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Introduction

The rapid synthesis of large libraries of low molecular
weight compounds by combinatorial methods has at-
tracted enormous attention as a means of accelerating
the drug discovery process.! Among potential candidates,
fluorinated compounds have been of great interest to
medicinal chemists due to the unique physical and
biological properties imparted by fluorine.? As a result,
a large number of therapeutic agents containing strategi-
cally placed fluorine atoms are currently widely used.?
The role of amino acids in biological functions is well
established, and the area of fluorine-containing amino
acids is rapidly expanding, taking an important place in
the family of unusual amino acids.* o-Amino acids
containing fluorine in the S-position have been shown to
exhibit a wide range of biological effects.> More recently,
the synthesis of g-fluoroalkyl f-amino acids, with the
fluorine located in the y-position relative to carboxyl
functionality, has been reported.® Given the biological
influence of fluorine substitution in the $-position relative
to the amine and the biomedicinal and synthetic potential
reported for S-amino acids,” we became interested in the
synthesis of a,a-difluoro-B-amino acids.

Several methods have been described for the selective
and efficient incorporation of fluorine into organic com-
pounds in solution. Direct introduction of fluorine can be
achieved with special fluorinating agents (DAST, SF,,
CF30F, HF, and others).® However, their use is limited
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to specific compounds because of their high reactivity.
In addition, many of these reagents are expensive, toxic,
and hazardous. Consequently, with the increasing ac-
cessibility of fluorinated building blocks, the CF,-synthon
approach has blossomed.

Herein, we report the first solid-phase parallel syn-
thesis of fluorinated compounds. Our approach is based
on the Reformatsky reaction using ethyl bromodifluoro-
acetate. First reported in 1984° and since widely applied
in the synthesis of fluorinated bioactive compounds,'° the
Reformatsky reaction is now commonly used for the
incorporation of the —CF,CO— group. Ethyl bromodif-
luoroacetate is employed to generate the o,a-difluoro
Reformatsky reagent BrZnCF,CO,Et.*! This intermediate
reacts with aldehydes and ketones to provide 2,2-difluoro-
3-hydroxy esters, hence providing a means for two-carbon
homologation with a difluoro moiety under mild condi-
tions. Using imines as substrates, lactams are usually
formed in good yield.*?

Starting from a polymer-supported amino acid, we
describe here the solid-phase synthesis of o,a-difluoro-
p-amino acids via the formation of the benzotriazolyl
derivative using an aldehyde and subsequent Refor-
matsky reaction using ethyl bromodifluoroacetate.

Results and Discussion

The syntheses of all the described compounds were
carried out on the solid-phase using the “tea-bag”
method.'® Starting material 1 was prepared by coupling
Boc-protected amino acids to p-methylbenzhydrylamine
(MBHA) resin using standard peptide chemistry and
subsequent cleavage of the Boc-protecting group in the
presence of TFA.

Classical conditions for imine formation on the solid-
phase involve the condensation of an amine and an
aldehyde in the presence of a drying reagent such as
trimethylorthoformate.® Treatment of an MBHA-linked
amino acid 1 (Scheme 1) with an aldehyde, followed by
the reaction with BrZnCF,CO,Et generated in situ by
mixing Zn and BrCF,CO,Et in refluxing tetrahydrofuran,
afforded, after saponification and HF cleavage, the cor-
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aKey: (a) R,CHO, trimethylorthoformate, DCM, rt; (b) Zn,
BrCF,COzEt, THF, reflux; (c) LIOH-H»O; (iv) HF/anisole.

responding o, a-difluoro-g-amino acid 2 in low yields with
various amounts of starting amine and other byprod-
ucts.*

As we were looking for a more efficient way to prepare
and use imine derivatives, we decided to investigate the
work of Katritzky et al.,’> who successfully used the
Reformatsky reaction of bromofluoroacetates with N-(o-
aminoalkyl)benzotriazole for the preparation of o-fluoro-
fB-amino esters in solution. Another application of these
Reformatsky reagents was their successful conversion to
difluoroketene silyl acetals prepared in situ by the
reaction of the zinc reagent with trimethylsilyl chlo-
ridel12,16

