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Balancing interactions in proline-based receptors
for chiral recognition of L-/D-DOPA†
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and Yun-Bao Jiang *

Proline based receptors (1–14) attached with phenylboronic acid and benzaldehyde binding groups at the

N-/C- or C-/N-termini of the proline residue were created for chiral recognition of L-/D-DOPA, in an

attempt to examine if balancing the two binding events would influence the recognition. By changing the

positions of boronic acid and aldehyde groups substituted on the phenyl rings (1–4, 5–8) and the site at

which phenylboronic acid and benzaldehyde moieties attached respectively to the N- and C-termini or

C- and N-termini of the proline residue (1–4 vs. 5–8), and by introducing an electron-withdrawing

fluorine atom in the phenyl ring of the weaker binder the benzaldehyde moiety (11 vs. 1, 14 vs. 5), we

were able to show that a better balance of the two binding events does improve the chiral recognition.

This finding can only be made with the current version of receptors that were equipped with two different

binding groups. Together with the finding that the chiral recognition performance in mixed organic–

aqueous solutions is tunable by varying the solvent composition, we have now arrived at a protocol for

designing proline based receptors for extended applications in chiral recognition.

Introduction

Proline is a naturally occurring, structurally rigid amino acid
and thereby plays an essential role in maintaining the second-
ary structures of peptides/proteins, such as β-turns,1 allowing
the construction of peptidomimetics for drug discovery.2 The
rigid and folded structural character of this chiral amino acid
has also been employed for other applications, for example to
develop asymmetric organocatalysts.3 We were thus inspired to
initiate our efforts to develop cleft-shaped proline-based recep-
tors, for chiral recognition, as both their N- and C-termini can
be readily equipped with different binding groups, depending
on the species to be recognized. Recently we reported our first
example for the chiral recognition of glucose.4 In that protocol,
proline was derived with two phenylboronic acid groups at the
N- and C-termini to allow for an efficient chiral recognition of
glucose. The positions of the boronic acid groups in the
phenylboronic acid moieties can be varied to optimize the
recognition performance; the two phenylboronic acid groups
are however more or less the same in terms of the affinity
towards the cis-1,2- or 1,3-diol units in the glucose molecule.
Differences in the recognition ability thus result mainly from

the steric factor of the two binding groups. The contribution
of the difference in the binding abilities of the two binding
groups that can at least be incorporated into the proline
residue remains to be identified, so does the contribution of
the intrinsic character of the proline residue, i.e. the ratio of
its trans- to cis-conformers. We therefore extended our efforts
towards proline-based receptors containing two different
binding groups. For this purpose, we chose to design receptors
for the chiral recognition of L- and D-DOPA (Scheme 1) via
interactions with its cis-diol and amine groups. We created a
series of proline derivatives bearing boronic acid and aldehyde
binding groups in the forms of phenylboronic acid and benz-
aldehyde, respectively, which are placed at the N- and
C-termini of the proline residue (Scheme 1). We further
attempted to fine tune the binding by introducing electron-
withdrawing fluorine atoms in the phenylboronic acid and/or
benzaldehyde groups and by varying the ratio of cis- to trans-
conformers of the proline residue in MeOH/aqueous buffer
solutions.

3,4-Dihydroxy-L-phenylalanine (L-DOPA) is the precursor of
the neurotransmitter dopamine and an important agent for
Parkinson’s disease, whereas its D-enantiomer displays neuro-
toxic side effects.5 This is another reason we chose the chiral
recognition of L-/D-DOPA to examine the performance of our
new receptors. As a catecholamine derivative, DOPA has been
detected mainly by liquid chromatography, thin-layer chrom-
atography, capillary electrophoresis, mass spectrometry and
electrochemical methods,6 while chiral recognition of DOPA
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has been realized via its interaction with fluorescent probes,
surface-functionalized electrodes, and chiral polymers.7

Receptors for DOPA chiral recognition could contain a boronic
acid and an aldehyde group to form a five-membered cyclic
boronate and imine with DOPA.7a,8 Boronic acid and aldehyde
groups were therefore introduced into the proline residue,
employing the boronic acid/cis-diol interaction and imine for-
mation reaction, respectively.8 With these designed receptors
we identified the contribution of the balanced affinities of the
binding groups in tuning the chiral recognition performance
of the receptors. Circular dichroism (CD) spectroscopy, as a
powerful technique for chiral research,9 is the major method
we employed in this work to evaluate the chiral recognition
performance.

Results and discussion
Design and characterization of receptors

L-/D-1, L-/D-2, and L-3 to L-14 (Scheme 1) were designed and syn-
thesized. Receptors 1–8 differ in the positions of boronic acid
and aldehyde binding groups substituted, respectively, on the
two phenyl rings (1–4 and 5–8) or the site of the phenylboronic
acid and benzaldehyde moieties attached at the N- and
C-termini of the proline residue (1–4 vs. 5–8), while 9 and 10
containing only the phenylboronic acid or benzaldehyde
moiety, respectively, are the control compounds of 1. 11–14 are
fluorinated 1 or 5, 11–13 vs. 1, and 14 vs. 5 (Scheme 1).

Their absorption and CD spectra were studied in the opti-
mized media referring to binding, 7 : 3 (v/v) MeOH/0.05 M, pH
8.0 PBS buffer (Fig. S1, ESI†). Receptors L-1 to L-4, with a
phenylboronic acid moiety at the N-terminal while a benz-
aldehyde moiety at the C-terminal, exhibit a major absorption
at 238 nm (1 and 3) or 299 nm (2 and 4) (Fig. S2, ESI†). L-5 to L-
8, in which the phenylboronic acid moiety locates at the
C-terminal while the benzaldehyde moiety is at the
N-terminal, exhibit absorptions at 245 nm and 250 nm,
respectively (Fig. S2, ESI†). CD signals of L-1 to L-4 appear at
238 nm or 292 nm, while those of L-5 to L-8 at 245 nm and
260 nm (Fig. S3, ESI†), both of which suggest that the chirality
of the proline residue has transferred to the achiral phenyl-
boronic acid and benzaldehyde chromophores. This chirality
transfer was found to occur in L-9 to L-14 too, as observed from
their absorption and CD spectra (Fig. S4 and S5, ESI†).

As a structural character of the proline residue,10,14 recep-
tors 1–14 showed both cis- and trans-conformers and in 7 : 3
(v/v) MeOH/0.05 M pH 8.0 PBS buffer solution the ratios of cis-
to trans-conformers, deduced from 1H NMR spectra, are all
around 0.5 (Table 1). DFT calculations indicate that L-1 favors
the trans-form over the cis-form by 9.04 kJ mol−1, and by
9.32 kJ mol−1 for L-11 (Fig. 1).

