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Abstract

A direct preparative purification of all four isomers of the unnatural amino Raitethylphenylalanine was achieved using supercritical fluid
chromatography (SFC) with stacked-injection. Final purification of the Cbz-methyl ester derived isomers was performed on a Daicel Chiralp
AD-H column (20 mmx 250 mm), using 50:50 methanol/ethanol as the organic modifier and resulted in purification of over 3.4 g of material ir
6.25 h with >90% total recovery. The absolute stereochemical assignment of the purified amino acids was determined through a combinatio
chiral HPLC, NMR and optical rotation studies. To our knowledge, this is the first reported preparative approach that has yielded all four compour
in a single chromatographic run.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction in the fields of pharmaceuticals, peptide research, etc., these
chiral separations have become an important analytical task
In the last decade much progress has been made toward tfi§.
development of selective peptide receptor ligands for various Successful resolution of amino acids has been achieved using
therapeutic targets. However, a major challenge for scientists iaither direct or indirect methodologi¢8—10]. In the indirect
medicinal chemistry is the ability to design structures that posapproach, optically pure chiral derivatizing reagents are applied
sess both optimal pharmacological (e.g. receptor binding) antb form diastereomers that are subsequently separated on achiral
optimal pharmaceutical properties (e.g. membrane permeabilityolumns. In the direct approach, chiral stationary phases (CSPSs)
and metabolic stability). Amino acids, in particular, unnaturalare most often employed. This latter method is greatly preferred
amino acids, have been recognized as major tools for the prepdue to complications associated with removal of the derivatizing
ration of peptide ligand mimetics with both enhanced biologicalreagents.
activity and proteolytic resistance. These molecules represent a While various CSPs, including cyclodextrin-bonded,
nearly infinite array of diverse building blocks for the develop-quinine-derived, and most recently, glycopeptide antibiotic-
ment of new pharmacological legds-6]. However, amino acids bonded varieties, have been used to effect separation of amino
are also chiral molecules. Consequently, with the increasingcids by high performance liquid chromatography (HPLC),
demands for production of enantiomerically pure compoundshese separations often require special conditions such as
the addition of mobile phase modifiers, pH adjustments, and
stringent temperature controls. In addition, these methods have
* Corresponding author. Tel.: +1 484 865 2674; fax: +1 484 865 9398. been utilized almost exclusively for analytical scale separations
E-mail address: noglel@wyeth.com (L.M. Nogle). and have shown only modest success in the separation of
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all isomers of amino acids containing two chiral centersperformed onaHewlett Packard 1090 liquid chromatograph sys-

[11-14] Moreover, only one report has thus far demonstratedem (Wilmington, DE, USA).

a semi-preparative HPLC resolution @fmethylphenylalanine Nuclear magnetic resonance (NMR) Spectroscopy was per-

racemic pairs (threo or erythro), albeit with poor recovdsy. formed on a Bruker Avance 300 MHz spectrometer (Billerica,
Herein, we report the first direct multi-gram purification of all MA, USA) equipped with a 5 mm auto-switchable quad nucleus

fourisomers of the unnatural amino a@igmethylphenylalanine  (QNP) probe at 25C. NMR data were collected in DMS@ys

using supercritical fluid chromatography (SFC) with stacked-and standard Bruker zg30 and noesyst NMR pulse programs

injection. SFC has several advantages over other conventionakere used for théH and NOESY experiments, respectively.

chromatographic techniques like HPILT5—22] For example, Chemical shifts are referenced to tetramethylsilane (TMS).

the increased diffusivity observed with SFC leads to sharper peak Optical rotations were measured with a JASCO P-1020

shapes and thus increased resolution. Moreover, the low viscopelarimeter (Easton, MD, USA).

ity of SFC eluents allows for faster separations, a significant

benefit in preparative-scale isolations. As demonstrated through3. Protection/deprotection of B-methylphenylalanine

this work, SFC has proven to be the most effective means of

B-methylphenylalanine enantiopurification to date. The carboxy termini of th@-methylphenylalanine mixture
were protected by conversion to methyl esters using standard

2. Experimental methods (MeOH, cat HCI). Following esterification, the amino
termini were also protected by conversiondenzylcarbamate