Following Katritzky’s approach, we prepared the N-(o-
aminoalkyl)benzotriazoles 3 (Scheme 2) by treating the
resin-bound amino acids 1 with various aldehydes and
benzotriazole, in refluxing benzene with a Dean—Stark
trap, which were then used as iminium salt precursors?’
to obtain the o,o-difluorinated p-amino esters 4 via a
Reformatsky reaction with ethyl bromofluoroacetate (14
equiv), zinc, and trimethylsilyl chloride in refluxing
tetrahydrofuran. Following saponification of the ethyl
ester in the presence of a lithium hydroxide solution and
cleavage from the resin with HF, the corresponding o,o-
difluorinated -amino acids were obtained as a mixture
of diastereoisomers 2 and 2'. We examined the general
applicability of the reaction using model compounds
derived from five L-amino acids (Phe, Val, Ala, Gly, and
Leu) and six aldehydes (benzaldehyde, 2-nitrobenzalde-
hyde, 2-fluorobenzaldehyde, p-methoxybenzaldehyde, 2,5-
dimethylbenzaldehyde, and 3-furaldehyde).*® We report
here the results obtained for seven selected compounds
(Table 1), which have been purified and fully character-
ized by LC-MS (ESI) and NMR (*H, C, COSY, HMBC,
HMQC, and *°F). For each aldehyde, two diastereoiso-
mers were obtained, except for the glycine derivative
(Table 1, entry 4) that gave nonseparable enantiomers.
The relative configurations of the diastereoisomers were
determined by NOE difference spectroscopy. Diastereo-
isomeric ratios were dependent on the nature of the

(14) The mass spectrum indicates the presence of the product of
nucleophilic addition of the unreacted primary amine to the intermedi-
ary imine.

(15) Katritzky, A. R.; Nichols, D. A.; Qi, M. Tetrahedron Lett. 1998,
39, 7063.

(16) (a) Kitagawa, O.; Hashimoto, A.; Kobayashi, Y.; Taguchi, T.
Chem. Lett., 1990, 1307. (b) Kitagawa, O.; Taguchi, T.; Kobayashi. Y.
Tetrahedron Lett. 1988, 29, 1803.

(17) Katritzky, A. R.; Lan, X.; Yang, J. Z.; Denisko, O. V. Chem.
Rev. 1998, 98, 409.

(18) Aromatic derivatives were selected for easy UV monitoring of
the reaction.

J. Org. Chem., Vol. 66, No. 24, 2001 8269

aldehyde. The best selectivity was obtained using ben-
zaldehyde with a diastereoisomeric excess greater than
90%. However, using a 14 equiv excess of Reformatsky
reagent, two additional products 6 and 7 were formed
(Scheme 3). Following cleavage from the solid support,
the characterization of the resulting compounds by LC-
MS showed that they had molecular weights +96 Da and
+52 Da, respectively, greater than the desired compound
2.

