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A series of water-soluble 1-amino-naphthalenes and 2-amino-fluorenes are prepared. These serve as model fluorophores
for measuring the thermodynamics and kinetics of fluorescence quenching with phenylboronic acids and aliphatic amines.

Steady-state and time-resolved fluorescence quenching kinetics are investigated using the Stern–Volmer method.
Diffusion limited quenching constants and exergonic thermodynamics of electron transfer are derived for the 5-amino-
1-napthol and 2-aminofluorene derivatives with phenylboronic acid and/or an aliphatic imine. No quenching and

endergonic thermodynamics or electron transfer are observed for 5-sulfonamide, 5-sulfonic acid, or 5-hydroxy-7-sulfonic
acid aminonaphthalene derivatives. Boronic acid sensors synthesized from these aminofluorophores by reductive
amination with 2-formylphenylboronic acid undergo fluorescence revival in the presence of saccharides only when the
fluorophore demonstrates diffusion limited quenching kinetics and exergonic thermodynamics of electron transfer with

the boronic acid or imine quenchers. Thus, these two properties are suitable empirical tools for predicting saccharide-
induced fluorescence revival of boronic acid sensors.
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Introduction

Fluorescent molecular sensors have attracted much attention in

part because of their sensitivity compared with their colouri-
metric counterparts.[1] Boronic acid derivative fluorophores are
of no exception.[2–4] These sensors undergo significant fluo-

rescence changes upon binding of polyols, notably sacchar-
ides.[5] The selective sensor properties of boronic acid
fluorophores for biologically relevant saccharides have led to

their use as non-invasive diagnostic tools.[6–8] In particular, they
have been extensively applied as glucose sensors for monitoring
saccharide levels in diabetics.[9–15]

A notable advent to the field of boronic acid sensors was the
incorporation of an amine fluorophore in proximity to the
boronic acid.[16] The inclusion of the nitrogen leads to B–N
interactions that quench the fluorophore’s fluorescence. This

interaction is perturbed upon binding of either a 1,2 or
1,3-periplanar diol that causes revival of the fluorophore’s
fluorescence.[3,17] This leads to a versatile off/on chemofluor-

escence sensor with both a high sensitivity and low limit of
detection.[18] This is in contrast to their amine-free boronic acid
counterparts that do not benefit from B–N interactions and

simply undergo variable changes in fluorescence intensity.[19]

The added benefit of the B–N interaction is a reduction in the
pKa for boron ester formation with diols.[20,21] The pKa is

reduced to,7.5 and significantly favours boron ester formation
under physiological conditions. Saccharide sensing of biologi-
cal samples is, therefore, possible without sample treatment or

additional solution preparation, providing that the fluorophore is
water soluble. This is in contrast to fluorophores that do not
contain the proximal amine-boronic acid. These require aqueous

solutions with pH$ 10 and the extreme pH potentially can lead
to sample and fluorophore degradation. Another potential
undesired side effect of measurements at extreme conditions is

the pH-induced fluorescence changes that compete with the
desired binding signalling events.[22]

Water-soluble boronic acid sensors are desired for homo-
geneous saccharide analyte–fluorophore sample preparation

and analysis. However, this is often problematic because the
required fluorescence properties necessitate polyaromatic
systems that have limited water solubility. Many strategies

have been adopted, including calixarene encapsulation, to
increase the water solubility of the aryl fluorophores.[23]

Functionalization of the boronic acid fluorophores with either

carboxylic or sulfonic acids is an alternate means of obtaining
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water-soluble derivatives.[24,25]Meanwhile, amine incorporation
for the desired B–N interactions is normally done by a

two-step reductive amination of an amino-fluorophore with
2-formylphenylboronic acid. Although the required imine
formation and its subsequent reduction are straightforward,

certain functional groups cannot tolerate the reaction conditions.
Moreover, undesired side products including boroxines and
aldehyde decomposition can occur.[26,27] Taking into account

these drawbacks coupled with the additional functionalization
step with water solubilizing groups and a hit-or-miss fluores-
cence quenching/revival of the sensor, it would be beneficial to

have a simple and reliable means of predicting a good sensor
before undertaking its multistep synthesis. We, therefore, inves-
tigated both the quenching kinetics and thermodynamics of
amino-fluorophores as empirical tools for predicting the fluo-

rescence quench/rival of their boronic acid derivatives. The
preparation of water-soluble naphthalene (1–4) and fluorene
(5–6) boronic acid sensors reported in Fig. 1 are herein presented.

The operating pH range of these sensors is also demonstrated.
The fluorescence quenching/revival of these sensors were
further correlated with the fluorescence quenching kinetics

(kq) and thermodynamics of their amino-fluorophore precursors
(11–14 and 20–21) to demonstrate that both the kq constant and
Rehm–Weller data are viable means of screening for sensors

whose fluorescence can be triggered with saccharide binding.

