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A B S T R A C T

In this report, a series of glucoimines has been prepared by reaction of d-glucosamine and aromatic aldehydes 
incorporating classical and non-classical carbonic anhydrase pharmacophores. The conformational behavior of 
veratrole glucoimine was studied in solution and in crystalline form, by NMR and X-ray diffraction analysis, 
which revealed that pyranose ring adopted a 4C1 conformation. All glucoimines were tested against four iso
zymes of carbonic anhydrase: hCAs I and II (cytosolic, ubiquitous isozymes) and hCAs IX and XII (tumor-asso
ciated isozymes). In this study, per-O-acetylated and deprotected sulfonamide were identified as potent 
inhibitors of tumor-associated carbonic anhydrase isoforms. Molecular docking simulation was performed inside 
the active site of hCA II to evaluate the binding modes of veratrole and sulfonamide glucoimines. The last ones 
demonstrated the most favorable docking scores, indicating strong binding affinity towards hCAII in correlation 
with experimental inhibition activities. Interestingly, interaction analyses revealed distinct binding modes for 
ligand-hCAII complexes primarily due to the sulfonamide group.

1. Introduction

Imines or Schiff bases, compounds first described by Hugo Schiff, are 
easily prepared by condensation of carbonyl derivatives and primary 
amines [1]. The mechanism involves the nucleophilic addition of the 
amine to the carbonyl group with the formation of a carbinolamine, 
which suffers dehydration to generate the imine [2]. In sugar chemistry, 
a large number of Schiff bases has been described by reaction of 2-amino 
carbohydrates with aldehydes. The first example of these sugar imines 
was described in 1913 [3], and since then, several have been employed 
in stereoselective synthesis and as protective groups [4]. Also, glyco
imines and their complexes have shown biological activities such as 
glucosidase inhibitors and antiproliferative agents [5-9].

Since several years ago our group has been interested in the design of 
glyco-inhibitors of carbonic anhydrase (CA) isozymes [10,11]. CAs 
catalyze one of the most important physiological reactions: the revers
ible hydration of carbon dioxide with the formation of proton and bi
carbonate [12]. Among the 15 different α-CA isoforms known in 
humans, two isozymes, hCAs XI and XII, are upregulated in many hyp
oxic tumors and contribute to the acidic extracellular pH of the tumor 
microenvironment [13]. Consequently, one anticancer therapy has 
focused on the inhibition of these transmembrane isoforms. Our group 
has developed several inhibitors of the tumor-associated CA isozymes by 
attachment of carbohydrate moieties to CA pharmacophores [11,14]. In 
this report we described the synthesis of glucoimines incorporating 
classical (sulfonamide) and non-classical (methoxyaryl and phenol) CA 
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pharmacophores and screened them as CA inhibitors (Fig. 1). We also 
studied their conformational behavior in solution and crystalline form 
and molecular docking study has been performed to shed light on the 
binding modes in the CA active site.

2. Experimental

2.1. Chemistry

2.1.1. General procedure 1: preparation of glucoimines 2 and 6i-iv
Commercially available d-glucosamine hydrochloride 1 (640 mg, 3 

mmol), was poured in a solution of NaHCO3 (330 mg, 3.9 mmol) and 
2.60 mL of water at room temperature. After 5 min and complete 
dissolution, substituted benzaldehyde (3.4 mmol) dissolved in 2.30 mL 
of methanol was poured into the reaction mixture. It was stirred at room 
temperature for 1 hour and then left for 3 h at 0 ◦C. The precipitate was 
filtered, rinsed with cold water and 1:1 methanol/ether, and dried in 
vacuo. The crude material (2, 6ii, and 6ii) was crystallized from ethanol, 
and (6i) from H2O/EtOH.

N-[methoxybenzylidene]-d-glucosamine (2) Yield: 77 %. White solid. 
mp = 154–156 ◦C. 1H NMR (300 MHz, DMSO‑d6): δ 2.76–2.81 (m, 1H, 
CH), 3.10–3.17 (m, 1H, CH), 3.20–3.25 (m, 1H, CH), 3.40–3.52 (m, 2H, 
CH2), 3.70–3.75 (m, 1H, CH), 3.80 (s, 3H, OCH3), 4.54 (t, J = 6.0 Hz, 
1H, OH), 4.69 (d, J = 7.3 Hz, 1H, OH), 4.80 (d, J = 5.7 Hz, 1H, OH), 4.91 
(d, J = 5.0 Hz, 1H, OH), 6.51 (s, 1H, CH), 6.96–7.01 (m, 2H, 2 × ArCH), 
7.66–7.72 (m, 2H, 2 × ArCH), 8.11 (s, 1H, CH); 13C NMR (75 MHz, 
DMSO‑d6): δ 55.7 (O CH3), 61.7 (CH2), 70.8 (CH), 75.1 (CH), 77.3 (CH), 
78.7 (CH), 96.1 (CH), 114.4 (2 × ArCH), 129.6 (ArC), 130.1 (2 × ArCH), 
161.5 (C), 161.7 (C).