Positions of boronic acid and aldehyde groups on phenyl rings

The absorption and CD spectra of L-1 to L-8 in the presence of
L- and/or D-DOPA were monitored to evaluate DOPA sensing
efficiency (Fig. 2 and 3). L-1 exhibits a substantial CD response
toward D-DOPA (Fig. 2a) making the CD signal at 250 nm
change drastically, while a new signal appears at 303 nm,
accompanied by an isosbestic wavelength of 290 nm. This
means that L-1 and D-DOPA form a structurally well-defined
complex. Indeed, a Job plot indicates a 1 : 1 stoichiometry
between L-1 and D-DOPA (Fig. S6, ESI†). However, L-DOPA only
triggers an enhanced CD signal at 255 nm (Fig. 2b), indicating
thereby a considerable chiral recognition performance of L-1
for D- over L-DOPA (Ka

D = 1.72 × 105 M−1, Ka
L = 6.44 × 104 M−1

and Ka
D/Ka

L = 2.67, Table 1). L-1, among L-1 to L-4, shows the
best chiral recognition toward D-DOPA, while L-2 and L-3 prefer
to bind to L-DOPA and L-4 shows a negligible CD response
toward L- and D-DOPA (Table 1 and Fig. 2). Likewise, D-1 shows
a significant CD response toward L-DOPA, suggesting the role
that the steric matching in L-1/D-DOPA and in D-1/L-DOPA
(Fig. S7, ESI†) plays, as mirror-imaged CD profiles for L-1/
D-DOPA and D-1/L-DOPA were observed (Fig. S8, ESI†). It is thus
shown that boronic acid and aldehyde groups substituted at
significant positions of the two phenyl rings do matter in the
chiral recognition,4 and the para-/meta-substitution combi-
nation (1) exhibits the best performance (Table 1).

L-9 and L-10 containing only the phenylboronic acid or
benzaldehyde moiety, control compounds of L-1, show negli-
gible CD responses toward L-/D-DOPA (Fig. S9 and S10, ESI†).
This means that L-1 binds to D-DOPA using both its boronic
acid and aldehyde groups, to form likely a rigid complex,4 in
which an efficient chirality transfer occurs.

Scheme 1 Chemical structures of receptors L-/D-1 (p,m’-), L-/D-2 (p,
p’-), L-3 (m,m’-) and L-4 (m,p’-), receptors L-5 (p,m’-), L-6 (p,p’-), L-7 (m,
m’-) and L-8 (m,p’-), and chiral compounds L-/D-DOPA. L-9 and L-10 are
control compounds of L-1. Compounds L-11, L-12 and L-13 are fluorine-
substituted derivatives of L-1; L-14 is a fluorine-substituted derivative of
L-5. “*” on the structures highlights the chiral carbon.
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Sites of phenylboronic acid and benzaldehyde moieties at the
N-/C-termini of the proline residue

Receptors L-5 to L-8 differ from L-1 to L-4 in the sites of phenyl-
boronic acid and benzaldehyde moieties that are attached to
the proline residue, at the N- or C-terminal (Scheme 1). The
available binding constants indicate that L-5 to L-8 prefer to
bind to L-DOPA and 5, again in the para-/meta-substitution
profile, among 5–8, showing the best recognition, e.g. for
L-DOPA in the case of L-5, an observation similarly made in the
series of 1–4 (Table 1). Yet the chiral recognition ability of L-5
for L-DOPA is lower than that of L-1 toward D-DOPA (Table 1).
The site where the two moieties containing binding groups are
attached in the proline residue (1–4 vs. 5–8) is therefore shown
to influence their binding preference towards D- or L-DOPA,

despite not much effect on the binding constant. This obser-
vation can only be made by using the current version of
proline-based receptors that are equipped with two different
binding groups that are expected to bind simultaneously with
DOPA.

Fluorine substitution for enhancing chiral recognition

Data presented in Table 1 suggest that the chiral recognition
of L-1 to L-8 could still be improved. A possible way forward is
to enhance the relatively weaker interaction of the aldehyde in
the receptor molecule with the amine in DOPA, compared to
that between boronic acid in the receptor and cis-diol in

Fig. 1 DFT-optimized structures of trans-/cis-L-1 and trans-/cis-L-11 in
H2O at the B3LYP/6-31G* level. Energies are given in relative values.

Fig. 2 Evolution of absorption and CD spectra of L-1 (p,m’-), L-2 (p,p’-),
L-3 (m,m’-) and L-4 (m,p’-) upon mixing with D-DOPA or L-DOPA in 7 : 3
(v/v) MeOH/0.05 M, pH 8.0 PBS buffer. [L-1] = [L-2] = [L-3] = [L-4] =
40 μM, [D-DOPA] = [L-DOPA] = 0–250 μM.

Table 1 Binding constants (Ka) of L-1 to L-8, and L-11 to L-14 with L-/D-DOPA and the ratio of binding constants with D- to L-DOPA (Ka
D/Ka

L)a

Receptor Ratio (cis-/trans-conformers)

Ka/M
−1

L-DOPA D-DOPA Ka
D/Ka

L

L-1 0.49 (6.44 ± 0.99) × 104 (1.72 ± 0.18) × 105 2.67
D-1 0.47 (1.27 ± 0.15) × 105 (5.35 ± 0.96) × 104 0.42b

L-2 0.47 (1.97 ± 0.19) × 104 —c —
D-2 0.46 —c (1.60 ± 0.25) × 104 —
L-3 0.54 (3.22 ± 0.62) × 104 (2.60 ± 0.61) × 104 0.81
L-4 0.45 —c —c —
L-5 0.50 (6.04 ± 1.14) × 104 (3.15 ± 0.66) × 104 0.52d

L-6 0.46 —c —c —
L-7 0.47 (7.38 ± 1.15) × 104 (5.42 ± 1.52) × 104 0.73
L-8 0.44 —c —c —
L-11 0.33 (1.13 ± 0.15) × 105 (1.36 ± 0.89) × 106 12.0

0.33e 1.35 × 105 e 1.57 × 106 e 11.6e

L-12 0.47 (1.07 ± 0.23) × 105 (1.91 ± 0.49) × 105 1.79
L-13 0.55 (1.13 ± 0.25) × 105 (1.82 ± 0.51) × 105 1.61
L-14 0.52 (1.12 ± 0.40) × 106 (8.23 ± 2.51) × 104 0.07 f

a Binding constants (Ka), if not otherwise indicated, were obtained by nonlinear fitting of the CD signal as a function of DOPA concentration
assuming a 1 : 1 stoichiometry (Fig. S35–S39, ESI†). [L-1] to [L-8] = 40 μM, [L-11] = 50 μM, [L-12] = 60 μM, [L-13] = 50 μM, [L-14] = 50 μM, T = 298 K.
b The corresponding ratio of binding constants with L- to D-DOPA, Ka

L/Ka
D, is 2.37. cDue to minor changes in CD spectra, accurate Ka values could

not be fitted (titration curves in Fig. S40–S59, ESI†). d The corresponding Ka
L/Ka

D is 1.92. eObtained by 19F NMR titrations. f Ka
L/Ka

D is 13.6.
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DOPA. Substitution of an electron-withdrawing group on the
phenyl ring, which is expected to increase the reactivity of the
aldehyde toward the amine and boronic acid toward cis-diol, is
a choice for fine tuning of the binding balance of the two
binding groups. In such a way the binding and chiral reco-
gnition as well might be enhanced if the binding to the alde-
hyde moiety is promoted, for example by introducing an elec-
tron-withdrawing fluorine atom, expected to increase more the
electrophilicity of aldehyde CvO and thereby enable faster
imine formation.11 Substitution of fluorine atom(s) was done
also because 19F NMR covers a broad chemical shift range with
practically no background signal12 and high sensitivity to
subtle structural changes,13 and 19F NMR could be employed
to follow the binding.

