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Sodium methoxide: a simple but highly efficient catalyst for the direct

amidation of esters+

Takashi Ohshima,** Yukiko Hayashi,” Kazushi Agura,® Yuka Fujii,’ Asako Yoshiyama® and Kazushi

Mashima*®

A simple NaOMe catalyst provides superior accessibility to a
wide variety of functionalized amides including peptides
through direct amination of esters in an atom-economical and
environmentally benign way.

Amides are one of the most ubiquitous and important functional
groups in natural and synthetic organic compounds, and the
amide bond formation has been intensively investigated in
organic synthesis.® In vivo, protein synthesis (amide bond
formation) is performed by ribosomes? and the key to this
transformation is the catalytic amidation of esters. In the non-
enzymatic amide formation, however, esters are viewed as an
inert scaffold upon which traditional activation protocols are
performed.! Unlike reactive phenolic esters, alkyl esters are inert
substrates commonly used as protecting groups in peptide
synthesis, and rather harsh reaction conditions, such as high
temperature, high pressure, or the use of more than stoichiometric
amounts of strongly basic reagents, are required to promote
amidation. Thus, atom-economical “green” catalytic amide bond
formation under mild conditions is in high demand. We searched
for a non-enzymatic and rather simple catalyst for the amidation
and herein report the first catalytic amidation of esters with
amines using very simple NaOMe as the catalyst.

We began by screening nontoxic metal catalysts, minerals
available in vivo, that mediate not only the amidation of esters
with amines under mild conditions with high substrate generality,
but also the peptide coupling reaction of chiral a-amino esters.
Although efficient catalytic systems based on inorganic
(Sh(OEt)3® and Zr(O'Bu),~HOAt*) and organic catalysts (N-
heterocyclic carbine,” DBU,® triazabicyclo[4.4.0]dec-5-ene,” and
1,2,4-triazo|e—DBU8) have been developed for the amidation of
esters, and Ru-catalyzed dehydrogenative amidation® and
aminolysis of esters'® have also been reported, these methods still
have much room for improvement in terms of substrate generality
and there are no examples of a catalytic peptide coupling reaction
of chiral a-amino esters. After testing several salts of group 1
elements (Li, Na, K) and group 2 elements (Mg, Ca) together
with zinc,'! which are abundant and essential minerals in life, we
found that very simple NaOMe was a highly efficient catalyst.*?
Typically, in the presence of 5 mol% of NaOMe, the reaction of
methyl benzoate (1a) with benzylamine (2a) proceeded smoothly
at 50°C to afford the corresponding amide 3aa in quantitative
yield (Scheme 1, a). Not only sodium alkoxides, but also
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a o NaOMe (5 mol%) 9
)J\ + HoNBD ———— > )k + HOMe
Ph” “OMe toluene (4.0 M) ph™ “NHBn
1a 2a 50°C,20 h 3aa
(1.3 equiv) >99% yield
b NaOMe (2 mol%) o
1a + HoNHex ——— + HOMe
neat Ph NHHex
2b 50°C, 20 h 3ab
(1.0 equiv) >99% yield
E-factor 0.35 (86% yield by distil.)
c NaOMe (1 mol%)
desiccant
1a v toluene (4.0 M) 3ab + HOMe
(@-3equv) T oC ooh - MS3A; 80% yield

drierite; 76% yield

Scheme 1 Amidation catalyzed by NaOMe. a. NaOMe-catalyzed
amidation in toluene. b. NaOMe-catalyzed amidation under neat
conditions. ¢. 1 mol% of NaOMe-catalyzed amidation with desiccant.

