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Abstract: Amidation of unprotected amino acids has been
investigated using a variety of ‘classical” coupling reagents,
stoichiometric or catalytic group(lV) metal salts, and boron
Lewis acids. The scope of the reaction was explored through
the attempted synthesis of amides derived from twenty nat-
ural, and several unnatural, amino acids, as well as a wide se-

lection of primary and secondary amines. The study also ex-
amines the synthesis of medicinally relevant compounds,
and the scalability of this direct amidation approach. Finally,
we provide insight into the chemoselectivity observed in
these reactions.

Introduction

Chemical reactions for the formation of amide bonds are
among the most commonly employed transformations in or-
ganic chemistry; amides featuring in 25% of industrially impor-
tant pharmaceuticals as well as a wide selection of bioactive
natural products and polymeric materials.”" The synthesis of
amides derived from amino acids constitutes a major applica-
tion of amide bond formation chemistry. While the synthesis of
amino amides by the assembly of N-protected a-amino acids
and amines is a well-known and accepted methodology,”” the
synthesis of amides directly derived from unprotected amino
acids (Scheme 1B) is rare, despite shortening the synthetic se-
quence by two steps. This class of amidation reaction presents
issues relating to control of reactivity, but the lack of research
effort in this area is probably due to the preconception that
such a reaction simply would not work (Scheme 1C). Neverthe-
less, a small number of methods for direct amidation of unpro-
tected amino acids have been developed.
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A. Classical approach
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Scheme 1. Chemoselective amidation of unprotected amino acids: A) Classi-
cal approach to the synthesis of amino amides B) Chemoselective amidation
of an unprotected amino acid. C) Potential pitfalls & Issues.

The first known method for the chemoselective amidation
of unprotected amino acids was developed by Leuchs, and
employed phosgene or derivatives thereof to generate reactive
N-carboxyanhydrides (NCAs) for subsequent reaction with
amines (Scheme 2).”’ However the activation occurs to such an
extent that it leads to polymerization™ and the amino acid still
requires protection for a fully selective monoacylation.”

Since then, there have been several reports of methods for
the synthesis of amides derived from amino acids employing a
transient activating group for the carboxylic acid that simulta-
neously protects the amine (Scheme 2 A). Burger et al. reported
the use of gaseous hexafluoroacetone (HFA) for the formation
of activated oxazolidinones,®” which are reactive towards
amines. The applicability of this method was demonstrated
through the shortest synthesis of aspartame to date
(Scheme 2B)." Later, similar approaches were exploited by Lis-
kamp et al. using dichloroalkyl silanes®™ or boron trifluoride™
to produce activated Lewis acid conjugates in which the
amino acid was proposed to coordinate in a bidentate fashion.
Remarkably, Bristol-Meyers-Squibb have employed the silane-
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A. One-pot chemoselective methods
o] } Leuchs 19068 Burger 19957
R 1 |

Liskamp 20028

CHEMISTRY

A European Journal

Full Paper

Liskamp 2005 Sheppard 20163

1 | 1

' f
i RY« " A
HN\< HN\KO

F,c CFs

carboxy-activated/
\ N-protected «-amino acld

[mainly em ployed for
polymers]

B. Applications to the synthesis of industrially relevant molecules!'®!
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Scheme 2. Chemoselective amidation of unprotected amino acids: A) One-pot chemoselective methods.®**'* B) Applications to the synthesis of drug/natural

products.”' C) “Classical” coupling reagents with unprotected amino acids.!'”

based methodology for the synthesis of an amino amide drug
candidate,"” demonstrating benefits with regard to both cost-
effectiveness and atom economy (Scheme 2B)."" More recent-
ly, Sharma et al."? reported the amidation of some unprotect-
ed amino acids employing a “classical” coupling reagent, 1'-
carbonyldiimidazole (CDI), in water. Nevertheless, the method
displayed serious drawbacks with regard to scope, only suc-
ceeding in the amidation of four amino acids (Scheme 2C).

We have recently reported that the borate ester B(OCH,CF;),
is an effective reagent for the direct synthesis of a-amino
amides from unprotected amino acids and amines.">'¥ In this
study, we outline the full scope of the direct amidation of un-
protected amino acids employing both stoichiometric and cat-
alytic quantities of a variety of boron Lewis acids as well as
group(lV) metal salts and “classical” coupling reagents.

Results and Discussion
Classical coupling reagents

The acylation of amines with activated carboxylic acids is the
most common way to make an amide, as a consequence of
the widespread availability and high stability of both of these
building blocks. In fact, based on literature surveys, the most
commonly used methods for amidation involve the formation
of intermediary acid chlorides, O-acyl ureas or (mixed) anhy-
drides.™™ We therefore began our investigation by looking at
the efficiency of classical coupling reagents for the chemose-
lective amidation of unprotected phenylalanine with benzyl-
amine. Using polar solvents with the potential to partially solu-
bilize unprotected amino acids (H,0, EtOH), biphasic systems
(CH,CL,/H,0) as well as non-protic solvents (DMF, CH,Cl,) we
looked at the competency of ‘classical” coupling reagents in
amidation. In most cases, little or no amino amide was pro-
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Table 1. “Classical” coupling reagents in amidation of amino acids.

(o] o
coupling agent
HaN \é)kOH + HN"Ph “goivent, 24 h HZN% N “ph
- e
Ph 15eq Ph 1a
Entry Coupling Solvents Yield
agent [9%]®
1 EDC/HOBt CH,Cl,/H,0 <5
2 EDC-HCI/HOBt NMM, H,0 <5
3 EDC-HCI/HOBt NMM, EtOH <5
4 T3P DMF 0
5 HATU DMF 0
6 sodl, Et;N/CH,Cl, 0
7 CDI H,O <10

[a] 1,4-dimethoxybenzene was used as an internal standard. Complete re-
action conditions and spectra of crude reaction mixtures as can be found
in the Supporting Information. EDC-HCl = N-(3-dimethylaminopropyl)-N'-
ethylcarbodiimide hydrochloride; HATU = (2-(1H-benzotriazol-1-yl)-1,1,3,3-
tetramethyluronium-hexafluorophosphate); HOBt = 1-hydroxybenzotri-
azole; NMM = N-methylmorpholine.

duced (Table 1, entries 1-6). In the case of amidation employ-
ing CDI in water (entry 7), the formation of the desired amino
amide was observed in small quantities, accompanied by the
formation of three other amide species, highlighting issues re-
lating to control of reactivity. Overall, we believe that the lack
of reactivity, as suggested previously,"? is mainly due to the
poor solubility of zwitterionic a-amino acids both in organic
solvents and in aqueous solution.

Stoichiometric amidation with Lewis acids

We have recently reported the use of B(OCH,CF;); as an effec-
tive reagent for the direct synthesis of a-amino amides from

© 2018 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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unprotected amino acids and excess amine. In most cases, the
pure amino amide could be obtained using a solid phase
workup to remove amino acid and boron compounds, fol-
lowed by evaporation of the volatile components.™® All
20 common proteogenic amino acids (Table 2, entries 1-20) as

Table 2. B(OCH,CF;);-mediated amidation of free amino acids with propy-
lamine.®®" Sarcosine (Sar), a-aminoisobutyric acid (AiB); Homoserine
(Hse); L-2-Aminobutyric acid (AABA). e.r. could not be determined for 2¢,
2e, 2f, 2ior 2l

3eq

Q o

B(OCH,CF3),

HoN AN 28

z \i/[kOH HaN solvent (0.5 M) HZN\L)LN/\/
R eq 80 °C or 125 °C g H
50r15h 2a
Entry Amino acid Amide Yield e.r.

