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1. Materials and methods

Chemicals, saccharides, anhydrous solvents, and spectroscopic grade solvents were obtained from Sig-
ma Aldrich. The synthesis of the combinatorial fluorescent molecular sensor 1 was previously de-
scribed.>*® Anhydrous solvents were transferred using an oven-dried syringe. Flasks were oven-dried
under a stream of argon. The Teledyne combiflash was used to purify all the synthetic intermediates.
The *H NMR spectra of all compounds were recorded on a Bruker Avance 300 MHz NMR spectrome-
ter. Mass spectra were recorded on a Waters Micromass LC-Q-TOF micro spectrometer at the Weiz-
mann Institute of Science mass spectrometry facility. Fluorescent measurements were performed on a
VarianTechnology International Fluorimeter using quartz cuvettes. Principal Component analysis was
performed using XLSTAT version 2013.1.01 (32 bit).

2. Synthetic scheme for the preparation of DC

Specific reaction conditions are provided in the experimental procedure section.
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Scheme S1. Synthetic steps for the preparation of DC.
3. Experimental procedures.

Synthesis of compound 3:

To a stirred solution of DABCYL-NHS 2 (0.25 g, 0.068 mmol) in dry dichloromethane (DCM, 1.5 mL)

was added 3,4-dimethoxy benzylamine (0.011g, 0.068 mmol) under argon. The reaction mixture wasSz



stirred at room temperature for 6 h. The solvent was evaporated and the crude reaction mass was sub-
jected to combi-flash column chromatography (silica gel, 1% methanol in DCM) to afford 3 (0.20 g) as
a red solid with 70% yield. *H NMR (300 MHz, CDCls) 7.87 (6H, s), 6.90 (2H, s), 6.84 (1H,d, J=9
Hz), 6.75 (2H, d, J = 9 Hz), 6.48 (1H, s, br), 4.59 (2H, d, J = 6 Hz), 3.87 (6H, s), 3.10 (6H, s); MS
(ESI+): m/z (%) = 419.31 (100) [M+H]", 441.31 (75) [M+Na]", 859.52 (60) [2M+Na]*, 1277.80 (25)

[3M+Na]".
Synthesis of compound 4:

To a stirred solution of 3 (0.20 g, 0.047 mmol) in dry DCM (1.5 mL) was added boron tribromide (0.1g,
0.4 mmol, 400uL of 1M solution of BBr3) under argon at 0 °C. The solution was warmed to room tem-
perature and then stirred for 18 h. The reaction was diluted with DCM (25 mL) and washed with a satu-
rated solution of NaHCOg3 (2 x 5 mL). The organic layer was washed with brine (5 mL) and dried over
anhydrous Na,COs. The solvent was evaporated and the crude reaction mass was subjected to combi-
flash column chromatography (silica gel, 4% methanol in DCM) to afford 4 (0.014 g) as a red solid with
76% yield. '"H NMR (300 MHz, CDCls) 7.94 (2H, d, J = 9 Hz), 7.81-7.85 (4H, m), 6.80 (3H, d, J =9
Hz), 6.67-6.75 (2H, m), 4.45 (2H, s), 3.10 (6H, s); MS (ESI+): m/z (%) = 391.28 (65) [M+H]", 413.28

(45) [M+Na]", 803.49 (40) [2M+Na]".

4. Fluorescence measurements and pattern analysis
Fluorescence measurements were taken in a 3 mm cuvette using an excitation wavelength of 270 nm, an
emission filter of 295-1100 nm, and an excitation and emission slit width of 10 nm. The spectra were

recorded at a rate of 120 nm per min.

4.1. 2-input chemical passwords

The dependence of the fluorescence emission pattern on the sequence of addition (Figure S1 and Figure
3) was demonstrated by adding 1.5 pL of two different saccharides to a methanol solution of 1 (3 uM,

60 pL) in different orders. The mixture was allowed to equilibrate for 6 min after each saccharide ad-S3



dition. Aqueous solutions of D-xylose (1 M), D-glucose (100 mM), galactose (1 M), D-fructose (100
mM), and maltitol (1 M) were used for obtaining the various 2-input chemical passwords. For X and G,
fluorescence experiments were performed in three replicates and principal component analysis (PCA)
was applied to distinguish between the emission patterns generated at seven different wavelengths (304
nm, 326 nm, 397 nm, 421 nm, 449 nm, 496 nm, and 527 nm) in which maximal changes in intensities
were observed (Figure 4, main text). The emission of the pure sensor (none) corresponds to the addition

of only water.
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Figure S1. Changes in fluorescence emission spectra of 1 (3uM) upon the addition of galactose (L,) and D-glucose (G) or D-

fructose (F) and maltitol (M) in different orders. Excitation wavelength: 270 nm.

