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The chemical formation of the peptide bond has long fascinated and challenged organic chemists. It requires not only the
activation of the carboxyl group of an amino acid but also the protection of the N*-amino group. The more than a century of
continuous development of ever-improved protecting group chemistry has been married to dramatic advances in the
chemical synthesis of peptides that, itself, was substantially enhanced by the development of solid-phase peptide synthesis
by R. B. Merrifield in the 1960s. While the latter technology has continued to undergo further refinement and improvement
in both its chemistry and automation, the development of the base-labile 9-fluorenylmethoxycarbonyl (Fmoc) group and
its integration into current synthesis methods is considered a major landmark in the history of the chemical synthesis of
peptides. The many beneficial attributes of the Fmoc group, which have yet to be surpassed by any other N*-protecting
group, allow very rapid and highly efficient synthesis of peptides, including ones of significant size and complexity,
making it an even more valuable resource for research in the post-genomic world. This review charts the development and
use of this N®-protecting group and its adaptation to address the need for more green chemical peptide synthesis processes.
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Introduction

A mandatory requirement in chemical peptide synthesis is
the selection and use of a temporary protecting group for the
N%-group of an activated incoming amino acid. The C-terminus
of the receiving amino acid to be acylated needs also be pro-
tected for liquid-phase peptide synthesis (LPPS) or, over-
whelmingly and more commonly, anchored to a solid support as
in solid-phase peptide synthesis (SPPS). It was not until 1932
that the first readily cleavable protecting group, the carbo-
benzoxy (Z) group of Bergman and Zervas, was developed that
peptides of more than a few residues could be assembled."!
However, the need for prolonged hydrogenolysis of the Z group
for its removal significantly limited its wider utility. The
development of the acid-labile urethane, tert-butyloxycarbonyl
(Boc) group (Fig. 1), by Carpino in the late 1950s enabled a
significant facilitation and advance in the conduct of chemical
peptide synthesis.*! Its adoption into the original scheme of
SPPS by R. B. Merrifield enabled the first feasible general
procedure for the chemical synthesis of peptides.”*! However, it
was soon apparent that the need for differential acid lability
for the Boc group and amino acid side chain protection and for
the linkage to the resin presented significant problems of
selectivity in cleavage, particularly with the final step requiring
the use of toxic liquid hydrogen fluoride." Additionally, the
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continuous acidic treatment for the amino deprotection
throughout the synthesis can lead to premature side chain
deprotection and unwanted side products. However in 1970,
almost 50 years ago, Carpino described the preparation and
chemical properties of a new urethane amino protecting group,
the 9-fluorenylmethoxycarbonyl (Fmoc) group (Fig. 1) that
possessed lability to bases.!” Its unique and advantageous
properties were not initially appreciated nor was the group
adopted in synthetic strategies, probably owing to the original
report describing its removal by refluxing with ammonia.”! On
subsequent recognition that the Fmoc group could also be
cleaved by primary and secondary amines, the research groups
of Sheppard and Meienhofer independently reported its use in
SPPS in concert with mildly acid-labile ferz-butyl side chain
protecting groups and p-alkoxybenzyl ester resin linkage
(Fig. 1).[%) The milder conditions endowed on this protocol
decrease the risk of side reactions associated with the prolonged
and strong acidic treatment in Boc-based synthesis and
introduce orthogonality in the N*-amino and side chain pro-
tecting groups with the former being base-labile and the latter
acid-labile. This true orthogonality and ready adaptation to
automation led to a ballooning increase in popularity and
widespread use in both academia and industry that remains
unabated today.
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Fig. 1. The chemical structures of both Boc- (left) and Fmoc- (right)
protected amino acids.

The recent passing of both Louis A. Carpino (University of
Massachusetts Amherst, USA) and Robert (Bob) C. Sheppard
(MRC Laboratory of Molecular Biology, Cambridge, UK),[*"]
unquestionably two of the most influential contributors to the
chemical synthesis of peptides through their separate develop-
ment and use of the Fmoc group, provides a timely opportunity
to revisit the significant past and current studies with this still
widely employed amine protecting moiety.

N*-Fmoc Group

In his efforts to develop a urethane-based N*-protecting group
that could be efficiently and rapidly cleaved under mild, alka-
line, non-hydrolytic conditions, Carpino initially examined the
potential of the B-nitroethyloxycarbonyl group.!'” However, its
lability towards base was deemed too high. After much further
effort, the Fmoc group was then developed and shown to possess
eminently suitable chemical properties.'') It was initially
introduced to an amino acid via Fmoc-chloroformate but,
nowadays more commonly via Fmoc-succinimidyl carbonate
because the former can cause Fmoc-dipeptide generation.!'”!

