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The phytoalexin spirobrassinin is known to exhibit the unusual phenomenon of enantiomer self-
disproportionation on achiral-phase chromatography (ESDAC) whereby the enantiomeric composition
of a non-racemic mixture varies across the eluting chromatographic peak. However, spirobrassinin is
exceptional since both early and late fractions are enantioenriched in comparison to the starting
enantiomeric composition. This behavior is rationalized by the formation of two different complexes,
substantiated by DFT calculations at the B3LYP/TZVP level of theory, both of which are in dynamic

é(eji/r‘:ﬁgz:sinin equilibrium with the free molecules. Concomitant with complexation under chromatographic
N[l)VIR conditions, complexation was also evident by NMR including the observation of distinct NMR signals

for each enantiomer for some spins in a non-racemic mixture—the phenomenon of self-induced
diastereomeric anisochromism (SIDA). Enantioresolution of various 'H, >C and >N NMR signals were
also induced for the enantiomers of spirobrassinin and another phytoalexin, 1-methoxyspirobrassinin,
by application of the chiral solvating agent (S)-(—)-ethyl lactate, a cheap reagent with potentially broad
applications. For spirobrassinin, the observed NMR signals were evaluated against values calculated
using the GIAO method at the B3LYP/cc-pVTZ level of theory.

© 2009 Elsevier B.V. All rights reserved.
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1. Introduction

Phytoalexins are structurally diverse, low molecular weight,
and generally lipophilic substances possessing antimicrobial
properties that are formed by plants in response to pathogenic
attack or physical or chemical stress, probably as a result of the de
novo synthesis of enzymes [1]. A particular group of these stress
metabolites, the cruciferous phytoalexins, are specifically pro-
duced [2,3] by economically important members of the Cruciferae
family including notable examples such as cabbage, turnip,
Chinese cabbage, Japanese radish, wasabi, broccoli, rapeseed and
arabidopsis, amongst others. A structural feature common to the
more than 40 hitherto isolated cruciferous phytoalexins is the
presence of an indole or indole-related nucleus possessing either a
side chain or affixed to another heterocycle with either additional
moiety containing one or two sulfur atoms [3]. In addition to their
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antimicrobial effects, cruciferous phytoalexins also exhibit antic-
ancer activity against both human and animal cancers [4-8] and
thus they are interesting lead compounds for anticancer drug
development [9]. Cruciferous phytoalexins are also interesting
from a structural perspective since those with a dihydrothiazole
ring spiro-attached to the 3 position of the indole ring express
chirality.

Since enantiomers of a chiral drug may, and often do, exhibit
divergent pharmaceutical properties [10], evaluation of drug
stereochemistry with respect to pharmacokinetics and pharma-
ceutical activity is consequently vital and, moreover, enantiomeric
composition [11] determination of such drugs is deemed essential
by many regulatory authorities. HPLC using chiral stationary
phases is the most widely used technique for the determination of
enantiomeric composition [12], although NMR employing chiral
solvating agents (CSA) is also widespread [13]. In the latter case,
the transient diastereomeric adducts formed between a CSA and
the two enantiomers of the chiral analyte can potentially give rise
to anisochronous NMR resonances, in which case the enantiomeric
composition can be readily assessed directly from the NMR
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spectrum. However, absolute configuration determination of
analytes a priori nonetheless is a challenge and remains far from
routine [13].

Interestingly, a CSA is not always requisite for the observation
of distinct NMR resonances for chiral analytes in cases of non-
racemic mixtures as the self-association of suitable analytes under
NMR conditions can lead to distinct NMR signals for the two
enantiomers. This phenomenon of self-induced diastereomeric
anisochromism (SIDA), though seemingly uncommon, is well-
documented (e.g. Ref. [14] lists, in addition to its own example,
some 36 cases). Related to SIDA is the phenomenon of enantiomer
self-disproportionation on achiral-phase chromatography (ESDAC)
whereby the enantiomeric composition of a non-racemic mixture
varies across the eluting band in comparison to the initial
enantiomeric composition of the sample that was loaded onto
the column. In common with SIDA, ESDAC too is considered to arise
from the formation of complexes [14,15], though the phenomenon
is less-appreciated and less common in reported terms with only
some 17 described [16] unique accounts together with a further 12
treatments [14,17].

Amongst the cruciferous phytoalexins, several spiroindoli-
ne[3,5']thiazolidine-type phytoalexins have been described
including (S)-(—)-spirobrassinin (1s), which was isolated [18] in
1987 from Pseudomonas cichorii-inoculated Japanese radish
‘Daikon’ (Raphanus sativus). The absolute configuration of (S)-
(—)-spirobrassinin (1s) was determined [19] by X-ray crystal-
lographic analysis after preparation of racemic (&)-spirobrassinin
(1rac) by the cyclization of racemic (&)-dioxibrassinin with either
SOCl, or MsCl followed by enantioresolution using (S)-(—)-1-
phenylethyl isothiocyanate to obtain the pure enantiomer. Another
spiroindoline[3,5']thiazolidine-type phytoalexin, (R)-(+)-1-methox-
yspirobrassinin (2g), was isolated [20] in 1994 from kohlrabi (Brassica
oleracea var. gongylodes) after elicitation by UV radiation. The
synthesis of racemic (4)-1-methoxyspirobrassinin (2,,c) was accom-
plished by the dioxane-dibromide-mediated spirocyclization of 1-
methoxybrassinin [21] whilst the stereoselective synthesis of
naturally occurring (R)-(+)-1-methoxyspirobrassinin (2g) [22] and
its absolute configuration determination have only been described
recently [23].
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Previously, Pedras et al. have reported [24] a simple method for
the TH NMR spectroscopic enantioresolution of 1 ac, 2rac and the
synthetic analog 1-methylspirobrassinin using 2,2,2-trifluoro-1-
(9-anthryl)ethanol (Pirkle’s alcohol) as the CSA in CgDg. Although
Pirkle’s alcohol can cost upwards of ca. $350/g, the method is
nonetheless relatively inexpensive on a cost per analysis basis if

