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ABSTRACT

Brassinosteroids (BRs) are an important group of polyhydroxylated natural occurring steroidal phytohormones found in the plant kingdom in extremely low
amounts. Due to the low concentrations in which these compounds are found, much effort has been dedicated to synthesizing these compounds or their structural
analogues using natural and abundant sterols. In this work we report the synthesis of seven new brassinosteroid analogs, obtained from a derivative of dinorcholenic
acid 3p-acetate, with benzyl functions at side chain (C-22 positions) and o-p-substituted chlorine and fluorine. Plant growth activities of these compounds were
evaluated by Rice Lamina Inclination Test (RLIT). Results show that unsubstituted benzylated compound is less active than the benzoylated analog. However, the
incorporation of a fluorine atom on -para position of aromatic ring, produces a significant increase in biological activity and p-F benzyl analog becomes three times
more active than the respective benzoylated compound. Interestingly, substitution in the aromatic ring with F or Cl atom induce important changes on activity, which

strongly depends on the substitution position in the benzylated function.
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1. INTRODUCTION

Brassinosteroids (BRs) are important natural occurring plant phytohormones
that act as regulators of growth, development and physiological processes at very
low concentrations (nanomolar to micromolar) 3, Biological activities include
cell division, cell elongation, vascular differentiation, reproductive development
and modulation of gene expression 4 BRs also influence various other
developmental processes like germination of seeds, rhizogenesis, flowering,
senescence, abscission and maturation. Additionally, they also confer resistance
to plants against various abiotic and biotic stresses 5. Their natural occurrence,
biological activities, and structure-activity relationships (SAR) have been
reviewed by different investigation groups, and brassinolide (1) and castasterone
(2) (Figure 1) are the most active and widely distributed &2°.

The potential application of BRs and their low concentration in natural sources
have induced considerable efforts to synthesize natural BRs and BRs analogs.
Thus, in the quest for new active derivatives, various BRs analogs have been
obtained by incorporating important structural modifications in their side chain,
which is considered the most important challenge for obtaining BRs and their
analogues 2, In this line, our research group has reported the synthesis and
structural characterization of Bs analogs with benzoate functions attached to the
side chain, and different substituents in aromatic ring (Figure 1).
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Figure 1. Structure of brassinolide (1), castasterone (2) and brassinosteroid
analogs that include benzoate functions attached to the side chain (compounds 3-
15) and dinorcholenic acid 3p-acetate (16).

In addition, their bioactivity has been assessed using different bioassays ***7.
For BRs analogs of the mono hydroxylated series (5 — 12), the results obtained
in the Rice Lamina Inclination Test (RLIT), at the lowest tested concentration
(1x10® M), indicate that compounds in which the aromatic ring is substituted at
para position with methoxy, | and CN groups (7, 11 and 12, respectively) are
more active than brassinolide®. Whereas, compounds 11 and 12 are the most
active in the root elongation of Arabidopsis thaliana assay. On the other hand,
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for dihydroxylated compounds, 13 — 15, the measurements using RLIT and
inhibition of root and hypocotyl elongation of A. thaliana, give important
activities for those analogues with a fluorine atom in the ortho- or para positions,
14 and 15, respectively™®,

Thus, these results indicate that in BRs analogs with a benzoate function in
positions 22 or 23 of side chain, the benzoate group enhances biological activity.
Additionally, aromatic substitution with electron-withdrawing groups, such as F,
Cl, Br, | or CN, produces an enhancement of activity determined by both
bioassays. Rationalization of the experimental data obtained by RLIT has been
commonly attempted by using molecular docking and molecular dynamic studies
to relate the binding process of these analogs to the BRs active site in Arabidopsis
thaliana. The theoretical results show that the most active compounds adopt a
brassinolide-like orientation, with the benzoate group interacting with the
complex formed with the BRI1 (Brassinosteroid Insensitive 1)-Associated
Receptor Kinase 1 (BAK1)* 1618,

Thus, in this work the effect on bioactivity of a subtle structural modification,
i.e. attachment of a benzyl function instead of benzoate group in the side chain
(C-22) of dihydroxylated analogs, has been evaluated. Therefore, herein the
synthesis of seven new BRs analogs obtained from the known carboxylic methyl
ester 17 is reported (Figure 2)'3%, To assess possible electronic effects on their
biological activity, the aromatic ring has been substituted with electron-
withdrawing atoms (F and CI). Bioactivity of all compounds has been measured
by using RLIT bioassay and using brassinolide (1) as positive control.
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Figure 2. Structures of the precursor carboxylic methyl ester 17, and novel
brassinosteroid analogs with benzylic function, 18 — 24, and with methyl ester
25 at C-22.

2. EXPERIMENTAL
2.1 Chemical Reagents and Methods
All chemical reagents and dinorcholenic acid 3p-acetate (16) (Steraloids Inc.)
have been used without further purification. Melting points were determined on
a SMP3 apparatus (Stuart-Scientific, now Merck KGaA, Darmstadt, Germany)
and are uncorrected. Fourier transform infrared spectra, *H, **C, *C DEPT-135,

gs 2D HSQC and gs 2D HMBC NMR spectra have been registered as described
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elsewhere®®. High-resolution mass spectra (HRMS-ESI) were recorded in a
Bruker Daltonik. Analysis of reaction products has been performed with the
following relevant parameters: dry temperature, 180 °C; nebulizer 0.4 bar; dry
gas, 4 L/min; spray voltage, 4.5 kV at positive mode. The accurate mass
measurements were performed at a resolving power: 140,000 FWHM at range
m/z 50-1300. For analytical TLC, silica gel 60 in 0.25 mm layer was used and
TLC spots were detected by heating after spraying with H,SO, 25%.
Chromatographic separations were carried out on glass column with silica gel 60
(230400 mesh) and using EtOAc-hexane as eluent with increasing polarity
gradient. All organic extracts were dried over anhydrous magnesium sulfate and
evaporated under reduced pressure, below 40 °C.

