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Abstract: N,N,N¢,N¢-Tetramethylfluoroformamidinium hexafluoro-
phosphate (TFFH) has been shown to be an excellent peptide-cou-
pling reagent. It is an easily handled, crystalline compound, it has a
long shelf life, and it reacts rapidly with carboxylic acids to give the
corresponding acid fluorides or mixed anhydrides depending on the
reaction conditions. TFFH has been shown to be useful as a peptide-
coupling reagent and for the preparation of various carboxylic acid
derivatives. Both aspects will be surveyed in this Account.
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1 Introduction

Recently, the use of new coupling reagents for peptide
synthesis has been reviewed.1 The present Account con-
centrates on the fluoroformamidinium salts which show
some advantages over other commonly used coupling re-
agents.

2 Formation of Carboxylic Acid Halides

The most obvious method for activating the carboxyl
group of an amino acid for amide bond formation at room
temperature or below would appear to be via a simple acid
chloride.2 The acid chloride method was first introduced
into peptide chemistry by Fischer in 1903.3 Since then,
chlorination of amino acids has been carried out with
various chlorinating reagents, such as pivaloyl chloride,4

phthaloyl dichloride,5 thionyl chloride,6 and oxalyl chlo-
ride.7 Thionyl chloride in pyridine was applied to the cou-
pling reactions for this purpose.7b Other useful acid
halogenating reagents are cyanuric chloride8 (1) and 2-
chloro-4,6-dimethoxy-1,3,5-triazine9 (CDMT, 2) (Figure 1).
Gilon has reported the use of bis(trichloromethyl) carbon-
ate (BTC, 3) as a chlorinating reagent in solid-phase pep-
tide synthesis.10 There is some question as to the nature of
the exact intermediates involved in the Gilon process.10b

Coupling reactions mediated by BTC gave good results
for Fmoc-amino acids containing acid-labile side chains.
In some solvents, such as N-methyl-2-pyrrolidinone, reac-
tion with BTC gives the chloroiminium ion. Since this
leads to racemization, inert solvents such as tetrahydro-
furan or dioxane are used in the Gilon reaction. For many

Figure 1 Structures of chlorinating reagents
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years acid chlorides were rarely used and, among peptide
practitioners, they long ago gained the reputation of being
‘overactivated’ and therefore prone to numerous side
reactions including loss of configuration.11 However, be-
cause of the stability of the 9-fluorenylmethoxycarbonyl
(Fmoc) group to the conditions of preparation, Fmoc-
amino acid chlorides were shown to be very useful in pep-
tide coupling. Under appropriate conditions such acid
chlorides can be used without loss of configuration. Be-
cause of their high reactivity, they can be used for highly
hindered substrates. One deficiency of these systems is
that acid-sensitive side chains, such as those derived from
tert-butyl residues, cannot be accommodated.6c Acid fluo-
rides, on the other hand, are known to be more stable to
hydrolysis than acid chlorides and, in addition, are not
subject to the limitation mentioned with regard to tert-
butyl-based side-chain protection. Thus, Fmoc-based
solid-phase peptide synthesis can be easily carried out via
Fmoc-amino acid fluorides.12,13 Cyanuric fluoride (4)
(Figure 2) is the most commonly used reagent for the con-

version of amino acids into the corresponding acid fluo-
rides.13

Other reagents which can be used are (diethylamino)sul-
fur trifluoride (DAST),14 and the pyridinium salts FEP (2-
fluoro-1-ethylpyridinium tetrafluoroborate, 5) and FEPH
(2-fluoro-1-ethylpyridinium hexachloroantimonate, 6)15

(Scheme 1), Mukaiyama reagents modified by substitu-
tion of the simple halide counterion for the more solubi-
lizing BF4

– or SbCl6
– counterion.15,16

The conversion of acids into acid fluorides with all of
these reagents follows a similar process. For example,
with cyanuric fluoride (4) the intermediate 7 is involved
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(Scheme 2). The presence of a base was found to be essen-
tial for formation of the carboxylic acid fluorides. IR and
UV spectroscopic measurements confirm this course of
the reaction.16–18

Standard methods for the preparation of carboxylic acid
fluorides often involve noxious reagents such as various
metal fluorides.19 A notable advance was the development
of fluoroformamidinium salts. Carpino and El-Faham re-
ported that the air-stable, non-hygroscopic solid
N,N,N¢,N¢-tetramethylfluoroformamidinium hexafluoro-
phosphate (TFFH, 8) acts as a convenient in situ reagent
for the formation of amino acid fluorides during peptide
synthesis (Scheme 3).20 TFFH is especially useful for the
two amino acids histidine and arginine since the corre-
sponding amino acid fluorides are themselves not stable
toward isolation or storage.

Infrared examination shows that, in the presence of N,N-
diisopropylethylamine (DIPEA), Fmoc-amino acids are
converted into the acid fluorides using TFFH.20 In dichlo-
romethane solution at room temperature, an IR absorption
characteristic of the carbonyl fluoride moiety (1842 cm–1)
appears after about 3 minutes, with complete conversion
into the acid fluoride occurring after 8–15 minutes. For
hindered amino acids [e.g., a-aminoisobutyric acid
(Aib)], complete conversion may require 1–2 hours.20,21 If
desired, the acid fluorides may be isolated and purified,
making TFFH a benign substitute for the corrosive cyanu-
ric fluoride.

