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      Abstract




      The chiral analysis of some seized drugs is important for the administration of justice. The chapter reviews the current analytical methods that have been developed and employed in academic, industrial and forensic laboratories, for the enantiomeric identification and quantitation of some controlled substances, with the focus on methamphetamine and related compounds. Although some spectroscopic methods are discussed, separation techniques, including gas chromatography, high performance liquid chromatography, supercritical fluid chromatography and capillary electrophoresis, especially those coupled with mass spectroscopy, are examined in detail. Some important terms and mechanisms associated with chiral analysis are discussed.
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      INTRODUCTION




      Drug analysis is an important field in forensic science [1-5]. Such analysis follows a typical forensic approach: narrowing down possibilities until arriving at a positive identification [6]. Initially, observations are done to describe the contents upon accepting the physical evidence, which is followed by a color/presumptive test performed on a small portion of the evidence to determine the category of the substance. Finally, the evidence is subject to instrumental analysis for a definitive identification. When the evidence is not pure, gas chromatography (GC), high performance liquid chromatography (HPLC) [7], and/or capillary electrophoresis (CE) [8], often coupled with mass spectrometry




      [9], are often used to give insight into the concentration of each component [10-17].




      Color tests are manually performed and color changes are visually examined, which takes at least a couple of minutes for each sample. Test reagents often contain corrosive or carcinogenic chemicals. Also, varying the incubation time can result in misleading results. Current color tests for basic drugs are not very selective and are susceptible to interference. They are for screening, not confirmatory analysis. Furthermore, these assays are surely NOT able to distinguish between enantiomers of chiral drugs that are each other’s non-superimposable mirror images such as methamphetamine and related substances, which is critical in forensic drug analysis [18]. The two individual components of an enantiomer-pair have identical chemical and physical properties, differing only in the way they react with other chiral compounds and the direction in which they rotate plane-polarized light, and therefore, cannot be differentiated by conventional spectroscopic and chromatographic methodologies.




      Chiral analysis is of great practical importance [19]. All living things on earth are composed of chiral components: amino acids, carbohydrates, proteins, enzymes, nucleosides, DNA, and a number of alkaloids and hormones, etc. The majority of drugs derived from natural products are chiral with specific absolute- configurations, i.e. enantiomerically pure. In other words, they are single enantiomers [20, 21]. Nowadays, many synthetic pharmaceuticals and illicit drugs are chiral, too. Biological processes involve recognition between chiral molecules in hand-shake like events and react differently toward each component of a pair of mirror-image chiral compounds. Often, though not always, only one of the enantiomers of a pharmaceutical drug has therapeutic value, while the other is useless or toxic. Many illicit drugs are effective and addictive only if they contain a stereogenic center or stereogenic centers of specific configuration, while their corresponding enantiomers are not. Dextromethorphan, which plane-polarized light with a wavelength of 589 nm (sodium D line) rotates such polarized light to the right and it is the dextrorotatory enantiomer whose name can be prefixed with dextro, d- or (+)-, is an uncontrolled substance found in Over-the-Counter cough and cold pharmaceuticals [and more recently in Ecstasy mimics]. However, levomethorphan, which rotates plane-polarized light sodium D line to the left and it is the levorotatory enantiomer whose name can be prefixed with levo, l- or (-)-, is a Schedule II narcotic analgesic [22]. Cocaine derived from the extraction of coca leaves is the l-enantiomer, while synthetic cocaine usually contains both d- and l-cocaine, and their diastereomers. The L- isomers of some barbiturates are depressants, while their D- isomers are convulsants. (The usage of D/L should be avoided for compounds other than carbohydrates and amino acids [23] because it is confusing. D and L do not necessarily correspond to d and l, respectively).




      Currently, chiral drug analysis in the forensic science field focuses on methamphetamine (Fig. 1) and related compounds because of legal and intelligence considerations. So will this chapter. Although both enantiomers of almost every chiral controlled substance are under strict and similar regulation, the US Sentencing Commission guidelines do distinguish between the enantiomers of methamphetamine, a DEA Schedule II drug. One gram of l- or d-methamphetamine is equivalent to forty grams or ten kilograms of marijuana, respectively, for sentencing purpose [22]. Pharmaceuticals containing low levels of l-methamphetamine, such as Vicks® Vapor Inhaler, are not controlled, while sentences are heavier for offenses involving contrabands containing more than 80% d-methamphetamine hydrochloride [24], which is known as “ice”. Amphetamine (Fig. 1), a US DEA Schedule II drug, is the parent compound of a type of Schedule I and II psychoactive compounds such as MDMA (Ecstasy) and methamphetamine (the N-methylated amphetamine, Fig. 4). The racemic (d, l)–amphetamine sulfate salt was used as a medicine. Adderall and its generics used to treat attention disorders contain both d-amphetamine and l-amphetamine salts (3:1) [25]. When abused, the d enantiomer is predominant [26, 27]. With the increased emphasis on routine drug testing, there is a need for the stereoselective determination of these drugs to address current and possibly future legal complications. Changing public opinion and legal landscape, which resulted in the recent legalization of recreational marijuana in a number of US states and the corresponding changes in federal and local enforcement practices, may bring different treatment by law regarding the real addictive forms of other drugs and their corresponding enantiomers.
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Fig. (1))


      Structures of stereoisomers of amphetamine and methamphetamine


      (R)-amphetamine: l; (S)-amphetamine: d; (R)-methamphetamine: l; (S)-methamphetamine: d



      Enantiomeric analysis can provide valuable information on illicit drug production [27]. Only one of the enantiomers of ephedrine or pseudoephedrine (l-ephedrine and d-pseudoephedrine, respectively, usually extracted from the plant Ephedra sinica, “Mahuang”) can be easily converted to enantiopure d-methamphetamine (Fig. 2) in “meth” labs [28], as covered in “Breaking Bad”. Racemic d, l-methamphetamine, is most commonly produced using 1-phenyl-2-propanone (a.k.a. phenylacetone or P2P) as the starting material (Fig. 3). Since 2006 when the purchase of l-ephedrine and d-pseudoephedrine (the active ingredient in Sudafed®) started to be limited by the Combat Methamphetamine Epidemic Act [29], the chiral composition of seized “meth” samples in the U.S. has shifted toward skewed d:l ratios [30], which points to the use of the P2P route followed by enrichment through optical resolution [27]. The enantiomeric excess (ee) of these compounds can be used to track them to their sources (chemical forensics) by matching a batch from a particular lab with exhibits picked up off a pusher.
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Fig. (2))


      Enantiopure d-methamphetamine can be prepared using natural products l-ephedrine and d-pseudoephedrine.
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Fig. (3))


      P2P can be converted through non-stereoselective synthesis to racemic methamphetamine, which can be enriched to skewed ratios through optical resolution.

    




    

      Relevant Stereochemistry Terms




      Before we discuss the chiral analysis of selected controlled substance, it is useful to refresh our minds with some other keys terms used in stereochemistry. l-Meth- amphetamine is also called (R)-methamphetamine, while d-methamphetamine is also called (S)-methamphetamine. (R)- or (S)- represents the absolute confi- gurations at their stereocenter(s), which has four different substituents [31]. The absolute configuration of each chiral center [usually carbon] is assigned based on the spatial arrangement (the direction of the priority) of the four different groups attached to it. Priority is assigned following the Cahn-Ingold-Prelog (CIP) rules [32], with the highest priority numbered 1. An atom with a higher atomic number is given a higher priority. For two atoms of the same element, the isotope with a higher atomic mass has a higher priority. Priority is determined at the first point of difference. First, draw a picture so that the atom with lowest priority (Group #4), for example H, seems pointing away from you and ignore the lowest-ranked group to draw plane projection (Fig. 4). Then start tracing from the highest priority (smallest number) to the lowest one (biggest number). The R configuration is given if the priority of the groups moves clockwise. Otherwise the S configuration is given [32].
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Fig. (4))


      Assignment of the (R) and (S) configurations. Only the dash representing the group with the lowest priority points away from the reader. The solids lines are plane projections of the three groups with higher priorities, which correspond to their thickness with a thicker line representing higher priority.



