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Abstract: In this study, a series of novel ursolic acid (UA) derivatives were designed and
synthesized successfully via conjugation of hydrophilic and polar groups at 3-OH and/or 17-COOH
position. Molecular docking studies were carried out with the binding of UA and acabose in the
active site of a-glucosidase, in order to prove that the hydrophilic/polar moieties can interact with
hydrophobic group of catalytic pocket and form hydrogen bonds. The bioactivities of these
synthesized compounds against o-glucosidase were determined in vitro. Kinetic studies were
performed to determine the mechanism of inhibition by compounds 3, 4, 10 and 11. The results
indicated that most of the target compounds have significant inhibitory activity, and the compound
3, 4, 10 and 11were potent inhibitors of a-glucosidase, with the ICsy values of 0.149 + 0.007, 0.223
+ 0.023, 0.466 £ 0.016 and 0.298 £ 0.021uM, respectively. These compounds were more potent
than parent compound and acarbose. The kinetic inhibition studies revealed that compound 3 and 4
were mix-type inhibitors while compound 10 and 11 were non-competitive inhibitors. Furthermore,
the molecular docking studies for these two kinds of compounds suggested that free carboxylic
group at either C-3 or C-28 position could remarkably improve inhibitory activity. It is noteworthy
that the exploration of relationship between hydrophilic and polar groups of these structures and the
hydrophobic group in catalytic pocket is benefited from our rational design of potent a-glucosidase
inhibitor.

Keywords: a-glucosidase inhibition; hydrophilic; hydrogen bonds; molecular docking; synthesis;
Ursolic acid derivatives

1. INTRODUCTION

Diabetes mellitus, which is characterized as a consequence of genetically based predisposition
and dietary indiscretion, is a chronic metabolic disease occurred by multifactorial disordering,
resulting in hyperglycemia ', Type 2 diabetes (non-insulin dependent DM) is a metabolic disease
characterized by insulin resistance and insulin deficiency . Type 2 diabetes (T2D) is induced by a
combination of factors, including lifestyle and genetic factors. Today, T2D is a serious health
concern for its escalating prevalence worldwide and high morbidity and mortality associated with
diabetic complications *!. Postprandial hyperglycemia contributes much to the overall glycemic
control in T2D patients. Several therapeutic approaches have been proposed since modulation of
postprandial hyperglycemia is shown to play crucial role in the treatment and prevention of diabetes
and its complications, including the use of a-glucosidase inhibitors to delay the digestion and
absorption of carbohydrates ' 7 and protein tyrosine phosphatase 1B (PTP1B) inhibitors to
modulate insulin receptor phosphorylation, along with insulin therapy to reduce hyperglycemia and
maintain normoglycemia .

Ursolic acid (UA, 3b-hydroxy-urs-12-en-28-oic acid, 1) is pentacyclic triterpene acid existing
abundantly in plant kingdom. Ursolic acid and its derivatives have been reported to have interesting
bioactivity, including anti-HIV ), antihepatodamage """, antimalarial !"!), antitumor "*** protein
tyrosine phosphatase 1B inhibition 8. 151 The bioactivity of UA has attracted the attention of
researchers who aim to develop natural biological agents. UA is constituted by a rigid pentacyclic
skeleton, which is highly hydrophobic and makes UA poorly water-soluble. The bioavailability and
therapeutic application in clinical medicine are limited by this property. As an effective nature
compound, considerable structure modifications of UA at the 3-OH or 17-COOH positions have
recently been widely investigated. It is expected that incorporation of polar and hydrophilicity
moieties onto the C-3 or C-28 position might improve the bioactivity and thus clinical utility. Very
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81  recently, there have been some reports about the evaluation of a series of quaternary ammonium salt
82  derivatives of pentacyclic triterpene acids for their anti-cancer activities which pointed out that the
83  cytotoxic activities of these compounds were correlated with their hydrophilicity !'* ', In our lab,
84  Wu has studied and shown that UA has a positive effect on lowing blood glucose levels and curing
85  diabetic complications in diabetic mice "l Moreover, the structure activity relationship
86  demonstrated that a hydrogen donor group at either position 3-OH and/or 17-COOH was essential
87  for cytotoxic activity, and a significant improvement in cell growth inhibition "', In our studies, we
88 focused on the anti-diabetic properties of UA derivatives by improving its activity and
89  bioavailability through chemical modification of UA at the 3-OH or 17-COOH positions conducted
90  with conjugation with hydrophilicity and polar moieties following our docking studies.
91 Thus, our strategy has been to design effective a-glucosidase inhibitors as antidiabetic drugs
92 not only showing strong inhibitory effects against a-glucosidase but also bioavailability of UA
93  derivatives by inserting hydrophilicity and polar moieties onto UA so as to make them be potential
94  oral drugs. As part of our research program aimed at developing new potent and selective
95  a-glucosidase inhibitors, we specifically sought to design in a rational way UA derivatives
96 conjugated with hydrophilicity and polar moieties binding with protein of a-glucosidase with a high
97  degree of binding affinity. And we reported that the synthetic compounds 3, 4, 10 and 11 were more
98 active inhibitors of a-glucosidase than the natural product UA. In addition, the introduction of a free
99  carboxylic acid group at either C-3 position or C-28 position led to an improved enzyme inhibition.
100  We also studied the kinetic inhibition of active compounds. Furthermore, we highlighted in detail
101  various mechanisms by which ursolic acid interacted with a-glucosidase and the relationship
102 between molecular simulation and in vitro inhibitory activity.
103
104 2. RESULTS AND DISCUSSION
105  2.1. Molecular design
106
107 As most of the biological testing of a-glucosidase inhibitors results were carried out on
108  Saccharomyces cerevisiae, the 3D structure of protein is demanded for an investigation of the
109  binding mode of ursolic acid derivatives within a-glucosidase structure. Although the 3D structure
110  of protein is not available by now, the homology modeling of the protein has already been reported
111 in several publications. The homology modeling method was used like that of previous researches
112 to conduct the 3D structure of the a-glucosidase. The structure of oligo-1, 6-glucosidase from
113 Saccharomyces cerevisiac (PDB:1UOK) was chosen as template and the sequence alignments
114  between the template and a-glucosidase disclosing their sequence identity and similarity were 38.0%
115  and 62.0%, respectively. These sequence alignments indicated that 3D structure of a-glucosidase
116  can be expected in the homology modeling ',
117 The rational design of novel a-glucosidase inhibitors should be carried out for an insight into
118  the most conceivable binding conformation of acarbose. As is shown in Figure 1, acarbose revealed
119  high binding affinity with the protein whose binding free energy was calculated to be -9.13
120 kealmol™. This binding mode was probably owing to the large number of hydroxyl groups of
121 acarbose as well as hydrophobic interaction. Indeed, this docking analysis predicted that acarbose
122 with the active site residues afforded important information of catalytic site which was formed into
123 hydrogen bonds with ASP60, GLN167, SER222, GLU255, LYS293, ASP329 and ARG415 residues.
124  These observations suggested that it was possible to improve the binding affinity between ligand

125 and a-glucosidase by inserting the hydrophilic or polar moieties ** .
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126 Therefore, here we selected UA as the parent compound as established blocks to evaluate how
127  the conjugation between UA and hydrophilic groups would bind with the a-glucosidase
128  (PDB:1UOK). UA is composed by a strict pentacyclic skeleton, which is highly hydrophobic and
129  makes UA poorly water-soluble. Although UA possesses a hydroxyl group at C-3 position and a
130  carboxy group at C-28 position, a large surface area of hydrophobic environment of UA is less
131 affected by these two hydrophilic moieties. The binding mode of UA with a-glucosidase is depicted
132 in Figure 1. The analysis of interaction between UA and catalytic pocket is similar to that of
133 acarbose, which showed that 3-OH group of UA interacts with GLU255 and ASP329 through
134  hydrogen bonds, as well as a hydrogen bond interaction between 17-COOH group and SER222.
135  Compared with acarbose, UA whose binding free energy was calculated to be -4.17 kealmol™ was
136 possessed with lower binding affinity with a-glucosidase than acarbose.

137 These observations of the binding modes raised our inspiration of forming hydrogen bonds
138  with ligand in the active site of protein as a possible way of improving the binging affinity. With the
139  aim of enhancing hydrophilicity of UA, we have made some modifications by inserting polar or
140  hydrophilic moieties at 3-OH and 17-COOH position of UA to obtain certain long hydrophilic
141 group of UA derivatives which may raise the possibility to afford more potent a-glucosidase
142 inhibitors.