4.2. 3-input chemical passwords

As a first step toward developing 3-input chemical passwords, solutions of various saccharides were
prepared (3 pL, 100 mM) and each solution was added separately to a solution of 1 (3 uM, 60 pL) in
methanol. Following a 6 min incubation, fluorescence spectra were recorded in four replicates and PCA
was applied to identify chemical inputs that can potentially be used for obtaining 3-digit chemical pass-

words, namely, the saccharides that induced the most distinguishable changes to the emission patterns
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(Figure S2, saccharides 2-12). In addition to maltitol (9) and D-xylose (6), which were selected from

this screening, DC was prepared (Scheme S1) as an additional chemical input.
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Figure S2. PCA mapping of emission patterns generated by a 5 mM solution of various saccharides. 1) None; 2) D-glucose;
3) L-glucose; 4) D-fructose; 5) L-fructose; 6) D-xylose; 7) L-xylose; 8) mannitol; 9) maltitol; 10) lactulose; 11) D-maltose;

12) maltotriose.

The concentrations of maltitol, D-xylose, and DC were systematically modified to obtain the best differ-
entiation between them (Figure 5b) as well as between the 2-input (Figure 5d) and 3-input passwords
(Figure S3, Figure 6 in main text). The final configuration of the molecular keypad lock consisted of a
60 pL solution of 1 (9 uM) in methanol to which a 1 pL solution of each input was added. Following
each addition, the mixture was allowed to equilibrate for 6 min. Solutions of maltitol (3 M) and D-
glucose (1 M) in water, and DC (7.7 mM) in methanol were used in these measurements, as well as for
displacing DC by D-xylose (Figure 5¢). Principal component analysis of the patterns generated at eight
different wavelengths (305 nm, 325 nm, 395 nm, 420 nm, 445 nm, 520 nm, 530 nm, and 540 nm) was
performed using XLSTAT version 2013.1.01 (32 bit). The resulting PCA plot (Figure S3) was applied
to differentiate between the unique chemical passwords (i.e., 111, 122, 212, 231, 223, 311, 222, and

333) and the remaining combinations that resulted in overlapping patterns (Figure S3, groups A-D).
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Figure S3. PCA mapping of emission patterns generated by 50 mM maltitol (1), 17 mM D-xylose (2), and 125 uM DC (3) in
27 different combinations. A, B, C, and D are the groups containing passwords that overlap each other. Group A contains
133, 331, 313, 233, 332, and 323; Group B contains 113, 131, 322, and 232; Group C contains 213, 123, 132, 312, and 321,

and Group D contains 221, 112, 211, and 121.

5. Computational methods

All electronic structure calculations were carried out using GAUssIAN09 RevisioN C.01.5Y Two classes
of electronic structure methods were used. Geometries were initially optimized using the semiempirical
parameter model 6 (PM6).52! PM6 should be sufficient to provide qualitative relative energies. Selected
geometries were then reoptimized using density functional theory (DFT). For the geometry optimiza-
tions, the Perdew-Burke-Ernzerhof (PBE) functional was used.[®® Energies were then calculated with

Adamo and Barone’s hybrid version of this functional (PBE0).>* Density fitting basis sets (DFBS), as
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implemented in GAUssIAN09, B were used in order to improve the computational efficiency of the cal-
culation. Because the use of DFBSs precludes the use of a hybrid DFT exchange-correlation functional,
they were used in conjunction with the PBE functional for the geometry optimizations. Owing to the
rather large size of the system, in order to make the geometry optimizations tractable, the Stuttgart-
Dresden effective core potential-basis set was used on all atoms (denoted as SDDall, excluding hydro-
gen).*® The single-point energies employed Pople’s 6-31G(d,p) basis set.>”! Bulk solvation effects
were approximated in the single-point energy calculations using Marenich and Truhlar’s solvation mod-
el-dispersion (SMD),® which is an empirical reparameterization of the polarizable continuum model
(PCM),B% specifically the integral equation formalism model (IEF-PCM);%*S1% methanol was used as
the solvent. The accuracy of the DFT methods was improved by adding the empirical dispersion correc-
tion as recommended by Grimme.* The older version (DFTD2) s available, with analytical gra-
dients and Hessians, in GAUSSIANO9 and was used during geometry optimizations and frequency calcu-
lations; our version of GAUSSIANO9 was locally modified to allow for its use for any DFT functional ra-
ther than just the limited set included in the commercially available version. The newer, and more accu-
rate, DFTD3 version,’*™ which includes parameters for most of the periodic table, was used as an a
posteriori correction to the PBEO energies obtained from GAuUSSIANQ9; the code written by Grimme was
used.®*? All DFT-optimized structures were characterized as minima by having zero imaginary fre-

quencies. All energies refer to either relative Gibbs free energy (A«G****") or standard reaction Gibbs

free energy (A:G°*") in methanol solution if not stated otherwise.
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6. DFT simulations