2.1. Chemicals (Cbz) derivatives (CbzCl, NaHCGaqg THF). Following purifi-

cation ofthe individual isomers by preparative SFC, mild hydrol-
Carbon dioxide (industrial grade) was obtained from Air-ysis (1M LIOH, aq THF) was used to deprotect the carboxy
gas Inc. (Radnor, PA, USA). HPLC grade methanol, acetonitrilenoieties while hydrogenolysis (HG®IH4, 10% Pd/C, iPrOH,
and isopropyl alcohol were purchased from EMD Chemicalsr5°C, 1 h) was used to deprotect the amino termini, yielding the
Inc. (Gibbstown, NJ, USA), and absolute ethyl alcohol wasenantiomerically pure free amino acids.
purchased from Pharmco Products Inc. (Brookfield, CT, USA).
Water was purified using a Millipore Milli-Q-plus purification 2.4. Chiral stationary phases (CSPs)
system.B-Methylphenylalanine hydrochloride, reported as a
99% mixture of~67% threo/33% erythro isomers (product no.  The Daicel Chiralcel OD-H, Chiralcel OJ-H, Chiralpak AD-
217034) and carbobenzoxy chloride (product no. 119938) werkl and Chiralpak AS-H analytical columns (4.6 ma250 mm,
obtained from Aldrich (St. Louis, MO, USA) and copper(ll) sul- 5um) and the preparative scale Chiralpak AD-H column
fate pentahydrate (product no. VW3312-2) was obtained fronf20 mmx 250 mm, 5um) were purchased from Chiral Tech-
VWR Scientific (West Chester, PA, USA). Deuterated DMSO-nologies Inc. (Exton, PA, USA). A Phenomenex Chinex
des (99.9%) was purchased from Cambridge Isotopes (Andovepenicillamine phase 3126 (4.6 mx250 mm) ligand exchange
MA, USA). column (Torrence, CA, USA) was used for the free amino acid
chiral analyses.
2.2. Instrumentation
2.5. Chromatographic mobile phase and sample
Supercritical fluid chromatography was performed using bottpreparation
analytical and preparative Berger instruments (Mettler Toledo,
Newark, DE, USA). The Berger Analytical SFC Instrument  Analytical and preparative SFC samples were dissolved in
consisted of a model FCM-1200 fluid control module with a six-100% MeOH and 50:50 MeOH/EtOH, respectively. For SFC,
position modifier switching valve, a TCM-2000 column oven the mobile phase was comprised of carbon dioxide (80%), and
with a six-port column switching valve, a model 719 autosam-various organic modifiers (20% MeOH, EtOH, @EN, IPA,
pler, an Agilent G1315A Diode Array Detector (Palo Alto, CA, or mixed modifiers) were examined to adjust the mobile phase
USA) equipped with a high-pressure flow cell (400 bar), andelution strength. The amino acids standards (Aldrich) were pre-
SFC ProNTo software. The analytical SFC was operated gtared as 1 mg/mL solutions in 50:5G08/CHzCN, and their
2mL/min and 35C, with an outlet pressure of 100 bar. The subsequentchiral HPLC analyses (d0injection volume) were
Berger multigram SFC system consisted of two Varian SD-conducted on the Chirex 3126 column using 2mM Cy30
1 pumps (Walnut Creek, CA, USA), one modified to pump85% HO/15% CHCN as the isocratic mobile phase.
COp, a Julabo FT401 chiller (Labortechnik GmbH. Seelback,
Germany), a model SCM 2500 phase separator (Berger Instrd: Results and discussion
ments), a model ECM 2500 electronic control module (Berger
Instruments), and a Knauer 2501 variable wavelength detec- Naturally occurring peptides are highly flexible molecules in
