
SHORT COMMUNICATION

DOI: 10.1002/ejoc.201000017

Direct Racemic Mixture Synthesis of Fluorinated Amino Acids by
Perfluoroalkyl Radical Addition to Dehydroamino Acids Terminated by

Asymmetric Protonation

Tomoko Yajima,*[a] Takayuki Tonoi,[a][‡] Hajime Nagano,[a] Yuichi Tomita,[b] and
Koichi Mikami*[b]

Keywords: Protonation / Chirality / Amino acids / Radical reactions / Indium

The development of efficient methods for the synthesis and
purification of chiral organic compounds is a challenge in
modern science and technology. Pharmaceutically and agro-
chemically important compounds are especially required in
optically pure form. We report the racemic mixture synthesis

Introduction

Fluorinated amino acids are one of the most promising
non-proteinogenic amino acids and have gained increased
attention not only in pharmaceuticals but also in supra-
molecular science.[1] Specifically, β-perfluoroalkyl α-amino
acids are highly expected to provide new functional com-
pounds such as Teflon proteins,[2] because of their chemical/
thermal stability and unique natures: Their hydrophobicity,
bulkiness, and electronegativity are adjustable by introduc-
tion of a variety of perfluoroalkyl groups. However, ef-
ficient synthetic methods for chiral fluorinated amino acids
are quite limited.[1] We reported the synthesis of chiral β-
perfluoroalkyl α-iodo amides by a chiral auxiliary method[3]

and the racemic mixture synthesis (RMS)[4] of fluorinated
α-iodo esters that could be enantioseparated[5] as precursors
for α-amino acids.

Here we report direct access to chiral β-perfluoroalkyl
α-amino acids and the procedure is based on the indium-
mediated addition of perfluoroalkyl radicals to dehy-
droamino acids; the reaction sequence is terminated by
asymmetric protonation (Scheme 1). The present approach
to chiral β-perfluoroalkyl α-amino acids features: (1) The
indium-mediated radical addition of perfluoroalkyl iodide
to dehydroamino acids to directly provide fluorinated
amino esters by captodative synergistic stabilization[6] of the
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of β-perfluoroalkyl α-amino acids, which is based on the In-
mediated addition of perfluoroalkyl radicals to dehy-
droamino acids followed by asymmetric protonation. All the
enantiomers can be separated by using a single chiral HPLC
column, without orthogonal use of a fluorous column.

resultant α-amino ester radicals, although highly electro-
philic perfluoroalkyl radicals are recognized to be less fa-
vorable to add to electron-deficient acrylates.[3] (2) The radi-
cal addition reaction can be terminated by asymmetric pro-
tonation[7] of the resultant α-amino ester enolates generated
by single-electron transfer. (3) In RMS,[4] simultaneous de-
mix, enantioseparation, and identification of amino esters
having perfluoroalkyl substituents rather than fluorous tags
solve the problems in solution-phase[8] combinatorial[9] syn-
thesis by using only one single chiral HPLC column[10] and
no orthogonal use of a fluorous column.[4,11]

Scheme 1. Direct synthesis of fluorinated α-amino acids.

Results and Discussion

The perfluoroalkyl radical addition[12] was first investi-
gated on N-benzyloxycarbonyl dehydroamino acid methyl
ester[13] (1a). Radical initiators such as Et3B, Bu3SnH, and
AIBN were totally ineffective. Reductively induced radical
conditions were then investigated (Table 1). To a solution
of dehydroamino ester 1a and n-C4F9I (5 equiv.) was added
a reductant (4 equiv.), and the reaction mixture was then
stirred at 20 °C. When the reaction was performed with
Pd(PPh3)4,[14] RhCl(PPh3)3,[15] or RuCl2(PPh3)3

[16] a com-
plex mixture of products was obtained (Table 1, Entries 1–
3). The reaction with zinc[17] gave the desired perfluoroalk-
ylated product in 11% (Table 1, Entry 4). The use of in-



T. Yajima, T. Tonoi, H. Nagano, Y. Tomita, K. MikamiSHORT COMMUNICATION
dium[18] instead of Zn increased the yield up to 48%
(Table 1, Entry 5), although there has been no report on the
Michael addition of RfI (Rf = perfluoroalkyl) mediated by
In.

