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A sequential retro-ene arylation reaction has been developed for the conversion of N-alkoxyenamides to the corresponding tert-alkylamines in
good yields via the nucleophilic addition of a triarylaluminum reagent to an in situ generated N-acylketimine. The reaction is tolerant of a range of
functional groups and provides facile access to a series of tert-alkylamines that would be otherwise difficult to access using conventional

procedures.

Biologically active small molecules bearing N-substituted
quaternary carbon atoms (i.c., tert-alkylamines) are ubi-
quitous in natural products and pharmaceuticals." Com-
pounds of this type are usually prepared using the Ritter
reaction, where tertiary alcohols or substituted alkenes
capable of generating stable carbocations are treated with
a nitrile-containing species under acidic conditions to give
the corresponding amides, which can then be hydrolyzed
to give the amines.” These compounds can also be gener-
ated via the reduction of zerr-alkyl azides® or nucleophilic
addition to nitriles.* Nucleophilic addition to ketimine deri-
vatives also represents a powerful method for the con-
struction of tert-alkylamine derivatives. Unfortunately,
however, N-alkyl and N-arylketimines are limited in
terms of the scope of their reactivity and can only react
successfully with a narrow range of nucleophilic reagents.
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In contrast, N-acylketimines are particularly attractive
substrates for the preparation of fert-alkylamine deriva-
tives using the nucleophilic addition reaction because of
their higher electrophilicity, which enables them to over-
come the poor reactivity observed using N-alkyl or
N-arylimines.® N-Acylketimines 4 have been prepared in
a number of ways, including (1) the reaction of N-silyli-
mines 1 with acyl chlorides;® (2) the dehydration of

Scheme 1. Methods for the Formation of N-Acylketimines and
Their Nucleophilic Addition Reaction

N,SiMe3
R)LR, RICOCI
1
TFAA 1 1
HO ><NHCOR1 pyridine )N]:SOR NU- NHCOR ﬁz
. > R R' . R '
R7 R RTAWR N
2 4 5 6
R'CON=PPh,
0
R™ "R R, R' = tBu, aryl, CO,R", CF3, CCly
3

(5) For reviews, see: (a) Maryanoff, B. E.; Zhang, H.-C.; Cohen,
J. H.; Turchi, 1. J.; Maryanoff, C. A. Chem. Rev. 2004, 104, 1431. (b)
Petrini, M.; Torregiani, E. Synthesis 2007, 159.



hemiaminals 2;” and (3) the aza-Wittig reaction of ketones
3 with iminophosphoranes (Scheme 1).® The scope of the
addition reaction of nucleophiles to N-acylketimines is
limited, however, to the use of nontautomerizable N-acyl-
ketimines because tautomerizable N-acylketimines can
readily tautomerize to give the corresponding enamides,
which are more stable.” For this reason, tautomerizable
N-acylketimines have not been well-utilized for nucleo-
philic addition reactions."®

Scheme 2. Retro-Ene Arylation Reaction of N-Alkoxyenamides
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It was envisaged that nucleophilic addition to a tauto-
merizable N-acylketimine could be achieved via the in situ
generation of an N-acylketimine in the presence of a
suitable nucleophile. Herein, we describe the development
of a novel preparative method for the synthesis of
N-acylketimines 8 bearing a-protons via the retro-ene
reaction of the corresponding N-alkoxyenamides 7 and
their subsequent reaction with triarylaluminum reagents to
afford the rerr-alkylamides 9 (Scheme 2). The presence of
the strongly electron-withdrawing trifluoroacetyl group
effectively enhanced the electrophilicity of the imine in this
system, and the group could be readily removed following
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the addition reaction to give the corresponding tert-alkyl-
amines 10.

Table 1. Optimization of the Retro-Ene Arylation Reaction

o]
3PMPMgBr2+AICI
F3C)LN’O\/R 1 : F3CJKNH PMP oH
PMPAI (2.5 equiv) ij . PMP)\R
THF/CH,Cly

1 temp 12a 13
yield (%)
entry substrate R temp (°C) 12a 13
1 11a H rt - —
2 11a H 50 58 34
3° 11a H 90 50 -
4 11b Ph 50 72 53
5 1lc 4-CF3CgHy 50 68 67
6 11d 4-MeOCgH, 50 30 25

“PMP: p-methoxyphenyl. * (CH,Cl), was used instead of CH,Cl.