2.2 Chemical synthesis
2.2.1 Synthesis of 6-0x0-5a-pregn-2-ene-22-carboxylic acid (26)

A solution of methyl-6-oxo-5a-pregn-2-ene-20-carboxylate (17) (0.50 g, 1.40
mmol) and KOH (1.00 g, 17.8 mmol) in methanol/H,O (50 mL/10 mL) is
refluxed for 6 h (TLC)!*¥?, The solvent volume is reduced (10 mL, rotavapor),
then HCI (25 mL, 5% w/w) is added, and the reaction mixture is stirred for
another 10 min (white solid suspension is formed). The mixture is extracted with
CH,Cl; (2 x 20 mL), and the combined organic layers are washed with H,O (2 x
50 mL), dried with MgSO,, filtered and the solvent is removed (rotavapor).
Compound 26 is obtained as a colorless solid (0.47 g, 97.5% yield), m.p. = 187.7
—189.2°C (168-169 °C ether/MeOH [24, 31]). IRymax (KBr, cm™): 3382 — 2664
(OH); 3017 (=C-H); 2973 and 2938 (-CHs); 2908 and 2864 (-CH,-); 1704 (C=0);
1657 (C=C); 1445 (-CH,-); 1384 (-CHy); 1248 and 1092 (C-0); 667 (=C-H). H
NMR (400.1 MHz, CDCls): & (ppm) = 5.67-5.63 (m, 1H, H-3); 5.54-5.51 (m,
1H, H-2); 2.39 (dg, 1H, J = 10.1 and 6.9 Hz, H-20); 2.33 (dd, 1H, J = 12.3 and
4.2 Hz, H-Ta); 2.26 — 2.18 (M, 1H, H-1); 1.22 (d, 3H, J = 6.9 Hz, H-21); 1.17 —
1.05 (m, 1H, H-15); 0.683 (s, 3H, H-19); 0.672 (s, 3H, H-18) [31]. *C NMR
(100.6 MHz, CDCl3): § (ppm) = 211.88 (C-6); 182.80 (C-22); 124.84 (C-3);
124.35 (C-2); 56.19 (C-14); 53.71 (C-5); 53.17 (C-9); 52.25 (C-17); 46.74 (C-T);
42.83 (C-13); 42.38 (C-20); 39.91 (C-10); 39.22 (C-1); 39.18 (C-12); 37.52 (C-
8); 26.99 (C-16); 23.92 (C-15); 21.59 (C-4); 20.96 (C-11); 16.93 (C-21); 13.41
(C-19); 12.01 (C-18). (Figures S1 — S5, Supporting Information).

2.2.2 Synthesis of benzyl 6-0xo0-50-pregn-2-ene-22-carboxylate (27-33)

General Procedure. N,N-dimethylformamide (DMF) and cesium carbonate
(Cs2C05) are added to a solution of acid 26 in MeOH/water (70 mL/10 mL)%.
Subsequently, the corresponding benzyl bromide or chloride is added. The
reaction mixture is refluxed at 160 °C with constant stirring for 6 h. The end of
the reaction is verified by TLC. The reaction mixture is evaporated under reduced
pressure to eliminate MeOH, until a volume of approximately 10 mL is reached.
The resulting volume is extracted with AcCOEt (2 x 15 mL), the organic phase is
washed with water (2 x 20 mL), dried over MgSOy, filtered and concentrated in
rotavapor until dryness. The crude reaction mixture is redissolved in CH,Cl, (5-
10 mL) and purified on a column of silica gel, using a solvent mixture of
hexane/AcOEt/MeOH with polarity gradient (6:4:0 — 4.8:4.8:0.4).

2.2.3 Synthesis of benzyl 6-0x0-5a-pregn-2-ene-22-carboxylate 27

Compound 26 (0.30 g; 0.88 mmol), MeOH (53 mL), H,O (7.5 mL), DMF (30
mL), Cs,CO; (0.3629 g; 1.1138 mmol), C;H;Br (2.30 g, 19.34 mmol) are reacted
following the general procedure. Compound 27 is obtained as a colorless solid
(0.2454 g, 64.5 % yield), m.p. = 118.1 — 119.3°C (ether/EtOAC). IR max (cM™):
3022 (=C-H); 2969 and 2939 (-CHs); 2897, 2869 and 2848 (CH,-); 1736 (C=0);
1703 (C=0); 1498 (C=C); 1453, 1444 and 1434 (CH,-); 1381 (CHs-); 1257 and
1161 (C-0); 738, 693 and 663 (=C-H). *H NMR (400.1 MHz, CDCl3): 5 (ppm)
=7.39-7.32 (5H, m, H-Ar); 5.71 - 5.66 (1H, m, H-3); 5.58 — 5.55 (1H, m, H-
2);5.09 (2H, s, -OCH,-Ar); 2.48 (1H, dg, J =10.3 and 7.2 Hz, H-20); 2.36-2.32
(2H, m, H-5 and H-7); 2.29-2.21 (1H, m, H-1); 1.42 (1H, dd, J = 12.2 and 3.5
Hz, H-1b); 1.22 (3H, d, J = 7.2 Hz, H-21); 1.10 (1H, ddd, J = 18.1, 12.0 and 5.9
Hz, H-15); 0.705 (3H, s, H-19); 0.679 (3H, s, H-18). ¥C NMR (100.6 MHz,
CDClg): 8 (ppm) = 211.69 (C-6); 176.47 (C-22); 136.04 (C-17); 128.49 (C-3°);
128.18 (C-2); 128.14 (C-4’); 124.92 (C-3); 124.41 (C-2); 65.99 (-OCH,-Ar);
56.21 (C-14); 53.76 (C-9); 53.26 (C-5); 52.72 (C-17); 46.84 (C-7); 42.86 (C-13);
42.54 (C-20); 39.95 (C-10); 39.28 (C-1); 39.20 (C-12); 37.57 (C-8); 26.96 (C-
16); 23.99 (C-15); 21.66 (C-4); 21.01 (C-11); 17.06 (C-21); 13.45 (C-19); 12.07
(C-18). (Figures S6 — S10, Supporting Information).
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2.2.4 Synthesis of 2-fluorobenzyl 6-oxo-5a-preg-2-en-22-carboxylate 28