used routinely. However, we sought an alternative for modeling-
based reasons and to this end examined (S)-(—)-ethyl lactate (3s)
wherein it was found to resolve both racemic (+)-spirobrassinin
(1rac) and racemic (+)-1-methoxyspirobrassinin (2.,c) to a sufficient
degree whereby it is amenable for practical application. And at ca.
$0.03/g, it is considerably more affordable for trial resolutions.
Additionally, we also examined the behavior of 1 with respect to both
the SIDA and ESDAC phenomena. Compound 1 is exceptional insofar
that it, together with its 8-oxo analog, represents the only examples
[19] of compounds exhibiting “double ESDAC” whereby two
elevations of the enantiomeric composition are observed across a
chromatographic peak, i.e. both early and late fractions are
enantioenriched in comparison to the initial enantiomeric composi-
tion. We also desired a deeper appreciation of the CSA-analyte
interactions, as well as between the analytes themselves, in order to
be able to not only predict successful spectroscopic and/or
chromatographic resolution, but to also be able to determine the
configuration of the analytes. Thus, the geometries and energies of the
diastereomeric complexes were evaluated by DFT calculations at the
B3LYP/TZVP level of theory in a similar fashion to previous works
[14,15,25] in order to rationalize the spectroscopic observations and
chromatographic behavior. Reliable prediction of the NMR data by
calculating the shieldings of the complexes formed between 3s and
the spirobrassinin enantiomers - 1s-3s and 1g-3s - using the GIAO
method at the B3LYP/cc-pVTZ level of theory was also evaluated.

2. Experimental
2.1. Sample preparation

Racemic (4)-spirobrassinin (1.,¢) and both enantiomers 1g and 1g
were prepared according to synthetic procedures to be published
elsewhere with physical characteristics in accordance with literature
values [3,18,19]. Racemic (z)-spirobrassinin (1;ac): 'H NMR
(500 MHz, CgDg): & 2.159 (3H, s, H-12), 4.183 (1H, d,
Ju1ip = —15.23 Hz, H-11a, proximal to the aromatic ring), 4.617
(1H, d, Jy11a = —15.23 Hz, H-11b, distal to the aromatic ring), 6.165
(1H, ddd, Jys=7.80, Jys=1.01, Jys =0.59 Hz, H-7), 6.657 (1H, td,
Jue =7.67, Jua=7.54, Ju7 = 1.01 Hz, H-5), 6.813 (1H, td, Jy; = 7.80,
.IHS = 767, _IH4 =1.25 HZ, H—6), 6.997 (lH, ddt, _]HS = 754, ]HG = 125,
Ju7 = 0.59, Ji41 = 0.69 Hz, H-4), 7.378 (1H, bs, Jus unresolved, NH). '3C
NMR (125 MHz, CgDg): § 15.28 (C-12), 65.04 (C-3), 75.21 (C-11),
110.06 (C-7), 123.27 (C-5), 124.57 (C-4), 129.35 (C-6), 131.78 (C-4a),
140.22 (C-7a), 163.27 (C-9), 177.45 (C-2). >N NMR (60 MHz, C¢Dg): §
—249.98 (N-1), —97.4 (N-10).

Racemic (+)-1-methoxyspirobrassinin (2,,c) was synthesized as
previously described [21] and similarly for the synthesis of both
enantiomers 2g and 2s [22] with physical characteristics in
accordance with reported literature values. Racemic (+)-1-methox-
yspirobrassinin (2;ac): '"H NMR (500 MHz, CgDg): 8 2.146 (3H, s, H-12),
3.428 (3H, s, H-13), 4.065 (1H, d, Ju11, = —15.36 Hz, H-11a, proximal
to the aromatic ring), 4.530 (1H, d, Jy112 = —15.36 Hz, H-11b, distal to
the aromatic ring), 6.538 (1H, ddd, Jue = 7.79, Jus = 1.04, Jua = 0.59 Hz,
H-7), 6.676 (1H, td, Jug = 7.70, Jua = 7.51, Ji7 = 1.04 Hz, H-5), 6.883
(1H, td, Ju7=7.79, Jus = 7.70, Jusa=1.17 Hz, H-6), 6.967 (1H, ddd,
Jus = 7.51, Jug = 1.17, J7 = 0.59 Hz, H-4). "*C NMR (125 MHz, CgDg): §
15.28 (C-12), 63.16 (C-13), 63.24 (C-3), 74.70 (C-11), 107.60 (C-7),
123.86(C-5),124.50(C-4),129.62 (C-6), 127.62 (C-4a), 139.93 (C-7a),
163.06 (C-9), 170.68 (C-2). >N NMR (60 MHz, CgDg): § —184.6 (N-1),
—97.33 (N-10).

2.2. NMR methods
NMR spectra were acquired on Bruker Avance NMR spectro-

meters at 500, 125 and 60 MHz for 'H, '>C and '°N nuclei,
respectively, at 25°C unless specified otherwise. Samples of
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spirobrassinin (1) and 1-methoxyspirobrassinin (2) for NMR
measurements consisted of concentrated samples (ca. 20 mg in
0.6-0.7 mL of CgDg) or dilute samples (ca. 5 mg in 0.6-0.7 mL of
CsDg) and were prepared from racemic mixtures or non-racemic
mixtures [11] in the case of 1 (e.g. 1r:1s, 64.2:35.8). For
enantioresolution using 3s, portions of 3s were added directly to
the NMR samples of spirobrassinin (1) and 1-methoxyspirobras-
sinin (2). For assignment purposes, a standard set of correlation
experiments {DQF-COSY, COSY-45 (for the signs of %Jyi1an11p)s
HSQC, HMBC and 1D-NOESY [26]} were applied; full experimental
details for all NMR experiments have been described elsewhere
[27,28]. For >N chemical shift measurements, resonances were
observed directly (with values being reported to two decimal
places) for concentrated samples and for nitrogen atoms with a
directly bound proton using, as appropriate, DEPT optimized for a
/i~ coupling of 90 Hz and INEPT optimized for a "y coupling of
4.1 Hz, for other cases, the resonances were observed indirectly
(with these indirect values being reported to only one decimal
place) using HMBC with "Jn optimized for 8.0 or 4.1 Hz. The
selection of 4.1 Hz was made based on the measurement of the
coupling ?Jy11an10 taken from a 1D HMBC spectrum. The chemical
shifts of 'H and '3C nuclei are reported relative to TMS
incorporated as an internal standard (O ppm for both nuclei)
whilst the chemical shifts of >N nuclei are reported relative to
nitromethane (0 ppm) measured externally. Spin analysis was
performed using Perch iteration software [29] for the precise
extraction of 'H chemical shifts and Jy; y; coupling constants whilst
the deconvolution subroutine of the program was utilized for
accurate quantification of overlapped signals.