      Although the R designation originated from the German word rectus (right-handed), an (R)-enantiomer does not necessarily rotate plane-polarized light (589 nm) to the right and therefore is not necessarily a d- or (+)- enantiomer. For the same reason, an (S)-enantiomer is not necessarily an l- or (-)- enantiomer. This is evident for the enantiomers of methamphetamine.




      For molecules with two or more stereocenters, two kinds of stereoisomers exist: enantiomers and diastereomers. Enantiomersare molecules that have the same formula and same connectivity but are non-superimposable mirror images of each other. Stereoisomers that are not enantiomers are diastereomers. A molecule with two chiral carbon atoms has up to four stereoisomers (R, S)-, (S, R)-, (R, R)-, and (S, S)- isomers. The (R, S)- and (S, R)- isomers are a pair of enantiomers. So are the (R, R)- and (S, S)- isomers. All others are pairs of diastereomers. If both stereocenters have exactly the same four substituents and there is a plane of symmetry in the (R, S)- or (S, R)- structures, they represent the same meso isomer, which is not chiral. Unlike enantiomers, the properties of diastereomers can differ and their differentiation is easier. An example of a molecule with 2 chiral centers is 2-methylamino-1-phenyl-1-propanol, a.k.a. ephedrine/pseudoephedrine. Among its four stereoisomers (Fig. 5), there are two pairs of enantiomers: (1R, 2S)-(- )-ephedrine and (1S, 2R)-(+)-ephedrine, and (1S, 2S)-(+)-pseudoephedrine and (1R, 2R)-(-)- pseudoephedrine, respectively. There are 4 pairs of diastereomers: (1R, 2S)-(-)-ephedrine and (1R, 2R)-(-)-pseudoephedrine, (1R, 2S)-(-)-ephedrine and (1S, 2S)-(+)-pseudoephedrine, (1S, 2R)-(+)-ephedrine and (1R, 2R)-(-)-pseudo- ephedrine, and (1S, 2R)-(+)-ephedrine and (1S, 2S)-(+)-pseudoephedrine, respectively.
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Fig. (5))


      Relationships between the stereoisomers of ephedrine and pseudoephedrine.



      Each stereocenter’s absolute configuration can be determined by structural analysis, while the optical rotation of each chiral stereoisomer has to be measured. The prefix (R)-(+)-, (R)-(-)-, (S)-(+)- or (S)-(-)- can be added to the name of a chiral compound with a single chiral center, depending on its absolute configuration and optical rotation. Similar combinations can be added as prefixes to compounds with two or more chiral centers. For example, the name (1S, 2R)-(+)-ephedrine tells that this compound is d-ephedrine since its optical rotation sign is + and it has two chiral centers: the lower numbered one being S and the higher numbered one being R. The enantiomer of d-ephedrine is l-ephedrine, a.k.a. (-)-ephedrine, or (1R, 2S)-ephedrine, or (1R, 2S)-(-)-ephedrine. Please note that there is no such a compound as (1S, 2R)-(-)-ephedrine. For a specific enantiomer, there is only one combination of absolute configuration and optical rotation. A homogeneous sample containing exactly the same quantities of two enantiomers does not rotate plane polarized light. It is called a racemate or a racemic solution, whose name is prefixed with (±)- or (d, l)-.




      It is useful to keep in mind the following relationship:




      (R)-amphetamine: l; (S)-amphetamine: d; (R)-methamphetamine: l; (S)-metham- phetamine: d; (1R, 2S)–ephedrine: l; (1S, 2R)–ephedrine: d; (1R, 2R)–psudoephe- drine: l; (1S, 2S)–psudoephedrine: d.




      

        Chiral Analysis




        In forensic science, the scientific analysis has to comply with a couple of standards to be admissible in court. Mainly such analysis should be relevant to the specific task and should be reliable in the eyes of the judge. Consequently, this chapter covers mature and reliable methods are that used most often in government forensic science laboratories, not necessarily the latest in academic and industrial research and development. We are discussing spectroscopic and separation methods in the following sections, with more attention on separation methods because most forensic samples are mixtures.


      


    




    

      SPECTROSCOPIC ANALYSIS




      Pure chiral compounds can be easily analyzed by chiroptical spectroscopic measurements (see the definition of selected one in Table 1) using polarized light. Plane polarized light consists of left- and right-circularly polarized components, which interact differently with a chiral medium. They travel with different velocities through the medium, giving rise to a circular birefringence or anisotropic refraction (nL - nR ≠ 0), observable as a rotation of the plane of polarization. They can be differentially absorbed by achiral medium if the wavelength is right, resulting in a circular dichroic effect or anisotropic absorption (AL - AR ≠ 0, or Δε ≠ 0). The rotatory power of a substance varies with the wavelength, which can be recorded as optical rotatory dispersion (ORD). Nowadays, ORD has largely been replaced by electronic circular dichroism (CD) [33]. Vibrational circular dichroism (VCD) and Raman optical activity (ROA) measurements recently gain some attention in chiral analysis [34].




      

        Table 1 Terms and definitions in Chiroptical Spectroscopy.




        

          

            

              	Term



              	Symbol



              	Definition

            


          



          

            

              	Optical rotation



              	α



              	The rotation of plane-polarized light as it travels through certain non-racemic materials.

            




            

              	Specific rotation



              	[α]



              	The observed angle of optical rotation α when plane-polarized light of wavelength λ is passed through a sample with a path length (l) of 1.0 dm and a sample concentration ( c ) of 1.0 g mL−1 at temperature T.

            




            

              	Circular dichroism



              	CD



              	A form of spectroscopy based on the differential absorption (Δε) of left- and right-handed circularly polarized light in non-racemic molecules.

            




            

              	Vibrational


              Circular


              Dichroism



              	VCD



              	Circular dichroism in the infrared and near infrared ranges.

            




            

              	Raman optical activity



              	ROA



              	A form of spectroscopy based on the intensity differences of the Raman intensities scattered by the molecules excited by incident right- and left-circularly polarized light.

            


          

        




      




      

        Optical Rotation




        When it comes to controlled substance analysis, optical rotation(α) is still sometimes used although it is a long existing chiroptical method. A pair of enantiomers rotate plane-polarized light in opposite directions when all other conditions are the same. One rotates plane-polarized light with a wavelength of 589 nm (Sodium D line) to the left and it is the levorotatory enantiomer whose name can be prefixed with levo, l- or (-)-. The other rotates such polarized light to the right and it is the dextrorotatory enantiomer whose name can be prefixed with dextro, d- or (+)-. The values of the specific rotation [α], the observed angle of optical rotation α when plane-polarized light of wavelength λ is passed through a sample with a path length (l) of 1.0 dm and a sample concentration (c) of 1.0 g mL−1 at temperature T, of a pair of enantiomers are of the same amplitude but opposite signs (enantio = opposite). As a result, enantiomers are also called optical isomers.




        The optical rotation of achiral compounds is zero (0). So is that of racemates, although they consist of components that are optically active. To obtain accurate optical rotation values, however, the concentrations of the samplesare generally high in the g/dL range. The specific rotation values of selected substances are listed in Table 2.




        

          Table 2 Specific Rotation of Some Compounds [35].




