Chemoselective and Enantioselective Fluorescent Recognition of Prolinol
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Abstract. A highly chemoselective and enantioselective fluorescent
probe has been discovered for the recognition of prolinol among
various primary and secondary amine-based amino alcohols. The
mechanistic studies including 1D and 2D 'H/'3C NMR and mass
spectroscopic analyses and DFT calculations have shown that the
aldehyde group of the probe can react with prolinol to generate a
bicyclic oxazolidine unit which through a possible intramolecular
hydrogen bond interaction to give highly selective fluorescence
enhancement.

Introduction

Enantioselective fluorescent recognition of chiral organic
molecules can potentially provide a fast-analytical tool for chiral
assay.! Chiral amino alcohols are very useful in the asymmetric
synthesis of diverse organic compounds.? Fluorescent probes that
can distinguish the enantiomers of chiral amino alcohols have
been obtained which can be used to determine the enantiomeric
composition of a variety of substrates.®> While it is important to
develop fluorescent probes that are generally useful in the
recognition of certain classes of compounds, a fluorescent probe
that shows chemoselective as well as enantioselective responses
toward a specific substrate is also of significant interest. For
example, such a probe could be used to detect a specific
enantiomeric molecule produced in reactions or -catalyst
screening experiments or present in analytical samples.

Previously, we demonstrated that the 1,1°-binaphthyl-based
compound (S)-1 shows fluorescence enhancement in the presence
of prolinol in the absence of a metal ion like Zn>".** However,
no enantioselectivity in the fluorescence response was observed.*
In order to improve the selectivity of (S)-1, we have explored a
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strategy to modify the structure of the probe by moving the
amine-binding aldehyde group from the 3-position to the 2-
position to be closer to the chiral cavity of the 1,1°-binaphthyl
core. The resulting compounds have shown unique fluorescence
responses in molecular recognition.®” Herein, we report a new
discovery that a 1,1’-binaphthyl compound containing a 2-
aldehyde group and an acetamide unit exhibits chemoselective as
well as enantioselective fluorescent response toward prolinol.
Such a selective fluorescent probe is potentially useful since
prolinol is a chiral amino alcohol of broad applications in
synthesis and drug discovery® and it has also been found as a
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metabolite in cancer metabolism.’ Our study on the origin of the
selective fluorescence response is also presented.

Results and Discussion

We incorporated an acetamide group that is capable of
hydrogen bond donating as well as accepting into a 2-formy-1,1’-
binaphthyl structure as shown in Scheme 1. Compound (R)-2 was
prepared according to our previously reported method.’
Treatment of (R)-2 with 2-bromoacetamide in the presence of
K2COs gave (R)-3 in 83% yield. The two inequivalent amide
protons were observed at & 5.37 (br) and 5.00 (br) in the '"H NMR
spectrum of (R)-3. The two diastereotopic proton signals of Hx
and Hx were observed at § 4.49 (d, /= 15.3 Hz) and 4.45 (d, J =
15.2 Hz). The UV-vis absorption and fluorescence spectra of (R)-
3 in i-PrOH were obtained. As shown in Figure 1, (R)-3 gives
absorptions at A(g) = 229 (8.90x10%), 251 (4.79x10%), 286
(1.57x10% and 333 (4.75%10%) nm [¢ in L/(mol-cm)]. When it
was excited at 285 nm, there was a weak emission at 360 nm.

Scheme 1. Synthesis of compound (R)-3.
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Figure 1. Normalized UV-vis and fluorescence spectra of (R)-3

(2.0 x 10 M in i-PrOH) (Aexc = 285 nm).

