Organic Reactions and Their Redox C—H functionalization.

Variants

2. INTRAMOLECULAR REDOX-TRANSFORMATIONS

Classic Transformations

[ () 2.1. a-Amination
N + RCHO + HNu —_— N 1
4 ~Hz0 P The first example of a redox-transformation leading to amine a-
RN
! functionalization (via the general process outhned in Scheme 1)
v minum on lod Strecker, Mannich, Friedel-Crafts alkylation, was discovered serendipitously by our group.'? In the course of

intermediate B Kabachnik-Fields, alkynylation, efc. conducting Friedlinder condensations to access certain quino-

X lines, we observed that ortho-aminobenzaldehydes undergo
condensations with pyrrolidine to form cyclic aminals (Scheme
2). Detailed studies including a computational investigation
conducted in collaboration with the Houk group provided

Complementary Redox-Transformations

14,15
QH . RoHo  + Q\Nu s insights into the r.nec}.la'msm o.f this .tra.ns.forma'tlon
o -H,0 Y Somewhat counterintuitively, simple iminium ions are
RO apparently not involved as reactive intermediates. Addition of
(o) Redox Neutral via combined pyrrolidine to ortho-aminobenzaldehyde (S) initially affords
viaazomethineylide N7 4 reductive N-alkylation AND N,O-acetal 7, which, rather than formally losing hydroxide to
© oxidative a-functionalization P . . P .
R form an iminium ion, suffers direct elimination of water. The
resulting azaquinone methide 8, which exhibits zwitterionic
amines (e.g., pyrrolidine), iminium ions such as 2 are typically character (8’), undergoes 1,6-proton abstraction to form
invoked as intermediates. Identical starting materials can react azomethine ylide 9. An ethanol-promoted proton transfer
with intervening internal redox isomerization to provide step (11) ensues, resulting in zwitterion 10, which then ring-
products of concomitant amine N-alkylation and a-C—H closes to give aminal 6. The scope of this transformation is
bond functionalization (e.g., 3). Just as in classic condensation relatively broad. Aminobenzaldehydes with different substitu-
reactions, water is produced as the sole byproduct. This method tion patterns readily undergo aminal-forming condensations
has proven to be highly generalizable across different types of with pyrrolidine under reflux conditions in ethanol. Hetero-
reactions. Cyclic amines are the most attractive (and generally aromatic ortho-aminoaldehydes also participate in this trans-
more reactive) substrates, leading to ring substitution and rapid formation. Cyclic amines with benzylic @-C—H bonds such as
access to compounds that may otherwise require lengthy 1,2,3,4-tetrahydroisoquinoline (THIQ) and tryptoline are
Scheme 2. Intramolecular Redox Amination
Transformation: 3 Proposed Mechanism:
EtOH (0.25 M) oo n
cHo oo 72 @[ @ @N@ @N@
—_— - —
o @ B oo
e
5 3 equiv 6,73% | 8 8
...................................................................... ‘ via:
Selected Scope: @ N
@
Q EtOH @ Q o H @N@ ©\/\N
\ \ —
L0 ORI Cfo o Clpdee| O — CLO
N- ! H
H H
10
15 examples 12, 94% (in EtOH) 93% (in n-BuOH) '
57-95% reflux, 48 h WW, 200 °C, 30 min \ 1
' - )
eSS CC | "* ~
o
Br
elimination of water 1,6-proton transfer EtOH acting as a
. 1 from N,O-acetal (cf. 7) RDS (cf. 8") proton shuttle (cf. 11)
49% (in n-BuOH) 93% (in n-BuOH) 53%,dr=1.5:1 |
WW, 270°°C, 1h §W, 200 °C, "o BV, 250 0, 2 h 17T

' Access to Quinazolinone and Dihydroquinazoline Alkaloids via Aminal Oxidation:

e, . COO0 @ % @ﬁ@ @%Q LD G2

uW, 200 °C, 2 h

38% 13,47% 1 Rutaecarpine, 68% Mackinazolinone, 91%  Deoxyvasicinone, 87% Deoxyvasicine, 85% Vasicine, 79%
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Scheme 3. Intramolecular Redox Oxygenation