Table 1. Reductively induced radical addition of C4F9I.

Entry Reductant Solvent % Yield

1 Pd(PPh3)4 MeOH –[a]

2 RhCl(PPh3)3 MeOH –[a]

3 RuCl2(PPh3)3 MeOH –[a]

4 Zn CH2Cl2 11
5 In MeOH 48

[a] Complex mixture of products.

The reaction conditions were then optimized by using
In as a radical initiator (Table 2). When the reaction was
performed with the use of protic polar solvents such as
iPrOH or MeOH the desired products were obtained
(Table 2, Entries 1, 2, and 9). However, the reaction did not
take place in the presence of water[19] (Table 2, Entries 7
and 8). In aprotic (Table 2, Entries 3 and 4) or less polar
(Table 2, Entries 5 and 6) solvents, the reaction did not pro-
ceed. The best result was obtained in MeOH at 50 °C when
n-C4F9I (8 equiv.) and In (7 equiv.) were used to generate
the perfluorobutyl radical through single-electron trans-
fer[18] (Table 2, Entry 11). Indeed, in the presence of
TEMPO as a radical scavenger, the reaction did not proceed
at all (vide infra; Table 2, Entry 12).

Table 2. In-mediated radical addition of C4F9I.

Entry Solvent % Yield

1 iPrOH 12
2 THF 24
3 MeCN 14
4 DMF 0
5 CH2Cl2 0
6 toluene 0
7 H2O trace
8 CH2Cl2 + H2O (δ =100 ppm) 0
9 MeOH 48
10[a] MeOH 50
11[a] MeOH (50 °C) 54
12 MeOH + TEMPO 0

[a] C4F9I (8 equiv.) and In (7 equiv.) were used.

The reaction of n-C4F9I with various dehydroamino es-
ters (1) was further investigated under the best reaction con-
ditions (Table 3). Cbz-protected dehydroamino esters (1a
and 1b) gave good yields. Boc and Teoc protection (1c and
1d) gave lower yields. Free carboxylic acid 1e also under-
went the reaction but in low yield. No reaction took place
with β-substituted dehydroamino ester 1f. The reactivity of
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various perfluoroalkyl radicals was then investigated with
Cbz-protected dehydroamino ester 1a. Various lengths of
perfluoroalkyl radicals can be directly introduced into the
dehydroamino ester, with the trifluoromethyl radical in par-
ticular (CF3 59%, n-C3F7 45%, n-C4F9 54 %).

Table 3. Radical addition of C4F9I to various dehydroamino esters.

Entry Substrate R1 R2 R3 % Yield

1 1a H Bn Me 54
2 1b H Bn Bn 41
3 1c H tBu Me 22
4 1d H Et Me 28
5 1e H Bn H 16
6 1f Bn Et Bn –

The reaction can be recognized by a single-electron
transfer radical mechanism (Scheme 2). Indium[18] gener-
ates a perfluoroalkyl radical by single-electron transfer. In-
deed, TEMPO as a radical scavenger, totally retarded the
addition (vide supra) (Table 2, Entry 12). The perfluoro-
alkyl radical adds to the dehydroamino acid to give the cap-
todatively stabilized[6] α-amino ester radical intermediate.
Indium further reduces the perfluoroalkylated α-amino es-
ter radical intermediate through single-electron transfer to
give an ester enolate and final protonation gives the desired
hydroperfluorinated product. Indeed, when the reaction
was performed in [D4]MeOH as a solvent, the correspond-
ing α-deuterated product was produced.

Scheme 2. Indium-mediated single-electron transfer mechanism.

Therefore, the asymmetric protonation[7,20] was executed
in the presence of a chiral proton source (Table 4). THF
was used as an aprotic solvent instead of protic MeOH to
prevent proton transfer from the achiral protic solvent. The
use of chiral alcohol proton sources such as binaphthol
(BINOL) gave the α-amino acid in 32% yield with 8% ee
(Table 4, Entry 2). The enantioenriched amino acid was ac-
tually obtained with chiral amino acids, diamines, and their
hydrochloride salts (Table 4, Entries 3–7). The hydrochlo-
ride salt of the cyclic diamine 1,2-diaminocyclohexane
(DACy) gave the amino ester product with 28%ee in 16 %
yield (Table 4, Entry 4). Acyclic diamine derivatives, the hy-
drochloride salt of diphenylethylenediamine (DPEN),
DPEN·2HCl, in particular gave the highest enantio-
selectivity (58%ee; Table 4, Entry 7).
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Table 4. Asymmetric protonation with chiral proton sources.