We studied the fluorescence response of (R)-3 toward a
variety of chiral amino alcohols as listed in Figure 2. In these
experiments, a solution of (R)-3 (2.0 x 10 M, 25 uL) in i-PrOH
was mixed with each enantiomer of an amino alcohol (6.0 equiv)
in i-PrOH at 30.0 °C for 3.0 h, then diluted with i-PrOH to a final
concentration of (R)-3 at 2.0 x 10> M. As shown in Figure 3,
among the primary amine-based substrates 4 - 13 and the
secondary amine-based substrates 14 - 16, only L-prolinol (L-14)
greatly enhanced the fluorescence of (R)-3 at A = 360 nm with a
fluorescence enhancement factor (//lo-1) of 20.0. The opposite
enantiomer D-prolinol as well as other amino alcohols generated
little fluorescence response with the probe. Therefore, (R)-3 is
both highly chemoselective and enantioselective in the
fluorescent recognition of prolinol. (All the fluorescence spectra
are in Figure S1 in SI). In other solvents such as acetonitrile, 1,4
dioxane and ethanol, (R)-3 also showed enantioselective
fluorescent enhancement with L-prolinol (see Figure S2 in SI).
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Figure 3. Fluorescent responses at A = 360 nm, /360//0-1, for the
interaction of (R)-3 (2.0 x 10 M) with 13 pairs of amino alcohol
enantiomers (6 equiv) (Solvent: i-PrOH. Aexe = 285 nm, slits =

5/5 nm. Io: Fluorescence intensity of (R)-3 at 360 nm in the
absence of amino alcohols).

The fluorescence responses of (R)-3 versus the concentration
of L- and D-prolinol was investigated. The reaction time between
(R)-3 and prolinol in i-PrOH before dilution was chosen to be 3.0
h on the basis of a reaction time study shown in Figure S3 of SI.
The fluorescence intensity of (R)-3 at A = 360 nm greatly
increased with the addition of 0.5 equiv to 6.0 equiv L-prolinol
(Figure 4a). However, the fluorescence enhancement was much
smaller for the reaction of (R)-3 with D-prolinol under the same
conditions (Figure 4b-d). At 6.0 equiv prolinol, the
enantioselective fluorescence enhancement ratio [ef'= (IL-Io)/(Ip-
Io)] was found to be 4.5. The fluorescence quantum yield of (R)-
3 was found to be <0.01% which increased to 2.40% upon
reaction with L-prolinol (2 equiv). However, the quantum yield
of the reaction of (R)-3 with D-prolinol is still <0.01%.
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Figure 4. Fluorescence spectra of (R)-3 (2.0 x 10~ M) with (a)
L-prolinol, (b) D-prolinol, (c¢) L- and D-prolinol (6 equiv). (d)
Fluorescence intensity at 360 nm versus the equivalent of L- and
D-prolinol. (Solvent: i-PrOH. Error bars from three independent
experiments. Aexc =285 nm. Slit: 5/5 nm)
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We investigated the fluorescence response of (S)-3, the
enantiomer of (R)-3, toward L- and D-prolinol under the same
conditions as the use of (R)-3. As shown in Figure S4 in SI, (S)-
3 exhibited greater fluorescence enhancement with D-prolinol
than with L-prolinol. That is, there is a mirror image relation
between the fluorescence responses of (R)-3 and (S)-3 toward the
enantiomers of prolinol, which confirms the inherent chiral
recognition process.

The fluorescence responses of (R)- and (S)-3 toward prolinol
of various enantiomeric compositions were examined (see Figure
S5 in SI). We plotted the fluorescence intensity at A = 360 nm
versus the enantiomeric excess (ee) of prolinol in Figure 5. Using
this plot, the enantiomeric composition of prolinol can be
determined by using the fluorescent probe (R)- or (S)-3 at the
given concentration. As shown in Figure S6 in SI, the limit of
detection (LOD) for L-prolinol by using (R)-3 was determined to
be 5.30 x 108 M.
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Figure 5. Fluorescence intensity of (R)- and (5)-3 (2.0 x 103 M)
at 360 nm versus prolinol ee % [ee = (L-D)/(L+D)] (4 equiv)
(Solvent: i-PrOH. Error bars from three independent

experiments. Aexe =285 nm. Slit: 5/5 nm)

We also investigated the fluorescence responses of (R)-3
toward L-prolinol (4.0 equiv) in the presence of other amino
alcohols (2.0 equiv). As shown by Figure S7 in SI, no significant
interference on the fluorescence measurement was observed
except with 2-aminocyclohexanol.