Transformation: Challenge: via THIQ
cHo AcOH (1 equiv) :
3A MS formed under protic N
HN conditions and in the .
PhMe (0 1M) absence of carboxylic o = Na
60°C,3h acid promoter o
1.3 equiv 14,98% 14 16 DHIQ
Selected Scope: Role of Acetic Acid:
Me Me N N )
Me o _{\\{_ ~ <
N ‘\, )\\I\ N®
o S B ——— \
'. ¢ 4 — AcOH 00
9--»H o %
99% 85% 84% 53% / Me |
80°C,2h 80 °C, 10 min 60 °C, 30 min reflux, 24 h H O—H— - 17 4%, RDS 18
Effect of Water:
N N
AcOH (1 equiv)
O O Ph CHO benzene (O 1™) ©f\
+
OMe OMe HN reﬂux
OMe OMe
99% 72% 50% 69% 19 1.3 equiv 52%, 24 h (incomplete)
60°C,5h 80°C,18h reflux, 1 h 80°C,24h with Dean-Stark trap: 98%, 1 h
: Precedent (Cohen, 1979):
O Ph O Ph Q Me O Me Me
seolhse ol CD . Qe i D
—>
O H oH COM 100°C, 18 h Me oY,
40% 54% 55% not formed cl
reflux, 1.5 h reflux, 2 h reflux, 24 h 1.6 equiv 20, 79%

among the most reactive substrates. In contrast, amines such as
piperidine and morpholine require higher reaction temper-
atures. Shortly after our initial disclosure, the group of Dang
and Bai reported their independent discovery of a similar
aminal-forming process.

Upon further development of this reaction, we found that for
most substrate combinations, brief exposure to high temper-
atures under microwave irradiation provides results superior to
those obtained at lower temperatures and longer heating
periods. Microwave conditions also facilitate reactions of
secondary amine substrates that are unreactive under standard
thermal conditions (e.g, reflux in n-butanol). Interestingly, at
temperatures substantially higher than those required for the
functionalization of its benzylic a-C—H bonds, THIQ under-
goes a competing @-C—H functionalization at the 3-position
(formation of 13). While the reasons for this reversal in
regioselectivity are not fully understood at present, 13 was
calculated to be thermodynamically more stable than its isomer
12."* Using appropriate oxidation conditions, aminals can be
directly converted to dihydroquinazoline and quinazolinone
alkaloids.'>">'7®

2.2. a-Oxygenation

The obvious extension of the chemistry outlined above using
salicylaldehydes as substrates proved to be less straightforward
than expected. In fact, two other research groups independently
investigated this transformation and concluded that the
reaction of secondary amines with various salicylaldehydes
fails to afford the expected N,O-acetals, promgptmg them to
develop oxidative approaches to these targets. Indeed, we
also observed that conditions suitable for aminal synthesis are
not applicable to the preparation of the corresponding N,O-
acetals (Scheme 3). Following extensive experimentation, we
identified a new set of reaction parameters that allow for the
isolation of N,O-acetals. Under optimized conditions, salicy-
laldehyde undergoes condensation with THIQ to form product
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14 in nearly quantitative yield. The key to a successful reaction
is the use of a carboxylic acid (e.g., acetic acid) as a promoter.
Reactions are greatly accelerated in the presence of molecular
sieves.

When protic solvents are used or in the absence of a
carboxylic acid promoter, only small amounts of 14 are
observed, and 185 is isolated as the major product. This product
of an apparent reductive amination likely results from the
decomposition of N,0O-acetal 14 via a (formal) retro-Diels—
Alder reaction. In addition to 1,2-dihydroisoquinoline (DHIQ),
which is observed as a byproduct, ortho-quinone methide 16 is
formed as an intermediate and then intercepted by THIQ to
afford 15. The overall mechanism of the desired N,O-acetal
formation follows a path similar to that of the corresponding
aminal process. The main difference is the nature of the rate
limiting step, which is thought to be the formation of 18 from
the corresponding azomethine ylide. Here lies the major role of
acetic acid; it serves as a proton shuttle via 17, lowering the
energy of the transition state by 8.6 kcal'mol™ over the
alternative process in which salicylaldehyde acts as the proton
shuttle.>' The scope of the N,O-acetal formation with different
THIQs and salicylaldehydes is relatively broad. Other amines
also participate in this transformation. For reasons that remain
unclear, the reaction of pyrrolidine with parent salicylaldehyde
has thus far only provided the product of apparent reductive
amination (not shown). Removal of water has a dramatic effect
on the reaction rate. In the presence of a Dean—Stark
apparatus, the reaction of THIQ and salicylaldehyde goes to
completion in only 1 h (98% yield of 14). In stark contrast,
without water removal, 14 is formed in only 52% yield after 24
h and the reaction remains incomplete.

