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1. Introduction 

Peptides have gained much attention due to their multiple roles 
and applications, particularly in the pharmaceutical sector, where 
they are used as either directly as drugs or as carriers of the same 
[1,2]. During the last two years (2017 and 2018), seven peptides 
and two oligonucleotides were approved as drugs by the US Food 
and Drug Administration (FDA) [3,4]. In this new scenario, 
novel synthetic strategies are needed to handle the large-scale 
production of these molecules. Solid-phase peptide synthesis 
(SPPS), which was introduced by Merrifield in 1963 [5], is 
considered the method of choice for such purposes. This strategy 
was enhanced by the introduction of a range of polymeric 
supports, on which the first amino acid residue is anchored. This 
step is considered important as it drives the reaction either to 
success or failure, with the final outcome being determined by 
the loading test [5]. Given the regulations currently imposed by 
legal authorities regarding the non-green solvents used in various 
synthetic protocols [6,7], it is timely to develop green alternative 
chemicals and thus protect the environment and human health.

p-Alkoxybenzyl alcohol (Wang) resin is a commonly used for the 
preparation of C-terminal acid peptides following a 9-
fluorenylmethyloxycarbonyl (Fmoc)-tert-butyl (tBu) strategy [8]. 
CH2Cl2 is the main solvent used for anchoring the first amino 
acid residue onto Wang resin. However, it is considered as a 
hazardous substance [9] and it has a low boiling point (40oC) 
[6,7]. Furthermore, it has been classified as a carcinogen by the 
Occupational Safety and Health Administration (OSHA) [10], as 
well as by the US Environmental Protection Agency (EPA) [11]. 

In this regard, EPA now prohibits its use [11]. Hence, the 
development of alternative solvents is of utmost important. We 
have successfully used 2-methyltetrahydrofuran (2-MeTHF) as 
an eco-friendly alternative to CH2Cl2 for the incorporation of  the 
first amino acid onto Wang resin and for the peptide precipitation 
steps [12].

Here we present γ-valerolactone (GVL) as an eco-friendly 
alternative to CH2Cl2 for anchoring the first amino acid residue 
onto Wang resin. GVL has several favorable characteristics; it is 
non-toxic, renewable, and biodegradable [13], and it has a 
pleasant smell and good thermal stability [14,15]. In addition, 
GVL has a considerably high boiling and flash point, 207oC and 
96oC, respectively [14-16].

We first tested GVL for the incorporation of the first amino acid 
onto 2-chlorotrityl chloride (CTC) resin. However, the study was 
not successful as only negligible loading was observed (e.g. 
Fmoc-Gly-OH, 0.10 mmol/g; Fmoc-Arg-OH, 0.08 mmol/g), 
while the supplier’s specification was 1.0 mmol/g. This result 
could be attributed to the solvolysis phenomenon caused by the 
high dielectric constant (36.5) and thus the polarity of GVL [17]. 

In contrast, GVL performed well for amide bond formation in 
SPPS, and was found to be compatible with microwave-assisted 
automatic synthesis [18,19].
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Due to the hazardous nature of CH2Cl2, regulatory authorities have imposed restrictions to 
minimize or even stop its use. It has therefore become imperative to identify environmentally 
benign solvents to replace it. Here we report on a bio derived solvent, γ-valerolactone, for the 
incorporation of the first amino acid onto p-alkoxybenzyl alcohol resin in solid-phase peptide 
synthesis. Satisfactory loading values (by a spectrophotometric method) were achieved. 
Furthermore, racemization and dipeptide formation were also checked and found to be 
acceptable.
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2. Results and discussion

Eighteen Fmoc-amino acids, namely alanine (Ala), arginine 
[Arg(Pbf)], cysteine [Cys(Acm)], glutamine [Gln(Trt)], glutamic 
acid [Glu(OtBu)], glycine (Gly), histidine [His(Trt)], isoleucine 
(Ile), leucine (Leu), lysine [Lys(Boc)], methionine (Met), 
phenylalanine (Phe), proline (Pro), serine [Ser(tBu)], threonine 
[Thr(tBu)], tryptophan [Trp(Boc)], tyrosine [Tyr(tBu)], and 
valine (Val), were separately incorporated onto Wang resin using 
GVL. Satisfactory loading values were observed (Table 1). 