Compound 26 (0.15 g; 0.44 mmol), MeOH (35 mL), H,O (5 mL), DMF (15
mL), Cs,CO3 (1.80 g; 5.52 mmol), C;HsBrF (1.80 g, 9.52 mmol) are reacted
following the general procedure. Compound 28 is obtained as a colorless solid
(0.10 g, 50.3% yield), m.p. = 113.9 — 115.5 °C (ether/EtOAC). IRmax (cM™): 3024
(=C-H); 2969 and 2938 (-CHs); 2872 and 2849 (-CH-); 1741 (C=0); 1702
(C=0); 1656 (C=C); 1455 (-CH,-); 1381 (-CHs); 1243 and 1160 (C-O); 758 (=C-
H). 'H NMR (400.1 MHz, CDCl3): & (ppm) = 7.37 (ddd, 1H, J=9.2, 7.4 and 1.6
Hz, H-6%); 7.34 - 7.29 (m, 1H, H-4’); 7.13 (ddd, 1H, J=9.2, 7.5 and 1.0 Hz, H-
5%);7.07 (ddd, 1H, J = 9.5, 8.3 and 0.8 Hz, H-3"); 5.69 — 5.65 (m, 1H, H-3); 5.57
—5.54 (m, 1H, H-2); 5.14 (s, 2H, -OCH-Ar); 2.46 (dc, 1H, J = 10.4 and 6.9 Hz,
H-20); 1.21 (d, 3H, J = 6.9 Hz, H-21); 1.14 — 1.04 (m, 1H, H-15); 0.703 (s, 3H,
H-19); 0.674 (s, 3H, H-18). *C NMR (100.6 MHz, CDCly): § (ppm) = 211.69
(C-6); 176.35 (C-22); 161.01 (d, YJcr = 246.9 C-27); 130.69 (d, *Jcr = 3.9 Hz, C-
6°); 130.16 (d, *Jcr = 8.0 Hz, C-4°); 124.91 (C-3); 124.41 (C-2); 124.07 (d, “Jcr
= 4.1 Hz, C-5°); 123.28 (d, %Jcr = 14.7 Hz, C-1°); 115.44 (d, s = 21.3 Hz, C-
3°); 59.97 (d, 3Jcr = 4.1 Hz, -OCH,-Ar); 56.20 (C-14); 53.76 (C-5); 53.26 (C-9);
52.70 (C-17); 46.84 (C-7); 42.86 (C-13); 42.48 (C-20); 39.95 (C-10); 39.28 (C-
1); 39.19 (C-12); 37.57 (C-8); 26.85 (C-16); 24.00 (C-15); 21.66 (C-4); 21.00
(C-11); 17.03 (C-21); 13.45 (C-19); 12.07 (C-18). (Figures S11 — S15,
Supporting Information).

2.2.5 Synthesis of 4-fluorobenzyl 6-oxo-5a-preg-2-en-22-carboxylate 29

Compound 26 (0.10 g, 0.29 mmol), MeOH (23 mL), H,O (3 mL), DMF (10
mL), Cs,COs(1.20 g, 3.68 mmol), C;HsBrF (1.20 g, 6.35 mmol) are reacted
following the general procedure. Compound 29 is obtained as a colorless solid
(0.11 g, 83.7% yield) m.p. = 140.3 — 141.0 °C (ether/EtOAC). IRVmax (cm™): 3028
(=C-H); 2965 and 2939 (-CHs); 2899 and 2868 (-CH,-); 1732 (C=0); 1705
(C=0); 1598 (C=C); 1457 (-CH,-); 1384 (-CHs); 1242 and 1160 (C-O); 824 (=C-
H); 666 (=C-H). 'H NMR (400.1 MHz, CDCls): § (ppm) = 7.31 (dd, 2H, J = 8.6
and 5.6 Hz, H-2’ and H-6’); 7.03 (t, 2H, J = 8.6 Hz, H-3” and H-5); 5.68 — 5.64
(m, 1H, H-3); 5.56 — 5.53 (m, 1H, H-2); 5.03 (s, 2H, -OCH,-Ar); 2.44 (dc, 1H,
J=10.1 and 6.8 Hz, H-20); 1.19 (s, 3H, H-21); 1.13-1.06 (m, 1H, H-15); 0.693
(s, 3H, H-19); 0.662 (s, 3H, H-18). °C NMR (100.6 MHz, CDCls): § (ppm) =
211.62 (C-6); 176.34 (C-22); 161.51 (d, Wcr = 246.5 C-4°); 131.87 (d, “Jer = 3.2
Hz, C-1°); 130.17 (d, 3Jcr = 8.3 Hz, C-2’ and C-6); 124.88 (C-3); 124.37 (C-2);
115.38 (d, 2Jor = 21.0 Hz, C-3’ and C-5"); 65.21 (-OCH,-Ar); 56.15 (C-14); 53.72
(C-5); 53.21 (C-9); 52.68 (C-17); 46.79 (C-7); 42.83 (C-13); 42.47 (C-20); 39.91
(C-10); 39.24 (C-1); 39.16 (C-12); 37.53 (C-8); 26.91 (C-16); 23.95 (C-15);
21.63 (C-4); 20.97 (C-11); 16.99 (C-21); 13.42 (C-19); 12.03 (C-18). (Figures
S16 — S20, Supporting Information).

2.2.6 Synthesis of 2,4-difluorobenzyl 6-0xo0-5a-preg-2-en-22-carboxylate 30

Compound 26 (0.15 g; 0.44 mmol), MeOH (35 mL), H,O (5 mL), DMF (15
mL), Cs,CO; (1.80 g, 5.52 mmol), C;HsBrF, (1.80 g; 8.70 mmol) are reacted
following the general procedure. Compound 30 is obtained as a colorless solid
(0.11 g, 53.2% yield) m.p. = 114.0 — 115.7 °C (ether/EtOAC). IR vmax (cm™): 3028
(=C-H); 2965 and 2939 (CHs-); 2899 and 2868 (CH,-); 1732 (C=0); 1705
(C=0); 1598 (C=C); 1458 (CH,-); 1384 (CHs-); 1242 and 1154 (C-0); 824 (=C-
H); 666 (=C-H). 'H NMR (400.1 MHz, CDCl5): & (ppm) = 7.35 (1H, dt, J = 8.3
and 6.4 Hz, H-6"); 6.88 — 6.79 (2H, m, H-3” and H-5"); 5.69 — 5.64 (1H, m, H-
3); 5.56 — 5.53 (1H, m, H-2); 5.08 (2H, s, -OCH,-Ar); 2.44 (1H, dgq, J = 10.4 and
7.0 Hz, H-20); 1.18 (3H, s, H-21); 1.13-1.06 (1H, m, H-15); 0.694 (3H, s, H-19);
0.661 (3H, s, H-18). ®C NMR (100.6 MHz, CDCl5): & (ppm) = 211.73 (C-6);
176.37 (C-22); 163.36 (dd, Jcr = 175.6 Hz, and 3Jcr = 12.4 Hz, C-2°); 160.87
(dd, Wer = 177.2 Hz, and 3Jcr = 11.6 Hz, C-4°); 131.85 (dd, 3Jcr = 9.4 and 3J¢e =
5.1 Hz, H-6"); 124.90 (C-3); 124.39 (C-2); 119.27 (dd, 2Jcr = 14.8 Hz and “Jcr =
4.0 Hz, C-1°); 111.26 (dd, 2Jce = 21.1 Hz and *Jce = 3.7 Hz, C-5°); 103.95 (t, 2Jcr
=25.5Hz, C-3°); 59.44 (d, *Jcr = 3.2 Hz, -OCH,-Ar); 56.23 (C-14); 53.80 (C-5);
53.30 (C-9); 52.76 (C-17); 46.88 (C-7); 42.92 (C-13); 42.51 (C-20); 40.00 (C-
10); 39.33 (C-1); 39.24 (C-12); 37.61 (C-8); 26.91 (C-16); 24.05 (C-15); 21.72
(C-4); 21.05 (C-11); 17.05 (C-21); 13.50 (C-19); 12.11 (C-18). (Figures S21 —
S25, Supporting Information).

