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1. Introduction

cyclodextrin (MeEt-CD) and 6-V!-O-TBDMS-2"-V!l-0-ethyl-3"-V-0-methyl-B-cyclodextrin (EtMe-CD)
were synthesised to evaluate the role of the substitution pattern in positions 2 and 3 on the enan-
tioselectivity, in particular in view of their application to routine analysis in fast enantioselective gas
chromatography (Es-GC). The chromatographic properties and enantioselectivities of the new deriva-
tives were tested by separating the enantiomers of a series of medium-to-high volatility racemates in
the flavour and fragrance field, and compared to those of the corresponding symmetrically substituted
6'"VI-0-TBDMS-2"VI 3MVI_0-methyl-B-CD (MeMe-CD) and 6"V!'-O-TBDMS-2"-VIl 31-VIl_0-ethyl-B-CD
(EtEt-CD), and were then applied to analysis of real-world essential oil (e.0.) samples. A new synthetic
process including the sonochemical approach to obtain synthetic reproducibility and significant yields
of the per-substituted derivatives with acceptable reaction times was developed. The results show that
asymmetrically substituted methyl/ethyl CDs compared to the methyl or ethyl symmetrical derivatives
in general provide better enantioselectivity in terms of both enantiomer resolution and number of
separated chiral compounds, and show how the substitution pattern in positions 2 and 3 of the CD ring
can influence the separation. Moreover, these new CD derivatives with better enantioselectivity are also
shown to be very useful in routine analysis for the exhaustive control of samples containing several
chiral characterizing markers in a single run.

© 2009 Elsevier B.V. All rights reserved.

The Es-GC separation of enantiomers by CD derivatives is known
to be based on fast kinetics and entirely governed by thermo-

The demand for enantiomer recognition is constantly increasing
in particular in the flavours and fragrances field, where enan-
tiomeric excess (ee) and/or ratio (er) determination is mandatory
(i) for quality control and to detect fraud or adulteration of “natu-
ral” samples; (ii) to correlate chemical composition to organoleptic
properties; (iii) to study the biosynthesis of a compound or clas-
sify a vegetable sample; and (iv) as an aid to define the geographic
origin of a vegetable matrix [1].

Cyclodextrin derivatives (CDs) are widely used as chiral station-
ary phases (CSPs) for GC because of their wide enantioselectivity
and ability to separate underivatized enantiomers of different
volatilities. When used in enantioselective gas chromatography
(Es-GC), CDs are in general diluted in apolar or moderately polar
polysiloxanes to obtain highly efficient capillary GC columns [2-4].
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dynamics [5,6] and, as a consequence, it is closely dependent
on temperature. The discrimination of two enantiomers depends
on a small difference in the energy of association between each
enantiomer and the CD selector, thus requiring very high chro-
matographic efficiency [7,8]. This mechanism of recognition results
in long analysis times, which severely limit the use of Es-GC in rou-
tine quality control. This limitation can be overcome by applying
the approaches developed for fast-GC analysis to Es-GC mainly act-
ing on column length, inner diameter and/or flow-rates, since only
rather low temperature rates can be applied. Short CDs columns
were already used in Es-GC since the early 1990s, enabling enan-
tiomer separations even in a few seconds [9-13]. Recently, Bicchi
et al. [14] discussed the use of short conventional inner diame-
ter and narrow bore columns in Es-GC in combination with MS,
applying them successfully to routine analysis of essential oils. This
study also emphasized the need to develop new highly enantiose-
lective CD derivatives, not only to increase the number of optically
active compounds separated but also to improve their resolution
and therefore enable further speeding-up of Es-GC-(MS) analysis.
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The ring size and substituents at C-2, C-3 and C-6 positions of
the sugar units strongly influence the CD’s chemical and phys-
ical properties and enantioselectivity. In general, CD derivatives
with the same “small” substituents (mainly acetyl, methyl or
ethyl groups) on the ring secondary side, and bulky groups (e.g.
t-butyldimethylsilyl-(TBDMS) and t-hexyldimethylsilyl-(THDMS))
on the primary side provide good enantioselectivity and chromato-
graphic properties for Es-GC. The influence of the substituents in
positions 2, 3, and 6 of the CD ring has been discussed extensively
[15-17].6-TBDMS-B-CDs substituted in both positions 2 and 3 with
methyl, ethyl or acetyl groups, are among the most effective deriva-
tives used as CSP for Es-GC[18,19], and their enantioselectivities are
very often complementary. One possible strategy to develop CDs
with increased enantioselectivity and separation capability and at
the same time good chromatographic properties, is either to com-
bine two chiral selectors in a single phase [20-24] or to exploit
the specific advantages of the above mentioned stationary phases
by synthesising one asymmetrical hybrid derivative. Bicchi et
al. introduced 6"V'-0-THDMS-3VI'0-acetyl-2!-Vl-0-methyl-y-CD
and 6"VI-0-THDMS-2""V110-acetyl-3"VI'-0-methyl-y-CD and tested
them with a set of racemates in the flavour and fragrance and pes-
ticide fields, with not univocal results [25]. For short, from here
onwards, CD derivatives substituted with the same groups in posi-
tions 2 and 3 of the secondary side of the ring will be indicated
as “symmetrical”, whereas those substituted in the same positions
but with different groups will be called “asymmetrical”.