2.3. Chromatographic experiments

The HPLC chromatographic ESDAC results of reference [19] are
utilized and referred to in the analysis (e.g. Fig. 5). Checks for
perturbation of the enantiomeric composition either via com-
plexation with 3s or via ESDAC under chromatographic conditions
were made by either the addition of silica gel to the NMR sample
(“TLC in an NMR tube”) or by “panning”. In the former case, by the
addition of 25 or 50 mg allotments of silica gel to an NMR sample
containing either ca. 2 mg of racemic (+)-spirobrassinin (1p,c) and a
24-fold excess of 3s (total of 125 mg of silica gel) or, for observation of
ESDAC, ca. 10 mg of non-racemic spirobrassinin (1g:1s, 64.2:35.8;
total of 200 mg silica gel). In the latter case, “panning”, four pots
containing ca. 100 mg of silica gel and 40 p.L of 35 were used each
laden with ca. 1 mL of toluene. A sample of non-racemic spiro-
brassinin (1g:1s, 64.2:35.8), ca. 4 mg in solution (1 mL) was then
added to the first pot and the system allowed to equilibrate by
swirling the pot for several minutes and leaving to stand. Following
equilibration, the effluent was transferred to the next pot by Pasteur
pipette. The process was repeated with the effluent being transferred
from pot to pot sequentially after equilibration. Finally, after the
fourth pot, analysis of the contents of the effluent with respect to
enantiomeric composition was made.

2.4. Computational methods

DFT quantum chemical calculations were performed within the
framework of the DFT method according to the original proposal
[30] using the Gaussian03 program [31] with a similar approach to
previous studies [14,15,25]. Individual molecules were first free-
hand formulated and then optimized following which the two
parts of a particular complex were incorporated and positioned
with appropriate orientation. Structures were calculated using the
restricted B3LYP functional [30,32] with the following basis sets:
6-31G(d,p) (initial geometry optimizations and frequency calcula-
tions in the gas phase), TZVP (final geometry optimizations and

frequency calculations with inclusion of benzene or water as the
solvent) and cc-pVTZ (chemical shieldings on TZVP-optimized
structures with inclusion of benzene as the solvent). Solvents were
simulated by IEF-PCM using the uahf atomic radii set. Optimiza-
tions utilized the keyword gdiis option for the convergence
algorithm. Frequency calculations using the keyword noraman
option were also conducted on the final structures to confirm that
they were true minima on the potential energy surface by not
providing imaginary frequencies above 100 cm~! (instances of
imaginary frequencies are listed in Supplementary Data) and to
obtain the thermodynamic contributions at 298.15 K (wherein
calculated frequencies were scaled by a factor of 0.9806 [33]).
Absolute shieldings were calculated using the GIAO method [34].
Figures of optimized structures and associated Cartesian coordi-
nates are presented in Supplementary Data.

3. Results and discussion
3.1. Conformational analysis of 1,c and 2,4, with 3g

Initial examinations of spirobrassinin (1) at the B3LYP/6-
31G(d,p) level of theory in the gas phase of freely drawn structures
yielded only two stable conformations (see Supplementary Data)
for 1. Whilst the pyrrolidinone ring was determined to be
essentially flat, the dihydrothiazole ring adopted an envelope
conformation with C-3 as the out-of-plane atom. However, of the
two possible envelope conformations given the restrictions of the
N10=Co imine double bond, only one was found to be stable with
the alternate conformation realizing the more stable arrangement
during optimization. The ~SCH3 group could be orientated either
directly towards the imine nitrogen N-10 or orientated away from
the imine nitrogen N-10 to provide the two conformations with the
former being preferred over the latter by 2.33 kcal/mol. Since
similar energetic conformational preferences were found under
complexation either via the amide group or via the imine nitrogen
N-10 to 3s under similar computational conditions, only the most
stable conformation was utilized for subsequent computations at
the higher level under solvetic conditions for both complexation to
3s and the dimeric complexation of 1.

3.2. Self-induced diastereomeric anisochromism (SIDA)

The SIDA phenomenon has not been reported for spirobrassinin
(1) previously but its occurrence was strongly anticipated since
ESDAC and SIDA commonly involve the formation of dimeric
complexes [14,15]. The occurrence of SIDA was evaluated by
examination of a non-racemic mixture of 1g and 1s (64.2:35.8,
respectively) in CgDg and for which distinct NMR signals were
observed for the two enantiomers for a number of 'H, '3C and '°N
resonances. For the 'H signals, the largest chemical shift difference
(AS) was observed for the NH proton H-1 (A8, —19.85 ppb) whilst
the largest '>C Ads were for the carbonyl C-2 (A8, —25.05 ppb) and
the imine C-9 (A§, 23.00 ppb) signals. Both amide N-1 and imine N-
10 signals were strongly differentiated (Ads, —44.65 and
—15.20 ppb, respectively). Differentiation for most of the signals
were accentuated by acquisition at 5°C whilst conversely,
enantioresolution was severely attenuated upon dilution wherein
the spectra obtained were essentially indistinguishable [35] from
that for the racemic mixture at similar concentration. Results for all
H, '3C and '°N signals are listed in Tables 1 and 2 whilst various
example signals exhibiting SIDA are shown in Figs. 1 and 2. The
very observation of SIDA in itself for 1 effectively proves the self-
association of the molecule and thereby implicates the formation
of dimeric complexes.