1 Ala 2a

2 Arg 2b

3 Asn 2c

4 Asp 2d

5 Cys 2e

6 Gin 2f

7 Glu 2g

8 Gly 2h

9 His 2i

10 lle 2j

11 Leu 2k

12 Lys 2]

13 Met 2m

14 Phe 2n

15 Pro 20

16 Ser 2p

17 Thr 2q

18 Trp 2r

19 Tyr 2s

20 Val 2t

21 p-Ala 2u

22 Sar 2v

23 Aib 2w

24 PhGly 2x

25 Hse 2y

26 AABA 2z

Yield e.r.
W 61-95% W >o0:10 l <8020
20-60% >80:20 achiral substrate

B o19% 20 [ ] or not determined

well as six unnatural amino acids (entries 21-26) were evaluat-
ed in the reaction. Although polar amino acids (namely argi-
nine (2b), asparagine (2c) and glutamine (2f)) did not effi-
ciently undergo amidation, the method was extremely success-
ful with the less polar amino acids (2a, 2g-2h, 2j-2k, 2m-
20, 2g-2t). Overall, 60% of the natural amino acids and 5/6 of
the unnatural amino acids (2u-2z) underwent amidation to
give amides in good yields and with high enantiomeric ratio
(e.r) (>60% yield and >90:10 e.r.).

Following this study, we went on to look at the reaction
conditions in more detail in order to minimize the levels of rac-
emization seen for some examples. The reaction of tryptophan
with propylamine was examined with various conditions, and
it was found that racemization could be minimized by shorten-
ing the reaction time and/or by adding the borate reagent
dropwise (Table 3).
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Table 3. Reducing racemization through the dropwise addition of
B(OCH,CF;); and by decreasing the reaction time.

Q B(Og:qCF ) 0
H,N 2-1"3)3
? \;)J\OH" HN"" ChmE 80 °C HZN\;)LN/\/
R _ 3eq z H
NH “NH
2r

Entry Reaction Borate added Yield er

time [h] dropwise [%]
1 15 N 93 80:20
2 5 N 87 83:17
3 15 Y 93 84:16
4 5 Y 83 91:9

We have also attempted the reaction to synthesise 1a under
similar conditions with a variety of group (IV) metal salts
(Table 4), as these types of species have been reported to be
active catalysts for amide bond formation in recent years.'s'"”
While reactions employing zirconium-based reagents solidified
and produced only minor quantities of amide 1a, Ti(OiPr), was
identified as a suitable alternative amidation reagent. The reac-
tions were also attempted in the presence of molecular sieves
but the resulting yields were slightly lower. A selection of
amino amides were synthesised using 1equiv of Ti(OiPr),
(Figure 1). Amide 2n was synthesised in high yield but with
significant racemisation. Although lower yields were seen for
the synthesis of 2r and 2t, the use of Ti(OiPr), furnished prod-
ucts with higher enantiopurity (>95:5 e.r.) than the reactions
mediated by B(OCH,CF;);. Hence, Ti(OiPr), represents an easily
accessible and lower cost alternative to our borate ester, espe-
cially for more reactive amino acids.

Table 4. Ti/Zr in amidation of amino acids.
o o o)
Lewis acid
N ;JJ\OH +HNTPh " CpyE HZN\_)LN ph

B ° H H

~ph 3eq 80°C,15h ~ph 1a
Entry Lewis Equiv Yield

acid [%]

1 B(OCH,CF;), 3 85
2 [Cp,ZrCl,] 1 0
3 ZrCl, 1 32
4 Ti(OiPr), 1 85
5 Ti(QiPr),® 1 75
[a] Reaction run with mol. sieves. Cp = 1,5-cyclopentadiene.
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o} o o}
HZN\i)LNHnPr HN S NHnPr )\/lLNHnPr
3 NH; NH,

“Ph
2n, 94%, 2r, 75% 2t, 30%
80:20 e.r. 955eur.

Figure 1. Ti(OiPr),-mediated amidation of free amino acids with propyla-
mine.

© 2018 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim


http://www.chemeurj.org

AP ChemPubSoc
\{* Europe

Catalytic amidation employing Lewis acids

Having recently developed a method for general amidation
employing catalytic B(OCH,CF,),,"” we wished to explore the
applicability of this approach in the amidation of unprotected
amino acids. In the optimisation of the general catalytic amida-
tion reaction, we screened a wide selection of organic solvents
under Dean-Stark conditions and identified tert-amyl methyl
ether (TAME) as a suitable alternative to CPME and PhMe,
which crucially allows for azeotropic removal of water to be
conducted at lower temperatures (86°C)." Design of Experi-
ments (DoE) reaction optimisation® was then conducted to
understand the factors playing a role in the amidation of an
unprotected amino acid, and to maximise the yield of product
3a and minimise the formation of diamide byproduct 4a, the
product of amidation of the amino acid with the desired
amino amide product. The catalyst loading, amine loading and
volume of solvent used were investigated as factors
(Scheme 3).

0]
5-50 mol% B(OCH,CF.
HZN%OH N 20 molé BOOTa v N\)J\N(/\)\ 3a

(0.5-1. 5 M) TAME,

HZNJ\[fN\)LNH 4a
x5
(@] Bn

Bn 1-3 eq

Scheme 3. DoE study on the direct amidation reaction to form 3a. For fur-
ther details, please see the Supporting Information.

Good quality models for predicting the yield of both prod-
ucts were obtained from the DoE study. The results indicated
that only the amine loading and catalyst loading had a signifi-
cant effect on the yield of the desired amino amide. Unsurpris-
ingly, we found that excess amine was beneficial for minimis-
ing byproduct formation. Increasing the catalyst loading led to
increased formation of both products. As a result of this study,
we were able to identify conditions to obtain high yields of
the desired amino amide by running the reactions with only
1.5 equivalents of amine and 20 mol% B(OCH,CF;); catalyst.
Lowering the amounts of amine further led to increased for-
mation of diamino amide 4a, although less than statistically
expected (usually ranging between 1-8%, separable during
purification).

With effective conditions in hand for the use of catalytic
B(OCH,CF;); for the direct amidation of an unprotected amino
acid, we then went on to explore the use of alternative Lewis
acid catalysts under these conditions. The use of 2-Cl and
3,4,5-trifluorophenylboronic acids (Table 5, entries 2-3, 9) has
been previously reported to be effective for amidation under
dehydrative conditions."®? Such catalysts are generally unsuc-
cessful even for amidation of protected amino acids, and, to
the best of our knowledge, they have never been explored
with unprotected amino acids."*" However, to our surprise,
these boronic acid catalysts were reasonably effective for the
amidation of Phe with benzylamine under Dean-Stark condi-
tions. Group (IV) metals (entries 4-5) were, as with the stoichio-

Chem. Eur. J. 2018, 24, 7033 - 7043 www.chemeurj.org
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Table 5. Lewis acids in the catalytic amidation of unprotected amino
acids.”!
o] \)‘L ~ R=Bn, 1a
Ph R=
i gy e TUES R=P1. 16
R 1.5eq
H N/klf JL ~~p, R=Bn5a
2 R= iPr, b
~1-6%
Entry R Catalyst Yield 4a
[%][b]
1 Bn B(OCH,CF,); 90
2 Bn 0-CIC¢H,B(OH), 63
3 Bn 3,4,5-F,C¢H,B(OH), 71
4 Bn Ti(QiPr), 85
5 Bn Zr(Cl), 41
6 iPr B(OCH,CF;); 40
7 iPr Zr(Cl), 43
8 iPr B(OMe), 8
9 iPr 0-CIC¢H,B(OH), 7
10 iPr Ti(QiPr), 13
n iPr Hf(Cp,)(Cl), 25
[al Amino acid (5 mmol), benzylamine (7.5 mmol), 20 mol% catalyst,
TAME (5 mL), Dean-Stark. [b] 1,4-dimethoxybenzene was used as an inter-
nal standard.
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metric conditions, suitable catalysts for this transformation,
with Ti(OiPr), a particularly cost-effective alternative to our
borate ester providing amide 1a in excellent yield. When em-
ploying ZrCl,, isolation of the product was problematic (prod-
uct lost in workup), most likely due to the formation of com-
plexes between amino amides and Zr and the formation of hy-
drochloride salts of the amines present in the reaction mixture.