          

            

              

                	Compounds



                	[α]D(D represents sodium D line)

              


            



            

              

                	Testosterone



                	+109°

              




              

                	(S)-Amphetamine



                	+37.6°

              




              

                	(R)-Methamphetamine hydrochloride



                	−18.05°

              




              

                	(1R, 2S)-Ephedrine hydrochloride



                	−34°

              




              

                	(1S, 2S)-Pseudoephedrine



                	+52°

              




              

                	Diacetylmorphine (HEROIN)



                	-166°

              




              

                	Morphine (natural product)



                	-132°

              




              

                	Cocaine (natural product)



                	-16°

              




              

                	Dextromethorphan



                	+39.6°

              




              

                	Sucrose



                	+66.47°

              




              

                	Fructose



                	-94.37°

              




              

                	Acetic Anhydride



                	0

              




              

                	P2P



                	0

              


            

          




        




        For a mixture of two enantiomers, the optical rotation depends on their concentration difference. To obtain the concentration of each enantiomer, both optical rotation and UV-Vis measurements are required, and both the absolute value of specific rotation [α] and extinction coefficient (ε) should be known. The concentration effects of the two enantiomers are subtractive on optical rotation and additive on UV-Vis absorbance since the two enantiomers should give the same UV-Vis signal. The following equations can be established:




        A = εb(c1 + c2)(UV-Vis spectroscopy)




        α = [α]l (c1 - c2)(Polarimetry)




        where c1 and c2 are the concentrations of the enantiomers, respectively, and b and l are the optical pathlengths in UV-Vis and optical rotation measurements, respectively. UV-Vis measurements are typically done at lower concentrations than that of optical rotation. Therefore, the dilution factors must be accounted for in the first equation when determining the concentrations of the enantiomers.


      




      

        Circular Dichroism




        Circular dichroism has also been used to analyze controlled substances, amphetamine [36] and ephedrine/pseudoephedrine [37] (Fig. 6) for example, and in many cases it requires less concentrated samples than in optical rotation measurements. Recently, CD has been employed as a selective detector in chiral HPLC analysis.
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Fig. (6))


        Circular Dichroism spectra of (A)d-amphetamine(blue) and l-amphetamine(red) [36];(B)ephedrines(1: l, 2: d) and pseudoephedrines[3: l, 4: d] [37]. Reproduce with permission from reference [37]. Copyright © 1969, NRC Research Press.

      


    




    

      IR AND NMR




      Enantiomers produce exactly the same infrared (IR) and nuclear magnetic resonance (NMR) spectra since the energy sources in these methods are not polarized. However, the physical properties of diastereomers can differ and consequently their IR and NMR spectra are different. If a pair of enantiomers are derivatized by an enantiopure chiral reagent, or are mixed with an enantiopure chiral shifting agent, diastereomeric products or complexes can be formed, which can produce different IR and NMR spectra. When mixed with d-mandelic acid, d-, l- and d, l-amphetamines gave quite different IR spectra in the 600-800 cm-1 region (Fig. 7) [38].




      For some substances, the IR of a pure enantiomer and a racemate can be the same. For example, (+)-, (-)- and (±)-cocaine hydrochloride have exactly identical IR spectrum because (+)- and (-)-cocaine hydrochloride do not interact with each other and they do not form a true racemate in solid state when mixed in 1:1 ratio [39]. Their carbonyl stretching peaks are all at 1730 and 1711 cm-1. However, if the two enantiomers can pack in a way that they affect each other, i.e. they serve as each other’s chiral shifting agent that they form a true racemate in solid state, the racemate and the pure enantiomer can produce different signals, as is shown in the IR spectra of free bases of (±) and (-)-cocaine: The carbonyl stretching peaks are at 1734 and 1706 cm-1 in the l- enantiomers, while they are at 1750 and 1705 cm-1 [39]. There are other differences as well.
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Fig. (7))


      The IR spectra in the 600-800 cm-1 region of amphetamine d-mandelates [38]. Reprinted with permission from reference [38]. Copyright © 1970, American Chemical Society.
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Fig. (8))


      Structures of cathinones and (R)-(+)-1, l’-bi-2-naphthol.



      Similarly, enantiomers can be differentiated by NMR with the help of chiral shifting agents. With the help of the chiral shifting agent (R)-(+)-1, l’-bi-2- naphthol (Fig. 8), the enantiomers of methamphetamine, ephedrine, pseudo- ephedrine and methcathinone (Fig. 8) in a mixture were determined by NMR, without involving any separation methods [40]. The chemical shifts of N-methyl singlets in the 1.9-2.4 ppm increase in the following order:(R)-methcathinone< (R)-methamphetamine < (S)-methamphetamine < (S)-methcathinone < (1R, 2S)-ephedrine < (1R, 2R)-(-)-pseudoephedrine < (1S, 2R)-(+)- ephedrine < (1S, 2S)-(+)-pseudoephedrine. The chemical shifts of the C-methyl doublets in the 0.7-1.2 ppm increase in the following order: (1S, 2S)-(+)-pseudoephedrine < (1R, 2R)-(-)- pseudoephedrine < (R)-methamphetamine, (S)-methamphetamine, (1R, 2S)-(-)- ephedrine, (1S, 2R)-(+)-ephedrine] < (S)-methcathinone < (R)-methcathinone, although those of (R)-methamphetamine, (S)-methamphetamine, (1R, 2S)-(-)- ephedrine, and (1S, 2R)-(+)-ephedrine overlaparound 0.8 ppm.




      

        Separations




        When the evidence is not pure or when the purity of the evidence is unknown, separation methods [41] are oftenused in the confirmation step of forensic drug analysis. Such methods include gas chromatography (GC) [21], high performance liquid chromatography (HPLC) [7, 21], and/or capillary electrophoresis (CE) [42-45], with mass spectrometers, more recently tandem mass spectrometers, as the preferred detectors.




        Chromatography is a method used for the physical separation of the components ina mixture by partitioning them between a stationary phase and a mobile phase. Different components are partitioned at different ratios due to their different affinities to the stationary phase (and in some cases, the mobile phase). In gas chromatography, the mobile phase is known as a carrier gas, usually hydrogen, helium, or nitrogen, since it does not participate in the chemistry of separations and is only responsible for carrying the sample through the stationary phase, which is usually a nonvolatile compound immobilized to a solid support or column inner wall. High affinity to the stationary phase results in a longer retention time, while low affinity to the stationary phase results in a shorter retention time. Similar molecules, such as diastereomers, have similar retention times, while enantiomers have exactly the same retention times on achiral columns (stationary phases). Separation of the components is plotted as signal strengths (y-axis) against the different retention times (x-axis), displaying as chromatograms. The area of each peak on the chromatogram can be used for quantitative analysis.




        Two types of techniques are employed in chiral separations [20, 46]. Indirect ones involve separation using achiral stationary and mobile phases after samples are reacted with an enantiopure chiral derivatization agent (CDA). Direct ones utilize chiral selectors, which can be either chiral stationary phases (CSPs) or chiral mobile phase additives (CMPAs). In such techniques, a pair of enantiomers are either turned into a pair a diastereomers covalently (chiral derivatization) or non-covalently form transient diastereomeric complexes with CSPs or CMPAs.




        Direct chiral separations are based on chiral recognition: ability of CSP, or CMPAs to interact differently with each enantiomer to form transient-dias- tereomeric complexes. It requires a minimum of three interactions (“3-Point” Interaction Rule) through:





        

          	H-bonding




          	π-π interactions




          	Dipole stacking




          	Inclusion complexing




          	Steric bulk hindrance


        




        At least one such interaction must be stereochemically dependent so that the CSP or CMPA interact smore strongly with one enantiomer than with the other to effect separation.




        The 3-point rule also explains the often-different effects of a pair of enantiomer in the body since they interact with enzymes, proteins [47], and other chiral receptors (similar to CSPs and CMPAs in chromatography), which is illustrated in Fig. 9. The groups in the high-affinity or effective enantiomer must interact with the corresponding regions of the binding site of its receptor/chiral selector to have a perfect alignment (Fig. 9, left). In contrast, the other enantiomer cannot bind in the same most effective way with this chiral receptor/selector no matter what (Fig. 9, middle and right).
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Fig. (9))


        Achiral receptor or chiral stationary phaseinteracts differently with a pair of enantiomers through the “3-point” rule. The interaction with one enantiomer is stronger (left) than the other (middle or right).