N-[3‑methoxy-4-hydroxybenzylidene]-d-glucosamine (6i) Yield: 54 %. 
Yellow solid. mp=166–166.5 ◦C. 1H NMR (500 MHz, DMSO‑d6) δ 9.75 
(s, 1H, OH), 8.04 (s, 1H, CH), 7.33 (d, 1H, J = 1.8 Hz, ArH), 7.12 (dd, 
1H, J = 8.1, 1.9 Hz, ArH), 6.82 (d, 1H, J = 8.0 Hz, ArH), 6.51 (d, 1H, J =
6.0 Hz, OH), 4.91 (m, 1H, OH), 4.78 (s, 1H, OH), 4.70 (dd, 1H, J = 8.1, 
4.6 Hz, H-1), 4.54 (s, 1H, OH), 3.80 (s, 3H, CH3O), 3.73 (m, 1H, H-6a), 
3.49 (dd, 1H, J = 11.5, 5.9 Hz, H-6b), 3.43 (td, 1H, J = 9.1, 8.0, 4.8 Hz, 
H-4), 3.24 (ddd, 1H, J = 9.8, 5.9, 2.1 Hz, H-5), 3.14 (t, 1H, J = 9.2 Hz, H- 
3), 2.78 (dd, 1H, J = 9.3, 7.7 Hz, H-2).13C NMR (126 MHz, DMSO‑d6) δ 
162.14 (C-7), 149.53 (ArC), 148.23 (ArC), 128.51 (ArC), 123.23 (ArC), 
115.57 (ArC), 110.54 (ArC), 96.09 (C-1), 78.68 (C-2), 77.27 (C-5), 75.08 
(C-4), 70.88 (C-3), 61.75 (C-6), 55.98 (CH3O).

N-[3,4-dimethoxybenzylidene]-d-glucosamine (6ii) Yield: 70 %. Pale 
solid. mp = 140-142 ◦C. 1H NMR (500 MHz, DMSO‑d6) δ 8.10 (s, 1H, 
CH), 7.38 (dd, 1H, J = 21.7, 1.9 Hz, ArH), 7.24 (dd, 1H, J = 8.3, 1.9 Hz, 

ArH), 7.01 (d, 1H, J = 8.3 Hz, ArH), 6.53 (s, 1H, OH), 4.94 (m, 1H, OH), 
4.83 (s, 1H, OH), 4.72 (d, 1H, J = 7.7 Hz, H-1), 4.55 (s, 1H, OH), 3.80 (s, 
3H, CH3O), 3.79 (s, 3H, CH3O), 3.75 (d, 1H, J = 2.8 Hz, H-6a), 3.49 (m, 
1H, H-6b), 3.44 (d, 1H, J = 9.1 Hz, H-4), 3.24 (m, 1H, H-5), 3.16 (m, 1H, 
H-3), 2.80 (dd, 1H, J = 9.3, 7.7 Hz, H-2).13C NMR (126 MHz, DMSO‑d6) 
δ 162.02 (C-7), 151.36 (ArC), 149.28 (ArC), 129.70 (ArC), 123.13 (ArC), 
111.56 (ArC), 109.64 (ArC), 96.05 (C-1), 78.70 (C-2), 77.29 (C-5), 75.03 
(C-4), 70.86 (C-3), 61.73 (C-6), 56.00 (CH3O), 55.87 (CH3O).

N-[4-sulfonamidebenzyilidene]-d-glucosamine (6iv) Yield: 76 %. Yel
low solid. Decomposition 150 ◦C. 1H NMR (500 MHz, DMSO‑d6) δ 8.28 
(s, 1H, CH), 7.94 (m, 2H, 2 x ArH), 7.89 (m, 2H, 2 x ArH), 7.43 (s, 2H, 
NH2), 4.96 (m, 1H, OH), 4.76 (d, 1H, J = 7.7 Hz, H-1), 3.74 (dd, 1H, J =
11.7, 2.1 Hz, OH), 3.48 (m, 3H, H-6a,H-6b,H-4), 3.35 (s, 2H, 2 x OH), 
3.27 (ddd, 1H,J = 9.8, 5.9, 2.1 Hz, H-5), 3.18 (t, 1H, J = 9.1 Hz, H-3), 
2.90 (dd, 1H, J = 9.3, 7.7 Hz, H-2).13C NMR (126 MHz, DMSO‑d6) δ 
161.39 (C-7), 146.01 (ArC), 139.38 (ArC), 129.54 (ArC), 128.85 (ArC), 
128.08 (ArC), 126.40 (ArC), 95.90 (C-1), 78.74 (C-2), 77.39 (C-5), 74.77 
(C-4), 70.68 (C-3), 61.66 (C-6).