An interesting precedent to the redox oxygenation was
reported by Cohen et al.** His group found that hydrox-
yketones such as 19 undergo reactions with proline to form
N,O-acetals (e.g, 20). This decarboxylative transformation
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(vide infra) represents a rare and early example of a
nonpericyclic reaction pathway of azomethine ylides, inter-
mediates that are almost certainly involved in this process.

2.3. a-Sulfenylation
Conditions similar to those developed for the synthesis of N,O-

acetals are also applicable to the synthesis of the correspondmg
N,S-acetals from thiosalicylaldehydes and amines (Scheme 4).>

Scheme 4. Intramolecular Redox Sulfenylation

Transformation:

AcOH (10 mol%)
3AMS N
_—

PhMe (0.1 M) S
60 °C, 30 min

1.3 equiv

Selected Scope:

Lo Qo

63%
60°C,35h

e

68%
uW, 150 °C, 15 min

96% 82%
60 °C, 30 min 60°C,1h

58%
uW, 120 °C, 10 min

©5\N/\Ph
S)\Ph

76%
uW, 150 °C, 15 min

@QN

Ph

57%
90°C,32h

41%
uW, 120 °C, 10 min

78%
W, 150 °C, 15 min

%2,

80%
60°C,6h

5%
60°C,1h

A catalytic amount of acetic acid provides higher yields than
using one equivalent of this acid as a promoter. The scope with
regard to the amine is unusually broad; even relatively
unreactive substrates such as morpholine, thiomorpholine,
piperazines, and dibenzylamine undergo this transformation.

2.4. C—C Bond Formation

In addition to developing methods for the redox-neutral
generation of C—X bonds, we investigated the possibility of
performing redox cyclizations that involve C—C bond
formation. Gratifyingly, we found that aldehydes linked to
electron-rich aromatic rings readily undergo redox annulations
with amines at elevated temperatures under microwave
conditions (Scheme §).>* In the absence of additives, indole-
aldehydes engage amines such as THIQ, pyrrolidine, azepane,
and proline esters to form the corresponding ring-fused
products in moderate to good yields during brief reaction
times. Interestingly, the aldehyde moiety can but does not need
to be in conjugation with the nucleophile. These trans-
formations can be considered as redox variants of classic
Pictet—Spengler™ reactions. While some substrate combina-
tions require relatively high reaction temperatures, it appears
likely that addition of appropriate additives (e.g.,, carboxylic
acids) will allow for these reactions to be performed at lower
temperatures.

3. DECARBOXYLATIVE THREE-COMPONENT
COUPLING REACTIONS

At the outset of our studies, it was not at all obvious whether it
would be possible to conduct redox transformations in an
intermolecular setting. While for the intramolecular variants
described above, the classic reaction pathway is less favorable
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Scheme S. Redox Annulation with Concurrent C—C Bond
Formation

Transformation:

Q?C@

3 equiv

xylenes (0.1 M)

uw 250 °C,
20 min

81%

78%

than the redox pathway (four-membered vs six-membered ring
formation), any intermolecular redox transformation would
necessarily have to compete with its classic counterpart.
Because of the expected difficulties in realizing such trans-
formations, we first sought to establish whether azomethine
ylides can engage in intermolecular nonpericyclic reactions with
appropriate (pro)nucleophiles. In this context, two interesting
literature reports by the Li group drew our attention. 2627 These
researchers reported metal-catalyzed, oxidative, decarboxylative
reactions of N-benzyl proline that afford ring-substituted
products 25, using alkynes, indoles, nitroalkanes, and naphthols
as nucleophiles (Scheme 6). The intermediacy of (metal-
bound) azomethine ylides was proposed.

We hypothesized that there might be a more direct pathway
to products 25. Due to the pioneering contributions of Rizzi™®
and Grigg,” it is well-known that amino acids such as proline
undergo decarboxylative condensations with aldehydes to
furnish nonstabilized azomethine ylides 28/28" via the
intermediacy of 27. Exposure of 28/28’ to a moderately acidic
substrate might result in protonation and formation of the
regioisomeric ion pairs 29 or 30, which can collapse into
products 25/26. Gratifyingly, we found that these three-
component coupling reactlons occur readily under simple reflux
conditions in toluene.>® The key to obtaining high yields of the
desired products is to keep the concentration of the aldehyde
low, which is accomplished by adding the aldehyde slowly as a
toluene solution via syringe pump. This prevents the well-
known [3 + 2] cycloaddition of excess aldehyde with the
intermediate azomethine ylide.>’ Undesired regioisomers
corresponding to 26 are occasionally observed as minor
byproducts. In accord with the proposed reaction mechanism,
N-methylindole, typically a better nucleophile than indole but
lacking an acidic proton, fails to undergo the reaction under
conditions suitable for indole itself. However, addition of
benzoic acid as an additive enabled the corresponding coupling
reaction. A likely role of benzoic acid is to protonate the
azomethine ylide intermediate. With Cu(I)-bromide and
TMEDA as the catalyst comblnatlon, the scope was extended
to alkynes as nucleophiles.*® No oxidants are required in this
process. A closely related approach to decarboxylative @-amino
acid alkynylation was published by the Li group nearly
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Scheme 6. Decarboxylative Coupling Reactions