This article reports the synthesis of asymmetrically substi-
tuted CDs in positions 2 and 3 with methyl and ethyl groups
(i.e. 61VI-O-TBDMS-3VI0-ethyl-2-VII-0-methyl-B-CD (MeEt-CD,
4) and 6"V-0-TBDMS-2!"VI0-ethyl-3"VI-0-methyl-B-CD (EtMe-
CD, 3)). The study aimed to evaluate the influence of the
substitution pattern on enantioselectivity, in particular in view
of the application of the new derivatives to routine analysis
in fast Es-GC. Their performances were compared to those of
the corresponding symmetrically substituted 6-VII-O-TBDMS-2!-VII,
3"VIL_o-methyl-B-CD (MeMe-CD) and 6-VI-0-TBDMS-21-VII, 31-VIL
0-ethyl-B-CD (EtEt-CD) by analysing a series of medium-to-high
volatility racemates in the flavour and fragrance field. Lastly, the
four CD derivatives were used in the recognition of the markers of
a set of essential oils.

2. Experimental

2.1. Synthesis of 6"V1-0-TBDMS-3""VI0-ethyl-,
2VI_Q-methyl-B-CD and 6"V1-0-TBDMS-2"-V10-ethyl-,
3VI_O-methyl-B-CD

2.1.1. Chemicals and equipment

Reactions were monitored by TLC on Merck 60 F254 (0.25 mm)
plates, which were visualized by UV inspection and/or by heat-
ing after spraying with 5% H,SO,4 in ethanol. Merck silica gel was
used for column chromatography (CC). IR spectra were recorded
with a Shimadzu FT-IR 8001 spectrophotometer. NMR spectra were
recorded with a Bruker 300 Avance (300 and 75MHz for 'H and
13C, respectively) at 25°C; chemical shifts were calibrated to the
residual proton and carbon resonances of the solvent: CDCl3 (§
H=7.26, § C=77.0). Chemical shifts (§) are given in ppm, coupling
constants (J) in Hz. ESI-mass spectra were recorded on a Waters
Micromass ZQ equipped with ESI source. The sonochemical appa-
ratus was developed in the authors’ laboratory [26]. Commercially
available reagents and solvents were used without further purifi-
cation unless otherwise stated. Native CDs were kindly provided by
Wacker Chemie.

2.1.2. Synthesis of cyclodextrin derivatives
A diagram of the whole synthetic process is reported in Fig. 1.
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Fig. 1. Synthesis of CD derivatives 3 and 4.

2.1.2.1. 6"VI_O-t-butyldimethylsylil-B-CD  (1). 6-VI-O-t-butyld-
imethylsylil-B-CD (1) was prepared as described in the literature
[32]. Analytical data were in accordance with reported values.

2.1.2.2. 6"VI_O-t-butyldimethylsylil-2""VI-O-ethyl-B-CD  (2a). BaO
(500g, 3.25mmol) and Ba(OH),-8H,0(500g, 1.58 mmol) were
added to a solution of 6"VI-O-t-butyldimethylsylil-3-CD 1
(200 mg, 0.103 mmol) in 10 mL of a 1:1 mixture of DMF/DMSO.
The suspension was transferred into the sonochemical reactor [26]
and sonicated (80 W) for 45 min. Ethyl iodine (975 L, 6.25 mmol)
was added in two portions during 45 min and sonicated for 2 h,
then the solution was filtered through a sintered glass funnel. The
filtrate was concentrated under vacuum, EtOAc was added and
the organic layer was washed three times with brine and dried
over Na,S04. The crude residue was purified by silica-gel column
chromatography (petrolether/EtOAc 8:2) yielding 76 mg (35%) of
2a.

