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In situ Fmoc removal – a sustainable solid-phase
peptide synthesis approach†

Ashish Kumar, ‡a,b,c Anamika Sharma, ‡a,b,d Beatriz G. de la Torre *a and
Fernando Albericio *a,e,f

Solid-phase peptide synthesis (SPPS) is the strategy of choice for the synthesis of peptides for research

and production purposes. From a green chemistry perspective, SPPS has several positive features.

However, it is hampered by high solvent consumption for washings after each of the two main steps,

namely deprotection and coupling. Here we propose to combine the two steps into one. In this regard,

once the coupling is completed, piperidine or 4-methylpiperidine is added up to a concentration of 20%

to the coupling cocktail, which contains an excess of Fmoc-aa-OxymaPure (active ester) and Fmoc-

peptide resin. We further demonstrate that the deactivation of the OxymaPure ester is faster than Fmoc

removal and therefore this in situ Fmoc removal strategy avoids the double incorporation of the amino

acid into the peptide chain. Furthermore, we also show that this single wash is more efficient at removing

traces of piperidine when 1% of OxymaPure, which is a weak acid, is added to the washing solvent. This

strategy brings about a saving of 75% of the solvent. We envisage that the modifications to this new proto-

col will be added to the green toolbox for SPPS and will make this strategy more sustainable.

Introduction

Peptides are a family of chemical compounds formed by the
consecutive linking of amino acids found in living organisms.
As regulators of many biochemical pathways, these molecules
have always been viewed as potential drugs or templates for new
ones.1 Although the structure of peptides is simple, it was not
until the end of the last century that they were unquestionably
considered to be drugs. This identity was due to the large
number of steps required for the synthesis of a medium-/large-
sized peptide. Without taking into account the starting building

blocks, the synthesis of a peptide of 15 amino acids, for
instance, requires at least 31 synthetic steps with the corres-
ponding workups and the isolation and often purification of
the intermediates. With the development and later implemen-
tation of the solid-phase peptide synthesis (SPPS) methodology
carried out by the Nobel laureate R. Bruce Merrifield, a new
scenario was envisaged.2 Thanks to automatic synthesizers, it is
now possible to synthesize a few milligrams of a medium-/large-
sized peptide for research purposes in only a few hours and
multiple kilograms of a peptide-based active pharmaceutical
ingredient (API) in a few weeks.3,4 Thanks to SPPS, two impor-
tant steps of the drug discovery process, namely discovery and
API production, have advanced enormously. As an example, in
2021, the US Food and Drug Administration (FDA) approved ten
drugs containing peptides, a number that accounts for 25% of
the 2021 drug harvest.5 In the context of green chemistry, SPPS
has large “green brushstrokes”. In this regard, this strategy has
the following characteristics:6–8 (i) all reactions are carried out
in the same reactor, with no mass transfer between reactors,
and no major cleaning procedures; (ii) intermediates are not
isolated, thereby lowering solvent consumption; (iii) excellent
yields are obtained, which facilitates purification and reduces
the use of solvents; (iv) high boiling point solvents are used; (v)
solvents can be recycled and the resin can be reused [when a
chlorotrityl chloride (CTC) resin is used]; (vi) excess reactants
and soluble side products are removed by simple filtration and
washing with the corresponding solvents; and, finally, (vii) high
efficiency and reduced labor hours are achieved.
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However, from the green chemistry perspective, these advan-
tages are weighed down by the following disadvantages, which
require mitigation: (i) the presence of high molecular weight pro-
tecting groups in the predominant fluorenylmethoxycarbonyl
(Fmoc)-tert-butyl (tBu) strategy translates into poor atom economy
and (ii) good yields are favored by the use of large excesses of
reagents, a practice that is untenable for research purposes. This
drawback is moderated in large-scale production, where excesses
are very close to those used in solution synthetic organic chemistry.

Given the definition of green chemistry by Paul Anastas in
1991, “Green Chemistry is the design of chemical products
and processes that reduce or eliminate the use and generation
of hazardous substances”,9 many academic and industrial
groups have studied the replacement of N,N′-dimethyl-
formamide (DMF) and N-methylpyrrolidone (NMP), solvents of
choice in SPPS, by green solvents.10–23 However, few efforts
have been devoted to solvent reduction by this strategy.

A “classical” Fmoc/tBu coupling cycle comprises the
following four steps: (i) coupling of Fmoc-aa-OH, very often
carried out with N,N′-diisopropylcarbodiimide (DIC) and
OxymaPure;24 (ii) washings with DMF to remove the excess of
reagents (Fmoc-aa-OH, DIC, OxymaPure) and side-products [N,N′-
diisopropylurea (DIU)]; (iii) Fmoc removal, in most cases using
20% piperidine (PIP) in DMF; and (iv) washings with DMF to
remove the excess PIP (which could remove the Fmoc group of
the next incoming Fmoc-aa-OH) and N-fluorenylmethylpiperidine
formed as the side product. In this context, as washings (iv) to
remove the excess PIP cannot be omitted, efforts focused on the
removal of the washings (ii) after the coupling. Thus, once the
coupling is finished, the PIP solution is added and the original
protocol is followed with minor adjustments. In this novel in situ
Fmoc removal protocol, the deprotection step is carried out
immediately after the coupling in the same step. Ajiphase, a
liquid phase peptide synthesis methodology, proposes a kind of
similar approach for avoiding liquid-liquid extractions, which are
demanding manipulations. Furthermore, in some of the acceler-
ated microwave CEM programs the piperidine solution is added
at the end of the coupling step.25 Research efforts have been
devoted not only to removing the washing steps (ii) but also redu-
cing the amount of solvent used in steps (ii) and (iii).