W. Lietal.

The remarkable lability of the Fmoc group to bases, particularly
to secondary amines, results from activation of the ring proton 3
to the urethane oxygen by participation in a potential cyclo-
pentadienide system. Cleavage likely follows an Elcb elimi-
nation mechanism (Scheme 1).['*!14!

The attractive chemical features of the N*-Fmoc group are
many,[14’15] including the ease of preparation of Fmoc-amino
acids in high yield, which are crystalline and are stable as the
free acid when stored in the cold in a dry form. They also are
generally freely soluble in solvents typically employed for
chemical peptide synthesis such as N,N-dimethylformamide
(DMF). Further, the Fmoc group is completely stable to treat-
ment with trifluoroacetic acid (TFA) and hydrogen bromide/
acetic acid. The fluorenyl group has a strong absorbance in the
ultraviolet region (Ayax 266 nm in DMF) that has proved very
useful for spectrophotometrically monitoring coupling and
deprotection reactions. However, the Fmoc group does possess
disadvantageous properties. Its significant hydrophobicity
means that amino acid derivatives are less soluble than the
corresponding Boc-derivatives, which can place limitations on
preparing highly concentrated solutions for use in automated
synthesizers. Together with its steric bulk, it is also likely a
contributory factor in the onset of peptide aggregation during
SPPS of so-called “difficult peptides’.t'®!

N*-Fmoc Group Derivatives and Other Base-Labile
N*-Protecting Groups

Notwithstanding the positive attributes of the Fmoc group,
research has been undertaken over the past decades into devel-
oping alternative base-labile N*-protection groups. It is beyond
the scope of this review to fully address this aspect but other
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interesting protecting groups to have been developed include
1-benzo[ findenylmethoxycarbonyl (Bimoc)!'*! and 2-chloro-
1-indenylmethoxycarbonyl (Climoc),!'> which are both more
base-labile than the Fmoc group. In contrast, the simple
methylsulfonylethoxycarbonyl (Msc) group was considered
to be insufficiently base labile!'! The 9-(2-sulfo)-
fluorenylmethoxycarbonyl (Sulfmoc) group stems from chlor-
osulfonation of the Fmoc derivative.l'”! It is stable to hydrogen
fluoride and pyridine but readily removed by anhydrous
morpholine or piperidine.!'®! The 2-(4-nitrophenylsulfonyl)-
ethoxycarbonyl (Nsc)-protected amino acids are crystalline
compounds, a physical property strongly preferred for both shelf
storage and automated SPPS. Furthermore, the mechanism of
removal of the Nsc group is believed to be similar to Fmoc
deprotection, a base-catalyzed B-elimination reaction.['”)
Unfortunately, it was subsequently shown to produce less pure
peptides to those prepared using Fmoc protection.*” The 2,2-
[bis(4-nitrophenyl)]ethoxycarbonyl (Bnpeoc) group is also
more base-labile than the Fmoc group.”*'! However, none of the
many reported base-labile protecting groups have supplanted
Fmoc in terms of ease of preparation, cost-effectiveness,
and subsequent use in chemical synthesis strategies, including
SPPS.

N*-Fmoc Deprotection — The Early Studies

Use of thin layer chromatographic analysis or amino acid
analysis showed that the Fmoc group is, in general, rapidly
removed by some primary (e.g. ethanolamine) and some sec-
ondary (notably piperidine and piperazine) amines (Fig. 2), but
significantly more slowly with tertiary amines (e.g. triethyla-
mine, N,N-diisoethylpropylethylamine).”?! The deprotection
reaction is much faster in polar solvents such as DMF and
N-methylpyrrolidone (NMP) than in apolar solvents such as
dichloromethane.l**) Table 1 lists examples of cleavage of
Fmoc-amino acids by various bases. Importantly, it was dem-
onstrated that the free amino group of the resin-bound amino acid
does not have any significant effect on the Fmoc group of the
incoming amino acid.??! A greater concern is the possible
decomposition in DMF or NMP. However, Fmoc-Gly was found
to be deprotected after 7 days to the extent of only 5 and 14 %
respectively in these two solvents as monitored by HPLC.*¥
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The proposed mechanism of base-mediated cleavage of the Fmoc group and subsequent DBF adduct
formation during SPPS.["*! PG: protecting group.
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Fig. 2. Selected cleavage reagents of Fmoc group: (a) conventional
deprotection reagents; (b) alternative deprotection reagents.