The SIDA phenomenon was also evaluated by modeling hydrogen
bonded homo- and heterochiral dimeric self-associations of
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Table 1
TH NMR chemical shift inequalities caused by SIDA for the enantiomers of a non-racemic mixture of spirobrassinin (1g:1s, 64.2:35.8).
Sample a H-1 H-4 H-5 H-6 H-7 H-11a H-11b H-12
Enrich. 1g, conc. 8 (ppm)° 8.644 7.010 6.671 6.826 6.330 4.197 4.622 2.166
AS (ppb) —19.850 - - 0.839 na —2.040 1.812 —0.496
Av (Hz) -9.928 - - 0.420 na -1.020 0.906 —-0.248
Enrich. 1g, conc.® 8 (ppm)® 9.333 6.982 6.656 6.813 6.377 4.164 4.601 2.129
AS (ppb) —18.706 na - 2.155 na —4.138 1.754 —0.744
Av (Hz) -9.356 na - 1.078 na —2.069 0.877 -0.372
Enrich. 1g, dilute 8 (ppm)° 7.312 6.996 6.655 6.811 6.152 4.181 4.616 2.158
AS (ppb) -12.375 - - - na -0.972 0.877 -
Av (Hz) —6.189 - - - na —0.486 0.439 -
1rac, dilute & (ppm) 7.378 6.997 6.657 6.813 6.165 4.183 4.617 2.159

na: splitting not assessed.

2 The quantities AS and Av are the differences {value for the (R)-enantiomer — value for the (S)-enantiomer} between the signals of the two enantiomers in ppm and

frequency, respectively.
b Chemical shifts of the signals of the (R)-enantiomer 1g.
€ Spectrum acquired at 5°C.

Table 2
13C and >N NMR chemical shift inequalities caused by SIDA for the enantiomers of a non-racemic mixture of spirobrassinin (1g:1s, 64.2:35.8).
Sample @ C-2 C-3 C-4 C-4a C-5 C-6 c-7 C-7a C-9 C-11 C-12  N-1 N-10
Enrich. 1g, conc. 8 (ppm)®  178.53 65.25 12451 131.17 12336 129.50 11046 140.46 163.35 75.15 1528 24799 -97.48
AS (ppb) -21.63 3.19 - 7.29 - - - -4.10 20.27 4.55 - -15.20 —44.65
Av (Hz) —2.721 0.401 - 0.916 - - - -0.515 2.549 0.573 - —-0.925 —2.717
Enrich. 1g, conc.c 8§ (ppm)°®  179.07 65.24 124.47 130.87 12336 12955 110.63 140.55 163.31 74.96 1528 nm nm
AS (ppb)  —25.05 6.83 - 11.39 - - - - 23.00 4.55 - - -
Av (Hz) -3.150 0.859 - 1.432 - - - - 2.893 0.573 - - -
Enrich. 1g, dilute 8 (ppm)°®  177.41 65.03 12457 131.36 123.27 12934 110.04 140.20 163.26 75.21 1527 -24999 -974
AS (ppb) 4.10 - - 5.01 - - - - -11.61 - - -19.95 -
Av (Hz) 0.515 - - 0.630 - - - - —-1.461 - - -1.214 -
1rac, dilute & (ppm) 177.45 65.04 124.57 131.35 123.27 12935 110.06 140.22 163.27 75.21 1528 nm nm

nm: not measured.

2 The quantities AS and Av are the differences {value for the (R)-enantiomer — value for the (S)-enantiomer} between the signals of the two enantiomers in ppm and

frequency, respectively.
> Chemical shifts of the signals of the (R)-enantiomer 1g.
¢ Spectrum acquired at 5°C.

spirobrassinin (1). Two interactions were evaluated, bidentate
amide-to-amide bound complexes (i.e. hydrogen bonds formed
between the amide NH and the carbonyl oxygen) and monodentate
amide-to-imine bound complexes (i.e. a hydrogen bond formed
between the amide NH of one molecule and the imine nitrogen of
another molecule). For amide-to-amide complexation, the homo-

i

4.20

8.4 ppm ppm

Fig. 1. SIDA-enantiodifferentiated proton signals for the amide H-1 singlet (left
trace) and the H-11a doublet (right trace) of the spirobrassinin enantiomers 1g and
15 (64.2:35.8, respectively). The H-1 signal intensities, after deconvolution and in
accordance with accredited SIDA behavior [14], correctly reflect the enantiomeric
composition.

and heterochiral constructs, 1s-1s and 1g-1s, respectively, were
deemed to be rather rigid due to the bidentate complexation and the
restricted flexibility of the molecular units themselves. Depictions of
the amide-to-amide complexes 1s-1s and 1g-1s are shown in Fig. 3.
For the monodentate amide-to-imine complexes, there was greater
flexibility though only two conformers were evaluated, denoted as 1

LI A

—
163.3

M
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LI S e T T T T

ppm -97.45ppm

Fig. 2. SIDA-enantiodifferentiated signals for the imine carbon C-9 (left trace) and
the imine nitrogen N-10 (right trace) of the spirobrassinin enantiomers 1g and 1s
(64.2:35.8, respectively). For technical reasons, the '3C and '°N signals may not
reflect the enantiomeric composition, as anticipated in accordance with accredited
SIDA behavior [14].
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Fig. 3. The geometry-optimized structures of the amide-to-amide bound
homochiral 1s-1s (left) and heterochiral 1g-1s (right) complexes at the B3LYP/
TZVP (IEF-PCM) level of theory in benzene.
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Fig. 4. The geometry-optimized structures of the amide-to-imine bound
homochiral 1s-1s (left) and heterochiral 1g-1s (right) complexes at the B3LYP/
TZVP (IEF-PCM) level of theory in benzene.

and 2, which differed by 180° rotation of one molecular unit relative
to the other. Depictions of two of the amide-to-imine complexes
1s-1s and 1g-1s complexes are portrayed in Fig. 4 with further
depictions of all structures presented in the Supplementary data.
The amide-to-amide complexes were calculated to be highly
favored in energy over the amide-to-imine complexes by several
kcal/mol in benzene (Table 3, vide infra). Within each mode, a
homochiral complex was the more stable complex (for amide-to-
amide complexes, AG, 0.28 kcal/mol; for amide-to-imine com-
plexes, AG, 0.26 kcal/mol). Though the calculations imply total
domination in solution by the amide-to-amide structures,
experimentally there was considerable evidence for the presence
of the amide-to-imine complexes in addition to the amide-to-
amide complexes. For example, several NMR observations such as