The high levels of conversion to 1a in these reactions pre-
vents accurate differentiation of the reactivity of the various
catalysts, so we went on to screen selected catalysts for the
direct amidation of valine, a much less reactive substrate.
Again, the amidation could be achieved chemoselectively with
both group(lV) catalysts and boron-based catalysts. Although
amidation employing ZrCl, gave the highest level of conver-
sion, attempts at isolation failed due to issues relating to
adduct/salt formation (vide supra, for use of stoichiometric
ZrCl,). B(OCH,CF;); was therefore identified as the catalyst of
choice, but Ti(OiPr), is a suitable alternative for more reactive
amino acids.

Substrate scope of borate-catalysed amidation

With B(OCH,CF,), as the catalyst, we explored the scope of the
amino acid component with benzylamine as the amine
(Scheme 4). All 20 common proteinogenic, as well as nine non-
proteinogenic amino acids were tested. In general, the less
polar amino acids were good substrates for the reaction, with
two aromatic (1a, 1d) and most aliphatic (1f-i) amino acids
yielding the corresponding amide in good to excellent yields
(Scheme 4A,B). The amide derived from alanine and benzyl-
amine could not be readily separated from unreacted benzyl-
amine during purification, so a reaction was, therefore, per-

© 2018 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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NH ., B(OCH,CF3); (20 mol%) )K{NH
HO)H/ ? HoN "TAME (1 M), Dean- (1 M), Dean- Ph™ 2
R Stark A 24 h

B. Aliphatic amino acids

o) o) o)
Ph/\HJ\/NHZ Ph\/\”JH/NHZ Ph/\HJI:LNHZ

1b, 57%, 83%"!, e.r. 95:5
[Ti]a-c1 25%

1e, 45%@1[18 h] 1f, 82% [18 h]

C. Hydroxyllc and Sulfur contammg amino acids

o) o) o)
H
/\ NH, Ph N NH, PN NH, Ph- N N
H | H H o H o
“OH OH

Me 1k, R=H or disulfide

1j, 90% (90%)

11, 56%

E. Basic amino acids

Ph

HoN

H 19,0% A1r, 35%, 6 o%lbl 1s, 29%

H. Side chain-protected amino acids

(@] (¢] O
t
BUONNAPh Ph N NH, ~
H H Ph
(0] NH,

HN
1y, 65%°] e.r.87:13 12,91%, er. 74:26 [18 h]
77%, e.r. 84:16 [8 h] 84%[e1 er. 75:25

1aa, 76%
79%, er. 75:25 starting material e.r. 94:6

E Amldlc amino acids

fo) O
/\N 2
H H
)NLH R = H, 1v, overreaction
v = Me 1w 55%

1t, 0%

S )lj/NH2

1bb, 87%, e.r. 67:33
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o o
N NHy oo~y NH,
H H
|
ol NH

1¢, 37%, e.r. 95:5 1d, 90% [16 h]

PR N )‘\r\]: Ph JJ\E) Ph" N )‘\g
19, 73%

: 1h, 77% 1i, 72% [36 h]
[Ti]e<l, 90%, e.r. 94:6

A. Aromatic amino acids

(0]
A~ N NH, Ph/\
H
Ph

1a, 92%
[Ti] 85%

D. Acidic amino acids o

P >N NH,

NHBn

1m, 23% 1n, 91% 10, 21%, e.r. 7328
G. B-Amino acids

R

N'u\)\NH

HoN

1u, 0% = Ph, 1x, 58%

I. Unnatural amino acids

O
N
Ph/\HJl\/ ~

o
Ph/\HJl\rNH2
R

R= Et, 1dd, 81%
= Ph,1ee, 93% e.r. 50:50

MeS
1cc, 82%

Scheme 4. Scope of amidation reaction with unprotected amino acids. A) Aromatic amino acids B) Aliphatic amino acids. C) Hydroxylic and sulphur-containing
amino acids D) Acidic amino acids. E) Basic amino acids. F) Amidic amino acids. G) -amino acids. H) Side-chain-protected amino acids. I) Unnatural amino
acids. enantiomeric/diastereomeric ratios > 95:5, unless otherwise stated. e.r. for Tk, 1m and 1r could not be determined. Yields in parentheses are calculated

against an internal standard (see ESI). [a] 3 equiv amine used. [b] 30 mol%
zylamine used. [e] 10 mol% B(OCH,CF;);.

formed with phenethylamine to give amide 1f in excellent
yield. The reaction with glycine led to the formation of a mix-
ture of the desired amide 1e and its diamido counterpart 5e
under the standard conditions, so a larger excess of amine had
to be employed (3 equiv) and only a moderate yield of 1e was
obtained. We were also able to use catalytic quantities of
Ti(OiPr), for the preparation of amino amides derived from
more reactive amino acids (e.g. 1a, 1g). This catalyst was
much less effective for more hindered amino acids, however
(e.g. 1b). Pleasingly, by using B(OCH,CF;); we were also able to
access amides of more polar amino acids with hydroxy! (11-m)
and sulfur (1j,1k) moieties present, and good conversions
were observed (Scheme 4C). Amide 1k (from cysteine) was
partially oxidized to the corresponding disulfide over the
course of the reaction and upon exposure to air.

Acidic amino acids underwent amidation effectively
(Scheme 4D), with glutamic acid cyclizing intramolecularly to
give pyroglutamide 1n and aspartic acid undergoing double
amidation to give a diamide (10). The increased degree of rac-
emization for 1o is probably due to a competing dehydrative
mechanism involving a 5-membered acid anhydride, known to
have a propensity for racemization.”” The basic (1q-s) and
amidic (1t-u) amino acids were somewhat less reactive (Sche-

Chem. Eur. J. 2018, 24, 7033 - 7043 www.chemeurj.org
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[c] Reaction conducted with Ti(OiPr), (15 mol %) in CPME. [d] No ben-

me 4E,F), with only histidine giving an amide derived from
benzylamine (1r). As expected, lysine spontaneously cyclized
to form a-aminocaprolactam 1s. [-Amino acids generally
worked less well than their a-amino counterparts (Scheme 4G).
As with glycine, f-alanine underwent extensive over-reaction
(1v), and even with three equivalents of amine did not give a
clean amino amide product. However, [3-amino acids could be
coupled successfully to give amides 1w-x, albeit in lower
yields relative to their a-amino acid counterparts.

Amino acids with protected side chains were also tested
(Scheme 4H). Ester-protected glutamic acid and the methyl-
ether derivative of serine gave amides 1y and 1z, respectively,
in good yields, despite showing signs of significant racemiza-
tion. Protected cysteine formed desired amide 1aa along with
minor amounts of a rearranged product (see ESI); S-methyl cys-
teine yielded amide 1bb in excellent yield, but with significant
racemization. Sarcosine, L-a-aminobutyric acid and phenylgly-
cine all underwent successful amidation (Scheme 41), although
the latter (1 ee) underwent complete racemization, as expected
based on its known propensity to racemise even under mild
conditions (e.g. Cbz-PhGly +NH,C| yields amide in 43% yield,
46% ee using ethyl chloroformate, 5° C, 1 h).”) Overall, the
method showed similar trends in reactivity to the stoichiomet-

© 2018 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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ric approach (vide supra, Table 2). The relevance of this chemis-
try can easily be exemplified by the fact that most of the
amides synthesized in Scheme 4 (or their enantiomers) are
members of a well-documented class of potent anticonvul-
sants and agents for neuropathic pain treatment, commonly
referred to as primary amino acid derivatives (PAADs).?%*¥

The scope of the reaction with regard to the amine compo-
nent was investigated next through the preparation of amides
derived from a selection of different amines employing both
stoichiometric B(OCH,CF;); (denoted as [A]) and the catalytic
reaction conditions (denoted as [B], Scheme 5).