143

144 2.2. Chemistry

145

146 Based on the above docking studies, we designed and synthesized ursolic acid derivatives 2-20.

147  For a purpose of achieving a series of UA derivatives conjugated with hydrophilic moieties that
148  coupled with long flexible spacers, structural modifications were made at the 3-OH and 17-COOH
149  position, with the UA as lead compound. The synthetic routes are outlined in scheme 1, 2 and 3.

150 The synthesis of 2-6 is summarized in scheme 1. Ursolic acid (1) was benzylated with benzyl
151  chloride and potassium carbonate in N, N-dimethylformamide gave benzyl ester 2. The compound 2
152 was then acylated by use of succinic acid anhydride and glutaric anhydride afforded the
153  corresponding carboxylic acids 3 and 4 respectively. Debenzylation of 3 and 4 by hydrogenolysis
154  over Pd/C in THF yielded 5 and 6, respectively. Reaction of UA with ethyl bromoacetate in the
155  presence of potassium carbonate in N, N-dimethylformamide was esterified to give ester 7.
156  Saponification of 7 with sodium hydroxide in a mixture of tetrahydrofuran and methanol gave the
157  corresponding carboxylic acids 8, which was treated with different anhydrides to afford compounds
158  9-11 (scheme 2).

159 According to our previous studies ") ursolic acid was successively esterified in anhydrous
160  pyridine with Propionic anhydride to form its 3-O-Propionate 12, which was treated with oxalyl
161  chloride to give the 28-acyl chloride. Condensation of this intermediate with various amino
162  compounds in the presence of triethylamine and dichloromethane afforded compounds 13-20
163 (scheme 3). The structures and purities of target compounds were characterized by electrospray
164  ionization mass spectrometry (ESI-MS), '"H NMR, *C NMR, high-resolution mass spectrometry
165 (HRMS) and elemental analysis (EA).

166

167  2.3. Biological activity

168  2.3.1. a-glucosidase inhibitory activity

169

170 All the target compounds of ursolic acid derivatives were evaluated in vitro against

17]
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a-glucosidase from baker’s yeast, which was conducted to screen compounds with antidiabetic
activity. The a-glucosidase inhibitory assay was performed according to the method described by
Worawalai et al *2 with slight modification. The a-glucosidase (0.1 U/mL) and substrate (1 mM
p-nitrophenyl-a-D-glucopyranoside) were prepared in 0.1 M phosphate buffer solution (pH=6.8), as
a simulation model of intestinal fluid. A stock solution of synthesized target compounds dissolved
in DMSO at concentration from 0.05 pM-500 uM containing appropriate concentration of enzyme
solution were pre-incubated at 37 °C for 10 min. The enzymatic reaction was initiated by adding
substrate and incubated at 37 °C for 30 min, and then the catalytic reaction was terminated by
addition of a I M Na,COj solution. Enzymatic activity was quantified by measuring the absorbance
at 405 nm with a Multi-model Plate Reader (Infinite 200). All the tests were run in duplicate and
results were illustrated in Table 1 and Figure 2. The ICsy data demonstrated that the tested
compounds inhibited a-glucosidase with ICsy values ranging from 0.149 pM-30.374 uM and most
of them had lower ICs value than UA and positive control against a-glucosidase, suggesting that
the ursolic acid derivatives had significant effects on the inhibitory potencies.

Within this series of target compounds, compound 3 exhibited strong inhibitory activity against
yeast a-glucosidase (IC50=0.149 + 0.007 uM) which bore free carboxylic acid group of succinyl
group at C-3 position. And the compound 4 showed potent inhibitory activity against yeast
a-glucosidase (ICs5y=0.223 + 0.023 uM) which bore free carboxylic acid group of glutaryl group at
C-3 position. As a result, compound 3 and 4 were 37 and 25 times more potent than their parent
compound UA in enzyme inhibition activity. Interestingly, when compound 5 and 6 were
deprotected by debenzylating which gave free carboxyl group at C-28 position, they would decrease
potency by about 37-fold and 28-fold, respectively. According to the assay result, compound 9, 10
and 11, which bore long flexible carboxylic acid group at C-28 position and were protected by
different anhydrides at C-3 position have more potent inhibitory activity against yeast a-glucosidase
whose ICsy were 2.17 + 0.055, 0.466 + 0.016 and 0.298 + 0.021uM, respectively, implying that
bearing certain long hydrophilic group at either of 3-OH or 17-COOH position will increase
enzyme inhibition activity. This result suggested compounds containing a free carboxyl at both
3-OH and 17-COOH position might not improve enzyme inhibition activity, while hydrophobic
groups at either 3-OH or 17-COOH position and the free carboxylic acid group at either of 3-OH or
17-COOH position will benefit enzyme inhibition activity. Due to hydrophobic pocket in
a-glucosidase, the hydrophilic group at one side position of ursolic acid might be increase the
binding activity between target compounds and a-glucosidase. As the modification being protected
by Propionic anhydride at ¢ and amino groups being introduced at C-28 position of UA, compound
13-15 showed similar inhibitory activity with that of parent compound UA, while the potency of
compound 16-20 decreased in enzyme inhibition activity. This result indicated that the hydrophobic
groups conjugated with UA led to a pronounced decrease in inhibiting yeast a-glucosidase. On the
basis of these findings, it clearly appeared that the free carboxyl group at C-3 position and C-28
position of UA might lead to the production of highly potent and selective inhibitors of
a-glucosidase and we found that the inhibitory potency of these compounds against a-glucosidase
increased with increasing length of the alkyl chain. For the compounds 5 and 6, the introduction of
both free carboxyl group at C-3 position and C-28 position of UA reduced the inhibition activities
compared to that of 3 and 4. Furthermore, we found that the introduction of hydrophobic groups at
both C-3 position and C-28 position of UA were even weaker than that of ursolic acid.

2.3.2. Enzyme Kinetics
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216 Since the results of the inhibitory activities demonstrated that compound 3, 4, 10 and 11
217  exhibited more potent inhibition than parent compound and positive control against a-glucosidase,
218  the inhibition mechanism of the enzyme was further determined by use of enzyme kinetic analysis
219 2 Lineweaver-Burk plots of initial velocity versus enzyme concentrations of target compounds
220  gave a series of straight lines. As is shown in Figure 3 and Figure 4, compound 3 and 4 intersected
221  in second quadrant. The analysis demonstrated that V.. decreased with elevated K,, in the presence
222 of increasing concentrations of 3 and 4. This behavior implied that compound 3 and 4 inhibit
223 a-glucosidase by two distinct ways: competitively forming enzyme-inhibitor (EI) complex and
224  interrupting enzyme-substrate (ES) intermediate by forming enzyme-substrate-inhibitor (ESI)
225  complex in noncompetitive manner. As illustrated in Figure 5 and Figure 6, the value of horizontal
226 axis intercept (-1/K,,) remained unchanged and the value of vertical axis intercept (1/V,,,,) increased
227 along with the concentrations of 10 and 11, indicating that compound 10 and 11 were
228 noncompetitive inhibitors. The inhibition constant Ki values for compound 10 and 11 were
229  calculated to be 5.05 uM and 5.14 uM, respectively, with appropriate equations. To gain insights for
230 the binding affinities of EI and ESI complexes, a Dixon plot and secondary replot of compound 3
231 and 4 were performed, respectively (Figure 7 and Figure 8). Dixon plot of slope against
232 concentration of 3 and 4 displayed EI dissociation constant (Ki) of 3.36 uM and 9.08 uM,
233 respectively, whereas secondary replot of intercept versus inhibitor concentration of 3 and 4
234  generated ESI dissociation constant (K'7) of 6.64 pM and 4.14 pM, respectively. The lower
235  dissociation constant of Ki for compound 3 pointed out that stronger binding between a-glucosidase
236  and 3, suggesting an inhibition mechanism is competitive predominant over noncompetitive.

237

238 2.4. Molecular docking mode

239

240 In order to expound how these ursolic acid derivatives conjugate with a-glucosidase, as well as
241  to afford some guidance for a reasonable design of a-glucosidase inhibitor in the future, the
242 molecular docking studies was conducted to explore the binding mode of ursolic acid derivatives
243 within the binding pocket of a-glucosidase and to realize their structure activity relationship by use
244  of SYBYL 2.0 as docking software.