        For example, cyclodextrin is a chiral molecule that serves as a chiral stationary phase in GC and HPLC, and a chiral mobile phase additive in HPLC and CE. Cyclodextrin, a.k.a. cycloamylose, is a cyclic chain of D-glucose joined together by α-1, 4-glycosidic linkages and is found to have a truncated cone shape. Alpha, beta (Fig. 10), and gamma cyclodextrins consist of six, seven, and eight D-glucose units, respectively. They are synthesized from the enzymatic hydrolysis of starch. The hydroxyl groups of a cyclodextrin molecule are located on the outer surface; the primary hydroxyl groups are located towards the narrow portion, while the secondary hydroxyl groups are located towards the wider portion of the molecule (Fig. 10) [48]. In chiral recognition, its 3-point interactions with chiral compounds include:
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Fig. (10))


        (A)Structure, and (B) Three-dimensional representation of β-cyclodextrin [48].Reprinted with permission from reference [48]. Copyright © 2009, American Chemical Society. 



        

          	H-bonding between the hydroxyls and polar groups of analytes




          	Inclusion of hydrophobic portion of analyte into non-polar cavity




          	Steric hindrance, etc.



        




        One enantiomer will be able to better fit in the cavity than the other.




        Other types of CSPs are used in chiral HPLC analysis and will be discussed in more detail later.




        In the indirect technique, chiral analytes bearing certain functional groups, such as amine (primary and secondary, but not tertiary), hydroxyl, carboxyl, carbonyl and thiol, are reacted with a CDA before they are separated using readily available inexpensive conventional achiral stationary and mobile phases. Although the CDA needs to be readily available with extremely high enantiopurity, various CDAs and reactions are available to optimize the formation of diastereomeric derivatives that can be more easily separated (and detected). The enantiomeric impurity can be made to elute before the main peak by choosing the advantageous enantiomeric form of the CDA so that quantitation can be improved.




        The majority of published chiral drug analysis work has been done using GC following the indirect technique: chiral derivatization before separation on achiral stationary phases. Although chiral mobile phase additives, which are usually not desirable for mass spectrometry detection, are of course never used in GC and rarely used in HPLC (because of higher cost, lower efficiency and possible introduction of foreign species in preparative HPLC), they are used quite often in CE. Direct chiral separations using CSPs are more widely used in HPLC than in GC. Reaction with a CDA to form diastereomers is not required in the direct technique, which is an advantage. However, derivatization with anachiral agent is still often employed to effect appropriate molecular interactions with the chiral discriminator for better separation and/or to impart certain properties to the analytes for easier vaporization (in GC), better shaped peaks, shorter analysis time or better detection. Since many controlled substances have no derivatizable functional groups, direct chiral separations using CSPs are the most used for such compounds.




        We will mainly discuss the chiral separations of amphetamine, methamphetamine and related compounds, focusing on the indirect chiral GC (chiral derivatization and achiral stationary phases), direct chiral HPLC and supercritical fluid chromatography (SFC, chiral stationary phases) and, CE (chiral additives), although chiral derivatization followed by separation on chiral stationary phases will also be discussed in some cases.


      




      

        Gas Chromatography




        GCMS is the workhorse in forensic drug analysis because it combines the separation efficiency of GC with the sensitivity and specificity of mass spectrometry (especially tandem mass spectrometry (MSn), which is a Category A method for drug analysis because its identification power according to the Scientific Working Group for the Analysis of Seized Drugs (SWGDRUG) [24, 49]. In GC-MS, a sample is injected into the injection port, where it is vaporized and swept into the column by the carrier gas. As the sample passes through the column, different components are separated before they go to a mass spectrometer, which often employ electron impact (EI) ionization where the sample is bombarded by high-energy electrons to be ionized and fragmented. The molecular ion and fragments are sorted by their mass-to-charge (m/z) ratio, which can be used to elucidate the structure of the original molecule. The height/area of the peaks can be used to find out the concentration of analytes. Most published chiral drug analysis work employs chiral derivatization and separation by GC on achiral stationary phases [50-52]. Analytes that are not enantiomers, including diastereomers, are separated on achiral columns based on their differences in boiling points and/or polarity. Although there are direct analyses on chiral GC columns, derivatization with an achiral agent is often still needed, offering little advantage in sample preparation. Less chiral stationary phases are available for GC than for HPLC.


      




      

        Indirect Method: Derivatization




        A commercially available reagent S-(-)-N-(trifluoroacetyl) prolyl chloride, a.k.a. trifluoroacetyl-L-prolyl chloride (L-TPC, Fig. 11) has been widely used to derivatize chiral drugs for gas chromatography analysis [51].
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Fig. (11))


        Some chiral derivatization agents in chiral GC drug analysis.



        In an early study, amphetamine samples were derivatized with L-TPC and then analyzed by a capillary gas chromatograph/mass spectrometer(GCMS) system [53].




        There is a small amount of D-TPC in commercial L-TPC. Therefore, such derivatization can theoretically produce 4 products: l-amphetamine-L-TPC (RS), d-amphetamine-L-TPC (SS) (Fig. 12), l-amphetamine-D-TPC (RR), and d-amphetamine-D-TPC (SR) since d-amphetamine and L-TPC are of the S configuration while l-amphetamine and D-TPC are of the R configuration. However, only two peaks showed up on the chromatogram when the column was achiral (SP-2100), which was expected since SR and RS co-elute and so do RR and SS because they are pairs of enantiomers. Therefore, to find out the percentages of d- and l-amphetamines in a mixture, which corresponds to the percentages of SS and RS, respectively, correction for the co-elution of their corresponding enantiomers (RR or SR, respectively), and vice versa, is generally needed.




        After correction for enantiomerical TPC impurity, calculated results obtained from the achiral column (SP-2100) were found to be statistically the same as those obtained from a chiral column (Chirasil-Val). Peak areas correction may become a serious problem if the exact enantiomeric purity of the derivatization reagent is not available. Another drawback is that the manual derivatization method seems quite tedious even for standards.




        An automated sample preparation system was applied to the chiral GC analysis of amphetamineand methamphetamineon an achiral column (HP Ultra 1 column coated with 100% dimethylpolysiloxane) after derivatization with L-TPC [9]. This automated procedure was compared with two existing methods which employ manual on-column or off-line derivatization. The derivatization procedure did not affect chromatographic performance, giving the same base-line resolutions for enantiomers and the same elution order of the L-TPC derivatives these drugs: (R)-amphetamine (8.35 min)<(S)-amphetamine (8.70 min)<(R)-methamphetamine (10.81 min)< (S)-methamphetamine (11.17 min). However, sensitivity was better for both automated and manual off-line derivatization. The automated procedure gave the best quantitative reproducibility based on peak areas because the automated “just-in-time” derivatization can minimize the time-dependent decomposition of the derivatives before GC analysis.
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Fig. (12))


        Derivatization of enantiomers d- and l-amphetamines with L-TPC gives a pair of diastereomeric products.



        To accurately determine a drug’s enantiomeric content, the raw peak areas were corrected using the following equation:




        

          

            	[image: ]

          


        




        where c and a are the corrected percentage ans draw percentage obtained from the peak area of an enantiomer, respectively, and p is the percentage of D-TPC impurity.




        L-TPC derivatization was used for chiral determination of amphetamines and related designer drugs in 12 hair samples from suspected amphetamines abusers [54]. The substances were extracted from hair with a saturated carbonate buffer under sonication for 30 min. The solution was extracted with hexane. L-TPC was then added to the collected organic layer, which was subsequently analyzed by GC/MS in SIM mode. R and S isomers were separated and detection limits were 0.1 ng/mg for amphetamine, methamphetamine and MDA, and 0.2 ng/mg for MDMA and MDEA. Both isomers of amphetamine and/or MDMA were found to be in these hair samples.