potassium alkoxides, had high catalytic activity, whereas lithium

s5 alkoxides and calcium alkoxides had poor activity. In addition,

neither alkali metal carbonates nor alkaline-earth metal
carbonates promoted the reaction. The NaOMe-catalyzed
amidation of esters proceeded in various non-polar and polar
solvents, such as hexane, THF, 1,4-dioxane, and NMP, except for
alcohols and acetonitrile.”> When both ester and amine were
liquid, neat conditions were practically acceptable; for example,
the reaction of 1a with hexylamine (2b) without any solvents at
50°C proceeded quite efficiently (>99% yield), and the
subsequent direct distillation of the reaction mixture afforded
pure amide 3ab in 86% yield with an excellent environmental E-
factor®® of 0.35 (Scheme 1, b). Moreover, the same reaction also
proceeded at 25°C  (74% vyield).®> In contrast to
transesterification,** which requires the removal of the resulting
methanol, amidation in a shield-tube afforded the same good
yield of 3ab.*2 Surprisingly, addition of 5 mol% of water (1 equiv
to NaOMe) completely retarded the NaOMe-assisted amidation,
and in fact, trace amounts of water crucially turned the catalyst
system into a stoichiometric or sub-stoichiometric reaction as a
consequence of saponification of the esters.*? Anhydrous
conditions were critically important to achieve high turnover
frequency and maintain good reproducibility in association with
the operational advantages. Thus, the addition of a desiccant,
such as MS3A or Drierite, minimized catalyst loading to 1 mol%
with 80 and 76% yields, respectively (Scheme 1, c). Although

w0 alkali metal alkoxides such as NaOMe® and KOtBu® were

previously reported to promote ester-amide exchange reactions,
more than stoichiometric amounts or sub-stoichiometric amounts
of these reagents were necessary. To the best of our knowledge,
we present the first catalyst system for amide bond formation

s from esters and amines.
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We evaluated the scope and limitations of the NaOMe-
catalyzed amidation under the optimized conditions (Table 1).
We examined various methyl esters as the substrates because
isopropyl ester considerably decreased the yield, and tertiary
butyl ester gave only a trace amount of the product. Methyl
benzoates with electron-withdrawing substituents were good
substrates, giving the corresponding amide in excellent yield
(Entries 1-3), whereas the reaction of electron-rich esters needed
a longer reaction time (44 h) to produce a good yield (Entries 4
and 5). Amidation of methyl cinnamate (1g), a typical o,fB-
unsaturated ester, proceeded efficiently without any side reaction,
such as 1,4-addition, to yield amide 3gb in 85% yield (Entry 6).
Alkanoates were also smoothly converted to the corresponding
amide in high yield (Entries 7-9). The amidation was somewhat
sensitive to the congestion of substrates: the yield of sterically
more demanding methyl cyclohexylcarboxylate (1k) was
decreased to 62% (Entry 10). Several lactones reacted to give the
corresponding hydroxy amides in high yield (Entries 14-17).
Aiming at applying the present catalysis for peptide coupling, we
first examined the compatibility of amide and carbamate
functional groups. Reaction of an amide ester 1l with hexylamine
produced the desired benzyl hexyl amide 3lb in 94% vyield
without any transamidated derivative (Entry 11). Boc and Chz
groups were intact under the present mild reaction conditions
(Entries 12 and 13) (see also Table 2). Next, we investigated the
scope and limitations of various amines. The amidation with
primary amines, benzylamine and cyclohexylamine proceeded
smoothly to give the corresponding amides in excellent yields
(Entries 18 and 19). Electronically more nucleophilic but also
more sterically demanding secondary amines were also good
substrates to give the corresponding amides in high vyields
(Entries 20 and 21). In sharp contrast, aniline was an
unsatisfactory substrate for the amidation (Entry 22).
Aminoethanol (2g) reacted chemoselectively with 1c to give a
hydroxy amide 3cg in 70% vyield along with the formation of an
amino ester in 21% yield (Entry 23).

Because the amide and carbamate functional groups were
intact, we next targeted the application of the NaOMe-catalyzed
amidation to peptide-coupling reactions, in which epimerization
of a-amino acid derivatives was a major problem under such
basic conditions. In fact, the reaction of Boc-Phe-OMe (1s, 99%
ee) and 2a under the optimized conditions resulted in
epimerization of the corresponding benzyl amide 3sa (Table 2,
Entry 1, 2% ee). This severe epimerization was successfully
rectified by the addition of rather acidic alcohols such as 2,2,2-
trifluoroethanol (Entry 2) and various phenols (Entries 3-11) to
manipulate the basicity of NaOMe. As expected, both
enantiomeric excess and yield of the product 3sa correlated well
with the pK, values of the added alcohols (Figure 1); the
increased acidity of the added alcohol increased the enantiomeric
excess of the product and decreased the yield. Among the tested
conditions, a mixture of 10 mol% of NaOMe and 30 mol% of 4-