2.2.7 Synthesis of 2-chlorobenzyl 6-oxo-5a-preg-2-en-22-carboxylate 31

Compound 26 (0.3 g, 0.87 mmol), MeOH (70 mL), H,O (10 mL), DMF (30
mL), Cs,CO;3(3.60 g, 10.2 mmol), C;HsCIBr (3.68 g, 12.9 mmol) are reacted

6514



following the general procedure. Compound 31 is obtained as a colorless solid
(0.11 g, 27.0% yield) m.p. = 105.6 — 107.5 °C (ether/EtOAC). IR vimax (cm™): 3029
(=C-H); 2961 and 2938 (-CHs); 2909 and 2865 (CH,-); 1735 (C=0); 1708
(C=0); 1444 (CH,-); 1386 (CHs-); 1243 and 1162 (C-O); 763 (=C-H). *H NMR
(400.1 MHz, CDCls): 5 (ppm) = 7.46 — 7.40 (2H, m, H-3’and H-6); 7.33 — 7.28
(2H, m, H-4> and H-5"); 5.73-5.68 (1H, m, H-3); 5.61-5.56 (1H, m, H-2); 5.19
(2H, s, -OCH,-Ar); 2.52 (1H, dg, J = 9.9 and 6.6 Hz, H-20); 2.39 — 2.34 (2H, m,
H-5 and H-7); 2.32 — 2.23 (1H, m, H-4); 1,45 (1H, ddd, J = 16.3, 12.5 and 4.0
Hz, H-11), 1.26 (3H, d, J = 6.6 Hz, H-21); 1.14 (1H, ddd, J = 14.0, 11.1 and 5.2
Hz, H-15); 0.729 (3H, s, H-19); 0.709 (3H, s, H-18). 3C NMR (100.6 MHz,
CDCls): 8 (ppm) = 211.74 (C-6); 176.32 (C-22); 133.84 (C-17); 133.70 (C-2);
130.06 (C-67); 129.57 (C-3); 129.52 (C-4°); 126.84 (C-57); 124.94 (C-3); 124.43
(C-2); 63.49 (-OCH.-Ar); 56.24 (C-14); 53.79 (C-5); 53.28 (C-9); 52.68 (C-17);
46.86 (C-7); 42.89 (C-13); 42.60 (C-20); 39.97 (C-10); 39.30 (C-1); 39.22 (C-
12); 37.60 (C-8); 27.03 (C-16); 24.03 (C-15); 21.68 (C-4); 21.03 (C-11); 17.14
(C-21); 13.48 (C-19); 12.10 (C-18). (Figures S26 — S30, Supporting
Information).

2.2.8 Synthesis of 4-chlorobenzyl 6-0x0-5a-preg-2-en-22-carboxylate 32

Compound 26 (0.30 g, 0.87 mmol), MeOH (70 mL), H,O (10 mL), DMF (30
mL), Cs,CO;3 (3.60 g, 10.2 mmol), C;HsCl, (3.60 g, 22.4 mmol) are reacted
following the general procedure. Compound 32 is obtained as a colorless solid
(0.22 g, 54.9% yield) m.p. = 172.5 - 175.0 °C (ether/EtOAC). IR vimax (cm™): 3023
(=C-H); 2989 and 2962 (-CHs); 2940 and 2900 (CH,-); 1731 (C=0); 1705
(C=0); 1656 (C=C); 1445 (CH,-); 1386 (CHs-); 1243 and 1166 (C-O); 803 (=C-
H). 'H NMR (400.1 MHz, CDCls): § (ppm) = 7.33 (2H, d, J = 8.4 Hz, H-3"and
H-5°); 7.28 (2H, d, J = 8.4 Hz, H-2’ and H-6"); 5.70-5.65 (1H, m, H-3); 5.58-
5.53 (1H, m, H-2); 5.04 (2H, s, -OCH,-Ar); 2.46 (1H, dg, J = 10.2 and 6.8 Hz,
H-20); 2.36-2.31 (2H, m, H-5 and H-7); 2.29-2.20 (1H, m, H-4); 1.42 (1H, ddd,
J=16.2,12.8 and 4.0 Hz, H-11), 1.20 (3H, d, J = 6.8 Hz, H-21); 1.10 (1H, ddd,
J=145,11.4 and 5.3 Hz, H-15); 0.698 (3H, s, H-19); 0.672 (3H, s, H-18). 3C
NMR (100.6 MHz, CDCls): § (ppm) = 211.67 (C-6); 176.35 (C-22); 134.56 (C-
17); 134.03 (C-4"); 129.62 (C-2"and C-6"); 128.69 (C-3" and C-5"); 124.92 (C-
3); 124.41 (C-2); 65.15 (-OCH.-Ar); 56.20 (C-14); 53.77 (C-5); 53.25 (C-9);
52.70 (C-17); 46.84 (C-7); 42.88 (C-13); 42.52 (C-20); 39.95 (C-10); 39.28 (C-
1); 39.20 (C-12); 37.57 (C-8); 26.99 (C-16); 23.99 (C-15); 21.66 (C-4); 21.00
(C-11); 17.05 (C-21); 13.46 (C-19); 12.08 (C-18). (Figures S31 — S35,
Supporting Information).