Simple aliphatic amines worked well under both sets of con-
ditions (6a—g, Scheme 5A). However, the reaction of isobutyl-
amine with tryptophan under catalytic conditions resulted in a
low yield of amide most likely due to the volatility of the
amine, which is probably removed into the side arm of the
Dean-Stark apparatus. Benzylic and allylic amines were also
successful (Scheme 5B), with substituted benzylamines bearing
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a methoxy group (6i, 61), fluoride (6j) or polyfluoroalkane (6 n)
giving good vyields of the corresponding a-amino amides
under both sets of conditions. Heterocyclic tryptamine (6 m)
and 2-picolylamine (6 0) also underwent amidation successfully,
with significant amounts of racemization in the latter case
when stoichiometric B(OCH,CF;); was used. Pleasingly, the
degree of racemization was significantly reduced under catalyt-
ic conditions.

Amino amides could also be prepared from reactive secon-
dary amines in good yield (6 q-s, 6 u-w, Scheme 5C), but only
with the stoichiometric method. The reactions with leucine
and phenylalanine with pyrrolidine required forcing reaction
conditions which led to significant levels of racemization (65,
6u). When employing catalytic B(OCH,CF); for the synthesis
of a tertiary amide, even with a large excess of amine (3 equiv)
the reaction was not selective and led to further reaction of 6t
to give diamide 7t. Under the catalytic set of conditions, gluta-
mic acid was the only amino acid to show selectivity for mono-

o B(OCH,CF3)3 o] o f i
Conditions Solvent Amine eq | [B] (eq) | time & temp
N L R _020r30e9  pn | | 9 | .
T OH H,N solvent (05 M)' N [A] CPME or MeCN| 3.0 30eq | 15h,80°C
2 g = H
R R [B] TAME 15 0.2eq | 24h,reflux
A. Aliphatic amine scope
T : § i i
H H
H,N H,N
N N/\( )l %LN 2l N N HzN\)L
] Ph”
[A] 6a, 67% [A] 6b 82%/e] AN (A1 6c 74%P1, e.r. 93:7 [B6d, 7% [B] 6e, 90%
[B] 18%
B. Aromatic/allylic amine scope
R i R M et
H H,N H,N
H2N\)LN N A~ NNW 7N 7N
P § R CEon - 4 -
A] 6f,73% 9 :
R= OMe, [A], 6i, 86%, e.r. 90:10  [A] 6k, 89% " ° S RACIEE [A]6h, 56%, er 55:45

R=F, [A] 6] 63% e.r. 85:15
[B] 59%, e.r. 89:11

(¢]
NH o~

[B] 61, 84% [B] 6m, 61% er. 85:15

C. Secondary amine scope

[A] 6q, 51%I@]

0
HoN \)L
~

[A] 61, 86%!2.01
er.60:40

NJO =‘Q)LgN

HZN\)L

g

6u, [A] 48%0, er. 53:47  6v, [A] 79%M 6w, [A], 62%1"]
[B] 49%
E. Medicinally relevant ,
O 1
q RN otBu :
N SN Y :
o "O Q/ o :
6z, [B] 38%, 6aa, [A] 74%% er. 94:6 :
Fasoracetam [B] 64% 1
Noopept precursor

«/EQ HZN\)L n

[B] 6n, 72%
Rf = (CH)x(CF,);CF3

O

[A] 65, 50%],

HZN\)L

/\O HzN\)L /©/

[A] 60, 44%, e.r. 60:40
[B] 86%, e.r. 92:8

HN/ D % % /
(24% conversion) D

6t 1:1 mixture 6t:7t NH; 7t

[A] 6p, 35%P, e.r. 50:50

D. Synthesis of di-peptides

H

® =
I A omu

[A] 6x, 83%[2F]

o}

HoN \)L OtBu

W

v (o)

[A] 6y, 56%2]
er.2:1

Ph
o, <Ph

.

[A] 8,52%, e.r. 54:46
Diazepam analogue

Phe + iz O

Scheme 5. Scope of amine component for amidation of unprotected amino acids. A) Aliphatic amine scope. B) Aromatic/allylic amine scope. C) Secondary
amine scope. D) Synthesis of dipeptides. E) Medicinally relevant substrates. Enantiomeric/diastereomeric ratios >95:5, unless otherwise stated. [a] Reaction
run at 125°C. [b] B(OCH,CF,); added dropwise. [c] 2 equiv of amine used. [d] 3 equiv of amine used. [e] 30 mol % B(OCH,CF,);.
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amidation with a secondary amine, due to intramolecular cycli-
sation. Indeed, it was possible to synthesise 6w and the phar-
maceutical Fasoracetam 6z (Scheme 5E) in one step from glu-
tamic acid.

It was also possible to prepare dipeptide derivatives using
glycine and alanine tert-butyl esters as the nucleophiles (Sche-
me 5D, E). Reaction of both Phe (6y) and Pro (6aa) was at-
tempted with OtBu Gly, although only the latter gave a good
yield and enantiopurity, with phenylalanine undergoing signifi-
cant racemization (6y). Conveniently, 6aa is a precursor to a
marketed nootropic, Noopept, which can be accessed through
a further condensation employing our catalytic amidation con-
ditions." Glutamic acid also underwent successful cyclisation/
amidation with Ala-OtBu to give 6x in good yield. We were
also able to synthesize a benzodiazepine derivative 8, which
belongs to a class of anti-anxiolytic drugs, from 2-aminobenzo-
phenone and -Phe in 52% yield, albeit under forcing condi-
tions, which again led to a near full racemisation of the final
product.

As the synthesis of tertiary amides was problematic in most
cases, we set out to explore an alternative protocol using ami-
noboranes (Scheme 6), which have been previously demon-
strated to promote amidation of carboxylic acids®*?” and
esters.”® Commercially available tris(amino) boranes were
found to be effective for direct amidation of unprotected
amino acids, affording amides in moderate yield and enantio-
purity. Due to the volatility of amines, such as dimethylamine,
these amides would be difficult to prepare using the borate-
mediated reactions outlined above. Using equimolar amounts
of aminoborane under conditions analogous to the stoichio-

A. Tris-aminoboranes in amidation
(e}
B(NR4Ry); * HzNJJ\OH
R
o) o o]
HZN\:)J\NQ HzNEJJ\NQ HZN\)LNQ
Ph” Y
6u, 72%, e.r. 95:5 6s,41%, er. 93:.7
0 (0]
| H
H,N l]l/ Ph””

6ee, 29%, 95:5 e.r.
56%, 92:8 e.r. [1.5 eq (BNR)]

6bb, (63%)

6cc, 14%

[1.5 eq (BNR)3] 6dd, 25%

i B. Room temperature variant

o
* HZN\_)I\OH
R

! B(NMey)s

6ff, 54% -

699, 39% 6ee, (52%)
Scheme 6. Tris(amino)boranes in amidation. Enantiomeric/diastereomeric

ratios > 95:5, unless otherwise stated.
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metric borate reaction, amino amides 6u, 6s and 6bb-gg
were synthesized in low to good yields and with little sign of
racemization. In acetonitrile, the remarkable reactivity of these
aminoboranes enabled the synthesis of amides 6 ff-gg and
6ee under very mild conditions at room temperature. This
method is, however, limited by the requirement to employ an
excess of amine in the synthesis of the trisamino) borane,
something which is only likely to be economically viable with
low-cost readily available amines.