Other analogous reagents have also been synthesized
(Figure 3). Bis(tetramethylene)fluoroformamidinium hexa-
fluorophosphate (BTFFH, 9) has the advantage over
TFFH in that, upon workup, the reaction mixture does not
generate toxic byproducts.21,22

Fluorinating reagents 9, 11, 12, and 13 behave in a similar
way to 8 in their ability to provide a route to amino acid
fluorides for both solution and solid-phase reactions,20,21

whereas 10, being more reactive but more sensitive to
moisture, never gives complete conversion into the acid
fluoride. Except for 10, all of these reagents can be han-
dled in air in the same way as common onium reagents,23

such as N-[(dimethylamino)(1H-1,2,3-triazolo[4,5-b]py-
ridin-1-yl)methylene]-N-methylmethanaminium hexa-
fluorophosphate N-oxide (N-HATU, 14)24 and N-[(1H-
benzotriazol-1-yl)(dimethylamino)methylene]-N-methyl-
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methanaminium hexafluorophosphate N-oxide (N-HBTU,
15)25 (Figure 4).

For some amino acids, e.g. Fmoc-Aib-OH, it was found
that the use of TFFH alone gave results that were less sat-
isfactory than those obtained with isolated amino acid fluo-
rides. The deficiency was traced to inefficient conversion
into the acid fluoride which, under the conditions used
(DIPEA, 2 equiv), was accompanied by the corresponding
symmetric anhydride and oxazolone.21,26 On the other
hand, it has now been shown that if a fluoride additive
such as benzyltriphenylphosphonium dihydrogen trifluo-
ride (PTF, 16) or hydrogen fluoride–pyridine (17)27

(Figure 5) is present during the activation step, the latter
two products can be avoided and a maximum yield of acid
fluoride is obtained. Assembly of the difficult pentapep-
tide Tyr-Aib-Aib-Phe-Leu-NH2 via TFFH coupling in the
presence of PTF (16) gave a product of similar quality to
that obtained via the isolated acid fluorides.

Figure 5

More interestingly, conversion of the acid into the acid
fluoride was also observed upon treatment with N,N¢-di-
cyclohexylcarbodiimide (DCC, 18), diisopropylcarbodi-
imide (DIC, 19) (Figure 6), N-HATU (14), or N-HBTU
(15) in the presence of the additive PTF (16).27,28

Figure 6

Because the fluoride additive binds excess hydrogen fluo-
ride as part of the complex dihydrogen trifluoride anion,
an accompanying acidic buffering effect might prove to
be of value in the case of coupling reactions where loss of
configuration at the activated carboxylic acid residue
might be important. Such a protective effect was in fact
observed in the case of the sensitive histidine derivative
Fmoc-His(Trt)-OH upon reaction with proline amide,
which with TFFH/DIPEA under ordinary conditions gave
the desired dipeptide in good yield with 7.4% stereomuta-
tion; in the presence of additive 16, stereomutation
dropped to 1.8%.27

Generation of the amino acid fluoride using TFFH (8) is
more efficient if PTF (16) is present, as shown by model
solid-phase syntheses.27 Presumably, this technique can
also be used to improve conversion into the isolable acid
fluorides.28

3 General Method for the Synthesis of Fluoro-
formamidinium Salts

Following is a typical procedure for the preparation of
fluoroformamidinium salts;20 namely, TFFH (8)
(Scheme 4):

In a two-liter, three-necked round flask equipped with a
mechanical stirrer, an addition funnel, and a reflux con-
denser, oxalyl chloride (70 mL, 0.80 mol) was added in
one portion to a solution of 1,1,3,3-tetramethylurea (69.7
g, 0.60 mol) in toluene (1 L) with vigorous stirring. The
mixture was heated at 60 °C for two hours and then cooled
to room temperature. The addition funnel was replaced
with a fritted adapter and the supernatant liquid was ex-
pelled using a positive pressure of nitrogen. The precipi-
tate was collected and washed with toluene and then with
anhydrous diethyl ether. The dichloro salt was collected
and dissolved quickly in dichloromethane (1 L) and treat-
ed with a saturated solution of potassium hexafluorophos-
phate (0.6 mol) in water. The reaction mixture was stirred
vigorously at room temperature for 10–15 minutes and
then the dichloromethane phase was collected and dried
(MgSO4). The solvent was removed under reduced pres-
sure to give the chloro salt, TCFH (20). To a solution of
20 (0.5 mol) in anhydrous acetonitrile (300 mL) was add-
ed oven-dried anhydrous potassium fluoride (1.5 mol) and
the mixture was stirred at room temperature for three
hours (monitoring by 1H NMR spectroscopy). Longer
times are required for large-scale preparations. Following
the removal of potassium chloride by filtration, the filtrate
was concentrated and the residue was recrystallized
(MeCN–Et2O) to give TFFH (8) as non-hygroscopic,
white crystals in 92% yield.

Figure 3 Structures of fluorinating reagents
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The above method has been modified for a one-pot prep-
aration,29 as follows:

In a one-liter, three-necked flask equipped with a mechan-
ical stirrer, an addition funnel, and a reflux condenser, ox-
alyl chloride was added over a period of 10 minutes to a
solution of 1,1,3,3-tetramethylurea in anhydrous dichlo-
romethane with vigorous stirring. The reaction mixture
was refluxed for three hours and the solvent was removed
under reduced pressure. The residue was washed twice
with anhydrous diethyl ether and dissolved in anhydrous
acetonitrile. Then, a predried mixture of potassium fluo-
ride (3 equiv) and potassium hexafluorophosphate (1
equiv) was added. The resulting mixture was heated at
60 °C for three hours, then the reaction mixture was
cooled to room temperature, filtered, and washed with
acetonitrile. The combined filtrate was concentrated, the
resulting oily residue was taken up in hot dichlo-
romethane, and the cloudy solution was filtered while hot
and concentrated under reduced pressure to approximate-
ly half the volume. Anhydrous diethyl ether was added
with vigorous stirring to promote precipitation of the salt
as a white solid, in a yield of 91%.