In order to understand the observed highly enantioselective
fluorescent response, we conducted NMR spectroscopic studies
on the reaction of (R)-3 with L- and D-prolinol. (R)-3 (50.0 mM)
was dissolved in CD30OD, and L- and D-prolinol (100.0 mM)
were dissolved in CD30OD. An aliquot of the above (R)-3 solution
(50 pL) was added to each NMR tube together with varying
equivalents of prolinol. Then, CD3OD was added to reach a
volume of 500 pL and the concentration of (R)-3 in each NMR
tube was 5.0 mM. After each reaction mixture was allowed to
stand at 30 °C for 3 h, their 'H NMR spectra were obtained at
room temperature (Figure 6 and Figure S8 in SI). As shown in
Figure 6, compound (R)-3 in CD30D before addition of prolinol
gave two small signals at § 5.10 and 5.17. These can be attributed
to the formation of diastereomeric hemiacetal compounds from
the nucleophilic addition of methanol to the aldehyde group of
(R)-3. When (R)-3 was treated with excess amount (> 2 equiv) of
L- or D-prolinol, the aldehyde signal at & 9.64 disappeared as
shown in Figure 6 and Figure S8, indicating the complete
conversion of (R)-3.
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Figure 6. 'H NMR (400 MHz) spectra for the reaction of
(R)-3 (5.0 mM) with 10 equiv of L-prolinol and D-prolinol
in CD30OD. (Reaction time: 3 h.)

Figure 6 shows that the reaction of (R)-3 with excess D-
prolinol probably gave a single product with well-resolved
signals. We thus conducted detailed 1D and 2D 'H and '3C NMR
spectroscopic analyses on the product formed from the reaction
of (R)-3 with 4.0 equiv D-prolinol (see Figure S9 in SI). On the
basis of this study, the structure of the product is identified as
17ps. The singlet at 6 4.98 in Figure 6 (with 10 equiv D-prolinol)
is assigned to Ha on the oxazolidine group of 17ps. The COSY
spectrum (see Figure S9a in SI) allows the assignment of Hp [3
3.78 (m)], Hc and He' [8 3.22 and 4.25]. As shown in the zoomed
plot of Figure 6 (with 10 equiv D-prolinol), both the signals at &
3.22 and 4.25 are triplet-like because the coupling constants
between Hc and He', Ho and He, and Hy and He are close to each
other. However, it is found that the peak separation A (A = the
peak of the highest frequency — the peak of the lowest frequency)
of Hc is 17.0 Hz which is significantly higher than the A of He-
(15.3 Hz). This indicates that the coupling of Hy with the trans
proton Hc is greater than the coupling of Hy with the cis proton
He.  This is consistent with the relative coupling constants
estimated according to the Karplus plot on the basis of the DFT
calculated dihedral angle of trans Hy-Cv-Ce-He (151.8°) versus
that of cis Ho-Cp-Ce-He' (27.9°) in 17ps. A NOE effect is observed
between Ha and Hc in the NOESY spectrum (see Figure S9d in
SI) which allows us to assign a S configuration for Ca of
compound 17ps. The cross peaks between Ha and Cp (8 64.11),
C. (8 72.55) and Ca (8 53.39) respectively are observed in the 2D
'H-13C HMBC spectrum which supports the bicyclic oxazolidine
structure of 17ps (See Figure S9c¢ in SI). The two diastereotopic
proton signals of Hx and Hx in 17ps were observed at 8 4.53 (d, J
=14.8 Hz) and 4.37 (d, /= 14.9 Hz).



.
17ps

Unlike the reaction of (R)-3 with D-prolinol which generates
one single product, formation of two products were observed
from the reaction of (R)-3 with L-prolinol which gave two
singlets at 6 4.93 and 4.95 (ratio: 1:0.65). It is proposed that the
reaction of (R)-3 with L-prolinol might have generated a mixture
of both diastereomers 17Lr and 17Ls (Scheme 2). In this mixture,
the Hx and Hx signals of these two compounds are partially
overlapping in which the signals at & 4.60 and 4.29 show
significant NOE effect with the aromatic signals at & 7.48 (see
Figure S11 in SI).

Scheme 2. Reaction of (R)-3 with L-prolinol
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We have conducted TOF mass spectroscopic analysis (ESI)
for the products 17 formed from the reaction of (R)-3 with 2.0
equiv L- and D-prolinol (see Figure S12 in SI). A peak at m/z
439.2017 or 439.2015 (caled for M+H: 439.2022) in these
spectra can be assigned to the molecular ion of 17. Although we
were not able to isolate and purify these products, the NMR and
mass spectroscopic analyses have established their structures.