Entry Chiral proton source % Yield % ee[a]

1 none 24 –
2 (R)-BINOL 32 8
3 ()-proline 34 13
4 (R,R)-DACy·2HCl 16 28
5 (R,R)-DPENTf 19 0
6 (R,R)-DPEN 19 30
7 (R,R)-DPEN·2HCl 21 58

[a] Determined by chiral HPLC (DAICEL AD-H) analysis.

The RMS of fluorinated amino acids can thus be termin-
ated by asymmetric protonation[7,19] (Figure 1). The mix-
ture of three perfluoroalkyl iodides [RfI = CF3I (large ex-
cess because of volatility), n-C3F7I, and n-C4F9I] was
treated with dehydroamino ester 1a and then DPEN·2HCl
in the same pot to give a mixture of perfluoroalkylated ala-
nine derivatives in 43% combined yield. The separation of
the mixture into six pure enantiomers was then established.
All six enantiomers were baseline separated just by using a
single chiral column (DAICEL AD-H), without orthogonal
use of a fluorous column. Each amino ester was separated
and identified respectively as shown in the order of decreas-
ing lengths of the perfluoroalkyl substituents (Retention
times: n-C4F9 � n-C3F7 � CF3). The absolute configura-
tion of the enantiomers could be determined by CD or OR
detectors.[21] The one-pot radical addition/asymmetric pro-
tonation reaction and simultaneous demix/enantiosepa-
ration/identification thus solves the problems in solution-
phase combinatorial synthesis just by using a single chiral
column and six pure enantiomers were obtained, depending
on the lengths of the fluorinated amino acids.

Figure 1. RMS terminated by asymmetric protonation. Column:
AD-H, flow: 0.5 mL/min, solvent: Hex/iPrOH = 90:10, UV:
210 nm, temperature: 25 °C.
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Conclusions

In conclusion, we have developed direct access to β-per-
fluoroalkyl α-amino acids through the In-mediated re-
ductive radical addition of perfluoroalkyl iodides to dehy-
droamino acids terminated by asymmetric protonation to
give products in up to 58 %ee. The reaction can be further
extended to the direct racemic mixture synthesis by using a
single chiral HPLC column for simultaneous demix/
enantioseparation/identification to give the enantiopure
pairs of different lengths of β-perfluoroalkyl α-amino acids.

Experimental Section
Typical Experimental Procedure for the Direct “Racemic” Mixture
Synthesis (RMS) Terminated by Asymmetric Protonation: To a solu-
tion of dehydroamino ester 1a (94 mg, 0.4 mmol) in THF (6 mL)
was added In (powder, 184 mg, 1.6 mmol, 4 equiv.) and three kinds
of perfluoroalkyl iodides [CF3I (1.6 g, 8 mmol, 20 equiv.), n-C3F7I
(0.12 mL, 0.8 mmol, 2 equiv.), and n-C4F9I (0.14 mL 0.8 mmol,
2 equiv.)] at room temperature, and the reaction mixture was heated
at 50 °C. After stirring for 1 h at that temperature, the reaction
mixture was treated with the hydrochloride salt of diphenyl-
ethylenediamine (DPEN·2HCl; 114 mg, 0.4 mmol, 1 equiv.) at
room temperature for 1 h. The mixture was extracted with CH2Cl2,
and the extract was washed with brine, dried with Na2SO4, filtered,
and concentrated under reduced pressure. The residue was purified
by flash silica gel column chromatography to afford pure products
in 43% combined yield. Yield was determined by 1H NMR spec-
troscopy by using (CHCl2)2 as an internal standard. The mixture
thus obtained was separated into three enantiomer pairs of β-per-
fluoroalkyl α-amino esters by using a single chiral (DAICEL AD-
H) HPLC column as follows: HPLC analysis was performed with
a JASCO HPLC system (pump: PU-1580, gradient unit: LG-1580-
04, degasser: DG-1580-54, column oven: CO-1560, UV and CD
detector: CD-1595, auto sampler: AS-1555) by using a polysaccha-
ride-based chiral column (DAICEL CHIRALPAK® AD-H,
25 cm �4.6 mm i.d.) with a GL cart (0.5 cm �4.6 mm i.d.) as a
guard column and a JASCO HPLC system [pump: PU-1580, gradi-
ent unit: LG-1580-04, degasser: DG-1580-54, column oven: CO-
1560, UV and CD detector: CD-995 (1595), auto sampler: AS-
1555]. Peak areas were calculated by JASCO-BORWIN as an auto-
matic integrator.