245 All the target compounds were docked into the active pocket of a developed homology model
246 of a-glucosidase (PDB: 1UOK) enzyme. It was observed that binding site of ursolic acid
247  derivatives were similar to that of acarbose. The docking studies were performed for two kinds of
248  potent inhibitors, 3 and 10. As depicted in Figure 9 and Figure 10, the binding free energy of 3 and
249 10 was calculated to be -7.55 kcalmol and -5.89 kcalmol™!, which is much lower than that of UA
250 itself. Compound 3 and 10 were mainly surrounded by the catalytic pocket included in the residues
251 of ARG-197, SER-222, GLU-255, SER-288, ASP-329, ARG-415. Compound 3 was bound to
252 a-glucosidase through H-bonds interaction of ester group at C-28 position with SER-222. The
253 succinyl group at C-3 position formed H-bonds with ARG-197, GLU-255 and ARG-415 located
254  inside the pocket, which have significant inhibitory activity towards a-glucosidase. Compound 10
255  was bound to a-glucosidase through H-bonds interaction of free carboxylic group at C-28 position
256 with SER-288 and the ester group at C-3 position with ARG-415. MOLCAD lipophilic potential
257  (LP) showed that free carboxylic group at C-3 position of 3 and free carboxylic group at C-28
258  position of 10 were closed to the hydrophobic region of pocket. That indicated the increased
259  hydrophilic group could improve inhibitory activity. In addition, MOLCAD hydrogen bonding sites
260  of the binding surfaces exhibited the hydrophobic pocket which has presented several hydrogen

6
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bond donors and acceptors while 3 and 10 formed four and two hydrogen bonds just as an acceptor.
Compounds of 3 and 10 were interact with the target a-glucosidase, which the hydrophilic group of
3 and 10 located into catalytic site, might improve inhibition activity, presumably via competitively
binding the active pocket. Thus, the hydrophilic group conjugated with UA at 3-OH or 17-COOH
position to form hydrogen bonds is one crucial factor for improved inhibitory activity. This
conclusion raised our inspiration to optimize the design of UA derivatives as antidiabetic agents.

To investigate the relationship between our simulation and in vitro inhibitory activity, the
binding free energies calculated by docking procedures were correlated to inhibitory activities of
UA derivatives *>. As was shown in Figure 11, compound 3, 4, 10, 11 revealed better inhibitory
activities with predicted binding free energies lower than -5.5 kcalmol™. For other target
compounds, most of them showed lower binding affinity than UA in which binding free energies
were calculated from -5.1 kcalmol™ to -2.3 kcalmol™”, implying that that UA was conjugated with
hydrophobic moieties without hydrogen bonds formation by weakening binding affinity. In all
synthesized compounds, 3, 4, 10, 11 displayed strong inhibitory activity against a-glucosidase in
vitro, and docking results were shown that better binding free energies of compound 3, 4, 10, 11
which compared with other target compounds. This suggested that synthesized of active compounds
by choosing the protein of a-glucosidase as docking model has certain guiding significance.

3. CONCLUSION

In summary, we have reported the design of Ursolic derivatives which conjugates polar and
hydrophilicity moieties as novel a-glucosidase inhibitors based on molecular docking studies. The
homology model of Baker’s yeast a-glucosidase used by Docking simulations have provided
insights into the binding mechanism at the molecular level, aiming at providing guidance for
rational design of potent a-glucosidase inhibitors. Our molecular modeling results indicated that the
active pocket mainly consists of residues ASP60, GLN167, SER222, GLU255, LYS293, ASP329
and ARG415, whereas the Hydrogen bonds formation with SER222, ASP329, ARG415 may
improve the binding affinity between ligand and protein, and play a key role in enhancing inhibitory
activities.

To verify this concept, we have designed and synthesized a novel series of UA derivatives as
potential anti-diabetic agents through inhibiting a-glucosidase. The results of half maximal
inhibitory concentration showed that all tested target compounds exhibited greater potency than
acarbose in a-glucosidase inhibition assay. Especially, compounds 3, 4, 10 and 11, bearing certain
long hydrophilic group at either of 3-OH or 17-COOH position, displayed twelvefold to
thirty-sevenfold higher inhibitory activity than that of the parent compound UA. However,
Compounds containing a free carboxyl at both 3-OH and 17-COOH position might weaken enzyme
inhibition activity. The hydrophobic groups conjugated with UA showed that the inhibitory
activities of these compounds might decrease in inhibiting Baker’s yeast o-glucosidase.
Furthermore, mechanism underlying the inhibitory effect of 3 and 4 against a-glucosidase proved to
be mix-type inhibition; compound 10 and 11 presented non-competitive inhibition mechanism.
Moreover, studies of relationship between ICsy and the binding free energy shown that docking
result has certain guiding significance. This suggested that UA derivatives conjugated with polar
and hydrophilicity moieties could be a new class of promising compounds for further animal studies
or clinical trials as potential anti-diabetic agents.
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4. EXPERIMENTAL SECTION
4.1 General Experimental procedures

'H and "*C NMR spectra were recorded on a Bruker AVANCE III 600 MH or Mercury-Plus
300 MHz NMR spectrometers in either CDCl; or [Dg] DMSO. Chemical shift () were given in
parts per million (PPM) with tetramethylsilane (TMS) as an internal standard. The following
abbreviations as used: s=singlet, d=doublet, t=triplet, q=quartet, m=multiplet. Mass spectra (MS)
were measured on an LC-MS-2010A or Thermo Fisher LCQ Fleet Using the Electrospray
ionization mode and the results are reported as m/z. Melting point were obtained on Fischer-Johns
apparatus and are uncorrected. High-resolution mass spectra (HRMS) of compounds 3-6, 9-11,
13-20 were Bruker maXis impact. Elemental analysis was carried out on an Elementar Vario
ELCHNS elemental analyzer. The enzyme inhibition activity was measureed with a Multimodel
Plate Reader (Infinite 200).

Ursolic acid was purchased from Nanjing Zelang Medical Technology Co., Ltd., with over

98% purity. Purifications of those compounds were made by flash column chromatography with
Tsingtao Marine chemistry Co., Ltd., silica gel (100-200, 200-300 mesh). Further purification was
carried out by column chromatography with Sephadex column (LH-20). Thin layer chromatography
(TLC) plates was performed on precoatedkieselgel Fos4 and supplied by Merck KGaA, Darmstadt,
Germany. Unless otherwise noted, all other materials and reagents were purchased from commercial
suppliers and without further purification. Compound 2, 7, 8, 12 were prepared according to
literature procedures.
4.2 Synthesis

4.2.1 3B-hydroxy-urs-12-en-28-oic acid benzyl ester (2). To a solution of Ursolic acid 1 (3 g,
6.57 mmol) in DMF (90 mL) was added K,CO; (1.81 g, 13.14 mmol) and benzyl chloride (0.92 g,
7.21 mmol). The reaction mixture was stirred for 10 h at room temperature. Next, the reaction
mixture was condensed under reduced pressure, and then was added with ice water (200 mL) slowly
while being vigorously stirred. The precipitate was collected with a filter, washed with H,O and
dried to give compound 2 as white solid without further purification. Yield: 92%; white powder.

4.2.2 General procedure for the preparation of compounds (3-4). To a solution of compound
2 (1 g, 1.83 mmol) in anhydrous pyridine (20 mL) was added the corresponding anhydride and
DMAP (cat.). The reaction mixture was stirred at room temperature for over 24 h. Then it was
cooled to 0 °C, diluted with HCI solution (1 M, 10 mL) and dispersed in 50 ml of distilled water
overnight. The precipitate was collected with a filter, then the filtration procedure was repeated
several times and dried to obtain solid product. The crude product was purified by column
chromatography over silica gel with an eluent (petroleum ether/ethyl acetate, 10:1) to produce
compound 3-4.

4.2.2.1 3-[(3-carboxy)propionyloxy]-urs-12-en-28-oic acid benzyl ester (3). According to the
general procedure, compound 2 was treated with succinic anhydride, and then purified on silica gel
column by use of petroleum ether/ethyl acetate (v/v 10:1) as eluent to give compound 3 (R=0.56).
Yield: 62%, white powder; Mp 101-102 °C; "H NMR(600 MHz, CDCls) § 7.37 — 7.29 (m, 4H), 5.23
(t, J=3.6 Hz, 1H), 5.13 — 5.07 (m, 1H), 4.97 (dd, J = 12.4, 4.7 Hz, 1H), 4.55 — 4.50 (m, 1H), 2.69
(dd, J=10.2, 4.3 Hz, 2H), 2.63 (dd, J = 10.2, 4.3 Hz, 2H), 2.26 (d, J = 11.1 Hz, 1H), 2.01 (m, J =
17.9,12.2, 5.6 Hz, 1H), 1.92 — 1.75 (m, 3H), 1.74 — 1.66 (m, 2H), 1.66 — 1.57 (m, 4H), 1.52 — 1.46
(m, 3H), 1.38 — 1.31 (m, 2H), 1.28 (m, J = 13.2, 6.9, 3.5 Hz, 2H), 1.09 — 1.03 (m, 4H), 1.02 — 0.97
(m, 1H), 0.92 (dd, J = 15.8, 7.9 Hz, 5H), 0.89 — 0.79 (m, 10H), 0.63 (s, J = 9.6 Hz, 3H).); °C
NMR(600 MHz, CDCls) 6 177.32, 176.44, 171.85, 138.16, 136.40, 128.41, 128.15, 127.94, 125.60,

81.59, 65.98, 55.33, 52.90, 48.14, 47.49, 42.05, 39.55, 39.10, 38.85, 38.27, 37.75, 36.86, 36.64,
8

Page 8 of 23



Page 9 of 23

352
353
354
355
356
357
358
359
360
361
362
363
364
365
366
367
368
369
370
371
372
373
374
375
376
377
378
379
380
381
382
383
384
385
386
387
388
389
390
391
392
393
394
395
396

RSC Advances

32.96, 30.67, 29.36, 28.83, 28.05, 27.96, 24.26, 23.55, 23.50, 23.28, 21.17, 18.19, 17.04, 17.01,
16.76, 15.49.). ESI-MS m/z(647.5). HRMS (ESI) caled for C4Hss0s [M+H]'=647.4306, found:
647.4312; Anal. Calcd for C, 76.12; H, 9.04. Found: C, 76.04; H, 9.09.