2.1.2 (1,3,4,6)-Tetra-O-acetil-N-(4-methoxybenzylidene)-d-glucos
amine (3) Portionwise of dry N-[4-methoxybenzylidene]-d-glucosamine 
(1 g, 3.36 mmol) (2) was poured in a mixture of 6.40 mL of anhydrous 
pyridine and 3.20 mL of acetic anhydride cooled in an ice bath under 
continuous stirring. The reaction was kept stirring at 0 ◦C for 2 h. The 
cooling bath was removed, and the mixture was stirred at room tem
perature for an additional 48 h. Then, the yellowish solution was diluted 
with a large amount of water. The white precipitate was filtered off, 
washed with cold water, and dried in vacuo. The crude material was 
crystallized from ethanol.

Yield: 74 %. White solid. Mp: 178 ◦C- 179 ◦C. 1H NMR (500 MHz, 
DMSO‑d6) δ 8.29 (s, 1H, CH), 7.66 (m, 2H, 2 x ArH), 7.00 (m, 2H, 2 x 
ArH), 6.08 (d, 1H, J = 8.2 Hz, H-1), 5.45 (t, 1H, J = 9.7 Hz, H-3), 4.98 (t, 
1H, J = 9.7 Hz, H-4), 4.27 (ddd, 1H, J = 9.8, 4.7, 2.1 Hz, H-5), 4.23 (dd, 
1H J = 12.2, 4.6 Hz, H-6a), 4.02 (dd, 1H,J = 12.3, 2.1 Hz, H-6b), 3.80 (s, 
3H, CH3O), 3.45 (dd, 1H, J = 9.8, 8.2 Hz, H-2), 2.03 (s, 3H, CH3COO), 
1.99 (d, 6H, J = 1.2 Hz, 2 x CH3COO), 1.83 (s, 3H, CH3COO).13C NMR 
(126 MHz, DMSO‑d6) δ 170.49 (CH3COO), 169.89 (CH3COO), 169.44 
(CH3COO), 169.05 (CH3COO), 164.91 (C-7), 162.29 (ArC), 130.38 (2 x 
ArC), 128.73 (ArC), 114.66 (2 x ArC), 92.99 (C-1), 72.80 (C-2), 72.70 (C- 
3), 71.99 (C-5), 68.28 (C-4), 62.12 (C-6), 55.83 (CH3O), 20.99 (CH3CO), 
20.91 (CH3CO),20.91 (CH3CO),20.65 (CH3CO).

2.1.3. 1,3,4,6-Tetra-O-acetyl-β-D-glucosamine (4)
(1,3,4,6)-Tetra-O-Acetyl-N-(4-methoxybenzylidene)-glucosamine 

(1.53 g, 3.28 mmol) (3) was dissolved in 14 mL of acetone, then 0.78 mL 

Fig. 1. View of glucoimine 5ii, showing the labeling of the non-H atoms and their displacement ellipsoids at the 30 % probability level.
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of hydrochloric acid 5 M was added. The mixture was cooled in an ice- 
water bath for a few minutes and 14 mL of ethyl ether was added and 
stirring was kept for 2 h. The white precipitate was filtered and washed 
with cold ethyl ether. The solid is dried at 60 ◦C in vacuo. The product 4 
was crystallized from methanol. Yield: 90 %

2.1.4. General procedure 2: per-o-acetylated glucoimines (5i-iv)
1,3,4,6-Tetra-O-acetyl-β-d-glucosamine (384 mg, 1 mmol) (4), was 

poured into a solution of NaHCO3 (107 mg, 1.27 mmol) and 3.90 mL of 
water at room temperature. After 5 min, substituted benzaldehyde (1 
mmol) dissolved in 0.80 mL MeOH was poured in the reaction mixture. 
It was stirred at room temperature for 3 h. The formed precipitate was 
filtered, rinsed with cold acetone, and dried under in vacuo. The crude 
material (5i,5iii, and 5iv) was purified by chromatographic column (1:1 
hexane:ethyl acetate), or (6ii) was crystallized from ethanol.

