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ABSTRACT

We have developed a short chemoenzymatic synthesis for both ( S)-5,5,5,5′,5′,5′-hexafluoroleucine (Hfl) and ( S)-5,5,5′,5′-tetrafluoroleucine (Qfl)
on gram scale. Qfl was incorporated into a peptide using standard solid-phase peptide synthesis protocols to measure its helix propensity.
The helix propensity for Qfl is 0.68 kcal ‚mol -1 more favorable compared to Hfl.

Highly fluorinated amino acids have been used to stabilize
proteins1-10 for potential applications in industrial scale
biotransformations, biosensors, and protein therapeutics.11 In
particular, leucine (Leu) has been replaced with either

diastereomeric mixtures of (2S)-5,5,5-trifluoroleucine (Tfl)1,2,5

or enantiomerically pure (S)-5,5,5,5′,5′,5′-hexafluoroleucine
(Hfl) 3,6,8,9to stabilize helical proteins (Figure 1). Despite the

various published procedures for synthesizing Hfl,3,12-14 the
generation of enantiomerically pure Hfl remains challenging.
Furthermore, we recently showed that the helix propensity
decreases drastically (>1 kcal‚mol-1) upon replacing Leu
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Figure 1. Leucine and fluorinated leucine analogues.
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with Hfl,15 suggesting the need to develop novel fluoro-amino
acids with more favorable helix propensities compared to
Hfl.

An ideal fluoro-amino acid substitute for Leu should have
the following characteristics. One, the overall shape of the
amino acid needs to be similar to Leu, because Koksch has
shown that the shape is important for substituting Leu
residues in coiled coils.16,17Two, the helix propensity needs
to be similar to Leu, or at least needs to be more favorable
than Hfl. Unfortunately, the design of fluoro-amino acids
with reasonable helix propensity remains difficult15 despite
the extensive knowledge of the main determinants for helix

propensity.18-23 Three, the amino acid needs to be readily
synthesized in enantiomerically pure form. Four, the amino
acid needs to be readily incorporated into peptides through
solid-phase peptide synthesis. Toward fulfilling these needs,
herein we report the gram scale stereoselective synthesis of
both Hfl and a novel fluorinated amino acid (S)-5,5,5′,5′-
tetrafluoroleucine (Qfl, Figure 1), the incorporation of Qfl
into peptides, and the helix propensity of Qfl.

The difluoromethyl group (CF2H) has been exploited in
the development of bioactive compounds.24-31 This group
has been used as a bioisostere for the hydroxyl group because
of similar hydrogen bond donating capability.32 Nonetheless,
the CF2H group was incorporated as difluoromethionine into
the interior of a protein to probe the environment near the
fluorines,33 demonstrating the compatibility of CF2H with
the hydrophobic core of proteins. If two CF2H groups were
introduced to give Qfl, the overall shape of Qfl would be
similar to Leu without introducing any additional stereo-
center. Furthermore, the size of Qfl would be in between
that of Leu and Hfl, both of which are compatible with helical
proteins.3,6,8,9

We synthesized Hfl and Qfl on gram scale using a
chemoenzymatic approach15 (Scheme 1). The corresponding
acetones were reacted with the ylide in a Wittig reaction to
give the unsaturated pyruvate esters (1a and 1b). For
synthesizing1a, we consistently obtained the side product
5 (g30%) (Figure 2), despite performing the reaction

according to literature procedures (1 equiv of hexfluoroac-
etone, 4.0 M ylide in tetrahydrofuran, 55°C, vacuum
distillation).12 Hexafluoroacetone gas and hexafluoroacetone
hexahydrate gave virtually the same results. To minimize
this side product, we changed the equivalents of hexafluo-
roacetone, concentration of the ylide, solvent, and reaction
temperature. By using 1.5 equiv of hexafluoroacetone under
dilute conditions (0.4 M ylide) in benzene at 40°C, the
desired product was obtained with>99% purity upon
vacuum distillation with 65% isolated yield. Either more
equivalents of hexafluoroacetone or lower reaction temper-
atures resulted in a slight drop in isolated yield, whereas
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Scheme 1. Chemoenzymatic Synthesis of Hfl and Qfl.

Figure 2. Chemical structures of two side products in the
chemoenzymatic synthesis of Hfl.
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higher ylide concentrations produced the side product along
with the desired product. Accordingly, compound1b was
synthesized using these optimized conditions.