We have conducted DFT calculation on the diastereomers of
17 containing a (R)-binaphthyl unit (See Figure S13-S16 in SI).
All the quantum chemical calculations are performed with the
Gaussian 09 program package and results are analyzed with the
Gaussview 6.0 molecular visualization program. Total of four
diastereomers are generated which are optimized at the B3LYP,
6-31G(d,p) level in methanol and the ground state energies are
calculated. Then, the frequencies of the optimized structure were
calculated at B3LYP, 6-31G(d,p), and the number of imaginary
frequencies of the four diastereomers with optimized structure are
all zero, leading to true minima. It is found that among the four
stereoisomers, 17Lr is the most stable one which is formed from
the reaction of (R)-3 with L-prolinol though the energy difference
between 17tk and 17us is small. The energy-minimized
molecular modelling structure of 17rr is given in Scheme 2. The
structure of 17Lr shows that the distance between the oxygen
atom of the oxazolidine ring and one of the amide hydrogen
atoms is 2.0 A, and the angle O---H-N is 162°. This suggests a
possible intramolecular hydrogen bond in 17tk which could
restrict the relative rotation of the binaphthyl unit and contribute
to the enhanced fluorescence. The energy difference between the
other two diastereomers 17ps and 17pr (unobserved) is much
greater which leads to the formation of 17ps as the only product
from the reaction of (R)-3 with D-prolinol. Figure 7 lists the

calculated relative energies of the four diastereomers formed
from the reactions of (R)-3 with D- and L-prolinol.

17pr 17ps 17.s 17.r
6.20 kcal/mol 1.89 kcal/mol 2.60 kcal/mol 0 kcal/mol

Figure 7. The DFT calculated relative energies of the four
diastereomers 17pr, 17ps, 17Ls and 17tr (R = CH2CONH2) by
setting the energy of 17Lr to 0 kcal/mol.

The chemical shift differences between the two diastereotopic
protons Hx and Hy in the "H NMR spectra of (R)-3 are compared
with those of 17ps and 17tr/17cs. The chemical shift difference
between Hx and Hyx in (R)-3 is 0.07 ppm and those in 17ps and
17Lr/17Ls are 0.16 and 0.31 ppm respectively. The much smaller
difference in (R)-3 indicates a free rotation of its acetamide group
which could minimize the difference in the chemical environment
of the two diastereotopic protons. Whereas, the greatly increased
difference between the two diastereotopic proton signals of Hx
and Hx in 17.r/171Ls suggests hindered rotation of the acetamide
groups in 17rr/17Ls which could generate more different
chemical environment for these two protons. This is consistent
with possible intramolecular hydrogen bonding interactions
between the acetamide unit and the newly formed oxazolidine
ring in these compounds as shown in the DFT calculation. The
axial chirality of the binaphthyl core contributes to the energy
differences of these diastereomers and their different structural
rigidity which have led to the observed enantioselective
fluorescence enhancement.

In conclusion, we have discovered a highly chemoselective as
well as enantioselective fluorescent probe for the recognition of
prolinol. Our spectroscopic studies demonstrate that the reaction
of an aldehyde group of the probe with prolinol can generate a
bicyclic oxazolidine unit which through a possible intramolecular
hydrogen bonding interaction with the acetamide unit of the
probe could increase the structural rigidity and produce the
observed highly selective fluorescent response. This work
employs a design strategy to combine a covalent bond forming
unit (an aldehyde group) with a hydrogen bond donor or acceptor
to restrict the rotation of a biaryl unit upon selective substrate
binding to generate fluorescence enhancement in molecular
recognition. This strategy should be generally applicable for the
development of fluorescent probes for a variety of substrates.

Experimental Section

General Information. Unless otherwise indicated, all reagents
were purchased from commercial sources and used without
further purification. In the optical spectroscopic studies, all the
solvents were HPLC grade purchased from Thermo Fisher
(China) CO. Ltd. NMR spectra were obtained on an Agilent 400-
MR DD2 spectrometer. High-resolution mass spectra (HRMS)
were obtained with a Shimadzu LCMS-IT-TOF (ESI).
Fluorescence spectra were obtained using Hitech F-7000
spectrofluorometer at 298 K. Structural assignments were made
with additional information from gCOSY, gHSQC, and gHMBC
experiments.