4.2.2.2 3f-[(3-carboxy)n-butyryloxy]-urs-12-en-28-oic acid benzyl ester (4). According to the
general procedure, compound 2 was treated with glutaric anhydride, and then purified on silica gel
column by use of petroleum ether/ethyl acetate (v/v 10:1) as eluent to give compound 4 (R=0.54).
Yield: 57%, white powder; Mp 108-110 °C; '"H NMR600 MHz, CDCls) 6 7.36 — 7.29 (m, 5H), 5.23
(t,J=3.6 Hz, 1H), 5.10 (dd, J = 12.0, 5.5 Hz, 1H), 4.98 (dd, J = 12.4, 4.8 Hz, 1H), 4.53 — 4.49 (m,
1H), 2.43 (t, J = 7.4 Hz, 2H), 2.40 (t, J = 7.4 Hz, 2H), 2.26 (d, J=11.1 Hz, 1H), 2.02 (dd, J = 13.4,
4.4 Hz, 1H), 2.00 — 1.95 (m, 2H), 1.90 — 1.86 (m, 1H), 1.85 — 1.80 (m, 1H), 1.77 (dd, J = 13.6, 4.6
Hz, 1H), 1.71 (m, J = 13.8, 7.5, 2.9 Hz, 2H), 1.62 (m, J = 9.4, 4.2 Hz, 4H), 1.48 (m, J = 15.7, 11.5,
5.2 Hz, 4H), 1.31 (m, J=17.1, 10.4, 9.4, 5.4 Hz, 5H), 1.10 — 1.03 (m, 5H), 0.99 (m, J = 11.9, 10.0,
3.9 Hz, 1H), 0.95 - 0.91 (m, 6H), 0.87 — 0.84 (m, 10H), 0.83 (dd, J= 5.3, 3.9 Hz, 1H), 0.81 — 0.77
(m, 1H), 0.63 (s, J = 9.6 Hz, 3H).); °C NMR (600 MHz, CDCI3) § 177.95, 177.33, 172.63, 138.16,
136.40, 128.41, 128.15, 127.94, 125.61, 81.12, 65.99, 55.30, 52.90, 48.14, 47.49, 42.05, 39.55,
39.10, 38.85, 38.28, 37.73, 36.86, 36.64, 33.65, 32.96, 32.91, 30.67, 28.15, 27.96, 24.26, 23.60,
23.54, 23.28, 21.17, 20.02, 18.20, 17.03, 17.01, 16.81, 15.49.). ESI-MS m/z(662.3). HRMS (ESI)
caled for C4HgoOg [M+H]'=661.4463, found: 661.4461. Anal. Calcd for C, 76.33; H, 9.15. Found:
C, 76.28; H, 9.17.

4.2.2.3 3p-[(3-carboxy)propionyloxy]-urs-12-en-28-oic acid (5). To a solution of compound 3
(200 mg, 0.31 mmol) in THF 10 mL was added Pd/C (10%, cat.). The reaction mixture was stirred
at room temperature under H, atmosphere for over 12 h. After being filtered, the organic solvent
was removed by a rotary evaporator in vacuo. The residue was purified on a silica gel column with
petroleum ether/ethyl acetate (v/v 3.5:1) as eluent to obtain compound 5 (R=0.53). Yield: 75%,
white powder; Mp 97-98 °C; "H NMR (600 MHz, CDCls) 6 5.23 (t, J = 3.5 Hz, 1H), 4.59 — 4.48 (m,
1H), 2.66 (dd, J=12.6, 9.0 Hz, 4H), 2.18 (d, /= 11.3 Hz, 1H), 2.05 - 1.97 (m, 1H), 1.93 — 1.84 (m,
3H), 1.72 (dd, J=9.5, 3.1 Hz, 1H), 1.70 — 1.61 (m, 5H), 1.52 (dd, J = 14.8, 6.1 Hz, 3H), 1.47 — 1.42
(m, 1H), 1.36 — 1.25 (m, 6H), 1.10 — 1.03 (m, 6H), 0.99 (d, J = 6.1 Hz, 1H), 0.95 (dd, J = 12.5, 6.2
Hz, 6H), 0.86 (t, J= 3.1 Hz, 7H), 0.82 (s, 3H), 0.76 (s, 3H)."*C NMR (600 MHz, CDCl3) 6 184.06,
177.94, 171.53, 137.98, 125.74, 81.49, 55.17, 52.41,47.97, 47.24, 41.76, 39.47, 39.00, 38.82, 38.03,
37.78, 36.94, 36.79, 32.65, 30.55, 29.45, 29.18, 28.19, 28.00, 23.96, 23.65, 23.46, 23.26, 21.18,
18.20, 17.24, 17.02, 16.92, 15.67.ESI-MS m/z(556.19). HRMS (ESI) caled for Cs;4Hs,OgNa
[M+Na]'=579.3656, found:579.3658. Anal. Calcd for C, 73.34; H, 9.41. Found: C, 76.27; H, 9.45.

4.2.2.4 38-[(3-carboxy)n-butyryloxy[-urs-12-en-28-oic acid (6). To a solution of compound 4
(200 mg, 0.30 mmol) in THF 10 mL was added Pd/C (10%, cat.). The reaction mixture was stirred
at room temperature under H2 atmosphere for over 12 h. After filtered, the organic solvent was
removed by a rotary evaporator in vacuo. The residue was purified on a silica gel column with
petroleum ether/ethyl acetate (v/v 4:1) as eluent to obtain compound 6 (R=0.55). Yield: 73%, white
powder; Mp 105-106 °C; "H NMR (600 MHz, CDCls) 6 5.23 (t, J = 3.5 Hz, 1H), 4.52 (dd, J=11.1,
4.7 Hz, 1H), 2.49 — 2.37 (m, 5H), 2.17 (d, J = 11.2 Hz, 1H), 2.03 (dd, J = 13.6, 4.3 Hz, 1H), 1.97
(dd, J=14.7,7.6 Hz, 2H), 1.92 (dd, J = 8.7, 3.6 Hz, 2H), 1.89 — 1.84 (m, 1H), 1.76 — 1.70 (m, 2H),
1.66 (ddd, J=32.3, 18.0, 7.8 Hz, 6H), 1.58 — 1.49 (m, 4H), 1.49 — 1.42 (m, 2H), 1.32 (dd, J = 16.5,
6.4 Hz, 4H), 1.12 (d, J = 5.5 Hz, 1H), 1.08 (d, J = 12.8 Hz, 4H), 1.01 (d, J = 6.3 Hz, 1H), 0.98 —
0.93 (m, 6H), 0.88 (d, J = 7.4 Hz, 5H), 0.85 (d, J = 10.6 Hz, 5H), 0.74 (s, 3H).">C NMR (600 MHz,
CDCls) 0 184.53, 179.36, 172.18, 137.99, 125.72, 81.03, 55.14, 52.40, 48.02, 47.89, 47.23, 41.73,
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397 39.47, 38.97, 38.82, 37.96, 37.77, 36.94, 36.64, 33.88, 33.13, 32.63, 30.52, 28.32, 28.00, 23.98,
398  23.70, 23.58, 23.24, 21.17, 20.25, 18.17, 17.01, 16.99, 16.90, 15.62.ESI-MS m/z(579.9). HRMS
399  (ESI) calcd for C34Hs,0¢ [M+Na]+=593.3813, found:593.3810. Anal. Calcd for C, 73.65; H, 9.54.
400 Found: C, 76.59; H, 9.61.