4 Solution and Solid-Phase Peptide Coupling 
Using TFFH

Not only does the acid fluoride methodology coexist well
with acid-sensitive groups [tert-butoxycarbonyl (Boc)
and tert-butyl side-chain-protecting groups, see Section
2], it is the unique acyl fluoride functionality itself that is
likely to assure the widespread applicability of this gener-
al class of reagents.12a,20,30 Due to the nature of the C–F
bond, acyl fluorides are of greater stability than the corre-
sponding chlorides toward neutral oxygen nucleophiles
such as water or methanol, yet appear to be of equal or
nearly equal reactivity toward anionic nucleophiles and
amines.12a,13c,20

Use of the fluoroformamidinium salts TFFH (8) and
BTFFH (9) was shown to be as effective as the isolated
acid fluorides in either solution or solid-phase peptide as-
sembly. Arginine, however, represents a special case.
Reaction between Fmoc-Arg(Pbf)-OH (Pbf = 2,2,4,6,7-
pentamethyl-2,3-dihydrobenzofuran-5-ylsulfonyl) and
TFFH or BTFFH in the presence of N,N-diisopropylethyl-
amine (1:1:2) in N,N-dimethylformamide was monitored
by infrared analysis. The acid fluoride (IR: 1845 cm–1)
was generated within 2 minutes and, although it slowly
cyclized to the corresponding lactam (IR: 1794 cm–1), a

significant amount of the acid fluoride remained unreact-
ed even after 60 minutes20,21a

TFFH has recently been used as an in situ reagent for sol-
id-phase peptide synthesis. In many ways TFFH is an ide-
al coupling reagent for solid-phase syntheses, being
readily available, inexpensive, and capable of providing
crude peptides of high quality.21 Examples are applica-
tions to leucine enkephalin (21),20 the prothrombin amide
22,20,21 ACP (65–74) (23),31 bradykinin amide (24),21b hu-
man preproenkephalin (100–111) (25),32 insulin B-chain
(19–25)(26),21a substance P (27),33 the peptaibols alame-
thicin amide (28)34 and magainin I amide (29),21 and the
leucine enkephalin analogue 30 containing adjacent Aib
units in place of the Gly units (Table 1).21,22 The final sys-
tem is often used as a simple model in order to compare
various coupling reagents.22

Using N,N-dimethylformamide as solvent and an instru-
ment programmed for 7 minutes of preactivation, 7 min-
utes of deblocking, and 30 minutes of coupling [fivefold
excess of acid, tenfold excess of base (DIPEA)] for all
amino acids, except in the case of Aib-Aib for which a
one-hour double coupling was used, pentapeptide 30 was
obtained in 88% yield with a purity of crude product of
92% (amount of des-Aib tetrapeptide: 4%).21 In contrast,

Scheme 4 Synthesis of TFFH
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Table 1 Examples of Solid-Phase Peptide Couplings Using TFFH

Entry Compound  Amino acid sequence

1 21 H-Tyr-Gly-Gly-Phe-Leu-OH

2 22 H-Ala-Asn-Lys-Gly-Phe-Leu-Glu-Glu-Val-NH2

3 23 H-Val-Gln-Ala-Ala-Ile-Asp-Tyr-Ile-Asn-Gly-
NH2

4 24 H-Arg-Pro-Pro-Gly-Phe-Ser-Pro-Phe-Arg-NH2

5 25 H-Tyr-Gly-Gly-Phe-Met-Lys-Arg-Tyr-Gly-Gly-
Phe-Met-NH2

6 26 H-Cys-Gly-Glu-Arg-Gly-Phe-Phe-NH2

7 27 H-Arg-Pro-Lys-Pro-Gln-Gln-Phe-Phe-Gly-Leu-
Met-NH2

8 28 Ac-Aib-Pro-Aib-Ala-Aib-Ala-Glu-Aib-Val-Aib-
Gly-Leu-Aib-Pro-Val-Aib-Aib-Glu-Gln-Phe-NH2

9 29 H-Gly-Ile-Gly-Lys-Phe-Leu-His-Ser-Ala-Gly-
Lys-Phe-Gly-Lys-Ala-Gly-Glu-Ile-Met-Lys-Ser-
NH2

10 30 H-Tyr-Aib-Aib-Phe-Leu-NH2
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under similar conditions, earlier syntheses23b using HATU
and HBTU gave the pentapeptide in 94% purity and 43%
purity,20 respectively.

5 Synthesis of Small Phosphotyrosine-
Containing Peptides and Peptide Mimetics 
Incorporating a-Methylated Amino Acids

A series of small phosphotyrosine-containing peptides
with the sequence mAZ-pTyr-Xaa-Asn-NH2 (mAZ =
m-aminobenzyloxycarbonyl) (Figure 7) were synthesized
as highly potent inhibitors of the Grb2-SH2 domain;35

these systems are important for signal transduction.35,36

Couplings involving a-methylated amino acids were car-
ried out using TFFH. Other amino acids were introduced
via standard coupling techniques. The building block
Fmoc-L-(a-Me)Tyr(PO3Bn)2-OH was synthesized follow-
ing the general methods for preparing protected phospho-
tyrosine.37–39

Figure 7 Small phosphotyrosine-containing peptides

6 Synthesis of Lysine Analogues

Lysine analogues have been introduced into pseudopep-
tide sequences by use of the acyl fluoride methodolo-
gy.40,41 In order to synthesize such compounds, it is
necessary to use a single synthon which would afford a
wide range of pseudopeptides. Such a strategy relies upon
the unique properties of the triflate derivatives 31 of
6-(benzyloxycarbonylamino)hexanoic acid derivatives.
Triflates 31 can easily be obtained through a four-step

sequence starting from lysine.40 Triflates 31 could be
treated with various nucleophiles to afford the 2-substitut-
ed derivatives (Scheme 5). The coupling step of the sec-
ondary amines obtained by reaction of the triflate 32 with
primary amines, with an aspartic acid derivative with
proper protection of the a-amino and side-chain carboxy-
lic acid groups, was investigated (Scheme 6).40 From the
different activation methods screened (PyBroP, PyBOP,
mixed anhydride), only the acyl fluoride method using
TFFH gave a consistently good yield (60–80%) whatever
the amino component.40