2.2.9 Synthesis of 2,4-dichlorobenzyl 6-oxo-5a-preg-2-en-22-carboxylate 33

Compound 26 (0.30 g, 0.87 mmol), MeOH (70 mL), H,O (10 mL), DMF (30
mL), Cs,CO;3 (3.60 g, 10.2 mmol), C;HsCl; (3.60 g, 18.4 mmol) are reacted
following the general procedure. Compound 33 is obtained as a colorless solid
(0.30 g, 68.1% yield) m. p. = 90.0 — 92.9 °C (ether/EtOAC). IR vimax (cm™): 3033
(=C-H); 2967 and 2937 (-CHs); 2902 and 2871 (CH,-); 1742 (C=0); 1705
(C=0); 1654 (C=C); 1434 (CH,-); 1370 (CHjs-); 1242 and 1164 (C-O); 835 and
818 (=C-H). 'H NMR (400.1 MHz, CDCls): & (ppm) = 7.41 (1H, d, J = 2.1 Hz,
H-37); 7.35 (1H, d, J = 8.4 Hz, H-6"); 7.26 (1H, dd, J = 8.4 and 2.1 Hz); 5.70-
5.62 (1H, m, H-3); 5.58-5.53 (1H, m, H-2); 5.13 (2H, s, -OCH,-Ar); 2.48 (1H,
dg, J = 10.1 and 6.8 Hz, H-20); 2.36-2.32 (2H, m, H-5 and H-7); 2.30-2.19 (1H,
m, H-4); 1.41 (1H, ddd, J = 15.9, 12.5 and 3.8 Hz, H-11), 1.22 (3H, d, J = 6.8
Hz, H-21); 1.10 (1H, ddd, J =17.9, 11.7 and 5.2 Hz, H-15); 0.701 (3H, s, H-19);
0.682 (3H, s, H-18). *C NMR (100.6 MHz, CDCly): 5 (ppm) = 211.65 (C-6);
176.18 (C-22); 134.72 (C-2"); 134.53 (C-4"); 132.36 (C-1"); 130.92 (C-6);
129.44 (C-3); 127.18 (C-5°); 124.94 (C-3); 124.42 (C-2); 62.80 (-OCH,-Ar);
56.23 (C-14); 53.79 (C-5); 53.28 (C-9); 52.66 (C-17); 46.85 (C-7); 42.90 (C-13);
42.56 (C-20); 39.96 (C-10); 39.30 (C-1); 39.22 (C-12); 37.58 (C-8); 27.04 (C-
16); 24.02 (C-15); 21.68 (C-4); 21.02 (C-11); 17.12 (C-21); 13.48 (C-19); 12.09
(C-18). (Figures S36 — S40, Supporting Information).

2.2.10 General Procedure for Synthesis of benzyl 2a,30-Dihydroxy-5a-
cholan-6-0x0-23,24-dinor-22-yl (18-24) by Sharpless Dihydroxylation 8 22

Osmium tetroxide (OsO,) in t-butanol (1 g per 20 mL) was added to a mixture
of olefin (27-33), hydroquinidine 4-chloro-benzoate (DHQD-CLB),
methanesulfonamide (CH;SO,NH,), potassium carbonate (K,CO3), and
potassium ferricyanide (Ks[Fe(CN)g]) dissolved in a mixture of t-butanol and
water (1:1 v/v). The reaction mixture was stirred at room temperature for 36-72
h. A saturated solution of sodium sulfite (Na,SOs) was then added. After
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additional stirring for 30 min, the reaction mixture was diluted with ethyl acetate
(30 mL) and extracted with water (2 x 20 mL). The combined organic fractions
were dried over anhydrous magnesium sulfate and evaporated under reduced
pressure. Column chromatography on silica gel with Hexane/EtOAc/MeOH
mixtures of increasing polarity (6:4:0 — 4.8:4.8:0.4) gave the desired product.

2.2.11  Synthesis
carboxylate 18

of benzyl 2a,3a-dihydroxy-6-oxo-5a-pregnan-22-

Compound 27 (0.11 g, 0.26 mmol), t-BuOH/H,0 (14 mL 1:1), DHQD-CLB
(0.03 g, 0.07 mmol), CH3SO,NH; (0.05 g, 0.48 mmol), K-CO; (0.22 g, 1.55
mmol), Ks[Fe(CN)g] (0.67 g, 2.03 mmol), OsO4 (0.3 mL, 0.06 mmol). Compound
18 is obtained as a colorless solid (0.05 g, 43.2% yield) mp. = 191.3 — 192.3 °C
(ether/MeOH). IR vmax (cm'®): 3480 and 3402 (O-H); 2952 and 2925 (-CHs); 2868
and 2850 (CH,-); 1726 (C=0); 1698 (C=0); 1609 and 1596 (C=C); 1466 and
1428 (CH,-); 1374 and 1344 (CHs-); 1222 and 1204 (C-O). *H NMR (400.1
MHz, CDCls): & (ppm) = 7.39 —7.31 (5H, m H-Ar); 5.08 (2H, s, -OCH,-Ar); 4.04
(1H, sa, H-3); 3.79— 3.73 (1H, m, H-2); 2.68 (1H, dd, J = 12.4 and 3.0 Hz, H-5);
2.47 (1H, dg, J = 10.3 and 6.9 Hz, H-20); 2.28 (1H, dd, J = 13.1 and 4.2 Hz, H-
7a); 2.02-1.88 (3H, m, H-4, H-7b and H-1); 1.21 (3H, d, J = 6.9 Hz, H-21); 1.08
(1H, ddd, J = 17.3, 11.7 and 5.1 Hz, H-15); 0.746 (3H, s, H-19); 0.663 (3H, s, H-
18). *C NMR (100.6 MHz, CDCl3): § (ppm) = 211.83 (C-6); 176.49 (C-22);
136.03 (C-1°); 128.52 (C-3’ and C-5’); 128.22 (C-2’ and C-6’); 128.18 (C-4");
68.34 (C-3); 68.24 (C-2); 66.05 (-OCH,-Ar); 56.15 (C-14); 53.62 (C-9); 52.68
(C-17); 50.67 (C-5); 46.63 (C-7); 43.01 (C-13); 42.57 (C-20); 42.51 (C-10);
40.17 (C-12); 39.12 (C-4); 37.57 (C-8); 27.00 (C-16); 26.27 (C-1); 24.01 (C-15);
21.10 (C-11); 17.06 (C-21); 13.53 (C-19); 12.18 (C-18). HRMS-ESI (positive
mode): m/z calculated for CgHaOs: 468.2876 [M]*; found 469.2956 [M + H]".
(Figures S41 — S46, Supporting Information).

