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Abstract

Eighty three popular chiral reagents that are used to synthesize a wide variety of compounds of high enantiomeric
purity were analyzed in order to determine their enantiomeric composition. Included in the study are chiral catalysts
for stereoselective reductions, epoxidations and hydrocarboxylations; chiral auxiliaries including a variety of
oxazolidinones; a wide variety of chiral synthons and chiral resolving agents. Enantiomeric impurities were found
in all reagents. The reagents were categorized by the level of their enantiomeric contaminants. The four level ranges
were: 0.01% t0 0.1%, 0.1% to 1%, 1% to 10% and >10%. Over half of the chiral reagents tested had enantiomeric
impurities at levels >0.1%. The batch to batch enantiopurity of a reagent from a single source was examined as
well as the variation in the enantiopurity of the same reagent from different sources. Possible adverse aspects of
having unknown quantities of enantiomeric impurities in stereoselective syntheses are mentioned. © 1998 Elsevier
Science Ltd. All rights reserved.

1. Introduction

Studies on enantioselective synthesis have increased tremendously over the last 30 years.!~” Among
the more useful approaches for obtaining products of high enantiomeric or diastereomeric purity involve
the use of chiral catalysts, chiral auxiliaries, and chiral synthons (i.e., building blocks). Alternatively,
chiral resolving agents can be used to obtain the desired enantiomer from a racemic mixture. Although
each procedure has advantages and disadvantages, all are currently needed since no single approach can
provide the variety of chiral products and intermediates needed today.

Traditionally, molecules from natural chiral sources have been used in enantioselective synthesis since
they were often readily available at reasonable cost.*#-!! These naturally occurring molecules include
amino acids,?? carbohydrates,!? and terpenes.®!! They continue to be used in new and imaginative ways
for enantioselective synthesis. More recently, an increasing number and variety of new chiral reagents

* Corresponding author. E-mail: mrichard@umr.edu
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have become available. Many of these are not obtained from natural products.>!? Today, reports involving
new chiral agents for stereoselective synthesis are frequently followed by commercialization of the more
widely useful agents. Consequently, an ever increasing number and variety of chiral reagents are available
for enantioselective syntheses.

One important criterion when considering an asymmetric synthesis is the degree of enantioselectivity
of a reaction. The pharmaceutical industry, for example, requires chiral products of greater than 99%
enantiomeric excess (e.e.).!3 In general, they would prefer to have <0.1% of the unwanted enantiomer
in any product. Enantiomeric or diastereomeric impurities in any asymmetric synthesis product can
be: (a) produced in any reaction that is not stereospecific (i.e., most reactions are stereoselective); (b)
produced via isomerization during workup (isolation and purification); and (c) present as the result of
enantiomeric impurities in the chiral catalysts, auxiliaries and synthons used. As asymmetric synthetic
reactions become more stereoselective, factors such as (b) and (c) above may limit the enantiomeric
purity of the product. These factors also can obscure the true enantioselectivity of a reaction.

Previously, it was shown that enantiomerically pure amino acids and amino acid derivatives (e.g.,
t-BOC, FMOC, etc.) are not available commercially, although a few are highly enantioenriched.!4!8
Likewise, most monoterpenes are not enantiomerically pure.!® Three conclusions can be drawn from
early work.!4!% First, enantiomeric impurities in the range of 0.01% to 1% are usually present and
levels in the low percent range (i.e., ~1-10%) are not uncommon. Second, the enantiomeric purity of
a specific amino acid or monoterpene varies tremendously with both the source and time of purchase
of those compounds. Third, in most cases neither the supplier nor the consumer had any idea as to
the enantiomeric purity of these compounds. Typically, the only impurities noted as being present are
other nonisomeric substances. These results,'*!° as well as a recent report on the enantiomeric purity of
Jacobsen’s catalyst?® prompted the present work. Here we report on the enantiomeric purity of many of
the most common, commercial, chiral reagents for enantioselective synthesis. We do not include amino
acids, their derivatives and the most common monoterpenes since they were considered previously.!4-19
In many cases the presence of an enantiomeric impurity in a reagent will result in a comparable level
of impurity in the product. However, when using a chiral catalyst or auxiliary to generate an additional
stereogenic center in a chiral substrate, the level of stereoisomeric impurity can be substantially different
(greater or less) than that present in the chiral reagent (because of kinetic effects).

