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A series of dipeptide systems have been easily achieved through a TiCl4-assisted condensation reaction.

The reaction of N-protected amino acids with amino acid methyl esters in pyridine and in the presence

of TiCl4 furnished the corresponding dipeptides with high yields and diastereoselectivity. The reaction

was successfully applied to amino acids protected on the a-amino function with different protecting

groups. The adopted experimental conditions allowed preserving both the protecting groups on the a-

amino function and on the side chain functionalities. Furthermore, the preservation of the

stereochemical integrity at the amino acid chiral centres has been verified.
Introduction

Dipeptide systems, although widely used in medicinal and
pharmacological elds as well as in synthetic chemistry,1 have
been poorly investigated compared to single amino acids and
long chain peptides.2

The biological functions of dipeptides may be due to
dipeptides as such or to the single amino acids deriving from
them as a result of hydrolysis processes.

Several dipeptide systems show antitumor,3 antioxidant,4

and antihypertensive activity.5

Commercially available dipeptides Aspartame (L-aspartyl-L-
phenylalanine methyl ester) and sustamine (L-alanyl-L-gluta-
mine) are used as an articial sweetener and nutritional
supplement respectively.2 The dipeptide L-alanyl-L-glutamine is
much more stable and soluble than the free amino acid L-
glutamine (L-Gln); consequently the dipeptide system has more
efficacy than the single amino acid L-glutamine. In fact, when L-
Gln is supplied as L-alanyl-L-glutamine a greater transfer of L-Gln
from the gut to plasma occurs compared to when the same dose
is provided as the free amino acid.6

Histidine containing dipeptides, such as carnosine (b-alanyl-L-
histidine) and anserine (b-alanyl-methyl-L-histidine), are easily
obtained by controlled hydrolysis of animal proteins and have
been proposed as food supplements able of sequestering reactive
carbonyl species originating from lipid oxidative processes or from
the oxidation of the sugars. These dipeptides also seem to be able
alute e della Nutrizione, Università della

Arcavacata di Rende, CS, Italy. E-mail:

3265; Tel: +39 984 493199

ESI) available: Spectral data and copies
ipeptides 1–20 and MS (EI) spectra of
alyses of dipeptides 3–4, 18–19 and 20.
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to prevent the glycosylation of proteins and in particular of
hemoglobin, a process that characterizes the metabolic
syndrome.7 Other dipeptides are then widely used in the formu-
lation of cosmetic products for instance cysteine-containing
dipeptides,8 L-Tyr-L-Arg9 and aspartyl dipeptides, the latter
possess highly effective skin and hair caring properties.10

Amide bond formation is an extremely important reaction in
organic chemistry.11 Numerous synthetic strategies to synthe-
size organic molecules containing amide bonds and peptides
have been reported.12

The development of solid-phase peptide synthesis (SPPS),
also automated, has made easily available polypeptides of great
interest for food, pharmaceutical and biomedical purposes.13

Solution phase peptide synthesis (commonly referred to as
‘liquid phase’) is the method of choice for preparing dipeptides
and more generally small peptides. This strategy, although is
not well suited for making longer peptides, is much more
scalable, and allows to produce larger quantities of high-quality
peptides, and at a lower cost than solid phase.

Peptide synthesis strategies in solution, but also in solid
phase, require the protection of chemical functions not
involved in the formation of the peptide bond. The formation of
this bond is of particular importance for the purposes of
stereochemistry preservation of the chiral centres of the amino
acids that participate in the condensation reaction.

Therefore, the development of new methods of peptide bond
formation in liquid phase is particularly attractive in order to
obtain dipeptides or small peptides since this methodology can
also be used with non-natural or unusual amino acids.