(1,3,4,6)-Tetra-O-Acetyl-N-(3-Methoxy-4-hydroxybenzylidene]- 
Glucosamine (5i) Yield: 36 %. Sticky colorless solid. 1H NMR (500 MHz, 
DMSO‑d6) δ 8.71 (s, 1H, OH), 8.63 (s, 1H, CH), 7.84 (d, 1 h J = 1.8 Hz, 
ArH), 7.68 (dd, 1H, J = 8.1, 1.8 Hz, ArH), 7.34 (d, 1H, J = 8.1 Hz, ArH), 
6.48 (d, 1H, J = 8.3 Hz, H-1), 5.91 (t, 1H, J = 9.6 Hz, H-3), 5.54 (t, 1H, J 
= 9.8 Hz, H-4), 4.79 (dd, 1H, J = 12.3, 4.6 Hz, H-5), 4.64 (ddd, 1H, J =
10.0, 4.6, 2.3 Hz, H-6a), 4.57 (m, 1H, H-6b), 4.32 (s, 3H, CH3O), 3.90 
(dd, 1H, J = 9.8, 8.2 Hz, H-2), 2.49 (s, 3H, CH3COO), 2.46 (s, 3H, 
CH3COO), 2.45 (s, 3H, CH3COO), 2.30 (s, 3H, CH3COO).13C NMR (126 
MHz, DMSO‑d6) δ 170.25 (CH3COO), 169.77 (CH3COO), 169.28 
(CH3COO), 168.79 (CH3COO), 165.09 (C-7), 150.43 (ArC), 148.20 
(ArC), 128.69 (ArC), 123.98 (ArC), 115.26 (ArC), 110.37 (ArC), 93.51 
(C-1), 73.38 (C-2), 73.38 (C-3), 72.90 (C-5), 68.71 (C-4), 62.30 (C-6), 
55.76 (CH3O), 20.24 (CH3CO), 20.22 (CH3CO), 20.19 (CH3CO), 20.07 
(CH3CO).

1.1.4.2 (1,3,4,6)-Tetra-O-Acetyl-N-(3,4-dimethoxybenzylidene]- 
Glucosamine (5ii). Yield: 48 %. White solid. Mp=174.5–175.5 ◦C. 1H 
NMR (500 MHz, DMSO‑d6) δ 8.26 (s, 1H, CH), 7.27 (m, 2H, 2 x ArH), 
7.03 (d, 1H, J = 8.8 Hz, ArH), 6.10 (d, 1H, J = 8.3 Hz, H-1), 5.48 (t, 1H, J 
= 9.7 Hz, H-3), 4.98 (t, 1H, J = 9.7 Hz, H-4), 4.28 (ddd, 1H,J = 9.7, 4.6, 
2.1 Hz, H-5), 4.23 (dd, 1H, J = 12.3, 4.6 Hz, H-6a), 4.02 (dd, 1H,J =
12.3, 2.1 Hz, H-6b), 3.80 (s, 3H, CH3O), 3.76 (s, 3H, CH3O), 3.45 (dd, 
1H, J = 9.7, 8.3 Hz, H-2), 2.03 (s, 3H, CH33COO), 2.00 (s, 3H, CH3COO), 
1.99 (s, 3H, CH3COO), 1.83 (s, 3H, CH3COO).13C NMR (126 MHz, 
DMSO‑d6) δ 170.50 (CH3COO), 169.91 (CH3COO), 169.46 (CH3COO), 
169.07 (CH3COO), 165.16 (C-7), 152.16 (ArC), 149.38 (ArC), 128.85 
(ArC), 123.39 (ArC), 111.82 (ArC), 109.95 (ArC), 92.97 (C-1), 72.81 (C- 
2), 72.78 (C-3), 71.95 (C-5), 68.30 (C-4), 62.12 (C-6), 56.09 (CH3O), 
55.91 (CH3O), 21.00 (CH3CO), 20.95 (CH3CO), 20.91 (CH3CO), 20.68 
(CH3CO).