Results and Discussion

Naphthalene and fluorene were chosen for preparing water-
soluble saccharide sensors because they are known to have high
fluorescence quantum yields (Ff). Furthermore, the required

amine derivatives are stable and commercially available. They
can also be easily modified with water solubilizing functional

groups. For example, the sulfonamide 13 was prepared from
the corresponding sulfonic acid 15 in 56% overall yield as

outlined in Scheme 1. The naphthalene fluorescence sensors
were subsequently prepared stepwise by imination with
2-formylphenylboronic acid followed by reduction (Scheme 2)

in high yields.
The fluorene series was prepared by 9,90-dialkylation with

t-butylacrylate followed by a one-pot stepwise reductive amina-

tion and immediate deprotection (Scheme 3). In contrast to the
naphthalene series, the reductive amination yields for the
fluorenes are much lower with overall poor chemical yields

(,15%).
Given the low chemical yields of the fluorene sensors, it

would be beneficial to accurately predict their fluorescence
sensing capacity and favourable B–N interactions for desired

off/on fluorescence. Predictive tools would further be advanta-
geous for optimizing the design and preparation of efficient
sensors and to avoid a hit-or-miss approach. For this reason, we

investigated the quenching kinetics and thermodynamics of the
amino-fluorophore precursors 11–14 and 20–21 for correlation
of the fluorescence quenching/revival of their corresponding

boronic acid sensors 1–6.
The quenching of the amino-fluorophoreswas first donewith

the imine 10. This was chosen as a benchmark for fluorescence

quenching because imines are known to be efficient excited
singlet state quenchers.[28–39] Moreover, the imine is the inter-
mediate product in the reductive amination of the sensors and it
would give important fluorescence quenching information.

Steady-state fluorescence quenching was by done by the
Stern–Volmer method according to:
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Fig. 1. Water-soluble boronic acid-based saccharide sensors and fluorophores prepared.
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whereFo is the fluorescence in the absence of quencher,F is the

fluorescencewith quencher,KSV is the Stern–Volmer quenching
constant, kq is the bimolecular quenching rate constant, to is the
fluorescence lifetime in the absence of quencher, t is the

fluorescence lifetime with quencher, and [Q] is the quencher
concentration. The fluorescence of the amino-fluorophores was
investigated as a function of the concentration of 10. As seen in
Fig. 2a, the fluorescence is significantly quenched with 10.

However, there is a marked difference in the quenching between
12 and 20, according to the inset of Fig. 2a. The quenching
difference can quantitatively be derived from the kq by taking

into account the amino-fluorophore’s fluorescence lifetime. As
seen in Table 1, the calculated kq values are diffusion controlled

(E1010M�1 s�1) for 11, 20, and 21, confirming that their

fluorescence can be efficiently quenched with a small amount
of 10. Conversely, no fluorescence quenching was measured
with 12 and 14, regardless of quencher concentration. Mean-

while, a slower than diffusion controlled quenching was mea-
sured for both 9 and 13. Although the quenching kinetics is for
intermolecular excited state quenching, they nonetheless pro-
vide relevant information for intramolecular quenching. This is

possible by assuming the concentration of excited species
produced when irradiated with the fluorimeter lamp is in the
micromolar range while the ground state concentration of the

quencher covalently bonded to the fluorophore isE0.1mM. In
this case, an intermolecular quenching of KSV$ 5M�1 would
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imply that more than 95% of the fluorophore’s singlet excited

states would be quenched by intramolecular deactivation when
the imine is covalently bonded to the fluorophore. Both 7 and 8
were prepared and investigated to confirm that the intermolecu-

lar quenching data can be used for predicting intramolecular
quenching of the fluorophore when conjugated to the imine. As
can be seen in Table 1, the fluorescence of 7 is completely
quenched, as predicted by the measured KSV of 5M�1 for the

quenching of 13 by 10. The fluorophore’s quenched fluores-
cence is revived when the imine is reduced to its corresponding
secondary amine 8. The quenched and revived fluorescence

observedwith 7 and 8, respectively, confirm definitively that the
imine is responsible for fluorescence quenching. They further
confirm that the intermolecular quenchingmeasuredwith 10 can

be used to reliably predict intramolecular fluorescence
quenching.