401 4.2.3 General procedure for the preparation of compounds (7-11). Compound 7 and 8 were
402  synthesized with the previous method. Ursolic acid 1 (2 g, 4.4 mmol) and K,COs3 (1.2 g, 8.7 mmol)
403  were added to 60 mL DMF and stirred at room temperature until the UA completely dissolved.
404  Then the ethyl bromoacetate was slowly added in the mixture reaction. After an overnight stirring t,
405  the mixture solvent was removed by a rotary evaporator in vacuo at 80 °C, dispersed in 50 mL
406  distilled water and filtered, then dried to obtain compound 7. To a solution of compound 7 (1 g, 1.84
407 mmol) in 40 mL THF/MeOH (v/v=1.5:1) was added 30 mL NaOH solution (4 M), the reaction
408  mixture was stirred at room temperature for 8 h and concentrated under reduced pressure, dried to
409  be the crude product. The crude product was purified by column chromatography over silica gel
410  with an eluent (petroleum ether/ethyl acetate, 5:1) to produce compound 8 (R=0.52). To a solution
411 of compound 8 (200 mg, 0.39 mmol) in dry pyridine (10 mL) was added the various anhydride and
412  DMAP (cat.) and stirred at room temperature for 10 h. The mixture solvent concentrated under
413 reduced pressure, dispersed in 20 ml of distilled water and adjusted with HCI solution (1 M) to pH
414  3-4 and filtered. The crude product was purified on a silica gel column with appropriate eluent to
415  obtain 9-11.

416 4.2.3.1 Carboxymethyl-3f-Acetoxy-urs-12-en-28-oate (9). According to the general procedure,
417  compound 8 was treated with acetic anhydride, then purified by column chromatography over silica
418  gel with an eluent (petroleum ether/ethyl acetate, 4:1) to produce compound 9 (R=0.51). Yield:
419 53%, white powder; Mp 119-121 °C; '"H NMR(600 MHz, CDCl3) § 5.26 (t, J = 3.6 Hz, 1H), 4.62 —
420  4.54 (m, 2H), 4.50 (dd, J = 10.5, 5.6 Hz, 1H), 2.25 (d, J = 11.2 Hz, 1H), 2.08 — 2.02 (m, 4H), 1.91
421  (dd,J=7.4,3.4 Hz, 2H), 1.82 — 1.78 (m, 1H), 1.77 — 1.73 (m, 2H), 1.73 — 1.70 (m, 1H), 1.70 — 1.59
422 (m, 4H), 1.57 — 1.46 (m, 4H), 1.43 — 1.24 (m, 6H), 1.23 — 1.12 (m, 1H), 1.07 (d, J = 12.0 Hz, 4H),
423 0.94 (t, J= 6.5 Hz, 6H), 0.89 — 0.85 (m, 10H), 0.84 (d, /= 1.7 Hz, 1H), 0.82 — 0.78 (m, 1H), 0.74 (s,
424 3H).); °C NMR(600 MHz, CDCl) § 176.74, 172.11, 171.11, 137.97, 125.76, 80.97, 59.87, 55.31,
425  52.77, 48.23, 47.50, 42.10, 39.56, 39.09, 38.79, 38.33, 37.69, 36.87, 36.43, 32.97, 30.63, 28.08,
426 2797, 24.24, 23.56, 23.45, 23.31, 21.31, 21.16, 18.20, 17.03, 17.00, 16.75, 15.53.); ESI-MS
427  m/z(556.2). HRMS (ESI) calcd for C34Hs,06 [M+H]'=579.3656, found:579.3663. Anal. Calcd for
428 C,73.34; H, 9.41. Found: C, 76.26; H, 9.48.

429 4.2.3.2 Carboxymethyl-3f-propionyloxy-urs-12-en-28-oate (10). According to the general
430  procedure, compound 8 was treated with propionic anhydride, and then purified by column
431  chromatography over silica gel with an eluent (petroleum ether/ethyl acetate, 4.5:1) to produce
432 compound 10 (R=0.56). Yield: 51%, white powder; Mp 125-126 °C; "H NMR(600 MHz, CDCls) 6
433  5.26 (t,J =3.4 Hz, 1H), 4.62 — 4.53 (m, 2H), 4.50 (td, J = 10.2, 6.3 Hz, 1H), 2.41 — 2.30 (m, 3H),
434  2.25(d,J=11.2 Hz, 1H), 2.08 — 2.02 (m, 1H), 1.91 (dd, J = 7.2, 3.4 Hz, 2H), 1.83 — 1.76 (m, 2H),
435 1.76 — 1.73 (m, 1H), 1.70 (dd, J = 13.5, 3.7 Hz, 2H), 1.66 (dd, /= 10.4, 4.0 Hz, 1H), 1.63 (d, /= 5.4
436  Hz, 2H), 1.58 — 1.46 (m, 5H), 1.41 — 1.29 (m, 5H), 1.29 — 1.24 (m, 1H), 1.17 — 1.13 (m, 4H), 1.11 —
437  1.06 (m, 5H), 1.04 — 0.99 (m, 1H), 0.97 — 0.92 (m, 7H), 0.87 (d, J= 7.1 Hz, 10H), 0.84 (d, J = 5.1
438 Hz, 2H), 0.82 — 0.78 (m, 1H), 0.74 (s, 3H).); °C NMR(600 MHz, CDCl3) § 176.78, 174.44, 173.10,
439 137.91, 125.78, 80.69, 59.92, 55.31, 52.78, 48.15, 47.50, 42.10, 39.57, 39.10, 38.80, 38.31, 37.78,
440  36.88, 36.42, 32.98, 30.64, 28.10, 27.99, 27.27, 24.25, 23.58, 23.47, 23.32, 21.17, 18.21, 17.04,
441 16.80, 15.53, 9.35, 8.73.); ESI-MS m/z(569.4). HRMS (ESI) calcd for C35sHs406 [M+H]'=571.3993.
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found:5771.3993. Anal. Calcd for C, 73.65; H, 9.54. Found: C, 76.56; H, 9.58.

4.2.3.3 Carboxymethyl-3f-n-Butyryloxy-urs-12-en-28-oate (11). According to the general
procedure, compound 8 was treated with butyric anhydride, and then purified by column
chromatography over silica gel with an eluent (petroleum ether/ethyl acetate, 3:1) to produce
compound 11 (R¢=0.55). Yield: 54%, white powder; Mp 128-130 °C; '"H NMR(600 MHz, CDCls) ¢
5.26 (t, ] =3.3 Hz, 1H), 4.62 — 4.53 (m, 2H), 4.53 — 4.48 (m, 1H), 2.34 (t, /= 7.4 Hz, 1H), 2.31 —
2.23 (m, 3H), 2.08 — 2.01 (m, 1H), 1.91 (dd, J = 7.3, 3.4 Hz, 2H), 1.80 (dd, J = 13.9, 5.0 Hz, 1H),
1.78 — 1.73 (m, 2H), 1.71 (d, J = 4.1 Hz, 1H), 1.68 (dd, J = 13.0, 5.7 Hz, 2H), 1.63 (m, J = 20.9,
12.2, 4.6 Hz, 4H), 1.54 — 1.49 (m, 4H), 1.39 — 1.25 (m, 5H), 1.08 (d, J = 2.9 Hz, 4H), 0.98 (d, J =
7.4 Hz, 1H), 0.95 (dd, J = 9.9, 4.7 Hz, 9H), 0.86 (t, J = 4.0 Hz, 9H), 0.85 — 0.81 (m, 2H), 0.73 (s, J
= 2.9 Hz, 3H).); °C NMR(600 MHz, CDCl3) 6 176.78, 173.65, 173.19, 137.90, 125.78, 80.65,
59.94, 55.31, 52.78, 48.22, 47.50, 42.10, 39.57, 39.10, 38.80, 38.32, 37.73, 36.88, 36.78, 36.42,
35.79, 32.99, 30.64, 28.10, 27.99, 24.25, 23.61, 23.46, 23.32, 21.17, 18.64, 18.21, 17.04, 16.82,
15.52, 13.73.); ESI-MS m/z(584.6). HRMS (ESI) caled for C3HscOs [M+H]'=585.4150.
found:585.4146. Anal. Calcd for C, 73.93; H, 9.65. Found: C, 76.87; H, 9.70.

