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Ir-catalyzed sp® C-H alkylation of p-butyrolactam with
alkenes was used for the highly enantioselective synthesis of
S-substituted py-lactams, which were readily converted into
chiral 4-substituted y-amino acids. A broad scope of alkenes
was amenable as coupling partners, and the alkylated
product using acrylate could be transformed into the key
intermediate of pyrrolam A synthesis.

y-Amino acid derivatives have attracted much attention as
biologically active compounds in relation to y-aminobutyric acid
(GABA), a major inhibitory neurotransmitter in the central nervous
system (CNS) of mammals.' Several y-aminobutyric acid derivatives
with substituent(s) on the carbon chain, such as anticonvulsant drug,
anti-seizure drug, and anti-epilepsy drug, have been developed as
pharmaceutical agents. For example, Baclofen,”> Gabapentin,’®
Pregabalin,* and Vigabatrin® were commercialized pharmaceutical
agents. On the other hand, structural functions of y-amino acid
derivatives have also been reported over the past few years: peptidic
foldamers including y-amino acids form novel helical structure® and
self-assembling peptide nanotubes’.

Against these backgrounds, various asymmetric syntheses of y-
amino acid derivatives have been developed.® In particular, a great
deal of effort has been devoted to the enantioselective synthesis, and
there are several examples reported for the synthesis of 4-substituted
y-aminobutyric acid derivatives.” However, most of them are the
synthesis of y-aminobutyric acids having more than one substituent
on the carbon chain, and the enantioselective synthesis of y-
aminobutyric acids having a substituent only at the 4 position is
limited (Scheme 1). Pd-catalyzed rearrangement of allylic trichloro-
acetamidate gave 4-vinyl y-aminobutyric acid (Scheme 1a).”* Chiral
NHC-catalyzed [4+2] annulation of enals possessing a leaving group
at the j~position with azodicarboxylates gave y-aminated products,
which were derived into y-aminobutyric acids in 5 steps (Scheme
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Scheme 1 Selected examples of enantioselective synthesis of 4-
substituted y-amino acid derivatives.

1b).”" Chiral thiourea-catalyzed hydroamination of in situ-generated
allenyl esters with N-methoxy carbamate is a potentially efficient
protocol (Scheme 1c)”. However, these methods have limited scope
of substituents and/or require multiple steps for the transformation
into the y-amino acids. Therefore, more broadly-applicable protocols
of the enantioselective synthesis of chiral 4-substituted -
aminobutyric acids are strongly desired.
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We chose C-H bond activation as a key strategy for the creation
of the stereogenic center of the amino acids, because pre-activation
of the substrate is unnecessary, therefore it leads to a shorter and
more atom-economical process.'’ Enantioselective activation of sp’
C-H bond is an ideal transformation, but is still a challenging topic."'
We have comprehensively studied Ir-catalyzed C-H bond activation
for the carbon-carbon bond forming reaction.'” Furthermore, we
reported enantioselective sp® C-H alkylation of alkyl amines
possessing 2-pyridyl group as a directing group on the nitrogen atom
with alkenes.''*''" We considered that the enantioselective C-H
alkylation of y-butyrolactam possessing a directing group could give
chiral 5-substituted y-butyrolactams after removal of the directing
group (Scheme 2). Chiral y-lactam skeleton is also found in a lot of
biologically active compounds? and natural products', and
asymmetric synthesis of y-lactam derivatives is quite important.'>
Herein, we describe a new approach to the efficient asymmetric
synthesis of 5-alkylated p-lactams and 4-substituted y-amino acid
derivatives initiated by Ir-catalyzed enantioselective sp’ C-H bond
activation.
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Scheme 2 Approach to the enantioselective synthesis of »
amino acids

We determined N-(2-pyridyl)-y-butyrolactam (1) as a model
substrate and investigated the alkylation in the presence of various
chiral cationic iridium catalysts.'® As a result, Ir-tolBINAP catalyst
gave the best result. We further examined the reaction of styrene
(2a) and various substituted styrenes 2b-2f under the optimal
reaction conditions (Table 1). The reaction of 1 with styrene (2a)
proceeded, and the desired chiral lactam 3a was obtained in high
yield and ee (Entry 1). When styrenes with methyl or
trifluoromethyl group on its para-position were used, the
corresponding alkylated lactams 3b and 3¢ were obtained with the
almost same ee as that of 3a (Entries 2 and 3). Halogenated styrenes
were also good coupling partners, and chiral y-lactams 3d and 3e
were obtained in moderate yield with high ee (Entries 4 and 5). In
the reaction with pentafluorostyrene (2f), the enantioselectivity was
well above 90% (Entry 6)."

Table 1 Enantioselective alkylation of j<lactam 1 with styrenes

dioxane, reflux

[Ir(cod,)BF4 Ar
+ (S)-toIBINAP 74 {\l
: R /\Ar (1 0 mol%) — N

3
Entry* Ar Yield (%) Ee (%)°
1 Ph (2a) 85 (32) 82
2 4-MeCgH, (2b) 56 (3b) 84
3 4-CF5CeH, (2¢) 87 3¢) 85
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4 4-FC4H, (2d) 60 (3d) 83
5 4-BrCgH, (2e) 50 (3e) 84
6 CeFs (2) 69 (3f) 94

* The ratio of y~lactam 1/styrene 2 was 1/8. The initial concentration
of 1 was 2.0 M, and the reaction was run for a week.