2.2.12 Synthesis of 2-fluorobenzyl 2a,3a-dihydroxy-6-0xo-5a-pregnan-22-
carboxylate 19

Compound 28 (0.10 g, 0.22 mmol), t-BuOH/H,0 (12 mL 1:1), DHQD-CLB
(0.03 g, 0.06 mmol), CH;SO,;NH, (0.04 g, 0.46 mmol), K,CO; (0.19 g, 1.34
mmol), Ks[Fe(CN)s] (0.59 g, 1.79 mmol), OsO, (0.20 mL, 0.04 mmol).
Compound 19 is obtained as a colorless solid (0.10 g, 93.0% yield) m.p. = 141.6
—143.0 °C (ether/MeOH). IR vimax (cm™?): 3405 (O-H); 2944 (CHj3-); 2867 (CH.-
); 1735 (C=0); 1710 (C=0); 1458 (CH,-); 1384 (CHj3-); 1259 and 1152 (C-O);
759 (=C-H). *H NMR (400.1 MHz, CDCl): & (ppm) = 7.35 (1H, ddd, J = 9.2,
7.4 and 1.7 Hz, H-6"); 7.32-7.27 (1H, m, H-4"); 7.13 (1H, ddd, J = 7.7, 7.6 and
1.1 Hz, H-5%); 7.07 (1H, ddd, J = 9.2, 8.7 and 0.9 Hz, H-3°); 5.12 (2H, s, -OCH,-
Ar); 4.00 (1H, bd, J = 2.4 Hz, H-3); 3.71 (1H, ddd, J = 10.7, 4.8 and 3.3 Hz, H-
2); 2.65 (1H, dd, J = 12.8 and 2.7 Hz, H-5); 2.43 (1H, dg, J = 10.3 and 6.8 Hz,
H-20); 2.24 (1H, dd, J = 13.2 and 4.5 Hz, H-7a); 1.18 (3H, d, J = 6.8 Hz, H-21);
1.07 (1H, ddd, J = 16.6, 8.5 and 5.2 Hz, H-15); 0.711 (3H, s, H-19); 0.632 (3H,
s, H-18). *C NMR (100.6 MHz, CDCl3): & (ppm) = 212.24 (C-6); 176.39 (C-
22); 160.93 (d, e = 248.1, C-2°); 130.63 (d, 3Jcr = 3.7 Hz, C-6°); 130.16 (d,
3)ce = 8.2 Hz, C-4°); 124.04 (d, “Jcr = 3.7 Hz, C-5°); 123.03 (d, 2Jcr = 14.7 Hz,
C-1°); 115.38 (d, ZJcr = 21.1 Hz, C-3°); 68.21 (C-3); 68.12 (C-2); 59.98 (d, *Jcr
= 4.2 Hz, -OCH,-Ar); 56.03 (C-14); 53.49 (C-9); 52.57 (C-17); 50.44 (C-5);
46.52 (C-7); 42.93 (C-13); 42.44 (C-20); 42.42 (C-10); 39.98 (C-1); 39.03 (C-
12); 37.49 (C-8); 26.77 (C-16); 26.25 (C-4); 23.93 (C-15); 21.02 (C-11); 16.96
(C-21); 13.45 (C-19); 12.09 (C-18). HRMS-ESI (positive modo): m/z calculated
for CagHaoFOs: 486.2782 [M]*; found 487.2860 [M + H]*. (Figures S47 — S52,
Supporting Information).

2.2.13 Synthesis of 4-fluorobenzyl 2a,3a-dihydroxy-6-0xo-5a-pregnan-22-
carboxylate 20

Compound 29 (0.17 g, 0.37 mmol), t-BuOH/H,0 (18 mL 1:1), DHQD-CLB
(0.05 g, 0.10 mmol), CHsSO,NH; (0.07 g, 0.73 mmol), K.CO3 (0.29 g, 2.13
mmol), Ks[Fe(CN)s] (0.94 g, 2.84 mmol), OsO, (0.30 mL, 0.06 mmol).
Compound 20 is obtained as a colorless solid (0.13 g, 71.1% yield) m.p = 168.1
—169.8 °C (ether/MeOH). IR vimax (cm™): 3385 (O-H); 2945 (CHs-); 2866 (CH.-
); 1734 (C=0); 1711 (C=0); 1606 (C=C); 1510 (C=C); 1458 (CH,-); 1383 (CHs-
); 1259 and 1152 (C-0); 832 (=C-H). *H NMR (400.1 MHz, CDCly): & (ppm) =
7.32 (2H, dd, J = 8.4 and 5.5 Hz, H-2’ and H-6"); 7.04 (2H, t, J = 8.4 Hz, H-3’
and H-5"); 5.04 (2H, s, -OCH,-Ar); 4.05 (1H, bs, H-3); 3.77 — 3.75 (1H, m, H-
2); 2.68 (1H, dd, J = 12.5 and 2.9 Hz, H-5); 2.44 (1H, dg, J = 10.1 and 6.7 Hz,
H-20); 2.28 (1H, dd, J = 12.9 and 4.6 Hz, H-70); 1.19 (3H, d, J = 6.7 Hz, H-21);
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1.09 (1H, ddd, J =16.6, 11.9 and 5.2 Hz, H-15); 0.743 (3H, s, H-19); 0.654 (3H,
s, H-18). 3C NMR (100.6 MHz, CDCls): & (ppm) = 211.99 (C-6); 176.43 (C-
22); 162.55 (d, *Jcr = 247.1 Hz, C-4°); 131.84 (d, “Jcr = 3.6 Hz, C-1°); 130.21 (d,
3Jce = 8.0 Hz, C-2’ and C-6°); 115.42 (d, 2Jcr = 21.3 Hz, C-3’ and C-5); 68.29
(C-3); 68.19 (C-2); 65.29 (-OCH,-Ar); 56.11 (C-14); 53.57 (C-9); 52.69 (C-17);
50.70 (C-5); 46.58 (C-7); 42.99 (C-13); 42.50 (C-20); 42.49 (C-10); 40.10 (C-1);
39.09 (C-12); 37.54 (C-8); 26.92 (C-16); 26.27 (C-4); 24.99 (C-15); 21.07 (C-
11); 17.00 (C-21); 13.50 (C-19); 12.14 (C-18). HRMS-ESI (positive modo): m/z
calculated for CpoHsoFOs: 486.2782 [M]*; found 487.2867 [M + H]*. (Figures
S53 — S58, Supporting Information).