The reaction of N-methoxyenamide 11a'" with 2.5 equiv
of tris(4-methoxyphenyl)aluminum, which was prepared
from the reaction of trichloroaluminum with 4-methoxy-
phenylmagnesium bromide, was initially selected as a
model reaction to optimize the reaction conditions.'?
When the reaction was conducted at ambient temperature,
it did not provide any of the desired product, and only the
starting material was recovered (Table 1, entry 1). Pleasingly,
however, when the reaction was conducted at a tempera-
ture of 50 °C, the fert-alkylamide 12a and 4-methoxy-
benzylalcohol (13a) were obtained in 58 and 34% yields,
respectively (Table 1, entry 2). A further increase in the
reaction temperature to 90 °C led to a minor reduction in
the yield of the reaction (Table 1, entry 3). When we
used 4-methoxyphenylmagnesium bromide instead of tris-
(4-methoxyphenyl)aluminum, a complex mixture was
obtained.

The N-alkoxyenamides 11b—d were used to investigate
the substituent effects of the different alkoxy groups. When
N-benzyloxyenamide 11b was used as the substrate, the
reaction proceeded smoothly to afford 12a and 13b in 72
and 53% yields, respectively (Table 1, entry 4). The applica-
tion of the same reaction conditions to substrate 1lc
bearing an electron-withdrawing 4-trifluoromethylbenzyl-
oxy group provided similar results (Table 1, entry 5).
In contrast, the application of the reaction conditions to
substrate 11d bearing an electron-donating 4-methoxy-
benzyloxy group resulted in lower levels of reactivity and
a poorer yield (Table 1, entry 6).

(11) Preparation of N-alkoxyenamides 11a: To a solution of cyclo-
hexanone O-methyl oxime (551 mg, 4.3 mmol) in CH,Cl, (20 mL) was
added TFAA (1.2mL, 8.6 mmol) dropwise at 0 °C. After stirring for 4 h,
the reaction mixture was concentrated under reduced pressure. The
crude product was purified by flash column chromatography (hexane/
AcOEt = 50/1) to give 11a (921 mg, 96%).

(12) Triarylaluminum reagents were prepared the same as in our
previous work. See: (a) Miyoshi, T.; Miyakawa, T.; Ueda, M.; Miyata,
O. Angew. Chem., Int. Ed. 2011, 50, 928. (b) Miyoshi, T.; Sato, S.;
Tanaka, H.; Hasegawa, C.; Ueda, M.; Miyata, O. Tetrahedron Lett.
2012, 53, 4188.
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Table 2. Sequential Retro-Ene Arylation Reactions of a Variety
of Different N-Alkoxyenamides
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1 50°C 12
entry  substrate product Ar E'hn;e zol/j;d
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0 0
20 FacJ\N’OB” F3CJkNH a  Ph 3 23be
3 © ﬁj 4MeCH, 3 65
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4 4-FCgH, 3 63
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“Reaction was carried out with commercially available PhsAl.
bStarting material 11b was recovered in 41% yield. ¢ Commercially
available Ph;Al with MgBr, improved the yield of product to 50%.

With an optimized procedure in hand, we proceeded to
examine the scope of the reaction by reacting 11b with a
range of different triarylaluminum reagents (Table 2,
entries 1—4). The use of the triphenylaluminum prepared
in situ gave similar results to those observed above for
the tris(4-methoxyphenyl)aluminum reagent (Table 2,
entry 1). In contrast, the use of the commercially available
triphenylaluminum reagent led to a significant reduction
in the yield of amide 12b (Table 2, entry 2). The commer-
cially available triphenylaluminum reagent with MgBr,
gave the product in 50% yield. These results demonstrated
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that the magnesium salt played an important role in this
reaction. The tris(p-tolyl)aluminum and tris(4-fluoro-
phenyl)aluminum reagents also performed well under the
optimized conditions to give the desired amides 12¢ and
12d in relatively good yields (Table 2, entries 3 and 4,
respectively).

Various cyclic and acyclic N-alkoxyenamides were then
investigated under the optimized reaction conditions to
further expand the scope of the reaction (Table 2, entries
5—11). To evaluate the impact of the ring size of cyclic
enamides, a substrate bearing a cyclopentenyl group 11e
and a substrate bearing a cycloheptenyl group 11f were
subjected to the optimized reaction conditions (Table 2,
entries 5 and 6, respectively). When the substrate bearing a
cyclopentenyl group was subjected to the reaction condi-
tions, the desired product was obtained in a 45% yield
following an extended reaction time of 15 h (Table 2,
entry 5). In contrast, the substrate bearing a cycloheptenyl
group gave the corresponding amide in 70% yield follow-
ing a reaction time of only 3 h (Table 2, entry 6). The
reactions of the enamides 11g—i, which contained sub-
stituents on their cyclohexene rings, were also examined
(Table 2, entries 7—9). The results revealed that certain
functional groups were well-tolerated under the optimized
reaction conditions, such as an ethyl ester and an acetal.
Compared with 11b, the linear benzyloxyenamides 11j and
11k required extended reaction times to afford the desired
amides in moderate yields (Table 2, entries 10 and 11).