Compound1a was then subjected to hydrogenation condi-
tions to reduce the alkene bond as described in the literature.12

However, we obtained either unreacted reactant1a or the
over hydrogenated alcohol (6, Figure 2) in the presence of
the desired product2a (Table 1, entries 1 and 2). Changing

the reaction time or H2 pressure did not improve the exclu-
sive production of the desired product2a. Interestingly,
McMurry and co-workers have reported the selective reduc-
tion of alkene groups in enedicarbonyl compounds using
TiCl3(aq).34 This reaction seemed particularly suitable for
selectively reducing electron-deficient alkenes, such as
those in compounds1a and 1b due to the presence of
multiple electron-withdrawing fluorines and the conjugated
carbonyl. Compound1a was selectively reduced to2a
by using TiCl3(aq) nearly quantitatively (Table 1, entry 3).
However, reducing the number of fluorines from 6 (R)
CF3) to 4 (R) CF2H) resulted in significantly lower yields
(Table 1, entries 4 and 5), showing that TiCl3(aq) is only
suitable for selectively reducing highly electron-deficient
alkenes. As such, we performed hydrogenation on com-
pound1b to give the desired product2b (Table 1, entry 6)
instead.

Upon hydrolyzing compound2a, reductive amination to
give Hfl (3a) was performed with NADH mediated by
phenylalanine dehydrogenase,15,35,36 which is known to
operate on a variety of hydrophobic hydrocarbon side
chains differing in size. The reductive amination proceeds
through in situ formation of an imine between theR-keto
acid and the ammonium in the buffer, followed by enanti-
oselective imine reduction with NADH mediated by pheny-
lalanine dehydrogenase. Since quantitative consumption
of NADH would not be economical, formate hydrogenase
was added to regenerate NADH with concomitant sacrificial
oxidation of the formate in the buffer.15,35,36 Surprisingly,
phenylalanine dehydrogenase also converted the polar
tetrafluoroleucine pyruvate into Qfl (3b) with 98% enantio-

meric excess (Figure 3A), showing unprecedented tolerance
to the polar CF2H functionality. The high polarity of Qfl is

reflected in the short retention time (tR) as eluted off a C18

reverse phase high performance liquid chromatography
(HPLC) column (Table 2). Based on thetR, the hydrophobic-

ity of the Leu analogues followed the trend Hfl> Leu >
Qfl. The S configuration for the CR center was confirmed
based on enantiomeric preference of phenylalanine dehy-
drogenase,35,36 convention of the elution profile for the
CrownPak CR(+) column,37 and the Clough-Lutz-Jirgen-
son rule on how specific rotation changes with pH.38 The
backbone nitrogen was protected with Fmoc (9-fluorenyl-
methyloxycarbonyl) to afford the appropriately protected
amino acid for solid-phase peptide synthesis. Importantly,
all transformations including the enzymatic reductive ami-
nation were used to synthesize the amino acids on gram scale.

The sequence of peptide KQfl, Ac-YGGKAAAA-KAX-
AAKAAAAK-NH 2 (X ) Qfl), was designed based on
peptides studied by Baldwin for measuring helix propen-
sity.15,39 The peptide KQfl was synthesized by standard
protocols for solid-phase peptide synthesis (SPPS), using
Fmoc-based chemistry.40 The identity of the peptide was
confirmed by matrix-assisted laser desorption ionization time-
of-flight mass spectrometry (MALDI-TOF), despite concerns

Figure 3. HPLC chromatograms for dl-Qfl obtained from racemic
synthesis and Qfl from enzymatic reductive amination as eluted
off a CrownPak CR(+) column (Panel A) and for peptides KdlQfl
and KQfl synthesized from dl-Qfl and Qfl, recpectively, as eluted
off a C18 reverse phase column (Panel B).

Table 2. Reverse Phase HPLC Retention Time (tR), Helix
Propensity (w), and Helix Forming Energetics (∆G) for Qfl, Hfl,
and Leu

amino acid tR (min)a w ∆G (kcal‚mol-1)b

Qfl 4.8 0.445 ( 0.052 0.440 ( 0.068
Hfl 13.3 0.128 ( 0.023 1.12 ( 0.11
Leu 8.4 1.06 ( 0.12 -0.0317 ( 0.0654

a Retention time as eluted off an analytical C18 reverse phase column.
b ∆G ) -RT‚ln(w).