        In Sweden, drug abusers diagnosed with Adult ADHD have been successfully treated with Metamina®(d-amphetamine). Hair was dissolved in sodium hydroxide, followed by extraction with iso-octane and chiral derivatization with L-TPC. GCMS analysis of hair samples uncovered existence of l-amphetamine, which suggested intake of additional racemic illicit amphetamine and which was not shown by enantiomer ratios and concentrations of amphetamine in blood [55].




        Developing analytical methods for the determination of cathinones, which have structures (Fig. 8) and stimulating effects similar to amphetamines, is of great interest. Under optimized conditions, 14 amphetamine/cathinone-related compounds were derivatized with L-TPC and resolved into their enantiomers by GCMS with an HP5-MS column [56]. Unlike amphetamines, racemic methcathinone derivatives showed different peak areas for each of the produced diastereomeric isomers. Derivatization with either of the pure methcathinone enantiomers led to both diastereomers, which pointed to the presence of racemic species during derivatization through at least one of the 3 effects: racemization of L-TPC, different reaction rates of the two enantiomers and different yields of diastereomers due to keto-enol tautomerization of the analytes. If TPC were the problem in this case, which was possible mainly due to the keto-enol tautomerization of the α-proton on the chiral carbon and the carbonyl group under certain conditions (Fig. 19), different peak areas would have been observed for amphetamines. After derivatization with another CDA, (R)-(+)-α-methoxy-α- (trifluoromethyl)phenylacetic acid (R-MTPA, Fig. 11), which does not possess any α-protons on the chiral carbon atom, three model chiral substances showed different peak areas as well. Therefore, racemization during derivatization was not due to the CDA, being R-MTPA or L-TPC, in this case, but was due to the keto-enol tautomerization of the methcathinone (Fig. 13).




        Since R-MTPA does not possess any α-protons on its chiral carbon and is known to be more stable than L-TPC, it is gaining popularity in chiral forensic drug analysis [40]. The enantiomers of the related substances methamphetamine, ephedrine, pseudoephedrine and methcathinone were determined by GCMS on an achiral DB-5 (15 m x 0.25 mm, 0.25 μm film thickness) column after derivatization with R-MTPA (actually the anhydride of R-MTPA, which was obtained by mixing R-MTPA with 1 equivalent of DCC), giving a resolution of at least 1.6 between all derivatives. All the R-MTPA derivatives eluted between 8-14 minutes with the following order: (S)-methamphetamine <(R)-methamphetamine <(S)-methcathinone <(R)-methcathinone <(1R, 2S)-ephedrine <(1S, 2R)-ephedrine <(1S, 2S)-pseudoephedrine <(1R, 2R)-pseudoephedrine [40]. The carrier gas was helium with a linear velocity of 60 cm/s. R-MTPA derivatives of khat-related compounds [57] were reported to give better resolution than their corresponding TPC derivatives.
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Fig. (13))


        The racemization of TPC and methcathinone through keto-enol tautomerization [56].



        Another CDA without any α-H, R-(-)-α-methoxy-α-trifluoromethylphenylacetic chloride(R-MTPCl, Fig. 11), which is the acid chloride of (S)-(-)-α-methoxy- α-(trifluoromethyl) phenylacetic acid (S-MTPA) has been used to derivatize amphetamine and methamphetamine and a wide range of phenethylamines directly in the non-protic elution solvent that was used to elute the compounds from a polymer-based solid-phase extraction column [58], which eliminates an elution solvent dry-down step that may adversely affect extraction recovery and derivatization before GC analysis. This CDA was used to derivatize both classic amphetamines (amphetamine and methamphetamine) and related designer drugs (MDA, MDMA and MDEA) after liquid-liquid extraction of whole blood samples (0.5 g) originating from traffic and criminal cases and post mortem cases before enanitomeric determination by GC on a HP-5MS(5% phenyl methyl siloxane) column and detected by SIM-MS [59]. Adding 0.02% triethylamine resulted in more complete derivatization, which made it possible to detect the amphetamines in adequately low concentrations. The linear range was from 0.004 to 3 μg/g per enantiomer. Please note that the same single enantiomer derivatized with R-MTPA and R-MTPCl, respectively, will produce a pair of diastereomers.




        (S)-(-)-N-(heptafluorobutyryl)prolyl chloride (S-HFBPCl, Fig. 11), an analogue of L-TPC with 6 F atoms in one molecule, was produced through a modified procedure to afford high optical purity and long shelf-life (at least 10 months) at -20 °C [60]. It was used to produce derivatives of amphetamine and methamphetamine that were readily ionized in the negative-ion chemical ionization mode thanks to the electronegativity of the heptafluorobutyryl group in a GCMS assay of their enantiomers in small volumes of plasma or serum, which was applied to toxicology cases (Fig. 21) [60]. No or very little racemization of the CDA occurred during synthesis or derivatization. GC separation was achieved on a HP-5MS column (30 m × 0.25 mm; 0.25 μm film thickness). Mass spectrometer transfer line was heated to 280 °C and negative-ion-chemical ionization (NICI) was employed using methane (2 mL/min) as the reagent gas. The derivatives of selected compounds were well resolved between 9.5 and 12 minutes with the following elution order: (R)-amphetamine < (S)-amphetamine < (R)-methamphetamine < (S)-methamphetamine.


      




      

        Direct Method: Chiral GC Column




        Indirect chiral GC-MS has a few disadvantages when compared to other analytical techniques. There is one extra step required in the sample preparation involving derivatization of the analytes, commonly using L-TPC. The purity of such derivatization reagents is often not 100%, leading to result bias if not corrected. Using chiral columns may address such problems.




        In an interesting early study, d- and l-amphetamine mixtures were derivatized with L-TPC and then analyzed by a chiral phase, Chirasil-Val, capillary GCMS [53]. One significant advantage in using the chiral column is that the four possible isomers resulting from the reaction of d- and l-amphetamines with L- and D-TPC (impurity in commercial L-TPC) are completely resolved with the following elution order in increasing retention times: d-amphetamine-D-TPC (SR) < l-amphetamine-L-TPC (RS) < l-amphetamine-D-TPC (RR) < d-amphetamine-L-TPC (SS), which facilitates the determination of the percentage of D-TPC by dividing the peak area of SR by that of the sum of SR and SS; or by dividing the peak area of RR by that of the sum of RR and RS. When a low concentration of l-amphetamine (relative to d-amphetamine) is used, the peak area of RR is small; similarly, when a low concentration of d-amphetamine is used, the peak area of SR is small. With the purity of L-TPC determined, the enantiomeric ratio of d- and l-amphetamine of each test solution was also determined by an achiral column (SP-2100) as described earlier and the results agree with that obtained by the chiral column, which is directly the ratio of SS:RS. Reconstructed chromatograms of representative samples analyzed by the two columns are shown in Fig. (14). Although impurities are normally encountered in illicit samples (Fig. 14b), single ion chromatograms (Fig. 14c) of such samples can be used to clearly display the peaks of the drugs of interest, which was amphetamine in this case.




        
[image: ]


Fig. (14))


        (a) Total ion chromatogram of a control d- and l-amphetamine mixture obtained on the SP-2100 column. (b) Total ion chromatogram of illicit amphetamine obtained on the SP-2100 column. (c) Single ion (m/e = 237) chromatogram of illicit amphetamine obtained on the SP-2100 column. (d) Total ion chromatogram of the control d- and l-amphetamine mixture obtained on the Chirasil-Val column [53]. Reprinted with permission from reference [53]. Copyright © 1981, American Chemical Society.