4.2.4 General procedure for the preparation of compounds (13-20). Compound 12 was
synthesized from Ursolic acid, whose preparation was described in our previous report. To a
solution of compound 12 (0.5 g, Immol) in CH,Cl (50 mL) was added oxalyl chloride (0.6 mL) The
reaction mixture was stirred at room temperature for 36 h. The reaction solvent was removed by a
rotary evaporator in vacuo to dryness to yield crude 3-O-propionylursolyl chloride. This
intermediate was dissolved in CH,Cl (30 mL), and the mixture was stirred in the presence of
triethylamine, and then treated with various desired amine. The reaction mixture was stirred at room
temperature for 8§ h. The reaction solvent was removed under reduced pressure to yield crude
product, which was purified by column chromatography over silica gel with an eluent (petroleum
ether/ethyl acetate, 10:1) to produce white powder. Further purification was carried out by column
chromatography with Sephadex column (LH-20) by use of trichloromethane and methanol (v/v=1:1)
as the eluent to yield compounds 13-20.

4.2.4.1 N-[3f-propionyloxy-urs-12-en-28-oyl[-para-fluoroaniline (13).

According to the general procedure, 3-O-propionylursolyl chloride was treated with
p-fluoroaniline, and then purified by column chromatography over silica gel with an eluent
(petroleum ether/ethyl acetate, 10:1) to produce compound 13 (R=0.58). Yield: 68%, white powder;
Mp 181-183 °C; 'H NMR(400 MHz, CDCl3) 6 7.68 (s, 1H), 7.45 — 7.37 (m, 2H), 6.98 (t, J = 8.7 Hz,
2H), 5.48 (t, J = 3.3 Hz, 1H), 4.50 (dd, J = 10.3, 5.6 Hz, 1H), 2.37 — 2.28 (m, 2H), 2.11 — 1.93 (m,
5H), 1.82 (dd, J = 13.6, 1.8 Hz, 1H), 1.78 — 1.68 (m, 2H), 1.67 — 1.60 (m, 3H), 1.57 (t, /= 5.2 Hz,
2H), 1.55 - 1.45 (m, 4H), 1.42 — 1.24 (m, 3H), 1.19 — 1.06 (m, 8H), 0.99 (s, 4H), 0.92 (d, /= 8.0 Hz,
6H), 0.83 (t, J = 8.3 Hz, 7H), 0.69 (s, 2H)."*C NMR(400 MHz, CDCl3) § 176.29, 174.31, 160.37,
157.96, 140.22, 134.21, 126.02, 121.34, 121.26, 115.63, 115.41, 80.48, 55.19, 54.30, 48.55, 47.43,
42.65, 39.89, 39.56, 39.13, 38.32, 37.74, 37.05, 36.81, 32.65, 30.88, 28.06, 27.89, 25.10, 23.57,
23.54, 23.27, 21.19, 18.08, 17.30, 16.87, 16.73, 15.57, 9.34. ESI-MS m/z(605.4). HRMS (ESI)
calcd for C39HssFNaNO3 [M+Na]+= 628.4137, found: 628.4136. Anal. Calcd for C, 77.31; H, 9.32.
Found: C, 77.24; H, 9.34.

4.2.4.2 N-[3p-propionyloxy-urs-12-en-28-oyl]-para-chloroaniline (14).

According to the general procedure, 3-O-propionylursolyl chloride was treated with
p-chloroaniline, and then purified by column chromatography over silica gel with an eluent
(petroleum ether/ethyl acetate, 10:1) to produce compound 14 (R=0.57). Yield: 70%, white powder;
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Mp 184-186 °C; 'H NMR (600 MHz, DMSO) ¢ 8.99 (s, 1H), 7.58 (d, J = 8.9 Hz, 2H), 7.31 (d, J =
8.9 Hz, 2H), 5.28 (s, 1H), 4.40 (dd, J=11.5, 4.6 Hz, 1H), 2.36 (d, /= 11.0 Hz, 1H), 2.31 — 2.24 (m,
2H), 2.07 - 2.00 (m, 1H), 1.92 — 1.85 (m, 1H), 1.84 — 1.73 (m, 3H), 1.70 (d, J = 13.0 Hz, 1H), 1.57
(d,J=11.0 Hz, 2H), 1.53 (d, /= 11.2 Hz, 2H), 1.50 (d, /= 8.0 Hz, 1H), 1.49 — 1.44 (m, 3H), 1.44 -
1.39 (m, 3H), 1.37 — 1.19 (m, 4H), 1.14 (s, 1H), 1.08 (s, 3H), 1.03 (t, /= 7.5 Hz, 5H), 0.94 (d, J =
6.3 Hz, 3H), 0.89 — 0.83 (m, 8H), 0.80 (t, J = 7.6 Hz, 7H), 0.61 (s, 3H)."*C NMR(600 MHz, DMSO)
0 175.81, 173.74, 138.92, 138.77, 128.70, 127.09, 125.06, 122.26, 80.18, 54.96, 52.09, 48.11, 47.24,
42.02, 39.19, 38.78, 38.15, 37.80, 36.86, 36.73, 32.81, 30.72, 30.07, 28.27, 27.86, 27.70, 26.81,
23.89, 23.80, 23.71, 21.52, 18.15, 17.59, 17.14, 17.05, 15.56, 9.66; ESI-MS m/z(621.3). HRMS
(ESI) calcd for C39Hs6CINO3 [M+H]+= 622.4021, found: 622.4034. Anal. Calcd for C, 75.27; H,
9.07. Found: C, 75.19; H, 9.11.

4.2.4.3 N-[3f-propionyloxy-urs-12-en-28-oyl]-para-bromoaniline (15). According to the
general procedure, 3-O-propionylursolyl chloride was treated with p-bromoaniline, and then
purified by column chromatography over silica gel with an eluent (petroleum ether/ethyl acetate,
10:1) to produce compound 15 (R=0.58). Yield: 74%, white powder; Mp 183-185 °C; "H NMR (600
MHz, DMSO) 6 8.99 (s, 1H), 7.54 (d, J = 8.9 Hz, 2H), 7.44 (t, J= 5.9 Hz, 2H), 5.27 (d, J = 3.5 Hz,
1H), 4.40 (dd, J = 11.5, 4.6 Hz, 1H), 2.36 (d, J = 11.0 Hz, 1H), 2.34 — 2.24 (m, 2H), 2.10 (d, J =
18.8 Hz, 1H), 2.07 — 2.00 (m, 1H), 1.91 — 1.85 (m, 1H), 1.84 — 1.78 (m, 2H), 1.77 — 1.73 (m, 1H),
1.70 (d, J=12.9 Hz, 1H), 1.58 (t, J = 12.0 Hz, 2H), 1.51 (ddd, J = 21.4, 11.9, 5.5 Hz, 4H), 1.46 —
1.39 (m, 4H), 1.37 - 1.26 (m, 2H), 1.21 (td, J=15.5, 7.3 Hz, 2H), 1.14 (s, 1H), 1.08 (s, 3H), 1.03 (t,
J=1.5Hz, 5H), 0.94 (d, /= 6.3 Hz, 3H), 0.87 (d, J = 6.4 Hz, 3H), 0.86 — 0.83 (m, 4H), 0.80 (t, J =
7.6 Hz, 6H), 0.61 (s, 3H)."?C NMR(600 MHz, DMSO) § 175.82, 173.74, 139.20, 138.92, 131.61,
125.06, 122.64, 115.12, 80.18, 56.31, 54.96, 52.07, 48.14, 47.24, 42.02, 39.19, 38.78, 38.14, 37.80,
36.85, 36.71, 32.81, 30.71, 30.07, 28.27, 27.85, 27.70, 26.81, 23.89, 23.71, 23.36, 21.52, 17.59,
17.15, 17.05, 15.56, 9.66. ESI-MS m/z(665.3).HRMS (ESI) calcd for C30HssBrNO; [M+H]'=
666.3516, found: 666.3535. Anal. Calcd for C, 70.25; H, 8.47. Found: C, 70.17; H, 8.51.