2a: white powder; Ry=0.38 (PE/EtOAc 7:3); TH NMR (300 MHz;
CDCl;) §=4.91 (d, 7H, 1-H, J=3.6Hz), 4.07 (t, 14H, CH,CHs,
J=6.9Hz) 3.96-3.90 (m, 14H, H-6A, H-3), 3.8-3.64 (m, 14H, H-
6B, CH,CH3), 3.51-3.45 (m, 14H, H-4, H-5) 3.27-3.23 (dd, 7H,
H-2, J=3.6, 9.6 Hz,) 1.25 (t, 21H, CH,CH3, J=6.9Hz,) 0.87 (s, 63H,
0SiCMe3), 0.04 (s, 42H, 0SiCMe3); 13C NMR(CDCl3): §=101.65 (C1),
82.1(C4),80.93 (C2),73.42 (C3),71.78 (C5), 68.85 (CH,CH3), 61.85
(C-6)26.25(0SiCMe3), 18.69 (0SiCMes), 15.78 (CH,CH3), —4.7, —4.6
(OSiCH3) ppm; m/z (ESI-MS) calcd. for CogH196035Si7 [M+2Na]?*
1087.75; found 1087.5.

2.1.2.3. 6MVI_O-t-butyldimethylsylil-2-V-0-methyl-B-CD (2b). The
same procedure was used for 2b; the crude residue was purified by
silica-gel column chromatography (petrolether/EtOAc 7:3) yielding
106 mg of pure compound (yield 50%).

2b: white amorphous powder; Ry=0.38 (CHCl3/MeOH 98:2); 1H
NMR (300 MHz; CDCl3) 8=5.1 (s, 3H, 1-H), 4.96 (s, 4H, 1-H) 3.95(mm,
14H, H-64, H-3), 3.68-3.49 (m, 42H, H-4, H-5, H-68, CH3), 3.2-3.1
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Table 1
Resolutions (Rs) of the racemates separated with resolution above 1.5 at least in one of the columns tested. Bold: highest resolution; italic: lowest resolution.
Compound Rs
MeMe-CD MeEt-CD EtMe-CD EtEt-CD
Hydrocarbons
1. Camphene 22 5.4 4.7 6.8
2. 3-Citronellene NS 1.6 NS 1.2
3. Limonene 5.0 6.8 84 7.4
4. 3-Phellandrene 3.8 6.1 4.6 6.1
5. a-Pinene 29 4.5 4.0 NS
6. 3-Pinene 34 3.7 5.8 3.6
7.Sabinene 6.5 8.1 8.4 6.3
Heterocycles
8. cis-Rose oxide 4.2 29 35 2.0
9. trans-Rose oxide NS 1.3 NS 1.9
Esters
10. Butyl butyryllactate 1.6 1.5 2.6 1.7
11. Dimethyl methylsuccinate 22 29 2.2 1.1
12. Ethyl 2-phenylbutyrate 1.0 2.4 1.7 2.7
13. Ethyl 3-hydroxybutyrate 3.2 1.6 24 NS
14. Ethyl 3-hydroxyhexanoate 3.0 41 33 1.5
15. Ethyl 2-methylbutyrate 2.9 4.6 5.5 5.1
16. Ethyl 3-methyl-3-phenylglycidate NS 1.6 23 25
17. Ethyl 3-methyl-3-phenylglycidate 2.0 512/ 3.8 4.7
18. Isobornyl isobutyrate 1.0 1.7 1.9 14
19. Lavandulyl acetate 1.6 3.1 2.3 2.3
20. Linalyl acetate 0.7 NS 2.6 3.7
21. Menthyl acetate 14.0 235 19.7 17.0
22. cis-2-Methyl-(3Z)-hexenyl butyrate 1.8 2.5 2.8 2.3
23. Methyl 3-hydroxyhexanoate 57 71 6.9 6.8
24. Propyleneglycol butyrate 23 4.5 2.6 14
25. Stirallyl acetate 15.6 42.8 30.7 56.3
Lactones
26. Aerangis lactone 22 3.2 2.6 2.8
27. d-Hexalactone NS 0.9 NS 1.5
28. 8-Heptalactone 3.2 1.5 2.5 14
29. 3-Octalactone 1.8 18 44 34
30. 8-Nonalactone 1.5 1.5 21 1.0
31. 8-Decalactone 1.0 1.0 1.6 1.0
32. 8-Undecalactone 1.4 1.2 20 1.2
33. 8-Dodecalactone 1.1 1.1 1.6 1.1
34. y-Pentalactone 7.6 2.7 16.2 20.5
35. y-Hexalactone 6.0 2.7 10.1 13.6
36. y-Heptalactone 8.9 5.1 114 139
37.y-Octalactone 6.4 4.5 9.2 11.6
38. y-Nonalactone 5.7 4.5 7.7 9.8
39. y-Decalactone 4.0 5.5 6.8 7.2
40. 3-Methyl-y-decalactone 6.4 8.6 9.1 8.0
41. y-Undecalactone 34 3.5 4.5 6.1
42. y-Dodecalactone 29 33 3.8 4.8
43. y-Tetradecalactone 2.0 29 2.7 3.2
44. y-Pentadecalactone 1.6 2.5 23 24
45, g-Decalactone 5.0 6.9 8.3 8.0
46. e-Dodecalactone 4.3 5.8 71 5.4
47. Massoia dodecalactone 1.2 NS 1.5 NS
48. Whiskey lactone A 11.2 114 21.5 271
49. Whiskey lactone B 2.8 1.8 4.8 14
Alcohols
50. Borneol 43 5.7 6.6 3.8
51. Fenchyl alcohol 2.7 3.6 5.1 8.6
52. Geosmin 1.7 1.7 1.5 13
53. Isoborneol 3.6 3.8 4.6 3.7
54. Isomenthol 44 6.1 4.5 8.6
55. Isopinocampheol 5.6 4.9 5.2 1.8
56. Lavandulol 8.6 9.3 15.2 13.7
57. Linalool 39 45 7.7 7.4
58. trans-Linalool oxide 9.6 10.1 8.0 2.0
59. cis-Linalool oxide 4.8 10.7 6.9 5.8
60. Menthol 13 2.7 NS 13
61. 2-Methylbutanol 1.2 1.5 14 24
62. 6-Methyl-5-hepten-2-ol 6.3 7.5 7.3 6.7
63. 4-Methyl-1-phenylpentanol 35 3.8 NS 23
64. Neoisomenthol 11.0 134 17.2 17.4
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Table 1 ( Continued ).