Li (2009) Our Proposal (2010)

H-Nu 3
| H-N
[\ CuBr or FeSO, (10-15 mol%) SRS +  PhCHO Y Q\Nu i Q\H
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= e r r
H-Nu = '
; (o) So (o) L),
N OH ; N )N Jl _— )N\ Nu and/or J
= R NO, H 0] - (€]
H R @E} 2 : ph)_ CO, ph”© Ph Ph” H ph” Nu
7 28 28' 29 30
Decarboxylative three-component coupling i Nonacidic nucleophile
H-Nu HO ; N-Me-indole (1 equiv)
O\ PhMe (0.5 M) N ZNH O\/Noz : O\ PhCOH (2.4 equiv) N >NMe
N N | + PhCHO e E—
N~ TCOH + PhCHO 4“ ) P ! N~ COzH J
H slow addition reflux Ph O Ph Ph) : H slow addition PhCHj3(0.5 M), reflux Ph
91% 80% 60% i 2.4 equiv 2.4 equiv 50%

Decarboxylative alkynylation . Decarboxylative Strecker
Ph-acetylene |

CuBr (15 mol%) : TMSCN : Me proline (1.3 equiv) Me
Q\COZH TMEDA (30 mol%) O\ ' <:>\002H n-BuOH (0.5 M) O\CN ' CHO " phme (0.1 M)
H e — N =~p, ! H N : \ —_— \ N
PhMe (0.5 M), reflux ) ! uW, 200 °C, 10 min ) ! N reflux, 18 h N
+ PhCHO Ph !+ PhCHO Ph ! H H
slow addition 81% , 97% ; 75%

Scheme 7. Redox-Strecker Reaction

Transformation:

2-EHA (20 mol%)
( \ OH PhMe (0.1 M) Q\CN ZN )}
+ +
N
Ph CN o i
H W, 200 °C, 30 min Ph) Ph)\CN
1.3 equiv 31 32 33

18:1 regioisomeric ratio, 86% yield

Selected Scope: rr = regioisomeric ratio

O\CN O\CN O\CN O\CN

ﬁﬁﬁﬁﬁ

80% 67% 94% 87% 79%
rr=16:1 r=11:1 rr>20:1 rr>20:1 rr=19:1

Q\CN O\CN q)\CN O\CN

B

85% 89% 85% 60% 64%
r>20:1 r>20:1 r=18:1 rr>20:1 rr=20:1

Br

(Hon

a-Aminonitrile Isomerization:

Q PhMe (0.1 M) Q\CN . Q
on )\CN W, 200 °C, 20 min Ph) ph)\CN

1:5 regioisomeric ratio, 91% recovery
with PhCOOH (20 mol%): 18:1 regioisomeric ratio, 84% recovery

PhCOOH (20 mol%)
PhMe (0.1 M)

Me/Q\CN

N S N Me
Ph”CN g i
it uW, 180 °C, 20 min Ph) Ph)
13 equiv 31 52% 1%

trans/cis = 4.8:1

{ deen @\CN Q Q %

\ S Ph Ph Ph
Ph
82% 40% 61% 79% 63%
rr>20:1 m>20:1 rr=15:1 r=11:1 rr=17:1:1

simultaneously with our report.>* Subsequent to our initial
disclosure, we developed a decarboxylative version of the
Strecker reaction, a process that is most efficiently conducted
under microwave irradiation.>> The above-mentioned redox
annulations (Scheme S) can also be conducted with a-amino
acids under decarboxylative conditions.**