2.2.14 Synthesis of 2,4-difluorobenzyl 2a,3a-dihydroxy-6-oxo-5a-pregnan-
22-carboxylate 21

Compound 30 (0.11 g, 0.23 mmol), t-BuOH/H,0 (13 mL 1:1), DHQD-CLB
(0.03 g, 0.07 mmol), CH3SO;NH, (0.05 g, 0.50 mmol), K,COs (0.20 g, 1.46
mmol), Ks[Fe(CN)s] (0.64 g, 1.94 mmol), OsO, (0.22 mL, 0.04 mmol).
Compound 21 is obtained as a colorless solid (0.11 g, 93.2% yield) m.p. = 140.2
—141.9 °C (ether/MeOH). IR vmax (€M) 3402 (O-H); 2944 (CHs-); 2866 (CHo-
); 1733 (C=0); 1711 (C=0); 1607 (C=C); 1508 (C=C); 1460 (CH-); 1384 (CHs-
); 1236 and 1144 (C-0); 815 (=C-H). *H NMR (400.1 MHz, CDCl,): & (ppm) =
7.34 (1H, dt, J = 8.2 and 6.1 Hz, H-6"); 6.87-6.78 (2H, m, H-3" and H-5); 5.07
(2H, s, -OCH,-Ar); 4.00 (1H, bd, J = 2.4 Hz, H-3); 3.70 (1H, dt, J = 10.7 and 3.4
Hz, H-2); 2.65 (1H, dd, J = 12.5 and 2.9 Hz, H-5); 2.41 (1H, dg, J = 10.3 and 6.8
Hz, H-20); 2.24 (1H, dd, J = 13.1 and 4.4 Hz, H-7a); 1.16 (3H, d, J = 6.8 Hz, H-
21); 1.07 (1H, ddd, J = 17.2, 11.4 and 6.0 Hz, H-15); 0.713 (3H, 5, H-19); 0.632
(3H, s, H-18). *°C NMR (100.6 MHz, CDCls): & (ppm) = 212.21 (C-6); 176.34
(C-22); 163.33 (dd, Xcr = 176.6 Hz, and 3Jcr = 12.0 Hz, C-2°); 160.83 (dd, Ycr
=178.3 Hz, and 3Jcr = 11.6 Hz, C-4"); 131.83 (dd, 3Jcr = 9.9 and 3J¢r = 5.7 Hz,
H-6"); 119.15 (dd, 2Jcr = 15.0 Hz and “Jcr = 4.3 Hz, C-1°); 111.24 (dd, ek =
21.1 Hz and “Jcr = 3.7 Hz, C-5°); 103.93 (t, 2Jcr = 25.4 Hz, C-3°); 68.22 (C-3);
68.13 (C-2); 59.40 (d, *Jcr = 3.7 Hz, -OCH.-Ar); 56.04 (C-14); 53.50 (C-9);
52.58 (C-17); 50.65 (C-5); 46.52 (C-7); 42.94 (C-13); 42.45 (C-12); 42.39 (C-
10); 39.99 (C-1); 39.04 (C-12); 37.50 (C-8); 26.77 (C-16); 26.26 (C-4); 23.93
(C-15); 21.03 (C-11); 16.94 (C-21); 13.46 (C-19); 12.09 (C-18). HRMS-ESI
(positive modo): m/z calculated for CyoH3sF.Os: 504.2687 [M]*; found 505.2773
[M + H]*. (Figures S59 — S64, Supporting Information).

2.2.15 Synthesis of 2-cholorbenzyl 20,3a-dihydroxy-6-0xo-5a-pregnane-22-
carboxylate 22

Compound 31 (0.20 g, 0.42 mmol), t-BuOH/H,0 (23 mL 1:1), DHQD-CLB
(0.064 g, 0.150 mmol), CH3;SO,NH, (0.092 g, 0.92 mmol), K,CO3(0.404 g, 2.95
mmol), Ks[Fe(CN)s] (1.36 g, 4.12 mmol), OsO, (0.40 mL, 0.073 mmol).
Compound 22 is obtained as a colorless solid (0.20 g, 94.7% yield) m.p. = 161.8
—165.8 °C (ether/MeOH). IR vmax (cm™): 3385 (O-H); 2945 (-CHs); 2866 and
2830 (CHy-); 1733 (C=0); 1709 (C=0); 1653 (C=C); 1446 (CH,-); 1384 (CHs-
); 1243 and 1160 (C-0); 755 (=C-H). H NMR (400.1 MHz, CDCls): § (ppm) =
7.41 —7.36 (2H, m, H-3’and H-6"); 7.29 — 7.25 (2H, m, H-4’ and H-5"); 5.17
(2H, s, -OCH,-Ar); 4.78 (1H, bs, OH); 4.02 (1H, bd, J = 3.1 Hz, H-3); 3.73 (1H,
bd, J = 10.9 Hz, H-2); 2.67 (1H, dd, J = 12.4 and 2.7 Hz, H-5); 2.48 (1H, dq, J =
10.4 and 6.9 Hz, H-20); 2.26 (1H, dd, J = 13.2 and 4.5 Hz, H-7a); 1.89 (1H, dt,
J =15.0 and 3.4 Hz, H-4); 1.22 (3H, d, J = 6.9 Hz, H-21); 1.09 (1H, ddd, J =
16.9, 11.6 and 5.6 Hz, H-15); 0.732 (3H, s, H-19); 0.658 (3H, s, H-18). *C NMR
(100.6 MHz, CDClg): & (ppm) = 212.11 (C-6); 176.34 (C-22); 133.80 (C-17);
133.59 (C-27); 130.05 (C-6"); 129.54 (C-3"); 129.53 (C-4"); 126.83 (C-57); 68.28
(C-3); 68.18 (C-2); 63.51 (-OCH,-Ar); 56.11 (C-14); 53.56 (C-9); 52.59 (C-17);
50.67 (C-5); 46.58 (C-7); 42.98 (C-13); 42.57 (C-20); 42.49 (C-10); 40.08 (C-1);
39.09 (C-12); 37.54 (C-8); 26.98 (C-16); 26.27 (C-4); 23.99 (C-15); 21.07 (C-
11); 17.09 (C-21); 13.50 (C-19); 12.15 (C-18). HRMS-ESI (positive modo): m/z
calculated for CyH3ClOs: 502.2486 [M]*; found 503.2566 [M + H]*. (Figures
S65 — S70, Supporting Information).