Amino acid incorporation onto Wang resin requires strong 
carboxylic acid activation by reaction with carbodiimide [N,N-
diisopropylcarbodiimide (DIC)] in the presence of 10% of either 
N,N-dimethyl-4-aminopyridine (DMAP) or N-methylimidazol 
(NMI) as catalysts [20-22]. The presence of the basic catalyst has 
two potential drawbacks, namely racemization [23-26] and 
dipeptide formation [24,27], which were both examined in this 
study, together with the incorporation yield. First, DMAP was 
used, but although the incorporation took place with good yields, 
racemization was very high for several amino acids, which were 
not considered prone to this process (data not showed). NMI was 
used to replace DMAP. NMI led to less racemization and 
maintained good amino acid incorporation capacity. Although it 
has been described that less racemization is obtained when the 
first hour of the coupling is carried out at 0°C, in this case the 
best results were achieved when a double coupling was 
performed at room temperature (rt). Both couplings were carried 
out using 2.5 equiv. of Fmoc-aa, 2.5 equiv. of DIC and 0.25 
equiv. of NMI [28]. These conditions yielded good results for 
incorporation and acceptable racemization for all amino acids, 
except Fmoc-His(Trt)-OH (34.4%, which is close to other values 
reported in the literature, ref. [22,29]) and Fmoc-Trp(Boc)-OH 
(15.8%). While it is known that His can easily undergo 
racemization through the H abstraction of the α-C by the π-
nitrogen of its imidazole ring [22], more surprising was the high 
racemization found for Trp(Boc). It is worth mentioning that high 
racemization data were reported for Trp(Boc) in solution-phase 
peptide synthesis under certain conditions [30]. We therefore 
performed a more in-depth study of these two amino acids either 
with DMAP or NMI, symmetrical anhydride or equiv. amounts 
of protected amino acid and DIC, and the first t hour at 0°C. 
Symmetrical anhydride proved to be the best method for both 
protected amino acids , for His using DMAP and 2 h at 0°C and 
then 2 h at rt (5.0% of racemization); and for Trp, using NMI and 
1 h at 0°C and then 1 h at rt (7.8%)  (Supplementary Figures 1-
34). 
Furthermore, only traces of dipeptide were observed in the 
cleaved amino acid resin (0.2%) when Fmoc-Gly-OH was 
incorporated using 2 couplings (1 h at rt each); 2.5 equiv. of 
Fmoc-Gly-OH, 2.5 equiv. of DIC, and 0.25 equiv. of NMI 
(Supplementary Figures 35 and 36).

Table 1. Loading, degree of racemization and dipeptide 
formation when GVL is used in Wang resin 

Dipeptide
Loaded 1st 
amino acid 
(mmol/g) a

%LDa

L-Phe-L-Ala-OH 0.98 0.3
L-Phe-L-Arg-OH 0.51 0.1

L-Phe-L-Cys-(Acm)-OH 0.74 1.1
L-Phe-L-Gln-OH 0.74 1.0
L-Phe-L-Glu-OH 0.75 0.3
L-Phe-L-His-OH 0.63 5.0
L-Phe-L-Ile-OH 0.73 1.2

L-Phe-L-Leu-OH 0.80 0.1
L-Phe-L-Lys-OH 0.69 0.1
L-Phe-L-Met-OH 0.99 1.3
L-Ser-L-Phe-OH 0.78 1.5
L-Phe-L-Pro-OH 0.74 0.01
L-Phe-L-Ser-OH 0.75 0.9
L-Phe-L-Thr-OH 0.80 0.1
L-Phe-L-Trp-OH 0.66 7.8
L-Phe-L-Tyr-OH 0.68 1.0
L-Phe-L-Val-OH 0.96 0.5
Fmoc-Gly-OH 0.82 0.2 % (Dipeptide)

a See experimental part for method and section 4.3.4 for loading 
calculation.

