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Abstract: A thorough study on the amidation conditions of N-acetyl-L-phenylalanine using TBTU and
various bases is reported for the synthesis of 2-(N-acetyl)-L-phenylalanylamido-2-deoxy-D-glucose
(NAPA), a promising drug for the treatment of joints diseases. TBTU-mediated diastereoselective
amidation reaction with 1,3,4,6-tetra-O-acetyl-B-D-glucosamine always gave racemization of
N-acetyl-L-phenylalanine. The stereochemical retention under amidation conditions was studied in
detail in the presence of difference bases and via other control experiments, evidencing the possibility
to reduce racemization using pyridine as base.
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1. Introduction

Amide bonds are mostly obtained through the condensation of carboxylic acids and
amines, in a two-step reaction which starts with the activation of the carboxylic compound
by a coupling agent/tertiary base pair and proceeds with the attack of the nucleophilic
amine. Molecules that bear amidic moieties in their structure are often characterized by
stereocenters that belong to carboxylic acid, amine, or both. The chirality of those sites
should be preserved to maintain the properties of the substrates unaltered, conferring
peculiar features to the synthetized molecules, especially in the case of bioactive com-
pounds. Nevertheless, the condensation of N-protected chiral amino acids is known to be
accompanied by substantial racemization at the o proton [1], resulting in the loss of stereo-
center configuration in the target amides. Several causes contribute to the racemization
of chiral substrates, but the phenomenon usually takes place on the N-protected amino
acid/coupling agent reactive intermediate generated during the activation of the amino
acid (vide infra) [2]. In fact, the latter could self-cyclize into an azlactone, characterized by an
acid o-proton (pKj ~ 9), which is responsible for the abundant epimerization/racemization
generally occurring during the amidation reaction [3]. Among other strategies, to reduce or
avoid racemization, an in situ activation strategy or a fast activation process are generally
proposed to effectively shorten the existence period of the activated amino acid species [4].

During the past few years, the formerly predominant carbodiimide and active ester cou-
pling techniques have been replaced with uronium salts based upon 1-hydroxybenzotriazole
(HOBt) or 7-aza-1-hydroxybenzotriazole (HABt) [5], namely HBTU, HATU, TBTU or
TATU [6]. Uronium-based coupling agents have gained much attention since they are
able to rapidly activate amino acids in polar solvents with low racemization and side reac-
tions [7], even in the case of difficult sterically hindered condensations [8]. Those features
are mostly related to the HOBt and HABt component, since it interferes in the activation of
the amino acid, playing a significant role in reducing racemization [9].
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In the frame of biological active compound synthesis [10-12], we focused on the prepa-
ration of 2-(N-acetyl)-L-phenylalanylamido-2-deoxy-D-glucose (NAPA) [13], an N-acetyl-L
-phenylalanine bioactive derivative of glucosamine hydrochloride (Glu) that has shown
interesting chondroprotective action in the field of joint degenerative diseases [14].

Nowadays, glucosamine, alone or in addition to chondroitin sulfate, is commonly
used for the oral treatment of osteoarthritis (OA) [15], a degenerative joint disease that
causes articular alterations, local inflammations, and joint effusions. Glucosamine seems to
have a fundamental role in the synthesis of glycosaminoglycans, which are one of the main
constituents of cartilage [16], and its usage on animals affected by OA would seem to enrich
their cartilage tissue [17]. Since OA and rheumatoid arthritis afflict many patients all around
the world (it is estimated that more than 25% of the over 50-year-olds suffer from OA and
more than 80% of those over 65 suffer from some form of degenerative joint disease) [18],
the discovery of novel active therapeutics treatments is of pivotal importance. With respect
to NAPA, some in vitro investigations have highlighted that its intra-articular injections
on pathogenic animals are associated with a more homogeneous chondrocyte cellularity,
absence of fissures and fragmentation in tissues and a more solid and smooth appearance of
the matrix [19]. Furthermore, NAPA has been revealed to have anti-inflammatory activity
on chondrocytes, counteracting the local cellular inflammation and contrasting specific
cytokines” production [20]. Therefore, the molecule could represent a promising drug for
the treatment of joint diseases [21].

From a structural point of view, NAPA (2b in Figure 1) is composed of a D-glucosamine
unit in which the NH,-C(2) position is amidated with N-acetyl-L-phenylalanine (N-Ac-L-phe).

R 0 0
QO%OR OAc
—_——— AcO +
o fco OAc HN
NH, \n/
0

HNW( )

o) N-Ac-L-phe
2
L-2a: R = Ac
2b:R=H

Figure 1. Retrosynthesis for NAPA (2b) or its tetra-O-acetylated precursor (L-2a) from 1,3,4,6-tetra-O-
acetyl-p-D-glucosamine (1) and N-acetyl-L-phenylalanine (N-Ac-L-phe).

Considering NAPA’s molecular structure (2b), we envisioned its synthesis relying on
a direct amidation reaction between N-acetyl-L-phenylalanine and 1,3,4,6-tetra-O-acetyl-
glucosamine (1), which could be easily prepared following a reported procedure [22]. The
condensation step, although based on a simple reaction, represents the most delicate point
in the process because of the ubiquitous and recurring tendency of N-acetyl protected
amino acids to give azlactones, i.e., to racemize, when activated by a coupling agent under
a basic environment [1]. The intermediate L-2a could be converted to NAPA via direct
O-deacetylation reaction.

Preliminary trials of amidation between N-Ac-L-phe and 1 to obtain NAPA with con-
ventional coupling reactants, such as IBCF [13] or EDC hydrochloride, lead to substantial
levels of amino acid racemization (unpublished results); hence, we envisioned the possi-
bility of using HOBt uronium-salt derivatives due to their advantageous properties over
other coupling reactants.