i A
r=3(:)J\N’O\/Ph ” FsC™ "NH
additive le)
_ + PR N
THF/CH,Cl, , 50 °C Ph” ~H
11b 14 15
with MgBr, ~ (68%) (35%)
without MgBr, (7%} (19%)
/lOJ\ 3PMPMgBr+AIC; o
F2C” "NH P
PMPAI FsC™ "NH  pup @
THF/CH,Cl, , 50 °C é
14 12a

o]
JJ\ JoN 3PMPMgBr+AICI,
F3C” "N”""CD; F3C™ "NH  ppmp

| OH
@;} PMPAl BD . PMP/k\D )
THF/CH,Cl, , 50 °C D

16 17 (50%) 18 (56%)
(>98%D) (>98%D)

Various reaction conditions were also examined in an
attempt to develop a deeper understanding of the reaction
and elucidate the mechanism of the reaction. When the
alkoxyenamide 11b was treated with magnesium bromide
at 50 °C, the N—O bond was cleaved to give enamide 14
and benzaldehyde (15) in 68 and 35% yields, respectively
(eq 1). When the reaction was conducted in the absence of
magnesium bromide, the enamide 14 was obtained in a
much lower yield of only 7%, with 68% of the starting
material also being recovered. These results demonstrated
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that the magnesium salt was critical to the retro-ene step of
the reaction, and that the enamide 14 could be an inter-
mediate in this reaction. Interestingly, however, when the
enamide 14 was subjected to the optimized conditions, no
reaction was observed (eq 2). Deuterium labeling experi-
ments were also conducted to investigate the mechanism of
this transformation. The deuterated alkoxyenamide 16 was
treated with tris(4-methoxyphenyl)aluminum that had
been generated in situ at 50 °C and gave the S-deuterated
amide 17 in a 50% yield (eq 3).

Scheme 3. Plausible Reaction Pathway
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On the basis of these results, we have proposed a
plausible reaction mechanism, as shown in Scheme 3.
Although the role of the magnesium salt remains unclear,
it is envisaged that the magnesium would coordinate with
the oxygen atoms of the carbonyl and alkoxy groups to
inhibit the free rotation of alkoxy groups and effectively fix
the conformation in a way that way favors the retro-ene
reaction. The N—O bond would then be cleaved, fol-
lowed by a 1,5-hydrogen shift to give the N-acylimine
19 and benzaldehyde (15). The retro-ene reaction with
concomitant N—O bond cleavage would proceed
smoothly because of the formation of a strong C=0
bond at the expense of the energy required to break the
weak N—O bond."? The aryl groups would then add to
the N-acylimine immediately before the occurrence of
any tautomerization to the corresponding enamide.
The benzaldehyde (15) also reacted with triarylalumi-
num to give the alcohol 13.

(13) (a) Kleier, D. A.; Pilgram, K. H. J. Heterocycl. Chem. 1987, 24,
1643. (b) Saczewski, J.; Brzozowski, Z.; Gdaniec, M. Tetrahedron 2005,
61, 5303.
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To complete this work, we proceeded to investigate the
removal of the trifluoroacetyl group to afford the corre-
sponding fert-alkylamine 21. When the trifluoroacetamide
12b was treated with NaOH in methanol, the tert-alkyl-
amine 21 was obtained in 91% yield (Scheme 4). The
cleavage conditions were also successfully applied to
trifluoroacetamide 12h, which contained an acetal-protect-
ing group, to give the desired tert-alkylamine product 22 in
good yield.

Scheme 4. Removal of the Trifluoroacetyl Group
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In conclusion, we have successfully developed a new
retro-ene reaction for the conversion of N-alkoxyenamides
to tautomerizable N-acylketimines. The resulting N-acyl-
ketimines were immediately arylated with triarylaluminum
reagents to afford the corresponding tert-alkylamides
following the removal of the trifluoroacetyl group. This
reaction represents a new procedure for accessing
N-acylketimines. Further applications for this in situ gen-
erated N-acylimine are currently being investigated in our
laboratory.
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