Sequential amidation reactions

With a method to provide direct access to amino amide deriva-
tives, we reasoned that we could use the free amine group in
further transformations to access useful compounds. We envis-
aged that the direct synthesis of free amino amides could be
combined with our previously reported amidation processes"
to provide access to relatively complex a-amido amides in a
simple operation.

We started by exploring sequential amidation reactions with
our stoichiometric reaction conditions. To this end, direct ami-
dation of a free amino acid with propylamine was followed by
a filtration workup to remove unreacted amino acid and boron
residues and give the crude a-amino amide. This was then
subjected to direct borate-mediated amidation with a carbox-
ylic acid to give an a-amido amide, which was purified by a
second filtration workup (Table 6). The diamides 10a-e were
obtained efficiently over the two-step sequence in all cases,
with no requirement for chromatographic purification.

We then went on to explore an analogous transformation
employing the catalytic conditions in a one-pot procedure
(Table 7). Following the standard protocol for direct amidation
of a free amino acid, a solution of carboxylic acid in TAME was

Table 6. Sequential double amidation reactions.

PrNH, RZCOH o)
amino B(OCH:CF3);3 B(OCH,CFs); _»PKN)K(H R?
acid  cpume CPME Ho R \fg
80 °C 125°C
10a-10e
Amide Step 1 Step 2 yield
yield [%] [%] (e.r.)
\/\H)j/ T(\©\ 10a 95 57 (87:13)
Ph ° Br
TP
N
\/\”JK/ ‘n/\hll OfBu 10b 94 64 (98:2)
)

Ph
o M
\/\NJ\/N NG 10c 71 57
H
o)

o]
H
\/\H)J\/N\(r)(\ph 10d 71 77

OH

[0}
H
W . .
o
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Table 7. Sequential catalytic double amidation reactions (one-pot).
o} j)\ %
H
H2N\)J\ 1.5e9 HN-R HzN\)J\ TN\_)J\N,R
H B(OCH CF3)3 o & H
R (20 mol%)
Amide Yield
[%]
PP
N AN
0~ "N N~ “Ph 11a 80
Y
o ML R g 6
>r =N s b (85:15 d.r.)
O T o
Ph
HN 69
H o 11c (98:2 er)
Ph N S A Ph (recryst)
o H
N 73
PRONTY YT 1d (66:34 e.r)
Meo” © (SM e.r. 94:6)

added to enable a second amidation reaction to take place. In
general these double amidation reactions gave high conver-
sions, although in the case of chiral substrates, significant epi-
merization took place most likely due to the extended reaction
times. Purification for diamides 11 employing column chroma-
tography was particularly difficult, due to the formation of
amide side products from the reaction of the reactant amine
with the second carboxylic acid coupling partner. Nonetheless,
the one-pot synthesis of Lacosamide was successful with this
method, yielding desired amide 11d, albeit with a low enantio-
purity. It is worth noting, however, that this substrate is partic-
ularly prone to racemization,?**® and that the first step of the
amidation reaction (1z, Scheme 4) also showed erosion of
enantiopurity (vide supra).

Sequential condensation reactions

Given that B(OCH,CF;); has previously been shown to promote
imine formation when used stoichiometrically,®" we also ex-
plored a one-pot unprotected amino acid amidation/condensa-
tion reaction to provide access to imidazolidinones in a single
step (Scheme 7). In this case the cyclisation reaction was much
quicker (1-2 h), and yielded products with very little or no
signs of racemization. Imidazolidinones derived from a selec-
tion of amino acids (Phe, Ala and Sar) were cyclized with ali-
phatic (12¢,d, 12g-i, 12k), benzylic (12a), heterocyclic (12b,
12j) and hydroxyl containing (12a) aldehydes or ketones in
good to excellent yields. Only the reaction of camphor (12e)
failed to yield the desired heterocycle. We were also able to
synthesise precursors to two natural products (£)-Tricladin A
and B from alanine in one step.®?
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o) - L "
H-N 1.5eq H,N—R R R
’ \a)LOH B(OCH,CFa)s HzN\i)j\N‘R AN (N-R
(20 mol%) g H R R
A. Carbonyl scope
o o o)

N\/ ~N_ N

0

O ! ﬁ
Ph
- EN N N\/ _N_ NP N

12a 86% 12b, 49% 12c,82% 12d,56% 12e, no cyclisation

B. Medicinally and synthetically useful substrates

Ph Ph
{ o
O o
HN_ N-"

2

Ph
HijN\/ HN\/N\/ . N\/
N =TS 12h, 70%
Boc [Macmillan-type
12f,61% 129, 67%, 3:1 d.r. organocatalyst] 12i, 33%

C. Syntheses of (+)-Tricladin A and B precursors
O Ph O Ph

BuOCl, \(4
s I N

L

Z “NH N
HN Z<N HN K EtaN N N
12j,41% 12k, 81% 121, 65%
(+)-Tricladin B (+)-Tricladin A (+)-Tricladin A
precursor precursor

Scheme 7. Sequential condensation reactions for the synthesis of imidazoli-
dinones. Enantiomeric ratios > 95:5, unless otherwise stated. The e.r. of 12 f
could not be determined.

Scalability and green metrics

As our goal was to develop a highly efficient and scalable ami-
dation protocol, we sought to test the synthesis of a set of
substrates on a larger scale. Both the chemoselective amida-
tion protocol (25-50 mmol) and the sequential amidation/con-
densation procedures (250 mmol) were amenable to scale up
to access multigram quantities of material, although in slightly
lower yields than the smaller scale reactions in the case of 1b
and 1d (Figure 2). This is likely due to the heterogeneity of the
system, which makes adequate mixing more difficult on a
larger scale.

0] (0] (0]
HZN\/lLN/\Ph HZN\/lLN/\Ph N/ <N
i H < \5 i H - 1
PN I ; < s
HN
1b, 46%I® 1d, 83%, 12m, 83%
[25 mmol scale] [50 mmol scale] [250 mmol]

Figure 2. Scale-up amidations and sequential condensations. See the Sup-
porting Information for detailed procedures. [a] 40 mol% B(OCH,CF,);.

Next we set out to demonstrate the efficiency and cost-ef-
fectiveness of our method by benchmarking it against “classi-
cal” amide coupling approaches (Scheme 8). We examined the
synthesis of amide 1a by using our method, and using litera-
ture approaches starting from either the free amino acid or the
tert-butyloxycarbonyl (Boc)-protected derivative, which is also
commercially available and commonly used as a starting mate-

© 2018 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim


http://www.chemeurj.org

\9* ChemPubSoc
et Europe

A. Synthesis of primary amino amides

1. Protection (o] 2. Coupling

H
N_OR ___,
R el ”I X
Pho
o

3. Deprotecllon
HO NHz  H,NBn
20 mol%

BnHNJ\(NHz ._,
Ph  B(OCH,CF3); 1a

B. Representative example of reagents and solvents:
Route from Boc-Phe-OH , Route from Phe
Boc-Phe-OH 198 €/molf*®! : Phe 10 €/moll*3!