In this context, titanium tetrachloride could assume great
importance as, due to its great affinity for the oxygen atom, it is
used in organic synthesis for the transformation of various
functional groups.14
RSC Adv., 2019, 9, 22137–22142 | 22137
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Scheme 2 Synthesis of N-Boc protected dipeptides 2–6.
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In this study, we explored the applicability of titanium
tetrachloride for the formation of the peptide bond. Our results
have shown the successful use of titanium tetrachloride as
condensing agent for the synthesis of dipeptide systems.
Furthermore, the preservation of stereochemical integrity at the
amino acid chiral centres has been veried.
Results and discussion

The possibility of using titanium tetrachloride (TiCl4) for the
formation of the peptide bond was by nomeans obvious. In fact,
TiCl4 could deprotect not only the amino functions of N-
protected amino acids as it occurs with other Lewis acids15

but also the amino acid side chain functional groups.
Accordingly, we thought to carry out the reaction in a pyri-

dine-buffered medium. We proceeded preliminarily with the
synthesis of the dipeptide Asp-Phe-OMe (Aspartame), via the
Boc-based solution-phase approach.

In this perspective, L-phenylalanine methyl ester hydrochlo-
ride (1 mmol) was preliminary treated with pyridine (5 mL),
then N-Boc-L-aspartic acid-b-t-butyl ester (1 mmol) and TiCl4 (2
mmol) were added to the resulting solution (Scheme 1). The
reaction was carried out in a screw-capped vial at 40 �C and was
complete within about 5 h. Aer removal of pyridine by co-
evaporation with toluene, the resulting crude product was sus-
pended in chloroform and puried by elution through a silica
gel column using chloroform as mobile phase. Aer evapora-
tion of chloroform the dipeptide N-Boc-Asp-(OtBu)-Phe-OMe (1)
was recovered in 84% yield and high purity as conrmed by 1H
and 13C NMR analyses. Spectroscopic data analysis excluded
side-chain and N-terminal amino function deprotection.

Aerwards Aspartame (Asp-Phe-OMe) (1a) was readily ob-
tained in 95% yield by treating the N-Boc-protected dipeptide 1
with triuoroacetic acid in dichloromethane (1 : 1 v/v).

The developed procedure was applied successfully for the
synthesis of various N-Boc-protected dipeptides (Scheme 2 and
Table 1).

All the N-Boc-dipeptides 2–6 were characterized by GC/MS
(EI), 1H NMR and 13C NMR analyses. N-Boc-Ala-Cys-(SBzl)-
OMe (5) and N-Boc-Ala-Lys-(Boc)-OMe (6) kept unchanged the
masking groups on the amino acid side-chains.

The successful outcomes obtained with the synthesis of
dipeptides 1–6 prompted us to extend the developed method-
ology to the preparation of dipeptide systems protected on the
a-amino function with the base-labile protecting group uo-
renylmethoxycarbonyl (Fmoc) (Scheme 3). N-Fmoc-dipeptide
systems (7–17) were prepared in high yields without observing
Scheme 1 Synthesis of dipeptide N-Boc-Asp-(OtBu)-Phe-OMe (1).

22138 | RSC Adv., 2019, 9, 22137–22142
the formation of reaction products deprotected on the a-amino
function (Table 2).

The stability of side-chain protecting groups was also
investigated by carrying out the synthesis of dipeptides N-
Fmoc-Asp-(OtBu)-Phe-OMe (7), N-Fmoc-Ser-(OtBu)-Ala-OMe
(13), N-Fmoc-Ala-Cys-(SBzl)-OMe (14) and N-Fmoc-Ala-Lys-
(Boc)-OMe (15). In these cases, the reaction occurred
without removal of the side-chain protecting groups and
afforded the corresponding dipeptides in high yields
(Scheme 3 and Table 2). In particular, the t-butyl group on the
serine side-chain, the benzyl group on the cysteine side-chain
and the Boc group on the lysine side-chain were preserved
during the condensation reaction. Therefore using pyridine
as reaction solvent has proved useful not only to convert the
ammonium group of amino acid methyl ester hydrochloride
into the free amino function able to react as nucleophile in
the condensation reaction, but also to preserve the protecting
groups on the masked functionalities.

The coupling reaction mediated by TiCl4 gave excellent
results also when it was employed to get dipeptides protected
on the amino terminal function with the benzyloxycarbonyl
(Cbz) protecting group in fact, N-Cbz-L-Ala-L-Ala-OMe (18),
and N-Cbz-D-Ala-L-Ala-OMe (19) were obtained in good yields
(Scheme 4).

