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Abstract An efficient and straightforward approach for the coupling
of N%protected hydroxamic acids with an amino component in the
presence of iodine is delineated. The reaction is mediated by the forma-
tion of unstable but reactive acyl nitroso intermediates. The peptide hy-
droxamic acids were found to be useful substrates in coupling reac-
tions.
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The amide bond! is a key backbone of many organic and
biological molecules including pharmaceuticals,? natural
products,? peptides,* and proteins.> Development of a new
amide-bond-forming reaction is one of the most important
synthetic transformations for which improved methods are
sought.® A protocol for the coupling of peptide fragments
constitutes an important step in the total chemical synthe-
sis of proteins.” In this context, there has been an impres-
sive growth in the past two decades in native chemical liga-
tion (NCL)® and an alternative to NCL%1° such as Staudinger
ligation,'! oxo-ester ligation,'? peptide hydrazide ligation,!3
various oxidative activation ligation methods using peptide
thioacids,'* and ligation of C-terminal o-keto acid with
N-terminal hydroxyl amine.'> Although the application of
each of these methods is fully demonstrated in unprotected
peptide-fragment coupling, the difficulty in the preparation
of desired starting substrates has necessitated the search for
alternative and easily synthesizable peptide substrates.

Thus our attention was caught by a little known reac-
tion involving oxidative coupling of hydroxamic acids with
amines,'® which results in the formation of amides. The
proposed mechanism confirms the formation of a reactive
acyl nitroso intermediate followed by trapping with an

R’ = protecting group
R2, R3 = amino acid side chain
R* = amino acid ester

- B one-pot R2 o)
5-30 min

amine with loss of volatile HNO (Scheme 1).'” The reaction
between hydroxamic acid and amine has also been applied
to the synthesis of di- and tripeptide esters. However, with-
out the presence of an oxidant in this reported case, poor
yields and prolonged reaction times were obtained.!'® We
now report promising results of an oxidative coupling of
N-protected a-amino hydroxamic acids with amines, with
loss of nitrous oxide leading to the formation of peptides in
short duration. The central feature of this reaction rep-
resents a novel traceless and fast synthesis of peptides. Ad-
ditionally, we hope that peptide hydroxamic acids can be
used for oxidative coupling reactions of polypeptides and
protein synthesis. Research interest in hydroxamic acids
derived from amino and peptide acids has experienced a re-
naissance since their initial utility in Lossen rearrangement
for the identification of the parent structure.!?

C]
o) { I o) 0
JJ\ H |2 JJ\/'/O R1-NH2 R1JJ\H/R2

H 2Hi 4 - HNO A
Scheme 1 General reaction mechanism for the amide bond formation

Our group has described the synthesis of ureidopep-
tides through in situ generation of isocyanate from amino
and peptide hydroxamic acids followed by trapping with an
amine under mild conditions.?? Recently, there is a wide
range of methods developed for the synthesis of ureas and
carbamates from Lossen rearrangement of hydroxamic ac-
ids.?! Meanwhile, oxidative activation of hydroxamic acids
for the production of an acyl nitroso intermediate has been
studied and confirmed since the 1960’s.?> For example, the
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acyl nitroso intermediate has been used as a reactive dieno-
phile in Diels-Alder-type reactions? and it is a current top-
ic of interest in natural product synthesis.?*

In the course of our investigation on the epimerization-
free synthesis of amides and peptides by novel reagents and
substrates,?> we envisioned that hydroxamic acid could be
used to couple with amines for the production of peptides.
The reaction conditions were optimized using optically
pure Fmoc-Ala-NHOH (1a) with benzyl amine (2a) as our
model reaction, and the results are summarized in Table
1.26 When the direct reaction of 1a with 2a was conducted
in toluene by following the reported protocol'® only 15% of
the desired product 3a was obtained (Table 1, entry 1).
However, when the reaction was studied at 70 °C for eight
hours, the formation of the two products was observed.
One of these products was the expected amide 3a, and the
other product was identified as urea derivative 4a which
was obtained by the thermal Lossen rearrangement of hy-
droxamic acid (Table 1, entry 2).2”

The Danishefsky group reported that DMSO could act as
an oxidant for the direct ligation of peptide thioacids with
amines without additives.?® Thus, the reaction of 1a and 2a
was carried out in DMSO at room temperature and yielded
51% of 3a (Table 1, entry 3). Interestingly, ureido compound
4a was not present. These observations highlight the re-
quirement of room temperature for the selective formation
of an amide.