Substitution by fluorine on receptor L-1, leading to L-11 to L-
13 (Scheme 1), was carried out. Fig. 4a and Fig. S11a† show
that the addition of D-DOPA results in an increasing CD signal
of L-11 at 248 nm, while a new negative signal at 303 nm devel-

ops, with an isosbestic point at 290 nm. This observation is
similar to that made with L-1 (Fig. 2a), meaning that a well-
defined structure forms between L-11 and D-DOPA too. The
interaction takes place quickly and it reaches equilibrium in
10 minutes (Fig. S12, ESI†). A 1 : 1 stoichiometry between L-11
and D-DOPA was found in the Job plot (Fig. S13, ESI†). A peak
at m/z 558.1853 (C29H26BFN3O7

−, [M + OCH3]
−) identified in

the mass spectrum (Fig. S14, ESI†) confirms the 1 : 1 binding
stoichiometry, whereas, the presence of L-DOPA (Fig. 4b and
Fig. S11b, ESI†) only induces a new CD signal at 255 nm,
although a 1 : 1 binding was also suggested by the peak at m/z
534.1685 (C56H45B2F2N6O13

2−, [2M − 2H]2−) (Fig. S15, ESI†). It
was concluded that L-11 and D-DOPA form a 1 : 1 cyclic
complex through two-point interactions4 that lead to boronate
and imine, displaying thereby a chiral recognition of D-DOPA
over L-DOPA (Fig. 4c). Despite similar profiles in the variations
of CD spectra of L-1 and L-11 in the presence of D-DOPA
(Fig. 2a, 4a and Fig. S16, ESI†), the interaction of L-11 with
D-DOPA is much more dramatic than that of L-1 (Fig. S16c and
d, ESI†). The binding constant of L-11/D-DOPA, (1.36 ± 0.89) ×
106 M−1, is higher by one order of magnitude than that of L-1/
D-DOPA of (1.72 ± 0.18) × 105 M−1. More significantly, the ratio
of the binding constants, Ka

D/Ka
L of L-11 for D-/L-DOPA of 12.0,

is also much higher than that of L-1 (2.67, Table 1). Fluorine
substitution at the benzaldehyde moiety indeed greatly
enhances the binding and significantly the chiral recognition.
When fluorine is substituted at the benzaldehyde moiety of L-
5, the isomer of L-1 but with an opposite location of the two
binding moieties and a preference to bind to L-DOPA, the
resultant receptor L-14 (Scheme 1) shows a binding constant
with L-DOPA of (1.12 ± 0.40) × 106 M−1 (Table 1 and Fig. S17,
ESI†), 18.5 times that of L-5/L-DOPA, as well as a much
higher Ka

L/Ka
D (13.6 vs. 1.92, Table 1). The chiral recognition

of L-14 for L-DOPA is therefore dramatically enhanced, even
better than those of some of the reported recognition
systems.7e,8c

We also examined the chiral recognition of receptors L-12
and L-13, the isomers of L-11, in which fluorine atoms are sub-
stituted at either the phenylboronic acid phenyl ring or both
the phenylboronic acid and benzaldehyde moieties. Spectral
response profiles of L-12 and L-13 toward L-/D-DOPA (Fig. S18
and S19, ESI†) are similar to those of L-11, yet the binding to
D-DOPA is much weaker while that to L-DOPA is similar
(Table 1). The chiral recognition is weaker, with the Ka

D/Ka
L

values of 1.79 and 1.61, respectively, being lower than that of L-
11 (12.0, Table 1). This means that fluorine substitution at the
phenylboronic acid moiety (L-12), even in the case of L-13 in
which a fluorine atom is also substituted at the benzaldehyde
moiety, destroys the benefit of fluorine substitution at benz-
aldehyde only. It is therefore made clear that the introduction
of a fluorine atom only into the phenylaldehyde moiety that
leads to enhanced imine formation and therefore a better
balance of the two interactions of receptor L-11 with DOPA,
results in a much stronger binding to L-/D-DOPA and a higher
recognition of D-DOPA over L-DOPA. The same holds true for L-
14, a derivative of L-5 with a fluorine atom substituted on the

Fig. 4 CD spectra (a and b) and CD intensity at 303 nm (c) of L-11 in
the presence of D- or L-DOPA in 7 : 3 (v/v) MeOH/0.05 M, pH 8.0 PBS
buffer. [L-11] = 40 μM, [DOPA] = 0–250 μM.

Fig. 3 Evolution of the absorption and CD spectra of L-5 (p,m’-), L-6 (p,
p’-), L-7 (m,m’-) and L-8 (m,p’-) upon mixing with D-DOPA and L-DOPA
in 7 : 3 (v/v) MeOH/0.05 M, pH 8.0 PBS buffer. [L-5] = [L-6] = [L-7] = [L-8]
= 40 μM, [D-DOPA] = [L-DOPA] = 0–250 μM.
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benzaldehyde phenyl ring, with a higher chiral recognition of
L-DOPA.

1H NMR and 19F NMR titrations were applied to probe the
binding of L-11 with L-/D-DOPA. 1H NMR assays indicate that
the cis- to trans-conformer ratio of L-11 is 0.33 in 7 : 3 (v/v)
CD3OD/0.05 M PBS, pH 8.0 (PBS dissolved in D2O) (Fig. S20,
ESI†). Upon addition of D-DOPA, the resonances of protons on
the aromatic rings (Fig. S21, ESI†) and the proline methylene
(Fig. S22, ESI†) become well-resolved, while that of the alde-
hyde proton disappears (Fig. S23, ESI†). This supports the
rigid structure of the formed L-11/D-DOPA complex, via the
two-point interaction mode.4 However, in the presence of
L-DOPA, the resonances of aromatic protons of L-11 are broad-
ened (Fig. S24 and S25, ESI†), suggesting a large scale struc-
ture with flexibility and a weak interaction of L-11 with L-DOPA,
which is directly supported by mass spectral data (Fig. S15,
ESI†). The 19F NMR spectra are much simpler that they allow a
better evaluation of the chiral recognition. Fig. 5 shows 19F
NMR spectra of L-11 in the presence of D-DOPA and/or L-DOPA.
Two sets of 19F NMR signals (−111.7 ppm and −113.4 ppm)
are observed for L-11 (Fig. 5a and Fig. S26, ESI†), assigned to
the trans- and cis-conformers, respectively. In the presence of
0–4 equivalents of D-DOPA, the 19F NMR signal at −111.7 ppm
sharply decreased and that at −113.4 ppm disappeared, while
a new signal at −112. 3 ppm developed (Fig. 5b and Fig. S26,
ESI†). In the presence of L-DOPA, a 19F NMR signal at
−113.4 ppm developed (Fig. 5c and Fig. S27, ESI†), while the
original signal at −111.7 ppm decreased and that at
−113.4 ppm largely remained. 19F NMR competitive experi-
ments were also carried out, by mixing L-11 (120 μM) with
L-DOPA (480 μM) and D-DOPA (480 μM). New signals at
−112.3 ppm and −113.4 ppm developed at a ratio of 1.0 : 0.23
(Fig. 5d). This value again shows that L-11 exhibits a superior
chiral recognition toward D-DOPA. 19F NMR titrations also
allow the binding constants of L-11 with D- and L-DOPA to be
evaluated as 1.57 × 106 M−1 and 1.35 × 105 M−1, respectively,

with a Ka
D/Ka

L ratio of 11.6 (Table 1 and Table S1, ESI†), all
being consistent with those obtained by CD titrations
(Table 1).