Table 3

chemical shift changes (in comparison of dilute to concentrated
samples), signal divergence between the two enantiomers and
intermolecular NOEs. Though N chemical shift changes due to
protonation or hydrogen bonding can be difficult to predict and are
oft counterintuitive, for the system examined here, hydrogen
bonding should lead to shielding for the N-10 nitrogen [28,36]
whilst for the N-1 amide nitrogen as a hydrogen bond donor,
deshielding is anticipated [37] (this was also found computation-
ally, vide infra). Minor shielding was in fact detected for N-1 (but
by an amount below the level of reliability) whilst, and consistent
with either mode, significant deshielding was observed for N-1. For
all of the 'H and '3C nuclei, the observed chemical shift changes
were consistent with either one or other mode or a combination
thereof whilst unambiguous changes indicative of amide-to-imine
complexation were lacking. However, the H-11a, H-11b, H12, C-9
and C-11 signals all exhibited SIDA and thereby were suggestive of
amide-to-imine complexation. NOEs indicating amide-to-imine
complexation included enhancements from H-11b to H-7 and the
amide proton H-1. The latter interaction can potentially be, based
on r;s taken from calculated structures, more than fourfold
stronger than that to H-12 (-SCH3). The actual observed ratio in
a concentrated sample was ca. twofold, and furthermore, the H-
11b/H-1 NOE was not measurable in a dilute solution. Also
supporting amide-to-imine complexation was an NOE from H-1 to
H-12.

Finally, the observation of “double ESDAC” (vide infra) conveys
the insinuation that two distinct complexes must be participating
in an equilibrium, albeit under chromatographic conditions. The
source of the discrepancy between the experimental observations
and theoretical calculations with regards to relative stabilities can
only be attributed to various specific solute-solvent interactions
such as r-stacking by the benzene molecules. It is also worth
noting, however, that tautomeric equilibria can be notoriously
difficult to predict accurately in terms of their energies, and
particularly so when hydrogen bonding is involved [28,38].

3.3. Enantiomer self-disproportionation on achiral-phase
chromatography (ESDAC)

Not only has a proficient ESDAC effect been observed for non-
racemic mixtures of 1, but the compound (and also its 8-oxo
analog) is highly exceptional in that it exhibits [19] two elevations
of the enantiomeric composition across a chromatographic band,
i.e. a “double ESDAC” is, in essence, in effect. This highly unique
behavior can be rationalized by the formation of two distinct
complexes, viz. the amide-to-amide and amide-to-imine struc-
tures formulated in the previous section, both of which are in

DFT-calculated electronic and Gibbs’ free energies of homo- and heterochiral dimeric self-associations of the spirobrassinin enantiomers 1g and 1s at the B3LYP/TZVP (IEF-

PCM) level of theory.

Structure Complexation mode, amide-to- Conform. Solvent AE (kcal/mol) AG (kcal/mol) Hydrogen bonds, r (A)
N-H- . -N=C C=0---H-N

15-1s Amide - Benzene 0.06 0.00 1.864 1.864
1r-1s Amide - Benzene 0.00 0.28 1.863? 1.865
1s1s Imine 1 Benzene 6.56 5.94 2.011 -
15-1s Imine 2 Benzene 6.92 7.35 2.004 -
1r1s Imine 1 Benzene 7.03 6.20 2.006 -

1 1s Imine 2 Benzene 6.56 6.26 2.015 -
1s-1s Amide - Water 0.13 0.08 1.883° 1.884
1r1s Amide - Water 0.00 0.00 1.884° 1.883
1s1s Imine 1 Water 2.25 2.65 2.004 -
1s5-1s Imine 2 Water 2.27 2.24 1.995 -
1r-1s Imine 1 Water 2.36 2.11 1.987 -
1r1s Imine 2 Water 2.23 0.93 2.010 -

¢ Hydrogen bond C=0---H-N.
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Fig. 5. Variation of the enantiomeric composition for a non-racemic sample of spirobrassinin (e.g. 75:25) across an eluting chromatographic peak due to different
complexation modes. A typical composition trace [19] is depicted showing the early and late elevations of the enantiomer composition.

dynamic equilibrium with the free molecules during passage along
the chromatographic column.

The energies of the homo- and heterochiral complexes in polar
and non-polar environments (water and benzene, respectively) are
presented in Table 3. The amide-to-imine complexes of 1 are more
stabilized than the amide-to-amide complexes within a polar
environment in comparison to a non-polar environment and hence
they should be retarded under normal-phase chromatographic
conditions relative to the progress of their counterparts. Since for
both complexes in benzene it is the homochiral complex that is
more energetically favored (thereby leading to enrichment of the
predominant enantiomer for the relevant portion of the eluting
peak), a plausible scenario that successfully explains the “double
ESDAC” event is that the amide-to-amide complex elutes first,
followed by the free enantiomers, then finally by the amide-to-
imine complex, with both complexes in dynamic equilibrium with
the single molecules. Thus, both early and late fractions of the
chromatographic peak will be enantioenriched relative to the
sample loaded onto the column whilst the middle of the peak will
tend towards a racemic mixture. This process is portrayed
graphically in Fig. 5.

Perturbation of the enantiomeric composition of a non-
racemic mixture of 1g and 15 (64.2:35.8, respectively) in solution
by the addition of silica gel to an NMR sample (“TLC in an NMR
tube”), thus trying to elicit the ESDAC effect, was attempted but
unequivocal results were not forthcoming despite the proficient
ESDAC effect reported for 1[19]. Though some, albeit very slight,
discrimination was discernible, it bordered on the limits of
reliable interpretation. Nonetheless, the perceived bias was
towards 1k in concert with ESDAC observations. However, with
the amide-to-amide and amide-to-imine structures both favoring
the homochiral complex and thus both favoring enantioenrich-
ment, under conditions of thermodynamic equilibrium the two
tendencies oppose each other since one complex is more
stabilized in one environment than the other. Hence the lack of
observation of any perturbation from the original enantiomeric
ratio under these conditions can be construed as being consistent
with the calculations. Chromatographically it is likely that
thermodynamic factors alone are not significant for the ESDAC
effect in this instance thus alluding to the influence of kinetic
factors.