In an attempt to improve the yield of 3a, various oxi-
dants and solvents were screened at room temperature (Ta-
ble 1, entries 4-13). The oxidants H,0, and NalO, were
found to be inefficient for this transformation (Table 1, en-
tries 4-7). Solvent also played an important role, and the
reaction in toluene, DMF, THF, MeOH, H,0, and MeOH-H,0
led to lower yield and requires long reaction duration.
When [, was used in the presence of DMSO, the desired
product 3a was formed in 95% yield (Table 1, entry 8). Thus,
the optimized protocol was selected to be hydroxamic acid
(1.0 equiv), amine (1.2 equiv), I, (0.3 equiv) in DMSO, at
room temperature for 5-30 minutes.

With the optimized conditions in hand, various amino
acid esters 6 were employed to couple with N*-protected
hydroxamic acids 5, and the results are furnished in Table 2.
Both simple and sterically hindered amino acids performed
well to produce the dipeptide esters 7 in good to excellent
yields. The question of epimerization during the course of
coupling is also addressed using chiral HPLC. The diastereo-
meric products Fmoc-(L)-Phg-Phe-OMe (71), Fmoc-(D)-Phg-
Phe-OMe (71*) obtained from the Fmoc-protected L-Phg-
NHOH (51) and p-Phg-NHOH (51*) were analyzed. Both 71
and 71" showed peaks at tz = 14.82 min and t; = 18.47 min,
respectively. Also, an intentionally prepared equimolar
mixture of 71 and 71* showed distinct peaks at t; = 15.69
min and t; = 18.45 min. From these observations, it was
proved that the present protocol is free from racemization.

Table 1 Synthesis of N°-Protected Aryl Amide 3a: Optimization of Reaction Conditions

o
- H
FmocHNJﬁfNHOH & HpNT N SnAtons FmocHN/'\”/N\/Ph + FmocHN/'\HJ\H/\Ph
o (o)
1a 2a 3a 4a
Entry Solvent Oxidant (equiv) Temp (°C) Time Yield of 3a (%)? Yield of 4a (%)?
1 toluene - r.t. 16 h 15 -
2 toluene - 70 8h 35 21

3 DMSO - r.t. 6h 51 -
4 DMF H,0, (1.0) rit. 3h 54 -
5 DMSO H,0, (1.0) rt. 3h 61 -
6 DMSO Nalo, (0.5) rt. 40 min 80 -
7 THF NalO, (0.5) rt. 1h 62 -
8 DMSO 1,(0.3) r.t. 30 min 95 -
9 THF 1,(0.3) rt. 1h 60 -
10 MeOH I,(0.3) rt. 1h 75 -
11 DMF 1,(0.3) rt. 1h 68 -
12 H,0 1,(0.3) rt. 1h - -
13 MeOH-H,0 1,(0.3) rt. 1h 45 -

2Yields corresponding to the isolated pure product 3a.
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Table 2 Synthesis of Dipeptide Esters 7%3-32

R R2 I, (0.3 equiv) R "
/k DMSO PG.. N.__COOX
PG, NHOH + H,N~ COOX N el
H i r.t., 5-30 min o) }iZ
5 6 7a-
Entry Product 7 Yield (%)?
1 Fmoc-Ala-Phe-Ome 93
7a
2 Fmoc-Val-Ala-Ome 91
7b
3 Fmoc-Leu-Phe-Obn 85
7c
4 Fmoc-Phe-Cly-Ome 96
7d
5 Cbz-Leu-Phe-Ome 90
7e
6 Cbz- Phe-Aib-Ome 71
7f
7 Cbz-lle-Gly-Ome 89
7q
8 Boc-Aib-Aib-Ome 65
7h
9 Boc-Phe-Val-Ome 90
7i
10 Boc-Leu-Phe-Ome 92
7j
1 Boc-Pro-Phe-Ome 94
7k
12 Fmoc-(L)-Phg-Phe-Ome 88
71
13 Fmoc-(D)-Phg-Phe-Ome 85
71*

2Yields corresponding to the isolated pure dipeptide esters 7.