2. Experimental section
2.1. Materials

All HPLC columns (25 cmx4.6 mm, i.d.) and GC columns (30 mx0.25 mm) were obtained from
Advanced Separation Technologies, Inc. (Whippany, NJ). The LC columns used were Cyclobond I 2000
(native B-cyclodextrin), Cyclobond I 2000 RSP (2-hydroxypropyl-B-cyclodextrin), Cyclobond I 2000
Ac (acetylated B-cyclodextrin), Cyclobond I 2000 RN ((R)-naphthylethyl carbamated-B-cyclodextrin),
Cyclobond I 2000 SN ((S)-naphthylethyl carbamated-B-cyclodextrin), and Chirobiotic T (teicoplanin).
Chiraldex G-TA (2,6-di-O-pentyl-3-trifluoroacetyl-y-cyclodextrin), Chiraldex B-DM (di-O-methyl-B-
cyclodextrin), Chiraldex B-DA (2,6-di-O-pentyl-B-cyclodextrin, and Chiral G-PN (2,6-di-O-pentyl-3-
propionyl-y-cyclodextrin) were used for GC analysis. The chiral selectors for capillary electrophore-
sis (CE) analysis were DM-B-CD (heptakis 2,6-di-O-methyl-f-cyclodextrin), S-B-CD (sulfated-B-
cyclodextrin) and HP-B-CD (2-hydroxypropyl-B-cyclodextrin). Sodium hydrogenphosphate, phosphoric
acid and 18-crown-6 were from Aldrich (Milwaukee, WI). All solvents {methylene chloride, methanol
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and acetonitrile, glacial acetic acid and triethylamine (99+% pure)] were purchased from Fisher Scientific
(St. Louis, MO). Disposable filters (0.45 pm) used on the buffer and the analytes solution were purchased
from Alltech (Deerfield, IL). The sources for all chiral compounds used in this study are given in the
appropriate Tables.

2.2. Apparatus and methods

The LC enantioseparations were performed using the following Shimadzu (Columbia, MD) equip-
ment: two LC-10AT pumps, a SPD-10A UV-vis detector, a SIL-10A auto injector, a SCL-10A system
controller and a CR 501 Chromatopac integrator. The detection wavelength was set at 254 nm. All chrom-
atograms were run at ambient temperature (22°C). The capillary electrophoresis (CE) were performed at
25°C on a P/ACE 5000 Beckman instrument (Palo Alto, CA). It was equipped with a 75 pm i.d.X57 cm
(50 c¢m to detector) fused silica capillary and monitored at 254 nm. The capillary was conditioned daily
with 0.1 N potassium hydroxide for 10 minutes, followed by deionized water for 10 minutes. Between
runs, the capillary was rinsed with 0.1 N potassium hydroxide, water and buffer for 2 minutes each. All
the samples were dissolved in methanol. Data collection and acquisition were done with System Gold™
software. A Hewlett Packard (Corvallis, OR) model 5890 series II Gas Chromatograph equipped with
a flame ionization detector and HP 3396 series II integrator were used for all the GC analyses. Heliom
was used as the carrier gas. The temperatures for both injector and detector was set at 220°C. A split
ratio of about 100/1 was used for all the analyses. All of the compounds with amino and/or hydroxyl
functionalities were derivatized with trifluoroacetic anhydride prior to injection. Typical enantioselective
HPLC and GC analyses for chiral reagents are shown in Fig. 1. All experimental conditions for resolving
over 80 commercially available chiral reagents are given in Table 1. A method number from Table 1 is
listed for each compound and the result is in Table 2. Note, that when quantifying peak areas for very
low levels of enantiomeric impurities (esp. <0.1%) one cannot always rely on instrumental integration
devices. The large peak for the dominant enantiomer is usually off scale. Often the concentration of the
compound that the large peak represents is outside the linear dynamic range of the detector. This results in
an underestimation of its peak area. To avoid this problem the small peak (representing the enantiomeric
impurity) must be first quantified. The area of the large peak is measured subsequently after serial dilution
to an appropriate concentration.