INTERMOLECULAR REDOX TRANSFORMATIONS

4.1. a-Cyanation

As another step toward the realization of a three-component
redox transformation, we opted to explore the potential for
isomerizing a classic three-component condensation product
into its corresponding redox product. We reasoned that a
compound derived from a nucleophile that also represents a
good leaving group would be an ideal starting point. This line
of reasoning brought our attention to @-aminonitriles, readily
available products of Strecker reactions. Our investigations
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eventually resulted in the development of the first redox-
Strecker reaction (Scheme 7).3’4 Initial attempts to isomerize 33
resulted in the striking observation that partial isomerization to
32 can be achieved in the absence of any additives. Simple
heating of a toluene solution of 33 to 200 °C (microwave) for
20 min results in a 1:5 mixture of 32/33, with good overall a-
aminonitrile recovery. Ultimately, it was found that the
isomerization is vastly more efficient when conducted in the
presence of catalytic amounts of benzoic acid. In this instance,
an 18:1 ratio of 32/33 is obtained. This appears to correspond
to the thermodynamic equilibrium ratio of the two compounds,
given that the same 18:1 ratio is obtained when pure 32 is
exposed to identical conditions. Redox-Strecker products can
also be obtained directly from pyrrolidine and cyanohydrins. 2-
Ethyl hexanoic acid (2-EHA) slightly outperforms benzoic acid
in this two-component approach. A three-component approach
with pyrrolidine, benzaldehyde and TMSCN is also feasible but

DOI: 10.1021/ar5003768
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leads to slightly inferior results (not shown).** The two-
component approach with pyrrolidine is applicable to a range
of cyanohydrins derived from aromatic amines. Importantly,
other amines such as piperidine and azepane also participate in
redox-Strecker reactions, providing favorable product ratios.
Interestingly, of the three possible @-aminonitriles that could
potentially form with THIQ, the 3-substituted product
(presumably the thermodynamically most stable a-amino-
nitrile) is obtained nearly exclusively. This represents a rare
example of a C—H functionalization of THIQ_that leads to
substitution of the 3-position. Finally, 2-Me-pyrrolidine under-
goes the redox-Strecker reaction with formation of two
regioisomers; the standard Strecker product is not observed
under these conditions.

4.2. a-Phosphonation

We subsequently developed a redox variant of the Kabachnik—
Fields reaction (Scheme 8).*° This transformation is best

Scheme 8. Redox-Kabachnik—Fields Reaction

Transformation:
PhCOOH

(20 mol%) BN ()
[N> + PhCHO + HPOPh, ——— N~ “POPhz N
N PhMe (0.5 M) J PN
W, 200 °C Ph Ph”” ~POPh,
1.2 equiv 1.2 equiv 30 min 34 35
21:1 regioisomeric ratio, 87% yield
Isomerization:
() o L)
/'I\‘\ PhCOOH (20 mol%) Q\POPhZ . )N\
PhMe (0.5 M) J
Ph POPh;, W, 200 °C, 15 min Ph Ph POPh;,
35 34 35

11:1 regioisomeric ratio, 84% recovery

Selected Scope: It = regioisomeric ratio

SO>S oSS o ¢
Me Br
74% 82% 74% 79%
r=18:1 > 25:1 rr>25:1 > 25:1
Q\POth Me Q\POPhZ N~ ~POPh, Q\POPhZ
o]
S
(j) ¥
Me Me N
81% 84% 81% 57%
r> 251 r> 251 rr=10:1 > 251

SO G v

38%
=11

50%
> 25:1

conducted as a three-component process. The optimized
conditions differ slightly from those developed for the redox-
Strecker reaction in that 2-EHA acid is replaced with benzoic
acid. In addition, the reaction is conducted at an increased
concentration (0.5 vs 0.1 M). As seen for the corresponding a-
aminonitriles, Kabachnik—Fields products 35 readily isomerize
to the apparently thermodynamically preferred redox-Kabach-
nik—Fields products 34. The scope of the three-component
approach to the ring-substituted products is relatively broad
with regard to the aromatic aldehyde; heteroaromatic aldehydes
are also viable reaction partners. The scope of the amine is
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more limited. Even with 2,6-dichlorobenzaldehyde (vide infra),
product ratios are not favorable for piperidine and azepane.
Prior to the publication of our report, the Wang group
disclosed a decarboxylative version of the Kabachnik—Fields
reaction.*®