Results and discussion

In situ Fmoc removal involves Fmoc removal directly after
coupling (without filtration) using 20% PIP in DMF. Several
experiments were designed and performed as described below.
In all cases, at the end of the sequence elongation, global de-
protection using trifluoroacetic acid (TFA)–triisopropylsilane
(TIS)–H2O (95 : 2.5 : 2.5) cleaved the peptide from the resin.
The residue was washed with cold ether to afford the peptide,
which was analyzed by HPLC.

SPPS of H-Gly-Phe-Leu-NH2 (H-GFL-NH2) using in situ Fmoc removal

To test the validity of the in situ Fmoc removal approach, the
model tripeptide (H-GFL-NH2) was synthesized following two

distinct protocols. In the first case, a standard SPPS protocol was
used (coupling → washing → Fmoc removal → washing),
whereas in the second case, in situ Fmoc removal was performed
after coupling and the washing step was eliminated (coupling →
Fmoc removal → washing). The tripeptide was assembled on the
Fmoc-RinkAmide-AM-PS resin (0.1 g, 0.63 mmol g−1) using four
synthetic protocols (A–D) as shown in Table 1. In all cases,
Fmoc-aa-OH, OxymaPure, and DIC were dissolved in 0.5 mL of
DMF. In experiments A–C, 3 eq. of reagents were used, while 1.5
eq. were used in D. After 1 h of coupling, 0.12 mL of neat PIP
(approximately 6 eq.) was added and left to react. Finally, all pep-
tidyl resins were washed three times with 3 mL of DMF. The
rationale of the four experiments was to first determine their
efficacy and also the impact of deprotection time (# C and D),
high temperature (# B), and a greater amount of coupling
reagents (# A–C) on the purity of the final product.

A priori, double or even triple incorporation of the incoming
amino acid would be expected once PIP has removed Fmoc
from the peptidyl resin. In this side reaction, PIP could have
two purposes, first removing the Fmoc group and second
scavenging the active species (OxymaPure ester), thereby de-
activating it. If Fmoc removal occurs more quickly than the de-
activation of the OxymaPure ester, the latter can over-acylate
itself or acylate the free amino peptidyl resin, causing the for-
mation of peptides with double/triple hits. In contrast, faster
deactivation of the OxymaPure ester vs. Fmoc removal will
support the in situ Fmoc removal strategy. Temperature may
play an important role in these two reactions, favoring the
former. The second side reaction could be the incomplete
removal of the Fmoc group, which may lead to either a Fmoc-
protected peptide or a deletion peptide. A priori, experiments A
and B are the most conflictive because they contain more
coupling cocktail than D, which may have a greater acylation
capacity and at the same time a higher consumption of PIP,
and/or less deprotection time than C and D. Both factors are
detrimental to the quality of the final product because they
may favor the formation of deletion peptides.

The HPLC analysis (Fig. 1) of experiments A and B indi-
cated that the temperature did not affect the purity of the final
product. Although the four experiments yielded excellent
purity, A and B, which as discussed above could be the most
demanding, performed slightly better than C and D. With

Table 1 Synthesis of H-GFL-NH2 using different protocols

Protocol A B C D

Couplinga 0.6 M 0.6 M 0.6 M 0.3 M
Fmoc Removalb 7 min, rt 7 min, 45 °C 20 min, rt 20 min, rt
Washing 3 × 3 mL DMF

a Fmoc-AA-OH–DIC–OxymaPure [1 : 1 : 1], 1 min of pre-activation, 1 h,
rt; for experiments A–C, 3 eq. of each reagent were used whereas for D
1.5 eq. were used. b In situ Fmoc removal using 20% PIP in DMF.
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these results in hand, we tested the synthesis of Leu-
Enkephalin (YGGFL) as a model peptide.

SPPS of H-Tyr-Gly-Gly-Phe-Leu-NH2 (H-YGGFL-NH2) using
in situ Fmoc-removal

After the proof of concept, in situ Fmoc removal was tested
under a broad range of conditions for the coupling of Fmoc-
G-OH and Fmoc-Y(tBu)-OH on the H-GFL-NH-RinkAmide-
resin, which was prepared on a large scale for the experiments.
First, similar conditions to those given in Table 1 were studied
as a reference (Table 2).