        Gas chromatography (GC) on modified cyclodextrin chiral stationary phases (CSPs) has shown to be highly effective in separating the enantiomers ofamphetamine, methamphetamine, ephedrine, and pseudoephedrine, even if all of them are present in the same sample [61]. Interestingly, reversal of the elution order of enantiomers in chiral GC has been observed in a few cases. Not only CSPs made of different cyclodextrin derivatives or different size cyclodextrins could reverse the enantiometric retention order of many compounds [41], but also different derivatives of the same pair of enantiomers (using achiral derivatization agents), such as trifluoroacetylated amphetaminesand acetylated amphetamines, can have the opposite enantiomeric elution order on the same CSP. For example, on a 30 m Chiraldex G-PN capillary (ID 0.25 mm) column under isothermal conditions (140 oC), (R)-trifluoroacetylated amphetamine eluted before its (S)-enantiomer, while (R)-acetylated amphetamine eluted after its (S)-enantiomer [62].


      




      

        High-Performance Liquid Chromatography




        

          Indirect Method: Derivatization followed by Separation on C18 Columns




          An LC–MS/MS method with precolumn derivatization was developed for chiral analysis methamphetamine and amphetamine in plasma and oral fluid in no more than 10 minutes [63]. After sample collection and preparation, derivatization with 1-fluoro-2, 4-dinitrophenyl-5-L-alanineamide (Marfey's reagent, Fig. 15) was per- formed, followed by HPLC analysis under isocratic conditions (methanol: water, 60:40) with a 2.6 μ m C18 column. Analytes were identified by tandem mass spectrometry in ESI negative mode. The linear range was from 1 to 500 μg/L for all enantiomers, with RSDs and accuracy of ≤11.3% and 85.3–108%, respec- tively.
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Fig. (15))


          Structures of some chiral derivatization agents in enantiomeric HPLC analysis.



          In another study, the ultra-high pressure liquid chromatography(UHPLC or UPLC) analysis of enantiomers using a C18 column (1.7 μm particles) was carried out after derivatization using two different agents, 2, 3, 4-tri-O-acetyl-α-D-arabinopyranosyl isothiocyanate (AITC, Fig. 15) and Marfey’s reagent. Separation of several amphetamine-related compounds contained within the same sample was achieved in 2–5 min with high efficiency and selectivity [64].




          An LC-MS/MS methodforthe chiral pharmacokinetic analysis of the metabolites of 3, 4-Methylenedioxymethamphetamine (MDMA, ecstasy, a racemic drug of abuse) in human blood plasma was developed [65]. Blood plasma samples were prepared by simple protein precipitation, followed by derivatization using Nα-(2, 4-dinitro-5-fluorophenyl) L-valinamide (DNPV, Fig. 15) and separation on standard reversed phase column. The method was selective, sensitive, accurate and precise for all tested analytes such as 4-hydroxy 3-methoxymethamphetamine (HMMA) 4-sulfate and HMMA 4-glucuronide, except 3, 4-dihydroxy- methamphetamine (DHMA) 3-sulfate.


        




        

          Direct Separation on Chiral LC Columns




          Direct chiral separations using CSPs are more widely used in HPLC than in GC. There are more than a hundred commercially available HPLC CSPs. Cyclodexrin-based phases can be useful, a few better types are now the most widely used: carbohydrate (cellulose, amylose), polyacrylamide, diallyltartardiamide, Pirkle phases, chirobiotic phases (vancomycin, teicoplanin) [66]. However, no CSP can separate all classes of racemates. Although the examination of the interaction mechanism between CSP and chiral analytes can be of some help, column selection is based mostly on empirical data, experience and screening. One often checks literature for structurally-related compounds in screening. However, choosing a chiral column based on analyte structure alone does not guarantee success. Column companies suggest the use of their screening kits using various CSPs and mobile phases. Of course, stationary phase selectivity is the biggest factor. On top of that, a wide range of mobile phases also need to be available in screening. There are systems that can screen multiple columns simultaneously. Since most chiral compounds of forensic concern, especially methamphetamine and related compounds have been in circulation for some time, column screening is not as demanding as in the pharmaceutical industry and will not be discussed in detail here.




          Enantiomers of both amphetamines and norephedrineswere clearly separated by HPLC using a chiral crown ether column (CROWNPACK CR(+)) [67]. Even 0.1% d-amphetamine in bulk methamphetamine could be determined. When urine from a methamphetamine abuser was examined, d-amphetamine was detected as a metabolite while there was no detectable l-amphetamine.




          A commercially available CHIRALPAK® AS-H column (amylose tris((S)-methylbenzylcarbamate coated on 5-µm silica gel) was found to be able to enantiomerically resolve 19 out of 24 cathinone-related compounds [68]. HPLC (normal phase) was run under isocratic conditions with a mixture of hexane, isopropanol, and triethylamine (97:3:0.1).




          Two chiral LC-MS methodologies utilizing CBH (cellobiohydrolase) and Chirobiotic V (vancomycin) columns for the quantification of amphetamine, methamphetamine, MDA (methylenedioxyamphetamine), MDMA, propranolol, atenolol, metoprolol, fluoxetine and venlafaxine in river water and sewage effluent were compared [69]. Lower method detection limits (0.3–5.0 ng/L and 1.3–15.1 ng/L for river water and sewage effluent, respectively) for all compounds were achieved using the Chirobiotic V column, except for methamphetamine and MDMA. However, the CBH column gave better resolution (Rs = 2.5 for amphetamine enantiomers vs 1.2 with Chirobiotic V), which equals to the difference (d = tRB - tRA, tRB > tRA) in retention times between the two peaks divided by the average of their combined widths (in time units) and which is a measure of how well two peaks are separated with bigger value representing better separation.




          Another study compared several chiral stationary phases for the chiral determination of cathinones [70]. Using reversed phase mobile phases, no chiral separation for mephedrone was observed on Chirobiotic V, Cyclobond I 2000 DNP, Whelk-O1 and AmyCoat columns. However, using normal phase solvents, chiral separation was achieved except on the Chiralcel OJ-H column. After optimization, a 250 mm × 4.6 mm I.D. Whelk-O1 gave the best enantioselectivity (1.59) and enantioresolution (5.90) column using anisopropanol(IPA)-hexane- trifluoroacetic acid(TFA)–triethylamine(TEA)(10:90:0.05:0.05) mobile phase. For all the other 6 tested cathinones, enantiomeric separation was achieved on RegisCell with using IPA–hexane–TFA (15:85:0.1), while it was not successful on Whelk-O1.




          A simple, rapid, and accurate method was developed for the determination of amphetamine and methamphetamine enantiomers in urine using LCMS/MS on a Chirobiotic™ V2 column (vancomycin, 250 mm × 2.1 mm, 5 μm) with methanol containing 0.1% (v/v) glacial acetic acid and 0.02% (v/v) ammonium hydroxide as the mobile phase [71]. The ESI mass spectrometer was operated in the positive ion multiple-reaction monitoring (MRM) mode. Only the S-isomers (d-isomers) of methamphetamine and amphetamine were detected in 72 of 86 urine samples from suspected methamphetamine abusers. In the rest 14 samples, both enantiomers of methamphetamine and/or amphetamine were detected and the concentrations of R-methamphetamine ranged from below the LOQ (0.05 mg/L) to 13.76 mg/L. Another example used the same column and mobile phase flow rateand successfully separated the enantiomers of these two drugs [72].