Compound Rs
MeMe-CD MeEt-CD EtMe-CD EtEt-CD
65. Neomenthol 6.9 7.5 8.0 6.4
66. cis-Nerolidol 22 3.0 4.2 43
67. trans-Nerolidol 2.7 4.0 4.4 4.5
68. 1-Phenylethanol 6.0 9.4 6.4 6.5
69. 1-Phenyl-2 pentanol 4.1 4.8 1.5 1.1
70. 1-Phenil-1-propanol 2.0 4.8 12 3.9
71. 2-Phenil-1-propanol 3.2 43 3.8 3.1
72. Terpinen-4-ol 24 3.6 3.2 1.7
73. a-Terpineol 5.1 5.0 7.7 6.9
74. Tetrahydrolinalool 4.2 5.8 7.0 7.0
Ketones
75. Camphorquinone 2.2 14 41 3.8
76. Camphor 2.6 3.6 33 3.7
77. Carvone 1.2 1.5 1.6 NS
78. 3,6-Dimethylocta-2-en-6-one 1.7 3.3 41 5.0
79. 1,8-Epoxy-p-menthan-3-one 12.5 15.1 16.9 13.8
80. a-lonone 5.1 7.5 6.2 4.9
81. Iso-menthone 10.4 15.5 13.0 9.0
82. Menthone 1.5 3.2 NS 22
83. 3-Methylcyclohexanone 1.7 1.1 3.6 5.3
84. 3-Oxocineole 17.0 19.6 26.3 289
85. Piperitone 6.0 929 8.7 8.8
86. Pulegone 4.6 6.4 4.6 3.8
87.Verbenone 2.9 1.8 NS 35
Aldehydes
88. Perillyl aldehyde 6.4 6.5 7.8 8.2
Acids
89. Citronellic acid 1.7 1.8 1.0 1.1
90. Chrysanthemic acid 8.4 14.3 8.0 75
91. 2-Phenylpropionic acid NS 23 1.1 2.0
92. 2-Methylbutyric acid 2.1 34 2.6 15

(m, 7H, H-2),0.88 (s, 63H, t-Bu), 0.04 (s, 42H, Si—-CHs ) ppm; m/z (ESI-
MS) calcd. for Cq1H1g2035Si7 [M+2Na]%* 1038.44; found 1038.2.

2.1.2.4. 6"VI_O-t-butyldimethylsylil-2""V-0-ethyl-3-V-O-methyl-
B-CD(3). Sodium hydride (62 mg, 1.61 mmol, 66% suspension) was
added to 6"VI-O-t-butyldimethylsylil-2-0-ethyl-3-CD (100 myg,
0.046 mmol) (2a) dissolved in 3mL of dry DMF. The reaction
was cooled at 0°C and stirred for 30 min. Methyl iodide (61 L,
1.61 mmol) was added to the resulting mixture and stirred for 4 h
at room temperature. The reaction mixture was then treated with
MeOH to decompose the NaH excess and extracted with diethyl
ether; the organic layer was washed three times with water and
dried over Na;SO4. The crude residue was purified by silica-gel
column chromatography (petrolether/EtOAc 8:2) yielding 82%
(82mg) of 3.