Importantly, during Fmoc deprotection, following abstrac-
tion of the acidic proton at the 9-position of the fluorene ring, 3-
elimination occurs to give a reactive dibenzofulvene (DBF)
intermediate.!') DBF can be sequestered by excess amine
cleavage reagent to form stable adducts (Scheme 1).!'>) The
factors governing the rates of adduct formation remain unclear
but both basicity and nucleophilicity as well as steric factors are
critical. Piperazine, piperidine, and morpholine undergo rapid
adduct formation whereas the sterically hindered 2,6-lutidine
and the primary amine propylamine do not.!"”!

In a reexamination of selected secondary amines for prefer-
ential use in Fmoc-based SPPS, solution experiments using
Fmoc-Val showed a cleavage rate half-life ¢, of ~1min in
50 % morpholine, ~30s in 5% piperazine, and ~65s in 20 %
piperidine, all in DMF solution. Piperidine has been used in a
range of concentrations from 5 to 50 % (v/v) in DMF but 20 %
(v/v) piperidine in DMF has been adopted as the general, default
reagent for Fmoc deprotection in SPPS.[*¥)

Alternative N*-Fmoc Deprotection Methods

Other interesting alternative deprotection methods that have
been reported include the use of tetrabutylammonium fluoride
(TBAF) in DMF. It was shown to rapidly remove the Fmoc
group in SPPS (Fig. 2).1**) However, as TBAF cannot sequester
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Table 1. Cleavage of Fmoc-Val-OH by selected bases (adapted from ref. [23])
Fmoc-amino acid Base Solvent Time [min] % Deprotection
Val 50 % Morpholine DMF 1 50
Val 20 % Piperidine DMF 0.1 100
Val 5% Piperazine DMF 0.33 50
Val 50 % Dicyclohexylamine DMF 35 50
Val 10 % 4-Dimethylaminopyridine DMF 85 50

the liberated DBF, it is best suited to continuous-flow synthesis
where the DBF is continually forced from the resin to prevent its
back-attachment. Its more general use is further limited owing to
significant aspartimide formation during the assembly of sen-
sitive peptide sequences.”®! Wade and colleagues showed that
the non-nucleophilic base 1,8-diazabicyclo[5.4.0]Jundec-7-ene
(DBU) at a concentration of 2 % in DMF efficiently and rapidly
removes the Fmoc group (Fig. 2).1*”) Using resin-bound S-trityl
cysteine as a model, base-induced racemization is substantially
reduced with DBU compared with 20% (v/v) piperidine in
DMF. However, like TBAF, this tertiary amidine is unable to
scavenge the DBF that is formed on Fmoc removal, thus pre-
venting alkylation of the newly liberated amino group. For this
reason, use of this strong base is recommended for continuous
flow synthesis systems.[*”! For conventional batchwise synthe-
sis, DBU can be used in combination with, typically, 5%
piperidine to quench the liberated DBF.[** It was further shown
to be particularly beneficial for the synthesis of so-called ‘dif-
ficult peptide’ sequences, which suggested that insufficient
Fmoc deprotection is a significant contributory factor to the past
failure of such syntheses in addition to incomplete amino acid
acylation.*”! Use of DBU was shown to be particularly bene-
ficial for the assembly of thioamide peptides, with lower levels
of epimerization being observed compared with the use of
piperidine.*”) Caution is especially advised when using DBU
for the synthesis of sensitive Asp-containing sequences, with
reports of aspartimide formation being a major issue.[?¢>!3%]
This problem has been the subject of much investigation given it
is an inherent problem with base-mediated Fmoc deprotection.
The problem can be circumvented by use of N-(2-hydroxy-4-
methoxybenzyl) (Hmb) backbone-protected dipeptides.[*¥)
However, this approach is not always practical owing to the high
cost of the dipeptides or lack of commercial availability. More
recently, it was shown that aspartimide formation can be ame-
liorated by addition of small amounts (5 % v/v) of organic acids
such as formic acid to the deprotection solution.**! A recent
study showed that combination of the weaker base, piperazine
(5% v/v), with 2% (v/v) DBU in DMF provided superior Fmoc
deprotection. Addition of 1% formic acid to this combination
prevented aspartimide formation.!*!

Interestingly, sodium azide in DMF has been shown to
cleanly remove the Fmoc group without causing aspartimide
formation or racemization. However, the need for conditions
involving elevated temperature and long reaction times together
with the known explosive potential of the sodium azide salt
obviously limits its usefulness.**) More recently, Di Giola and
colleagues showed that the Fmoc group could be removed by a
cheap, less toxic and readily available base such as triethylamine
and an imidazolium-based ionic liquid such as 1-butyl-3-
methylimidazolium tetrafluoroborate ([Bmim][BF,]) (Fig. 2).
However, while effective for solution methods, it is an involved

process requiring ether extraction and subsequent protonation of
the amine to remove the DBF. It has not yet been adapted to
Spps.lP7!