Within this context, 2-(1H-Benzotriazole-1-y1)-1,1,3,3-tetramethylaminiumtetrafluoroborate
(TBTU) was chosen as a condensing agent in our retrosynthetic design for the diastereos-
elective synthesis of NAPA because of the need to maintain the L center of the peptidyl
residue unaltered in the target. This research presents the optimization of the conditions
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for the diastereoselective synthesis of a bioactive derivative of glucosamine, with a detailed
discussion of the amidation reaction mechanism.

2. Results and Discussions

As mentioned above, following unsuccessful results obtained with classical conden-
sation agents, our initial attempts to synthetize L-2a were made using TBTU along with
N,N-diisopropylethylamine (DIPEA, pK; ~ 11), according to standard known amidation
procedures reported for uronium salt, in which two or more equivalents of bases were
required [23,24]. The hypothesized mechanism for the amidation of N-Ac-L-phe using
TBTU is reported in Figure 2. After deprotonation of the amino acid by a suitable base,
activation starts with the attack of the carboxylate on the imide carbonyl carbon of TBTU,
thus releasing the benzotriazole N-oxide anion. The latter reacts with the electrophilic
carbonyl group to give an active ester, forming tetramethyl urea as a byproduct. The
aminolysis of the HOBt ester gives the desired product [25]. The role of the HOBt unit in
racemization suppression is mainly based on its reaction with the activated amino acid to
give a more reactive ester, enhancing the possibility of the amine to attack [26].
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Figure 2. Hypothesized mechanism of N-Ac-L-phe activation and amidation using TBTU and a
tertiary base.

The coupling reaction of N-Ac-L-phe with 1 using TBTU/DIPEA is reported in Figure 3,
while the experimental conditions are listed in Table 1. Under these experimental conditions,
the racemization of the N-Ac-L-phe moiety was always observed, hence leading to the
generation of the two epimeric products L-2a and D-2a.
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Figure 3. Synthesis of diastereoisomers L-2a and D-2a starting from enantiopure N-acetyl-L-
phenylalanine. A: activation step; B: amidation with 1.
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Table 1. Experimental parameters for the coupling of 1 with N-Ac-L/D-phe mediated by

TBTU/DIPEA. T = reaction temperature, tg = reaction time, RP = diastereoisomeric ratio (L-2a:D-2a).

Yield is referred to the sum of the diastereoisomer 1.

Entry Amino Acid DIPEA Tr tr Yield RP
Configuration (eq) (@) (h) (%) (L-2a:D-2a)
1 L 2 r.t. 24 87 31:69
2 2 3 82 34:66
3 1 24 78 24:76
4 1 3 71 29:71
5 1 —10 3 49 65:35
6 D 2 r.t. 24 93 35:65
7 1 24 93 24:76
8 1 3 82 26:78
9 1 -10 3 88 8:92

! Reactions were carried out in triplicate.

With an excess of DIPEA, amidation of N-acetyl-L-phenylalanine always resulted
in a mixture of diastereoisomers, with D-2a as a major product (entries 1 and 2). Time
shortening did not affect the reaction outcome positively. Then, the DIPEA amount was
lowered to one equivalent (amino acid:base = 1:1), whereas the chirality loss of the amino
acid is often ascribed to a base-promoted deprotonation of the activated amino acid [27].
An equimolar amount of DIPEA led, again, to a mixture of 2a diastereoisomers within 24 or
3 h (entries 3 and 4). Those results were unexpected especially if a complete “consumption”
of the base during activation of the amino acid is assumed (Figure 2). The temperature
decrease still gave a high degree of racemization, but in this case, L-2a was the major
diastereoisomer (entry 5).

In light of the above, it could be inferred that the presence of a strong base, such as
DIPEA, has a pivotal role in the inversion of chirality, independently from its amount.
Hence, further experiments have been carried out, keeping in mind the importance of base
choice in the coupling of N-Ac-L-phe. As previously mentioned, the racemization of amino
acids occurs during the activation step, particularly in the cases of N-acetyl or N-benzoyl
amino acids [28,29], and it is ascribed to the cyclization of the activated intermediate to give
a heterocyclic azlactone (L-3 in Figure 4). An intramolecular reaction between the oxygen
at the acetyl N-protector group and the electrophilic site in C-1 promotes its formation [30].
The a-hydrogen of the azlactone is characterized by moderated acidity (pKa ~ 9), attributed
to the aromatic character of the corresponding enolate tautomer [31].

0 o
Ph/\_ﬁizHPh/\f_\ o
e
): 0 HX L-3 \ Ph/\% / 5
-

Figure 4. Theorized azlactone formation during the activation of N-Ac-L-phe with TBTU. X is the
activating—leaving group.

The intermediate L-3 could rapidly rearrange into the epimeric/racemic compound 3
by a-deprotonation or the keto-enol tautomerism, becoming itself the intermediate that
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undergoes the nucleophile attack of the amine group. As a result, the amide 2a could be
obtained as a mixture of diastereoisomers with stereochemical properties that depend upon
the reactivity of all the species involved. To further support our proposed mechanistic
pathway, we needed to exclude the possibility of racemization of the generated product
during the reaction course. Thus, we probed pure compound L-2a and 50:50 or 30:70 mix-
tures of L-2a:D-2a under standard reaction conditions (amide:base:TBTU = 1:2:1, 24 h, r.t.).
Pleasingly, a complete stereochemical retention of the products was observed, evidencing
that the racemization occurs necessarily during the activation process.

Considering the abovementioned acidity of the azlactone (pK, ~ 9), DIPEA (pK, ~ 11)
in excess could reasonably cause the formation of both L-2a and D-2a (Table 1, entries 1 and 2).
The crude product is already enriched in D-2a after three hours of reaction, meaning that
formation of L-3 is fast, and its racemization is promoted by the base excess. Surprisingly,
when base and amino acid are equimolar, inversion of chirality takes place in 3 h (Table 1,
entries 3 and 4) and D-2a is still the most abundant product, even at a low temperature
(Table 1, entry 5). Beyond the mechanisms that induce racemization, a major reactivity of
D-activated enantiomer could be assumed, and further experiments were carried out to
prove this aspect. D-2a was synthetized from N-acetyl-D-phenylalanine (N-Ac-D-phe) in
the presence of one or two equivalents of DIPEA (entries from 6 to 9 in Table 1). Amide
D-2a is always obtained as a major product in good yields. Racemization of N-Ac-D-phe
with an equimolar base could be considered completed after 3 h, matching the results of
long and short reactions. Lastly, a good effect emerges from the temperature lowering
because more than 90% of the product is represented by D-2a (entry 9).