The fluorescence quenching was further investigated with
the naphthalene fluorophores using phenylboronic acid as the

quencher. This would provide more relevant fluorescence
deactivation information of the boronic acid sensor. The inter-
molecular quenching of a fluorophore with phenylboronic acid

would further provide sound evidence that the fluorescence of
its boronic acid derivative would also be quenched, similar to 7.
Quenched fluorescence of the boronic acid fluorophore and

fluorescence revival with saccharide binding are desired prop-
erties. The quenching of the naphthalene fluorophores was
subsequently investigated. The quenching was done in aceto-

nitrile instead of phosphate buffered solution (PBS). This was in
part owing to the limited solubility of phenylboronic acid in
PBS. More importantly, the boronic acid maintains its
uncharged, sp2 state in anhydrous acetonitrile. This is the

hybridization that leads to B–N interactions and fluorescence
quenching in boronic acid sensors. The same quenching trend
for the fluorophores was observed with phenylboronic acid as

with 10 (Fig. 2b). Time-resolved fluorescence quenching with
11 and phenylboronic acid was also investigated. In this case, no
quenching was observed. Only a decrease in signal intensity

proportional to the quencher concentration was observed
(see Accessory Publication). This implies that the fluorescence
quenching occurs by a ground state complex between the
boronic acid and the fluorophore.

Based on the kinetic quenching data, boronic acid sensors
derived from fluorophores 1, 20, and 21 would possess the

0

100000

200000

300000

400000

500000

600000

In
te

ns
ity

 [a
.u

.]

0 1 2 3

1.0

1.1

1.2

Φ
0/Φ

PBA concentration [mM]

325 350 375 400 425 450

0

100000

200000

300000

400000

500000

600000

(b)

(a)

0 5 10 15 20 25 30 35 40
1.0

1.5

2.0

2.5

3.0

3.5

Φ
0/

Φ

10 Concentration [mM]

In
te

ns
ity

 [a
.u

.]

Wavelength [nm]

350 375 400 425 450

Wavelength [nm]

Fig. 2. (a) Fluorescence quenching of 20 with 10 in degassed anhydrous

acetonitrile and excited at 314 nm. Inset: Stern–Volmer quenching plot of

20 (�) and 13 (’) with 10, excited at 314 and 370 nm, respectively.

(b) Fluorescence quenching of 11 with phenylboronic acid in degassed

anhydrous acetonitrile with excitation at 332 nm. Inset: Stern–Volmer

quenching plot of 11 (�) and 12 (’) with phenylboronic acid. Stern–

Volmer quenching of 12 was done in degassed pH 7.4 phosphate buffered

solution and excited at 338 nm.

Table 1. Photophysical, kinetic, and thermodynamic data of amino-fluorophores

Fluorophore e
[mM�1 �cm�1]

lex
A

[nm]

lem
B

[nm]

t0
C

[ns]

kq
D

[1010M�1 �s–1]
kq
E

[1010M�1 �s�1]

Epa
F

[V]

DGPET
G

[kJmol�1]

DGPET
H

[kJmol�1]

11 5.4 332 414 5.2 2.1 1.4 0.72 �68 �58

12 4.3 338 507 6.9 – 0 1.02 19 10

13 3.2 370 514 8.4 0.1 0 1.09 39 29

14 4.4 345 445 4.2 – 0 – – –

20 4.6 325 365 3.8 2.2 – 1.06 �68 �58

21 3.2 314 388 3.3 1.9 – 0.66 �87 �87

9 47.4 405 512 2.3 0.5 – 0.63 �10 �2

AExcitation wavelength used for fluorescence measurements.
BEmission wavelength.
CFluorescence liftetime.
DFor 10 in acetonitrile.
EFor phenylboronic acid in pH 7.4 phosphate buffered solution.
FOxidation potential versus Ag/AgCl (sat’d).
GRehm–Weller energetics for photoinduced electron transfer quenching with 10.
HRehm–Weller energetics for photoinduced electron transfer quenching with phenylboronic acid.
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desired fluorescence quenching/revival properties. Conversely,

the fluorescence of the boronic acid derivatives of fluorophores
2–4 and 9 would not be quenched. The absolute quantum yields
of the amino-fluorophore precursors and their corresponding

boronic acids were subsequently measured using an integrating
sphere. The advantage of using the integrating sphere is that
quantum yields independent of a reference are possible. This
results in precise quantum yield measurements that are not

limited to the excitation or emission wavelengths of the fluores-
cence reference (actinometer). It is obvious from the absolute
Ffl data found in Table 2 that themeasuredFfl correlate with the

quenching data. More specifically, when the phenylboronic acid
moiety is added to each fluorophore, the fluorescence of 2–4 is
decreased by only 10–20%, meanwhile the fluorescence of 1, 5,

and 6 are quenched significantly.* Based on the good correlation
between the fluorescence quenching of the amino-fluorophores
and the measuredFfl of the boronic acid sensor the kq is a good

empirical parameter for predicting quenched fluorescence in
boronic acid sensors. In fact, diffusion controlled fluorescence
quenching with either phenylboronic acid or an imine can be
used to rapidly assess the fluorescence quenching of the boronic

acid sensor based on its corresponding amino-fluorophore
precursor.