3: white amorphous powder; MP=106°C, R;=0.67 (PE/EtOAc
8:2); IR vmax(KBr)=2956, 1473, 1362, 1253, 1159, 972cm~'; 'H
NMR (300 MHz; CDCl3) §=5.19 (d, 7H, 1-H, J=3.6Hz), 4.16-4.15
(m, 7H, H-6), 3.8-3.72 (m, 14H, H-4, CH,CH3), 3.68 (s, 21H, CH3),
3.66-3.53 (m, 21H, H-3, H-5, H-68), 3.14 (dd, 7H, H-2, J=3.4, 9.9),
1.25(t,21H, CH,CH3,J=7.2 Hz), 0.87 (s, 63H, 0SiCMe3), 0.02 (s, 42H,
0SiCMe3) ppm; '3C NMR (75 MHz; CDCl3) §=98.2 (C-1), 82.1 (C-3),
80.47 (C-2), 78.0 (C-4), 72.2 (C-5), 66.2 (CH,CH3), 62.4 (C-6), 61.6
(CH3), 26.05 (OSiCMes), 18.43 (0SiCMes), 15.91 (CH3CH,), —5.03
(0SiCH3) ppm; m/z (ESI-MS) calcd. for [M+2Na]?* 1136.55, found
1135.55.

2.1.2.5. 6"VI_O-t-butyldimethylsylil-3-VI-0-ethyl-2I-VI-0-methyl-

B-CD (4). Sodium hydride (62mg, 1.61 mmol, 66% suspension)
was added to 6"VI-O-t-butyldimethylsylil-2-O-methyl-B-CD 2b
(100 mg, 0.046 mmol) dissolved in 3mL of dry DMF. The reac-

tion was cooled at 0°C and stirred for 30 min and ethyl iodine
(80 L, 1 mmol) was then added. The suspension was transferred
into the sonochemical bath and sonicated (80W) for 2h. The
crude product was purified by silica-gel column chromatography
(petrolether/EtOAc 8:2) yielding 63 mg of 4 (yield 62%).

4: white amorphous powder; MP=105°C, R=0.69 (PE/EtOAc
8:2); IR vmax(KBr)=2956, 1471, 1404, 1252, 1159, 972cm~'; 'H
NMR (300 MHz; CDCl3) 8§=5.3(m, 7H, 1-H), 4.25-4.21 (m, 7H, H-
6%),4.18-4.16 (m, 7H, H-4,), 4.06-3.46 (m, 56H, CH3, H-3, H-5, H-65,
CH,CH3),3.19(dd, 7H, H-2,J=3.4Hz, 9.9 Hz), 1.23 (t, 21H, CH,CH3,
J=7.1Hz), 0.87 (s, 63H, 0SiCMe3), 0.06 (s, 42H, 0SiCMe3) ppm; 13C
NMR (75 MHz; CDCl3) 6=98.1 (C-1), 82.1 (C-2), 81.2 (C-3), 78.0 (C-
4),73 (C-5), 69.5 (CH,CH3), 63.4 (C-6), 59.3 (CH3), 26.1 (OSiCMe3),
18.43 (0SiCMes3), 15.51 (CH3CH;), —5.03 (OSiCH3) ppm; m/z (ESI-
MS) calcd. for [M+2Na]%* 1136.55, found 1136.95.

2.2. Column preparation and testing

Fused silica columns (25m x 0.25 mm i.d.) were prepared by
static coating. Columns coated with a 0.15 pm film of the synthe-
sised CDs diluted at 30% in PS086 (polymethylphenylpolysiloxane,
15% phenyl) were from MEGA (Legnano, Italy). Deactivation was
with Carbowax 20 M. The procedures have been described in detail
elsewhere [27-29]. The columns were conditioned starting from
40°C and gradually increasing the maximum operative temper-
ature to 220°C at 1°C/min over a few days. All columns were
operative from room temperature.

Column performances were evaluated by the Grob test and
through a chiral test developed in the authors’ laboratory, con-
sisting of ten compounds with different structures and polarities
[30]: limonene (3), 2-octanol (93), camphor (76), isobornyl acetate
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Table 2

Comparison between the enantioselective performances of the four columns investigated.
Investigated compounds 104
Chiral compounds separated on EtEt-CD 74
Chiral compounds separated on MeMe-CD 77
Chiral compounds separated on EtMe-CD 82
Chiral compounds separated on MeEt-CD 83
Chiral compounds separated on at least one of the four columns 92
Chiral compounds separated on all columns investigated 62
Comparisons between the four investigated CD derivatives EtMe-CD MeEt-CD
Chiral compounds separated with Rs > EtEt-CD 49/82 (59.8%) 48/83 (57.8%)
Chiral compounds separated with Rs > MeMe-CD 72/82 (87.8%) 67/83 (80.7%)
Chiral compounds separated with Rs > EtEt-CD and MeMe-CD 39/82 (47.6%) 41/83 (49.4%)
Chiral compounds separated with Rs < EtEt-CD 32/82 (39.0%) 34/83 (41.0%)
Chiral compounds separated with Rs < MeMe-CD 9/82 (11.0%) 13/83 (15.7%)