It is now obvious that stereochemistry retention was better attained for N-Ac-D-phe
condensation, thereby remarking the major reactivity of D-activated isomer upon
tetra-O-acetyl-f3-D-glucosamine, regardless of the base amount. In fact, if the azlactone
formation and racemization are fast, the stereochemical outcome of the coupling will be
determined by the relative rate of reaction of oxazolone stereoisomers with the chiral
nucleophile component [32]. This explanation is consistent with our results since the di-
astereoselectivity in the coupling reaction seems to be guided by the major reactivity of
D-isomer toward 1, both when the D-enantiomer is the starting reagent (Table 1, entries 6-9)
and when it is somehow formed in situ (Table 1, entries 1-5).

Stereochemistry retention in the TBTU-mediated coupling was also tested in the case of the
N-carbamate protector group, which is known to easily endure racemization [33]. In this regard,
L-phenylalanine bearing a N-carbamate protecting group (N-(Carbobenzyloxy)-L-phenylalanine,
N-Cbz-L-phe) was coupled to 1 following entries 1 and 3 in Table 1 (Figure 5 and Table 2).

Synthesis of L-4c occurs in high yields and without the detection of epimerization,
both for entries 1-Z or 2-Z, after 24 h. These results could be explained considering the
higher stability of N-Cbz protected amino acid towards racemization.

OAc
0 AcO Q
AC&/OAC
/\‘)J\ A: DIPEA, TBTU H

Ph OH dry DMF, 5 mi N
HN \fo rv 2 > min o o
B: 1, dry DMF, 24 h
ro i HN \[40
Ph o)
N-Cbz-L-phe Ph
L-4c

Figure 5. Synthesis of L-4c by means of TBTU/DIPEA coupling. DIPEA is used in excess with respect
to the amino acid in order to evaluate a possible racemization.
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Table 2. Specifics for N-Cbz-L-phe and 1 coupling in the presence of TBTU/DIPEA. Ty = reaction
temperature, tg = reaction time, RP = diastereoisomeric ratio (L-4c:D-4c).

Ent DIPEA TR tr Yield RP
Y (eq) €0 (h) (%) (L-4c:D-4¢)
1-Z 1 r.t. 24 80 100:0
2-7 2 rt. 24 85 100:0

Coupling of N-Ac-L-phe with the amino sugar 1 was also investigated using
1-propanephosphonic anhydride (T3P, mechanism in Figure 6), since the formation of
several T3P-mediated amide bonds can be found in the literature on epimerization-prone
substrates [34,35]. For instance, N-Fmoc-L-amino acids, including N-Fmoc-L-phe, were
coupled to 2,3,4,6-tetra-O-acetyl-3-D-glucopyranosyl-1-amine, an isomer of 1, via T3P and
TBTU using a molar excess of DIPEA. In their experiments, the amidation of N-Fmoc-L-phe
with 2,3,4,6-tetra-O-acetyl-f3-D-glucopyranosyl-1-amine using T3P /DIPEA gave an opti-
cally pure product, unlike that obtained with TBTU/DIPEA coupling system [36].

d/
S S
-1 N -1 N -1 N _1
SRS TSR SLEEIEIS
7]/ DIPEA, dry DMF \[(
0]

0°C, 5min
O

Figure 6. Synthesis of L-2a in coupling mediated by T3P. The activation of N-Ac-L-phe starts
with the deprotonation of the carboxylic acid and continues with the attack of electrophile cyclic
phosphonic anhydride.

L-2a was synthetized using T3P /DIPEA (2 eq.) as a coupling system to compare and
evaluate the T3P effect on preventing the epimerization of N-Ac-L-phe. For the sake of
comparison, N-Cbz-L-phe was also reacted with 1. A list of T3P-mediated reactions is
reported below in Table 3.

Table 3. T3P coupling specifics for the synthesis of L-2a or L-4c. TR = reaction temperature,
tg = reaction time, RP = L:D ratio.

. . DIPEA Tr tr Yield RP
Entry Amino Acid (eq.) ©C) (h) (%) (L:D)
1-T3P N-Ac-L-phe 2 r.t. 24 84 34:66
2-T3P N-Cbz-L-phe 2 r.t. 24 87 100:0

Unfortunately, 2a was obtained as a mixture of diastereoisomers, with an L:D ratio
of 34:66, while L-4c was isolated as an optically pure compound (entry 2-T3P). Again,
racemization of N-Ac-L-phe was obtained proving the high tendency of the L amino acid
towards racemization, regardless of the type of coupling agent used for the activation.

Although these results offer an efficient approach to form the desired amide bond
suppressing racemization using a N-carbamate protection, with our target molecule pos-
sessing an N-acetyl function, this method would necessitate a further deprotection of the
Cbz group, followed by an N-acetylation step to restore the functionality desired in the
target drug. From a synthetic point of view, the avoidance of protection/deprotection steps
is always preferred when possible. Thus, we decided to continue our investigation on
N-Ac-L-phe, searching for a way to suppress racemization.
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If the action of excess DIPEA on the oxazolone is clear, the results obtained for TBTU
with one equivalent of it are not straightforward. Therefore, the reaction of N-Ac-L-phe
was thoroughly studied in order to understand and prevent racemization. Although a
variety of excellent examples are proposed in the literature for N-Fmoc, N-Cbz, and N-Boc
protected amino acids [37,38], only a few studies are related to N-acetyl protected amino
acids, especially in the presence of chiral amines; thus, we investigated in depth the effect
of the strength of the stoichiometric base on the chirality retention. A variety of bases have
been explored with TBTU, keeping a 1:1 ratio between N-Ac-L-phe and the base (Table 4).