Table 1 NaOMe-catalyzed amidation with various esters and amines.
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NaOMe (5 mol%
)k + HNR?R3 4(1 J\
RY OMe toluene (4.0 M) RY NR2R3
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Entry Ester 1 Amine 2 Time Yield
(hy (%)
1 4-NC-C¢H;-CO,Me (1b) H,N-Hex (2b) 20 92
2 4-CF3-CsH4-CO,Me (1c) 2b 20 99
3 4-Cl-CgH4-CO,Me (1d) 2b 20 93
4 4-Me-CsH4-CO,Me (1e) 2b 44 85
5 4-Me0O-CgH4-CO,Me (1f) 2b 44 71
6 (E)-PhCH=CH-CO,Me (1g) 2b 48 85
7 PhCH,CH,-CO,Me (1h) 2b 20 94
8 CsH11-CO,Me (1i) 2b 20 99
9 C11H23-CO,Me (1) 2b 24 99
10 cHex-CO,Me (1k) 2b 20 62
11°  BnNHCO-CH,CH,-CO,Me (1) 2b 20 94
12 BocNH-CH,-CO,;Me (1m) 2b 20 88
13 ChzNH-CH,-CO,Me (1n) 2b 26 97
o
14 (&5 2b 24 93
Rn=1,R=H(lo)

15 n=1,R=Et (1p) 2b 70 94
16 n=2,R=H(1q) 2b 20 95
17° n=3,R=H(1r) 2b 20 86
18 1c H,N-Bn (2a) 20 90
19 1c HyN-cHex (2c) 20 93
20 1c piperidine (2d) 36 94
21 1c HN(Me)Bn (2e) 26 87
22 1c H,N-Ph(2f) 120 7
H,NCH,CH,0H d

23 1c (29) 20 70

2 Isolated yield. ° Toluene:THF (2:1) was used as a solvent. © Lactone 1r
was slowly added over 2 h. ¢ 21% of amino ester was also obtained.

trifluoromethylphenol (4g) was selected as the best catalytic
condition to maintain a good balance between enantiomeric
excess and yield of the product 3sa (Entry 11, 81%, 97% ee).
With the optimized catalyst system for a-amino esters in hand,
we conducted catalytic amidation of various N-Boc protected
chiral a-amino esters with benzylamine (2a). The reactions of a-
alkyl substituted amino methyl esters 1t-w afforded the
corresponding amides in high yield without epimerization
(Entries 12-15).  Furthermore, chiral o-amino esters with
functional groups in the side-chain could be used as substrates. A
thioether functionality on the methionine (1x) did not disrupt the
amidation reaction and the desired product 3xa was obtained in
good yield without epimerization (Entry 16). The side-chain
carboxyl group on glutamic acid protected by a standard tertiary
butyl ester did not participate in the present NaOMe-catalyzed
reaction, and only the main-chain methyl ester of Boc-
Glu(OtBu)-OMe (1y) was converted to benzylamide (Entry 17).
Furthermore, the NaOMe-4g catalyst system was successfully
applied for a peptide coupling reaction of Boc-Phe-OMe (1s) and
H-Gly-OtBu (2h) at 70°C to afford dipeptide 3sh in 79% yield
with 96% ee (Scheme 2). Although the reactivity was lower than
that of 2h, this catalysis was also applicable to the reaction of 1s
and H-Ala-OtBu (2i), giving the corresponding coupling product
3si in 53% vyield along with the recovered 1s (39%) and only
trace amount of byproducts (87% yield of 3si based on recovered
starting materials). To the best of our knowledge, this is the first
example of a catalytic peptide coupling reaction without the need



Table 2 Additive screening for catalytic amidation of chiral a-amino
ester and substrate scope.?