(1,3,4,6)-Tetra-O-Acetyl-N-(4-hydroxybenzylidene]-Glucosamine (5iii) 
Yield: 30 %. White solid. Mp=176–178 ◦C. 1H NMR (500 MHz, 
DMSO‑d6) δ 9.36 (s, 1H, OH), 8.72 (s, 1H, CH), 8.08 (m, 2H, 2 x ArH), 
7.34 (m, 2H, 2 x ArH), 6.47 (d, 1H, J = 8.3 Hz, H-1), 5.90 (t, 1H, J = 9.6 
Hz, H-3), 5.54 (t, 1H, J = 9.8 Hz, H-4), 4.78 (dd, 1H, J = 12.2, 4.6 Hz, H- 
5), 4.63 (ddd, 1H, J = 10.1, 4.7, 2.2 Hz, H-6a), 4.57 (dd, 1H, J = 12.3, 
2.3 Hz, H-6b), 3.89 (dd, 1H, J = 9.8, 8.3 Hz, H-2), 2.49 (s, 3H, CH3COO), 
2.46 (s, 3H, CH3COO), 2.45 (s, 3H, CH3COO), 2.30 (s, 3H, CH3COO).13C 
NMR (126 MHz, DMSO‑d6) δ 170.25 (CH3COO), 169.77 (CH3COO), 
169.24 (CH3COO), 168.76 (CH3COO), 164.86 (C-7), 160.87 (2 x ArC), 
130.71 (ArC), 128.33 (ArC), 115.90 (2 x ArC), 93.51 (C-1), 73.39 (C-2), 
73.37 (C-3), 72.91 (C-5), 68.70 (C-4), 62.29 (C-6), 20.23 (CH3CO), 
20.19 (CH3CO), 20.19 (CH3CO), 20.04 (CH3CO).

(1,3,4,6)-Tetra-O-Acetyl-N-(4-sulfonamidebenzylidene]-Glucosamine 
(5iv) Yield: 30 %. Sticky colorless solid. 1H NMR (500 MHz, DMSO‑d6) δ 
8.97 (s, 1H, CH), 8.41 (m, 4H, 4 x ArH), 7.15 (s, 2H, NH2), 6.55 (d, 1H, J 
= 8.2 Hz, H-1), 5.97 (t, 1H, J = 9.6 Hz, H-3), 5.57 (t, 1H, J = 9.8 Hz, H- 
4), 4.79 (dd, 1H, J = 12.3, 4.7 Hz, H-5), 4.68 (ddd, 1H, J = 10.0, 4.7, 2.3 
Hz, H-6a), 4.58 (dd, 1H, J = 12.3, 2.3 Hz, H-6b), 4.04 (dd, 1H,J = 9.8, 
8.2 Hz, H-2), 2.49 (s, 3H, CH3COO), 2.47 (s, 3H, CH3COO), 2.45 (s, 3H, 
CH3COO), 2.31 (s, 3H, CH3COO).13C NMR (126 MHz, DMSO‑d6) δ 
170.24 (CH3COO), 169.76 (CH3COO), 169.28 (CH3COO), 168.72 
(CH3COO), 164.52 (C-7), 146.93 (ArC), 139.18 (ArC), 129.21 (2 x ArC), 
126.87 (2 x ArC), 93.22 (C-1), 73.43 (C-2), 73.01 (C-3), 72.98 (C-5), 
68.56 (C-4), 62.25 (C-6), 20.22 (CH3CO), 20.18 (CH3CO), 20.14 
(CH3CO), 20.01 (CH3CO).

Scheme 1. Synthesis of per-O-acetylated and deprotected glucoimines.

Table 1 
Selected torsion angles (in degrees) of glucoimine 5ii and ideal 4C1 pyranose 
ring.

Torsion angle 5ii 4C1
[30]

O5-C1-C2-C3 48.4 60
C1-C2-C3-C4 −43.8 −60
C2-C3-C4-C5 49.6 60
C3-C4-C5-O5 −59.3 −60
C1-O5-C5-C4 68.5 60
C5-O5-C1-C2 −63.6 −60
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2.2. X-ray diffraction analysis

The X-ray diffraction (XRD) structure of compound 5ii was solved. 
The measurements were performed on a Rigaku-Oxford, Gemini, Eos 
CCD diffractometer with graphite-monochromated CuKα (λ = 1.54184 
Å) radiation. X-ray diffraction intensities were collected (ω scans with ϑ 
and κ-offsets), integrated, and scaled with CrysAlisPro [15] suite of 
programs. The unit cell parameters were obtained by least-squares 
refinement (based on the angular setting for all collected reflections 
with intensities larger than seven times the standard deviation of mea
surement errors) using CrysAlisPro. Data were corrected empirically for 
absorption employing the multi-scan method implemented in CrysA
lisPro. The structure was solved by intrinsic phasing with SHELXT [16] 
and the molecular model refined with SHELXL [17]. Most H-atoms were 
found at approximated positions in a difference Fourier map phased on 
the heavier atoms. However, they were positioned geometrically at their 
expected locations and refined with the riding model. The methyl 
H-atoms were treated as rigid groups allowed to rotate during the 

refinement around the corresponding C–CH3 bonds such as to maxi
mize the sum of the residual electron density at the hydrogen calculated 
positions. All -CH3 groups converged to staggered rotational 
conformations.