tor with high-pressure flow cell. Solute was introduced via thetheir native state but interact with their receptors in very precise
modifier line prior to CQ mixing. The multigram SFC was run conformations. As the number of characterized ligand—-receptor
at 50 mL/min, 35 C and 100 bar outlet pressure. Analytes werecomplexes is very limited or nonexistent in some cases, the syn-
detected at a wavelength of 220 nm. Chiral HPLC analyses werthesis of different conformationally restricted peptide analogs
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is an indirect strategy used to study the features of thes& . Chiral SFC method development
complex bioactive formg1-3]. Unnatural amino acids are
often employed to affect these constraints. In particular, stere- Polysaccharide stationary phases based on cellulose or amy-
ospecific B-methyl substitution is a widely used technique lose have proven to be the most successful and widely used
for constraining aromatic side-chaifi4—6]. Additionally, it  groups of CSPs for chiral HPLC and SFC separations, largely
is most advantageous to examine only stereochemically purdue to their separation efficacy and high loading capacity. Thus,
substances, thereby precluding ambiguous physicochemicah initial chiral screening of Cbz/methylester-derivatizgd
and biological data that may arise from the testing of enanmethylphenylalanine was automated on a Berger analytical SFC
tiomeric/diastereomeric mixtures. Thus, to support our synthetiasing four different polysaccharide CSPs (amylose-derived Chi-
drug discovery efforts in peptide research, we set out to find @alPak AD and AS and cellulose-derived ChiralCel OD and
straightforward and efficient scheme for the large-scale purifiOJ) coupled with four different organic modifiers. Derivati-
cation of all four isomers o8-methylphenylalanine. zation of the mixture was performed using standard chemical
Chiral chromatography is an area where SFC has frequentimethods to aid in both the elution and detection of the four
demonstrated advantages over HP[16-18] In an industry  stereoisomers.
fueled by the need for chiral purity to validate biological and  As shown inFig. 1, selectivity for this series of compounds
metabolic data, the higher efficiency, improved resolution andiaried considerably among the tested CSPs, with the greatest
shorter separation times often observed in chiral SFC separgotential for preparative purification readily demonstrated on the
tions prompted us to explore SFC as a means for affecting thi€hiralPak AD-H column. Therefore, further separation studies
preparative purification. were reserved for this CSP alone. In addition to the influence of
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Fig. 1. SFC comparison of th@methylphenylalanin@/-benzylcarbamate methyl ester isomers on four enantioselective columns. Chromatographic conditions are
as follows: 20% MeOH/80% Cgat 2 mL/min, 35°C, 220 nm detection, 100 bar outlet pressure.
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Fig. 2. SFC of the3-methylphenylalanin&/-benzylcarbamate methyl ester isomers on Chiralpak AD-H using various organic modifiers. Conditions: 20% modi-
fier/80% CQ at 2 mL/min, 35°C, 220 nm detection, 100 bar outlet pressure.