Reflux of the resin-bound intermediates 5—7 in etha-
nol, followed by cleavage from the solid support, led only
to the desired product 2 and byproduct 8, which had a
molecular weight of 52 Da greater than expected. Further
characterization of 8g (R; = PhCH,—, R, = Ph—) by 'H,
13C, and ®F NMR showed that 8 resulted from the
overaddition of the Reformatsky reagent on the newly
formed ester 4, followed by the decarboxylation of the
intermediary compound 6. This reaction, resulting from
the enhanced reactivity of the ester carbonyl group, has
been observed and reported with lithium enolates pre-
pared from tert-butyl difluoroacetate.’® The high elec-
tronegativity of fluorine atoms increases the electrophi-
licity of the carbonyl in the a-position and a consequent
propensity for the formation of stable hydrates and
hemiacetals.?® To avoid or limit this double reaction,
several experiments were performed using 2 and 6 equiv
of BrCF,CO,Et. It appeared from LC-MS of cleaved
controls that neither 6 or 7 were formed. However, the
Reformasky coupling was not complete. As a result,
imidazolidinone products were obtained following HF
cleavage of the unreacted N-(a-aminoalkyl)benzotriazoles
3 by the nucleophilic substitution of the benzotriazole
group with the amidic nitrogen. Further experiments
were conducted to determine the optimal conditions for
the formation of a,o-difluoro-g-amino acids (i.e., without
the cyclization of the Bt derivatives to imidazolidinones
or formation of tetrafluorinated compounds). Using 2, 6,
8, 10, and 12 equiv of the Reformatsky reagent, resin-
bound amino acids (Phe, Val, Ala, Gly, and Leu), and 20
equiv of benzotriazole and benzaldehyde, we found that
the use of 10 equiv of the Reformatsky reagents allowed
the complete reaction of the benzotriazolyl derivatives
without showing any formation of tetrafluorinated or
cyclic compounds (Table 2). In an attempt to perform the
Reformatsky reaction on resin-bound secondary amino
acids 9 (proline or N-alkylated amino acids), we observed
the complete formation of N-alkylated imidazolidinones
11. No Reformatsky product 10 was detected (Scheme 4,
Table 3). Further studies to determine whether the
cyclization occurs before or after reaction with benzo-
triazole are under investigation. The solid-phase synthe-
sis of a trisubstituted imidazolidinone library is the
subject of a separate paper.?*

Conclusion

We have explored a solid-phase method for the parallel
conversion of a large number of primary amines to a,a-
difluoro-f-amino acids by condensation of amines, alde-
hydes, benzotriazole and a Reformatsky reagent prepared
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aKey: (a) BtH, R,CHO, benzene, reflux; (b) Zn, TMSCI, BrCF,COzEt, THF, reflux; (c) LIOH.H20, THF, rt; (d) HF/anisole.

Scheme 32
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aKey: (a) BtH, R,CHO, benzene, reflux; (b) BrZnCF,COzEt, TMSCI, THF, reflux; (c) LiOH-H,0O, THF, rt; (d) EtOH, reflux; (e) HF/
anisole.

Table 1. Examples of Compounds 2 Synthesized on a Solid Support

Ry R2 O
HZNm}\NM
HFF
entry compds R Rz tr2 (2x/2x") (ratio): configuration® mass (M + H*): (found/calcd)

1 2a, 2a’ CHs— (3-NO2)Ph— 0.72/1.00 (40:60): S/R 317.7/318.0
2 2b, 2b’ (CH3),CH— (4-OMe)Ph— 1.42/1.58 (10:90): R/S 330.7/330.1
3 2c, 2¢’ CH3— (2,5-Me)Ph— 1.27/1.44 (62:38): R/S 300.7/301.1
4 2d H-— furyl— 0.21(N/A): (N/A) 248.8/249.0
5 2e, 2¢’ (CH3)2CHCH,— Ph— 1.64/1.89 (06:94): S/IR 314.9/315.4
6 2f, 2F PhCH,— (3-F)Ph— 2.16/2.69 (18:82): n.d.d 366.7/367.1
7 29, 2¢' PhCH,— Ph— 2.03/2.43 (08:92): n.d.d 348.6/349.1

a Retention time in minutes. HPLC chromatograms were run with a gradient of 5—95% acetonitrile in water (0.05% TFA) over 6 min
at 214 nm. ® Configuration of the carbon *C-3 was determined by NOE experiments (see the Supporting Information). ¢ Diastereoisomeric
ratios were determined on the basis of the integration of the HPLC traces. 9 Not determined. In the case of phenylalanine derivatives,
configurations could not be clearly assigned.