Changing the solvent composition for enhancing chiral
recognition

The ratio of cis- to trans-conformers of the proline residue is
sensitive to the polarity of the solvent.14 All the aforemen-
tioned experiments were carried out in the same solvent. 1H
NMR measurements show that the ratio values of 1–14 are
more or less the same in that solvent, around 0.5 (Table 1).
The differences in the binding of receptors 1–14 to DOPA
therefore are not due to the difference in the conformation dis-
tribution of the proline residue. However, our DFT calculations
show that, despite both trans- and cis-conformers of L-11
binding more strongly with D-DOPA than with L-DOPA, the cis-
L-11/D-DOPA complex is slightly more stable than the trans-L-
11/D-DOPA complex (Fig. 6 and Fig. S28, ESI†). It is therefore
assumed that L-11 in the L-11-D-DOPA complex exists in its cis-
conformation. This is supported by 19F NMR titrations with
D-DOPA (Fig. S26, ESI†) that show that the disappearance of
the 19F NMR signal of cis-L-11 at −113.4 ppm is faster than that
of the trans-conformer (Table S2, ESI†). We therefore extended
our study to examine if the ratio of the cis-/trans-conformers of
the proline residue in the receptor molecule, if tunable, exerts
any effect on the binding. On increasing the solvent polarity,
the cis- to trans-conformer ratio of L-1 increases from 0 in
CDCl3 to 1.10 in D2O (Fig. S29a, ESI†), or from 0.45 in 7 : 3
(v/v) MeOH/PBS buffer through 1.05 in a 4 : 6 (v/v) mixture to
1.40 in a 2 : 8 (v/v) mixture (Table 2 and Fig. S30a, ESI†).
Previously we showed that, in a 7 : 3 (v/v) mixture, L-1 binds to
L-/D-DOPA with a Ka

D/Ka
L value of 2.67 (Tables 1 and 2). We next

examined the variations of absorption and CD spectra of L-1 in
mixtures of MeOH/0.05 M, pH 8.0 PBS buffer of higher water
volume fractions, 4 : 6 and 2 : 8 (Fig. S31 and S32, ESI†). In the

Fig. 5 19F NMR spectra of L-11 (a) in the presence of D-DOPA (b) or
L-DOPA (c) or a mixture of D-DOPA and L-DOPA (d) in 7 : 3 (v/v) MeOH/
0.05 M, pH 8.0 PBS buffer (D2O volume fraction 10%). [L-11] = 0.12 mM,
[D-DOPA] = [L-DOPA] = 0.48 mM.

Fig. 6 DFT-optimized structures of trans-L-11/D-DOPA, trans-L-11/
L-DOPA, cis-L-11/D-DOPA and cis-L-11/L-DOPA in H2O at the B3LYP/6-
31G* level (Fig. S28, ESI†). Energy data are relative.
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4 : 6 (v/v) mixture in which the cis-conformer of L-1 is more pre-
ferred, chiral recognition of D-/L-DOPA is enhanced with a Ka

D/
Ka

L value of 4.91 (Table 2 and Fig. S31, ESI†), while in the 2 : 8
(v/v) mixture there is almost no response to L-DOPA (Fig. S32,
ESI†). Similar spectral titrations were also performed with L-5
by L- or D-DOPA in these three mixtures (Fig. S33 and S34,
ESI†). The ratio Ka

D/Ka
L of L-5 for D-/L-DOPA increases from 0.52

through 1.29 to 34.9 as the cis-L-5 conformer is increasingly
dominant upon increasing the polarity of the solution (Table 2
and Fig. S30b, ESI†). This change agrees with the DFT calcu-
lations that in DOPA-binding complexes the proline residue
takes its cis-conformation. A change in the solvent compo-
sition of the MeOH/PBS-buffer mixture thus appears to be
another approach for tuning the chiral recognition of proline-
based receptors, despite the fact that the change of the reactiv-
ity to boronate and imine by solvent effects may also
contribute.

Conclusions

In summary, we showed that with proline-based receptors
bearing two different binding groups, the balancing of the two
binding events does matter for the chiral recognition. Using
boronic acid and aldehyde as the binding groups that are
respectively attached via amide linkages into the N-/C- or C-/
N-termini of the proline residue in the forms of phenylboronic
acid and benzaldehyde, we found that, (i) the position of the
boronic acid and aldehyde groups substituted on the two
phenyl rings and (ii) the sites where phenylboronic acid and
benzaldehyde are attached respectively at the N-/C- or C-/
N-termini influence the chiral recognition of the created recep-
tors towards L-/D-DOPA. A further increase in the binding
ability of the weaker binding group, here the aldehyde group
that interacts with the amine group in DOPA, by an electron-
withdrawing fluorine atom substituted onto the benzaldehyde
phenyl ring, thus better balancing the two binding events,
results in an enhanced chiral recognition. Finally, we showed
that on varying the solvent composition of the MeOH/PBS-
buffer mixture to favour the cis-conformer of the proline

residue in the case of L-1, chiral recognition of D-DOPA is
enhanced. Controlling the conformation of the proline residue
is therefore found to be another method for tuning the chiral
recognition. The present choice of chiral recognition of DOPA
that requires at least two different binding groups in the recep-
tor molecule makes it possible to unveil these observations,
good for extended exploration of proline based receptors for
chiral recognition. These results are expected to be of signifi-
cance in guiding the designing of receptors that rely on two or
more binding events.

Experimental
Materials and methods

All reagents were purchased from commercial sources and
were used without further purification. Flash chromatography
was carried out on silica gel (300–400 mesh). 1H NMR, 13C
NMR and 19F NMR spectra (CDCl3, CD3OD or D2O) were
recorded on a Bruker AV500 MHz, AV600 MHz or AV850 MHz
spectrometer. Mass spectra were acquired on a Bruker En Apex
ultra 7.0 TFT-MS spectrometer. CD spectra were recorded on a
Jasco J-810 spectropolarimeter. Absorption spectra were
recorded on a Thermo Evolution 300 spectrometer with a 1 cm
standard quartz cell. Job plots were obtained from CD
measurements of 11 solutions of a fixed total concentration of
L-1 (or L-11) and D-DOPA at 40 μM. All calculations were carried
out using Gaussian 16.