Table 4. Experimental parameters for the coupling of 1 with N-Ac-L-phe mediated by TBTU and different
bases. Eq. = base equivalents, Tg = reaction temperature, tg = reaction time, RP = diastereoisomeric
ratio (L-2a:D-2a) 1.

» TR trR Yield RP L D

Entry  Base Eq. ©0) (h) )  (L-2a:D-2a) (%) (%)
1 ] ] rt. 3 - - ; -
2 ; ] It 24 38 80:20 30 8
3 DMA 1 rt. 3 30 97:3 29 1
4 Py 1 It 3 3 93:7 40 3
5 1 It 5 50 8713 14 6
6 1 0 5 16 100:00 16 0
7 1 5 15 3 87:13 37 6
8 2 rt. 3 10 937 37 3
9 Lut 1 rt. 3 55 8317 16 9
10 DMAP 1 It 3 71 35:65 25 16
11 DIPEA 1 It 3 71 2971 21 50
12 DBU 1 rt. 3 64 40:60 2 38

! Reactions were carried out in triplicate. 2 pK, values of the bases are calculated in water [39].

Analyzing the results reported in Table 4, it can be noticed that epimerization at the
L-stereocenter was a recurring phenomenon, but L-D inversion showed a base-related
trend. The L stereocenter in the amino acid is better preserved with equimolar N,N-
dimethylaniline (DMA), pyridine (Py) or the more hindered 2,6-lutidine (Lut) (Table 4,
entries 3-9, pK, <7), while 4-Dimethylaminopyridine (DMAP), N,N-diisopropylethylamine
(DIPEA), and 1,8-diazabiciclo[5.4.0Jundec-7-ene (DBU) promote the predominant formation
of D-2a (Table 4, entries 10-12, pK, > 9). The best diastereoisomeric ratio was obtained with
DMA in 3 h (97:3), but, interestingly, the reaction conducted with TBTU and equimolar Py
gave a L:D ratio or 93:7 with an optimum diastereoisomeric abundance (40%). Along with
yield, D-2a increases gradually with time when pyridine is used (entry 5), which is a sign
of a slower epimerization. It is worth noting that the temperature decrease (entries 6 and 7)
and the increase in pyridine quantity (entry 8) do not affect the coupling outcome much,
leading in many cases to L-2a as the major product, differently from what was previously
observed for DIPEA.

When the reaction is carried out without a base (entries 1 and 2, Table 4), no traces
of product are observed within 3 h (TLC analysis), and the yield after 24 h is low (38%).
A small amount of D-2a is still present in the crude products. Thus, from the last results, it is
clear that the base is crucial for the deprotonation, which led to the subsequent amino acid
activation, and hence for the amidation reaction. Stronger bases will efficiently deprotonate
the acid, and the resulting carboxylate will rapidly interact with the TBTU to give an
activated amino acid intermediate (Figure 2). Therefore, we can assume that the more the
amino acid is quickly deprotonated from a strong base, the more it will be activated by
TBTU and, regrettably, rearranged into the azlactone L-3, always in equilibrium with 3
through the keto-enol tautomerism (Figure 4).

For this reason, equimolar DMAP, DIPEA, or DBU promote the formation of TBTU-
amino acid intermediate giving, at the same time, its racemization. As mentioned above,
the diastereoselectivity of amine 1 toward the D-isomer would guide the reaction, causing
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the preferential formation of D-2a. DMA, Py, and Lut afford a lower degree of activation,
limiting the formation of L-3 and the overall racemization but, also, the reaction yield. To
study the racemization avoiding the stereoselectivity of D-glucosamine, aniline was chosen as
nucleophile (Figure 7), and it was reacted with pure L, pure D-phe, or a 1:1 mixture of L and D
amino acid, using equimolar DIPEA or pyridine. The enantiomer ratios of the final chiral
compound 5 were analyzed via HPLC using a chiral stationary phase. According to the data
presented in Table 5, independently from the type of nucleophile, the TBTU/DIPEA-mediated
coupling induces racemization, while the TBTU/pyridine system completely preserves the
L-center in the product, corroborating the idea that the phenomenon is strongly associated
with the activation step of the two N-acetyl-phenylalanines (Table 5).

NH, 0
N-Ac-L-phe .
Base (1 eq.), TBTU HN

dry DMF, r.t., 3h HNT]/
O

5

Figure 7. Synthesis of 2-acetamido-N,3-diphenylpropanamide (5) from N-Ac-phe and aniline. The
coupling is mediated by TBTU.

Table 5. Preparation of amide L-5 or D-5 from optically pure amino acids or their 1:1 mixture. Coupling
is carried out using TBTU with 1 eq. of N,N-diisopropylethylamine or pyridine. tg = reaction time.

Amino tr Yield RE
Entry  cidConf.  B?%€ Eq. (h) (%) (L-5:D-5)
1 L DIPEA 1 3 60 56:44
2 D 1 59 52:48
3 LD=1:1 1 66 51:49
4 L Py 1 15 98:2

Comparing the RE and yields, it is clear that to stress the formation of the amino
acid-TBTU, active intermediate strong bases are necessary, anyway leading to the formation
of a racemization-susceptible azlactone. Since the achiral aniline has no influence on
the diastereoselectivity of the process, enantiomers L-5 and D-5 are obtained in similar
amounts. In contrast, the inefficiency of the amino acid activation with a weak base, such
as pyridine, reflects in the poor conversion of aniline into pure L-5.

3. Materials and Methods
3.1. General Information

D-glucosamine HCl, TBTU, T3P, dry DMF, tertiary bases, solvents, and amino acids
were purchased from Sigma Aldrich. All chemicals were used without any purification.
Before amidation, the optical purity of the L and D amino acids (N-Ac-phe and N-Cbz-phe)
was confirmed via polarimeter measurements at 25 °C.