7 Synthesis of Proline Conformation in Tripep-
tide Fragments of Bovine Pancreatic Ribonu-
clease A Containing the Nonnatural Proline 
Analogue 5,5-Dimethylproline

Based on the sequence of residues 92–94 (Tyr-Pro-Asn)
and 113–115 (Asn-Pro-Tyr) in bovine pancreatic ribonu-
clease A, in which the X-Pro peptide groups are in the cis
conformation, the tripeptides Ac-Tyr-dmP-Asn and Ac-
Asn-dmP-Tyr (L-DMP = L-5,5-dimethylproline) were
synthesized using the Fmoc-amino acids strategy with
TFFH as coupling reagent in the presence of DIPEA as a
base. This gave a higher yield (75%) than the TBTU strat-
egy (58%).42

8 Synthesis of Different Types of Dipeptide 
Building Units Containing N- or C-Terminal 
Arginine for the Assembly of Backbone 
Cyclic Peptides

Different types of dipeptide building units containing N-
or C-terminal arginine were prepared for the synthesis of
backbone cyclic analogues of the peptide hormone brady-
kinin (Arg-Pro-Pro-Gly-Phe-Ser-Pro-Phe-Arg).43 In order
to avoid lactam formation of the N-terminal arginine to

mAZ-pTyr-pTyr-Asn-NH2

mAZ-pTyr-(α-Me)pTyr-Asn-NH2

mAZ-pTyr-(α-Me)Phe(4-CO2H)-Asn-NH2

mAZ-pTyr-(α-Me)Phe(4-CH2CO2H)-Asn-NH2

Scheme 5 Synthesis of L-lysine analogues: (a) ROH/H+; (b) Z-OSu, Et3N; (c) BzlBr, Et3N, acetone; (d) Tf2O, lutidine, CH2Cl2; (e) nucleo-
phile, Et3N; (f) TFFH (1.2 equiv), DIPEA (2 equiv) CH2Cl2.
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the alkylated amino acids at position 2 during the conden-
sation, the guanidine function has to be protected. The
best results were obtained upon coupling Z-Arg(Z2)-OH
with TFFH/collidine in dichloromethane. Another dipep-
tide building unit with an acylated reduced peptide bond
containing C-terminal arginine was prepared to synthe-
size bradykinin analogues with backbone cyclization at
the C-terminal.

9 Synthesis of Peptidyl Methylcoumarin Esters 
as Substrates and Active-Site Titrants for 
Prohormone Processing

Although peptidyl methylcoumarin amides are well estab-
lished as model substrates for understanding protease
specificity, the corresponding methylcoumarin esters
have attracted scant attention despite their potential utility
in active-site titration mechanistic characterization. Initial
attempts to synthesize methylcoumarn esters via a modi-
fication of the well-established isobutyl chloroformate
coupling procedure used to prepare methylcoumarin
amides gave low yields and extensive racemization.44

Several other coupling reagents gave only trace amounts
of product. Transesterification of commercially available
protected p-nitrophenyl esters proceeded readily, but the
resulting products were contaminated with trace amounts
of p-nitrophenol, which proved incompatible with subse-
quent manipulations. As described,44 the best results were
obtained via DCC coupling with 1.2–2.0 equivalents of
7-hydroxy-4-methylcoumarin (b-methylumbelliferone,
hymecromone) using N-methylmorpholine as base and
ethyl acetate–N-methyl-2-pyrrolidinone as solvent. Poor
results were obtained with ethyl acetate as sole solvent be-
cause of the low solubility of the alcohol. Attempts to cou-
ple the methylcoumarin (a-amino) esters (a-amino
MCEs) to tripeptides using standard segment-coupling
conditions gave poor yields and unacceptable levels of

racemization. After an extensive survey of coupling re-
agents and protocols, the optimal results were obtained by
activating tripeptides with the coupling reagent TFFH at
0 °C. The a-amino ester was then added slowly under ar-
gon and allowed to react overnight at 4 °C. Some racem-
ization of the activated residue in the tripeptide occurred
with this procedure (<13%), but the epimers were separa-
ble by HPLC; however, such purification has proven un-
necessary, because interference from minor epimers has
not affected the characterization of serine proteases with
these compounds. Additionally, in all cases examined, ra-
cemization at the MCE-containing C-terminal residue it-
self has been undetectable. This procedure has been
successfully used to prepare a number of tetrapeptidyl
methylcoumarin esters 33 (Scheme 7), including Z-Ala-
Tyr-Lys-Lys-MCE, Z-Nle-Tyr-(Boc)Lys-Arg(Mtr)-MCE
(Mtr = 4-methoxy-2,3,6-trimethylphenylsulfonyl), Z-Nle-
Tyr-Lys-(D-Lys)-MCE, and Z-(D-Nle)-Tyr-Lys-Lys-
MCE.

10 Synthesis of Boc-(N-All)Xaa-(N-All)Xaa-
OMe

Dipeptides containing a N-allyl substituent on both nitro-
gens have been prepared from the N-alkylated amino ac-
ids and N-alkylated amino acid esters in the presence of
TFFH as coupling reagent to afford the dipeptides in 35–
75% yield.45 The resulting dipeptides were subjected to
ring-closing metathesis (RCM) using Grubbs catalyst to
afford the cyclized dipeptides,46 e.g. 34 (Scheme 8).

11 Synthesis of Alamethicin F30 and Analogues 
Using TFFH 

The use of Fmoc-amino acid fluorides for the solid-phase
synthesis of Aib-containing polypeptides has proved to be

Scheme 6 Preparation of pseudotripeptides: (a) Z-OSu, Et3N; (b) WSC (water soluble carbodiimide, 1.5 equiv), DIPEA (3 equiv), HOBt (1
equiv), ProOBut (1.2 equiv); (c) Tf2O, lutidine, –78 °C; (d) H2NOBn (5 equiv); (e) NH2CH2CH=CH2, Et3N (4 equiv); (f) TFFH (1.2 equiv),
DIPEA (2 equiv), CH2Cl2.