Table 1. Reduction of Fluorine-Containing Unsaturated
Pyruvate Esters

entry R conditions time (h)
product ratioa

reactant:desired:side

1 CF3 10 psi H2, Pd/C 0.5 15:79:6
2 CF3 10 psi H2, Pd/C 1.5 0:79:21
3 CF3 TiCl3(aq) 0.25 2:98:0
4 CF2H TiCl3(aq) 0.5 22:39:39
5 CF2H TiCl3(aq) 8.0 26:53:21
6 CF2H 10 psi H2, Pd/C 0.75 0:93:7

a Determined by GC-MS.
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regarding repeated use of piperidine for Fmoc removal during
peptide synthesis in the presence of the acidic protons on
the CF2H groups. Also, we independently synthesized and
incorporated the racemic dl-Qfl to give peptide KdlQfl to
check for racemization of the CR center during peptide
synthesis. Based on C18 reverse phase HPLC chromatograms
(Figure 3B), peptide KdlQfl exhibited two peaks, both of
which gave the samem/z by MALDI-TOF as peptide KQfl.
Furthermore, the retention time of the trailing peak matched
that for peptide KQfl. Importantly, Qfl was incorporated into
peptides by SPPS without any protecting group, and the
stereochemistry of the CR center remained intact in the
process.

Peptide KQfl was monomeric in solution based on
sedimentation equilibrium experiments by analytical ultra-
centrifugation.41 Therefore, circular dichroism (CD) spectra
of KQfl should accurately reflect the helical content in the
absence of any intermolecular interactions. The CD spectra
of KQfl showed helical content between peptides KLeu and
KHfl (Figure 4). The helix propensity (w) was calculated

from the CD data by using modified Lifson-Roig theory15,42,43

(Table 2). Although the helix propensity of Qfl is half of
that for Leu, the helix-forming energetics for Qfl is more
favorable than that for Hfl by 0.68 kcal‚mol-1 (Table 2).
The favorable helix propensity for Leu can be attributed to
the shielding of the helix hydrogen bond from water by the
hydrophobic side chain,20 resulting in a more stable helix
hydrogen bond and thus more stable helix conformation. The
low helix propensity of Hfl may be due to partial or full
burial of the hydrophobic fluorocarbon side chain in the un-
folded state with more exposure of this hydrophobic side
chain in the helix state,15 leading to unfavorable helix

formation energetics. Apparently, the high polarity of the
Qfl side chain would avoid the energetic penalty for side
chain burial in the unfolded state as speculated for Hfl,15

but would not provide shielding of the helix hydrogen bond
from water like Leu.20 Nevertheless, the helix propensity of
Qfl is the highest among all fluoro-amino acids measured
to date.15

We have developed a short and facile stereoselective
chemoenzymatic synthesis for both Hfl and Qfl on gram
scale. TiCl3(aq) was used to selectively reduce a highly
electron-deficient alkene for the synthesis of Hfl. Phenyla-
lanine dehydrogenase is surprisingly capable of producing
the polar Qfl despite the inherent preference for hydrophobic
substrates.35,36 This result may lead to further utility of this
enzyme in synthesizing amino acids with polar side chains
as well as hydrophobic ones. Furthermore, Qfl can be readily
incorporated into peptides by standard protocols for solid-
phase peptide synthesis without any side chain protection.
Importantly, the helix formation energetics of Qfl is not only
more favorable compared to Hfl by 0.68 kcal‚mol-1, but is
the most favorable for all fluoro-amino acids measured to
date.15 The availability, ease of incorporation, and favorable
helix propensity of Qfl sets the stage for future studies to
probe if the dipole moment and hydrogen bonds involving
the fluorines are important factors in the fluoro-stabilization
effect of more than 1.5 kcal‚mol-1‚residue-1.7,15Furthermore,
Qfl expands the repertoire ofR-amino acids for peptide/
protein design, and provides a facile means to introduce
CF2H groups for developing bioactive compounds.
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Figure 4. Circular dichroism spectra of peptides KQfl, KHfl, and
KLeu at pH 7 (273 K) in 1 mM phosphate, borate, and citrate with
1 M NaCl.
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