General procedures for the synthesis of proline derivatives

Compound a. Boc-L-proline (2.15 g, 10 mmol) was dissolved
in dichloromethane under stirring in an ice bath, to which tri-
methylamine (2.5 mL) and isobutyl chloroformate (1.7 mL,
13 mmol) were added. The mixture was kept in the ice bath for
30 min, after which m-aminobenzaldehyde (1.82 g, 15 mmol)
was added dropwise. The reaction mixture was stirred at room
temperature and the progress of the reaction was monitored by
TLC until completion. The solvent was removed under vacuum
to lead to a solid product. This crude product was dissolved in
ethyl acetate and washed with 0.1 M HCl (3 × 10 mL), a satu-

Table 2 Binding constants (Ka) of receptors L-1 and L-5 with L-/D-DOPA in MeOH/buffer mixtures with varying compositions with D- to L-DOPA
(Ka

D/Ka
L)a

Receptor
MeOH/
PBS (v/v)

Ratio
(cis-/trans-)

Ka/M
−1

L-DOPA D-DOPA
Ka

D/
Ka

L

L-1 7 : 3 0.45 (6.44 ± 0.99) × 104 (1.72 ± 0.18) × 105 2.67
4 : 6 1.05 (5.05 ± 1.23) × 104 (2.48 ± 0.85) × 105 4.91
2 : 8 1.40 —b (4.59 ± 0.42) × 104 —

L-5 7 : 3 0.50 (6.04 ± 1.14) × 104 (3.15 ± 0.66) × 104 0.52
4 : 6 0.88 (2.44 ± 0.83) × 104 (3.15 ± 1.32) × 104 1.29
2 : 8 1.13 (1.81 ± 0.95) × 103 (6.32 ± 2.81) × 104 34.9

a Binding constants (Ka) were obtained by nonlinear fitting of the CD signal as a function of DOPA concentration assuming a 1 : 1 stoichiometry.
[L-1] and [L-5] = 40 μM, T = 298 K. bDue to minor changes in CD spectra, accurate Ka values could not be fitted (for titration curves see Fig. S60–
S66, ESI†).
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rated sodium bicarbonate solution (3 × 10 mL) and a saturated
sodium chloride solution (3 × 10 mL), respectively, and the
organic layer was dried with anhydrous MgSO4. After evapor-
ation of the solvent a crude oil was obtained and it was next
subjected to chromatography on silica gel using petroleum
ether/ethyl acetate (3 : 1, v/v) as the eluent to obtain a light
yellow solid in 84% yield (2.67 g). Mp 182.5–184.5 °C. 1H NMR
(500 MHz, CDCl3) δ (ppm) 9.95 (s, 1H), 9.82 (s, 1H), 8.06 (s,
1H), 7.72 (s, 1H), 7.56 (s, 1H), 7.44 (d, J = 30.6 Hz, 1H), 4.51 (s,
1H), 3.67–3.27 (m, 2H), 2.50 (s, 1H), 2.15–1.79 (m, 3H), 1.51 (s,
9H). 13C{1H} NMR (125 MHz, CDCl3) δ (ppm) 192.1, 170.5,
156.7, 139.3, 137.1, 129.6, 125.3, 124.3, 121.0, 81.2, 60.5, 47.3,
28.4, 27.4, 24.6. HRMS (FTICR MS ESI+) [M + Na]+ calcd for
C17H22BKN2O4: 357.1217, found 357.1217.

Compound c. Compound a (1.28 g, 4 mmol) was dissolved
in 10 mL methylene dichloride, to which TFA (8 mL) was
added dropwise and the mixture was stirred at room tempera-
ture for 2 h. The solvent was removed under reduced pressure
to yield a light yellow oil b.

p-Bromobenzoic acid (1.24 g, 6 mmol) in dichloromethane
(15 mL) was stirred at 0 °C, to which HOBt (1.05 g, 7.8 mmol),
EDCI (1.72 g, 9 mmol), and trimethylamine (5 mL, 36 mmol)
were added, and the resultant mixture was stirred at this temp-
erature for 30 min. Then b dissolved in dichloromethane was
added dropwise to the above mixture. The reaction was
allowed to proceed under stirring at room temperature until
completion as indicated by TLC. After evaporation, the crude
product was diluted with ethyl acetate and the solution was
washed with 0.1 M HCl (3 × 10 mL), aqueous NaHCO3 (3 ×
10 mL) and brine (3 × 10 mL), respectively. The organic layer
was dried with anhydrous MgSO4. After the solvent was evapor-
ated, the crude product was chromatographed on silica gel
using petroleum ether/ethyl acetate (3 : 1, v/v) as the eluent to
afford a slightly yellow solid in 77.5% yield (1.86 g). Mp
180.2–181.5 °C. 1H NMR (500 MHz, CDCl3) δ (ppm) 9.92 (s,
1H), 9.77 (s, 1H), 8.08 (s, 1H), 7.71 (d, J = 6.0 Hz, 2H), 7.61 (d, J
= 8.2 Hz, 1H), 7.55 (d, J = 7.4 Hz, 1H), 7.50 (d, J = 7.6 Hz, 1H),
7.39 (dd, J = 14.1, 6.3 Hz, 1H), 7.33 (t, J = 7.9 Hz, 1H), 4.97 (dd,
J = 7.2, 4.9 Hz, 1H), 3.68–3.59 (m, 1H), 3.58–3.48 (m, 1H), 2.57
(dd, J = 11.2, 5.6 Hz, 1H), 2.23–2.10 (m, 2H), 1.94 (dt, J = 12.6,
6.9 Hz, 1H). 13C NMR (125 MHz, CDCl3) δ (ppm) 192.1, 170.0,
169.2, 139.2, 137.6, 137.0, 133.7, 130.2, 130.2, 129.5, 125.7,
125.3, 124.5, 122.7, 121.2, 61.0, 50.8, 27.2, 25.4. HRMS (FTICR
MS ESI+) [M + Na]+ calcd for C19H17BrNaN2O3: 423.0320, found
423.0327.