3. Results and discussion

Table 2 gives the enantiomeric composition for 83 chiral reagents that are widely used in enantio-
selective synthesis. They are grouped according to their function as: chiral catalysts and catalyst ligands,
chiral auxiliaries, chiral synthons, and chiral resolving agents. Also included in Table 2 are the synthetic
use(s), representative reference(s), the commercial source and a referral number for the experimental
method used to determine the enantiomeric purity (see Table 1). As can be seen in Table 2, enantiomeric
impurities were detected in all samples. Of the samples evaluated (Tables 2 and 3) 51 had levels of
enantiomeric impurities between ~0.01% and 0.1%. Another 48 samples had enantiomeric impurities
between 0.1% and 1%. The levels of enantiomeric impurity for 12 samples were between 1.0% and 10%.
Two samples (both practical grade) had enantiomeric contaminants at levels >10%.
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Fig. 1. The chromatograms designated ‘A’ show the HPLC enantioseparations (from left to right) of racemic hydrobenzoin
and a commercial sample (Acros) of (8,S)-hydrobenzoin. The experimental conditions for this reversed phase separation are
given in Table 2 as method ‘LC-6". The chromatograms designated ‘B’ show the GC enantioseparations (from left to right) of
racemic 4-isopropyl-2-oxazolidinone and a commercial sample (Aldrich) of (R)-4-isopropyl-2-oxazolidinone. The experimental
conditions for this GC separation are given in Table 2 as method ‘GC-3’. Note the enantiomeric impurities in both of the above
commercial reagents
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Table t

Enantioseparation methods by gas chromatography (GC), high performance liquid chromatography
(HPLC), and capillary electrophoresis (CE)