Although the exact mechanism responsible for fluorescence

quenching remains contentious,[13,18,40] we nonetheless exam-
ined the thermodynamics of photoinduced electron transfer
(PET) as an additional tool for screening amino-fluorophores

and for predicting their boronic acid sensor properties. The
thermodynamics can be calculated according to the Rehm–
Weller equation:DG8PET¼Epa (fluorophore)�Epc (quencher)�
DE0,0� l.[41] The equation accounts for the fluorophore’s

capacity to be oxidized (Epa), the quencher’s capacity to be
reduced (Epc) by accepting the transferred electron from
the fluorophore, and the solvent reorganization energy (l).
The energy gap (DE0,0) between the ground and excited singlet
states of the fluorophore accounts for electron transfer from its
excited state. The energy gap is calculated from the intercept of

the normalized plot of the absorption and fluorescence spectra of
the fluorophore. TheEpa andEpc valuesweremeasured by cyclic
voltammetry and correspond to the oxidation and reduction

potential of the fluorophore and quencher, respectively.
A typical voltammogram showing the one-electron oxidation

and reduction process is represented in Fig. 3. Exergonic
energies for PET quenching with phenylboronic acid and 10

were calculated for 11, 20, and 21, while endergonic energies
were found for the other naphthalenes. The exergonic energies

calculated for 11, 20, and 21 predict that the fluorescence of their
corresponding boronic acids (1, 5, and 6) would be quenched,
which is the case. The good agreement between the predicted

and actual quenched fluorescence of the sensors suggest that the
fluorescence quenching thermodynamics and kinetics offer the
possibility of predicting suitable boronic acid fluorophores with

quenched/revival fluorescence. Based on this assumption, the
boronic acid derivative of 9would be an ideal saccharide sensor.
Unfortunately, the reductive amination of 9 was not possible,

regardless of the reaction conditions used.
The saccharide fluorescence sensing of the water-soluble

fluorophores was done first with fructose. This saccharide was
chosen because it is stable, non-absorbing in the UV-visible

range, and is known to strongly bind to boronic acids in a 1:1
complex. It should be noted that the fluorophores are extremely
soluble in PBS at pH 6–10, making them suitable for use as

sensors under physiological conditions. The sensors’ fluores-
cence was examined as a function of pH both in the absence and
presence of fructose. This was done primarily to determine the

optimal working pH of the sensors. As seen in Fig. 4, 5 exhibits
the desired fluorescence increase with fructose at physiological
conditions, with a working pH range from 7 to 9.5. Similarly,

both 1 and 5 exhibit fluorescence increases with fructose
binding at physiological pH. The ideal sensing pH, the pH at
which the greatest change in fluorescence upon fructose binding
is observed, for each of the fluorophores is 7.5, 8.0, and 7.8 for

1, 5, and 6, respectively.
The saccharide on/off fluorescence sensing of the water-

soluble fluorophoreswas also donewith fructose. For 1, 5, and 6,

the fluorescence is restored to the same value as their amino-
fluorophore precursor, within error, upon fructose binding. The
fluorescence increase and revival for 4 are clearly seen in Fig. 5

*Quantum yields less than 0.1 cannot be accurately measured with the integrating sphere.

Table 2. Absolute quantum yields of boronic acid fluorescence sensors

and their corresponding amino-fluorophores precursors

Compound Quantum yieldA

Amino-fluorophoreB Without fructose With fructoseC

1 0.35 (11) 0.06 0.33

2 0.56 (12) 0.47 0.41

3 0.56 (13) 0.45 0.36

4 0.53 (14) 0.48 0.45

5 0.43 (20) 0.05 0.43

6 0.25 (21) 0.02 0.26

7 0.56 (13) , 0.01 N/D

8 0.56 (13) 0.51 N/D

9 0.83 (9) N/D N/D

AAbsolute quantum yield measured with an integrating sphere. N/D is not

determined.
BValues in parentheses are the corresponding amino-fluorophore precursors.
CFructose concentration 50mM.
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and the inset of Fig. 4, respectively. As predicted by the

quenching kinetics and thermodynamics, the remaining
naphthalenes do not exhibit any fluorescence enhancement with
fructose addition. The fluorescence increase as a function of

fructose for the sensors leads to binding constants of 170, 53, and
30M�1 for 1, 5, and 6, respectively. The high water solubility
combined with the quantitative fluorescence revival and the

strong binding constant for fructose at physiological conditions
make the naphthol (1) and fluorene boronic acids (4 and 5)
interesting candidates for sensing saccharides in biological
conditions without sample preparation or pH adjustment.