Compound L-1. Compound c (0.69 g, 1.9 mmol), boronic
acid pinacol ester (1.45 g, 5.7 mmol) and KOAc (1.14 g,
11.4 mmol) in DMF were stirred under nitrogen at room temp-
erature for 30 min. Catalyst Pd(dppf)Cl2 (0.19 g) was next
added under a N2 atmosphere. The reaction mixture was
allowed to stir at 80 °C for 24 hours in an oil bath. Then, the
mixture was cooled down and filtered. The filtrate was concen-
trated under reduced pressure to yield a crude solid product.
The crude product was purified by silica gel chromatography
eluted with petroleum ether/ethyl (10 : 1 to 4 : 1, v/v) as the
eluent to afford solid L-1 in 47% yield (0.40 g). Mp

196.0–197.7 °C. 1H NMR (500 MHz, CDCl3) δ (ppm) 9.89 (s,
1H), 9.81 (s, 1H), 8.06 (s, 1H), 7.80 (d, J = 7.8 Hz, 2H), 7.70 (d, J
= 8.0 Hz, 1H), 7.53 (d, J = 7.3 Hz, 1H), 7.45 (d, J = 7.9 Hz, 2H),
7.37 (t, J = 7.8 Hz, 1H), 4.93 (dd, J = 7.5, 4.6 Hz, 1H), 3.46 (ddt,
J = 24.0, 10.8, 6.6 Hz, 2H), 2.60 (dd, J = 11.5, 5.9 Hz, 1H), 2.02
(ddd, J = 19.9, 12.5, 6.8 Hz, 2H), 1.93–1.73 (m, 1H), 1.28 (s,
12H). 13C{1H} NMR (125 MHz, CDCl3) δ (ppm) 192.1, 171.2,
169.9, 139.3, 138.2, 136.8, 134.9, 129.3, 126.3, 125.2, 123.9,
121.4, 84.2, 61.0, 50.7, 28.1, 25.4, 24.9, 24.61, 24.58. HRMS
(FTICR MS ESI+) [M + Na]+ calcd for C25H29BNaN2O5:
471.2062, found 471.2073.

Compounds D-1 to L-10 and 12–14 were similarly
synthesized following procedures given in Schemes S1–S14,
ESI.†

Compound D-1. Light yellow solid, 0.38 g, 45% yield. Mp
196.4–197.3 °C. 1H NMR (500 MHz, CDCl3) δ (ppm) 9.97 (s,
1H), 9.87 (s, 1H), 8.14 (s, 1H), 7.87 (d, J = 7.8 Hz, 2H), 7.78 (d, J
= 7.9 Hz, 1H), 7.60 (d, J = 7.5 Hz, 1H), 7.51 (d, J = 7.8 Hz, 2H),
7.44 (t, J = 7.8 Hz, 1H), 5.00 (dd, J = 7.6, 4.5 Hz, 1H), 3.65–3.35
(m, 2H), 2.78–2.55 (m, 1H), 2.07 (ddt, J = 18.8, 16.1, 7.7 Hz,
2H), 1.91 (dt, J = 12.5, 6.5 Hz, 1H), 1.35 (s, 12H). 13C{1H} NMR
(125 MHz, CDCl3) δ (ppm) 191.1, 172.0, 169.6, 136.9, 136.7,
133.1, 132.0, 131.0, 129.8, 128.0, 126.8, 119.5, 84.2, 61.1, 50.8,
27.1, 25.4, 24.9, 24.6, 24.3. HRMS (FTICR MS ESI+) [M + Na]+

calcd for C25H29BNaN2O5: 471.2062, found 471.2061.
Compound L-2. Light yellow solid, 0.35 g, 41% yield. Mp

235.7–237.5 °C. 1H NMR (500 MHz, CDCl3) δ (ppm) 10.09 (s,
1H), 9.93 (s, 1H), 7.89 (d, J = 8.1 Hz, 2H), 7.86 (d, J = 8.6 Hz,
2H), 7.76 (d, J = 8.6 Hz, 2H), 7.53 (d, J = 8.1 Hz, 2H), 5.03 (dd, J
= 7.9, 4.3 Hz, 1H), 3.54 (dtd, J = 17.6, 10.8, 6.9 Hz, 2H),
2.80–2.64 (m, 1H), 2.19–2.00 (m, 2H), 1.93 (td, J = 13.2, 6.5 Hz,
1H), 1.38 (s, 12H). 13C{1H} NMR (125 MHz, CDCl3) δ (ppm)
191.0, 171.7, 169.6, 143.9, 138.0, 134.9, 132.0, 130.9, 126.3,
119.5, 84.2, 61.1, 50.7, 27.2, 25.4, 24.9, 24.60, 24.58. HRMS
(FTICR MS ESI+) [M + Na]+ calcd for C25H29BNaN2O5:
471.2062, found 471.2063.

Compound D-2. Light yellow solid, 0.45 g, 53% yield. Mp
244.5–246.0 °C. 1H NMR (500 MHz, CDCl3) δ (ppm) 10.08 (s,
1H), 9.89 (s, 1H), 7.87 (d, J = 7.7 Hz, 2H), 7.81 (d, J = 8.4 Hz,
2H), 7.72 (d, J = 8.4 Hz, 2H), 7.51 (d, J = 7.8 Hz, 2H), 5.00 (dd, J
= 7.5, 4.6 Hz, 1H), 3.63–3.39 (m, 2H), 2.81–2.56 (m, 1H),
2.18–1.97 (m, 2H), 1.98–1.68 (m, 1H), 1.35 (s, 12H). 13C{1H}
NMR (125 MHz, CDCl3) δ (ppm) 191.1, 171.5, 169.9, 143.9,
138.1, 134.9, 131.9, 130.9, 126.2, 119.4, 84.2, 61.1, 50.7, 27.6,
25.4, 24.9, 24.66, 24.60. HRMS (FTICR MS ESI+) [M + Na]+

calcd for C25H29BNaN2O5: 471.2062, found 471.2069.
Compound L-3. Light yellow solid, 0.33 g, 39% yield. Mp

208.7–210.0 °C. 1H NMR (500 MHz, CDCl3) δ (ppm) 10.03 (s,
1H), 9.89 (s, 1H), 8.09 (s, 1H), 7.99 (s, 1H), 7.91 (d, J = 7.5 Hz,
1H), 7.73–7.67 (m, 1H), 7.66 (d, J = 7.7 Hz, 1H), 7.54–7.49 (m,
1H), 7.46 (t, J = 7.5 Hz, 1H), 7.35 (td, J = 7.8, 4.4 Hz, 1H),
5.10–4.94 (m, 1H), 3.61 (dtd, J = 16.9, 10.5, 6.7 Hz, 2H), 2.53
(dd, J = 13.3, 7.9 Hz, 1H), 2.29–2.07 (m, 1H), 1.89 (dd, J = 27.6,
21.5 Hz, 2H), 1.35 (s, 12H). 13C{1H} NMR (125 MHz, CDCl3) δ
(ppm) 192.2, 171.8, 169.6, 139.3, 136.8, 133.1, 129.8, 129.4,
128.0, 125.3, 124.0, 121.6, 84.2, 61.0, 50.8, 27.4, 25.4, 25.0,
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24.9, 24.6. HRMS (FTICR MS ESI+) [M + Na]+ calcd for
C25H29BNaN2O5: 471.2062, found 471.2068.