the CSP, selectivity could be further adjusted by the choice of sol- Having affected significant improvements in the elution and
vent modifier Fig. 2). Specifically, alcohol modifiers have been resolution of the four isomers through use of a mixed modifier,
shown to impart profound selectivity differences under HPLCthe influence of percent composition of this mixture was then
conditions on the Chiralpak AD CSR3]. This phenomenon examined. Interestingly, the MeOH/EtOH ratio had relatively
also appears applicable to SFC. By employing 100% MeOHittle impact on separation of the chromatographic peaks, mainly
as the CQ modifier, good separation was observed betweerffording slight increases in the separation between peaks 1 and
peaks 1 and 2o 1.41) while the separation of peaks 2 and 32, and slight decreases in the separation between peaks 3 and 4
was insufficient for preparative scale purposed (14). More-  with increasing percent EtOH. It was initially concluded from
over, peak 4 was excessively retained on this CSP with 100%his study that a modifier composition of 40:60 MeOH/EtOH
MeOH. Switching from MeOH to 100% EtOH produced two would provide the most efficient separation.

notable chromatographic changes, both an increased resolution

between peaks 2 and @ (L.24) and a dramatically decreased 3.2. Preparative isolation of the four stereoisomers

retention of peak 4o(4 3 1.15). Therefore, it seemed logical to

exploit the positive attributes of the two solvents, and a 50:50 While the analytical SFC results indicated that a mixed
MeOH/EtOH solvent modifier was examined in turn. By com-solvent modifier of 40:60 MeOH/EtOH would produce
bining modifiers, the desired separation of all four peaks;( adequate peak resolution in minimal run times, peak broad-
1.56,032 1.21, 4,3 1.23) in a shortened run time (compared ening was observed when the method was extended to
with MeOH alone) was achieved. preparative scale SFGig. 3) and slight modifications were
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Fig. 3. Preparative chiral SFC separation ofamethylphenylalanine derivatives using the ChiralPak AD-H (20 m&50 mm). Conditions: 15% modifier (50:50
MeOH/EtOH)/85% CQ at 50 mL/min, 35 C, 220 nm detection, 100 bar outlet pressure. Approximately 39 mg of material (dissolved,ih 30D MeOH/EtOH)
was injected every 4.25 min, processing this 3.43 g batch of material in approximate 6.25 h.
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Fig. 4. 1D proton NMR spectral comparison of the four SFC purified compounds, demonstrating companddsare enantiomeric pairs, as are compouhds
and4.
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Ph CH, (A) Compound 1
HaCO,C H H,CO,C H
H CH, H Ph
NH NH ppm
Cbz/ K{\oe Cbz/ 10
Threo isomers Erthyro isomers . L. s 1
Fig. 5. Expected NOE correlations based on the predicted conformations of L2
threo and erythro diastereomers. Proton coupling constant analyses supported .
an anti relation between alpha and beta protons for both compduadd3, » . o « F3
indicating the predicted conformations were corrégl, g (compound)l =9.3 . ‘#’ .
and3J, s (compound) = 8.6). . & . . -4
'S L5
required for the preparative purification (15% modifier (50:50 L6
MeOH/EtOH)/85% CQ at a total flow of 50 mL/min). Under ,
these conditions, 39mg of material could be injected at ,gz e . . rY
255 s intervals using injection stacking. The four individual v ) ) n
isomers were collected as methanol dissolved solutes into 5T T TR TS TS T ppm
separate pressurized collection vessels using the four-peak
detection/collection setting in the SFC software. This afforded (B) Compound 3
purification of one particular 3.4 g batch of material in approx-
imately 6.25h with >90% total recovery. Subsequently, this
method has been used in the chiral purification of over 10 g of pbm
derivatized3-methylphenylalanine. ] NOE "o
Aliquots from the preparative collection vessels were ‘/ ‘ =
removed and the individually isolated peaks were examined for ) : ) ¢
chiral purity using the original analytical method (20% 50:50 F2
MeOH/EtOH, 80% C®); each was found to be greater than ] ' g
99.9% pure by diode array detection. — ' # '
L4
—~- . ¥ -
3.3. NMR analysis of the individual amino acids o & 5
Given the reported diastereomeric ratio of 67% threo/33% . -6
erythro and the observed relative areas of SFC peaks 1 and 2 A -
compared to peaks 3 and 4 (3:1, respectively), it appeared that — / ot .
compoundd and2 were likely threo R,S or S,R) while 3 and4 =| 4. e . L8
were erythro R,R or S,S). To readily confirm the enantiomeric g 776 5 4 8 5T ppm

pairs,'H NMR spectrawere collected on all four compounds. As;':i 6. NOESY speciral comparison of (A) compoundnd (B) compound

showninFig. 4, 3 compounds and2 (_jlsplayeq Ider_]tlcal proton AngNOE correlaticFJ)n is obseerd between the Nl-ﬁ)ﬂnnhethyl protonFs) only in

spectra and were therefore enantiomers; likewise, compoung§y,,oune.

3 and4 were identical. Significant conformational distinctions

between the diastereomeric pairs were also indicated by chem-

ical shifts differences observed for several proton signals (NH, ) L

and OCH protons, for example). tionwas observed in compoudhot compound as anticipated
Based on predicted conformations for the underivatizec{':'g' 6.

amino acidg424] (Fig. 5 and the spectral differences observed

by 1D 'H NMR, it appeared that 2D NOESY NMR experi- 3.4. Investigation of contradictory results: amino acid

ments could be used to easily confirm if compouddand  deprotection, chiral HPLC and optical rotation analyses

2 were the threo isomers and compourddsind 4, the ery-

thro pair. In the threo conformation, an NOE enhancement is In order to absolutely confirm stereochemical configurations

expected to exist between the NH proton andgheethyl pro-  and to clarify conflicting results: (1) a portion of each purified

tons. This correlation would not be observed for the erythracompound was separately deprotected to yield its corresponding

isomers. Hence, NOESY experiments were run on compoundsee amino acid, (2) a chiral analytical HPLC method was