Acknowledgments

This research was supported in part by a Sasagawa Scientific Re-
search Grant (No. 20-338) for T. T.

[1] For reviews, see: a) V. A. Soloshonok, K. Mikami, T. Yama-
zaki, J. T. Welch, J. F. Honek (Eds.), Current Fluoroorganic
Chemistry, ACS Symposium Series 949, American Chemical
Society, Washington DC, 2006; b) V. P. Kukhhar, V. A. So-
loshonok (Eds.), Fluorine Containing Amino Acids, John
Wiley & Sons, New York, 1995; c) C. Jäckel, B. Koksch, Eur.
J. Org. Chem. 2005, 4483–4503; d) J.-P. Begue, D. Bonnet-
Delpon, Bioorganic and Medicinal Chemistry of Fluorine, Wiley,
Hoboken, 2008; e) I. Ojima (Ed.), Fluorine in Medicinal Chem-
istry and Chemical Biology, Blackwell, Oxford, 2009 and refer-
ences therein.

[2] a) E. N. G. Marsh, B. C. Buer, A. Ramamoorthy, Mol. BioSyst.
2009, 5, 1143–1147; b) L. M. Gottler, R. de la Salud-Bea,



T. Yajima, T. Tonoi, H. Nagano, Y. Tomita, K. MikamiSHORT COMMUNICATION
E. N. G. Marsh, Biochemistry 2008, 47, 4484–4490 and refer-
ences therein.

[3] a) T. Yajima, H. Nagano, Org. Lett. 2007, 9, 2513–2515; b) T.
Yajima, S. Saito, H. Nagano, Tetrahedron 2005, 61, 10203–
10215; c) T. Yajima, H. Nagano, S. Saito, Tetrahedron Lett.
2003, 44, 7027–7029; d) M. Labelle, H. E. Morton, Y. Guin-
don, J. P. Springer, J. Am. Chem. Soc. 1988, 110, 4533–4540; e)
U. Larsson, R. Carlson, J. Leroy, Acta Chem. Scand. 1993, 47,
380–390 and references therein.

[4] a) T. Tonoi, A. Nishikawa, T. Yajima, H. Nagano, K. Mikami,
Eur. J. Org. Chem. 2008, 1331–1335; also see: b) T. Tonoi, K.
Mikami, Eur. J. Org. Chem. 2007, 1730–1733; c) T. Tonoi, W.
Zhang, D. P. Curran, K. Mikami, Chirality 2008, 20, 597–603;
d) K. Mikami, H. Matsuzawa, S. Takeuchi, Y. Nakamura, D. P.
Curran, Synlett 2004, 2713–2716; e) S. Takeuchi, K. Okumura,
H. Matsuzawa, K. Mikami, Tetrahedron Lett. 2003, 44, 6221–
6235; f) H. Matsuzawa, K. Mikami, Tetrahedron Lett. 2003,
44, 6217–6220.

[5] Also see an excellent “quasi” racemic mixture synthesis based
on enantiopure (not racemic) starting materials tagged with
different fluorous ponytails: a) D. P. Curran in The Handbook
of Fluorous Chemistry (Eds.: J. A. Gladysz, D. P. Curran, I. T.
Horváth), Wiley-VCH, Weinheim, 2004, ch. 8; b) D. P. Curran
in Green Reaction Media in Organic Synthesis (Ed.: K. Mi-
kami), Blackwell, Oxford, 2005, ch. 3 and 4; c) Z. Luo, Q.
Zhang, Y. Oderaotoshi, D. P. Curran, Science 2001, 291, 1766–
1769 and references therein.