Compound L-4. Light yellow solid, 0.37 g, 43% yield. Mp
125.4–126.5 °C. 1H NMR (500 MHz, CDCl3) δ (ppm) 10.06 (s,
1H), 9.84 (s, 1H), 7.86 (s, 1H), 7.83 (d, J = 7.4 Hz, 1H), 7.76 (d, J
= 8.4 Hz, 2H), 7.67 (d, J = 8.4 Hz, 2H), 7.54 (d, J = 7.7 Hz, 1H),
7.38 (t, J = 7.6 Hz, 1H), 4.94 (dd, J = 7.4, 4.5 Hz, 1H), 3.60–3.33
(m, 2H), 2.64 (dd, J = 11.9, 5.7 Hz, 1H), 2.12–1.91 (m, 2H),
1.87–1.74 (m, 1H), 1.27 (s, 12H). 13C{1H} NMR (125 MHz,
CDCl3) δ (ppm) 192.1, 171.8, 169.4, 139.2, 138.1, 137.0, 134.9,
129.5, 126.3, 125.5, 124.3, 121.5, 84.2, 61.0, 50.7, 27.1, 25.5,
24.9, 24.59, 24.58. HRMS (FTICR MS ESI+) [M + Na]+ calcd for
C25H29BNaN2O5: 471.2062, found 471.2069.

Compound L-5. Light yellow solid, 0.31 g, 36% yield. Mp
114.0–116.1 °C. 1H NMR (850 MHz, CDCl3) δ (ppm) 10.08 (s,
1H), 9.26 (s, 1H), 7.98 (d, J = 6.4 Hz, 2H), 7.84 (d, J = 8.3 Hz,
2H), 7.72 (s, 2H), 7.54 (d, J = 5.5 Hz, 1H), 7.37–7.25 (m, 1H),
4.98 (s, 1H), 3.60 (s, 1H), 3.47 (s, 1H), 2.65 (s, 1H), 2.18 (s, 1H),
2.11 (s, 1H), 1.94 (s, 1H), 1.34 (s, 12H). 13C {1H} NMR
(214 MHz, CDCl3) δ (ppm) 191.5, 170.4, 168.5, 141.4, 137.6,
137.4, 130.6, 129.8, 128.5, 127.8, 127.8, 125.8, 122.8, 119.8,
118.2, 83.9, 60.9, 50.4, 26.9, 25.5, 24.9, 24.9. HRMS (FTICR MS
ESI+) [M + Na]+ calcd for C25H29BNaN2O5: 471.2067, found
471.2063.

Compound L-6. Light yellow solid, 0.29 g, 34% yield. Mp
221.6–222.9 °C. 1H NMR (850 MHz, CDCl3) δ (ppm) 10.09 (s,
1H), 9.44 (s, 1H), 7.98 (d, J = 6.7 Hz, 2H), 7.78 (d, J = 7.2 Hz,
2H), 7.71 (d, J = 5.9 Hz, 2H), 7.60 (d, J = 6.7 Hz, 2H), 5.01 (s,
1H), 3.58 (s, 1H), 3.48 (s, 1H), 2.71 (s, 1H), 2.18 (s, 1H), 2.09 (s,
1H), 1.95 (s, 1H), 1.36 (s, 12H). 13C{1H} NMR (214 MHz, CDCl3)
δ (ppm) 191.4, 170.7, 168.3, 141.2, 140.7, 137.4, 135.8, 129.9,
129.0, 127.8, 118.8, 83.7, 61.1, 50.5, 26.4, 25.5, 24.88, 24.87.
HRMS (FTICR MS ESI+) [M + Na]+ calcd for C25H29BNaN2O5:
471.2067, found 471.2063.

Compound L-7. Light yellow solid, 0.38 g, 45% yield. Mp
178.4–179.9 °C. 1H NMR (850 MHz, CDCl3) δ (ppm) 10.05 (s,
1H), 9.23 (s, 1H), 8.06 (s, 1H), 7.98 (d, J = 7.0 Hz, 1H), 7.84 (d, J
= 7.4 Hz, 1H), 7.82 (s, 2H), 7.62 (t, J = 6.9 Hz, 1H), 7.52 (d, J =
6.0 Hz, 1H), 7.32 (t, J = 7.1 Hz, 1H), 4.96 (s, 1H), 3.62 (d, J = 7.2
Hz, 1H), 3.50 (d, J = 7.1 Hz, 1H), 2.64 (d, J = 5.6 Hz, 1H),
2.16 (d, J = 6.1 Hz, 1H), 2.09 (d, J = 6.4 Hz, 1H), 1.92 (d, J =
5.5 Hz, 1H), 1.32 (d, J = 9.2 Hz, 12H). 13C{1H} NMR (214 MHz,
CDCl3) δ (ppm) 191.3, 170.3, 168.5, 137.6, 136.9, 136.4,
133.0, 131.3, 130.6, 129.4, 128.5, 125.9, 122.9, 83.9, 61.0,
50.7, 30.2, 29.7, 26.8, 25.5, 24.88, 24.85. HRMS (FTICR MS
ESI+) [M + Na]+ calcd for C25H29BNaN2O5: 471.2067, found
471.2062.

Compound L-8. White solid, 0.25 g, 29% yield. Mp
121.6–122.9 °C. 1H NMR (850 MHz, CDCl3) δ (ppm) 10.08 (s,
1H), 9.50 (s, 1H), 8.08 (s, 1H), 8.01 (s, 1H), 7.83 (s, 1H), 7.77 (d,
J = 7.2 Hz, 1H), 7.66 (d, J = 7.2 Hz, 1H), 7.59 (d, J = 7.2 Hz, 1H),
7.47 (d, J = 7.2 Hz, 1H), 7.41 (d, J = 7.3 Hz, 1H), 5.00 (d, J = 18.4
Hz, 1H), 3.64 (s, 1H), 3.54 (s, 1H), 2.68 (s, 1H), 2.18 (s, 1H),
2.11 (s, 1H), 1.95 (s, 1H), 1.35 (s, 12H). 13C{1H} NMR
(214 MHz, CDCl3) δ (ppm) 191.2, 170.5, 168.5, 136.5, 135.8,
132.9, 131.9, 131.6, 129.5, 128.2, 121.4, 118.8, 116.7, 83.7, 61.1,

50.7, 26.6, 25.5, 24.88, 24.87. HRMS (FTICR MS ESI+) [M + Na]+

calcd for C25H29BNaN2O5: 471.2067, found 471.2074.
Compound L-9. White solid; 0.45 g, 57% yield. Mp

178.7–181.3 °C. 1H NMR (500 MHz, CDCl3) δ (ppm) 9.60 (s,
1H), 7.95 (s, 1H), 7.88 (d, J = 7.3 Hz, 1H), 7.61 (d, J = 7.4 Hz,
1H), 7.56 (d, J = 7.8 Hz, 2H), 7.43 (t, J = 7.4 Hz, 1H), 7.27 (dd, J
= 9.4, 5.8 Hz, 2H), 7.05 (t, J = 7.2 Hz, 1H), 4.98 (s, 1H), 3.54
(dtd, J = 16.7, 10.3, 6.7 Hz, 2H), 2.64 (d, J = 4.7 Hz, 1H),
2.28–1.92 (m, 2H), 1.88 (dd, J = 12.0, 6.1 Hz, 1H), 1.34 (s, 12H).
13C{1H} NMR (125 MHz, CDCl3) δ (ppm) 172.0, 168.8, 138.3,
136.7, 133.1, 129.8, 128.8, 127.9, 123.9, 119.8, 84.1, 60.8, 50.6,
26.6, 25.4, 24.9, 24.58, 24.56. HRMS (FTICR MS ESI+) [M + Na]+

calcd for C24H29BNaN2O4: 443.2113, found 443.2116.
Compound L-10. Light yellow solid, 0.26 g, 80% yield. Mp