1 and3. While only one compound did show the predicted NOEdeveloped to separate the four isomers using the standard

cross-peak, the results were quite unexpected; the NOE correlmixture (starting material) obtained from Aldrich, and (3) this
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Fig. 7. Chiral HPLC analyses of (A) Aldrich amino acids standard, (B) deprotected compp(@yldeprotected compouri (D) deprotected compountiwere
performed on an Agilent 1090 using a Chirex phase 3126 (4.6«@%0 mm) column using 2mM CuSOn 85% H,0/15% CHCN, 1.0 mL/min,A =210nm,
column oven 35C; 20p.L of the standard andsL of each free amino acid were injected for analysis (solutions were prepared as a 1 mg/mL in 30{6BHLCN).

method was used to determine the purity of the deprotectedoser examination of the Aldrich material revealed the source
amino acids prior to obtaining optical rotation measurements. of this inconsistency.

A Chirex phase 3126 analytical HPLC column was Three different lot numbers @-methylphenylalanine were
employed to separate the four free amino acid isomers in thexamined for threo/erythro content (each run in duplicate). Not
standard mixtureRig. 7A). Deprotected compounds 2 and  only did the ratio between the different lots vary, but also
4 were then analyzed using this same method to determinmore importantly, the ratio never approached the reported 67%
chiral purity Fig. 7B, C and D, respectively) and each was threo/33% erythroKig. 8). Moreover, examination of five sep-
found to be >98% pure. Optical rotation values were therarate bottles from the same lot also displayed variations in their
measured and compared with those obtained from the literatutéreo:erythro content. These discrepancies likely result from
[25]. deficient manufacturing quality control.

The optical rotation of compound, +28.3, was found
to be in excellent agreement with the literature value deter3.s5. Future directions
mined for R,3R erythron-B-methylphenylalanine {3 =
+28.4°). Similarly, compound2 ([«¢]3? = —24.6°) was in Further research into the facile SFC preparation of simpli-
accord with 3,35 erythro1-B-methylphenylalanine 13> = fied p-methylphenylalanine derivatives is currently underway
—29.0°), while compound4 ([o]3' = +7.1°) coincided with  with promising preliminary results. For instance, the four iso-
2R,3S threon-B-methylphenylalanine ]%° = +7.3°). These  mers could not be resolved under our original separation condi-
results confirmed that the NMR data were indeed correct; théions when only the N-termini were protected (Cbz-derivatized,
first two peaks eluting from the preparative SFC were erythrano esterification). However, by simply exploring an alternative
isomers, in contradiction to our original expectations based oalcohol modifier such as butanol and methylpropanol, excellent
the 2:1 threo/erythro ratio reported for the starting material. Aresolution was once again readily achievE( 9).
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Fig. 8. Chiral HPLC analysis of three separate lots of commegciakthylphenylalanine hydrochloride (sEigy. 7 for HPLC conditions).
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Fig. 9. Chiral SFC analysis d¥-benzylcarbamat@-methylphenylalanine isomers using various alcohol modifiers on the ChiralPak AD-H (4:625@mm).
Conditions: 20% modifier/80% CLat 2 mL/min, 35°C, 220 nm detection, 100 bar outlet pressure.

methylphenylalanine. The absolute stereochemical identity of

the individual amino acids was determined through a combi-
In conclusion, a preparative scale SFC separation was devatation of techniques including 1- and 2D NMR, chiral HPLC

oped for the purification of the four stereoisomers @f and optical rotation comparisons. Through use of this newly

4. Conclusion
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developed method, over 10 g of material have been purified witf11] M.H. Hyun, Y.J. Cho, J.S. Jin, J. Sep. Sci. 25 (2002) 648—652.
greater than 90% total recovery. This derivatized material is nowt2] A. Peter, G. Torok, D.W. Armstrong, J. Chromatogr. A 793 (1998)
available in pure enantiomeric form (>99.9%) for use in the con- 283-296.

tructi f h ical titi f . d di 13] A. Peter, G. Torok, J. High Resol. Chromatogr. 23 (2000) 628—-636.
struction ot new chemical entiies Tor various drug dISCOVerY}; 5 G Torok, A. Peter, D.W. Armstrong, D. Tourwe, G. Toth, J. Sapi, Chi-

endeavors. rality 13 (2001) 648—656.
[15] M. Alias, M.P. Lopez, C. Cativiela, Tetrahedron 60 (2004) 885-891.
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