4.2.4.4 N-[3f-propionyloxy-urs-12-en-28-oyl]-ortho-fluoroaniline (16).

According to the general procedure, 3-O-propionylursolyl chloride was treated with
o-fluoroaniline, and then purified by column chromatography over silica gel with an eluent
(petroleum ether/ethyl acetate, 20:1), followed by a Sephadex column (LH-20) with
trichloromethane and methanol (v/v=1:1) as the eluent to produce compound 16 (R=0.51). Yield:
62%, white powder; Mp 180-182 °C; 'H NMR(600 MHz, DMSO) § 8.68 (s, 1H), 7.57 (td, J = 7.7,
2.3 Hz, 1H), 7.25 - 7.19 (m, 1H), 7.17 = 7.10 (m, 2H), 5.30 (s, 1H), 4.41 (dd, J=11.6, 4.6 Hz, 1H),
2.35-2.24 (m, 3H), 2.08 — 2.01 (m, 1H), 1.94 — 1.88 (m, 1H), 1.87 — 1.83 (m, 1H), 1.80 (t, J=12.2
Hz, 2H), 1.76 — 1.72 (m, 1H), 1.59 (dd, J = 13.4, 3.6 Hz, 3H), 1.56 — 1.53 (m, 1H), 1.53 — 1.39 (m,
6H), 1.33 (dd, J=23.7, 11.4 Hz, 2H), 1.25 (d, J = 13.1 Hz, 1H), 1.09 (s, 3H), 1.05 — 1.00 (m, 6H),
0.94 (d, J = 6.3 Hz, 3H), 0.87 (dd, J = 10.2, 3.6 Hz, 7H), 0.82 (d, J = 17.5 Hz, 7H), 0.69 (s, 3H)."*C
NMR(600 MHz, DMSO) 6 175.90, 173.74, 138.74, 126.74, 126.66, 126.32, 126.22, 125.53, 124.57,
115.93, 115.80, 80.17, 54.96, 52.45, 48.25, 47.26, 42.20, 39.30, 38.78, 38.19, 37.81, 37.14, 36.86,
32.95, 30.84, 28.28, 27.87, 27.70, 24.09, 23.73, 23.70, 23.37, 21.53, 18.18, 17.55, 17.16, 17.12,
15.62, 9.67. ESI-MS m/z(605.4). HRMS (ESI) calcd for C30HssFNaNO3;[M+Na]'= 628.4136, found:
628.4142. Anal. Calcd for C, 77.31; H, 9.32. Found: C, 77.26; H, 9.36.

4.2.4.5 N-[3p-propionyloxy-urs-12-en-28-oyl]-ortho-chloroaniline (17).

According to the general procedure, 3-O-propionylursolyl chloride was treated with
o-chloroaniline, and then purified by column chromatography over silica gel with an eluent
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(petroleum ether/ethyl acetate, 20:1), followed by a Sephadex column (LH-20) with
trichloromethane and methanol (v/v=1:1) as the eluent to produce compound 17 (R=0.55). Yield:
65%, white powder; Mp 183-186 °C; 'H NMR(600 MHz, DMSO) ¢ 8.62 (s, 1H), 7.75 — 7.70 (m,
1H), 7.47 (dd, J = 8.0, 1.3 Hz, 1H), 7.33 — 7.27 (m, 1H), 7.15 (td, /= 7.9, 1.5 Hz, 1H), 5.32 (s, 1H),
441 (dd, J=11.6, 4.6 Hz, 1H), 2.34 — 2.24 (m, 3H), 2.08 — 2.04 (m, 1H), 1.94 — 1.88 (m, 1H), 1.87
—1.83 (m, 1H), 1.78 (dd, J = 23.6, 11.8 Hz, 3H), 1.63 (dd, J=13.7, 4.1 Hz, 1H), 1.59 (s, 1H), 1.57
(d, J=3.0 Hz, 1H), 1.56 — 1.53 (m, 1H), 1.52 — 1.43 (m, 5H), 1.38 — 1.29 (m, 2H), 1.29 — 1.21 (m,
2H), 1.14 (s, 1H), 1.10 (s, 3H), 1.03 (t, J = 7.5 Hz, 6H), 0.94 (d, /= 6.3 Hz, 3H), 0.87 (t, /= 7.5 Hz,
6H), 0.80 (d, J = 2.1 Hz, 6H), 0.68 (s, 3H).">C NMR(600 MHz, DMSO) ¢ 175.82, 173.75, 129.78,
128.62, 127.88, 126.33, 125.96, 80.17, 54.94, 52.70, 48.51, 47.23, 42.17, 39.34, 38.78, 38.36, 38.23,
38.16, 37.81, 37.21, 36.85, 32.87, 30.83, 30.07, 29.60, 28.27, 27.83, 27.70, 24.25, 23.77, 23.73,
23.33, 21.52, 18.17, 17.55, 17.23, 17.15, 15.60, 9.67. ESI-MS m/z(621.4). HRMS (ESI) calcd for
C39H56CINO;s [M+H]+= 622.4021, found: 622.4044. Anal. Calcd for C, 75.27; H, 9.07. Found: C,
75.19; H, 9.10.

4.2.4.6 N-[3f-propionyloxy-urs-12-en-28-oyl[-ortho-bromoaniline (18).

According to the general procedure, 3-O-propionylursolyl chloride was treated with
o-bromoaniline, and then purified by column chromatography over silica gel with an eluent
(petroleum ether/ethyl acetate, 20:1), followed by a Sephadex column (LH-20) with
trichloromethane and methanol (v/v=1:1) as the eluent to produce compound 18 (R=0.59). Yield:
76%, white powder; Mp 184-186 °C; '"H NMR (600 MHz, DMSO) 6 8.57 (s, 1H), 7.71 (d, J = 9.3
Hz, 1H), 7.63 (d, J/=9.2 Hz, 1H), 7.34 (t, /= 7.1 Hz, 1H), 7.08 (t, /= 8.4 Hz, 1H), 5.33 (t, J=3.2
Hz, 1H), 4.41 (dd, J=11.6, 4.7 Hz, 1H), 2.30 (ddd, J = 12.0, 11.4, 5.7 Hz, 2H), 2.27 — 2.23 (m, 1H),
2.11 —2.04 (m, 4H), 1.94 — 1.88 (m, 1H), 1.88 — 1.81 (m, 2H), 1.81 — 1.75 (m, 2H), 1.64 (dd, J =
13.7, 4.1 Hz, 1H), 1.60 (d, J = 10.7 Hz, 1H), 1.55 (dd, J = 11.8, 7.5 Hz, 2H), 1.53 — 1.43 (m, 5H),
1.38 — 1.29 (m, 2H), 1.26 (dd, J = 13.3, 9.8 Hz, 2H), 1.10 (s, 3H), 1.03 (t, /= 7.5 Hz, 6H), 0.95 (d, J
= 6.3 Hz, 3H), 0.87 (t, J= 7.9 Hz, 7H), 0.82 (t, J = 10.6 Hz, 7H), 0.69 (s, 3H)."*C NMR (400 MHz,
CDCls) 0 176.33, 174.31, 138.09, 136.15, 132.22, 128.31, 127.14, 124.67, 121.83, 113.34, 80.55,
55.22, 53.84, 49.42, 47.46, 42.22, 39.81, 39.57, 39.04, 38.25, 37.75, 37.48, 36.82, 32.60, 30.87,
28.07, 27.82, 25.10, 23.65, 23.54, 23.30, 21.21, 18.11, 17.27, 16.73, 15.49, 9.35; ESI-MS
m/z(665.3). HRMS (ESI) calcd for C39Hs¢BrNO; [M+H] "= 666.3516, found: 666.3527. Anal. Calcd
for C, 70.25; H, 8.47. Found: C, 70.14; H, 8.53.

4.2.4.7 N-[3p-propionyloxy-urs-12-en-28-oyl]-aminobenzene (19).

According to the general procedure, 3-O-propionylursolyl chloride was treated with
phenylamine, and then purified by column chromatography over silica gel with an eluent
(petroleum ether/ethyl acetate, 10:1) to produce compound 19 (R=0.53). Yield: 63%, white powder;
Mp 168-170 °C;'H NMR(600 MHz, CDCl3) 6 7.58 (s, 1H), 7.36 (d, J= 9.0 Hz, 2H), 6.83 (d, J=9.0
Hz, 2H), 5.47 (t, /= 3.4 Hz, 1H), 4.50 (dd, /= 11.2, 4.9 Hz, 1H), 3.78 (s, 3H), 2.32 (qd, /= 7.6, 2.1
Hz, 2H), 2.06 (dd, J = 13.7, 4.1 Hz, 1H), 2.04 — 1.99 (m, 2H), 1.98 (s, 1H), 1.96 (t, J = 3.7 Hz, 1H),
1.86 — 1.80 (m, 1H), 1.74 (td, J = 13.8, 4.3 Hz, 1H), 1.63 (td, /= 10.1, 5.1 Hz, 3H), 1.61 — 1.55 (m,
4H), 1.50 (d, J = 10.8 Hz, 2H), 1.37 — 1.33 (m, 1H), 1.33 — 1.25 (m, 2H), 1.16 (s, 1H), 1.15 - 1.12
(m, 5H), 1.12 — 1.07 (m, 2H), 0.98 (s, 3H), 0.94 — 0.90 (m, 6H), 0.85 (dd, J = 10.3, 5.2 Hz, 7H),
0.72 (s, 3H).*C NMR(600 MHz, CDCl3) § 176.03, 174.30, 156.16, 140.22, 131.41, 125.95, 121.36,
114.07, 80.53, 55.47, 55.23, 54.35, 48.44, 47.49, 42.67, 39.92, 39.60, 39.16, 38.35, 37.76, 37.10,
36.84, 32.71, 30.94, 28.08, 27.94, 25.11, 23.57, 23.28, 21.21, 18.12, 17.32, 16.97, 16.74, 15.58,

13
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576  9.34. ESI-MS m/z(587.4). HRMS (ESI) calcd for C3yHs;NO; [M+H] "= 588.4411, found: 588.4434.
577  Anal. Calcd for C, 79.68; H, 9.77. Found: C, 79.59.; H, 9.81.