3.2. Synthesis of L-2a Using TBTU or T3P

N-Ac-L-phe (1 mmol) and a selected tertiary base (1 or 2 mmol) were dissolved in
dry DMF (2.5 mL) under argon atmosphere. Then, TBTU or T3P was added (1 mmol)
and mixed for 5 min (activation step). After that time, 1 (1 mmol) in dry DMF (0.2 mL)
was dripped to the activated amino acid, and the mixture was stirred in r.t. Reaction was
quenched with water (10 mL), and the white precipitate was separated by filtration and
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vacuum-dried. The amount of L-2a and D-2a in the precipitate was determined by the ratio
between the anomeric protons in 'H NMR spectra. Pure L-2a was isolated by crystallization
in acetone (see Supplementary Materials).

L-2a: [x]p®® = —14 (c = 1.0 in CHCl3). 'H NMR for L-2a (400 MHz, CDCl3) 5 7.40-7.00
(m, 5H, ArPhe), 6.73 and 6.04 (2d, 2H, 2 x NH) 5.86 (d, | = 8.8 Hz, 1H, H-1p-L), 5.33
(t, ] = 9.9 Hz, 1H, H-3), 5.08 (t, | = 9.5 Hz, 1H, H-4), 4.53 (m, 1H, CHPhe), 4.32-3.96 (m,
3H, H-2,6,6'), 3.85 (m, 1H, H-5), 3.11 (dd, ] = 14.0, 6.3 Hz, 1H, CH,Phe), 2.85 (dd, ] = 14.0,
7.2 Hz, 1H, CH,Phe), 2.07, 2.05, 2.00, 1.96 and 1.91 (5s, 15H, CHs).

13C NMR for L-2a (101 MHz, CDCl3): 171.65, 171.01, 170.82, 170.65, 169.52, 169.43,
136.31, 129.21, 128.85, 127.22, 92.23 (C-13-L), 72.83, 71.68, 68.16, 61.82, 54.66, 53.79, 37.21,
23.07,21.01, 20.85, 20.75, 20.71.

ATR-FTIR (powder): main peaks at 3300, 1739, 1667, 1649, 1365, 1200, 1035, 700 cam~ 1L,
ESI-MS for L-2a: +Q1: Calculated for Co5H3,N,Oq1 " [M + H]*: 537.2; measured m/e: 537.5.

3.3. Synthesis of D-2a

D-2a was synthetized using the same protocol adopted for L-2a but replacing N-Ac-L-phe
with N-Ac-D-phe. Pure D-2a was purified by crystallization in ethyl acetate.

D-2a: [«]P55 = +37 (c = 1.0 in CHCl3). 'H NMR for D-2a (400 MHz, CDCl5): & 7.40-7.00
(m, 5H, ArPhe), 6.90 and 6.40 (2d, 2H, 2 x NH), 5.76 (d, ] = 8.8 Hz, 1H, H-1$3-D), 5.28 (t,
J=9.9 Hz, 1H, H-3), 5.13 (t, ] = 9.5 Hz, 1H, H-4), 4.59 (m, 1H, CHPhe), 4.33-4.07 (m, 3H,
H-2,6,6'),3.87 (m, 1H, H-5), 3.07 (dd, ] = 14.1, 6.3 Hz, 1H, CH,Phe), 2.86 (dd, ] = 14.1, 8.1 Hz,
1H, CHyPhe), 2.07, 2.05, 2.03, 2.00 and 1.86 (5s, 15H, CH3).

13C NMR for D-2a (101 MHz, CDCl3): § 171.95, 171.30, 170.77, 170.57, 169.46, 169.38,
136.49, 129.06, 128.79, 127.16, 92.02 (C-13-D), 72.94, 72.88, 68.11, 61.91, 54.77, 52.94, 37 .46,
22.98, 20.99, 20.83, 20.64.

3.4. Synthesis of L-4¢

L-4c was synthetized using the same protocol adopted for L-2a but replacing N-Ac-L-phe
with N-Cbz-L-phe.

'H NMR for L-4c (400 MHz, CDCl3) § 7.44-7.04 (m, 10H, 2 x Ar), 6.49 (d, 1H, NH),
573 (d, ] =8.7 Hz, 1H, H-1$-L), 5.21 (t, 1H), 5.12 (t, 1H), 5.03 (s, 2H, CH,Cbz) 4.50—4.50
(m, 4H), 3.80 (d, 1H), 3.18-2.78 (2 x dd, 2H, CH,Phe), 2.08, 2.06, 2.02 and 1.97 (4s, 12H, CH3).

3.5. Synthesis of 5

Coupling of aniline with N-Ac-L-phe and N-Ac-D-phe using TBTU: pure amino
acids or the selected mixture were reacted with aniline following the coupling proce-
dure described for L-2a. Enantiomers of 5 were separated using chiral HPLC (Chiralpak,
IA Hexane—iPrOH:95:5, 1 mL/min).

'H NMR for 5: (400 MHz, CDCI3): § 8.07 (s, 1H, NH), 7.40-6.90 (m, 10H, Ar), 6.41 (~d,
1H, NH), 4.83 (q, 1H, CHPhe), 3.13 (m, 2H, CH,Phe), 2.01 (s, 3H, CHzPhe) [40].