Step R Kg/Kg product :Step Re. t: Kg/Kg product
1 Boc-Phe-OH 1211 Phe 13
TBTU 14 i benzyl chloroformate 1.5

CH,Cl, 2761 Aq. NaOH/NaHCO5 10.7

DIPEA 3.4 '- Extractions (Aq/Org) 250

Amine 0.5 E 2 Cbz-Phe-OH 1.7
Extractions (Aq/Org) 231, NMM 0.7
2 Boc-Phe-CONBn 14 : IBCF 0.8
CH,Cly 185 ! Amine 06

TFA 67! THF 20.0
Extractions (Aq/Org) 120 : 3 Cbz-Phe-CONBn 16
' Pd-C 0.16

E MeOH 71.0

Total imput (kg/kg product) = 412 | Total imput (kg/kg product) = 308

Yields: Step 1:91% | Yields: Step 1: 74%
Step 2: 99% Step 2: 72%
Step 3: 97%

Overall yield = 90% Overall yield = 52%

1 Chromatographic purification 1 Chromatographic purification

Chemoselective Route (This work, 1 step)

| Reagents Kg/Kg product i
! :'r:]?n . 8‘; Total input (kg/kg product) = 5 |
i ’ Overall yield = 92% :
| BOCH,CFg)y 0.1 Qvsralvield = 02 sicati :
| TAVE 33 romatographic purification ;

D. Scale up experiment using recrystallisation

(e}
HzN\:)Lu/\F’h

~ Ph
1a, crop 1: 57% (97% purity)
[crop 2: 11% (84% purity)]
[crop 3: unsuccesful]

« Cheap starting material (Phe 10 €/moll33])
* No chromatographic purification
* PMI (kg/kg product) =13

Scheme 8. Efficiency and cost-effectiveness of chemoselective amidation in
comparison to regular amide bond-formation processes.

rial. However, despite Boc-Phe-OH being available at what is
often considered a nominal cost, it is > 20 times more expen-
sive than the free amino acid (198 vs. 10 € mol )1

It is clear on the basis of the total material input required in
terms of reagents and solvents, that the direct chemoselecitve
amidation route offers significant benefits. The literature route
from the free amino acid requires a total material input of
308 Kg per Kg of amide product, and the approach from the
Boc-protected amino acid requires an even larger material
input (412 Kg per Kg of amide product). In comparison, our
chemoselective amidation method requires a material input of
only 5Kg per Kg of amide product obtained, ~60-80 times
more efficient. As these methods for the syntheses of amino
amides employ column chromatographic purification, we are
unable to calculate the process mass intensities (PMIs).*¥ How-
ever, the synthesis of amide 1a was carried out on a 25 mmol
scale and crystallization was used to obtain the product with
high purity, though in a lower yield (57 %) than from chroma-
tographic purification. Nevertheless, this process proceeds with
an impressive PMI of only 13, which compares very favourably
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to established amidation methods (Typical PMI values in the
range of 150-300).2

Origins of chemoselectivity

The interactions between amino acids and boron Lewis acids
were investigated by NMR studies. The NMR spectra suggest
that the Lewis acid coordinates to the amino acid to form a
cyclic intermediate such as 13 or 14 (Scheme 9). A shift in the
"B NMR spectrum from the trigonal to the tetrahedral region
suggests the formation of a structure such as 13 (Figure 3).
The interaction between the borate species and the amino
acid effectively solubilizes the amino acid in organic solvent, al-
lowing it to react in an amidation reaction.

[insoluble]
Ph(BOH),
B(OCHZCF3)3 ‘;j
Ph IR: 1655
Ph
HZN/Y &

[soluble]

Ph” OH HZN/YO

1
2 Diasterecisomers FaC” Oé

IR: 1635

Scheme 9. Interaction of boron Lewis acids with amino acids.

B(OCH,CF3)3
trigonal ''B NMR, 17 ppm |

'
i

oo/

B(OCchF%)? + Phe /
tetrahedral ''B NMR, 5 ppm i

25
1 (opm)

Figure 3. "B NMR of the interaction of B(OCH,CF;); with phenylalanine.

Interestingly, amino acids do not react with an external car-
boxylic acid such as phenylacetic acid under our standard cata-
lytic amidation conditions (Scheme 10). This suggests that
complexes such as 13 are not reactive at the amine. Similarly,
in the absence of an amine reaction partner self condensation

o
o HO” “Bn o}
m o)k‘/ N, — %~ N
20 mol% B(OCH,CF3); HO hg
Bn TAME 20 h, Dean-Stark A Bn O
o Bn o
NH, ———X—— I
HO)H/ 20 mol% B(OCH,CF)s v
Bn TAME 20 h, Dean-Stark A

Scheme 10. Reactivity of amino acids with carboxylic acids (top) and them-
selves (bottom).
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of the amino acid to give diketopiperazine did not take place
to any significant extent (Scheme 10). Of all the amino acids
screened, only proline formed trace amounts of diketopiper-
azine when subjected to the standard catalytic amidation con-
ditions (< 5% yield over 24 h).

From these observations, it can be deduced that, only small
quantities of amino acid will be solubilized when employing
catalytic amounts of Lewis acid, creating a system in which the
amine is in large excess to the solubilised amino acid, which is
not reactive as a nucleophile (Scheme 11). This explains how

)
g)f\‘/NH3

R?
insoluble zwitterion

transient

protection B(OCH,CF3)s

1
[Dean-Stark SR
water removal] (o XS]
BN
RO oRr
soluble amino acid
"B NMR : 5 ppm

HoN

R ;
NR
RO ®NH H
L NH,
RO-Bg
OH

Scheme 11. Solubilization of amino acid into solution and subsequent acyla-
tion.

self-condensation of the amino acid is prevented, and also ex-
plains the lack of reactivity of the amino acid with a carboxylic
acid. The solubilized amino acid complex 13 is then able to un-
dergo boron-catalysed amidation with the amine to generate
the amino amide product coordinated to the catalyst, which
then undergoes exchange with another molecule of free
amino acid to continue the cycle. On the basis of our recent
studies,*” the amidation of the amino acid complex is likely to
be mediated by interaction with a second catalyst molecule to
form a species with a bridging acylboron unit.

Conclusions

In summary, we have identified effective methods for the
direct amidation of unprotected amino acids with amines by
using catalytic or stoichiometric quantities of boron or titani-
um Lewis acids. In this study, a detailed exploration of the
scope of these reactions has been carried out, enabling the ad-
vantages and limitations of each approach to be identified. In
Scheme 12, we provide a flowchart to enable the best method
for a particular amidation reaction to be identified. We hope
that this guide will prove useful in promoting the direct amida-
tion of amino acids as a useful transformation for the chemis-
try community. With burgeoning interest in the development
of novel catalytic methods for amide bond formation,”*® we an-
ticipate that other amidation catalysts may well be applicable
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[ Ml
secondary priﬂlary
ittt \ o - Yes P N
i\ proneto | :\volatule?;:}
‘racemisation?! H B(OCH,CF3)3
YH """""" Il No
ﬂs Tf cat. TiO'Pr,
tris-amino| | stoichiometric Yes
borane || B(OCH,CF3); | ||  ....-lL. S )
i reactive
‘ *amino acid?;
Syntnefic lNo_i proneto Xesl|  [INo
i__priority?_ iracemisation?;

cat. BOCH,CF;);

scalabilityﬂ

cat. or stoich.| |stoichiometric| [(cat. B(OCH,CFy);
TiO'Pr, B(OCH,CF3)3

Scheme 12. Method selection flowchart for chemoselective amidation of un-
protected amino acids. For amides derived from His, Lys or Arg the method
using CDI reported by Sharma et al. should be considered."”

to this reaction. We also anticipate that implementation of this
synthetic strategy in the pharmaceutical sector can lead to im-
proved cost-effectiveness and reduced levels of waste in the
synthesis of complex medicinally relevant compounds.

Experimental Section

Experimental procedures,'H and "*C NMR spectra, and characteriza-
tion data for all compounds are available in the Supporting Infor-
mation.

Acknowledgements

We would like to thank GSK and University College London,
Department of Chemistry for providing a Ph.D. studentship (to
MTS), Pfizer and the Engineering and Physical Sciences Re-
search Council (EPSRC) for providing a CASE award to support
a Ph.D. studentship (to V.K.), and University College London,
Department of Chemistry for providing a Ph.D. studentship (to
R.M.L.). We would also like to thank the EPSRC national mass
spectrometry facility at Swansea University for providing assis-
tance with analysis of some samples.