120.8–122.5 °C. 1H NMR (500 MHz, CDCl3) δ (ppm) 9.92 (s,
1H), 9.77 (s, 1H), 8.08 (s, 1H), 7.71 (d, J = 6.0 Hz, 2H), 7.61 (t, J
= 9.1 Hz, 1H), 7.55 (d, J = 7.4 Hz, 1H), 7.50 (d, J = 7.6 Hz, 1H),
7.39 (dd, J = 14.1, 6.3 Hz, 1H), 7.33 (t, J = 7.9 Hz, 1H), 4.97 (dd,
J = 7.2, 4.9 Hz, 1H), 3.68–3.60 (m, 1H), 3.58–3.50 (m, 1H), 2.57
(dd, J = 11.2, 5.6 Hz, 1H), 2.22–2.10 (m, 2H), 1.96–1.92 (dt, J =
12.6, 6.9 Hz, 1H). 13C{1H} NMR (125 MHz, CDCl3) δ (ppm)
192.1, 170.0, 169.2, 139.1, 137.6, 137.0, 133.7, 130.2, 129.5,
125.7, 125.3, 124.5, 122.7, 121.2, 61.0, 50.8, 27.2, 25.4. HRMS
(FTICR MS ESI+) [M + Na]+ calcd for C19H17BrNaN2O3:
425.0294, found 425.0294.

Compound L-11. Light yellow solid, 0.35 g, 38% yield. Mp
198.0–199.0 °C. 1H NMR (500 MHz, CDCl3) δ (ppm) 10.15 (s,
1H), 9.88 (s, 1H), 7.91 (d, J = 7.5 Hz, 2H), 7.76 (s, 1H), 7.72 (d, J
= 10.1 Hz, 1H), 7.56 (d, J = 7.7 Hz, 2H), 7.25 (d, J = 7.6 Hz, 1H),
5.04–4.92 (m, 1H), 3.73–3.58 (m, 1H), 3.54 (dd, J = 15.0, 8.2 Hz,
1H), 2.66–2.46 (m, 1H), 2.21–2.07 (m, 2H), 1.94 (dd, J = 13.6,
7.7 Hz, 1H), 1.38 (s, 12H). 13C NMR (125 MHz, CDCl3) δ (ppm)
190.7, 169.9, 163.6, 140.8, 138.2, 138.0, 134.9, 126.2, 117.6,
112.4, 109.5, 84.2, 61.0, 50.7, 29.1, 27.8, 25.4, 24.9. HRMS
(FTICR MS ESI+) [M + Na]+ calcd for C25H28BFNaN2O5:
489.1973, found 489.1968.

Compound L-12. Light yellow solid, 0.32 g, 34% yield. Mp
106.5–107.8 °C. 1H NMR (500 MHz, CDCl3) δ (ppm) 9.98 (s,
1H), 9.71 (s, 1H), 8.14 (s, 1H), 7.78 (d, J = 7.9 Hz, 1H), 7.68 (d, J
= 7.5 Hz, 1H), 7.62 (d, J = 7.6 Hz, 1H), 7.59 (d, J = 9.8 Hz, 1H),
7.45 (dd, J = 15.0, 7.5 Hz, 2H), 5.01 (dd, J = 7.3, 3.0 Hz, 1H),
3.50 (dt, J = 11.5, 5.6 Hz, 1H), 3.41 (dd, J = 17.8, 7.4 Hz, 1H),
2.63 (dd, J = 10.4, 5.4 Hz, 1H), 2.17–2.08 (m, 2H), 2.05–1.91 (m,
1H), 1.37 (s, 12H). 13C{1H} NMR (125 MHz, CDCl3) δ (ppm)
192.1, 169.0, 167.5, 139.0, 137.0, 130.9, 129.6, 127.9, 125.5,
124.5, 121.9, 121.4, 84.5, 60.8, 49.0, 29.7, 27.2, 24.9, 24.6.
HRMS (FTICR MS ESI+) [M + Na]+ calcd for C25H28BFNaN2O5:
489.1973, found 489.1988.

Compound L-13. Light yellow solid, 0.19 g, 20% yield. Mp
182.5–184.0 °C. 1H NMR (500 MHz, CDCl3) δ (ppm) 9.93 (s,
1H), 9.71 (s, 1H), 8.11 (s, 1H), 7.78 (s, 1H), 7.66 (d, J = 7.4 Hz,
1H), 7.57 (d, J = 9.7 Hz, 1H), 7.43 (dd, J = 13.6, 6.8 Hz, 1H),
4.99 (s, 1H), 3.48 (dd, J = 13.5, 6.7 Hz, 1H), 3.46–3.31 (m, 1H),
2.57 (s, 1H), 2.11 (m, 2H), 1.94 (m, 1H), 1.34 (s, J = 9.7 Hz,
12H). 13C NMR (214 MHz, CDCl3) δ (ppm) 192.1, 172.1, 169.1,
139.2, 138.1, 137.1, 134.9, 129.6, 126.2, 125.5, 124.4, 121.5,
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84.2, 60.8, 50.6, 29.7, 26.6, 25.4, 24.9, 24.6. HRMS (FTICR MS
ESI+) [M − H]− calcd for C25H26BF2N2O5: 483.1903, found
483.1900.

Compound L-14. Light yellow solid, 0.28 g, 30% yield. Mp
164.7–166.1 °C. 1H NMR (850 MHz, CDCl3) δ (ppm) δ 10.38 (s,
1H), 9.09 (s, 1H), 7.93 (t, J = 7.3 Hz, 1H), 7.82 (d, J = 8.1 Hz,
1H), 7.79 (s, 1H), 7.52 (d, J = 7.2 Hz, 1H), 7.42 (d, J = 7.9 Hz,
1H), 7.37 (d, J = 9.9 Hz, 1H), 7.31 (t, J = 7.7 Hz, 1H), 4.89 (dd, J
= 7.6, 4.3 Hz, 1H), 3.58 (dt, J = 10.4, 6.9 Hz, 1H), 3.45 (dt, J =
10.4, 6.9 Hz, 1H), 2.59 (dd, J = 11.4, 5.4 Hz, 1H), 2.17 (dd, J =
13.1, 6.6 Hz, 1H), 2.08 (dt, J = 20.6, 7.6 Hz, 1H), 1.95–1.85 (m,
1H), 1.32 (s, 12H). 13C NMR (125 MHz, CDCl3) δ (ppm) 186.4,
167.8, 164.8, 163.6, 147.1, 143.4, 137.5, 130.9, 130.7, 129.2,
128.9, 128.5, 124.5, 124.0, 123.3, 122.9, 115.8, 115.7, 83.9, 65.6,
61.0, 50.4, 31.5, 29.7, 24.9. HRMS (FTICR MS ESI+) [M + Na]+

calcd for C25H28BFNaN2O5: 489.1973, found 489.1991.
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