For completeness, we applied the developed procedure to the
synthesis of a dipeptide system protected on the amine function
with the 4-nitrobenzenesulfonyl (nosyl) group.16

Nosyl group (Ns) is an interesting protecting group as it
simultaneously protects and activates the NH2 moiety of
amines,17 in fact, it is widely used for the site-selective N-alkyl-
ation of amino acids and peptides both in solution and solid
phase.18

The condensation reaction mediated by TiCl4 proceeded in
a different way when the amino function of the N-terminal
amino acid was protected with the nosyl group.

The reaction between N-Ns-L-phenylalanine and alanine
methyl ester hydrochloride for obtaining the dipeptide N-Ns-L-
Phe-L-Ala-OMe (20) was particularly slow.
Table 1 Results of the synthesis of N-Boc-dipeptides 2–6

Dipeptide R1 R2 R3 R4 Yielda (%)

2 CH2C6H5 H CH3 H 75
3 CH3 H CH3 H 71
4 H CH3 CH3 H 80
5 CH3 H CH2S-(Bzl) H 80
6 CH3 H (CH2)4NH-(Boc) H 80

a Isolated yield.

This journal is © The Royal Society of Chemistry 2019
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Scheme 3 Synthesis of N-Fmoc protected dipeptides 7–17.

Scheme 4 Synthesis of N-Cbz protected dipeptides 18–19.

Fig. 1 1H NMR spectrum of a mixture of 3 and 4 (approx. 4 : 6).
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Aer 7 hours, the TLC analysis (chloroform–methanol,
90 : 10, v/v) of reaction mixture still showed the presence of N-
Ns-L-phenylalanine, then the reaction was stopped. Aer
applying to the reaction mixture the previously described
workup, the reaction product, recovered in 48% yield, was
analyzed by GC/MS (EI). The resulting chromatogram gave two
peaks at tr ¼ 46.42 min and tr ¼ 46.87 min in about 3 : 1 ratio
respectively with identical mass spectra both characterized by
the presence of the molecular ion m/z 376 consistent with that
of dipeptide N-Ns-Phe-L-Ala-OMe (20) and its corresponding
diastereoisomer.

The 1H NMR spectrum of the product also provided evidence
of the presence of a mixture of two diastereoisomers in fact it
showed, only for a few types of protons, the presence of two
close signals of different intensity corresponding to the two
stereoisomers.

Therefore, when N-nosyl amino acids are used as N-terminal
residues the reaction is incomplete, probably because of the
presence of the sulfonamide function, and the stereochemical
integrity of the chiral centers is not completely retained.

This result prompted us to verify, also in the cases of Boc-,
Cbz- and Fmoc-protected dipeptides, the conguration preser-
vation of the amino acids chiral centers.

To this aim, we designed and carried out the synthesis of
couples of diastereoisomeric dipeptides protected on the amino
function with the above-cited urethane protecting groups.

Under the typical reaction conditions by using TiCl4/pyridine
reagent system, the dipeptide N-Boc-L-Ala-L-Ala-OMe (3) and its
epimer N-Boc-D-Ala-L-Ala-OMe (4) were synthesized. Samples of
the crude dipeptides 3 and 4 were analyzed by 1H NMR and 13C
NMR and the resulting spectra were compared with that ob-
tained analyzing a mixture, of the same two epimers.
Table 2 Results of the synthesis of N-Fmoc-dipeptides 7–17

Dipeptide R1 R2

7 (CH2)COO-(tBu) H
8 CH3 H
9 CH2CH(CH3)2 H
10 H CH2CH(CH3)2
11 H H
12 CH2CH(CH3)2 H
13 CH2O-(tBu) H
14 CH3 H
15 CH3 H
16 CH2S-(Bzl) H
17 H CH2S-(Bzl)

a Isolated yield.

This journal is © The Royal Society of Chemistry 2019
1H NMR spectra of both single products 3 and 4 showed the
presence of signals attributable to only one diastereomer and
the absence of epimerized products at least within the sensi-
bility limits of the NMR technique. The chemical shis of the
signals generated by the NH amide protons were different in the
two diastereoisomers and readily resolved in the 1H NMR
spectrum of the mixture of 3 and 4, prepared for this purpose,
with a ratio 4 : 6 respectively (Fig. 1).