Chiral compounds separated with Rs < EtEt-CD and MeMe-CD

1/82 (1.2%) 8/83 (9.6%)

(94), linalyl acetate (20), cis-2-methyl-(3Z)-hexenyl butyrate (22),
menthol (60), hydroxycitronellal (95), y-decalactone (39) and &-
decalactone (31). In addition, each column was tested with 104
medium-to-high volatility racemates that were from the collec-
tion of standards in the authors’ laboratory or, if unavailable there,
were obtained from Sigma-Aldrich (Milan, Italy). All standard
compounds were solubilised in cyclohexane at a concentration of
100 ppm each. A set of different essential oils (bergamot, lemon,
orange, bitter orange, lavender, peppermint, rosemary and sage
essential oils) were also analysed; the essential oils, obtained by
hydrodistillation following the method described in the European
Pharmacopoeia (6th edition) [31], were diluted 1:200 in cyclo-
hexane before analysis. The performance of the columns were
periodically tested through the above Grob and chiral tests. Up to
now, each column was submitted to several hundredth of injec-
tions without loosing in enantioselectivity and chromatographic
performance.

2.3. Capillary GC conditions

Es-GC analyses were carried out on a Shimadzu 2010 GC-FID
system and a Shimadzu QP2010 GC-MS system, both provided
with an AOC-20i automatic injector, and with Shimadzu GC Solu-
tion 2.53SU1 software and Shimadzu GCMS Solution 2.51 software,
respectively (Shimadzu, Milan, Italy).

GC-MS conditions: injection mode: split; split ratio: 1:20; injec-
tion volume: 1 L. Temperatures: injector: 220°C, transfer line:
230°C; ion source: 200°C; carrier gas: He, flow rate 1.0 mL/min.
The MS operated in electron impact ionization mode (EI) at 70 eV,
at a scan rate of 666 u/s and a mass range of 35-350 m/z, suitable
to cover the full fragmentation pattern of all analytes investi-
gated. All samples were analysed with the following temperature
programme: from 50 to 220°C (2min) at 2°C/min. Resolution
was calculated with the following equation: Rs = 1.18 (tg(2) —
tr(1))/(Wo.5(1) + Wo.5(2))-

3. Results and discussion

This study consisted of four main steps: (a) development of
a synthetic procedure affording an acceptable yield of pure CD
derivatives in a reasonable time, to be used as chiral stationary
phase; (b) evaluation of chromatographic properties and enantios-
electivities of the new asymmetrical CDs; (c) comparison of their
performances to those of the corresponding symmetrical CDs; (d)
application of the new CDs to the chiral recognition of real-world
samples.

3.1. Synthesis of asymmetrical CD derivatives
Two selectively per-substituted CDs with inverse substitution

pattern in positions 2 and 3 were synthesised (Fig. 1). Primary
hydroxyl groups of [3-CD were silylated by reacting with t-
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Fig.2. Chiraltest profiles carried out on the four columns investigated. (3) limonene,
(93) 2-octanol, (76) camphor, (94) isobornyl acetate, (20) linalyl acetate, (22)
cis-2-methyl-(3Z)-hexenyl butyrate, (60) menthol, (95) hydroxycitronellal, (39) y-
decalactone, (31) d-decalactone; a: (R) enantiomer, b: (S) enantiomer, x and y:
enantiomer configuration not assigned. Columns: MeMe-CD (a), MeEt-CD (b), EtMe-
CD (c) and EtEt-CD (d).
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butyldimethylsilyl chloride (TBDMSCI) in the presence of imidazole
in dry pyridine [32,33]. Pure 6"VI-O-t-butyldimethylsilyl-B-CD
was crystallized in good yield by a sequence of solvent mixtures
(CH3Cl/MeOH, acetone/MeOH) without chromatographic purifica-
tion [33]. Selective O-alkylation in the C-2 position was carried
out following the method of Takeo et al. and Icheln et al. [34,35]
with a mixture of barium oxide and barium hydroxide. Because
the original method required several days to achieve substantial
conversion, the reaction with ethyl or methyl iodide (2a and 2b
respectively) was carried out under power ultrasound (US). The
success of this reaction depends on both the DMSO/DMF optimal
solvent ratio and the percentage of water either in the hydrated
barium hydroxide itself or directly added. After chromatographic
purification, 6-VI-0-t-butyldimethylsilyl-2-VI-0-ethyl-B-CD (2a)
and 6"VI-0-t-butyldimethylsilyl-2-VI-0-methyl-B-CD (2b) were
obtained in 35% and 50% yields, respectively.