2.3. Inhibition of carbonic anhydrase isozymes

An Applied Photophysics stopped-flow instrument has been used for 
assaying the CA catalyzed CO2 hydration activity as reported by Khali
fah [18]. Phenol red (at a concentration of 0.02 mM) has been used as 
indicator, working at the absorbance máximum of 557 nm, with 20 mM 
Hepes (pH 7.5) as buffer, and 20 mM Na2SO4 (for maintaining constant 
the ionic strength), following the initial rates of the CA-catalyzed CO2 
hydration reaction for a period of 10–100 s. The CO2 concentrations 
ranged from 1.7 to 17 mM for the determination of the kinetic param
eters and inhibition constants. For each inhibitor, at least six traces of 
the initial 5–10 % of the reaction have been used for determining the 
initial velocity. The uncatalyzed rates were determined in the same 
manner and subtracted from the total observed rates. Stock solutions of 
inhibitor (0.1 mM) were prepared in distilled–deionized water and di
lutions up to 0.01 nM were done thereafter with distilled–deionized 
water. Inhibitor and enzyme solutions were preincubated together for 
15 min at room temperature prior to assay, in order to allow for the 
formation of the E-I complex. The inhibition constants were obtained by 
non-linear least-squares methods using PRISM 3, and the Cheng-Prussoff 
equation [19] as reported earlier, and represent the mean from at least 
three different determinations.

Fig. 2. 1H NMR of glucoimine 5ii.

Table 2 
Experimental and calculated coupling constants of compound 5ii.

5ii Calculateda,[31]

JH1,H2 8.3 7.1
JH2,H3 9.7 9.1
JH3,H4 9.7 7.2
JH4,H5 9.7 8.5
JH5,H6S 4.6 8.4
JH5,H6R 2.1 1.6

a) Calculated from the torsion angles of 5ii in the crystalline form.
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2.4. Computational methodology

The three-dimensional structure of hCAII the target protein (PDB ID: 
3K34 [20]) was retrieved from the Protein Data Bank. The protein 
structure was subjected to essential preprocessing tasks using the 
Dockprep tool of UCSF Chimera, including the removal of water mole
cules, addition of hydrogen atoms, and optimization of the hydrogen 
bonding network. Any co-factors, except Zn2+ cation, were also 
eliminated.

The ligands’ structures selected for docking were built with Avoga
dro molecular editor [21] and optimized with OpenMOPAC 22.1.1 [22], 
using the semiempirical method PM7. The structures were processed 
using Meeko [23] to generate pdbqt files. The pdbqt format contains the 
information required by the protein-ligand docking software AutoDock; 
in addition to coordinates and atom types of a pdb file, it includes 
charges and rotatable bonds.

The docking simulations were carried out with AutoDock4 using 
AutoDockZn force field [24], a variant for docking studies involving 
Zn-containing proteins. The grid box was set up with 56, 62, and 64 
points in the x, y, and z axis, with a spacing of 0.375 Å, and center in 
−6.14, 1.87, 17.19 (3K34 cartesian system). AutoGrid 4.2.7, included in 
the AutoDockFR suite [25], was used to generate grid maps, and Auto
dock Vina 1.2.5 [26], which is compatible with Autodock4, to run the 
docking exploration. The exhaustiveness was set to 32, while the other 
parameters were set to their default values.

Finally, the ligand-protein complexes were subjected to detailed 
analysis using PoseEdit [27], a software tool for visualizing and 
analyzing molecular interactions. PoseEdit facilitated the identification 
and characterization of key interactions, including hydrogen bonds, 
hydrophobic contacts, and metal-ligand coordination, within the docked 
complexes.

3. Results and discussion

The deprotected glucoimines 6 were synthesized by condensation d- 
glucosamine (1) with aromatic aldehydes incorporating the methoxy or 
sulfonamide functionality at room temperature in basic medium as 
outlined in Scheme 1. The glycoside 6iii could not be obtained under the 
conditions described. The per-O-acetylated glucoimines 5 were pre
pared by a sequence starting with the N-[methoxybenzylidene]-d- 
glucosamine 2. The imine 2 was acetylated using acetic anhydride in the 
presence of pyridine to afford the peracetylated derivative 3. Treatment 
of glycoside 3 with hydrochloric acid in acetone afforded the acetylated 
d-glucosamine 4, which was reacted with the aromatic aldehydes to 
prepare the acetylated glucoimines 5. All the imines have been purified 
by crystallization and/or flash chromatography and fully characterized 
by 1H and 13H NMR. It is interesting to note that in the NMR spectra of 
imines 5 and 6 only β-anomers could be detected (see Supplementary 
information). Crystallization of acetylated glucoimine 5ii from ethanol 
afforded single-crystals suitable for X-ray analysis.