Conflict of interest

The authors declare no conflict of interest.

Keywords: amides - amino acids - boron - catalysis - green
chemistry

[1] D.J.C. Constable, P.J. Dunn, J. D. Hayler, G. R. Humphrey, J. L. Leazer,
R.J. Linderman, K. Lorenz, J. Manley, B. A. Pearlman, A. Wells, A. Zaks,
T.Y. Zhang, Green Chem. 2007, 9, 411 -420.

2] V.R. Pattabiraman, J. W. Bode, Nature 2011, 480, 471-479.

3] H. Leuchs, Chem. Ber. 1906, 39, 857 -861.

4] P.D. Bartlett, R. H. Jones, J. Am. Chem. Soc. 1957, 79, 2153 -2159.

5] W.D. Fuller, M. P. Cohen, M. Shabankareh, R. K. Blair, M. Goodman, F. R.
Naider, J. Am. Chem. Soc. 1990, 112, 7414-7416.

[
[
t
[

© 2018 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim


https://doi.org/10.1039/B703488C
https://doi.org/10.1039/B703488C
https://doi.org/10.1039/B703488C
https://doi.org/10.1038/nature10702
https://doi.org/10.1038/nature10702
https://doi.org/10.1038/nature10702
https://doi.org/10.1002/cber.190603901133
https://doi.org/10.1002/cber.190603901133
https://doi.org/10.1002/cber.190603901133
https://doi.org/10.1021/ja01566a035
https://doi.org/10.1021/ja01566a035
https://doi.org/10.1021/ja01566a035
https://doi.org/10.1021/ja00176a063
https://doi.org/10.1021/ja00176a063
https://doi.org/10.1021/ja00176a063
http://www.chemeurj.org

.@2 ChemPubSoc
x Europe

[6]
[7]

[8

9

[10]

[11]

[12]
[13]

[14]
[15]

[16]

[17]
[18]

[19]

[20]

[21]

Chem. Eur. J. 2018, 24, 7033 - 7043

K. Burger, M. Rudolph, Chem. Zeit. 1990, 114, 249-251.

J. Spengler, C. Bottcher, F. Albericio, K. Burger, Chem. Rev. 2006, 106,
4728-4746.

S.H. van Leeuwen, P.J.L. M. Quaedflieg, Q. B. Broxterman, R. M. J. Lis-
kamp, Tetrahedron Lett. 2002, 43, 9203 -9207.

S. H. van Leeuwen, P. J. L. M. Quaedflieg, Q. B. Broxterman, Y. Milhajlovic,
R. M. J. Liskamp, Tetrahedron Lett. 2005, 46, 653 —656.

M. A. Schmidt, E. A. Reiff, X. Qian, C. Hang, V. C. Truc, K.J. Natalie, C.
Wang, J. Albrecht, A. G. Lee, E. T. Lo, Z. Guo, A. Goswami, S. Goldberg, J.
Pesti, L. T. Rossano, Org. Proc. Res. Dev. 2015, 19, 1317 -1322.

M. D. Eastgate, M. A. Schmidt, K.R. Fandrick, Nat. Rev. Chem. 2017, 1,
0016..

R. K. Sharma, R. Jain, Synlett 2007, 603.

a) R. M. Lanigan, P. Starkov, T. D. Sheppard, J. Org. Chem. 2013, 78, 4512;
b) R. M. Lanigan, V. Karaluka, M. T. Sabatini, P. Starkov, M. Badland, L. T.
Boulton, T.D. Sheppard, Chem. Commun. 2016, 52, 8846-8849; c) V.
Karaluka, R.M. Lanigan, P. M. Murray, M. Badland, L. T. Boulton, T.D.
Sheppard, Org. Biomol. Chem. 2015, 13, 10888-10894; d)P. Starkov,
T. D. Sheppard, Org. Biomol. Chem. 2011, 9, 1320.

M. T. Sabatini, L. T. Boulton, T. D. Sheppard, Sci. Adv. 2017, 3, e1701028.
J. R. Dunetz, J. Magano, G. A. Weisenburger, Org. Process Res. Dev. 2016,
20, 140-177.

a) H. Lundberg, F. Tinnis, H. Adolfsson, Chem. Eur. J. 2012, 18, 3822-
3826; b) H. Lundberg, H. Adolfsson, ACS Catal. 2015, 5, 3271-3277;
c) C. L. Allen, A.R. Chhatwal, J. M. J. Williams, Chem. Commun. 2012, 48,
666 —668.

H. Lundberg, F. Tinnis, H. Adolfsson, Synlett 2012, 2201 -2204.

P. M. Murray, F. Bellany, L. Benhamou, D.-J. Bucar, A. B. Tabor, T. D. Shep-
pard, Org. Biomol. Chem. 2016, 14, 2373 -2384.

a) K. Ishihara, S. Ohara, H. Yamamoto, J. Org. Chem. 1996, 61, 4196 -
4197; b) K. Ishihara, Y. Lu, Chem. Sci. 2016, 7, 1276-1280; c) H. Noda, M.
Furutachi, Y. Asada, M. Shibasaki, N. Kumagai, Nat. Chem. 2017, 9, 571-
577.

a) R. M. Al-Zoubi, O. Marion, D. G. Hall, Angew. Chem. Int. Ed. 2008, 47,
2876-2879; Angew. Chem. 2008, 120, 2918-2921; b) S. Fatemi, N. Ger-
nigon, D.G. Hall, Green Chem. 2015, 17, 4016-4028; c) N. Gernigon,
R. M. Al-Zoubi, D. G. Hall, J. Org. Chem. 2012, 77, 8386 -8400.

a) K. Arnold, B. Davies, R. L. Giles, C. Grosjean, G. E. Smith, A. Whiting,
Adv. Synth. Catal. 2006, 348, 813-820; b) K. Arnold, B. Davies, D. Hér-

[32]
[33]

[34]
[35]

[36]

CHEMISTRY

A European Journal

Full Paper

ault, A. Whiting, Angew. Chem. Int. Ed. 2008, 47, 2673-2676; Angew.
Chem. 2008, 120, 2713-2716.

S. Simoens, Curr. Med. Res. Opin. 2011, 27, 1329-1338.

A. M. King, C. Salomé, J. Dinsmore, E. Salomé-Grosjean, M. De Ryck, R.
Kaminski, A. Valade, H. Kohn, J. Med. Chem. 2011, 54, 4815 -4830.

F. Buron, G. Deguest, L. Bischoff, C. Fruit, F. Marsais, Tetrahedron: Asym-
metry 2007, 18, 1625-1627.

T. Noguchi, S. Jung, N. Imai, Tetrahedron Lett. 2014, 55, 394-396.

A. Pelter, T. E. Levitt, P. Nelson, Tetrahedron 1970, 26, 1539 -1544.

P. Nelson, A. Pelter, J. Chem. Soc. 1965, 5142 -5144.

H. Yamamoto, K. Maruoka, J. Am. Chem. Soc. 1981, 103, 6133.

D. Choi, J. P. Stables, H. Kohn, J. Med. Chem. 1996, 39, 1907 - 1916.

P. Morieux, J.P. Stables, H. Kohn, Bioorg. Med. Chem. Lett. 2008, 16,
8968 -8975.

J. T. Reeves, M. D. Visco, M. A. Marsini, N. Grinberg, C. A. Busacca, A.E.
Mattson, C. H. Senanayake, Org. Lett. 2015, 17, 2442 - 2445.