CO2H

NH2

H2N

R

a–c
NHZ

TfO

R

32

d or e
NHZ

XHN

CO2Bn

CO2HBocHN
Sf

BocHN

BnO2C

O

N

X

NHZ

X = CH2–CH=CH2, OBn

R

O

N

CO2t-Bu

O

N

CO2t-Bu

S

O

N

CO2t-Bu

S

D
ow

nl
oa

de
d 

by
: U

ni
ve

rs
ity

 o
f P

itt
sb

ur
gh

. C
op

yr
ig

ht
ed

 m
at

er
ia

l.



ACCOUNT TFFH in Peptide and Organic Synthesis 893

Synlett 2009, No. 6, 886–904 © Thieme Stuttgart · New York

the method of choice for these difficult sequences.47–49

The synthesis of alamethicin peptides N- and C-terminal-
ly modified with fullerene or lipopeptide units were car-
ried out by in situ acid fluoride activation with TFFH- on
2-chlorotrityl chloride polystyrene resin and conjugation
with fullerenes C60 and C70 was carried out in solution.50

Further improvements were presented for automated sol-
id-phase synthesis via generation of Fmoc-amino acid flu-
orides in situ using TFFH. Examples for the in situ
activation with TFFH for the synthesis of difficult peptide
sequences without Aib residues have been reported in a
short communication.51

11.1 C-Terminal Alamethicin F30–Fullerene C60 
and C70 Conjugates

The synthesis of the two conjugates is outlined in
Scheme 9.52 The fully protected alamethicin F30-2-amino-
ethyl amide was synthesized on a PE Applied Biosystems
Synthesizer 433A.52 The first residue Fmoc-L-phenylala-
nine (replacing phenylalaninol) was coupled to the resin
loaded with ethane-1,2-diamine. All couplings were car-
ried out with Fmoc-amino acid (10 equiv), TFFH (10
equiv), and N,N-diisopropylethylamine (20 equiv) in pure
N,N-dimethylformamide for 60 minutes. Cleavage from
the resin was performed with hexafluoro-2-propanol–
dichloromethane (2:3) for one hour and, after partial
concentration, the polypeptide was precipitated with

Scheme 7 Synthesis of tetrapeptidyl methylcoumarin esters
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Scheme 8 Synthesis of a cyclized dipeptide
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Scheme 9 C-Terminal active ester conjugation of fullerene C60 or C70 in solution to [Phe20]alamethicin F30-2-aminoethyl amide synthesized
on 2-chlorotrityl resin using in situ TFFH activation; (a) cleavage (hexafluoro-2-propanol–dichloromethane, 1 h); (b) coupling of the fullerene
succinimide ester (CH2Cl2, 4 h), precipitation, and flash chromatography on silica gel; (c) deprotection [TFA–CH2Cl2 (1:1) containing 5% H2O
and 2% i-Pr3SiH].
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n-hexane–diethyl ether (1:1). After lyophilization from
tert-butyl alcohol–water (4:1) and purification by RP-
HPLC, the side-chain-protected alamethicin F30-2-ami-
noethyl amide was acylated with 1,2-dihydro-1,2-
methanofullerene(60)-61-carboxylic acid succinimide es-
ter or 1,2-dihydro-1,2-methanofullerene(70)-71-carboxylic
acid succinimide ester in dichloromethane within four
hours. After precipitation with n-hexane and flash chro-
matography on silica gel using chloroform–methanol
(9:1), the protected conjugate (35% yield) was treated
with trifluoroacetic acid–dichloromethane (1:1) contain-
ing 5% water and 2% triisopropylsilane. Coordination
ion-spray mass spectra (CIS-MS) showed the expected
molecular ions of C-terminal [Phe20]alamethicin F30-2-
aminoethyl amide–fullerene conjugates as ion adducts.52

11.2 N-Terminal Alamethicin F30–Fullerene C60 
Conjugate

2-Chlorotrityl chloride resin was loaded with Fmoc-L-
phenylalaninol and the alamethicin sequence was built up,
as outlined in Scheme 10;53 however, instead of attaching
acetyl-a-aminoisobutyric acid as the last residue, Fmoc-
Aib-OH followed by Fmoc-6-aminohexanoic acid was in-
troduced. The 21-peptide was deprotected and cleaved
from the resin with trifluoroacetic acid–dichloromethane
(1:1) containing 5% water and 2% triisopropylsilane. Pre-
cipitation with n-hexane–diethyl ether, lyophilization
from tert-butyl alcohol–water (4:1), and purification by
HPLC on a C18 reversed-phase column yielded the free
21-peptide. N-Terminal acylation was performed with
fullerene(60)-carboxylic acid (1 equiv),52 which was dis-
solved in bromobenzene–N,N-dimethylformamide (2:1)
and activated with HATU (1 equiv) and N,N-diisopropyl-
ethylamine (10 equiv) for 30 minutes, and then added to

Scheme 10 N-Terminal conjugation of fullerene(60)-carboxylic acid to [Ac21]alamethicin F30 synthesized on 2-chlorotrityl resin using
TFFH activation; (a) cleavage and deprotection [TFA–CH2Cl2 (1:1) containing 5% H2O and 2% i-Pr3SiH]; (b) after purification (RP-HPLC),
conjugation in solution with fullerene(60)-carboxylic acid (preactivation with HATU, DIPEA, bromobenzene–DMF, 15 h).
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Scheme 11 Synthesis of isothiocyanates, imidazolidine-2-thiones, and hydrazides using TFFH
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the solid 21-peptide. After 15 hours, the crude conjugate
was purified by flash chromatography on silica gel using
chloroform–methanol (7:3) with 1% triethylamine as elu-
ent. The product was characterized by CIS-MS.52,53