Conclusion

A series of water-soluble 1-amino-naphthalenes and 2-amino-
fluorenes served asmodel compounds for empirically predicting
suitable boronic acid fluorophores with desired fluorescence

off/on properties based on fluorescence quenching and
thermodynamics. It was found that amino-fluorophores that
exhibited diffusion controlled kq and exergonic PET energetics

with phenylboronic acid were quenched when reductively

aminated with 2-formylphenylboronic acid. The fluorescence
could also be quantitatively restored in the presence of fructose,
making them good saccharide sensors. It was found that either

fluorescence kinetics or PET thermodynamics can be used as an
empirical tool for predicting the suitability of boronic acid as
saccharide sensors by investigating their amino-fluorophore
precursor. It was further found that carboxylic acid fluorenyl

derivatives are ideal saccharide sensors under physiological
conditions owing to their quantitative fluorescence turn-on
response towards fructose combined with their water solubility

and good sensing pH range. These predictive tools are currently
being applied to identify new water-soluble ratiometric boronic
acid fluorescence sensors that emit at different wavelengths

upon saccharide binding.

Experimental

General Methods

All chemicals and solvents were used as received unless spec-

ified. NMR spectra were recorded on a Bruker AVANCE 400
spectrometer, with tetramethylsilane (TMS) as an internal
standard. High-resolution mass spectra (HR-MS) were recorded
on a LC-MSD-TOF instrument from Agilent technologies in

positive or negative electrospray mode. Either protonated
molecular ions (MþH)þ or themolecular anion (M�H)�were
used for empirical formula confirmation. All fluorescence

measurements were performed in an Edinburgh Instruments
FLS920 sample chamberwith aXe900 xenon light source unless
otherwise specified. Absorbancemeasurements were performed

on a Cary 500 Scan UV-Vis-IR spectrophotometer. Quartz
cuvettes from NSG Precision Glass were use for all spectro-
scopic measurements. All pH measurements performed using a
VWR SB20 pHmeter. Column chromatography was performed

on silica gel (230–400mesh) unless otherwise specified.
Anhydrous solvents were obtained from aGlass Contour solvent
system.

Synthesis

The reagents 11, 12, 14, 18, and 19were purchased fromSigma–
Aldrich and were used as received.

5-((Tert-butoxycarbonyl)amino)naphthalene-1-sulfonic
acid (16)

Into anhydrous methanol (20mL) were added 5-
aminonaphthalene-1-sulfonic acid (2.43 g, 10.9mmol) and
triethylamine (1.74mL, 2.5mmol). To this dark purple solution
was added di-tert-butyl dicarbonate (4.75 g, 21.8mmol). The

solution was allowed to react for 3 h under N2 atmosphere. The
solvent was then removed under vacuum and the resulting light
pink solid was taken up into water (100mL). The aqueous

phase was then washed with ethyl acetate (3� 35mL) and dried
by lyophilization to yield the triethylamine salt adduct as a light
pink solid (4.52 g, 98%). dH (400MHz, CDCl3) 8.62 (d, 1H,

J 8.8), 8.41–8.36 (m, 2H), 7.98 (d, 1H, J 7.6), 7.78 (t, 1H, J 4),
7.64 (t, 1H, J 8), 6.91 (s, 1H), 1.58 (s, 9H). dC (400MHz, CDCl3)
157.2, 138.8, 129.2, 127.6, 126.9, 126.8, 125.4, 124.1, 46.9,

27.9, 8.8. HR-MS (ESI) Calc. for C15H16NO5S [M�H]�:
322.0755. Found: 322.0759.

Tert-butyl (5-sulfamoylnaphthalen-1-yl)carbamate (17)

Triphenyl phosphine (3.14 g, 12.0mmol) was dissolved in
dichloromethane (150mL) and cooled to 08C. To this was added

2 4 6 8 10

0.0

0.2

0.4

0.6

0.8

1.0

Φ
/Φ

m
ax

pH

Fig. 4. Fluorescence of 5 as a function of pH without (’) and with 10 (�)
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thionyl chloride (950 mL, 13.2mmol) drop wise. After 20min of

stirring and warming to room temperature, 16 (2.50 g,
6.00mmol) was added and the reaction mixture was stirred for
1.5 h. The solution was then cooled to 08C and tert-butyl amine

(1.75mL, 16.5mmol) was added followed by triethylamine
(2.30mL, 16.5mmol). The mixture was stirred for 6 h and it
was then quenched with water (200mL). The product was
extracted into dichloromethane and dried with Na2SO4. The

solvent was removed under reduced pressure to yield the title
compound as a solid (1.15 g, 58%). dH (400MHz, CDCl3)
8.6 (d, 1H, J 8.8), 8.41–8.36 (m, 2H), 7.98 (d, 1H, J 7.6),

7.78 (t, 1H, J 4), 7.64 (t, 1H, J 8), 6.91 (s, 1H), 1.58 (s, 9H).
dC (400MHz, CDCl3) 153.8, 140.5, 134.7, 130.5, 129.5, 129.9,
129.8, 128.5, 124.3, 121.3, 81.9, 28.7. MS (ESI) Calc. for

C15H15NO4SCl [M�H]�: 340.0. Found: 340.0.