Table 2. Formation of Compounds 2 from Resin-Bound Primary Amines 1
mass (M + HY)

entry compds R1 Rz (found/calcd) yield? (%) purity® (%)
1 2e, 2¢' (CH3),CHCH,— Ph— 315.1/315.1 83 79
2 29, 29’ PhCH,— Ph— 349.5/349.1 76 68
3 2h, 2’ (CH3),CH— Ph— 301.0/301.1 82 83
4 2i, 2i' CH3— Ph— 273.6/273.1 83 80
5 2j H-— Ph— 259.7/259.1 98 75

a Crude yields were calculated on the basis of the initial loading of the resin. b Purities were determined by integration of the HPLC
traces at 214 nm. Chromatograms were run with a gradient of 5—95% acetonitrile in water (0.05% TFA) over 30 min at 214 nm.

in situ from ethyl bromodifluoroacetate, trimethylsilyl the presence of the carboxylic acid group can be explored
chloride, and zinc. Application of this reaction to ad- for a wide range of other possible transformations.
ditional substrates other than amino acids is in progress.

These derivatives represent a useful tool for the genera- Experimental Section

tion of large libraries of fluorinated compounds including General Methods. MBHA resin, 1% divinylbenzene, 100—

peptides, -peptides, and peptidomimetics. Furthermore, 200 mesh, 1.10 mequiv/g substitution, and N,N’-diisopropylcar-
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Table 3. Formation of Imidazolidinones 11 from Resin-Bound Secondary Amines 9

6]
HNJS/H
* '//R
RZ/‘\ N
Rs
11
mass (M + H™):
entry compds Ry R3 Rz tr? (11x/11X') (ratio)® (found/calcd) yield® (%)
1 11a —CHCH>CH2— Ph— 0.50 (N/A) 202.6/203.1 95
2 11b, 11b’ (CH3),CHCH,— CH3s Ph— 1.94/2.10 (50:50) 232.6/233.1 90
3 lic, 11c¢' PhCH,— CH3 Ph— 2.42/3.14 (50:50) 266.6/267.1 91

a Retention time in minutes. HPLC chromatograms were run with a gradient of 5—95% acetonitrile in water (0.05% TFA) over 6 min
at 214 nm. P Diastereoisomeric ratios were determined on the basis of the integration of the HPLC traces. ¢ Crude yields were calculated

on the basis of the initial loading of the resin.
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aKey: (a) BtH, R,CHO, benzene, reflux; (b) Reformatsky
reaction; (c) LiOH-H,0; (d) HF/anisole.

bodiimide (DIC) were purchased from Chem Impex International
(Wood Dale, IL). Boc-amino acids and N-hydroxybenzotriazole
(HOBt) were purchased from Calbiochem-Novabiochem Corp.
(San Diego, CA) and Bachem Bioscience Inc. (Philadelphia, PA).
HF was purchased from Air Products (San Marcos, CA). Ethyl
bromodifluoroacetate was purchased from Fluorochem USA
(West Columbia, SC). All other reagents and anhydrous solvents
were purchased from Aldrich Chemical Co. (Milwaukee, WI). The
1H, 13C, 2D-COSY, HMBC, HMQC, and NOE difference D
spectra were recorded in DMSO-ds solutions at 360 (*H) and 90
(13C) MHz, respectively. The 1°F spectra were recorded in DMSO-
ds solutions at 470 MHz. The yields for purified products were
determined on the basis of the theoretical loading of the
polymeric support and starting from 100 mg of the resin.

Typical Procedure for the Synthesis of Compounds 2.
p-Methylbenzhydrylamine (MBHA) resin (100 mg, 1.10 mequiv/
g, 100—200 mesh) was sealed inside a polypropylene mesh
packet. Polypropylene bottles were used for all the reactions.
The resin was washed with dichloromethane (DCM) followed by
neutralization with 5% diisopropylethylamine (DIEA) in DCM
and washed with DCM.

(1) Coupling of an Amino Acid to the Resin. Boc-amino
acid (0.66 mmol) was coupled to MBHA resin (0.11 mmol) using
the classical coupling reagents DIC and HOBt (0.66 mmol) in
anhydrous DMF (0.1 M) for 2 h at room temperature followed
by washes with DMF (three times) and DCM (three times). The
Boc group was deprotected using 55% TFA in DCM for 30 min
followed by neutralization with 5% DIEA in DCM. Completeness
of the coupling was verified by the ninhydrin test.