        




        

          Sports Forensics




          Chiral analysis has been used in sports to ensure fair play [73]. Methamphetamine, amphetamine, cathinone and methcathinone are able to influence the outcome of horse races and they are all Class I drugs according to the Association of Racing Commissioners International (ARCI) guidelines [74]. Their S-enantiomers are more potent CNS stimulants than their corresponding R-enantiomers. In animal studies, such effects increase in the order of (S)-amphetamine, (S)-cathinone, (S)-methamphetamine and (S)-methcathinone. A method for chiral analysis of these drugs in equine urine and plasma using LC-MS/MS was developed and applied in the forensics of horse racing [73]. Following a liquid-liquid extraction (under basic pH using MTBE) from equine plasma (1 mL) and urine (0.1 mL), enantiomer differentiation and confirmation were achieved using liquid chromatography with a Chirobiotic V2 column coupled with mass spectrometry detection (Fig. 16). A mixture of 95:5 (v/v) methanol and aqueous 50 mM ammonium formate/0.01% formic acid was used as the mobile phase with a flow rate of 0.45 mL/min. ESI positive mode multiple-reaction-monitoring (MRM) was used due to its high sensitivity and specificity. Each separation could be done within 6 minutes with low pg/mL LOD.
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Fig. (16))


          LCMS separation of the enantiomers of methcathinone, cathinone amphetamine, and methamphetamine extracted from equine plasma spiked at 0.1 ng/mL using a Chirobiotic™ V2 column [73]. Reproduced with permission from reference [73].Copyright © 2015 by original authors and Scientific Research Publishing Inc.

        




        

          Chiral Drugs in Waste Water




          A sewage epidemiology approach to solving problems associated with the estimation of drugs usage in communities via enantiomeric profiling using LCMS analysis was developed [75]. Chiral drugs were extracted from waste water in the U. K.before separation was undertaken on Chiral-CBH column (100 mm x 2 mm, 5 μm) under isocratic conditions. The mobile phase was 1 mM ammonium acetate in 10% IPA aqueous solution (pH = 5.0). Components were monitored and analyzed by an ESI triple quadrupole mass spectrometer in positive MRM mode. It was found that in raw waste water methamphetamine was racemic or enriched with the (S)-(+)-enantiomer. Amphetamine and MDMA was enriched with their (R)-(-)-enantiomers, pointing to their abuse as racemates. MDA was enriched with (S)-(+)-enantiomer, pointing to possible link with MDMA abuse instead of intentional MDA use. Only (1R, 2S)-(-)-ephedrine and (1S, 2S)-(+)- pseudoephedrine, not their corresponding synthetic enantiomers, were detected. There was more (1S, 2S)-(+)-pseudoephedrine in the winter and more (1R, 2S)-(-)-ephedrine during the spring and summer, while the cumulative concentration of ephedrines decreases between February and August. Non-enantioselective measurement of ephedrine concentrations did not seem to be a reliable indicator of actual potency of ephedrines used. Enantio-profiling might be more useful in determining whether drug residue results from consumption of illicit drug or metabolism of other drugs, verifying the potency of used drugs and monitoring drugs abuse patterns.




          A similar study was done on raw and treated wastewater collected from four treatment plants [76]. (1R, 2S)-(-)-ephedrine and (1S, 2S)-(+)-pseudoephedrine were found to be in all samples, while amphetamine, methamphetamine, MDMA and MDEA were detected in some. Their enantiomeric fractions were found to be variable from sample to sample, pointing to possible influence from wastewater treatment processes.


        




        

          Chiral Mobile Phase Additives




          An HPLC method using a chiral mobile phase additive for the chiral separation of cathinones and amphetamines on a LiChrospher 100 RP-18e (End-capped C18, 250 x 4 mm, 5 µm) column under isocratic conditions was developed [77]. The optimized chiral mobile phase was a mixture of methanol and water (2.5:97.5), with 2% sulfated ß-cyclodextrin as the chiral additive. Enantiomers of amphetamine and 5 substituted amphetamines were baseline separated within 23 min. Of 25 cathinones, 3 were completely and 14 partially enantiomerically separated.




          In one UPLC study, hydroxypropyl β-CD (HPBCD) was directly added to the mobile phase and the chiral separations of amphetamine-related compounds took less than 5 minutes. However, column lifetime and chromatographic efficiencies were compromised [64]. Peaks appeared broad due to the coexistence of two mechanisms: a nonstereoselective hydrophobic recognition and a chiral recognition. Since chiral recognition in the mobile phase tends to broaden peaks, efficiency was low in comparison with conventional UPLC, although HPBCD is the best chiral in selector for amphetamines and high efficiency separation of enantiomers were achieved in capillary electrophoresis(CE) with sharp peaks [64].


        


      




      

        Capillary Electrophoresis




        Employing chiral additives in the run buffer, highly efficient chiral separations by capillary electrophoresis (CE) are achievable without prior derivatization. Natural and/or modified cyclodextrins are the most commonly chiral additives. Although CE has limited application in commercial labs, it has been used for chiral drug analysis in the forensic science field.




        Pseudoephedrine in tablet and syrup from different manufacturers was investigated using a system to separate its d- and l- isomers. Chiral separation was successfully achieved using a bare fused-silica capillary and phosphate buffer with carboxymethyl-β-cyclodextrin (CMBCD) as the chiral additive [78]. Fig. (17) shows electropherograms of standard l- and d- pseudoephedrines.
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Fig. (17))


        Electropherograms ofl- andd-pseudoephedrines. CE conditions: capillary (59.00 cm long, 38.30 cm to the detector), phosphate buffer (20.0 mM, pH 2.70) with CMBCD (4.0 mM), electrical field: 420 V/cm, electrokinetic injection (15 kV, 1 s) [78].



        Dynamically coated the capillaries give faster and more robust electroosmotic flow compared to uncoated ones, especially at lower pH that’s required for the chiral CE analysis of basic drugs [79]. CE analysis using an improved dynamic coating procedure achieved the chiral differentiation and determination of d- and l- methamphetamines and their precursors and/or byproducts in thousands of seized samples (Fig. 18) [8]. A fused-silica capillaru (50 μm ID, 64.5 cm total length, 56 cm to the detector) kept at 15oC was treated with rapid sequential flushes of 0.1N sodium hydroxide, water, CElixir Reagent A (a buffer containing a polycationinc coating agent), for 1 min each, and finally CElixir B (a buffer containing a polyanionic coating agent, pH=2.5) together with hydroxypropyl-β-cyclodextrin (HPΒCD) for 2 min. Pressure injection (50 mbar, 16 s) of samples was followed by a pressure injection (35 mbar, 1 s) of water to create a water plug, whose stacking effect and the advantage from a relatively large sample concentration helped achieve the sensitive determination of enantio-impurity down to 0.2%. Enantiomers of n-butylamphetamine were used as internal standards. Although the narrow CE peaks and possibly shifts in migration time can make identification using migration time alone problematic, more reproducible relative migration times and relative corrected areas to the standard(s) can be used to produce reliable qualitative and quantitative results. The relative standard deviations of migration time, relative migration time (to the 2nd internal standard peak j), corrected area (area/migration time), and relative corrected area are no bigger than 0.13%, 0.05%, 2.0%, and 0.92%, respectively.
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Fig. (18))


        Dynamically coated CE separation of standard mixture of (a) l-pseudoephedrine, (b)d-ephedrine, (c)l-amphetamine, (d)l-ephedrine, (e)d-amphetamine, (f)l-methamphetamine, (g)d-methamphetamine, (h)d-pseudoephedrine, (i) n-butylamphetamine (1), and (j) n-butylamphetamine (2) [8].Reproduced with permission from reference [8].



        As a tertiary amine, methorphan is not susceptible to derivatization, rendering indirect enantiomeric analysis non-viable. However, using capillary electrophoresis with a dynamically coated capillary andthe chiral additive HPBCD, the chiral differentiation of d- and l-methorphans (Fig. 19) was obtained in under 4 minutes with excellent peak shapes [80].
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Fig. (19))


        Structures of d- and l-methorphans.



        A capillary dynamically coated with an SDS micelle allowed for the analysis of neutral, acidic, and weakly basic drugs [79]. Using cyclodextrin as an additive can enhance the separation selectivity of achiral analytes aside from enabling chiral separations [79].