Sample preparation for fluorescence measurement. A stock
solution (2.0 mM) of (R)-3 in a solvent such as i-PrOH was
prepared. Stock solutions (4.0 mM) of the amino alcohols in i-
PrOH were prepared. For optical analysis, solutions of (R)-3 (25
uL each) were added to several test tubes. A solution of an amino
alcohol was added to each test tube and the resulting solution was
allowed to stand at 30 °C in a constant temperature and humidity



test chamber. After 3 h, the mixture in each test tube was diluted
with i-PrOH to obtain 2.0 x 10 M solutions of (R)-3 for
fluorescence measurements. Fluorescence spectra were recorded
within 1 h of the sample preparation.

Synthesis and Characterization of (R)-3. Compound (R)-2
(100 mg, 0.34 mmol) and K2COs (93 mg, 0.67 mmol, 2 equiv)
were mixed in MeCN (20 mL) at room temperature. 2-
Bromoacetamide (71 mg, 0.51 mmol, 1.5 equiv) was added and
the resulting mixture was heated under reflux in an oil bath for 24
h. Then the mixture was poured into H2O (30 mL) at room
temperature and extracted with ethyl acetate (3 x 30 mL). The
organic extracts were washed with water and dried with Na2SOa.
The solvent was removed under reduced pressure and the residue
was purified by flash column chromatography on silica gel
(eluted with ethyl acetate/petroleum ether, 3:2) to afford (R)-3 as
a light-yellow solid in 83% yield (100 mg). '"H NMR (400 MHz,
chloroform-d) & 9.69 (s, 1H), 8.18 (d, J = 8.7 Hz, 1H), 8.08 (dd,
J=173, 8.8 Hz, 2H), 7.99 (d, J= 8.3 Hz, 1H), 7.95 (d, /=8.2
Hz, 1H), 7.66 — 7.60 (m, 1H), 7.46 — 7.40 (m, 1H), 7.40 — 7.28
(m, 4H), 7.08 (d, J = 8.5 Hz, 1H), 5.37 (s, 1H), 5.19 (s, 1H), 4.46
(q,J=14.9 Hz, 2H). 3C{'H} NMR (101 MHz, chloroform-d) &
192.5, 170.5, 152.8, 140.8, 136.4, 134.4, 132.5, 132.4, 131.4,
129.5, 129.3, 129.1, 128.7, 128.4, 127.9, 127.5, 126.8, 125.3,
125.0, 122.5, 118.4, 113.7, 68.0. HRMS (ESI-TOF) m/z: [M +
Na]* Calcd for C23H17NO3Na 378.1106; Found 378.1104. [o]p?
=+11.0 (c = 1.0, CHCl).

Synthesis and Characterization of (S)-3. (5)-3 was prepared in
the same way as (R)-3 in 80% yield (97 mg) by starting with (S)-
2. 'H NMR (400 MHz, chloroform-d) & 9.69 (s, 1H), 8.18 (d, J
=7.9 Hz, 1H), 8.08 (dd, J=17.1, 8.8 Hz, 2H), 7.99 (d, J = 8.2
Hz, 1H), 7.95 (d, J=8.2 Hz, 1H), 7.63 (t,J= 7.4 Hz, 1H), 7.46 —
7.40 (m, 1H), 7.40 — 7.28 (m, 4H), 7.08 (d, J = 8.5 Hz, 1H), 5.37
(s, 1H), 5.04 (s, 1H), 4.47 (q, J = 16.2, 15.5 Hz, 2H). BC{'H}
NMR (101 MHz, chloroform-d) ¢ 192.6, 170.2, 152.9, 140.8,
136.5, 134.5, 132.6, 132.5, 131.5, 129.6, 129.4, 129.2, 128.7,
128.4, 128.0, 127.6, 126.9, 125.4, 125.1, 122.6, 118.5, 113.7,
68.1. HRMS (ESI-TOF) m/z: [M + Na]* Calcd for C23Hi17NO3Na
378.1106; Found 378.1098. [a]p* =-10.5 (¢ = 1.0, CHCI).
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