3.4. Spectroscopic enantioresolution of 1,4c and 2,4 with 3s

The enantiodiscriminating capability of CSA 3s towards the
spirobrassinin enantiomers 1g and 15 and 1-methoxyspirobrassi-
nin enantiomers 2g and 2s was examined using 'H, '3C and °N
NMR by the incremental addition of aliquots of 3s to a CgDg
solution of racemic or enantioenriched substrate until sufficient
differentiation of various signals of the enantiomers had been
attained. With only an eightfold excess of 3s, distinction was not
observed for the proton signals of racemic (+)-spirobrassinin (1;ac),
however, with 43.9 equivalents of 3s, resolution was observed for the
signals of H-11a, H-4 and H-7. Improved enantioresolution was
attained by increasing the amount of 3g further to a total of 88.5
equivalents, and then even more by lowering the sample temperature
to 8 °C wherein the largest Ads were observed for H-7 (A§, 7.704 ppb)
and H-11a (A8, —3.165 ppb). Table 4 lists the 'H signals for 1 under
various selected conditions together with the 3g-enantioresolved
signals of racemic (+)-1-methoxyspirobrassinin (2pac). By '>C NMR,
the greatest discriminations for 1 were for the imine C-9 (A§,
—35.53 ppb) and carbonyl C-2 (A8, 10.02 ppb) signals, also at a
reduced temperature (8 °C); for 2, enantioresolution was observed
only for the signals of the carbonyl C-2, imine C-9 and methoxy C-13
carbons. By 1N NMR, enantioresolution for both 1 and 2 was evident
for both the amide N-1 and imine N-10 nitrogens. Table 5 lists the '3C
and N signals for 1 and 2 under various conditions.

Clearly enantioresolution proficiency is highly dependent on
the concentration of the analyte as well as the ratio of the analyte
to the CSA 3s with effectiveness readily attenuated upon dilution at
a maintained ratio of analyte to CSA. Nonetheless, on a practical
level it is straightforward to persist with the addition of 3s until
sufficient discrimination has been attained, and certainly bearing
in mind the cost of 3, this is a very affordable option. However, it is
worth noting that caveats regarding assignment based peak order
and the measurement conditions in effect should be heeded [39] as
indeed some signals for this system were in fact observed to swap
order depending on the prevailing conditions. The situation,
though, is highly complicated in this system and comprehending
the positional changes of some signals is not straightforward due
to the multiple modes of self-association for 1 (hence a three-state
equilibrium between the free molecules 1 and the 1.1 amide-to-
amide and 1-1 amide-to-imine bound complexes for 1 prior to
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Table 4
TH NMR enantioresolution of the spirobrassinin enantiomers 1g and 15 and 1-methoxyspirobrassinin enantiomers 2 and 2s by complexation with 3s.
Sample @ H-1 H-4 H-5 H-6 H-7 H-11a H-11b H-12
11ac, dilute § (ppm) 7.378 6.997 6.657 6.813 6.165 4183 4.617 2.159
1rac, dilute +8.64 equiv. 3s 8 (ppm)° 7.723 7.012 6.670 6.836 6.279 4.194 4.623 2.167
1rac, dilute +43.9 equiv. 3g 8 (ppm)P 8.646 7.052 6.709 6.903 6.574 4.231 4.639 2.196
AS (ppb) - 1.259 - - 3.699 -1.011 - -
Av (Hz) - 0.629 - - 1.841 —0.505 - -
1rac, dilute +88.5 equiv. 3s 8 (ppm)° 9.148 7.080 ~6.74 6.950 ~6.75 4.260 4.650 2.226
AS (ppb) - na -0.571 - - -2.020 1.220 —0.458
Av (Hz) - na —0.296 - - —-1.030 0.610 -0.210
1rac, dilute +88.5 equiv. 3s¢ 8 (ppm)° 9.600 7.068 6.737 6.962 6.866 4.243 4.643 2.204
AS (ppb) - na -0.610 0.706 7.704 -3.165 0.629 —0.534
Av (Hz) - na -0.353 0.353 3.853 —1.564 0.315 -0.257
Enrich. 1g, conc. +8.17 equiv. 3s 8 (ppm)° 9.579 7.085 6.755 6.965 6.817 4.268 4.650 2.238
AS (ppb) - na —0.648 - 4.901 -3.661 1.392 -0.725
Av (Hz) - na -0.334 - 2451 -1.831 0.696 —-0.362
20 dilute § (ppm) 3.428¢ 6.967 6.676 6.883 6.538 4.065 4.530 2.146
20 dilute +30.6 equiv. 3s S (ppm)© 3.526¢ 7.025 6.746 6.960 6.608 4.146 4.572 2.223
AS (ppb) 1.125 1.239 0.534 - - 0.648 2.384 2.222
Av (Hz) 0.553 0.62 0.267 - - 0.324 1.202 0.477
2pa0, CONC. +9.84 equiv. 3s § (ppm)© 3.536¢ 7.027 6.754 6.970 6.619 4.150 4.570 2.230
AS (ppb) 0.935 1.373 - - - - 2.345 0.725
Av (Hz) 0.477 0.687 - - - - 1.173 0.362
1g-3s — 1g (calculated®) AS (ppm) —4.409 0.029 —0.002 -0.029 -0.219 0.020 0.012 0.005
15-3s— 1g-3s' (calculated®) AS (ppm) —0.253 -0.016 0.004 0.006 0.012 —0.023 —0.031 —0.006

na: splitting not assessed.

2 The quantities A§ and Av are the differences {value for the (R)-enantiomer — value for the (S)-enantiomer when known} between the signals of the two enantiomers in

ppm and frequency, respectively.
b Chemical shifts of the signals of the (R)-enantiomer 1g.
¢ Spectrum acquired at 8 °C.
4 H-13.
¢ Enantiomers not identified.

T Difference of the shieldings, therefore negative values indicate that the former spin is deshielded relative to the latter.
€ By DFT at the B3LYP/TZVP//B3LYP/cc-pVTZ level of theory using the GIAO method with solvation by benzene simulated by IEF-PCM using the uahf atomic radii set.

addition of the CSA) in addition to the multiple modes of binding to
35 further compounding the situation. However, the 'H signals
nevertheless appeared to be well behaved in this regard whilst the
13C and '°N signals were more capricious.