(2) Preparation of N-(a-Aminoalkyl)benzotriazoles 3. In
a nitrogen-flushed reaction tube were mixed benzotriazole (2.62
g, 22 mmol), the resin-bound amino acids 1 (10 “tea bags”, 1.1
mmol), and the aldehyde (22 mmol) in dry benzene (80 mL). The
mixture was heated under reflux with a Dean—Stark trap during
3 h. Following washes with DCM, the resin was dried in vacuo
and used in the Reformatsky coupling.

(3) Preparation of a,a-Difluoro-g-amino Esters 4. To a
refluxing solution of chlorotrimethylsilane 1 M in THF (11 mL,
11 mmol) in dry THF (80 mL) was added Zn (720 mg, 11 mmol).
The mixture was vigorously stirred, and ethyl bromodifluoro-
acetate (1.410 mL, 11 mmol) was added dropwise, followed by
the resin-bound benzotriazolyl derivatives 3 (10 “tea bags”, 1.1

mmol). After 2 h of refluxing, the resin was washed with DCM
(three times), DMF (three times), and DCM (three times).

(4) Preparation of a,a-Difluoro-f-amino Acids 2. The
resin-bound ethyl esters 4 (10 “tea bags”, 1.1 mmol) were treated
overnight with LiOH-H20 (460 mg, 11 mmol) in solution in H,O/
THF 1.5 (0.1 M). The resin was washed with DCM (three times),
DMF (three times), and DCM (three times). The resin was
cleaved by anhydrous HF in the presence of anisole at 0 °C for
1.5 h, and the cleaved product was extracted with 95% acetic
acid in H,O and lyophilized.

3-(1'(S)-Carbamoyl-3'-methylbutylamino)-2,2-difluoro-
3(S)-phenylpropionic Acid (2e). A total of 3 mg was obtained
following purification with preparative HPLC (yield: 9%). H
NMR (DMSO-ds, 6 ppm, 360 MHz): 0.83 (d, 3H, J = 6.6 Hz),
0.86 (d, 3H, J = 6.6 Hz), 1.30 (ddd, 1H, J = 13.4, 5.6, 7.9 Hz),
1.42 (ddd, 1H, 3 = 13.4, 8.1, 5.7 Hz), 1.73 (m, 1H, 3 = 6.6, 5.7,
7.9 Hz), 3.17 (dd, 1H, J = 8.1, 5.6 Hz), 4.34 (dd, 1H, J = 19.7,
7.4 Hz), 6.91 (s, 1H), 7.32 (s, 2H), 7.39—7.30 (m, 5H). 3C NMR
(DMSO-dg, 6 ppm, 90 MHz): 22.8, 22.1, 23.7, 42.1, 58.6, 62.8
(dd, 3 = 23.7, 25.6 Hz), 114.4 (t, J = 264.1 Hz), 128.0, 128.4,
128.9, 133.8, 166.2 (t, J = 27.3 Hz), 174.4. NOE diff D:
irradiation at 7.35 ppm (H-2", H-3", H-4", H-5", H-6"), no NO
effect for H-5' and H-4'. 1°F NMR (DMSO-ds, 6 ppm, 470 MHz):
—105.18 (d, J = —319.8 Hz), —116.44 (d, J = —319.8 Hz). MS
(ESI): calcd [MH™] 315.1, found 314.9.