The GC/MS analysis of the two epimers N-Boc-L-Ala-L-Ala-
OMe dipeptides (3) and N-Boc-D-Ala-L-Ala-OMe (4) instead,
indicated the presence in both chromatogram of a very small
R3 R4 Yielda (%)

CH2Ph H 84
CH3 H 71
CH3 H 80
CH3 H 80
CH3 H 80
CH(CH3)CH2CH3 H 87
CH3 H 76
CH2S-(Bzl) H 78
(CH2)4NH-(Boc) H 60
CH3 H 78
CH3 H 74

RSC Adv., 2019, 9, 22137–22142 | 22139
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amount of the other epimer, the calculated diastereomeric
excess was for both epimers satisfactory ($95%).

A diastereomeric excess $ 96% was measured by analyzing
by GC/MS the single dipeptides N-Cbz-L-Ala-L-Ala-OMe (18) and
its epimer N-Cbz-D-Ala-L-Ala-OMe (19).

The 1H NMR spectra of the single products 18 and 19 did not
show residual signals attributable to the other diastereomer
while, in the 1H NMR analysis of a mixture of 18 and 19,
approximately 4.2 : 5.8 respectively, the signals corresponding
to the amide proton (6.89 ppm, 6.83 ppm) and to the methyl
ester protons (3.72 ppm, 3.73 ppm) of the two epimers resulted
separated.

Finally, also the dipeptides N-Fmoc-L-Leu-L-Ala-OMe (9) and
N-Fmoc-D-Leu-L-Ala-OMe (10), obtained through the developed
methodology, showed no detectable loss of stereo integrity. In
fact 1H NMR spectra of both single products 9 and 10 indicated
the presence of signals corresponding to only one diastereomer
while in the 1H NMR spectrum of a mixture of both epimers 9
and 10 the chemical shis of amide and urethanic protons were
resolved.

Additional experiments have been performed in order to test
the epimerization process when sensitive Cys(Bzl)OH is used as
N-terminal residue. To this aim we synthesized a couple of
diastereomeric dipeptide systems N-Fmoc-L-Cys(Bzl)-L-Ala-OMe
(16) and N-Fmoc-D-Cys(Bzl)-L-Ala-OMe (17) (Scheme 3 and
Table 2). In the crude 1H NMR spectra of both systems (16 and
17) the presence of about 10% of the other diastereoisomer has
been detected indicating in this case a higher epimerization
level. In particular, we observed in both spectra two different
signals corresponding to the NH amide proton in a ratio of
about 0.9 : 0.1.

The formation of peptide bond under the adopted reaction
conditions could occur through the mechanism depicted in
Scheme 5. We hypothesized that TiCl4 interacts with the N-
protected amino acid pyridinium salt by forming the
Scheme 5 Proposed mechanism for the TiCl4-mediated synthesis of
dipeptides.

22140 | RSC Adv., 2019, 9, 22137–22142
intermediate A. This could react with the amino acid methyl
ester directly or aer conversion into the corresponding chlo-
ride (C) or acyl pyridinium ion (B) to form the dipeptide system.
Conclusions

Here we developed a synthetic process mediated by TiCl4 that
yields dipeptide systems having high stereochemical and
chemical purity. TiCl4/pyridine reagent system represents
a valuable tool for synthesizing peptides. Dipeptide systems
were synthesized easily and in high yields through a TiCl4-
assisted condensation reaction between N-protected amino
acids and amino acid methyl esters in pyridine.

The reaction was applied successfully to amino acids pro-
tected on the a-amino function with different protecting
groups. The adopted experimental conditions allowed
preserving not only the a-amino protecting groups but also the
acid-labile side chain protecting groups.

The recovery of the dipeptide products has been achieved by
simple ltration through a silica gel column, which greatly
simplies the reaction work-up and avoids the formation of
emulsions and product losses.