The purity of the pentapeptide in all cases was excellent
and again temperature was not a factor to be taken into con-
sideration (# A vs. B and D vs. E). Furthermore, longer de-
protection times (# C) did not appear to have a true impact on
the use of 3 or 1.5 eq. of the coupling reagent (# A and B vs.
D and E) (Fig. 2).

SPPS of H-YGGFL-NH2 for understanding the effect of PIP
during the coupling

To understand the effect of traces of PIP during the next
coupling, three experiments were performed with the
H-GFL-RinkAmide resin (0.1 mmol). In each experiment,

0.1 mL of PIP in DMF was added after the washings and before
addition of the coupling reagents (Table 3). In the first set of
experiment, 0.1 mL of 20% PIP in DMF (0.20 mmol) was used
in protocols A–C, representing approximately a 2-fold excess
with respect to the amino groups anchored on the resin and
therefore a 66% and 133% excess with respect to the coupling
reagents when 3 eq. and 1.5 eq. were used, respectively. In the
second set of experiments, 0.1 mL of 5% PIP in DMF
(0.05 mmol) was used in protocols A–C, representing a 50%
excess with respect to the amino groups anchored on the resin
and therefore a 16% and 33% excess with respect to the coup-
ling reagents when 3 eq. and 1.5 eq. were used, respectively. In
the last set of experiments, 0.1 mL of 1% PIP in DMF
(0.01 mmol) was used, representing a 10% excess with respect
to the amino groups anchored on the resin and therefore a 3%
and 6% excess with respect to coupling reagents when 3 eq.
and 1.5 eq. were used, respectively.

As mentioned earlier, PIP during the coupling can have two
functions: (i) removal of the Fmoc group of the incoming
amino acid either activated in solution or already coupled on
the resin and (ii) consumption of the activated amino acid still
containing Fmoc or after Fmoc has been removed. If the first
reaction is predominant and/or the fastest one, the formation

Fig. 1 HPLC of H-GFL-NH2 synthesized using in situ Fmoc removal.

Table 2 Synthesis of H-YGGFL-NH2 using in situ Fmoc removal

Protocol A B C D E

Couplinga 0.6 M 0.6 M 0.6 M 0.3 M 0.3 M
Fmoc Removalb 7 min, rt 7 min, 45 °C 20 min, rt 7 min, rt 7 min, 45 °C
Washing 3 × 3 mL DMF

a Fmoc-AA-OH : DIC : OxymaPure [1 : 1 : 1], 1 min of pre-activation, 1 h, rt;
for experiments A–C, 3 eq. of each reagent were used whereas for D and E
1.5 eq. were used. b In situ Fmoc removal using 20% PIP in DMF.

Fig. 2 HPLC of H-YGGFL-NH2 prepared using in situ Fmoc removal
(experiments A–E).

Table 3 Synthesis of H-YGGFL-NH2 in the presence of PIP during the
coupling

Protocol

PIP in DMFa (% purity of H-YGGFL-NH2)

20% 5% 1%

A 3 eq. rt (51.5%) 3 eq. rt (96.7%) 3 eq. rt (96.3%)
B 1.5 eq. rt (7.2%) 1.5 eq. rt (82.8%) 1.5 eq. rt (92.5%)
C 1.5 eq. 45 °C (4.8%) 1.5 eq. 45 °C (93.5%) 1.5 eq. 45 °C (94.0%)

a PIP in DMF was added to the peptidyl resin followed by coupling cocktail
(Fmoc-AA-OH : DIC : OxymaPure [1 : 1 : 1], 1 min of pre-activation) for 1 h.
Fmoc removal for 7 min at rt.
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of peptides containing extra residues (Gly and Tyr in this case)
should be observed. The second reaction should translate into
the formation of deletion peptides due to the lack of the acti-
vating reagent. After addition of PIP/DMF, the coupling cock-
tail was added (as shown in Table 3). After global deprotection,
the purity of H-YGGFL-NH2 was analyzed by HPLC and con-
firmed by LCMS. The analysis showed that (i) only deletion
peptides are obtained as major impurities (des-Gly, des-Tyr
and des-Tyr-Gly), with no significant appearance of a double
hit (a double hit of Gly is already very common in normal
SPPS); (ii) the lowest purity is obtained when 20% PIP in DMF
is added; (iii) the use of 1.5 eq. of PIP/DMF gives poorer
results than the use of 3 eq.; (iv) the use of 45 °C to carry out
the experiment does not appear to be detrimental; (v) when
1% PIP in DMF is added, the purity of the final peptide is
similar to that obtained when 5% is added. From these
results, the following main conclusions can be drawn: (i) de-
activation of the active ester is faster than the removal of Fmoc
in the absence of double hit peptides; (ii) the use of 45 °C
favors coupling over deactivation of the active ester, based on
the best results of the experiment #C vs. B with 5% and 1% of
PIP in DMF; (iii) the final purity of the peptide is encouraging,
except in the case of adding 20% PIP in DMF (Fig. 3).