3. Conclusion

GVL has been previously used by our group for amide bond 
formation in SPPS [18,19]. Here we envisaged GVL as an 
alternative green solvent to CH2Cl2 for anchoring the first amino 
acid onto Wang resin. Satisfactory loading values and acceptable 
racemization and degree of dipeptide formation were achieved. 
Our results compete favorably with others described in the 
literature using Fmoc-amino acid fluoride in CH2Cl2 [29].  Given 
calls for the prohibition of the hazardous solvent CH2Cl2 [11], 
these results support GVL as a green alternative for both 
incorporation of the first amino acid onto a Wang-type resin and 
subsequent elongation of the peptide sequence. For the industrial 
use of GVL for the incorporation of a given Fmoc-amino acid 
onto the Wang resin, an optimization is desirable.

4. Experimental details

4.1 Materials and methods

All reagents and solvents were obtained from commercial 
suppliers and were used without further purification unless 
otherwise stated.  
Analytical HPLC was performed on an Agilent 1100 system 
using a Chemstation software for data processing. Column: 
Phenomenex Luna C18 (3.6 μm, 4.6 × 150 mm) column, with 
flow rate of 1.0 mL/min and UV detection at 220 nm (280 nm 
was selected in dipeptide ratio determination test). Mobile phase 
A: 0.1 % trifluoroacetic acid (TFA) in H2O; mobile phase B: 
0.1% TFA in CH3CN. LC–MS was performed on a Shimadzu 
2020 UFLC-MS using an YMC-Triart C18 (5 μm, 4.6 × 150 mm) 
column and data processing was carried out by LabSolution 
software. Buffer A: 0.1% formic acid in H2O; buffer B: 0.1% 
formic acid in CH3CN. UV tests were performed on Shimadzu 
UV3600 spectrophotometer.

4.2 Incorporation procedure

4.2.1 For all amino acids except His and Trp:
The double incorporation scenario was adopted as follows: a 
known amount of Wang resin (50 mg) was washed and swollen 
in GVL (2 mL) for 10-20 min, and then 2.5 equiv. of each Fmoc-
amino acid was dissolved in a minimum amount of GVL (0.6 
mL/50 mg resin) and sonicated for 10 min. Fmoc-amino acid 
solution was added to the resin, followed by 0.25 equiv. of NMI. 
Finally, 2.5 equiv. of DIC was added to the resin mixture. The 
resulting mixture was allowed to react (under mechanical 
shaking) for 1 h at rt. Immediately after, the resin was washed 
twice with GVL, and the same reaction was carried out for 
additional 1 h at rt with a fresh (Fmoc-amino acid, NMI, DIC) 
solution. 
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4.2.2 For His:
A known amount of Wang resin (50 mg) was washed and 
swollen in GVL (2 mL, in an ice bath) for 10-20 min, and then 5 
equiv. of Fmoc-His(Trt)-OH amino acid was dissolved in a 
minimum amount of GVL (0.6 mL/50 mg resin) and sonicated 
for 10 min.   0.25 equiv. of DMAP was added to the previously 
swollen resin and the Fmoc-amino acid solution was added to the 
(resin + DMAP). Finally, 2.5 equiv. of DIC was added to the 
resin mixture. The resulting mixture was allowed to react (under 
mechanical shaking) for 2 h at 0oC plus 2 h at rt. Immediately 
after, the resin was washed twice with GVL and dried under 
vacuum.

4.2.3 For Trp:
A known amount of Wang resin (50 mg) was washed and 
swollen in GVL (2 mL, in an ice bath) for 10-20 min, and then 5 
equiv. of Fmoc-Trp(Boc)-OH amino acid was dissolved in a 
minimum amount of GVL (0.6 mL/50 mg resin), sonicated for 10 
min and added to the resin. Next, 0.25 equiv. of NMI was added. 
Finally, 2.5 equiv. of DIC was added to the resin mixture. The 
resulting mixture was allowed to react (under mechanical 
shaking) for 1 h at 0oC plus 1 h at rt. Immediately after, the resin 
was washed twice with GVL and dried under vacuum.

4.3 Loading calculation

4.3.1 Sample preparation
About 10 mg of the loaded resin was weighed in a polypropylene 
syringe preloaded with a filter. Next, 200 µL of the deprotection 
solution (20% piperidine/DMF) was added, and the sample was 
allowed to shake for 10 min. The filtrate was then collected in a 
25-mL volumetric flask (another 200 μL was added to repeat this 
step). Finally, the volume was made up to 25 mL with ethanol.