H. Zhao, Z. Huang, W. Chen, J. Org. Chem. 2014, 79, 11290-11294.
Cheapest price on Sigma USA on 26/11/2017. Phe, W358509-5KG-K
priced at $ 371. Boc-Phe-OH, 8530060100 [100 g] priced at $ 91.

M. W. Fennie, J. M. Roth, J. Chem. Educ. 2016, 93, 1788-1793.

S. Arkhipenko, M. T. Sabatini, A. S. Batsanov, V. Karaluka, T. D. Sheppard,
H. S. Rzepa, A. Whiting, Chem. Sci. 2018, 9, 1058.

For reviews, see: a)R. M. Lanigan, T.D. Sheppard, Eur. J. Org. Chem.
2013, 7453-7465; b)K. Ishihara, Tetrahedron 2009, 65, 1085-1109;
c) B. M. Monks, A. Whiting, Sustainable Catalysis: Challenges and Practi-
ces for the Pharmaceutical and Fine Chemical Industries (Eds.: P.J. Dunn,
K. K. Hii, M. J. Krische, M. T. Williams), Wiley, Hobokon, 2013, Chap. 5;
d) F. Ferdousi, A. Whiting, Green Catalytic Direct Amide Bond Formation
in Green and Sustainable Medicinal Chemistry: Methods, Tools and Strat-
egies for the 21st Century Pharmaceutical Industry (Eds.: L. Summerton,
H. F. Sneddon, L. C. Jones, J. H. Clark), RSC Green Chemistry Series, Cam-
bridge, 2016, Chap. 13.

Manuscript received: January 24, 2018

Accepted manuscript online: March 5, 2018

Version of record online: April 30, 2018

www.chemeurj.org

7043

© 2018 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim


https://doi.org/10.1021/cr0509962
https://doi.org/10.1021/cr0509962
https://doi.org/10.1021/cr0509962
https://doi.org/10.1021/cr0509962
https://doi.org/10.1016/S0040-4039(02)02275-X
https://doi.org/10.1016/S0040-4039(02)02275-X
https://doi.org/10.1016/S0040-4039(02)02275-X
https://doi.org/10.1016/j.tetlet.2004.11.129
https://doi.org/10.1016/j.tetlet.2004.11.129
https://doi.org/10.1016/j.tetlet.2004.11.129
https://doi.org/10.1021/acs.oprd.5b00192
https://doi.org/10.1021/acs.oprd.5b00192
https://doi.org/10.1021/acs.oprd.5b00192
https://doi.org/10.1038/s41570-017-0016
https://doi.org/10.1038/s41570-017-0016
https://doi.org/10.1021/jo400509n
https://doi.org/10.1039/C6CC05147B
https://doi.org/10.1039/C6CC05147B
https://doi.org/10.1039/C6CC05147B
https://doi.org/10.1039/C5OB01801C
https://doi.org/10.1039/C5OB01801C
https://doi.org/10.1039/C5OB01801C
https://doi.org/10.1039/c0ob01069c
https://doi.org/10.1126/sciadv.1701028
https://doi.org/10.1021/op500305s
https://doi.org/10.1021/op500305s
https://doi.org/10.1021/op500305s
https://doi.org/10.1021/op500305s
https://doi.org/10.1002/chem.201104055
https://doi.org/10.1002/chem.201104055
https://doi.org/10.1002/chem.201104055
https://doi.org/10.1021/acscatal.5b00385
https://doi.org/10.1021/acscatal.5b00385
https://doi.org/10.1021/acscatal.5b00385
https://doi.org/10.1039/C1CC15210F
https://doi.org/10.1039/C1CC15210F
https://doi.org/10.1039/C1CC15210F
https://doi.org/10.1039/C1CC15210F
https://doi.org/10.1039/C5OB01892G
https://doi.org/10.1039/C5OB01892G
https://doi.org/10.1039/C5OB01892G
https://doi.org/10.1021/jo9606564
https://doi.org/10.1021/jo9606564
https://doi.org/10.1021/jo9606564
https://doi.org/10.1039/C5SC03761A
https://doi.org/10.1039/C5SC03761A
https://doi.org/10.1039/C5SC03761A
https://doi.org/10.1038/nchem.2708
https://doi.org/10.1038/nchem.2708
https://doi.org/10.1038/nchem.2708
https://doi.org/10.1002/anie.200705468
https://doi.org/10.1002/anie.200705468
https://doi.org/10.1002/anie.200705468
https://doi.org/10.1002/anie.200705468
https://doi.org/10.1002/ange.200705468
https://doi.org/10.1002/ange.200705468
https://doi.org/10.1002/ange.200705468
https://doi.org/10.1039/C5GC00659G
https://doi.org/10.1039/C5GC00659G
https://doi.org/10.1039/C5GC00659G
https://doi.org/10.1021/jo3013258
https://doi.org/10.1021/jo3013258
https://doi.org/10.1021/jo3013258
https://doi.org/10.1002/adsc.200606018
https://doi.org/10.1002/adsc.200606018
https://doi.org/10.1002/adsc.200606018
https://doi.org/10.1002/anie.200705643
https://doi.org/10.1002/anie.200705643
https://doi.org/10.1002/anie.200705643
https://doi.org/10.1002/ange.200705643
https://doi.org/10.1002/ange.200705643
https://doi.org/10.1002/ange.200705643
https://doi.org/10.1002/ange.200705643
https://doi.org/10.1185/03007995.2011.582863
https://doi.org/10.1185/03007995.2011.582863
https://doi.org/10.1185/03007995.2011.582863
https://doi.org/10.1021/jm2004305
https://doi.org/10.1021/jm2004305
https://doi.org/10.1021/jm2004305
https://doi.org/10.1016/j.tetasy.2007.07.003
https://doi.org/10.1016/j.tetasy.2007.07.003
https://doi.org/10.1016/j.tetasy.2007.07.003
https://doi.org/10.1016/j.tetasy.2007.07.003
https://doi.org/10.1016/j.tetlet.2013.11.042
https://doi.org/10.1016/j.tetlet.2013.11.042
https://doi.org/10.1016/j.tetlet.2013.11.042
https://doi.org/10.1016/S0040-4020(01)92983-7
https://doi.org/10.1016/S0040-4020(01)92983-7
https://doi.org/10.1016/S0040-4020(01)92983-7
https://doi.org/10.1039/jr9650005142
https://doi.org/10.1039/jr9650005142
https://doi.org/10.1039/jr9650005142
https://doi.org/10.1021/ja00410a025
https://doi.org/10.1021/jm9508705
https://doi.org/10.1021/jm9508705
https://doi.org/10.1021/jm9508705
https://doi.org/10.1016/j.bmc.2008.08.055
https://doi.org/10.1016/j.bmc.2008.08.055
https://doi.org/10.1016/j.bmc.2008.08.055
https://doi.org/10.1016/j.bmc.2008.08.055
https://doi.org/10.1021/acs.orglett.5b00949
https://doi.org/10.1021/acs.orglett.5b00949
https://doi.org/10.1021/acs.orglett.5b00949
https://doi.org/10.1021/jo502268k
https://doi.org/10.1021/jo502268k
https://doi.org/10.1021/jo502268k
https://doi.org/10.1021/acs.jchemed.6b00090
https://doi.org/10.1021/acs.jchemed.6b00090
https://doi.org/10.1021/acs.jchemed.6b00090
https://doi.org/10.1039/C7SC03595K
https://doi.org/10.1002/ejoc.201300573
https://doi.org/10.1002/ejoc.201300573
https://doi.org/10.1002/ejoc.201300573
https://doi.org/10.1002/ejoc.201300573
https://doi.org/10.1016/j.tet.2008.11.004
https://doi.org/10.1016/j.tet.2008.11.004
https://doi.org/10.1016/j.tet.2008.11.004
http://www.chemeurj.org