[6] For reviews, see: a) R. Sustmann, H.-G. Korth, Adv. Phys. Org.
Chem. 1990, 26, 131–170; b) H. G. Viehe, Z. Janousek, R. Mer-
enyi, Acc. Chem. Res. 1985, 18, 148–154; for a captodative ef-
fect in peptide radicals, see: c) J. J. Brocks, F. M. Welle, H.-D.
Beckhaus, C. Ruchardt, Tetrahedron Lett. 1997, 38, 7721–7724;
for solid-phase radical addition of iPr, tBu, and c-Hex to com-
mercially available 2-acetamidoacrylic acid by using the mer-
cury method, see: d) A.-M. Yim, Y. Vidal, P. Viallefont, J. Mar-
tinez, Tetrahedron Lett. 1999, 40, 4535–4538.

[7] For a review, see: J. T. Mohr, A. Y. Hong, B. M. Stoltz, Nat.
Chem. 2009, 1, 359–369 and references therein.

[8] For reviews on solution-phase mixture synthesis, see: a) H. Y.
An, P. D. Cook, Chem. Rev. 2000, 100, 3311–3340; b) R. A.
Houghten, C. Pinilla, J. R. Appel, S. E. Blondelle, C. T. Dooley,
J. Eichler, A. Nefzi, J. M. Ostresh, J. Med. Chem. 1999, 42,
3743–3778.

[9] For reviews on combinatorial chemistry, see: a) K. C. Nico-
laou, R. Hanko, W. Hartwig (Eds.), Handbook of Combinato-
rial Chemistry: Drugs, Catalysts, Materials, Wiley-VCH,
Weinheim, 2002; b) K. D. Shimizu, M. L. Snapper, A. H. Hov-
eyda in Comprehensive Asymmetric Catalysis (Eds.: E. N. Ja-
cobsen, A. Pfaltz, H. Yamamoto), Springer, Berlin, 1999, vol.
3, ch. 39; c) S. R. Wilson, A. W. Czarink (Eds.), Combinatorial
Chemistry: Synthesis and Application, Wiley, New York, 1997;
d) S. Miertus, G. Fassina (Eds.), Combinatorial Chemistry and
Technology, Marcel Dekker, New York, 1997; e) S. R. Wilson,
A. W. Czarnik, Combinatorial Chemistry, Wiley, New York,
1997; f) M. T. Reetz, Angew. Chem. 2001, 113, 292–320; Angew.
Chem. Int. Ed. 2001, 40, 284–310; g) T. Bein, Angew. Chem.
1999, 111, 335–338; Angew. Chem. Int. Ed. 1999, 38, 323–326;
h) S. J. Miller, Acc. Chem. Res. 2004, 37, 601–610.

[10] For reviews on a chiral stationary phase for HPLC, see: a)
W. H. Pirkle, T. C. Pochapsky, Chem. Rev. 1989, 89, 347–362;
b) Y. Okamoto, E. Yashima, Angew. Chem. 1998, 110, 1072–
1095; Angew. Chem. Int. Ed. 1998, 37, 1020–1043; also see the
recent examples of a chiral stationary phase for HPLC: c) E.

www.eurjoc.org © 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Org. Chem. 2010, 2461–24642464

Yashima, C. Yamamoto, Y. Okamoto, J. Am. Chem. Soc. 1996,
118, 4036–4048; d) C. Yamamoto, Y. Okamoto, Bull. Chem.
Soc. Jpn. 2004, 77, 227–257.

[11] Double demixing by the orthogonal use of different columns
and double tagging: C. S. Wilcox, V. Gudipati, H. J. Lu, S. Tur-
kyilmaz, D. P. Curran, Angew. Chem. Int. Ed. 2005, 44, 6938–
6940.

[12] Review on the conjugate addition of perfluoroalkyl radicals: a)
N. O. Brace, J. Fluorine Chem. 1999, 93, 1–25; b) recent full
paper: F. Antonietti, C. Gambarotti, A. Mele, F. Minisci, R.
Paganelli, C. Punta, F. Recupero, Eur. J. Org. Chem. 2005,
4434–4440.