4.3.2 Standard preparation
About 3 mg of the Fmoc-amino acid was weighed and transferred 
to a 25-mL volumetric flask. Next, 400 µL of the deprotection 
solution (20% piperidine/DMF) was added, and the volume was 
made up to 25 mL with ethanol.

4.3.3 Blank preparation
400 µL of the deprotection solution (20% piperidine/DMF) was 
transferred to a 25-mL volumetric flask, and the volume was 
made up to 25 mL with ethanol.

4.3.4 UV spectrophotometer reading 
Samples, standards and blank solutions were read at 301 nm. 
Loading was calculated based on the following formula:

𝐿 =
sample Abs × standard mass × 1000

standard Abs × loaded resin mass × Fmoc ‒ amino acid m.wt

Where; L = Loading, Abs = Absorbance at 301 nm, m.wt = 
molecular weight.

4.4 Racemization determination

A total of 34 dipeptides were synthesized: (H-L-Phe-L-Ala-OH, 
H-L-Phe-L-Arg-OH, H-L-Phe-L-Cys-(Acm)-OH, H-L-Phe-L-
Gln-OH, H-L-Phe-L-Glu-OH, H-L-Phe-L-His-OH, H-L-Phe-L-
Ile-OH, H-L-Phe-L-Leu-OH, H-L-Ser-L-Lys-OH, H-L-Phe-L-
Met-OH, H-L-Ser-L-Phe-OH, H-L-Phe-L-Pro-OH, H-L-Phe-L-
Ser-OH, H-L-Phe-L-Thr-OH, H-L-Phe-L-Trp-OH, H-L-Phe-L-
Tyr-OH and H-L-Phe-L-Val-OH, in addition to their LD epimers). 
The second amino acid of the dipeptides was coupled as follows: 

the Fmoc protecting group was removed from the first amino 
acid (incorporated onto the resin) by 20% piperidine/DMF for 1 
and 7 min. Next, 3 equiv. of the Fmoc-amino acid was dissolved 
in a minimum amount of DMF (0.5 mL/50mg resin), then 3 
equiv. of OxymaPure was added to the mixture, in addition to 3 
equiv. of DIC. The resultant solution was then added to the 
preloaded resins and the mixture was allowed to react for 1 h at rt 
(under mechanical shaking). Finally, the peptidyl resin was 
washed twice with DMF. Fmoc was removed by 20% 
piperidine/DMF for 1 and 7 min. 

The synthesized dipeptides were cleaved from the resin using a 
cocktail solution TFA-Triisopropylsilane (TIS)-H2O (95:2.5:2.5). 
They were then precipitated by chilled ether and dissolved in 
H2O-CH3CN (1:1) and then analyzed by HPLC using a 0−20% 
gradient elution in 15 min for (H-L-Phe-L-Ser-OH, H-L-Phe-L-
Lys-OH, H-L-Phe-L-Cys-(Acm)-OH and H-L-Phe-L-His-OH) 
dipeptides and a 5−40% gradient elution in 15 min for the rest of 
the dipeptides; λ = 220 nm. They were then compared with 
samples of the LD epimer previously synthesized on Wang resin.

4.5 Dipeptide ratio determination

Fmoc-Gly-OH amino acid incorporated on the resin (using GVL) 
was cleaved from the support following the above protocol 
(racemization determination protocol), precipitated by chilled 
ether and dissolved in H2O-CH3CN (1:1) and then analyzed by 
HPLC to check for the formation of dipeptide (Fmoc-Gly-Gly-
OH). The same synthetic procedure was followed for the 
preparation of a real sample of the dipeptide. HPLC analysis was 
carried out using a 5−95% gradient elution in 15 min; λ = 280 
nm. Results were compared with a Fmoc-Gly-Gly-OH sample 
previously synthesized on Wang resin.
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 Alternatives to the use of hazardous CH2Cl2 

(DCM) are developed
 γ-Valerolactone could replace DCM for loading 

the first amino acid onto Wang resin
 An eco-friendly solid-phase peptide synthesis is 

proposed