Thus, we solved the X-ray diffraction (XRD) structure of the glyco
imine 5ii (Fig. 1 and supplementary material). It crystallizes in the 
monoclinic space group P21 with two molecules per unit cell. The 
structures were solved from 2310 reflections with I > 2σ(I) and refined 
to an agreement a R1-factor of 0.0786. The absolute structure, and 
therefore the chirality of its stereo genic centers, was determined from X- 
ray anomalous dispersion. To enhance our understanding of the glu
coimine’s conformation behavior in solution, we also performed the 
NMR analysis in DMSO.

For glucoimine 5ii, the pyranose ring adopted a slightly distorted 4C1 
conformation as evidenced by the Cremer Pople parameters 
(φ=320.380◦; θ=12.95◦, Q = 0.561) [28]. These parameters are 
employed to characterize the conformation of rings using spherical polar 
coordinates obtained from the Fourier transform of the puckering co
ordinates [29]. Upon close examination of endocyclic torsion angles of 
the pyranose (Table 1), it is evident that τ(C1–O5–C5–C4), 
τ(C5–O5–C1–C2), and τ(C3–C4–C5–O5) dihedral angles are around the 
ideal value for a 4C1 conformation [30], thus showing that the major 
distortion in the ring occurs in C-2. It should be explained in terms of the 
spatial disposition of the imine group. It is noteworthy that in the 
solid-state structure elucidated for 5ii, the plane containing the imine 
functionality is approximately perpendicular to the mean plane of the 
pyranose ring. This means that the imino group takes on a favored 
orientation in relation to the pyranose ring, with its lone pair on nitrogen 
parallel to the axial substituents of the sugar moiety. This orientation 

Fig. 3. Carbonic anhydrase inhibition profile of compounds 5iv and 6iv.

Table 3 
Docking scores with hCAII (PDB 3K34) using 
AutodockZN as force field.

Compound Score

5ii −7.9
6ii −5.4
5iv −10.2
6iv −9.3
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leads to a syn arrangement of hydrogen of C-2 and the one of the imine 
group and as consequence, the H-2 suffers a large deshielding effect 
(3.45 ppm) as can be seen in the 1H NMR spectra (Fig. 2).

The three bond 1H–1H coupling constants were used to compare the 
conformations adopted in the solid state and solution (Table 2). The 
corresponding J value was calculated using the Karplus equation 
modified by Altona [31]. A close examination of J values showed that 
the acetoxymethyl, acetyl, and imine groups are attached by an equa
torial linkage to the glucopyranosyl ring, which confirms the 4C1 
conformation of the sugar ring in solution (in DMSO). The differences 
found could be attributed to molecular distortions by crystal packing 
forces and the presence of isomers for rotation (rotamers) about the 
C5-C6 bond in solution. Conformational behavior about the C5–C6 bond 
in glycosides leads to three staggered orientations namely gauche-gauche 
(gg), trans-gauche (tg), and gauche-trans (gt). Glucoimine 5ii shows a 
preference for the gt conformation in the solid state. In solution, the 
population of rotamers about C5-C6 can be determined using the 
coupling constants JH5,H6S, JH5,H6R, and JH6R-H6S and the correlations 
developed by Ohrui [32]. The use of these equations allowed us to es
timate that 5ii exhibits a preference for gg rotamer in solution (gg:gt:tg 
66:31:3). Conformational differences between the solid state and solu
tion can be attributed to the adoption of a more compact molecular 
structure in the gt conformation, resulting in improved crystal packing.

The inhibitory activities of glucoimines 2, 3, 5, and 6 against cyto
solic isoforms hCA I and II, as well as the membrane-associated isoforms 
hCA IX and XII, were assayed by using stopped flow assay method and 
acetazolamide as standard inhibitor drug. Only the glucoimines 5iv and 
6iv incorporating the sulfonamide group showed activity against the CA 
isozymes (Fig. 3 and supplementary information). These findings were 
unexpected as our previous research has demonstrated that attaching 
carbohydrate moieties to CA methoxyaryl or phenol pharmacophores 
improves and/or enhances its inhibitory activity [11,14].