The enduring popularity of piperidine for N*-Fmoc depro-
tection has been tempered in recent years by the fact that it is a
controlled substance that is regulated by the US Drug Enforce-
ment Agency owing to it being the basis for the synthesis of
narcotic drugs and psychotropic compounds. Renewed efforts
have been expended to reexamine previously assessed deprotec-
tion reagents as well as to identify and adopt alternative ones in
addition to those mentioned above. In a detailed study, Albericio
and colleagues compared the performance of three different
bases, 4-methylpiperidine, piperidine, and piperazine, using
different test peptides that were assembled under microwave-
mediated SPPS conditions. They showed that all three bases
generally behaved similarly, with Fmoc-group removal being
rapid. However, when cost-effectiveness was considered, piper-
azine was superior, more so given it is a solid reagent, which is
advantageous for ease of transportation.*®! In another study,
piperidine was compared with 2-, 3-, and 4-methylpiperidine
together with 4-methylpiperazine and piperidine under standard
SPPS conditions. 4-Methylpiperidine performed as well as
piperidine and is now gaining widespread popularity.'**) More
recently, Rodriguez and colleagues also confirmed the effec-
tiveness of 4-methylpiperidine but recommended the use of
lower concentrations (2.5 % v/v in DMF), which is as effective
but has reduced toxicity.[*"’

The N*-Fmoc Group in ‘Green’ Chemical Peptide Synthesis
Strategies

Much recent effort has been devoted by both academia and
industry to significantly improve the environmental impact of
chemical peptide synthesis. The latter includes substantial
amounts of toxic process solvents such as DMF and NMP due
to the large number of repetitive chemical steps required to
produce a peptide together with intermediate washing. As an
example, the industrial production of 500 kg of a nonapeptide
requires an extraordinary 2500t of NMP, creating additional
issues such as the need for both waste tank farms and rail car
transport.[*'! Critically, owing to their reproductive toxicity,
DMF and NMP have recently been labelled by Registration,
Evaluation, Authorisation and Restriction of Chemicals —
European Chemicals Agency (REACH-ECHA) as substances of
very high concern (SVHC), leading to a concerted effort to
replace these with environmentally acceptable alternatives.[*”)
Albericio and colleagues have undertaken substantial research
into alternatives to these organic solvents and reported that
greener solvents such as 2-methyltetrahydrofuran (2-MeTHF)
and cyclopentyl methyl ether (CPME) were more attractive
alternatives.[**) However, the Fmoc-removal steps with these
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solvents were not optimal following SPS of a ‘difficult peptide’
in which both deletion peptides and N*-Fmoc-peptides were
obtained after liberation from the solid support. A systematic
evaluation of a range of green solvents showed that Fmoc
deprotection worked best in y-valerolactone when 20 % piper-
idine was employed. N-Formylmorpholine also showed good
results. 4

A recent round-table assessment of best practices in peptide
synthesis, particularly in relation to pharmaceutical scale, identi-
fied the need for greater sustainability across all spheres of current
methodology, including solid supports, protecting groups, and
solvents including cleavage reagents.**! The need for greener
solvents was highlighted and it was noted that propylene carbon-
ate has been successfully employed as an alternative to DMF in
SPPS. N-Butylpyrrolidinone (NBP) was also shown to be a
suitable alternative for certain applications despite its higher
viscosity and greater cost. The consensus appears to be that use
of green solvents will eventually be more widely adopted but
that further optimization and increased compatibility of each of
the individual components associated with chemical peptide
synthesis, including Fmoc deprotection, will be required.!*”’

Concluding Remarks

With the explosive increase in genomic information and the
concurrent identification of numerous novel peptide sequences
across all species, there has come a demand for faster and more
efficient means of chemically synthesizing these biomolecules
or their fragments that allow ligation of these to be assembled
into large peptides and small proteins.*! The need for the
chemical preparation of peptidomimetics!®”! and of related
biomolecules such as peptide nucleic acids!®! has similarly
increased given that these are often not amenable to recombinant
DNA expression methods. The development of the Fmoc group
and its successful use together with modern SPPS strategies
have unquestionably contributed enormously to meeting this
demand, particularly in now allowing the assembly of peptide-
ester segments with the establishment of methods for native
chemical or enzymatic ligation of peptide segments. The
enduring popularity and overwhelming use of the Fmoc group in
chemical peptide synthesis show no sign of abating in the
foreseeable future and are an enduring legacy of the remarkable
contributions of both Louis Carpino and Bob Sheppard.
They will also likely ensure that it will remain the preeminent
N*-protecting group for decades to come.
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