We further examined functionalized alkenes under the same
reaction conditions (Table 2). Acrylates were the best coupling
partners: less amount of ethyl acrylate 2h gave the desired product in
high yield and ee in less reaction time (Entries 1 and 2).'® It is
noteworthy that this reaction could be carried out in one-gram scale
(Entry 3). Vinyl sulfonate 2i and vinyl phosphonate group 2j were
also accepted in this reaction, and the desired chiral y-lactams 3i and
3j were obtained (Entries 4 and 5).

Table 2 Enantioselective alkylation of j<lactam 1 with
functionalized alkenes

[Ir(cod,)]BF 4 G
~ N +(S)tolBINAP N
\ . _ (10moi%) \
/ FG ~gioxane, reflux dioxane, reflux = N
o
3
Entry® FG Yield (%) Ee (%)
1 CO,Me (2g) 82 (3g) 91
2° CO,Et (2h) 87 (3h) 91
3be CO,Et (2h) 85 (3h) 94
4 SO,Ph (2i) 70 (3i) 82
5 P(O)(OEY), (2§) 82 (3)) 76

 The ratio of j~lactam 1/alkene 2 was 1/8. The initial concentration
of 1 was 0.5 M, and the reaction was run for a week. ° The ratio of
lactam 1/ethyl acrylate 2h was 1/4. The initial concentration of 1 was
0.5 M, and the reaction was run for 3 days.  The reaction was
performed in one-gram scale.

We next examined the transformation of the obtained
alkylated products into N-unprotected y-lactams 4 and y-amino
acids 5 (Table 3). The first step is removal of the pyridyl group.
The y-lactam 3a (82% ee) was submitted to hydrogenation with
a catalytic amount of Pd(OH),/C under acidic conditions.
Subsequent reduction using sodium borohydride gave
deprotected y-lactam 4a in 78% yield (Entry 1). Aabsolute
configuration of 4a was determined by the comparison of the
sign of optical rotation in the literature.'”” Retention of
enantiomeric excess was ascertained in this transformation (4a:
82% ee). Other alkylated products 3b-3j were also converted to
non-protected lactams 4b-4j in moderate to high yields under
the same conditions (Entries 2-7).

The second step is hydrolysis of yp-lactams 4. Acidic
hydrolysis of y-lactam 4a gave phenethyl substituted y-amino
acid Sa in 86% yield, and no decrease of ee was observed (5a:
82% ee) (Entry 1). Other aryl- and sulfonylethyl-substituted y-
lactams 4b-4i were also transformed into the corresponding
amino acid hydrochloride salts 5b-5i in good to high yield
(Entries 2-6). In the case of y-lactam 4j, the phosphate moiety
also underwent hydrolysis, and phosphono amino acid 5j was
obtained in moderate yield (Entry 7).
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Table 3 Removal of pyridyl group and hydrolysis of lactams

Pd(OH),/C
(20 mol%) R
HCI(1.25 eq.) NaBH, (4.0 eq.) N
Hy, EtOH,rt,24h  MeOH, rt, 1h
O 4
R
6N HCl aq.
TR, OH
reflux, overnight HoN
“HCl o
5
Entry R Yield of 4 (%) Yield of 5 (%)
1 Ph (3a) 78 (4a) 86 (5a)
2 4-MeC¢H, (2b) 85 (4b) 71 (5b)
3 4-CF;CgH, (2¢) 73 (4¢) 79 (5¢)
4 4-FC¢H, (2d) 62 (4d) 93 (5d)
5 CgF5 (31) 81 (4f) 71 (5%)
6 SO,Ph (3i) 52 (4i) 64 (5i)
7 P(O)(OEY), (3)) 85 (4j) 56 (5j)*

"R in 5§ is P(O)(OH),.

Finally, we synthesized bicyclic lactam 7, which is a known
synthetic precursor of pyrrolam A (Scheme 3). Pyrrolam A 8
has been isolated from the bacterial strain Streptomyces
olivaceus along with the related bicyclic lactams pyrrolam B-
D.?° The unique chiral bicyclic lactam with a double bond in
conjugate system has attracted considerable attention of
synthetic chemists, and various synthetic strategies have been
developed for its total syntheses.”’ We here tried to use our
originally developed C-H alkylation of p-lactam for the
synthesis of dihydro-pyrrolam A 7. We examined Ir-catalyzed
C-H alkylation with ethyl acrylate (2h) using (R)-tolBINAP for
the synthesis of natural type of pyrrolam A and obtained (S)-3h
in good yield with high ee. The next three steps, which include
removal of the pyridyl group, reduction of ester moiety, and
tosylation of the primary alcohol, were executed without
purification of the intermediates. As a result, he tosylate 6 was
afforded in 59% yield along with the retention of enantiomeric
excess (90% ee) after the 3 steps.”? Then, the cyclization of 6
using sodium hydride gave desired bicyclic lactam 7 in 68%
yield,”* whose sign of optical rotation accorded with that in the
literature.”® The final step to pyrrolam A 8 is a known
procedure.?

Conclusions

We have developed enantioselective Ir-catalyzed sp®> C-H bond
activation of the y-butyrolactam with various alkenes, such as
styrene derivatives and electron-deficient olefins. The present
reaction provides a new simple protocol for the synthesis of
chiral 5-alkylated y-lactams and 4-alkylated y-amino acids. This
protocol could be used for the efficient enantioselective
synthesis of bicyclic lactam 7, precursor of pyrrolam A 8.
Further studies for the use of our originally developed C-H
bond activation in the syntheses of other natural products and
unnatural amino acid derivatives are underway in our
laboratory.

This journal is © The Royal Society of Chemistry 2012
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Scheme 3 Formal asymmetric synthesis of pyrrolam A
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