5-Aminonaphthalene-1-sulfonamide (13)

In dichloromethane (100mL) was dissolved 17 (600mg,

1.59mmol) to which was then added trifluoroacetic acid
(15mL, 0.19mol). The reaction mixture was left to stir over-
night at room temperature. Both the acid and solvent were

removed under reduced pressure. The resulting solid was
recrystallized from ethyl acetate by adding dichloromethane to
afford the product as awhite solid (351mg, 99%). dH (400MHz,

D2O/CD3CN) 8.24–8.19 (m, 2H), 7.99 (d, 1H, J 4.4), 7.54–7.49
(m, 2H), 6.99 (d, 1H, J 4Hz).

Representative Procedure for the Reductive
Amination of 1–4

In absolute ethanol (20mL) was dissolved 11 (159mg, 1mmol)
to which was added 2-formylphenylboronic acid (232mg,

1.55mmol). The reactionmixture was refluxed for 6 h under N2.
The solvent was then removed under reduced pressure and the
resulting Schiff base was dissolved in anhydrous methanol

(10mL). Sodium borohydride (151mg, 4mmol) was then added
and the reaction mixture was stirred at room temperature for 4 h.
The reaction was quenched with water (80mL) and the aqueous

fraction was washed with dichloromethane (3� 25mL). The
product 1 was obtained as a white powder (211mg, 36%) after
purifying the organic layer on silica flash column chromatog-
raphy using dichloromethane/methanol eluent. dH (400MHz,

CD3OD) 7.56 (t, 2H, J 8.8), 7.43 (d, 1H, J 7.6), 7.34 (t, 1H, J 8.2),
7.27–7.22 (m, 3H), 7.10 (t, 1H, J 8.0), 6.81 (d, 1H, J 7.0), 6.49 (d,
1H, J 7.4), 4.49 (s, 2H). HR-MS (ESI) Calcd. for C17H17BNO3

[MþH]þ: 294.1296. Found 294.1298.
The crude product 2 was crystallized from the aqueous layer

by acidification and cooling to 48C. The resulting crystals were
collected by vacuum filtration and washed with ice-cold water.
The product was dried overnight in a desiccator to give the
product as a light purple solid (273mg, 76%). dH (400MHz,

CD3ODþEt3N) 8.22 (t, 2H, J 8.7), 8.16 (d, 1H, J 7.2),
7.44–7.42 (m, 2H), 7.31 (q, 2H, J 7.3), 7.23 (t, 1H, J 7.8), 6.67
(d, 1H, J 7.1), 4.53 (s, 2H). HR-MS (ESI) Calc. for C15H16BNO3

[MþH]þ: 294.1296. Found: 294.1298.
The crude product 3 was obtained by extracting with ethyl

acetate (3� 25mL) followed by drying with Na2SO4. The
product was recrystallized from ethyl acetate upon adding

diethyl ether to yield a yellow solid (168mg, 47%).
dH (400MHz, CD3OD) 8.40 (d, 1H, J 8.5), 8.23 (d, 1H, J 7.3),
7.99 (d, 1H, J 8.6), 7.52 (t, 1H, J 8.0), 7.46 (d, 1H, J 7.7),

7.35 (t, 2H, J 8.1), 7.25–7.23 (m, 2H), 6.61 (d, 1H, J 7.8), 4.53
(s, 2H). HR-MS (ESI) Calc. for C15H16BNO3 [MþH]þ:
294.1296. Found: 294.1298.

The crude product 4 was crystallized from the aqueous layer

by acidification and cooling to 48C. The resulting crystals were
collected by vacuum filtration and washed with ice-cold water.
The product was dried overnight in a desiccator to give the

product as a light purple solid (257mg, 69%). dH (400MHz,
CD3OD) 8.11 (s, 1H), 7.80 (d, 1H, J 8), 7.45 (d, 1H, J 8),
7.35–7.20 (m, 5H), 6.00 (d, 1H, J 8), 4.54 (s, 2H). HR-MS (ESI)
Calc. for C17H16BNO6S [MþH]þ: 374.0864. Found: 374.0882.

5-(Benzylideneamino)naphthalene-1-sulfonamide (7)

To 2-methylpropan-2-ol (10mL) was added 13 (100mg,

0.45mmol). The mixture was stirred to dissolve and then
benzaldehyde (0.059mL, 0.58mmol) was added. The reaction
was stirred under nitrogen at room temperature overnight.
A yellow precipitate formed that was collected by vacuum

filtration and then washed with ice-cold ethanol to yield the
title product (49mg, 35%). dH (400MHz, CD3OD) 8.76 (s, 1H),
8.60 (d, 1H, J 8), 8.37 (d, 1H, J 8), 8.20 (d, 1H, J 6.4), 8.10

(s, 2H), 7.70–7.60 (m, 7H), 7.39 (d, 1H, J 6). HR-MS (ESI) Calc.
for C17H16BNO6S [M þ H]þ: 311.0849. Found: 311.0854.