The maintenance of amino acids stereochemical integrity is
almost complete for dipeptides protected on the amino func-
tion with urethane protecting groups (Fmoc, Z, Boc). A non-
negligible loss of stereochemical integrity was instead
observed in N-nosyl-protected dipeptides.
Experimental
General experimental details

Reagents were commercially available with analytical grade and
used as purchased without further purication. Solvents were
puried according to well-known laboratory methods and
freshly distilled prior to use. Reaction were carried out in
a tightly sealed screw-capped vial. Reactions were magnetically
stirred and monitored by thin layer chromatography using
Merck-Kieselgel 60 F254 plates. Spots on the TLC plates were
visualized with a UV lamp (254 nm) and by spraying with 0.2%
ninhydrin in ethanol and charring aer elution. 1H and 13C
NMR spectra were recorded on a Bruker Avance 300 instrument
at 300 MHz and 75 MHz, respectively. Spectroscopic analysis
was performed at 293 K on diluted solutions of each compound
by using CDCl3 or DMSO-d6 as solvents. Chemical shis (d) are
reported in ppm. Coupling constants (J) are reported in Hertz
(Hz). GC-MS analyses were performed with a DB-35MS (20 m �
0.18 mm, 35% phenyl 65% dimethylpolysiloxane) capillary
column. The mass detector was operated in the electron impact
ionization mode (EI/MS) with an electron energy of 70 eV. The
injection port was heated to 250 �C. The oven temperature
program was initially set at 70 �C with a hold of 2 min and
ramped to 280 �C at 20 �Cmin�1 with a hold of 10 min. In order
to obtain a good separation of diastereisomers the oven
temperature program was initially set at 40 �C with a hold of
2 min and ramped to 280 �C at 5 �Cmin�1 with a hold of 10min.
This journal is © The Royal Society of Chemistry 2019
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General procedure for the synthesis of dipeptides 1–18

a-Amino acid methyl ester hydrochloride (1 mmol) is rst
solubilized in 5 mL of anhydrous pyridine by magnetic stirring.
Aer about 5 minutes the N-protected-a-amino acid (1 mmol)
and TiCl4 (2 mmol) are added. The tightly sealed screw-capped
vial containing the reaction mixture is le under magnetic
stirring at 40 �C, maintaining the pH at values as close as
possible to neutrality by adding further amounts of pyridine.
The reaction, monitored by TLC analysis (chloroform–meth-
anol, 90 : 10, v/v), is completed aer about 5 hours. Aer
removal of pyridine by co-evaporation with toluene, the result-
ing crude product is suspended in chloroform and puried by
elution through a silica gel column also containing a layer of
NaHCO3 and one of NaHSO4 separated by a silica gel one and
using chloroform as mobile phase. The evaporation of chloro-
form under reduced pressure affords the corresponding N-
protected dipeptide 1–18 with yields ranging from 60 to 87%.

N-Boc-L-Phe-L-Ala-OMe (2). White solid (0.140 g), 75% yield;
mp ¼ 95–97 �C; Rf ¼ 0.85; 1H NMR (300 MHz, CDCl3) d: 7.34–
7.13 (m, 5H, ArH), 6.66 (sbroad, 1H, CONH), 5.14 (d, J ¼ 7.9 Hz,
1H, OCONH), 4.51 (m, 1H, CHCOOCH3), 4.40 (m, 1H,
CHCONH), 3.70 (s, 3H, OCH3), 3.05 (d, J ¼ 6.2 Hz, 2H, CH2Ph),
1.39 (s, 9H, (CH3)3C), 1.33 (d, J ¼ 7.2 Hz, 3H, CH3CH); 13C NMR
(75 MHz, CDCl3) d: 172.82, 170.82, 155.38, 136.58, 129.35,
128.56, 126.88, 80.14, 55.53, 52.33, 48.08, 38.36, 28.22, 18.25;
GC/MS (EI, 70 eV) m/z (% rel.): 294 (11), 277 (7), 263 (4), 248 (1)
233 (18), 220 (10), 191 (3.7), 178 (15), 164 (41.5), 159 (27), 146 (9),
120 (100), 91 (52), 57 (94). Found: C, 61.49; H, 7.45; N, 7.96.
C18H26N2O5 requires C, 61.70; H, 7.48; N, 7.99%.
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