[13] For excellent examples of MgI2-catalyzed alkyl radical ad-
ditions to β-amino acrylates, see: a) M. P. Sibi, Y. Asano, J. B.
Sausker, Angew. Chem. Int. Ed. 2001, 40, 1293–1296; b) M. P.
Sibi, K. Patil, Angew. Chem. Int. Ed. 2004, 43, 1235–1238.

[14] a) T. Ishihara, M. Kuroboshi, Y. Okada, Chem. Lett. 1986,
1895–1896; b) Q.-Y. Chen, Z.-Y. Yang, C.-X. Zhao, Z.-M. Qui,
J. Chem. Soc. Perkin Trans. 1 1988, 563–567; c) A. Ishii, K.
Mikami, unpublished results, July, 25, 1997.

[15] a) Q.-Y. Chen, Z.-Y. Yang, J. Fluorine Chem. 1988, 39, 217–
226; b) Y. Tomita, Y. Itoh, K. Mikami, Annual Meeting of the
Chemical Society of Japan, 2006, 1J2–16; Y. Tomita, Y. Itoh,
K. Mikami, Chem. Lett. 2008, 37, 1080–1081; c) K. Sato, T.
Yuki, A. Tarui, M. Omote, I. Kumadaki, A. Ando, Tetrahedron
Lett. 2008, 49, 3558–3561.

[16] N. Kamigata, K. Udodaira, T. Shimizu, Phosphorus Sulfur Sili-
con Relat. Elem. 1997, 129, 155–168.

[17] M. Kotora, M. Hajak, B. Amenduri, B. Boutevin, J. Fluorine
Chem. 1994, 68, 49–56.

[18] a) Indium-mediated alkyl radical addition to imines by single-
electron transfer: H. Miyabe, M. Ueda, A. Nishimura, T.
Naito, Org. Lett. 2002, 4, 131–134; b) H. Miyabe, M. Ueda, A.
Nishimura, T. Naito, Tetrahedron 2004, 60, 4227–4234; c) M.
Ueda, H. Miyabe, A. Nishimura, O. Miyata, Y. Takemoto, T.
Naito, Org. Lett. 2003, 5, 3835–3838; indium- and zinc-medi-
ated conjugate addition of alkyl halides to α-phthalimidoacryl-
ates: d) T. Huanf, C. C. K. Keh, C. J. Li, Chem. Commun. 2002,
2440–2441.

[19] In-mediated radical addition to conjugate alkenes is shown to
give good yields in aqueous media with surfactants: D. H. Cho,
D. O. Jang, Synlett 2002, 631–634.

[20] Also see Rh-BINAP-catalyzed Michael addition/asymmetric
protonation: a) L. Navarre, S. Darses, J.-P. Genet, Angew.
Chem. Int. Ed. 2004, 43, 719–723; b) L. Navarre, R. Martinez,
J.-P. Genet, S. Darses, J. Am. Chem. Soc. 2008, 130, 6159–6169.

[21] Circular dichroism/ultraviolet (CD/UV) or optical rotation/re-
fractive index unit (OR/RIU) HPLC spectroscopy to determine
the enantiomeric excesses of products: a) K. Mikami, R. Ange-
laud, K. Ding, A. Ishii, A. Tanaka, N. Sawada, K. Kudo, M.
Senda, Chem. Eur. J. 2001, 7, 730–737; OR/RIU HPLC: b) R.
Angelaud, Y. Matsumoto, T. Korenaga, K. Kudo, M. Senda,
K. Mikami, Chirality 2000, 12, 544–547; CD/UV HPLC: c) K.
Ding, A. Ishii, K. Mikami, Angew. Chem. 1999, 111, 519–523;
Angew. Chem. Int. Ed. 1999, 38, 497–501; d) M. T. Reetz,
K. M. Kuhling, H. Hinrichs, A. Deege, Chirality 2000, 12, 479–
482; e) L. Xu, X. Shen, C. Zhang, K. Mikami, Chirality 2005,
17, 476–480; f) P. Salvadori, C. Bertucci, C. Rosini in Circular
Dichroism. Principles and Application (Eds.: K. Nakanishi, N.
Berova, R. W. Woody), VCH, Weinheim, 1994, p. 541.

Received: January 8, 2010
Published Online: March 18, 2010