The chemical shifts changes for H-1, H-7, C-2, C-7 and N-1 all
indicate that binding of 35 to 1 is occurring at the amide group, but
there is also some evidence for binding to the imine N-10 nitrogen
too in the presence of a large excess of 3s as it experiences a degree
of shielding. Moreover, the most notable Ads for enantioresolution
are for H-7, H-11a, H-11b, C-2, C-3, C-4, C-4a, C-7, C-9, C-11, N-1
and N-10, thereby also implying a degree of binding to the imine N-
10 nitrogen as well with regards to pertinent nuclei, and moreover,
that the enantioresolution is very effective by this binding mode
for the relevant nuclei. The two binding modes were also
confirmed by NOE experiments. For example, amide-to-amide
complexation was indicated by signal enhancements of both
methyl groups of 3s upon irradiation of H-7 whilst amide-to-imine
complexation was indicated by signal enhancement of the
CH3(CHOH) methyl group upon irradiation of H-4 and for
irradiation of either H-11b or H-5, signal enhancements of both
methyl groups and the methylene group. Since enantioresolution
for 2 occurs in a similar manner to 1, it implies that the
predominant mechanism for enantioresolution for the spatially
close nuclei to N-10 is by complexation of 3g to N-10, hence, quid
pro quo. It is also notable that less of the CSA is required for
enantioresolution of 2,,. due to competing amide complexation in
1,ac. Interestingly, whilst enantioresolution is not evident for H-7
and C-7 in 2 - consistent with expectations since the NH proton has
been replaced by a methoxy group - enantioresolution of H-13 and
C-13, i.e. the nuclei of the methoxy group, occurs. However, whilst
C-2 is enantioresolved, it is not significantly deshielded thereby
not implying the occurrence of unexpected binding to the carbonyl
oxygen O-2 and the enantioresolution of H-13 and C-13 remains a
conundrum.

Although the enantioresolution of 1 and 2 using 3s was
sufficient for analytical purposes in terms of quantification or
identification of a known enantiomer, it had been hoped that
determination of absolute configuration could be accessed via
enantioresolved NMR signals in conjunction with modeling of the
structures. Although the signal disparity between the enantiomers
of 1 and 2 when complexed to 3s was not of the required manner
for configuration determination with the approach in mind,
nevertheless modeling of the two enantiomers of spirobrassinin
(1g and 1s) complexed with 3g was undertaken. Correct
enantiomeric assessment of the NMR signals for only a single or
limited number of samples, whether it be for the identification of a
known enantiomer or the determination of absolute configuration,
requires both an evaluation of the relative strengths of the
complexation as well as large relative Ads [39]. However, with
liberal dispersion between the signals for the complexed
enantiomers, large Ads from the free enantiomer per se are not
completely necessary for the determination of absolute config-
uration [14,15,39].

Initial examinations at a lower level of theory {B3LYP/6-
31G(d,p)} indicated monodentate binding of the hydroxyl group of
3s to the imine nitrogen N-10 of 1 to be several kcal/mol less stable
in comparison to bidentate complexation by way of the hydroxyl
group of 3g to the carbonyl oxygen O-2 of 1 and the carbonyl
oxygen of 35 to the amide hydrogen H-1 of 1 (see Supplementary
data). Thus, as occurred in the case of the dimeric complexes,
dichotomy between experimental observation and the theoretical
predictions was obtained and similar speculation regarding the
likely cause(s) can be invoked. Nevertheless, examinations at the
higher level only focused on bidentate complexation and example
structures of the 15-3s and 1g-3s complexes are depicted in Fig. 6
with the energies of the structures presented in Table 6. However,
as mentioned above, experimentally there was evidence for a
notable presence of imine bound complex in solution. This is akin



Table 5
13C and >N NMR enantioresolution of the spirobrassinin enantiomers 1g and 1s and 1-methoxyspirobrassinin enantiomers 2g and 2s by complexation with 3s.
Sample a C-2 C-3 C-4 C-4a C-5 C-6 C-7 C-7a c-9 C-11 C-12 C-13 Sample 4 N-1° N-10°
1rac dilute § (ppm) 177.45 65.04 124.57 131.35 123.27 129.35 110.06 140.22 163.27 75.21 15.28 - Enrich. 1g, § (ppm)¢  —247.99 -97.48
conc.
Enrich. 1g, dilute S (ppm)  178.14 65.28 124.54 131.78 12331 129.57 110.12 14091 163.52 75.21 15.33 - AS (ppb) -15.20 —44.65
+59.1equiv. 3s
AS (ppb) 6.38 5.24 —4.78 6.83 - 4.10 11.16 2.96 —24.37 -3.19 - - Av (Hz) -0.925 -2.717
Av (Hz) 0.802 0.659  —0.601 0.859 - 0.515 1.461 0.372 —-3.093 -0.401 - - Enrich. 1g, § (ppm)¢  —249.99 -97.4
dilute
Enrich. 1g, dilute S (ppm)  178.39 65.26 124.49 131.71 123.30 129.59 110.78 140.98 163.51 75.09 15.33 - AS (ppb) -19.95 -
+59.1 equiv. 359 AS (ppb) 10.02 7.06 -7.74 10.25 - - 14.35 - —35.53 -5.92 - - Av (Hz) -1.214 -
Av (Hz) 1.260 0.888 -0.974 1.289 - - 1.804 - -4.468 —0.687 - - Enrich. 1g, § (ppm)°  —246.45 -98.30
conc.+8.17
equiv. 3g
Enrich. 1g, conc. 8 (ppm)  178.56 65.35 124.49 131.62 123.36 129.66 110.86 140.97 163.61 75.15 15.35 - AS (ppb) 32.30 21.38
+8.17 equiv. 3s AS (ppb) 3.42 5.92 -5.92 10.02 - - 9.34 - —24.37 - - - Av (Hz) 1.965 1.300
Av (Hz) 0.430 0.745  —0.745 1.260 - - 1.174 - —3.064 - - - Enrich. 1g, § (ppm) —248.91 -97.6
dilute+8.17
equiv. 3
2,20, dilute § (ppm) 170.68 63.24 124.50 127.62 123.86 129.62 107.60 139.93 163.06 74.70 1528 63.16 2;ac, CONC. § (ppm)®  —184.48 -97.33
220 dilute +30.6 equiv. 3s & (ppm)¢  170.79 63.26 124.56 127.65 124.01 129.78 107.73 139.88 163.39 74.70 1535 63.33 220, dilute § (ppm)¢  —184.6 no
AS$ (ppb) 7.29 - - - - - - - 12.75 - - 5.24 2, ac, CONC. § (ppm)© —184.34 -98.25
+9.84 equiv. 3s
Av (Hz) 0.916 - - - - - - - 1.604 - - 0.659 AS (ppb) - 18.05
2,20, CONC.+9.84equiv. 35§ (ppm)¢  170.78 63.25 124.55 127.61 124.01 129.79 107.74 139.86 163.39 74.69 1535 63.34 Av (Hz) - 1.098
AS (ppb) 7.06 - - - - - - - 12.53 - - 4.78 2:ac, dilute S (ppm)© -184.9 no
Av (Hz) 0.888 - - - - - - - 1.575 - - 0.601 +9.84equiv. 3
1g-3s — 1g§ (calculated®) AS (ppm)  —4.79 —1.45 0.63 -0.15 0.05 0.02 -1.70 -0.96 -041 0.38 —-0.05 - 1g-3s— 1gf AS (ppm) -10.07 0.33
(calculated®)
1535 — 1g-3s (calculated®)  AS (ppm) 0.25 0.25 -0.01 —0.09 0.05 0.02 0.18 -0.12 0.11 -0.15 0.06 - 1535 — 1g-3s" AS (ppm) 0.19 0.03