SPPS of H-YGGFL-NH2, and PIP neutralization by adding 1%
OxymaPure during washings

To achieve an efficient removal of traces of PIP before adding
the coupling mixture, washings were carried out with 1%
OxymaPure. Again, the presence of PIP was mimicked by
adding it before the washings. In this series of experiments,
H-GFL-resin (0.1 mmol) was treated with 0.1 mL of 20% PIP in
DMF (as explained in the previous experiment), followed by
washing with 1% OxymaPure-DMF before addition of the
coupling cocktail. Table 4 and Fig. 4 summarize the experi-
mental protocol and results obtained.

Comparison of these results with those outlined in Table 3
demonstrates the effect of the washing with 1% OxymaPure-
DMF. Just a single wash brings about an increase in purity
from 51.5%, 7.2%, and 4.8% to 98.2%, 91.7%, and 97.2%
for A (3 eq.), B (1.5 eq.), and C (1.5 eq., 45 °C), respectively.
Additionally, these results confirm the previous observation
that deactivation of the active ester is faster than the removal
of the Fmoc group and that either an excess of the

coupling mixture or an additional washing step allows safe
coupling.

SPPS of H-YGGFL-NH2 using 1% OxymaPure-DMF for washing
after in situ Fmoc removal

As described above, the trace amount of PIP was quenched by
washing with 1% OxymaPure-DMF. In this series of experi-
ments, Fmoc was removed in situ after coupling, as explained
in the previous experiments. The resin was then washed as
follows: twice with 1% OxymaPure-DMF (protocols A and B);
once with 1% OxymaPure-DMF (protocol C); once with DMF
and a second wash with 1% OxymaPure-DMF (protocol D).
After washing, coupling was performed. The cleaved peptide
was then analyzed by HPLC. Table 5 and Fig. 5 summarize the
experimental protocols and the results obtained.

In all the protocols, the peptide with >97% purity was
obtained except in protocol C. The low yields could be attribu-
ted to the fact that one wash was not sufficient to eliminate
trace PIP from the reaction mixture. This trace PIP might have
led to the formation of des-Tyr as a major impurity. In the rest
of the cases, the formation of a trace amount of double hit Gly
was observed (Fig. 5). The double hit may not be related to the
presence of PIP because in protocol C, in which the washing
was not so efficient (as demonstrated by the presence of the

Fig. 3 HPLC analysis of H-YGGFL-NH2 when PIP in DMF is added
before the coupling (Table 3).

Table 4 Synthesis of H-YGGFL-NH2 by washing with 1% OxymaPure

Protocol

1% OxymaPure in DMFa

(% purity of H-YGGFL-NH2)

1 × 1 mL 2 × 1 mL

A 3 eq. rt (98.2%) NAb

B 1.5 eq. rt (91.7%) 1.5 eq. rt (98.3%)
C 1.5 eq. 45 °C (97.2%) 1.5 eq. 45 °C (98.4%)

a 0.1 mL of 20% PIP in DMF was added to the peptidyl resin followed
by washing using 1% OxymaPure in DMF. Coupling cocktail (Fmoc-aa-
OH : DIC : OxymaPure [1 : 1 : 1], 1 min of pre-activation) was added for
1 h. A: 3 eq.; B: 1.5 eq.; C: 1.5 eq. at 45 °C. b Since the results obtained
in B and C were satisfactory, an attempt with a higher concentration
was made.

Fig. 4 HPLC analysis of H-YGGFL-NH2 to determine the effect of the
washing resin (containing 20% PIP in DMF) with 1% OxymaPure-DMF
before coupling.
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deletion peptide), the double hit was not superior to that
achieved in the rest of the cases.

4-Methyl piperidine (4-MP) as a substitute of PIP for in situ
Fmoc removal

Although Fmoc removal using PIP is widely accepted, 4-MP
emerges as a promising greener substitute.26–28 Prompted by
the encouraging results obtained so far, an attempt was made
to replace PIP with 4-MP for in situ Fmoc removal. Coupling
was performed using Fmoc-AA-OH–DIC–OxymaPure [1 : 1 : 1]
with 1.5 eq. after 1 min of pre-activation for 1 h at rt. Fmoc
was removed by adding 4-MP up to a concentration of 20% for
7 min at rt, followed by washing with 1 × 1 mL of DMF + 1 ×
1 mL of 1% of OxymaPure-DMF. After the cleavage from the
resin, the peptide was analyzed by HPLC. The peptide was
obtained with >98.0% purity with some impurities like a
double hit of Gly (1.24%) and des Gly (0.23%). Comparison of
the results revealed that PIP and 4-MP gave similar peptide
purities (4-MP, slightly higher purity than PIP). Therefore,
4-MP emerges as a substitute for PIP for Fmoc removal,
thereby paving the way for a greener SPPS strategy (Fig. 6). In
this regard, for all the following experiments, 4-MP was used
for in situ Fmoc removal.