5-(Benzylamino)naphthalene-1-sulfonamide (8)

To a 70/30 volume mixture of toluene/ethanol (20mL) was
added 7 (49mg, 0.16mmol). To this was added NaBH4 (50mg,
0.76mmol) and the reaction was left to stir at room temperature

for 4 h. The reactionmixture was then partitioned betweenwater
(50mL) and ethyl acetate (50mL). The aqueous layer was
washed with ethyl acetate (3� 15mL). The combined organic

layer was then washed with brine (2� 10mL), dried with
magnesium sulfate, filtered, and the solvent then evaporated.
Purification over a silica column using hexanes/ethyl acetate
yielded a yellow solid (28mg, 58%). dH (400MHz, CD3OD)

8.56 (d, 1H, J 8), 8.09 (d, 1H, J 6.8), 7.55–7.20 (m, 10H),
6.48 (d, 1H, J 8), 4.53 (d, 2H, J 4). HR-MS (ESI) Calc. for
C17H16BNO6S [MþH]þ: 313.1005. Found: 313.1011.

N-Benzylidenedecan-1-amine (10)

To benzaldehyde (510 mL, 5mmol) was added n-decylamine
(1.01mL, 5.05mmol). The mixture was heated to 808C under
nitrogen atmosphere in the presence of molecular sieves for

15min. The reaction mixture was then allowed to cool to room
temperature and the product was obtained as a light yellow oil
(1.21 g, 99%). dH (400MHz, CDCl3) 8.30 (s, 1H), 7.74 (m, 2H),

7.43 (m, 3H), 4.14 (q, 1H), 3.62 (t, 2H), 1.72 (t, 2H), 1.35–1.25
(m, 16H).

Di-tert-butyl 3,30-(2-Amino-9H-fluorene-9,9-diyl)
dipropanoate (20)

In dimethyl sulfoxide (5mL) was dissolved 18 (362mg,
2mmol). Tetrabutylammonium bromide (19mg, 0.06mmol)
was added followed by 50% aqueous sodium hydroxide
(800 mL, 15.5mmol). After 20min of stirring, the solution of

18 turned red and to this was added drop wise tert-butyl acrylate
(1.17mL, 8mmol). The reaction mixture was stirred at room
temperature for 5 h.Water (50mL)was then added to quench the

reaction and the product was extracted with ethyl acetate
(3� 20mL). The combined organic layers were then washed
with brine (20mL) and dried withMgSO4. The solvent was then

removed under reduced pressure and the crude product was
purified by silica flash column chromatography using hexanes/
ethyl acetate eluent to yield 20 (630mg, 72%). dH (400MHz,
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CDCl3) 7.55 (d, 1H, J 3.6), 7.48 (d, 1H, J 3.6), 7.32–7.22

(m, 3H), 6.71–6.68 (m, 2H), 2.32–2.25 (m, 4H), 1.54–1.48
(m, 4H), 1.32 (s, 18H). dC (400MHz, CDCl3) 173.5, 150.4,
147.5, 146.9, 152.1, 132.7, 127.7, 126.3, 123.2, 121.2, 118.9,

114.9, 110.1, 80.4, 53.5, 35.3, 30.4, 28.4, 14.6. ES-MS Calc. for
C27H35NNaO4: 460.2458. Found: 460.2472.

Di-tert-butyl 3,30-(2,7-Diamino-9H-fluorene-9,9-diyl)
dipropanoate (21)

The same procedure as 18was used to afford the title product
(282mg, 31%) dH (400MHz, CDCl3) 7.33 (d, 2H, J 8),

6.66–6.63 (m, 4H), 3.72 (s, 4H), 2.21 (t, 4H, J 8), 1.54 (t, 4H,
J 8), 1.33 (s, 18H). dC (400MHz, CDCl3) 173.6, 149.3, 145.4,
133.4, 119.8, 114.9, 110.4, 80.4, 53.3, 35.4, 30.4, 28.4. ES-MS

calcd for C27H37N2O4: 453.2749. Found: 453.2748.

3,30-(2-((2-Boronobenzyl)amino)-9H-fluorene-9,9-diyl)
dipropanoic acid (5)

In absolute ethanol (10mL) was dissolved 20 (100mg,
0.23mmol). The reaction mixture was then refluxed under dry

nitrogen for 6 h. The solvent was removed under reduced
pressure and the crude reaction mixture was redissolved in
anhydrous methanol (5mL). Sodium cyanoborohydride

(116mg, 1.84mmol) was then added to the Schiff base and
the reaction mixture was stirred under nitrogen at room temper-
ature overnight. The solvent was removed under reduced pres-

sure and the product was redissolved in a minimal amount of
dichloromethane. Trifluoroacetic acid (5mL, 65.3mmol) was
then added and the reaction mixture was stirred overnight under
nitrogen. Both the acid and solvent were removed under reduced

pressure and the product (20.3mg, 19%) was obtained by
reverse-phase HPLC purification using a MeOH/H2O solvent
system. dH (400MHz, CD3OD) 7.57–7.19 (m, 9H), 6.96 (s, 1H),

6.88 (s, 1H), 4.43 (s, 2H), 2.35 (m, 4H), 1.46 (m, 4H). ES-MS
Calc. for C26H27BNO6: 460.1926. Found: 460.1940.