12 Miscellaneous Examples

12.1 Synthesis of Isothiocyanates and Hydrazides

A mild and quick method has been reported for the syn-
thesis of isothiocyanates from the corresponding amines
using TFFH.54,55 Thus, the reaction between a primary
amine, carbon disulfide, and TFFH proceeds rapidly giv-
ing the corresponding isothiocyanates 35 and 36 in good
yield (Scheme 11). With substituted ethane-1,2-diamines
the corresponding substituted imidazolidine-2-thiones 37
are formed, presumably via the isothiocyanates as inter-
mediates. TFFH activation of carboxylic acids followed
by reaction with hydrazine allows synthesis of the hy-
drazides 38–40 (Scheme 11) without contamination by
the corresponding N,N¢-diacylhydrazides (see
Scheme 12).55 This is advantageous in the case of com-
pound 38 where the reported synthesis by hydrazinolysis
of the ethyl ester gives the hydroquinone as the primary
product due to the reducing properties of hydrazine.56 If
the N,N¢-diacylhydrazide 41 is desired, the initially
formed hydrazide will react further57 (Scheme 12).

Scheme 12 Synthesis of N,N¢-diacylhydrazides and acyl azides
using TFFH

12.2 Conversion of Carboxylic Acids into Anilides 
and Azides57

Several anilides were prepared by activation of an
equimolar solution of a carboxylic acid with TFFH in

acetonitrile in the presence of triethylamine. Infrared ex-
amination of the reaction mixtures indicates that different
active intermediates may be present (Scheme 13). Activa-
tion of Z-amino acids [N-(benzyloxycarbonyl)amino
acids, urethane-type group] by means of TFFH gives ini-
tially acid fluoride 43 (IR: 1842 cm–1) as the only detect-
able species. With a N-benzoylamino acid, a mixture of
the acid fluoride (IR: 1840 cm–1) and the corresponding
oxazolone 44 (IR: 1830 and 1685 cm–1) is formed and, on
standing, the oxazolone is converted exclusively into the
acid fluoride by attack of fluoride ion.20,21,57 For phenyl-
acetic acid or cinnamic acid, mixtures of the acid fluoride
and anhydride 45 (IR: 1824 and 1780 cm–1) are formed in
the ratio 1:1.

Activation of carboxylic acids with TFFH in the presence
of sodium azide and triethylamine was carried out similar-
ly (see Scheme 12). Infrared examination of the reaction
mixture after five minutes showed the presence of the acyl
azide 42 (IR: 2100 cm–1) and traces of the acyl fluoride.
Eventually, the acyl fluoride disappeared completely (ca.
1 h).57

12.3 Acylation of Alcohols, Thiols, and 
Dithiocarbamates58

Couplings of carboxylic acids with various nucleophiles
to produce esters, amides, thioesters, etc. belong to the
most widely employed transformations in organic chem-
istry.59 Many procedures call for excess alcohol and
strong Lewis or Brønsted acid catalysis.60 Modern cou-
pling reagents utilize only an equimolar amount of acid
and nucleophile. Conditions are mild and compatible with
a wide variety of functional groups, including the most
common protecting groups.61

N,N¢-Dicyclohexylcarbodiimide (DCC, 18) is one of the
most widely used condensation agents in organic chemis-
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Scheme 13 Activation of carboxylic acids by means of TFFH
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try because it is inexpensive and can be used under mild
reaction conditions.62 DCC was introduced by Sheehan
and Hess63 in 1955 and was crucial for completion of the
first total synthesis of penicillin V;64 however, it has the
disadvantage of being of low reactivity as well as leading
to an insoluble N-acylurea byproduct.65 Halo uronium
salts such as the highly reactive 2-chloro-1,3-dimethylim-
idazolium hexafluorophosphate ( CIP, 46) (Figure 8) and
N,N,N¢,N¢-tetramethylchloroformamidinium hexafluoro-
phosphate (TCFH, 20) (see Scheme 4) have only recently
received attention for their use as dehydrating agents in
the formation of carboxylic acid derivatives other than
amides.66

Boas and co-workers67 reported the use of TFFH in the
synthesis of esters 47 and thioesters 48 via in situ acid fluo-
ride formation (Scheme 14). It was also shown that TFFH
is effective in giving thioacids 49 upon reaction with a
carboxylic acid and sodium sulfide. The thioacids are eas-
ily converted into thioesters by reaction with alkyl bro-
mides (Scheme 14).

Scheme 14 Synthesis of esters, thioesters, and thioacids using
TFFH

Acylation proceeds smoothly upon addition of triethyl-
amine to a concentrated solution of a carboxylic acid and
one equivalent of TFFH in a variety of solvents, such as
dichloromethane, chloroform, or N,N-dimethylform-
amide. All reactions proceed in high yield with little or no
side reactions, and are catalyzed by the addition of DMAP
(typically 5–10%). Inert atmosphere is only necessary if
the reactants/products are air-sensitive. Figure 9 depicts a
number of esters 50–58 that were prepared from the acid
and the corresponding alcohol via the acid fluoride using
TFFH as the fluorinating agent. A wide range of function-
alities is compatible with the mild esterification condi-
tions.

Both linear and highly hindered alcohols can be used
(Figure 9), and even the extremely acid-sensitive 4,4¢-
dimethoxytrityl group can be present, which makes the es-
terification procedure useful in the preparation of protect-
ed nucleotides for the automated synthesis of nucleosides.
Bromo ester 54 has been prepared conveniently on a 30-
gram scale, demonstrating that scaling up of TFFH reac-

tions is feasible. Sensitive esters, such as 55, and acrylic
acid esters, e.g. 56, were also prepared using TFFH. The
acrylic acid does not complicate the esterification proce-
dure which was superior to the coupling reaction between
acryloyl chloride and the corresponding alcohol.