Complete synthesis of H-YGGFL-NH2 using in situ Fmoc
removal (using 4-MP)

After the success of in situ Fmoc removal with 4-MP and
washing with 1% OxymaPure for the coupling of the Gly and
Tyr units on the tripeptidyl resin (H-GFL-Rink-amide-resin),
this protocol was applied to the total synthesis of Leu-
Enkephalin pentapeptide. Table 6 shows the list of experi-
ments performed for H-YGGFL-NH2 synthesis. All the synth-
eses of peptides, except M, were performed on a 0.1 mmol
scale using 1.5 eq. of Fmoc-AA-OH–DIC–OxymaPure.

Protocol A involved the synthesis of the peptide following
the standard protocol (coupling → washing → deprotection →
washing) at rt for 1 h using 0.3 M coupling cocktail (1.5 eq.)
with 1 min of pre-activation. Fmoc was removed using 20%
4-MP in DMF (1 × 1 min: 1 × 7 min) at rt. Each coupling and
deprotection step were followed by washing with DMF (after

Table 5 Synthesis of H-YGGFL-NH2 involving washing the resin with
1% OxymaPure-DMF after in situ Fmoc removal before coupling

Protocola
Washing after in situ Fmoc removal
(% purity of H-YGGFL-NH2)

A 2 × 1 mL 1% OxymaPure-DMF (97.2%)
Bb 2 × 1 mL 1% OxymaPure-DMF (97.7%)
C 1 × 1 mL 1% OxymaPure-DMF (80.2%)
D 1 × 1 mL DMF + 1 × 1 mL 1% OxymaPure/DMF (97.2%)

a Coupling was then performed using Fmoc-AA-OH : DIC : OxymaPure
[1 : 1 : 1]; 1.5 eq., 1 min of pre-activation for 1 h at rt. b Coupling and
deprotection at 45 °C.

Fig. 5 HPLC analysis of H-YGGFL-NH2 to study the effect of the
washing resin with 1% OxymaPure-DMF prior to coupling.

Fig. 6 Comparative study of peptide synthesis using PIP [A] and 4-MP
[B] for in situ Fmoc removal.

Table 6 Synthesis of H-YGGFL-NH2 using in situ Fmoc removal

Protocol

Coupling (1.5
eq.) Fmoc-
AA-OH–DIC–
OxymaPure

Fmoc removal
4-MP-DMF
(20%) in situ
Fmoc removal Washing

Yield,
%

Aa,b,d 1 : 1 : 1; 1 h 7 min 3 × 1 mL DMF 93.2
Bb,d 1 : 1 : 1; 1 h 7 min 1 × 1 mL DMF

+ 1 × 1 mL 1%
OxymaPure-
DMF

83.5
Cb,d 1 : 1 : 2 1 h 7 min 84.2
D 1 : 1 : 1; 1 h 7 min 95.4
Ec 1 : 1 : 1 1 h 7 min 94.9
F 1 : 1 : 2; 1 h 7 min 94.2
Ge 1 : 1 : 1; 1 h 7 min 86.8
H f 1 : 1 : 1; 1 h 10 min 96.3
I 1 : 1 : 1; 1 h 10 min 90.2
J 1 : 1 : 1; 2 h 20 min 95.2
K 1 : 1 : 1; 1 h 10 min 2 × 1 mL 1%

OxymaPure-
DMF

96.3
Lg 1 : 1 : 1; 1.5 h 20 min 96.6
Mg,h 1 : 1 : 1; 1.5 h 20 min 95.4

a Standard cycle (coupling → washing → deprotection → washing) for
peptide synthesis. b 1 min of pre-activation for coupling cocktail. cHalf
of the DIC added along with coupling cocktail; the remaining added
after 15 min. d Pre-activation [for the rest of the protocols (D–M) in situ
activation was performed]. e Fmoc removal for two Gly residues was
achieved after filtration. f Filtration after each coupling before Fmoc
removal. g Additional 0.3 eq. of DIC added after 30 min of coupling.
h 1 g scale.
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coupling 2 × 1 mL and after deprotection 3 × 1 mL). After
global deprotection and washing with diethyl ether, the purity
of the peptide (93.3%) was determined by HPLC, which
revealed impurities of desLeu (3.3%, 5.4 min), desGly (3.0%,
7.5 min), and a double hit of Gly (0.4%, 7.2 min). The next
experiment was performed (protocol B), where washing after
coupling was eliminated and the in situ Fmoc removal protocol
was adopted (4-MP was added up to a concentration of 20%).
Coupling then proceeded as previously described after
washing the resin (1 × 1 mL DMF; 1 × 1 mL 1% OxymaPure-
DMF). The synthetic cycle was therefore coupling → de-
protection → washing. The purity of the peptide was found to
be 83.5%, with impurities of desLeu (2.5%), desGly (5.6%), a
double hit of Gly (5.0%), a double hit of Leu (1.5%, 8.8 min)
and a double hit of Phe (0.9%, 9.1 min). Therefore, the syn-
thesis was attempted again, this time using 2 eq. of
OxymaPure (protocol C) with 1 min of pre-activation of the
coupling cocktail. However, while the purity of the peptide was
84.2%, which is slightly better than that achieved with protocol
B, it was still not acceptable.