NaOMe (5-10 mol%)

o additive 4 (10-30 mol%) o
B"CHNZ¢J\OMe + H,NBn MS3A BN \en
: toluene (4.0 M) :
R® 2a 50°C, 20 h R,
(1.3 equiv)

Entry Additive 4 pKa Yield Ee
) (%)°

1 Boc-Phe-OMe (1s) - 15547 96 2
2 1s CFsCF,OH (4a) 1243 91 21
3 1s 4-MeO-CgH4-OH (4b) 10.20 89 57
4 1s Ph-OH (4c) 9.94 93 62
5 1s 2-MeO-C¢H,-OH (4d) 9.93 55 89
6 1s 4-Br-C¢H,-OH (4e) 9.34 73 86
7 1s 3-CF3-CgH4-OH (4f) 8.95 58 91
8 1s 4-CF;-CgH4-OH (49) 8.68 49 93
9 1s 2-CF3-CgH,-OH (4h) 842 29 92
10 1s 4-O,N-CeHs-OH (4i) 714 22 87
11° 1s 49 8.68 81 97
12°  Boc-Ala-OMe (1t) 4g 8.68 80 98
13" Boc-Val-OMe (1u) 49 868 72 99
14" Boc-Leu-OMe (1v) 4q 868 82 98
15" Boc-Pro-OMe (1w) 4q 868 80 99
16"  Boc-Met-OMe (1x) 4q 868 80 99
1719 BOC‘G'“((?;E“)'OME ag 868 84 99

5 mol% of NaOMe and 10 mol% of 4 were used for Entries 1-10 and 10

5 mol% of NaOMe and 30 mol% of 4g were used for Entries 11-17. ° Yield
determined by HPLC analysis for Entries 1-10 and isolated yield for
Entries 11-17. ¢ Determined by chiral HPLC analysis. ¢ pK, value of
MeOH. © Reaction time was 72 h.  Reaction time was 99 h. ® Reaction
temperature was 70°C. " 4.0 equiv of amine 2a was used.
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Figure 1 Plots for the amidation of chiral a-amino ester. &, yield of 3sa;
M, ee of 3sa. Data using ortho-substituted phenols (Entries 5 and 9 in
Table 2) were omitted to eliminate their improper steric effects.

NaOMe (10 mol%)

fe) additive 4g (30 mol%) (0]
1s + HZN\)J\ MS3A » BoCcHN OtBu
OtBu toluene (4.0 M) H H/ﬁ]/
70°C,99h :
2h ph” 3sh  ©
(1.3 equiv) 79% yield, 96% ee
NaOMe (10 mol%)
o additive 4g (30 mol%) o Me
15 + 2N otBu BocHN _ N OtBu
B toluene (4.0 M) : H
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2i Ph 3si
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Scheme 2 Peptide coupling reactions catalysed by NaOMe-4g.

for enzymatic methods, and provides a new convenient synthetic
protocol for the synthesis of various peptides with the advantages
of being nontoxic, catalytic, and environmentally benign.

In conclusion, we present a simple, but highly efficient,
catalyst of NaOMe for the direct amidation of esters with amines
with a wide variety of functional groups, as the first catalytic
amidation reaction under mild conditions. Notably, the catalyst is
a combination of NaOMe with 4-trifluoromethylphenol that
serves as a unique artificial peptidyl transferase to mediate the
peptide coupling reactions by precluding epimerization.

This work was supported by CREST from JST. We also
appreciated partial financial supports from Grant-in-Aid for
Scientific Research (B) from MEXT, Takeda Science Foundation,
and Uehara Memorial Foundation. Y.H. thanks Global COE
Program ‘Global Education and Research Center for Bio-
Environmental Chemistry’ of Osaka University and JSPS
Research Fellowship.

Notes and references

# Graduate School of Pharmaceutical Sciences, Kyushu University and

CREST, JST, Fukuoka, Japan. Fax&Tel: +81 92 642 6650; E-mail:

ohshima@phar .kyushu-u.ac.jp

® Department of Chemistry, Graduate School of Engineering Science,

Osaka University and CREST, JST, Osaka, Japan. Fax&Tel: +81 6 6850

6245; E-mail: mashima@chem.es.osaka-u.ac.jp

T Electronic Supplementary Information (ESI) available: experimental

procedures, characterization of the products, and other detailed results.