3-(1'(S)-Carbamoyl-3'-methylbutylamino)-2,2-difluoro-
3(R)-phenylpropionic Acid (2e'). A total of 15 mg was
obtained following purification with preparative HPLC (yield:
43%). *H NMR (DMSO-ds, 6 ppm, 360 MHz): 0.61 (d, 3H, J =
6.6 Hz), 0.76 (d, 3H, J = 6.6 Hz), 1.30 (AB, 1H, J = 5.8, 8.0,
13.6 Hz), 1.39 (AB, 1H, J = 7.9, 5.8, 13.6 Hz), 1.66 (m, 1H, J =
6.6, 5.8, 8.0 Hz), 2.81 (dd, 1H, J = 7.9, 5.8 Hz), 4.22 (dd, 1H, J
=14.6, 12.2 Hz), 7.18 (s, 1H), 7.21 (s, 1H), 7.36—7.45 (m, 5H).
13C NMR (DMSO-ds, 6 ppm, 90 MHz): 21.8, 22.8, 23.9, 42.1,
57.4,62.5 (t, J = 23.7 Hz), 114.3 (t, J = 255.1 Hz), 128.3, 128.8,
129.3, 133.2, 164.2 (t, J = 30.3 Hz), 174.4; NOE diff 'D:
irradiation at 7.35 ppm (H-2", H-3", H-4", H-5", H-6"), NO effect
for H-5' and H-4'. °F NMR (DMSO-ds, 6 ppm, 470 MHz):
—110.00 (d, J = —315.1 Hz), —113.15 (d, J = —315.1 Hz). MS
(ESI): calcd [MH"] 315.1, found 314.7.

3-Phenyl-2-(2',2',4'/4'-tetrafluoro-3',3'-dihydroxy-1'-phe-
nylbutylamino)propionamide (8g). A total of 17 mg was
obtained following purification with preparative HPLC (yield:
38%). 'H NMR (DMSO-ds, 360 MHz): 6 2.70 (dd,1H, J = 13.6,
8.1 Hz), 2.91 (dd, 1H, J = 13.6, 5.1 Hz), 3.11 (dd, 1H, J = 5.1,
8.1 Hz), 4.25 (dd, 1H, J = 24.8, 2.6 Hz), 6.02 (t, 1H, J = 54.2
Hz), 7.08 (d, 2H, J = 7.1 Hz), 7.11 (dd, 2H, J = 7.8, 2.1 Hz),
7.19-7.27 (m, 2H), 7.22—7.30 (m, 2H), 7.19—-7.33 (m, 1H), 7.22—
7.33 (m, 1H), 7.38 (s, 1H), 7.63 (s, 1H). 13C NMR (DMSO-dg, 90
MHz): ¢ 39.0, 59.6, 60.5 (dd, J = 20.5, 28.6 Hz), 92.3 (t, J =
27.3 Hz), 112.6 (t, J = 248.8 Hz), 115.5 (t, J = 253.4 Hz), 126.4,
127.9, 128.1, 128.2, 129.0, 129.1, 134.1, 137.2, 174.5. 1°F NMR
(DMSO-dg, 470 MHz): 6 —110.3 (dt, J = —315.1, —9.4 Hz);
—112.97 (ddd, J = —315.1, —18.8, —9.4 Hz); —122.86 (dm, J =
—324.5 Hz); —124.42 (dm, J = —329.2 Hz); —128.48 (ddd, J =
—357.5, —14.1 Hz, —9.4 Hz); —132.43 (dt, J = —357.5, —11.7
Hz); —134.14 (dt, J = —357.5, -11.7 Hz); —134.57 (ddd, J =
—357.5, —18.8, —9.4 Hz). MS (ESI): calcd [MH*] 401.1, found
400.7.
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3-Phenylhexahydropyrrolo[1,2-climidazol-1-one (11a). A
total of 16 mg was obtained following purification with prepara-
tive HPLC (yield: 72%). *H NMR (DMSO-dg, 360 MHz): 6 2.0—
1.84 (m, 2H), 2.18—2.03 (m, 2H), 3.56—3.38 (m, 2H), 4.53—4.33
(m, 1H), 5.76 (s, 1H), 7.51—7.47 (m, 2H), 7.57—7.51 (m, 3H), 9.34
(s, 1H). 13C NMR (DMSO-dg, 90 MHz): 6 24.0, 26.9, 55.9, 62.8,
77.0, 127.1, 128.8, 129.9, 136.8, 171.5. MS (ESI): calcd [MH*]
203.1, found 202.6.
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