GC Method Number? Column® Length (m) Temperature (°C)  Pressure (psi)
GC-1 Chiraldex B-DA 20 100-140@2/min 20
GC-2 Chiraldex B-DM 30 75-90@ 1/min 15
GC-3 Chiraldex G-TA 30 140-160@ 1/min 20
GC-4 Chiraldex G-PN 20 80-100@1/min 20
GC-5 Chiraldex G-PN 20 50-70@ 1/min 20
GC-6 Chiraldex G-PN 20 70-100@ 1/min 20
GC-7 Chiraldex B-DA 20 180-190@ 1/min 20
GC-8 Chiraldex G-TA 30 175 20
GC-9 Chiraldex B-DM 30 160-180@ 1/min 20
GC-10 Chiraldex B-DM 30 195 20
GC-11 Chiraldex G-TA 30 90 20
GC-12 Chiraldex B-DM 30 100-120@ 1/min 20
GC-13 Chiraldex G-TA 20 70-90@ 1/min 20
GC-14 Chiraldex G-TA 30 100 20
GC-15 Chiraldex G-TA 30 120 20
GC-16 Chiraldex G-TA 30 80 20
GC-17 Chiraldex G-TA 30 110 20
GC-18 Chiraldex G-PN 20 110-140@ 1/min 20
GC-19 Chiraldex G-TA 20 100-120@ 1/min 20
GC-20 Chiraldex G-PN 20 65-90@ 1/min 20
GC-21 Chiraldex B-DM 30 100-130@ 1/min 20
HPLC Method Column® Mobile Phased (%, v/v) Flow Rate
Number? (ml/min)
LC-1 Cyclobond 12000 MeOH: 1% TEAA =20: 80, pH 7.1 1
LC-2 Cyclobond 12000 SN ACN: 1% TEAA = 15: 85, pH 4.1 1
LC-3 Cyclobond I 2000 Ac MeOH: 1% TEAA =5:95,pH 4.1 1
LC4 Cyclobond I 2000 RSP ACN: HOACc:TEA = 100: 0.25: 0.05 1
LC-5 Cyclobond I 2000 RN MeOH: 1% TEAA =20: 80, pH 7.1 1
LC-6 Cyclobond 12000 RSP MeOH: 1% TEAA = 10: 90, pH 4.1 0.8
LC-7 Cyclobond I 2000 Ac MeOH: 1% TEAA = 5: 95, pH 4.1 1
LC-8 Cyclobond 12000 SN ACN: 1% TEAA =10: 90, pH 4.1 1
LC-9 Chirobiotic T MeOH: 1% TEAA = 10: 90, pH 4.1 1
LC-10 Cyclobond I 2000 RSP x28  MeOH: 1% TEAA = 10: 90, pH 4.1 0.5
LC-11 Cyclobond I 2000 MeOH: 1% TEAA = 10: 90, pH 4.1 1
LC-12 Cyclobond 1 2000 RSP x28  MeOH: 1% TEAA = 30: 70, pH 4.1 0.5
LC-13 Cyclobond I 2000 x28 ACN:MeOH:HOAC:TEA =95:5:0.3:0.2 1
LC-14 Cyclobond I 2000 RSP MeOH: 1% TEAA = 20: 80, pH4.1 1
LC-15 Cyclobond I 2000 x28 MeOH: 1% TEAA =30: 70, pH 4.1 0.5
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One cannot automatically assume that the enantiomeric purity of a chiral reagent found in this study
will be exactly comparable to that of the same compound obtained from the same source at a later
date. Nor can one assume that chiral reagents obtained from different sources will be of comparable
composition. As can be seen in Table 3, the batch to batch variation of a chiral compound from the same
source (in regard to the level of an enantiomeric impurity) can vary as much as the enantiopurity of a
chiral compound obtained from different sources. The variation in the concentration of an enantiomeric
contaminant can be as much as two orders of magnitude, as seen from the limited number of comparisons
done in this and previous studies.!*1? It appears that most commercially available compounds having a
single stereogenic center (or stereogenic axis) contain enantiomeric impurities. It also appears that the
level of enantiomeric impurity for any given compound is not controlled and usually not known by the

D. W. Armstrong et al. / Tetrahedron: Asymmetry 9 (1998) 20432064

CE Method  Chiral Selector Additive Run Bufferf Applied Voltage
Number? Added to Run Buffer® kV)
CE-1 30 mM DM-B-CD 18 crown 6 50 mM phosphate, pH 2.11 20
CE-2 2% S-B-CD 50 mM phosphate, pH 3.60 -15
CE-3 30 mM HP-B-CD 50 mM phosphate, pH 2.50 20
CE+4 30 mM HP-B-CD 50 mM phosphate, pH 2.20 15

2 This notation is used to identify the separation techniques in Table 2.

b The abbreviation for the GC columns from Astec (Whippany, NJ) are as follows: G-TA is 2,6-
di-O-pentyl-3-trifluoroacetyl-y-CD; B-DM is di-O-methyl-B-CD; B-DA is 2,6 di-O-pentyl-B-CD;
G-PN is 2,6 di-O-pentyl-3-propionyl-y-CD.

¢ The abbreviation for the HPLC columns (25 cm x 4.6 mm, i.d.) from Astec (Whippany, NJ) are
as follows:2 Cyclobond I 2000 RSP is 2-Hydroxypropyl-B-CD; Cyclobond 2000 I is B-CD;
Cyclobond I 2000 Ac is Acetylated-8-CD; Cyclobond 2000 I SN is S-naphthylethyl carbamated-
B-CD; Cyclobond I 2000 RN is R-naphthylethyl carbamated-B-CD; Chirobiotic T is Teicoplanin.

dMobile phase: ACN = acetonitrile; TEA = triethylamine; HOAc = glacial acetic acid; MeOH =
methanol; 1% TEAA = 1% v/v triethylammonium acetate buffer, pH adjusted by HOAc.