The following O-alkylation in the C-3 position, with methyl-
or ethyl-iodide in DMF with sodium hydride, gave the 6-VI-
O-t-butyldimethylsilyl-2-V-0-ethyl-3'"Vl-0-methyl-B-CD (3,
EtMe-CD) and 6"VI-0-t-butyldimethylsilyl-2"VI-0-ethyl-3"VI-O-
methyl-3-CD (4, MeEt-CD) in yields of 62% and 82%, respectively.
While O-methylation in C3 with methyl iodide was complete in a
few hours under magnetic stirring, O-ethylation with ethyl iodide
was more troublesome, and required ultrasound (US) and 2 h. Both
CD derivatives were fully characterized by 'H-, 13C NMR, IR and
ESI mass spectrometry (see Section 2).

3.2. Evaluation of chromatographic properties and
enantioselectivities of the new asymmetrical CD derivatives

A new CD derivative for routine chiral recognition must possess
both good chromatographic properties and high enantioselectivity.
Several CDs reported in the literature show high enantioselectivity
but poor chromatographic properties, making them almost use-
less for everyday work. All columns in this study were therefore
first submitted to the Grob test, to evaluate their chromato-
graphic properties, and then to the chiral test usually used in the

1.00

TIC

Intensity(x1,000,000)

0.25

T T T T T T T T T T
32.0 32.1 32.2 323 324 325326 32.7 328
min

8.00 1
7.00 1
6.00 4
5.00 4
4.00 1
3.001

Intensity(x100,000)

2.00 1
1.00 {

T T
30,0 30.1 30.2 303 304 30

T
5 306 30.7 30.8
min

1111

authors’ laboratory to evaluate enantioselectivity (see Section 2.2)
[30].

The Grob test showed that the columns prepared with the
new asymmetrical CDs were highly effective in chromatographic
terms since both showed Eqg_11 and E11.12 Trennzhal (TZ) [36,37]
above 35, and even a little higher than those of the correspond-
ing symmetrical MeM-CDe and EtEt-CD derivatives. Fig. 2 reports
the Es-GC-MS profiles of the chiral test with the columns pre-
pared with the four symmetrical and asymmetrical CD derivatives
investigated. The GC pattern shows that the new asymmetrical CDs
present enantioselectivity comparable to that of the symmetrical
derivatives.

3.3. Comparison of the asymmetrical CD performances with those
of the corresponding symmetrical derivatives

The performance of each asymmetrical CD as a chiral selector
was evaluated by comparing its enantioselectivity to that of the cor-
responding symmetrical derivative, in separating the enantiomers
of 104 standard racemates in the flavour and fragrance field. Table 1
reports resolutions (Rs) of the racemates separated with resolution
above 1.5 at least by one of the columns tested. Resolutions below
1.5 are only reported for comparison. This resolution limit was cho-
sen in view of the simultaneous determination of enantiomeric
ratios (er) or excesses (ee) by GC-MS of several components in a
real-world sample [14] (see also Section 3.4). Table 2 reports the
performance of the four CD columns showing the improvement in
performance of the asymmetrical methyl/ethyl derivatives.

The reported data show that 92 chiral compounds were sep-
arated with resolution above 1.5 (~90%) with at least one of
the CDs investigated and that 62 (65%) of them were sep-
arated on the four columns, meaning that a specific column
is not required for their chiral recognition. The enantiomers
of eleven racemates (3-hexanol, 2-octanol, hydroxycitronellal,
3-octanol, isobornyl acetate, 1-octen-3-ol, linalyl propionate,
phenylethyl methyl ethyl carbinol acetate, massoia decalac-
tone, o terpinyl acetate, 1,3-octanediol) were not separated
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Fig. 3. Es-GC profiles of isobornyl isobutyrate analysed on columns coated with the four CD derivatives under investigation (see caption of Fig. 2 for columns).
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by any of the four CD derivatives with resolution of at
least 1.5.

These results show that the asymmetrical CDs have a wider
and (in most cases) better enantioselectivity than the symmetrical
derivatives. For most compounds (62 out of 93) the asymmetrical
CD shows enantioselectivity similar to or higher than the symmet-
rical counterpart, most probably because of the combined effect
of methyl and ethyl groups as substituents in positions 2 and/or 3
of the sugar unit. Fig. 3 reports the Es-GC-MS profiles of isobornyl
isobutyrate analysed with the four columns, as an example of the
need for the asymmetrical substitution to obtain a base-line separa-
tion. Some racemates show resolutions of their enantiomers more
than 50% higher with the asymmetrical than with the symmetrical
derivative, among others [3-pinene (6), propyleneglycol butyrate
(24), whiskey lactone B (49), cis-linalool oxide (59), menthol (60)
a-ionone (80), iso-menthone (81), menthone (82), pulegone (86),
chrysanthemic acid (90), and 2-methylbutyric acid (92).