See DOI: 10.1039/b000000x/

(1) For reviews, see: (a) In Comprehensive Organic Synthesis; B. M.

Trost, I. Fleming, Eds.; Pergamon Press: New York, 1992, vol. 6. (b)

R. C. Larock, in Comprehensive Organic Transformations, 2nd Ed.,

Wiley-VCH, New York, 1999; ¢) M. B. Smith, in Compendium of

Organic Synthetic Methods; Wiley: New York, 2001, Vol. 9, pp 100.

(d) C. A. G. N. Montalbetti, V. Falque, M. Park, Tetrahedron, 2005,

61, 10827.

(@) J. L. Hansen, T. M. Schmeing, P. B. Moore, T. Steitz, Proc. Natl.

Acad. Sci. USA, 2002, 99, 11670. (b) M. Beringer, M. V. Rodnina,

Molecular Cell, 2007, 26, 311. (c) K. Watanabe, Y. Toh, K. Suto, Y.

Shimizu, N. Oka, T. Wada, K. Tomita, Nature, 2007, 449, 867.

(3) (a) K. Ishihara, Y. Kuroki, N. Hanaki, S. Ohara, H. Yamamoto, J. Am.

Chem. Soc., 1996, 118, 1569. (b) Y. Kuroki, K. Ishihara, N. Hanaki,

S. Ohara, H. Yamamoto, Bull. Chem. Soc. Jpn., 1998, 71, 1221.

C. Han, J. P. Lee, E. Lobkovsky, J. A. Porco, Jr., J. Am. Chem. Soc.,

2005, 127, 10039.

M. Movassaghi, M. Schmidt, Org. Lett., 2005, 7, 2453.

K. E. Price, C. Larrivée-Aboussafy, B. M. Lillie, R. W. McLaughlin,

J. Mustakis, K. W. Hettenbach, J. M. Hawkins, R. Vaidyanathan, Org.

Lett., 2009, 11, 2003.

(7) C. Sabot, K. A. Kumar, S. Meunier, C. Mioskowski, Tetrahedron
Lett., 2007, 48, 3863.

(8) X.Yang, V.B.Birman, Org. Lett., 2009, 11, 1499.

(9) C. Gunanathan, Y. Ben-David, D. Milstein, Science, 2007, 317, 790.

(10)B. Gnanaprakasam, D. Milstein, J. Am. Chem. Soc., 2011, 133, 1682.

(11)T. Ohshima, T. lwasaki, Y. Maegawa, A. Yoshiyama, K. Mashima, J.
Am. Chem. Soc., 2008, 130, 2944.

(12) For details, see Supporting Information.

(13)(a) R. A. Sheldon, Chem. Ind., 1992, 903. (b) R. A. Sheldon, Chem.
Ind., 1997, 12. (c) R. A. Sheldon, Pure Appl. Chem., 2000, 72, 1233.
(d) M. Poliakoff, J. M. Fitzpatrick, T. R. Farren, P. T. Anastas,
Science, 2002, 297, 807.

(14)(a) J. Otera, Chem. Rev., 1993, 93, 1449. (b) H. E. Hoydonckx, D. E.
De Vos, S. A. Chavan, P. A. Jacobs, Top. Catal., 2004, 27, 83.

@

©

)
©



(15)(a) J. Bunnett, G. Davis, J. Am. Chem. Soc., 1960, 82, 665. (b) R. J.
De Feoand, P. D. Strickler, J. Org. Chem., 1963, 28, 2915.

(16)(a) R. S. Varma, K. P. Naicker, Tetrahedron Lett., 1999, 40, 6177. (b)
L. Perreux, Tetrahedron, 2003, 59, 2185.

5
A graphical abstract for the contents page

Peptide Coupling A\ H o
-N
[{ _H o Boc~N, (( R
Boc A N’Sf
RI 0—-Me H,N H 2

Simple NaOMe catalyst provides superior accessibility to a wide variety
of functionalized amides including peptides in an environmentally benign
10 way.