3,30-(2-((2-Boronobenzyl)amino)-7-((3-boronobenzyl)
amino)-9H-fluorene-9,9-diyl)dipropanoic acid (6)

Similar to the procedure for 5, 21 (100mg, 0.22mmol)

yielded 6 (31.7mg, 24%). dH (400MHz, CD3OD) 7.62–7.19
(m, 11H), 6.96–6.69 (m, 4H), 4.36 (s, 2H), 2.23 (m, 4H),
1.28 (m, 4H). ES-MS Calc. for C33H33B2N2O8: 607.2429.

Found: 607.2438.

Solubility

The solubility values were determined by two methods: 1) stock
solutions were prepared of each compound in either acetonitrile
or DMSO in a concentration of 1–100mgmL�1. With these

stock solutions, increasingly concentrated solutions of boronic
acid derivatives in 0.1M, pH 7.4 PBS were prepared with a
maximum of 5% acetonitrile or DMSO until a precipitate was
observed by UV-visible absorbance by comparing the baseline

absorbance in non-absorbing regions referenced to solvent of
the same mixture; 2) PBS (pH 7.4, 0.1M) was slowly added to
precisely weighed samples of boronic acid derivatives with

continuous stirring for 2–3min between solvent additions until
the compound was completely dissolved. A compound was
considered water soluble if soluble at .1mgmL�1.

Fluorescence Measurements

Samples were prepared with spectroscopic grade solvents and
were thoroughly degassed with nitrogen. Absolute quantum

yield values were determined using an integrating sphere.

Emission and scattering spectra were measured with samples
whose absorbances ranged between 0.2 and 0.4 at the corre-
sponding excitation wavelength. The quantum yields (QYs)

were calculated using the following formula:

QY¼
R
sample emission

R
blank scatter� R

sample scatter
ð2Þ

Lifetime measurements were done with deoxygenated solutions

with absorbances ranging between 0.2 and 0.4 at the excitation
wavelength using a nF900 nanoflash lamp with a reference
solution of colloidal silica.

Molar absorptivities of the boronic acid derivatives were

determined by titrating an analytically prepared stock solution
of the compound into PBS (3mL, 0.1M).

Fluorimetric saccharide binding titrationswere performed by

preparing the desired concentration of the boronic acid deriva-
tive (3mL) in PBS (0.1M). The fluorescence spectrum of the
unbound sensor was measured in a 1 cm path length quartz

cuvette from NSG Precision Glass. Saccharide from a stock
solution (1M) in PBS (0.1M) was then titrated. Spectra were
taken at regular intervals until the signal saturated. The integrated

fluorescence was related to the boronic acid bound fraction by
the following equation: Fobs�Fapo/Fholo�Fapo, where Fobs is
the observed integrated fluorescence intensity, Fholo is the
integrated fluorescence intensity of the fluorophore at satura-

tion, and Fapo is the integrated fluorescence intensity of the
fluorophore without any saccharide present. The bound fraction
was then plotted against the saccharide concentration and either

a non-linear one-site or two-site binding fit was done using
Origin Pro 8 software for determining the binding constant.Bmax

values, the maximum possible concentrations of saccharide

present in the sensor-bound state, were fixed using the known
concentration of sensor present and binding stoichiometry.

Fluorescence pH Titration

PBS (2mL, 0.5M) was titrated to pH ,2 with 1M HCl. The
solution was then diluted to 10mL by adding the given boronic
acid derivative stock solution and water to give a PBS solution

(0.1M) of pH ,2.5 with the desired concentration of boronic
acid derivative and saccharide. This was then titrated with 50/50
v/v NaOH (0.1M)/PBS (0.2M) solution with the boronic acid

derivative and saccharide. At a given pH, a volume (3mL) was
pipetted into a quartz cuvette and the fluorescence emission
spectrum was recorded.

Cyclic Voltammetry

Cyclic voltammetry was performed with a BASi EC Epsilon
potentiostat. Compounds were dissolved in anhydrous and

deoxygenated N,N-dimethylformamide containing tetra-
butylammonium hexafluorophosphate (0.1 M). A platinum
electrode and a saturated Ag/AgCl electrode were used as

auxiliary and reference electrodes, respectively.

Accessory Publication

Absorbance and fluorescence spectra, cyclic voltammograms,
1H and 13C-NMR spectra, and ESI-MS of the compounds are
available on the Journal’s website.
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