Another attempt like protocol B was made. In this regard,
instead of pre-activation for 1 min, the coupling cocktail was
activated in situ (protocol D). Using this strategy, the purity of
the peptide increased from 83.5% to 95.4%. The absence of a
double hit of Leu and Phe indicates that this reaction is associ-
ated with the pre-activation step, where the active species can
react with itself, rather than with the in situ Fmoc removal
step. Upon using only 1.5 eq. of reagents, the double hit is
favored more than that achieved when a larger excess of
reagents is used because the Fmoc-dipeptide is less reactive
than Fmoc-aa-OH and therefore more Fmoc-aa-OH, which
couples faster, is present when using a larger excess of them.
Prompted by this improvement in purity, in protocol E, a
slight modification from protocol D was attempted wherein
half of the DIC was added along with the coupling cocktail at
0 min whereas the other half was added after 15 min of coup-
ling time (1 eq.). The purity of the peptide obtained was 94.9%
(comparable to that of protocol D). To further enhance the syn-
thetic protocol, 3 eq. of OxymaPure were used to neutralize the
trace 4-MP to avoid side reactions (protocol F). However, the
purity of the peptide was still only 94.2%, with no significant
improvement. In all the above protocols, des-Gly appeared as a
major impurity. In protocol G, to confirm that des-Gly was not
related to the traces of 4-MP, Fmoc removal of two Gly residues
was attempted after filtration, while the rest of the synthetic
protocol remained the same (in the case of protocol D).
However, the purity of the peptide was lower (86.8% vs.
95.4%). Protocol H involved filtration after each coupling and
Fmoc removal was extended to 10 min (unlike 7 min in all
earlier protocols). In this case, the peptide was achieved with
96.3% purity. With this improvement, in the next protocol, I,
in situ Fmoc removal, was applied for 10 min. Protocol H
differed from I; the former involved Fmoc removal after fil-
tration whereas the latter involved in situ Fmoc removal.
However, this change did not enhance the purity of the
peptide (90.2% in protocol I compared to 96.3% in protocol

H). To improve protocol I, the coupling time (2 h instead of
1 h) and deprotection time (20 min instead of 10 min) were
extended (protocol J), which enhanced the purity of the
peptide from 90.2% to 95.2%. Protocol J showed almost
similar purity of the peptide to that achieved with protocol H
but had the advantage of being greener (as filtration after each
coupling was omitted in the case of protocol J) (Fig. 7).

In all the earlier attempts, washing after in situ Fmoc
removal was attempted once with DMF and then with 1%
OxymaPure/DMF. In protocol K (similar to protocol I), the
peptide was synthesized but the washing after Fmoc removal
was performed twice using 1 mL of 1% OxymaPure/DMF. This
approach improved the purity of the peptide from 90.2% to
96.3%. Thus, washing twice with 1% OxymaPure/DMF made a
significant contribution to increasing the purity. In protocol L,
the coupling and Fmoc removal time were enhanced from 1 h
to 1.5 h and 10 min to 20 min, respectively. This modification,
wherein the coupling time was 1.5 h (0.3 eq. of DIC added
after 30 min of coupling) and the deprotection time was
20 min, afforded the peptide with 96.6% purity. It is important
to highlight that the peptide purity obtained using protocols K
and L was superior to that achieved with protocol A, which is
the standard procedure with a differentiated Fmoc removal
step and washings after Fmoc removal and coupling steps.

Finally, protocol M, which is similar to protocol L, was per-
formed but on a 0.64 mmol (1.0 g) scale. The purity on a large
scale was found to be 95.4% with impurities of des-Gly (1.6%)
and others (<1%). In this series of experiments, we successfully
synthesized H-YGGFL-NH2 on a large scale under in situ Fmoc
removal conditions. Again, the purity of protocol M was
superior to that achieved with protocol A, which is the stan-
dard procedure. In protocol M, the solvent consumption was
also calculated. The total manual synthesis of H-YGGFL-NH2

generated only 200 mL of waste compared to the standard pro-
cedure (800 mL (approx.)). This total waste was from coupling,

Fig. 7 Comparative study of H-YGGFL-NH2 synthesis as explained in
Table 6.
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in situ Fmoc removal and washing. This reduction of waste
using the in situ Fmoc removal approach (washing with 1%
OxymaPure) proves to be a greener SPPS strategy (Fig. 8).

The process mass intensity (PMI) and complete environ-
mental factor (E-factor) are key mass-based metrices to evalu-
ate the green credentials of an individual step or sequence
of reactions during the synthetic process and chemical
development.29,30

PMI ¼ mass of reactants
mass of product

E‐Factor ¼ mass of wasteðsolvent þ spent resinÞ
mass of product

These two metrics were calculated for 0.64 mmol scale Leu-
Enkephalin synthesis using the “in situ Fmoc removal proto-
col” and compared with that of standard SPPS (using an excess
of the solvent and 3 eq. of the coupling cocktail). The PMI and
E-factor for the former were calculated as 571.0 and 558.0,
respectively, whereas those of standard SPPS were found to be
2242.6 and 2224.0, respectively. This fair reduction of the PMI
and E-factor (around 4 times) indicates the feasibility of the
“in situ Fmoc removal” protocol for the efficient synthesis of
the peptide without compromising the yield and purity of the
final peptide.