In designing CA inhibitors, a crucial factor to consider is the speci
ficity for inhibiting the tumor-related isoforms (hCA IX and XII) in 
comparison to the commonly found cytosolic forms (hCA I and II). 
Glycosides 5iv and 6iv showed very good inhibition against cancer- 
related isozymes, however, no selectivity was found in the inhibition 
of hCA IX and hCA II (Fig. 3). The physicochemical properties of our 
glucoimines could overcome this lack of selectivity. The design of in
hibitors that do not permeate the cell membrane is essential in devel
oping anti-cancer compounds that selectively target the membrane- 
bound isoforms hCA IX and hCA XII, as opposed to the widely distrib
uted isoform CA II. The calculated mLogP parameter usually shows a 
strong correlation with experimental permeability data [33]. Molecules 
with mLogP values ranging from 1 to 3 generally exhibit good passive 
membrane permeability, while those with mLogP values below 0 are 

Fig. 4. The best docking pose of the ligands with hCAII (PDB 3K34): A) 5ii, B) 6ii, C) 5iv, D) 6iv. Zinc cation is represented as a gray sphere, and ligand and 
neighboring residues are highlighted in stick format. The images were generated using PyMOL [Retrieved from http://www.pymol.org/pymol].
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more likely to have limited ability to penetrate cell membranes. Calcu
lated mLogP value of −1.45 [34] for the glucoimine and 6iv show that 
the poor passive membrane permeability of the deprotected imine 
would favor the preferential inhibition of CAs IX and XII over ubiquitous 
cytosolic hCA II. It should be noted that compound per-O-acetylated 
glucoimine 5iv may be used as ester prodrug for oral delivery. Once 
in the body, the acetate groups of 5iv could be readily hydrolyzed by 
ubiquitous esterases resulting in the formation of the compound 6iv, 
which will reach the tumor cell.

Docking simulations were performed for selected compounds vera
trole glucoimines 5ii and 6ii and sulfonamide glucoimines 5iv and 6iv 
with hCAII using AutoDockZn scripts and force field, which was cali
brated on a data set of 292 crystal complexes containing zinc [24].

The obtained scores are summarized in Table 3. Remarkably, there is 
a correlation between the docking scores (more negative, more favor
able) and the experimental inhibition activity against hCAII presented 
by the compounds.

The 3D structure of ligand-hCAII complexes shown in Fig. 4, com
plexes and interaction analyses (Fig. 5) revealed a main difference be
tween 5ii and 6ii, with respect to 5iv and 6iv: the latter showing an 
interaction of the sulfonamide group with Zn2+cation. The position of 
the sulfonamide group in the active site is similar to that found in other 
CAIs possessing the same pharmacophore. This difference also causes 
the carbohydrate moiety to be oriented towards the outside of the active 
site in the case of 5iv and 6iv, exposed to the solvent, while in 5ii and 6ii 

they were oriented towards the inside of the pocket.
On the other hand, it should be noted that all four ligands showed 

hydrogen bonding interactions with Thr199 and Thr200, residues in the 
deep part of the catalytic pocket.

4. Conclusion

In conclusion, a series of glucoimines has been prepared by 
condensation of d-glucosamine and aromatic aldehydes incorporating 
classical and non-classical CA pharmacophores. It was possible to study 
the conformational behavior in solution and in the crystalline form of 
veratrole derivative 5ii by NMR and X-ray diffraction analysis showing 
that the sugar ring has essentially the same 4C1 conformation. All glu
coimines were tested against four isozymes of carbonic anhydrase 
comprising hCAs I and II (cytosolic, ubiquitous isozymes) and hCAs IX 
and XII (tumor-associated isozymes). In this study, per-O-acetylated 
glucoimine 5iv and deprotected compound 6iv, both incorporating 
the sulfonamide moiety, were identified as potent inhibitors of carbonic 
anhydrase isozymes. Molecular docking simulation was performed in
side the active site of hCA II to evaluate the binding modes of selected 
compounds. Promising compounds 5iv and 6iv demonstrated the most 
favorable docking scores, indicating strong binding affinity towards 
hCAII and in correlation with experimental inhibition activities. Inter
estingly, the interaction analyses of ligand-hCAII complexes showed 
distinct binding modes between 5ii/6ii and 5iv/6iv, primarily due to 

Fig. 5. 2D ligand interaction diagrams for selected ligands with hCAII (PDB 3K34): (A) 5ii, (B) 6ii, (C) 5iv, (D) 6iv. Analyses were done using PoseEdit [27].
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the sulfonamide group.
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