The structure of sensor 1 consists of three phenyl boronic acids in the vicinity of the anthracyl (A), dan-
syl (B), or naphtyl (C) units (Figure S4). Accordingly, for our calculation (Tables S1 and S2) we use a
nomenclature that identifies at which sites the sugar is bound (i.e., sites A, B, and/or C) and via which
oxygen atoms of the sugar (Scheme S2, oxygens 1-5). A wealth of experimental and theoretical data on
boronic acid-based receptors indicate that multivalent receptors such as 1 can interact with different sac-
charides in various structural modes depending on the type of receptor, saccharide, solvent, and stoichi-
ometry.>* According to this data, each of the boronic acids on 1 (Figure S4, sites A, B, or C) could bind
to two oxygens on a sugar to form a boronic ester. Alternatively, owing to the chelate effect, individual
sugar molecules should also be able to interact with several boronic acids simultaneously, for example,
at the AB, AC, or BC sites. What further complicates the modeling of such complexes is that the inter-
action with such receptors can also dictate the saccharide's isomerization states (e.g., pyranose or
furanose) and, as a result, its isomerization dynamics.>** Herein, DFT calculations (Table S1 and S2)
were applied to demonstrate that similar processes can occur upon the formation of 1-sacharide com-

plexes and subsequently, provide a proof-of-principle that the order of saccharide binding can affect the

p

system's Kkinetics.

Figure S4. Sensor 1 consists of three sugar bonding sites (A-C) located in the vicinity of anthracyl (A, blue), dansyl (B,

green), and naphthyl (C, pink). The fourth chromophore, fluorene, is shown in purple.
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We calculated the Gibbs free energy (A, ) of different complexes that can be formed upon binding

of 1 to D-glucose or D-xylose (Tables S1 and S2). The structure of 1 was optimized as previously de-

rGZ98,soI

scribed.5*®! Due to the numerous possible interaction modes, for simplicity we calculated A val-

ues of complexes containing only a single saccharide or two molecules of the same saccharide. D-
glucose was modeled in its pyranose form (Scheme S2a), whereas for D-xylose we considered both the

furanose (Scheme S2b) and pyranose isomers (Scheme S2c).
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Scheme S2. Schematic representation and numbering of the oxygen atoms of a-pyr-D-glucose (a) and a-D-xylose in its
furanose (b) and (c) pyranose forms.

Table S1 lists the energy values (A,G***

) obtained for different complexes that can be formed between
D-glucose and 1. Group A contains all possible interaction modes involving a single glucose molecule
and each of the boronic acids on 1, while in group B two boronic acids interact with two glucose mole-
cules via two oxygens on each sugar. Group C contains complexes in which two boronic acids simulta-
neously bind a single glucose molecule via four oxygens. The most stable complex within each group is
highlighted in green. According to these calculations (Table S1), the most stable complex in group A is
sensor-GP-C12 (see Scheme S2a for the numbering of the oxygen atoms of the saccharides) with a
AG*® of -0.5 kJ-mol™. Formation of sensor-GP-A12-GP-C12, which is the most stable complex with
two glucose molecules (A,G*®*° = 3.4 kJ-mol™), does not result in a thermodynamically more stable
product. The most stable structure with A,G>*®%" of -20 kJ-mol™ corresponds to sensor-GP-A45-B12, in
which a glucose molecule bridges two boronic acid centers. This data thus supports the manifestation of

the chelate effect, which was expected from various reports involving multivalent boronic acid-sugar

complexes. 5
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Table S1. The reaction energies of the formation of the sensor-glucose complexes.

Complex AHP3 [k -mol ] AGZH kI -mol™]
Group A sensor-GP-A12? 35.5 20.8
sensor-GP-A45 20.6 8.5
sensor-GP-B12 294 19.9
sensor-GP-B45 115.1 69.2
sensor-GP-C12 20.6 0.5
sensor-GP-C45 78.7 50.7
Group B sensor-GP-A12-GP-B12 90.1 48.6
sensor-GP-A12-GP-B45 82.1 45.8
sensor-GP-A12-GP-C12 58.4 3.4
sensor-GP-A12-GP-C45 96.9 55.9
sensor-GP-A45-GP-B12 113.8 43.6
sensor-GP-A45-GP-B45 67.2 3.9
sensor-GP-A45-GP-C12 99.4 44.4
sensor-GP-A45-GP-C45 104.5 66.8
sensor-GP-B12-GP-C12 106.2 52.8
sensor-GP-B12-GP-C45 94.0 48.4
sensor-GP-B45-GP-C12 113.7 56.3
sensor-GP-B45-GP-C45 83.6 45.8
Group C sensor-GP-A12-B45 131.0 21.1
sensor-GP-A12-C45 227.6 109.1
sensor-GP-A45-B12 69.6 -20.0
sensor-GP-A45-C12 166.8 42.8
sensor-GP-B12-B45 205.5 82.7
sensor-GP-B45-C12 192.6 73.7