578 4.2.4.8 N-[3p-propionyloxy-urs-12-en-28-oyl]-para-methoxyaniline (20).

579 According to the general procedure, 3-O-propionylursolyl chloride was treated with
580 p-methoxyaniline, and then purified by column chromatography over silica gel with an eluent
581  (petroleum ether/ethyl acetate, 12.5:1), followed by a Sephadex column (LH-20) with
582 trichloromethane and methanol (v/v=1:1) as the eluent to produce compound 20 (R=0.55). Yield:
583  78%, white powder; Mp 174-176 °C; 'H NMR (600 MHz, CDCl3) d 7.58 (s, 1H), 7.36 (d, J = 9.0
584  Hz, 2H), 6.83 (d, /= 9.0 Hz, 2H), 5.47 (t, J = 3.4 Hz, 1H), 4.50 (dd, J = 11.2, 4.9 Hz, 1H), 3.78 (s,
585  3H), 2.33 (dd, J= 7.6, 2.2 Hz, 1H), 2.31 (dd, J = 7.6, 2.0 Hz, 1H), 2.06 (dd, J = 13.7, 4.1 Hz, 1H),
586  2.04 —1.99 (m, 2H), 1.97 (dd, J = 10.5, 7.5 Hz, 2H), 1.83 (d, J = 13.7 Hz, 1H), 1.74 (td, J = 13.8,
587 4.3 Hz, 1H), 1.67 - 1.61 (m, 3H), 1.61 — 1.57 (m, 3H), 1.56 (d, /= 4.3 Hz, 1H), 1.55 - 1.52 (m, 1H),
588 1.50 (d, J=10.8 Hz, 2H), 1.39 — 1.25 (m, 4H), 1.14 (dd, J = 10.1, 5.0 Hz, 6H), 0.98 (s, 3H), 0.93 —
589 0.90 (m, 6H), 0.86 — 0.81 (m, 8H), 0.72 (s, 3H)."’C NMR (600 MHz, CDCls) 6 176.03, 174.30,
590 156.16, 140.22, 131.41, 125.95, 121.36, 114.07, 80.53, 55.47, 55.23, 54.35, 48.44, 47.49, 42.67,
591 39.92, 39.60, 39.16, 38.35, 37.76, 37.10, 36.84, 32.71, 30.94, 28.08, 27.94, 25.11, 23.57, 23.28,
592 21.21, 18.12, 17.32, 16.97, 16.74, 15.58, 9.34. ESI-MS m/z(617.4). HRMS (ESI) calcd for
593  C4HsoNO4 [M+H]'= 618.4517, found: 618.4539. Anal. Calcd for C, 77.75; H, 9.62. Found: C,
594  77.63.; H, 9.69.

595 4.3 a-glucosidase inhibitory activity

596 Inhibitory activity of tested compounds against a-glucosidase from Baker’s yeast was assessed
597  with the method of Wacharasindhu et al with slightly modification. The a-glucosidase (0.1 U/mL)
598  and substrate (1 mM p-nitrophenyl-a-D-glucopyranoside) were dissolved in 0.1 M phosphate buffer,
599 pH 6.8. 10 pL of synthesized compounds (2 mg/mL in DMSO) was pre-incubated with 10 pL of
600  a-glucosidase at 37 °C for 10 min. A 100 puL substrate solution was then added to the reaction
601  mixture and incubated at 37 °C for 20 min, and terminated by adding 100 uL of 1 M Na2CO3.
602  Enzymatic activity was quantified by measuring the absorbance at 405 nm with a Multimodel Plate
603  Reader (Infinite 200). The percentage inhibition was calculated by [(A0-A1)/A0] x 100, where A0
604 is the absorbance without the sample, and Al is the absorbance with the sample. The IC50 value
605  was determined from a plot of percentage inhibition versus sample concentration. Acarbose was
606  used as the standard control and the experiment was performed in duplicate.

607
608 4.4 Kinetic study of a-glucosidase inhibition
609 For kinetic analyses of maltase by the active compounds, enzyme and active compounds were

610  incubated with increasing concentration of of p-nitrophenyl-a-D-glucopyranoside (0-10 pM). The
611  type of inhibition was investigated by analyzing enzyme kinetic data based on Lineweaver-Burk
612  plots. A series of V., and K, values were obtained from Y intercepts and calculated by slope X V4,
613  respectively.

614
615 4.5 Molecular Modeling
616 The molecular minimizing of target compounds was built by use of the Sybyl molecular

617  modeling package, version 8.0 (Tripos, Shanghai, China). All structures were minimized with the
618  Tripos force field, and the hydrogen atoms were added. Powel optimized the energy gradient, the
619  maximum times to 1000 times the energy convergence criterion reaching 0.005 kcal mol—1, by use
620 of Gasteiger—Hiickle charges. Ligand-protein docking was performed by the Surflex Dock in

621  SYBYLS.0. The crystal structure of a-glucosidase was retrieved from RCSB Protein Data Bank
14
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(PDB: 1UOK). Biopolymer module was then used to repair the crystal structure of the protein
termini treatment, to fix side chain amides and residues and to add charges. The potent target
compounds docking with a-glucosidase selected catalytic pocket of acarbose as active site. The
active pocket was formed through computing, the others being the default settings.
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Fig 1. (a) Predicted binding mode of acabose docked with a-glucosidase. (b) Binding mode of
Ursolic docked with a-glucosidase in the similar active pocket.
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Fig 2. Inhibitory activities of 1 and synthesized
compounds (2 pM) against o-glucosidase.
**Significant difference compared to Ursolic
acid(compound 1)( P <0.01).
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Fig 3. Lineweaver-Burk plots for inhibitory
activity of 3 against a-glucosidase.
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Fig 4. Lineweaver-Burk plots for inhibitory
activity of 4 against a-glucosidase.
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Fig 9. (a) The binding mode between compound 3 with a-glucosidase. (b) Active site MOLCAD
surface representation Liphilic potential (c) Active site MOLCAD surface representation Hydrogen
Bonding
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Fig 10. (a) The binding mode between compound 10 with a-glucosidase. (b) Active site MOLCAD

surface representation Liphilic potential (c) Active sitt MOLCAD surface representation Hydrogen
Bonding
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Fig 11. Correlation of binding free energies with
inhibitory activities for UA-derivatives conjugates.
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Table 1

In vitro activity of target compounds against
a-glucosidase from baker’s yeast

compound Polar moiety (ICsouM) *

2 1 x OH 3.89 £ 0.076

4 1 x COOH 0.223 + 0.023

6 2 x COOH 6.14 £ 0.096

8 1 x OH, 1 x COOH 10.62 + 0.098

10 1 x COOH 0.466 £ 0.016

12 1 x COOH 278 £ 0.105

14 — 548 + 0.456

16 — 5.51 £ 0.599

18 — 3037 = 1.339

20 — 6.369 = 1.255

? The result summarized are the mean value of n=4 for
1Cs values.
® Acarbose, positive control.
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COOH COOBn

5: R, = H, R, = C(=0)CH,CH,COOH 3: R, = Bn, R, = C(=0)CH,CH,COOH
6: R, = H, R2 = C(=0)CH,CH,CH,COOH 4: R, = Bn, R2 = C(=0)CH,CH,CH,COOH

Scheme 1: Reagents and conditions: (a) BnCl,K2CO3,DMF.,rt; (b) succinic anhydride or glutaric anhydride, DMAP,pyridine; (c) THF, Pd/C, 10%.

COOCH,COOCH,CH,

HO

W
2

9: R= OCCH;
10: R = OCCH,CH,
11: R= OCCH2CH2CH3

Scheme 2: Reagents and conditions: (a) ethyl bromoacetate, K,CO3,DMF, rt; (b) NaOH, THF/MeOH; (c) anhydride/Pyr/DMAP, r.t.

Page 22 of 23



Page 23 of 23 RSC Advances

Scheme 3: Reagents and conditions: (a) anhydride/Pyr/DMAP, r.t. (b) (COCI),, CH,Cly, r.t.; (¢) CH,Cly, EtsN, RNH,, r.t.