4.3. a-Alkynylation

We then turned our attention to classic organic transformations
in which the nucleophile is not a particularly good leaving
group. The A? reaction (coupling of an amine, an aldehyde, and
an alkyne) was identified as a suitably challenging example of
such a process.”’” In considering what factors might allow for
the development of a redox-A® reaction, we reasoned that the
presumably required transformation of iminium ions such as 2
to azomethine ylides 4 might be accelerated when 2 is derived
from a relatively electron-poor aldehyde.*® In addition, the
classic pathway (copper acetylide addition to 2) should be
slowed for iminium ions generated from a bulky aldehyde. 2,6-
Dichlorobenzaldehyde was identified as a promising candidate
that might fulfill these requirements. Indeed, under optimized
conditions with Cu(II) 2-ethylhexanoate (Cu(2-EH),) as the
catalyst, redox-A* product 36 is obtained nearly exclusively over
the standard A® product 37 (Scheme 9). Cu(2-EH), is believed
to play a dual role in the overall reaction. First, it serves as a
source of Cu(I), which is required in the formation of the
copper acetylide nucleophile, also releasing 2-EHA in the
process. The latter appears to be crucial in the isomerization of
2 to 4. Product isomerization appears to play virtually no role in
the overall selectivity of the reaction. Exposure of 37 to the
reaction conditions only leads to minor amounts of 36, with
most of 37 being recovered. The use of 2,6-dichlorobenzalde-
hyde in the initial development of the redox-A® reaction turned
out to have been a good choice. Electronically similar 2,4-
dichlorobenzaldehyde, under otherwise identical conditions,
only shows a 2.6:1 preference for the redox-A® product. The
ratio drops to 1:1 with 3,4-dichlorobenzaldehyde. Nevertheless,
it is notable that even with simple benzaldehyde, an appreciable
amount of redox-A® product is obtained. Overall, the sterics of
the aldehyde seems to outweigh electronic factors. A case in
point is mesitaldehyde, which provides an 11:1 ratio in favor of
the redox-A* product. Redox-A® reactions with pyrrolidine and
2,6-dichlorobenzaldehyde give favorable results with a range of
alkynes. Piperidine and azepane also participate in redox-A3
reactions but generally provide lower selectivities. Morpholine
is a poor substrate, although selectivities for this heterocycle
greatly depend on subtle sterics on the alkyne. Subsequently to
our seminal report on the redox-A’ reaction, the Yu group
published a related report on the redox-alkynylation of
THIQ.” With Cul as the catalyst, a broad range of aldehydes
and alkynes undergo the redox-A’ reaction with THIQ under
relatively mild conditions (50 °C in toluene). Nearly at the
same time, Ma and co-workers reported the first catalytic
enantioselective redox-A® reaction with THIQ.*

4.4, a-Arylation

Initial attempts to extend the concept to redox arylations using
f-naphthol as the model nucleophile met with limited success;
a mixture of various products was typically isolated.*' Good
yields of redox-arylation products were eventually obtained
with 2,6-dichlorobenzaldehyde (Scheme 10). Key to a selective
and high-yielding reaction is the slow addition of the aldehyde
to a mixture of pyrrolidine and S-naphthol. Interestingly, with
naphthols and phenols as nucleophiles, slightly improved yields
are obtained in the absence of a carboxylic acid catalyst. This
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Scheme 9. Redox-A® Reaction
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Scheme 10. Redox-Arylation of Amines
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suggests that these substrates are sufficiently acidic to catalyze
the redox isomerization. The scope of this transformation is
relatively broad with regard to the nucleophile. In addition to f-
naphthol, simple phenols, indoles, and pyrroles participate in
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redox arylations with pyrrolidine and 2,6-dichlorobenzaldehyde.
Due to their reduced acidities, reactions with pyrrole or indole
require the addition of 2-EHA as an additive. Piperidine is also
a viable reaction partner, although lower yields are typically
obtained. Nearly simultaneously to the publication of our
report on the redox arylation, the group of Jana published a
very similar strategy, employin§ fluorenone as a coupling
partner in place of an aldehyde.*

4.5. a-Alkylation

The Mannich reaction is a classic transformation that enables
the synthesis of f-aminoketones from amines, ketones, and
aldehydes (generally nonenolizable).” Following extensive
experimentation, we succeeded in developing a redox version
of the Mannich reaction with amines such as pyrrolidine and
THIQ (Scheme 11).** The optimized conditions for
pyrrolidine call for a slow addition of a mixture of the aldehyde
and the ketone to an excess of the amine in refluxing toluene.
While this reaction is surprisingly tolerant of deviations from
the optimized conditions, the presence of a carboxylic acid
catalyst is a strict requirement. However, the nature or the
amount of acid is less important. For pyrrolidine, aldehydes
other than 2,6-dichlorobenzaldehyde generally lead to low
yields of redox-Mannich products. In case of THIQ, a broad
range of aromatic and heteroaromatic aldehydes participate in
redox-Mannich reactions with ketones such as acetophenone or
acetone. Milder reaction conditions (50 °C in toluene) are
sufficient, and slow addition is not required. An interesting
aspect of these transformations is that regular Mannich
products are never isolated as byproducts, although they are
believed to form in a competing process. These undesired
products readily eliminate amine under the reaction conditions
to form the corresponding chalcones, products that then
undergo other side reactions with the amine.** In contrast,
redox-Mannich products are quite stable, since elimination of
amine would lead to an open-chain product that can readily
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Scheme 11. Redox-Mannich Reaction