Experimental
General information

All reagents and solvents were purchased from commercial
suppliers and used without further purification. Fmoc amino
acids and Fmoc-Rink amide AM resin (loading 0.64 mmol g−1)
were purchased from Iris Biotech. OxymaPure and DIC were
received as gifts from Luxembourg Biotech. Piperidine (PIP)/
4-methylpiperidine (4-MP) was supplied by Sigma-Aldrich.
Organic solvents dimethylformamide (DMF) and HPLC quality
acetonitrile (CH3CN) were purchased from Merck. Milli-Q
water was used for RP-HPLC analyses. Analytical HPLC was
performed on an Agilent 1100 system using a Phenomenex
Aeris™ C18 (3.6 μm, 4.6 × 150 mm) column, with a flow rate of

1.0 mL min−1 and UV detection at 220 nm. The Chemstation
software was used for data processing; buffer A: 0.1% TFA in
H2O; buffer B: 0.1% TFA in CH3CN. LC-MS was performed on
a Thermo Fisher Scientific UltiMate 3000 UHPLC-ISQTM EC
single quadrupole mass spectrometer in the positive ion mode
using a Phenomenex Aeris™ C18 (3.6 μm, 4.6 × 150 mm)
column; buffer A: 0.1% formic acid in H2O; buffer B: 0.1%
formic acid in CH3CN. HPLC method: 5–60% B into A in 15 min.

SPPS

All peptides were assembled manually in plastic syringes fitted
with a porous polyethylene disc employing the Fmoc/tBu
methodology using DIC/OxymaPure as the coupling agent.
Fmoc removal was carried out in situ i.e., PIP or 4-MP was
added to the peptidyl resin without filtering the coupling cock-
tail after coupling. In some experiments, Fmoc was removed
by treatment with a solution of 20% PIP or 4-MP in DMF (v/v).

SPPS of tripeptide H-Gly-Phe-Leu-NH2 (H-GFL-NH2) using
in situ Fmoc removal

The tripeptide H-Gly-Phe-Leu-NH2 was synthesized using the
Fmoc-Rink-amide AMPS resin (loading 0.64 mmol g−1). The
coupling was performed using Fmoc-AA-OH/DIC/Oxyma [at a
ratio of 1 : 1 : 1, 3.0 or 1.5 eq.] in DMF at rt for 1 h after 1 min
of pre-activation. Fmoc was removed in situ with PIP at
different times and temperatures (7 min, rt/45 °C; 20 min, rt).
The tripeptide was cleaved from the resin by treatment with
TFA/TIS/H2O (95 : 2.5 : 2.5) for 1 h at rt and precipitated with
chilled diethyl ether. The HPLC analysis method (5–60% B
into A) was used for coupling quantification.

SPPS of the tripeptidyl resin (H-GFL-Rink amide AMPS) for
coupling of Fmoc-Gly-OH and Fmoc-Tyr(tBu)-OH units

The tripeptidyl resin (H-GFL-resin) for the coupling of the Gly
and Tyr units was synthesized on Rink-amide-AMPS (loading
0.64 mmol g−1) following the standard protocol (coupling →
washing → deprotection → washing). The coupling of each
residue was performed using Fmoc-AA-OH/DIC/Oxyma [at a
ratio of 1 : 1 : 1, 3.0 eq.] in DMF at rt for 1 h after 1 min of pre-
activation. Fmoc was removed using 20% PIP in DMF (v/v) for
1 × 1 min + 1 × 7 min at rt.

Coupling of Fmoc-Gly-OH and Fmoc-Tyr(tBu)-OH, on the
tripeptidyl resin (H-GFL-Rink amide AMPS) and in situ Fmoc
removal

Couplings for 60 min were performed by in situ activation or
pre-activating 0.6 M solutions of the coupling cocktail [Fmoc-
AA-OH : OxymaPure : DIC (1 : 1 : 1, 3.0 eq.) in 0.5 mL of DMF]
for 1 min, before addition to the tripeptidyl resin. In the case
of 1.5 eq. of the reagent, the concentration of the coupling
cocktail was 0.3 M at rt/45 °C. Fmoc was removed by treatment
with neat PIP or 4-MP, i.e., 0.12 mL of PIP or 4-MP was added
without filtering the coupling reaction mixture and washing
the peptidyl resin (in situ Fmoc removal) for 1 × 7 min or 10 or
20 min at rt/45 °C. After Fmoc removal, the resin was washed
with DMF, 1% OxymaPure, or both.