Much work remains to be done to develop hydoxamic
acid mediated peptide ligation. In particular, the reaction in
aqueous buffer is currently under investigation. We have
(nevertheless) presented here a peptide-bond strategy from
simple N*-protected hydroxamic acid and amines. This pro-
cess was mediated by the formation of known acyl nitroso
intermediate. The optimized reaction for coupling of hy-
droxamic acids and amines took place under mild condi-
tions and in short duration of time. The chemistry can be
easily operated, and the isolation of the product is simple.
The reaction showed tolerance towards Fmoc, Boc, and Cbz
protecting groups.
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(29) General Procedure for the Preparation of Dipeptide Esters
7a-1*

To a solution of N*-protected amino hydroxamic acid 5 (1.0
equiv) in DMSO (5 mlL), I, (0.3 equiv), and amino acid ester 6
(1.2 equiv) were added at r.t. and stirred. After completion of
the reaction, as monitored by TLC analysis (5-30 min), the
solvent was removed under reduced pressure, and the crude
residue was diluted with EtOAc (20 mL). The organic layer was
washed with 10% Na,CO; (15 mL), 10% citric acid (15 mL), H,0
(10 mL) and brine solution (10 mL), dried over anhydrous
Na,SO,, and evaporated in vacuo. The crude residue was puri-
fied through silica gel column chromatography (100-200
mesh), EtOAc-hexane (40:60) as eluent to obtain dipeptide

esters.

(30) Methyl 2-[2-({[(4aH-Fluoren-9-yl)methoxy]carbonyl}-
amino)propanamido]-3-phenylpropanoate [Fmoc-Ala-Phe-
OMe, 7a].

1H NMR (300 MHz, CDCl,): § = 1.33 (d, J = 3 Hz, 3H, CH,), 3.12-
3.17 (m, 2 H, CH,Ph), 3.70 (s, 3 H, OCH,), 4.05-4.09 (m, 1 H, 5CH,
NHCHCH,, Ala), 4.17-4.20 (m, 1 H, «CH,-NHCHCH,, Phe), 4.31 (t,
J=9Hz, 1 H, CH,CH, Fmoc), 4.34 (d, ] = 9 Hz, 2 H, CH,CH, Fmoc),

5.32 (brd,J =6 Hz, 1 H, NH, Fmoc), 6.46 (br d, J= 6 Hz, 1 H, NH,
amide), 7.06-7.76 (m, 13 H, 5 CH, Ph, 8 CH, Fmoc). *C NMR (75
MHz, CDCl;): § = 18.6 (CBAla), 37.9 (CBPhe), 47.2 (CaFmoc),
50.2 (CaAla), 52.5 (Me), 53.3 (CaPhe), 67.2 (CBFmoc), 120.1,
125.1, 127.3, 127.8, 128.6, 128.7, 129.3 (CH, Ar), 135.7 (C, Ar),
141.4 and 143.9 (C, Fmoc), 156.4 (C=0, Fmoc), 171.7 and 171.8
(C=0). HRMS: m/z [M + H]* calcd for C,gH,qN,05: 473.2076;
found: 473.2062.

(31) Methyl 2-[2-({[(4aH-Fluoren-9-yl)methoxy]carbonyl}-

amino)methylbutanamido]propanoate [Fmoc-Val-Ala-OMe
(7b)]

'H NMR (300 MHz, CDCl;): & = 095 [d, J = 5 Hz, 6 H,
CHCH(CH,),], 1.26 (d, J = 5 Hz, 3 H, CHCH3), 2.04-2.10 [m, 1 H,
CHCH(CHs;),], 3.69 (s, 3 H, OCHj;), 4.18-4.25 (m, 2 H, 8CH,
NHCHCH, Val, aCH, NHCHCHj3, Ala), 4.35 (t, J = 3 Hz, 1 H, CH,CH,
Fmoc), 4.42 (d, ] = 5 Hz, 2 H, CH,CH, Fmoc), 5.28 (br d, J = 6 Hz,
1 H, NH, Fmoc), 6.42 (br d, J = 5 Hz, 1 H, NH, amide), 7.26-7.77
(m, 8 H, 8 CH, Fmoc). 3C NMR (75 MHz, CDCly): § = 17.5 (CPAla),
19.1 (CyVal), 31.1 (CBVal), 47.3 (CaFmoc), 50.1 (CxAla), 52.3
(Me), 59.0 (CaVal), 67.2 (CBFmoc), 120.1, 125.1, 127.2, 127.8
(CH, Fmoc), 141.4 and 143.8 (C, Fmoc), 156.4 (C=0, Fmoc), 172.2
and 172.3 (C=0). HRMS: m/z [M + H]" calcd for C,4H,N,Os:
425.2076; found: 425.2082.

(32) Optical purity of products 7b,c was determined by HPLC. See

Supporting Information for the HPLC chromatograms.
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