The comparison between the performances of symmetrical and
asymmetrical CD derivatives is also very useful to clarify how a
substituent and its position in the ring can influence the separation
of the enantiomers of racemates that are not separated with all
columns. For instance, a-pinene (5) and carvone (77) require at
least a methyl group in the CD for their separation, just as ethyl
3-methyl-3-phenylglycidate (16) and 2-phenylpropionic acid (91)
require an ethyl group. Other chiral compounds requires a methyl
or an ethyl group in position 2 or 3 of the sugar unit of the CD
ring fort their separation: for instance 3-citronellene (2), trans-rose
oxide (9), and &-hexalactone (27) require at least an ethyl group in
position 3, linalyl acetate (20) an ethyl group in position 2 while
massoia dodecalactone (47) needs a methyl group in position 3.

The role played by the substituents in positions 2 and 3 is shown
by the fact that some racemates are base-line separated with the
methyl and ethyl groups in positions 2 and 3 of the sugar units,
but not vice versa. Menthol (60), 4-methyl-1-phenylpentanol (63),
verbenone (87), menthone (82) are separated with resolution well
above 1.5 with the CD with a methyl group in position 2 and an ethyl
group in position 3, but not when the substituents are inverted; the
opposite occurs for linalyl acetate (20). These results are further
evidence of how specific and/or critical the host-guest interactions
leading to the enantiomer separation with CD as chiral selector can
be.

3.4. Analysis of real-world samples

One of the main characteristics required to new CD derivatives
is an extended and better enantioselectivity to enable the separa-
tion of as many chiral compounds as possible in a single run to
enable an exhaustive control, in particular in routine analysis. New
CD derivatives must tend to the enantiomer separation of all chi-
ral markers characteristic of a sample with a single column with
the goal of moving the thus far most popular “one column for one
compound” approach with the most exhaustive “one column for
one problem” approach [38]. This need is especially important in
the flavour and fragrance fields, not only to detect adulterations
or frauds more effectively, but also because many samples consist
of several ingredients containing many chiral components whose
enantiomers can have different odours [39]. MeEt-CD (4) and EtMe-
CD (3) were also synthesised in this light, and gave interesting
results. A set of different essential oils (bergamot, lemon, orange,
bitter orange, lavender, peppermint, rosemary and sage essen-
tial oils) containing several characteristic chiral components were
analysed with columns coated with the four CD derivatives investi-
gated. The analysis of bergamot essential oil is a clear example of the
effectiveness of the new asymmetrical derivatives. The composi-
tion of this essential oil and its indices of genuineness have already
been investigated in depth [40]. Bergamot essential oil contains
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Fig. 4. Es-GC-MS profile of bergamot essential oil (5) a-pinene, (6) 3-pinene, (7)
sabinene, (3) limonene, (57) linalool, (20) linalyl acetate, (73) a-terpineol; a: (R)
enantiomer, b: (S) enantiomer (see caption of Fig. 2 for columns).

seven chiral components: a-pinene (5), 3-pinene (6), sabinene (7),
limonene (3),linalool (57), linalyl acetate (20), and a-terpineol (73).
Several samples of this essential oil were analysed with the four
CD columns investigated. Fig. 4 reports the enantioselective GC-MS
profiles analysed with columns coated respectively with MeMe-CD
(a), MeEt-CD (b), EtMe-CD (c), EtEt-CD (d), all dissolved in PS-086.
These results show that only EtMe-CD separates the enantiomers of
all seven chiral components simultaneously and with resolutions
above 1.5, asrequired for a correct ee or er determination. The other
CD derivatives separate only six of them: MeMe-CD gives insuffi-
cient separation of linalyl acetate enantiomers (20) plus co-elution
of (R)-sabinene (7a) and B-myrcene; MeEt-CD does not separate
linalyl acetate (20) while EtEt-CD fails with a-pinene (5).

4. Conclusions

The results show that asymmetrically substituted methyl/ethyl
CDs can extend enantioselectivity in comparison to that of the
corresponding methyl or ethyl symmetrical derivatives, in terms
of both enantiomer resolution and number of chiral compounds
separated. Their synthesis is more complex than that of the sym-
metrical derivatives, and thus more sophisticated methods, such
as the sonochemical approach, must be used. This synthetic proce-
dure gave regioselective per-substituted derivatives in good yields,
with high reproducibility and relatively short reaction times.

These results also show that there is still a need for new CD
derivatives with better enantioselectivity to increase the number
of chiral compounds separated with a single chiral selector, and/or
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improve their resolution, thus affording to apply analysis condi-
tions (i.e. column length and inner diameters and temperature
rates) suitable to speed-up Es-GC-(MS) routine analysis of real-
world samples. New CD derivatives with better performances can
actively contribute to increasing the adoption of the “one column
for one problem” approach and, as a consequence, can extend the
use of Es-GC-(MS) in routine analysis.
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