(calculated?®)

no: not observed.

2 The quantities AS and Av are the differences {value for the (R)-enantiomer — value for the (S)-enantiomer when known} between the signals of the two enantiomers in ppm and frequency, respectively.

b
c
d
e
f

Shifts reported to two decimal places are taken from direct measurements; shifts reported to one decimal place are taken from indirect measurements.
Chemical shifts of the signals of the (R)-enantiomer 1g.
Spectrum acquired at 8 °C.
Enantiomers not identified.
Difference of the shieldings, therefore negative values indicate that the former spin is deshielded relative to the latter.
& By DFT at the B3LYP/TZVP//B3LYP/cc-pVTZ level of theory using the GIAO method with solvation by benzene simulated by IEF-PCM using the uahf atomic radii set.
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Fig. 6. The geometry-optimized structures of the complexes 1s-3s (left) and 1g-3s
(right) at the B3LYP/TZVP (IEF-PCM) level of theory in benzene.

to the anomalies obtained for dimeric self-association and the
same explanations can be invoked. Nonetheless, the energies do
give a strong indication for the likelihood of resolution by the use of
3s, and more so with the calculation of the NMR chemical shifts.

For the TZVP-optimized structures, chemical shieldings of
complexes 1g-3s and 1s-3s were calculated by DFT at the B3LYP/
TZVP//B3LYP/cc-pVTZ level of theory using the GIAO method with
solvation by benzene simulated by IEF-PCM using the uahf atomic
radii set and the results are included in Tables 4 and 5 for the 'H,
13C and "N nuclei as A8s of the complexed (R)-enantiomer from
the free enantiomer (1g-3s-1g) and Ads between the two
complexed enantiomers (1s-3s-1g-3s). Qualitatively, good agree-
ment was obtained for the complexed molecule relative to the free
molecule for the nuclei involved with or close to the site of
complexation, viz. H-1, H-7, C-2, C-7 and N-1, thereby substantiat-
ing the main mode of complexation. For comparison of the
diastereomeric complexes, a significant number of the calculated
Aé8s were qualitatively in agreement with the observed Ads.
However, the experimental Ads, though applicable for the
identification of an enantiomer with an available authentic sample
(and indeed, useful for quantitative purposes), were too small to be
applied for the reliable identification of an enantiomer in the
converse case by comparison to calculated values. Moreover, only
for H-1 could resolution be anticipated, though this signal was not
experimentally enantioresolved due to excessive line broadening
masking any such occurrence.

Attempts made to chromatographically resolve racemic (&)-
spirobrassinin (1pa¢) and racemic (4-)-1-methoxyspirobrassinin (2yac)
using TLC plates pre-treated with 3g, a strategy that has worked for
enantiomeric resolution previously [15], were unsuccessful for both
compounds for a variety of conditions. Thus, the likely optimistic
indications of resolution for 1 derived from the energies listed in
Table 6, wherein the (R)-enantiomer 1g was anticipated to be retained
relative to the (S)-enantiomer 1s based on the greater stabilization of
the 1g-3s complex upon changing to polar conditions and the greater
overall stabilization of the 1s-3s complex which is likely to permit
faster passage of the (S)-enantiomer 1g due to lower impedance, did
not materialize. Other attempts to effect chromatographic-type
separation of racemic (4)-spirobrassinin (1,c) using 3s included

Table 6
DFT-calculated electronic and Gibbs’ free energies of the complexes of spiro-
brassinin enantiomers 1g and 1s with 3s at the B3LYP/TZVP (IEF-PCM) level of
theory.

Structure  Solvent  AE AG Hydrogen bonds, r (A)
(kcal/mol)  (kcal/mol) O-H..0—C C=0...H-N

1535 Benzene  0.00 0.00 1.862 1.865

1r-3s Benzene 0.23 0.80 1.847 1.885

15-3s Water 0.01 0.00 1.854 1.876

1r-3s Water 0.24 0.16 1.851 1.887

both the addition of silica gel to an NMR sample (“TLC in an NMR
tube”) and “panning”. For both methods, unequivocal results were
not forthcoming though in both cases there appeared to be some
small, albeit ever so slight, alteration in the enantiomeric composition
in favor of the (R)-enantiomer 1g, i.e. in the former case the (R)-
enantiomer 1g was retained more in solution whilst in the latter
method the amount present increased proportionally with progres-
sion of the process. These observations conflict with prediction but
the situation is compounded by ESDAC which favors enrichment of
the excess enantiomer, i.e. the (R)-enantiomer 1g, under these
conditions.
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