        

          CE-MS




          Capillary electrophoresis coupled to mass spectrometry(CEMS) was used for the chiral determinations of several types of drugs andadulterants with high sensitivity and selectivity [81]. The running buffer was 1 mol/L formic acid containing 1 mmol/L 2, 3-diacetyl-6-sulfato-β-cyclodextrin and 10 mmol/L 2-hydroxypropyl-β-cyclodextrin. Enantiomeric separation of β-phenylethylamines, methadone and tetramisole was achieved within 30 minutes (20°C, +25 kV) as shown in Fig. (20). The concentration of chiral selectors was very low in order to avoid the contamination of the mass spectrometer and ion suppression. Comparing their chiral impurities, different batches of illicit methamphetamine samples could be differentiated.




          The advantages of mass spectrometric detection compared to UV- and laser- induced fluorescence (LIF) detections in forensic analysis using CE were reviewed [82].




          Chiral CE-MS/MS analysis using a chemically modified capillary containing sulfonated groups was developed for amphetamine, methamphetamine, norephedrine, norpseudoephedrine, ephedrine, pseudoephedrine, dimethyl- amphetamine and methylephedrine [83]. The running buffer was 10 mM formic acid aqueous solution containing 20 mM highly sulfated γ-cyclodextrin (pH 2.5). All of the 8 pairs of enantiomers were well resolved and identified within 60 min in one run. The sulfonated capillary showed larger electroosmotic mobility than an untreated fused-silica capillary over pH 2–9. What’s more important, the electroosmotic mobility was relatively constant, the RSDs of the migration times being no more than 0.3% without any standardization. Such fine precision allowed easy identification of the impurities, although some of these analytes were quite similar in terms of migration times and mass spectral patterns. Seized methamphetamine samples were found to contain such impurities as l-ephedrine and d-pseudoephedrine with 0.2% LOD.
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Fig. (20))


          CE separation of the enantiomers of β-phenylethylamines, methadone and tetramisole [81].

        


      




      

        Supercritical Fluid Chromatography (SFC)




        Supercritical fluids possess gas-like mass transfer and liquid-like solvation properties, making them uniquely useful in separations. The tunable solvation properties (through density/pressure programming) of the mostly commonly used supercritical carbon dioxidenot only improve the efficiency and speed of supercritical fluid extraction (SFE), but also enable supercritical fluid chromatography (SFC) to solve many problems that bother conventional chromatographic separations [84]. Compared with GC, capillary SFC requires no sample vaporization and can provide high resolution at much lower temperatures, which allows for fast analysis of thermo-labile compounds. Compared with HPLC, SFC is “greener” and faster. CO2 can be collected as a byproduct or directly from the atmosphere, contributing no new chemicals to the environment. Most columns used in normal phase HPLC can be used in SFC, while the mobile phase flow rate in SFC is much faster than normal phase HPLC because of the low viscosity of supercritical CO2. The diffusion of solutes in supercritical fluids is about ten times faster than that in liquids, which results in a decrease in resistance to mass transfer in the column and allows for faster separations without compromising efficiency. SFC chromatography can be scaled up to the preparatory level. Product recovery is much easier because much less solvent/additive needs to be removed than in preparative HPLC. Nowadays, SFC is more prevalent than HPLC for normal phase analysis in pharmaceutical research and development.




        SFC is becoming more popular for the analysis of forensic evidence. It was utilized for the chiral analysis of methamphetamine, amphetamine, ephedrine, and pseudoephedrine recently [30]. Determination of the chiral composition of illicit methamphetamine, even for samples with skewed ratios as low as 0.1% d- or 3% l-, was successful with a Trefoil AMY1 (150 x 2.1 mm, 2.5 μm) column using a supercritical CO2 mobile phase (flow rate 2.5 mL/min), as shown in Fig. (21). Ethanol containing 1% cyclohexylamine (CHA) as an additive was added as an organic modifier with a 8-30% gradient in 6 minutes. Using a single quadrupole mass spectrometer detector (SQD) as the detector in positive ESI and selected ion recording (SIR) mode, the resolution was 1.2, detection limit was 0.2 μg/mL, and linearity range was 0.5 to 200 μg/mL. Amphetamine enantiomers were base-line resolved. However, this condition is not ideal for other analytes.




        Using MeOH/EtOH (50/50) containing 0.3% CHA additive as the modifier (gradient 5-7.5% in 6 min), all four ephedrine/pseudoephedrine diastereomers were well resolved, while amphetamine enantiomers were baseline resolved (Fig. 22). For methamphetamine enantiomers, however, the resolution was only 0.9 and detection limit for the enantio-impurity (l-methamphetamine) was 3%.
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Fig. (21))


        SFC methamphetamine chiral separation: a, d-methamphetamine; b, l-methamphetamine; c, d-amphetamine; d, l-amphetamine; e, d-pseudoephedrine; f, l-pseudoephedrine; g, d-ephedrine; h, l-ephedrine.Co-solvent: EtOH and CHA(1%), gradient: 8-30% in 6 min, flow rate: 2.5 mL/min [30]. Reproduced with permission from reference [30].
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Fig. (22))


        SFC chromatograms of co-solvent screening. Co-solvent: MeOH/EtOH (50/50) with 0.3% CHA, gradient: 5-7.5% in 6 min, flow rate: 2.5 mL/min [30]. Reproduced with permission from reference [30].



        

          SFC-MS




          Mass spectrometers can be used as detectors for SFC. Atmospheric pressure chemical ionization (APCI) and electrospray ionization (ESI) are most prevalent because chromatographic effluents can be directly introduced into mass spectrometers with such sources. Chiral SFC-MS is especially useful in drug discovery. It is quite likely to be routinely used in the forensic science field [85].


        


      


    




    

      CONCLUSION




      The chiral analysis of some seized drugs, specially amphetamine, methamphetamine and related compounds, is important for legal and intelligence purposes. Therefore, the developmentof rapid, precise, and reproducible chiral separation techniques is very important. Gas chromatography (GC), especially gas chromatography-mass spectrometry (GC-MS) has been the workhorse in forensic drug analysis. L-TPC has been traditionally and effectively employed to derivatize chiral drugs before the determination of enantiomeric composition by GC. L-TPC derivatization coupled with separation on a chiral column can remove or quantify the interference from D-TPC impurities. Recent advance in chiral GC analysis brought about more enantiopure chiral derivatization agents, which are less susceptible to racemization, to produce more reproducible results. HPLC, which allows for the direct chiral analysis and have been successfully used in the forensic science field, often does not offer high separation efficiency and resolution. In addition, for the chiral GC or HPLC analysis of chiral solutes, expensive chiral columns (usually specific for a class of compounds) and/or tedious derivatization are required. CE has significantly greater resolving power than HPLC. CE, which uses relatively inexpensive chiral additives such as cyclodextrins in the run buffer, allows for the direct chiral determination of seized drugs using conventional capillaries. Dynamically coated capillaries, using an initial coating with a polymeric cation and subsequent coating with a polymeric anion or micelle, offer faster separation times, improved precision, and increased selectivity for the analysis of basic, acidic, and neutral drugs of forensic interest. With dynamic coatings, capillary electrophoresis analysis of a wide variety of drugs and adulterants was be done using the same capillary. Supercritical fluid chromatography has several main advantages over other conventional chromatographic techniques (GC and HPLC). Compared with HPLC, SFC provides rapid separations without the use of organic solvents. In addition, SFC separations can be done faster than HPLC separations. SFC has been recently used for chiral drug analysis and its popularity is set to increase in the forensic science field. With the advent and the advancement of ultrafast chiral separations [86] and miniaturized mass spectrometers [87], it is conceivable that HPLC, CE and SFC fitted with multiple columns, each with its own high-resolution mass-selective detector and its own chiroptical detector (such as CD and VCD) [88, 89] will be commercially available and find their application in high-throughput forensic drug analysis, including chiral analysis. Such instrument would also spur more scientific investigation on new designer drugs and their toxicological effect, helping develop mitigation agents and vaccines.
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