Fig. 8 Solvent waste during the synthesis of H-YGGFL-NH2 on a 1 g
scale (0.64 mmol): protocol M from Table 6.
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SPPS of Leu-Enkephalin pentapeptide (H-Tyr-Gly-Gly-Phe-Leu-
NH2)

Previous standard SPPS protocol for comparison. SPPS using
the Fmoc/tBu methodology was carried out manually with
plastic syringes fitted with polyethylene porous discs. The
Fmoc-Rink-amide AM resin (0.64 mmol g−1) was washed with
DMF (2 × 5 min). Deprotection of the Fmoc group was
achieved by treatment of the resin with 20% PIP in DMF (1 ×
1 min and 1 × 7 min) followed by washing with DMF. The pro-
tected Fmoc-amino acids (1.5 eq.) and OxymaPure (1.5 eq.) in
0.5 mL of DMF (0.6 M) were preactivated for 1 min with DIC
(1.5 eq.) before being added to the resin. The reaction was con-
tinued for 1 h at rt. Deprotection and coupling were repeated
until the pentapeptides were achieved. Washings after coup-
lings with DMF (2 × 3 mL) and after deprotection (3 × 3 mL)
were performed. The peptide was cleaved from the resin by
treatment with TFA/TIS/H2O (95 : 2.5 : 2.5) for 1 h at rt. The
residue was precipitated with chilled diethyl ether and centri-
fuged to afford the desired peptide which was analyzed by
HPLC and LCMS.

Newly adopted SPPS protocol (in situ Fmoc removal). SPPS
was carried out manually with plastic syringes fitted with poly-
ethylene porous discs using the Fmoc/tBu methodology. The
Fmoc-Rink-amide AM resin (0.64 mmol g−1) was washed with
DMF (2 × 1 mL for 5 min). The Fmoc group was deprotected by
treatment of the resin with 20% 4-MP/DMF (1 × 7 min) fol-
lowed by washing with 1% OxymaPure/DMF (2 × 1 mL). The
protected Fmoc-amino acids (1.5 eq.) and OxymaPure (1.5 eq.)
in 0.5 mL DMF (0.3 M) were preactivated for 1 min with DIC
(1.5 eq.) as a coupling system before addition to the resin, for
1 h at rt. After 1 h of coupling, 0.12 mL of neat 4-MP was
added for 1 × 7 min at rt without removing the coupling reac-
tion mixture and washing. After 7 min, the reaction mixture
was filtered and the peptidyl resin was washed with 1%
OxymaPure/DMF (2 × 1 mL). Coupling and deprotection were
repeated until the peptide was assembled onto the resin. All
the peptides were dried and cleaved from the resin by treat-
ment with TFA/TIS/H2O (95 : 2.5 : 2.5) for 1 h at rt. The cleavage
mixture was precipitated with chilled diethyl ether, centrifuged
to afford the desired peptide, and confirmed by HPLC and
LCMS analyses.

Conclusions

By this in situ Fmoc removal SPPS strategy, the typical
sequence of coupling → washing → deprotection → washing
can be efficiently converted to coupling → deprotection →
washing. Briefly, this new approach involves adding PIP or
4-MP up to a concentration of 20% to the coupling cocktail.
After 20 min, the resin is filtered off and washed twice with
1% OxymaPure-DMF. PIP or 4-MP removes efficiently the Fmoc
group and scavenges the active species of the Fmoc-amino acid
avoiding two potential side-reactions: deletion peptides
(incomplete Fmoc removal) and peptides with double hits
(over reaction). Several experiments were carried out by adding

3-methyl-1-butane thiol or benzyl amine as the additional
quencher of the OxymaPure ester, but the results did not show
any apparent improvements (results not shown).25

This in situ Fmoc removal strategy implies a solvent saving
of around 75% (two PIP/4-MP solutions, four washing steps
after the coupling and two after the deprotection), which
implies a 4 times reduction of the PMI and E-factor. If
required, a third washing using 1% OxymaPure-DMF can be
introduced. However, even in this case, there is a considerable
saving of the solvent. The addition of OxymaPure to the PIP
solution has also been used to prevent the formation of aspar-
timide and δ-lactam and other side reactions.31,32 It is impor-
tant to highlight that washing with 1% OxymaPure does not
pose any risk in the formation of HCN, as it has been pre-
viously described when in contact with DIC.22f,33 Provided the
given washing conditions, at no time will OxymaPure (1%) be
in contact with DIC, because this would have already been con-
sumed by reaction with the incoming Fmoc-amino acid and/or
with the OxymaPure present during coupling. Nevertheless, as
OxymaPure is used just as an acid rectifier, other similar com-
pounds such as HOBt, Cl-HOBt, and HOPO can be used for
the same purpose.

A preliminary study was conducted in the green solvent
N-butylpyrrolidinone (NBP) at 45 °C (due to the high viscosity
of NBP).17 Similar results to those of DMF (Fig. 6) were
obtained (HPLC in the ESI† HPLC-S47).

It is envisaged that modifications of this new protocol will
find their way into the green toolbox for SPPS, thereby making
this strategy more sustainable.
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