4. Conclusions

In conclusion, the TBTU coupling agent was tested to obtain the optically pure bioac-
tive compound NAPA from the reaction of N-acetyl-L-phenylalanine with 1,3,4,6-tetra-O-
acetyl-3-D-glucosamine, maintaining the N-protecting group of the amino acid. Due to the
consistent loss of the amino acid stereochemical purity, several condensation procedures
have been proven and discussed. In particular, TBTU was reacted with different bases,
following the observation that the degree of racemization was related to the strength of base
used. A reasonable description of the underlying mechanism was proposed, considering
the role of the base involved in the activation of the L-amino acid and the diastereos-
electivity induced by the chiral glucosamine. Our results suggested that the standard
procedures for the activation of amino acids with TBTU, which require a high concentration
of a strong base, are reasonably inefficient for N-Ac-L-phe because of the formation of an
azlactone intermediate. We demonstrated that in the coupling with 1,3,4,6-tetra-O-acetyl-
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-D-glucosamine or aniline, the L-center was better preserved using one equivalent of
pyridine during the activation step, while bases with a higher pK;,, such as DMAP, DIPEA
or DBU, sharply altered the stereocenter purity both when equimolar to the amino acid
and in excess. This research, which starts from our interest in the synthesis of the bioactive
molecule NAPA, represents a strict and comparative study on the conditions that lead
to the racemization of N-acetyl-L-phenylalanine during a uronium-mediated amidation.
Although with medium yields, mainly limited by the diastereoselectivity of the 1,3,4,6-
tetra-O-acetyl-B-D-glucosamine toward the L-amino acid, we evidenced that the use of a
stoichiometric amount of a weak base has a beneficial effect on the chirality retention of
N-acetyl-L-phenylalanine during coupling.

The TBTU/pyridine mediated reaction afforded the desired anti-inflammatory com-
pound NAPA with excellent stereochemical retention, and it could potentially be extended
to all those TBTU-mediated couplings involving racemizable substrates, for example, the
N-acetylated amino acids, where chirality retention is required.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/molecules28020581/s1, 'H and '*C NMR spectra, HPLC chromatograms.

Author Contributions: Conceptualization, E.S., A.C., EL. and L.M.M.; methodology, EV., AM. and
L.M.M,; investigation, E.S., G.T., EV,, AM. and LM.M.; resources, A.C., EL.,, AM. and LM.M.; data
curation, E.S. and EL.; writing—original draft preparation, E.S., A.C. and FL.; writing—review and
editing, EV,, AM. and L.M.M,; supervision, E.S., A.C.,, LM.M.,, EV,, AM. and FL.; project administration,
ES., A.C. and FL. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by University of Rome “La Sapienza” (RG11916B702B43B9 and
AR11916B89334BBE).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Acknowledgments: We acknowledge Roberto Scandurra, Anna Scotto d’Abusco (Department of
Biochemical Sciences “Alessandro Rossi Fanelli”, Sapienza University of Rome) and Spin Off project
“Cartilago srl” for their request to synthetized optically pure NAPA.

Conflicts of Interest: The authors declare no conflict of interest.

Sample Availability: Samples of the compounds are available from the authors.

References

1.

Krasnov, VP; Zhdanova, E.A.; Solieva, N.Z.; Sadretdinova, L.S.; Bukrina, I.M.; Demin, A.M.; Levit, G.L.; Ezhikova, M.A.;
Kodess, M.I. Study of the effect of the nature of the side chain in esters of x-amino acids on the diastereoselectivity of condensation
with 5-(4H)-oxazolone in the synthesis of dipeptides with N-terminal N-acetylphenylalanine. Russ. Cherm. Bull. 2004, 53, 1331-1334.
[CrossRef]

Chen, EM.; Sleibioda, M.; Benoiton, N.L. Mixed carboxylic-carbonic acid anhydrides of acylamino acids and peptides as a
convenient source of 2,4-dialkyl-5(4H)-oxazolones. Int. |. Pept. Protein Res. 1988, 31, 339-344. [CrossRef]

Crisma, M.; Valle, G.; Formaggio, F.; Toniolo, C.; Bagno, A. Reactive Intermediates in Peptide Synthesis: First Crystal Structures
and ab Initio Calculations of 2-Alkoxy-5 (4H)-oxazolones from Urethane-Protected Amino Acids. J. Am. Chem. Soc. 1997, 119,
4136-4142. [CrossRef]

Yang, Y.; Hansen, L.; Baldi, A. Suppression of Simultaneous Fmoc-His(Trt)-OH Racemization and Noa-DIC-Endcapping in
Solid-Phase Peptide Synthesis through Design of Experiments and Its Implication for an Amino Acid Activation Strategy in
Peptide Synthesis. Org. Process. Res. Dev. 2022, 26, 2464-2474. [CrossRef]

Albericio, F,; Bofill, ] M.; El-Faham, A.; Kates, S.A. Use of onium salt-based coupling reagents in peptide synthesis. J. Org. Chem.
1998, 63, 9678-9683. [CrossRef]

Twibanire, ].D.A K.; Grindley, T.B. Efficient and controllably selective preparation of esters using uronium-based coupling agents.
Org. Lett. 2011, 13, 2988-2991. [CrossRef]

Fields, C.G.; Lloyd, D.H.; Macdonald, R.L.; Otteson, K.M.; Noble, R.L. HBTU activation for automated Fmoc solid-phase peptide
synthesis. Pept. Res. 1991, 4, 95-101.

Montalbetti, C.A.G.N.; Falque, V. Amide bond formation and peptide coupling. Tetrahedron 2005, 61, 10827-10852. [CrossRef]


https://www.mdpi.com/article/10.3390/molecules28020581/s1
https://www.mdpi.com/article/10.3390/molecules28020581/s1
http://doi.org/10.1023/B:RUCB.0000042296.13831.bd
http://doi.org/10.1111/j.1399-3011.1988.tb00042.x
http://doi.org/10.1021/ja9637863
http://doi.org/10.1021/acs.oprd.2c00144
http://doi.org/10.1021/jo980807y
http://doi.org/10.1021/ol201005s
http://doi.org/10.1016/j.tet.2005.08.031

Molecules 2023, 28, 581 11 of 12

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.
26.

27.

28.
29.

30.

31.

32.

33.

34.

35.