Transformation: Ar = 2 6-dichlorophenyl

¢ o PhCOOH (50 mol%) o
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Ph Ph
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Conditions: 5 equiv pyrrolidine or 1.5 equiv THIQ. For pyrrolidine: combined slow addition of ketone
and aldehyde, 50 mol% PhCOOH, reactions under reflux. For THIQ: direct mixing of all reagents,
20 mol% PhCOOH, reactions at 50 °C.

Nitromethane as Nucleophile:
PhCOOH (20 mol%)

PhMe (0.25 M) N P
+ PhCHO + MeNO, _— ~
NH 4AMS,50°C, 12h
NO,

1.5 equiv 3 equiv

revert to the corresponding redox-Mannich compound via ring
closure (not shown). Nitroalkanes are also competent
nucleophiles in this reaction.

5. REDOX-NEUTRAL a,a-DIFUNCTIONALIZATION

Based on precedent by Soeder and Cartaya-Marin,* we
developed a distinct type of redox transformation that leads
to amine a,a-difunctionalization (Scheme 12).* Specifically,
pyrrolidine undergoes a p-TSA facilitated condensation with
1,3-diketone 40 to form the fused pyrrole 41 in moderate yield.
Relatively high reaction temperatures are required, and N-
benzoyl pyrrolidine is formed as a byproduct via a competing
retro-Claisen process (not shown).*® A potential mechanism
involves enaminone 42 (also isolated as a byproduct). This
compound could undergo a 1,6-proton transfer to form
conjugated azomethine ylide 43, followed by 6m-electro-
cyclization to afford intermediate 44. Finally, elimination of
water yields pyrrole 40. The scope of this transformation is
relatively limited with regard to the amine. Pyrrolidine and
THIQ_ represent the most susceptible substrates. The 1,3-
diketone has to bear at least one aryl group; the yields are
moderate to good.
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Scheme 12. Redox a,a-Difunctionalization

Transformation:
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6. REDOX-NEUTRAL AROMATIZATION

A number of interesting literature reports describe the
formation of aromatic heterocycles from (partially) saturated
cyclic amines and aldehydes (Scheme 13). While these
transformations, at least on first sight, might appear to be
oxidative in nature, they are in fact redox-neutral. These reports
have served as a source of inspiration in the development of our
redox transformations, which may alternatively be considered as
examples of “interrupted aromatization.” An early example of
amine aromatization is the acetic acid promoted formation of
3,5-dibenzylpyridine from piperidine and benzaldehyde,
reported by Poirier in 1961."” Remarkably, a closely related
process with N-benzoyl piperidine as the starting material was
already discovered by Riigheimer in 1891.* It was later shown
that the first step in the Riigheimer procedure involves amide
hydrolysis and formation of piperidine. Another report by
Burrows describes the synthesis of 4-benzylisoquinoline from
THIQ and benzaldehyde under very similar conditions.*’ This
process was later improved and studied in detail by Dannhardt
who provided conclusive evidence for the intermediacy of
endocyclic enamines, in line with the observed f-functionaliza-
tion.”® More recently, the Oda group reported the synthesis of
1,3-dibenzylpyrrole from pyrrolidine and benzaldehyde.>"
Tunge and co-workers disclosed the benzoic acid catalyzed
formation of N-alkyl pyrroles from 3-pyrroline and aldehydes or
ketones.>? Earlier, Cook et al. had observed the formation of N-
cyclohexyl pyrrole from cyclohexanone and 3-pyrroline under
thermal conditions.>® It should be pointed out that these
transformations are distinctly different from the pyrrole
formation shown in Scheme 12 where the amine that serves
as the starting material does not undergo aromatization.