€ Chiral selector: DM-8-CD = Heptakis 2,6-di-0-methyl-B-CD; HP-8-CD = 2-Hydroxypropyl-B-
CD; $-B-CD = Sulfated B-CD.

f Run Buffer: phosphate buffer is adjusted to an appropriate pH by diluted phosphoric acid.

€Two 25 cm Cyclobond columns were used in series.

manufacturer(s)/distributor(s).
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Table 2
The enantiomeric composition of chiral catalysts, auxiliaries, synthons and resolving agents used in

asymmetric synthesis
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Comparisons of enantiomeric excess* for compounds purchased at different times and from different

Table 3

sources

2-Amino- 1 -butanol R enantiomer S enantiomer
(e.e.) (e.e.)
Aldrich (8/97) N/A 98.41 + 0.05
Aldrich (12/97) 97.30 + 0.40 98.47 £ 0.07
Sigma (8/97) 98.83 + 0.04 N/A
Sigma (12/97) 98.72 + 0.28 N/A
Fluka (12/97) 73.07 £ 0.04 (Pract. gradeb) 96.31 £ 0.08
1,1’-Binaphthalene-2,2-diyl R enantiomer S enantiomer
hydrogen phosphate (ee) (ee)
Aldrich (8/97) 96.29 + 0.01 99.93 £ 0.10
Aldrich (12/97) 99.97 + 0.01 99.99 + 0.01
Sigma (old) 99.99 + 0.01 99.89 + 0.02
Sigma (12/97) 99.98 + 0.02 99.96 £ 0.03
Fluka (12/97) 99.99 + 0.01 99.96 + 0.01
Hydrobenzoin R enantiomer S enantiomer
(e.e) (e.e.)
Aldrich (8/97) 99.95 + 0.01 98.93 + 0.06
Aldrich (12/97) 99.97 + 0.0! 98.70 + 0.02
Fluka (1/98) 99.47 + 0.05 99.61 +£0.11
Acros (2/98) 99.88 + 0.01 98.45 + 0.08

2061

a. The confidence limit is based on 95% confidence interval for the mean.
b. Labelled 90% (Sum of enantiomers).

4. Conclusions

All of the chiral reagents evaluated in this study contained detectable levels of enantiomeric impurities.
Over half of the compounds evaluated contained >0.1% of the undesired enantiomer and a significant
number had >1% contamination. The contaminant level of compounds having the highest enantiopurities
ranged from ~0.01% to 0.1% (of the unwanted enantiomer). The batch to batch enantiomeric purity
of a chiral compound from the same source can vary considerably as can the purity of the same
compound from different sources. The results found in this study are somewhat analogous to those
previously reported for amino acids and monoterpenes in that there are few, if any, enantiomerically
pure compounds available (for those reagents that contain one or possibly two stereogenic centers). In
general, it would be beneficial for those involved in enantioselective synthesis to have some idea as
to the enantiopurity of the catalysts, auxiliaries and synthons used in their work. This information is
essential for the accurate evaluation of the enantioselectivity of specific reactions, particularly at the
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higher e.e. levels. Chiral catalysts and auxiliaries may produce significantly higher (or lower) levels
of stereochemical impurities, when used in conjunction with chiral substrates, than might be indicated
from their enantiomeric composition. In a worst-case scenario, a low level enantiomeric impurity in
a catalyst could produce an unwanted stereoisorner at a much faster rate than the dominant reagent
enantiomer produces the desired product. The methodologies for evaluating the enantiomeric purities
of chiral reagents (even at very low or very high levels) are now available.
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