The procedure works well with the difficult ferrocenecar-
boxylic acid, giving esters 57 and 58. These ferrocene de-
rivatives are of interest in connection with the
development of aromatic building blocks for application
in liquid crystal displays and other disciplines within the
field of materials science. It has been reported that 4,4¢-di-
hydroxybiphenyl can be monoesterified in moderate yield
with TFFH.67

Thioesters are also useful compounds in the field of mate-
rials science, and their preparation has been demonstrated
in two different ways.58 The first route proceeds via cou-
pling between an acid fluoride, prepared from the corre-
sponding carboxylic acid, and a thiol, as shown in
Scheme 14. The second route involves reaction between a
carboxylic acid, TFFH, and sodium sulfide to give the so-
dium salt of the corresponding thioacid, as outlined in
Scheme 14. Reaction with an alkyl halide then gives the
desired thioester (Figure 10). Chemoselective acylation of
dithiocarbamates from in situ generated acid fluorides and
thiazolidine-2-thione has been accomplished using TFFH
(Scheme 15, Figure 10). These derivatives are useful for
the preparation of aldehydes from the corresponding car-
boxylic acids by reduction with diisobutylaluminum hy-
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dride, but preparation of the acylated thiazolidine-2-
thione usually proceeds via a thallium(I) salt making the
synthetic procedure somewhat unattractive.67

Scheme 15 Chemoselective N-acylation of thiazolidine-2-thione
using TFFH

Figure 10 Examples of thioesters and N-acylthiazolidine-2-thiones
synthesized using TFFH as fluorinating agent

Scheme 16 Synthesis of alcohols and hydroxamic acids using
TFFH/PTF

12.4 Conversion of Carboxylic Acids into Alco-
hols and Hydroxamic Acids Using TFFH/
PTF28

The poor results obtained with some aryl carboxylic acids
in the presence of TFFH (8) can be improved by using
PTF (16) as an additive during the preactivation step. The
resulting such fluorides can be reduced to the correspond-
ing primary alcohols or converted into the hydroxamic ac-
ids 64 by reaction with sodium borohydride or
hydroxylamine, respectively (Scheme 16). Addition of
the fluoride additive (PTF) avoids symmetric anhydride
formation and allows maximum formation of the acid
fluoride.27,28

12.5 Preparation of 2-Aminobenzimidazole, 2-
Aminobenzoxazole, and 2-Aminobenzothia-
zole Derivatives68

Formamidinium salts have been mainly used as coupling
reagents in peptide synthesis by activation of the carboxyl
group of the amino acid; however, during the much slower
activation of hindered amino acids, protected peptide seg-
ments, or carboxylic acids involved in cyclization, the form-
amidinium salts may undergo reaction with the amino
component to give the corresponding guanylated deriva-
tives.69 Recently, advantage was taken of this side reac-
tion which was used for the synthesis of 1,1,3,3-
tetrasubstituted 4-aminoguanidines 65, as well as the
[1,2,4]triazolo derivatives 67 and 6970 (Scheme 17).

Interestingly, compounds such as 2-benzyl-3-hydrazino-
quinoxaline (66) or 1-hydrazinophthalazine hydrochlo-
ride (68) react with formamidinium salts in a different
manner to normal under similar conditions. In these cases,
the intermediate guanidine undergoes heterocyclization to
give the corresponding [1,2,4]triazolo derivatives 67 and
69.71,72

Similar reactions occur in the case of o-substituted
anilines, such as 2-aminophenol (70a), benzene-1,2-di-
amine (70b), and 2-aminothiophenol (70c), which give 2-
aminobenzoxazole, 2-aminobenzimidazole, and 2-amino-
benzothiazole derivatives 73a, 73b, and 73c, respectively
(Scheme 18).68 Compounds 73 could be formed by two al-
ternative routes (A or B), depending on the nucleophilici-
ty of substituent X. For route A, if X = S it is more
nucleophilic than the aniline nitrogen atom, and X attacks
the central carbon atom of the formamidinium salt to give
an intermediate which then undergoes in situ hetero-
cyclization with the loss of dimethylamine from interme-
diate 71 to give product 73c. For route B, the aniline
nitrogen atom first attacks the central carbon atom of the
formamidinium salt to give intermediate 72 which then
undergoes in situ intramolecular cyclization to afford the
azole derivatives 73a or 73b (Scheme 18).

12.6 Formation of Interchain Carboxylic Anhy-
drides on Self-Assembled Monolayers72

Recently, self-assembled monolayers (SAMs) were intro-
duced as an ideal platform for studying the rules that gov-
ern ‘reactions in two dimensions’. SAMs are highly
ordered molecular assemblies which are formed sponta-
neously by chemisorption of functionalized surfactants
onto solid surfaces.73 The well-defined, highly controlla-
ble structures of SAMs provide great advantages for the
design of two-dimensional systems for investigating in-
terfacial phenomena or reaction behavior.74,75 Reactions
on SAMs are also crucial for the design of surfaces for fur-
ther applications, such as the construction of biochips via
the tethering of biologically active molecules.75 There-
fore, it is of practical importance for efficient surface-
tailoring to understand the characteristic behavior of
SAM-based reactions. Such phenomena often have no
analogies in solution-based reactions.76 For example, be-
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cause of their being densely packed and highly ordered,
SAM-based reactions often show pronounced steric ef-
fects.77–80 SAMs of 16-mercaptohexadecanoic acid were
formed on gold and treated with cyanuric fluoride and py-
ridine to generate the acid fluoride.81 Two different prod-
ucts, acid fluoride and interchain carboxylic anhydride
(ICA),80 were controllably obtained under different reac-
tion conditions with the same reagents. With TFFH, the
reaction pathway is very similar to that with cyanuric
fluoride, and IR peaks for the carboxylic acid group (1742
and 1719 cm–1) disappeared and two new peaks appeared
at 1821 and 1754 cm–1. No peak appeared at 1840 cm–1, as

would be expected for the acid fluoride. The two new
peaks are characteristic for the anhydride (Scheme 19).