We developed an analogous sprocedure for the preparation of
N-alkyl indoles from indoline.>* A closely related independent
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Scheme 13. Redox-Neutral Aromatization of (Partially) Saturated Amines, Implication of Azomethine Ylide Intermediates
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report was published earlier by Pan et al.>® The main impetus reaction of indoline with 45 results in the formation of 47.%*
for our study was the goal to obtain further insights into the However, in this case aromatization is a competitive process
mechanism of these redox aromatizations. Mechanistic and 48 is also obtained. This strategy for trapping intermediate
considerations led us to propose azomethine ylides as key azomethine ylides was adopted from Grigg et al, who had
intermediates in all of these processes. To obtain supporting previously shown that THIQ, upon reaction with 49, undergoes
evidence, we performed the condensation of 3-pyrroline with azomethine ylide formation with subsequent dipolar cyclo-
aldehyde 485, bearing a pendent dipolarophile. Indeed, under addition to give product 50.°° Regarding the mechanism of
conditions that lead to pyrrole formation with simple azomethine ylide formation, it is known since the pioneering
aldehydes, [3 + 2] product 46 is obtained. Similarly, the work of Huisgen that the deprotonation of iminium ions
325 DOI: 10.1021/ar5003768
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represents a viable pathway.®” Given the mildly basic nature of
carboxylate anions, we proposed that they might deprotonate
intermediate iminium ions. An interesting alternative was
proposed by the Yu group, who conducted a computational
study of Tunge’s N-alkyl pyrrole formation.’® According to
their analysis, iminium ions are not involved in the reaction
sequence, and azomethine ylide 52 is formed directly from
N,O-acetal 51 via elimination of benzoic acid.

7. REDOX-NEUTRAL «,-DIFUNCTIONALIZATION

A particularly promising avenue for further development is the
utilization of in situ generated endocyclic enamines (e.g., 60,
Scheme 14) in a,f-difunctionalization or S-functionalization
reactions. As pointed out in our discussion on redox
aromatizations of piperidine and pyrrolidine (vide supra),
enamines are clearly formed as intermediates in these processes.
With appropriate reaction partners present, further trans-
formation of an enamine intermediate might be diverted away
from aromatization to a range of other processes. In the course
of our work on the redox arylation (Scheme 10),*' we came
across an opportunity to develop a direct redox-neutral amine
a,B-difunctionalization reaction (Scheme 14).%° Specifically,
upon attempting the isomerization of 54 into its corresponding
redox-arylation product (not shown), we noticed the formation
of unexpected product 55, a compound that is obtained as a
single diastereomer. A subsequent detailed study revealed that
polycyclic product 55 can be prepared in high yield by exposing
54 to a slight excess of benzaldehyde. As seen in redox
arylations with p-naphthol, carboxylic acid additives are not
required. A plausible mechanism for the reaction was
established through two complementary experiments. While a
combination of 54 with p-chlorobenzaldehyde gives rise to
product 56, the p-chlorobenzaldehyde-derived 57, upon
reacting with benzaldehyde, affords the regioisomeric product
58. Both, 56 and 58 are obtained in very similar yields. A likely
course of events leading to the formation of 58 initiates with
the fragmentation of 57 to ortho-quinone methide 59 with
concurrent release of pyrrolidine. The latter engages
benzaldehyde and through a series of steps generates enamine
60, which undergoes a (potentially stepwise) endo-selective
hetero-Diels—Alder reaction with 59 (via 61) to afford product
58. It is quite possible that the success of this transformation is
dependent on a low concentration of pyrrolidine being present
at all times. This is ensured by its slow release from the starting
material. The scope of this transformation is remarkably broad
with regard to the amine. Challenging substrates containing
piperidine, morpholine, thiomorpholine, and piperazine moi-
eties readily participate in this unprecedented a,f-difunction-
alization. Notably, this reaction can also be performed as a
three-component reaction, using a one-pot, two-stage approach
(Scheme 14).

8. SUMMARY AND OUTLOOK

We have outlined a new strategy for the redox-neutral a-C—H
functionalization of simple secondary amines. These reactions
combine a reductive amination with an oxidative a-function-
alization and can be conducted intra- or intermolecularly.
Azomethine ylides have been identified as important
intermediates, whereas simple iminium ions are not necessarily
involved. These transformations provide regioisomeric prod-
ucts of important classic reactions and offer a number of
additional attractive features. Among those are the ease with
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which these redox reactions can be conducted and the fact that
only benign and inexpensive catalysts (if any) are required. For
azomethine ylides bearing a-protons (C—H bonds f to
nitrogen in the original amine), these species can be converted
to enamines, enabling amine p-functionalization and a,f-
difunctionalization.

The general strategies described in this Account have already
been shown to be applicable to a wide range of reactions.
Nevertheless, it is reasonable to expect many further develop-
ments, the emergence of additional enantioselective variants,
and applications to complex target synthesis.
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