Mali, S.M.; Ganesh Kumar, M.; Katariya, M.M.; Gopi, H.N. HBTU mediated 1-hydroxybenzotriazole (HOBt) conjugate addition:
Synthesis and stereochemical analysis of 3-benzotriazole N-oxide substituted y-amino acids and hybrid peptides. Org. Biomol.
Chem. 2014, 12, 8462-8472. [CrossRef]

Brufani, M.; Ceccacci, F.; Filocamo, L.; Garofalo, L.; Joudioux, R.; La Bella, A.; Leonelli, F.,; Migneco, M.L.; Marini Bettolo, R.;
Farina, PM.; et al. Novel Locally Active Estrogens Accelerate Cutaneous Wound Healing. A Preliminary Study. Mol. Pharm. 2009,
6, 543-556. [CrossRef]

Furlotti, G.; Alisi, M.A.; Cazzolla, N.; Ceccacci, F; Garrone, B.; Gasperi, T.; La Bella, A.; Leonelli, F; Loreto, M.A,;
Magaro, G.; et al. Targeting Serotonin 2A and Adrenergic alphal Receptors for Ocular Antihypertensive Agents: Discovery of
3,4-Dihydropyrazino[1,2-bJindazol-1(2H)-one Derivatives. Chem. Med. Chem. 2018, 13, 1597-1607. [CrossRef] [PubMed]
Petaccia, M.; Giansanti, L.; Leonelli, E; Bella, A.; Gradella Villalva, D.; Mancini, G. Synthesis, characterization and inclusion into
liposomes of a new cationic pyrenyl amphiphile. Chem. Phys. Lipids 2016, 200, 83-93. [CrossRef] [PubMed]

Giordano, C.; Gallina, C.; Consalvi, V,; Scandurra, R. Synthesis and properties of D-glucosamine N-peptidyl derivatives as
substrate analog inhibitors of papain and cathepsin B. Eur. |. Med. Chem. 1991, 26, 153-162. [CrossRef]

Scotto d’Abusco, A.; Politi, L.; Giordano, C.; Scandurra, R. A peptidyl-glucosamine derivative affects IKKo kinase activity in
human chondrocytes. Arthritis Res. Ther. 2010, 12, R18. [CrossRef]

Towheed, T.; Maxwell, L.; Anastassiades, T.P.; Shea, B.; Houpt, ].B.; Welch, V.; Hochberg, M.C.; Wells, G.A. Glucosamine therapy
for treating osteoarthritis. Cochrane Database Syst. Rev. 2005, 2, CD002946. [CrossRef]

Uitterlinden, E.J.; Koevoet, J.L.; Verkoelen, C.E; Bierma-Zeinstra, S.M.; Jahr, H.; Weinans, H.; Verhaar, ].A.; van Osch, G.]. Glucosamine
increases hyaluronic acid production in human osteoarthritic synovium explants. BMC Musculoskelet. Disord. 2008, 9, 120. [CrossRef]
Igarashi, M.; Kaga, I.; Takamori, Y.; Sakamoto, K.; Miyazawa, K.; Nagaoka, I. Effects of glucosamine derivatives and uronic acids
on the production of glycosaminoglycans by human synovial cells and chondrocytes. Int. ]. Mol. Med. 2011, 27, 821-827.
Schulz, R.M.; Bader, A. Cartilage tissue engineering and bioreactor systems for the cultivation and stimulation of chondrocytes.
Eur. Biophys. J. 2007, 36, 539-568. [CrossRef]

Scotto d’Abusco, A.; Corsi, A.; Grillo, M.G.; Cicione, C.; Calamia, V.; Panzini, G.; Sansone, A.; Giordano, C.; Politi, L.; Scandurra, R.
Effects of intra-articular administration of glucosamine and a peptidyl-glucosamine derivative in a rabbit model of experimental
osteoarthritis: A pilot study. Rheumatol. Int. 2008, 28, 437—-443. [CrossRef]

Veronesi, F; Giavaresi, G.; Maglio, M.; Scotto d"Abusco, A.; Politi, L.; Scandurra, R.; Olivotto, E.; Grigolo, B.; Borzi, R.M.; Fini,
M. Chondroprotective activity of N-acetyl phenylalanine glucosamine derivative on knee joint structure and inflammation in a
murine model of osteoarthritis. Osteoarthr. Cartil. 2017, 25, 589-599. [CrossRef]

Scotto d’Abusco, A.; Cicione, C.; Calamia, V.; Negri, R.; Giordano, C.; Grigolo, B.; Politi, L.; Scandurra, R. Glucosamine and its
N-acetyl-phenylalanine derivative prevent TNF-alpha-induced transcriptional activation in human chondrocytes. Clin. Exp.
Rheumatol. 2007, 25, 847. [PubMed]

Biswas, N.N.; Yu, T.T.; Kimyon, O.; Nizalapur, S.; Gardner, C.R.; Manefield, M.; Griffith, R.; Black, D.S.; Kumar, N. Synthesis
of antimicrobial glucosamides as bacterial quorum sensing mechanism inhibitors. Bioorg. Med. Chem. 2017, 25, 1183-1194.
[CrossRef] [PubMed]

Ivanov, A.S.; Zhalnina, A.A.; Shishkov, S.V. A convergent approach to synthesis of bortezomib: The use of TBTU suppresses
racemization in the fragment condensation. Tetrahedron 2009, 65, 7105-7108. [CrossRef]

Novelli, E; De Santis, S.; Punzi, P; Giordano, C.; Scipioni, A.; Masci, G. Self-assembly and drug release study of linear
L,D-oligopeptide-poly(ethylene glycol) conjugates. New Biotechnol. 2017, 37, 99-107. [CrossRef] [PubMed]

El-Faham, A.; Albericio, F. Peptide coupling reagents, more than a letter soup. Chem. Rev. 2011, 111, 6557-6602. [CrossRef]
Windridge, G.C.; Jorgensen, E.C. 1-Hydroxybenzotriazole as a Racemization-Suppressing Reagent for the Incorporation of
im-Benzyl-L-histidine into Peptides. J. Am. Chem. Soc. 1971, 93, 6318-6319. [CrossRef]

Chen, EM.E; Benoiton, N.L. H n.m.r. long-range coupling in 2,4-disubstituted-5(4H)-oxazolones and 4-alkyl-5(2H)-oxazolones
generated therefrom by the action of triethylamine. Int. ]. Pept. Protein Res. 1987, 30, 683-688. [CrossRef]

Katritzky, A.R. Advances in Heterocyclic Chemistry; Academic Press: Cambridge, MA, USA, 1997; Volume 70.