* G is glucose and superscript p stands for the pyranose form.

Table S2. The reaction energies of the formation of the sensor-xylose complexes.

Compound AHP K mol!] AGPH [kI-mol™!]
Group A sensor-X'-A12° 103.2 68.0
sensor-X"-A34 67.5 32.7
sensor-X-B12 140.4 81.2
sensor-X'-B34 107.8 70.4
sensor-X'-C12 66.5 40.3
sensor-X'-C34 74.4 43.8
sensor-XP-A34 48.2 24.0
sensor-XP-B34 98.4 67.9
sensor-XP-C34 48.4 14.1
Group B sensor-X-A34-X"-B34 139.9 72.0
sensor-X'-A34-X-C34 76.3 12.2
sensor-X'-B34-X-C34 54.1 2.4
sensor-X'-A34-XP-B34 63.1 1.8
sensor-X'-A34-XP-C34 120.8 52.5
sensor-X'-B34-XP-C34 151.6 74.7
sensor-XP-A34-X-B34 112.4 54.0
sensor-XP-A34-X"-C34 100.3 422
sensor-XP-B34-X"-C34 203.6 125.0
sensor-XP-A34-XP-B34 73.9 30.9
sensor-XP-A34-XP-C34 89.3 373
sensor-XP-B34-XP-C34 148.1 73.8
Group C sensor-X-A12-B34 93.2 7.8
sensor-X-A12-C34 207.2 71.1
sensor-X'-A34-B12 139.6 17.2
sensor-X-A34-C12 147.0 32.0
sensor-Xf—BlZ-C34 243.5 107.7
sensor-X-B34-C12 204.1 81.4
sensor-XP-A12-B34 181.7 60.5
sensor-XP-A12-C34 211.0 102.2
sensor-XP-A34-B12 142.2 36.3
sensor-XP-A34-C12 458.8 354.7
sensor-XP-B12-C34 163.8 61.6
sensor-XP-B34-C12 278.0 153.9
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Similar calculations for different D-Xylose complexes (Table S2) reveal a similar binding trend in
which a single D-xylose molecule preferably interacts with two boronic acids on sites A and B (X"-A12-
B34, A,G**®*° = _7.8 kJ-mol™). This interaction is thermodynamically more stable than the binding of
D-xylose to a single site (X"-C34, AG*®% = 14.1 kJ-mol™), and the binding of two D-xylose mole-
cules at distinct sites (X-B34-X"-C34, A,G**®*°' = -2.4 kJ-mol™). Interestingly, the favorable isomer
within group A involves the pyranose form, whereas in groups B and C it is the furanose isomer that
forms the most stable complex, indicating that the receptor-saccharide interaction can also affect the
sugar isomerization.

Taken together, these calculations (Table S1 and S2) indicate the feasibility of obtaining kinetically
stable complexes upon a sequential addition of saccharides. We can hypothesize, for example, a situa-
tion where D-xylose (X) and D-glucose (G) are sequentially added to the solution of 1 to form a pass-
word: 1. X, 2. G (Scheme 1, main text). As previously discussed, the thermodynamically favored com-
plex of each of these saccharides involves the binding of the sugar at the AB sites. Moreover, the tetra-
valent 1-G complex (A:G°**" = -20 kJ-mol™") was found to be more stable than the tetravalent 1-X com-
plex (Aergg’SO' = -7.8 kI'mol™). Although thermodynamically G should displace the sensor-bound X, it
would have to overcome a large energetic barrier in order to first bind to sites A or B (Table S1, group
1), which have been occupied by X. Therefore, it is likely that G would initially form a complex with
site C to which it has a higher affinity than X (Aerga’soI =-0.5 kJ-mol™), and that the conversion to the
thermodynamic product will occur over a prolonged reaction time. Naturally, in a complex mixture of
two or three saccharides, the displacement rates would largely depend on the saccharide concentration

and the metastable complexes that are formed can involve a wide range of different structures.
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8. XYZ coordinates of the discussed complexes
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