When the amount of pyridine was fixed and the concen-
tration of TFFH was increased along with an increase in
the reaction time, predominantly ICA formed at the sur-
face with acid fluoride as a minor product. When the
amount of TFFH was fixed and the amount of pyridine
was varied, ICA was still formed at the surface as the ma-
jor product and no change in the product distribution was
observed. Addition of tetrabutylammonium fluoride dra-
matically changed the surface product to that of the acid

Scheme 17 Synthesis of 1,1,3,3-tetrasubstituted 4-aminoguanidines and [1,2,4]triazolo derivatives using TFFH 

N

N

Me

Me

Me

Me

X PF6

X = Cl or F

PhNHNH2

Et3N, DMF

N

N

Me

Me

Me

Me

NNHPh

N

N

NHNH2⋅HCl

N

N
Ph

NHNH2

Et3N, DMF

Et3N, DMF
N

N

N

N

N

Me

Me

Ph

N

N

N N

N
Me

Me

NH

N

N
N

N
Me

Me

N

Me

Me

– Me2NH

65

69

66

67

68

Scheme 18 Synthesis of azole derivatives using TFFH

NH2

XH

N N
Me

Me

Me

Me

X

PF6+

H
N

XH

NMe2

NMe2

PF6

N

XH

NMe2

NMe2

X

N
N

Me

Me

X = O, 70a
X = NH, 70b

Et3N
A B

B

A

X
NMe2

NMe2

PF6

X

H
N

NH2

NMe2

NMe2

X = Cl or F

X = S

X = O, 73a
X = NH, 73b 
X = S, 73c

70

70c

71
72

D
ow

nl
oa

de
d 

by
: U

ni
ve

rs
ity

 o
f P

itt
sb

ur
gh

. C
op

yr
ig

ht
ed

 m
at

er
ia

l.



ACCOUNT TFFH in Peptide and Organic Synthesis 899

Synlett 2009, No. 6, 886–904 © Thieme Stuttgart · New York

fluoride. The surface was fully covered with acid fluoride
via decomposition of the ICA.82,83

12.7 Synthesis of the A1B(A)C Fragment of 
Everninomicin 13,384-184,85

Everninomicin 13,384-1 (Ziracin™, 74) (Figure 11), a
member of the orthosomicin class of antibiotics.86,87 The
total synthesis of everninomicin 13,384-1 (74) using a
number of novel synthetic strategies and methods has
been reported.84 The A1B(A)C fragment 75 (Figure 12),
which is the phenylseleno fluoride fragment, consists of
four building blocks. A more efficient synthesis than the
one previously reported88 for the aromatic fluoride frag-
ment 76 was developed and is summarized in Scheme 20.
TFFH was used and afforded the acyl fluoride derivative
in 97% yield.

Figure 12 Structure of the A1B(A)C fragment 75

The same method was employed for preparation of the
acyl fluoride derivative used in the synthesis of the
FGHA2 fragment 77 (Figure 13) of everninomicin
13,348-1, in an overall yield of 80%.89

Figure 13 Structure of the FGHA2 fragment 77

12.8 Synthesis of Chiral Polyionic Dendrimers 
with Complementary Charges90

Dendrimers, regularly branched polymers of well-defined
size, have been very actively studied in recent years.90 As
synthetic techniques are now well developed, the interest
has shifted towards taking advantage of the properties of
these unique macromolecules in various applications such
as catalysis and molecular recognition.91,92 The dendrimer
is assembled in a convergent, or outside-in, fashion
(Scheme 21). Deprotection of the appropriate groups of
monomer A yielded 78 and 79. These derivatives were not
isolated, but were subjected to coupling by means of
TFFH. To ensure complete coupling, a double acylation
of 78 with TFFH-activated 79 (2 + 2 equiv) was carried
out. This provided the dendritic wedge 80 in 62% yield.
Hydrogenolytic removal of the focal-point protecting
group yielded carboxylic acid 81, while deprotection of
the core phenyltrisalanine derivative 82 gave triamine 83.

Figure 11 Everninomicin 13,384-1 (74)
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Scheme 19 Proposed mechanism for the formation of interchain carboxylic anhydride
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Coupling of 81 and 83, without prior isolation of these
fragments, finally furnished G2A dendrimer 84 in 69%
yield.

G2B dendrimer 85 was assembled analogously
(Scheme 22). Deprotection of monomer B yielded deriva-
tives 86 and 87 which could be coupled in a 1:2 ratio to
give dendritic wedge 88 in 62% yield. Deprotection of the
focal-point amine gave wedge 89, which was coupled in a
4:1 ratio with phenyltrisalanine derivative 91, obtained
from 82 by protecting group manipulations via 90. The
coupling furnished G2B dendrimer 85 in 39% yield. Also,
the corresponding dendrimers of the first generation, G1A
92 (Figure 14), obtained from 79 and 83 in a 4:1 ratio, and
G1B 93 and dendrimer 94 (Figure 15), were synthesized
using TFFH and the same methodology as for the G2 den-
drimers.

13 Conclusion

Tetramethylfluoroformamidinium hexafluorophosphate
(TFFH), a nonhygroscopic salt stable to handling under
ordinary conditions, is obtained via reaction of tetramethyl-
chloroformamidinium hexafluorophosphate (TCFH) with
excess anhydrous potassium fluoride. TFFH appears to be
an ideal coupling reagent for peptide synthesis in solid-
and solution-phase synthesis as well as organic synthesis.
TFFH is readily available, inexpensive, and capable of
providing crude peptides as well as organic compounds
such as carboxylic acid derivatives and heterocycles of
high quality.

Scheme 21 Synthesis of chiral polyionic G2A dendrimer 84
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Scheme 22 Synthesis of chiral polyionic G2B dendrimer 85
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