De Castro, P.P; Batista, G.M.E,; Pinheiro, D.L.].; Dos Santos, H.F.; Amarante, G.W. Old drawback on azlactone formation revealed
by a combination of theoretical and experimental studies. J. Braz. Chem. Soc. 2018, 29, 2213-2219. [CrossRef]

De Castro, PP.; Carpanez, A.G.; Amarante, G.W. Azlactone Reaction Developments. Chem.—Eur. ]. 2016, 22, 10294-10318.
[CrossRef]

De Castro, P.P.,; Batista, G.M.F,; Amarante, G.W. Theoretical Study on the Epimerization of Azlactone Rings: Keto—Enol
Tautomerism or Base-Mediated Racemization? ACS Omega 2018, 3, 3507-3512. [CrossRef]

Zhdanova, E.A.; Solieva, N.Z.; Sadretdinova, L.S.; Ezhikova, M.A.; Kodess, M.I.; Krasnov, V.P. Study of the influence of the alkyl
ester group in (S)-valinates on diastereoselectivity of their condensation with N-acetylphenylalanine by the mixed anhydride
method. Russ. Chem. Bull. 2006, 55, 925-927. [CrossRef]

Waring, A.; Joullie, M.M.; Lassen, K.M. Evolution of amide bond formation. Arkivoc 2010, 2010, 189-250.

Dunet, ].R; Xiang, Y.; Baldwin, A.; Ringling, J. General and Scalable Amide Bond Formation with Epimerization-Prone Substrates
Using T3P and Pyridine. Org. Lett. 2011, 13, 5048-5051. [CrossRef] [PubMed]

Waghmare, A.A.; Hindupur, R.M.; Pati, H.N. Propylphosphonic anhydride (T3P®): An expedient reagent for organic synthesis.
Rev. J. Chem. 2014, 4, 53-131. [CrossRef]


http://doi.org/10.1039/C4OB01548G
http://doi.org/10.1021/mp800206b
http://doi.org/10.1002/cmdc.201800199
http://www.ncbi.nlm.nih.gov/pubmed/29873449
http://doi.org/10.1016/j.chemphyslip.2016.08.001
http://www.ncbi.nlm.nih.gov/pubmed/27521791
http://doi.org/10.1016/0223-5234(91)90001-4
http://doi.org/10.1186/ar2920
http://doi.org/10.1002/14651858.CD002946.pub2
http://doi.org/10.1186/1471-2474-9-120
http://doi.org/10.1007/s00249-007-0139-1
http://doi.org/10.1007/s00296-007-0463-x
http://doi.org/10.1016/j.joca.2016.10.021
http://www.ncbi.nlm.nih.gov/pubmed/18173918
http://doi.org/10.1016/j.bmc.2016.12.024
http://www.ncbi.nlm.nih.gov/pubmed/28049617
http://doi.org/10.1016/j.tet.2009.06.042
http://doi.org/10.1016/j.nbt.2016.07.005
http://www.ncbi.nlm.nih.gov/pubmed/27432196
http://doi.org/10.1021/cr100048w
http://doi.org/10.1021/ja00752a081
http://doi.org/10.1111/j.1399-3011.1987.tb03380.x
http://doi.org/10.21577/0103-5053.20180155
http://doi.org/10.1002/chem.201600071
http://doi.org/10.1021/acsomega.8b00060
http://doi.org/10.1007/s11172-006-0353-5
http://doi.org/10.1021/ol201875q
http://www.ncbi.nlm.nih.gov/pubmed/21875100
http://doi.org/10.1134/S2079978014020034

Molecules 2023, 28, 581 12 of 12

36.

37.

38.

39.
40.

Pinzén Martin, S.M.; Medina, R.E; Iregui Castro, C.A.; Rivera Monroy, Z.].; Garcia Castafieda, J.E. Novel Synthesis of N-Glycosyl
Amino Acids Using T3P®: Propylphosphonic Acid Cyclic Anhydride as Coupling Reagent. Int. |. Pept. Res. 2017, 24, 291-298.
[CrossRef]

De Castro, PP; Rimulo, LM.R.; De Almeida, A.M.; Diniz, R.; Amarante, G.W. Bronsted Acid-Catalyzed Epimerization-Free
Preparation of Dual-Protected Amino Acid Derivatives. ACS Omega 2017, 2, 2967-2976. [CrossRef]

Hu, L.; Xu, S.; Zhao, Z; Yang, Y.; Peng, Z.; Yang, M.; Wang, C.; Zhao, J. Ynamides as Racemization-Free Coupling Reagents for
Amide and Peptide Synthesis. |. Am. Chem. Soc. 2016, 138, 13135-13138. [CrossRef]

Perrin, D.D.; Dempsey, B.; Serjeant, E.P. pK,, Prediction for Organic Acids and Bases; Chapman and Hall: London, UK, 1981; Volume 1.
Han, K.J.; Tae, B.S.; Kim, M. A simple procedure for the conversion of carboxylic acids to the corresponding amides. Org. Prep.
Proced. Int. 2005, 37, 198-203. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://doi.org/10.1007/s10989-017-9614-4
http://doi.org/10.1021/acsomega.7b00523
http://doi.org/10.1021/jacs.6b07230
http://doi.org/10.1080/00304940509354888

	Introduction 
	Results and Discussions 
	Materials and Methods 
	General Information 
	Synthesis of L-2a Using TBTU or T3P 
	Synthesis of D-2a 
	Synthesis of L-4c 
	Synthesis of 5 

	Conclusions 
	References