2.2.16 Synthesis of 4-cholorbenzyl 2a,3a-dihydroxy-6-0xo-5a-pregnane-22-
carboxylate 23

Compound 32 (0.20 g, 0.43 mmol), t-BuOH/H,0 (22 mL 1:1), DHQD-CLB
(0.064 g, 0.150 mmol), CHsSO,NH, (0.086 g, 0.86 mmol), K,CO;(0.362 g, 2.64
mmol), Ks[Fe(CN)¢] (1.27 g, 3.85 mmol), OsO4 (0.40 mL, 0.069 mmol).
Compound 23 is obtained as a colorless solid (0.143 g, 66.0% yield) m.p. = 155.6
—160.3 °C (ether/MeOH). IR vimax (cm™): 3334 (O-H); 2943 y 2905 (-CHs); 2865
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y 2849 (CH,-); 1736 (C=0); 1710 (C=0); 1601 (C=C); 1446 (CH,-); 1382 (CHz-
); 1236 and 1156 (C-O); 834 y 805 (=C-H). *H NMR (400.1 MHz, CDCly): §
(ppm) = 7.33 (2H, d, J = 8.5 Hz, H-3’and H-5"); 7.27 (2H, d, J = 8.4 Hz, H-2’
and H-6"); 5.03 (2H, s, -OCH,-Ar); 4.74 (2H, bs, OH); 4.03 (1H, da, J = 2.5 Hz,
H-3); 3.74 (1H, bd, J = 11.3 Hz, H-2); 2.67 (1H, dd, J = 12.6 and 3.3 Hz, H-5);
2.44 (1H, dg, J = 9.9 and 6.7 Hz, H-20); 2.27 (1H, dd, J = 13.3 and 4.7 Hz, H-
70); 1.90 (1H, dt, J = 14.9 and 3.4 Hz, H-4); 1.19 (3H, d, J = 6.7 Hz, H-21); 1.09
(1H, ddd, J =17.2, 11.3 and 4.6 Hz, H-15); 0.736 (3H, s, H-19); 0.654 (3H, s,
H-18). *C NMR (100.6 MHz, CDCly): & (ppm) = 212.00 (C-6); 176.39 (C-22);
13451 (C-1°); 134.05 (C-4"); 129.63 (C-2"and C-6); 128.71 (C-3" and C-5);
68.31 (C-3); 68.21 (C-2); 65.20 (-OCH,-Ar); 56.12 (C-14); 53.58 (C-9); 52.64
(C-17); 50.68 (C-5); 46.59 (C-7); 43.01 (C-13); 42.52 (C-20); 42.50 (C-10);
40.11 (C-1); 39.11 (C-12); 37.55 (C-8); 26.98 (C-16); 26.27 (C-4); 23.99 (C-15);
21.08 (C-11); 17.03 (C-21); 13.52 (C-19); 12.16 (C-18). HRMS-ESI (positive
modo): m/z calculated for Co9H3sClOs: 502.2486 [M]*; found 503.2557 [M + H]*.
(Figures S71 — S76, Supporting Information).

2.2.17 Synthesis of 2,4-dicholorbenzyl 2a,3a-dihydroxy-6-0xo-5a-pregnane-
22-carboxylate 24

Compound 33 (0.30 g, 0.59 mmol), t-BuOH/H,0 (32 mL 1:1), DHQD-CLB
(0.09 g, 0.21 mmol), CH3SO,NH, (0.128 g, 1.28 mmol), K,CO;(0.534 g, 3.89
mmol), Kj[Fe(CN)¢] (1.87 g, 5.67 mmol), OsO, (0.56 mL, 0.097 mmol).
Compound 24 is obtained as a colorless solid (0.12 g, 37.4% yield) m.p. = 122.0
— 125.7 °C (ether/MeOH). IR vmax (cm): 3335 and 3255 (O-H); 2942 (-CHj);
2866 and 2849 (CH,-); 1737 (C=0); 1709 (C=0); 1591 (C=C); 1446 (CHy-);
1375 (CHs-); 1236 and 1143 (C-O); 815 and 703 (=C-H). *H NMR (400.1 MHz,
CDCly): & (ppm) = 7.40 (1H, d, J=1.7 Hz, H-3"); 7.33 (1H, d, J = 8.5 Hz, H-6");
7.24 (1H, dd, J=8.5and 1.7 Hz); 5.12 (2H, s, -OCH-Ar); 4.02 (1H, bd, J= 2.8
Hz, H-3); 3.73 (1H, dt, J = 11.3 and 3.8 Hz, H-2); 2.66 (1H, dd, J = 12.3 and 2.8
Hz, H-5); 2.46 (1H, dq, J = 9.5 and 7.2 Hz, H-20); 2.26 (1H, dd, J=12.9 and 3.8
Hz, H-7a); 1.88 (1H, dt, J = 14.9 and 3.5 Hz, H-4); 1.20 (3H, d, J = 7.2 Hz, H-
21); 1.09 (1H, td, J = 12.9 and 6.2 Hz, H-15), 0.728 (3H, s, H-19); 0.654 (3H, s,
H-18). **C NMR (100.6 MHz, CDCls): & (ppm) = 212.07 (C-6); 176.20 (C-22);
134.70 (C-27); 134.50 (C-4"); 132.27 (C-17); 130.91 (C-6"); 129.40 (C-3);
127.15 (C-57); 68.27 (C-3); 68.18 (C-2); 62.82 (-OCH.-Ar); 56.10 (C-14); 53.54
(C-9); 52.57 (C-17); 50.67 (C-5); 46.56 (C-7); 42.99 (C-13); 42.52 (C-20); 42.48
(C-10); 40.06 (C-1); 39.08 (C-12); 37.53 (C-8); 26.99 (C-16); 26.27 (C-4); 23.98
(C-15); 21.07 (C-11); 17.07 (C-21); 13.50 (C-19); 12,14 (C-18). HRMS-ESI
(positive modo): m/z calculated for C,gH35Cl,0s: 536.2096 [M]*; found 537.2180
[M + H]*. (Figures S77 — S82, Supporting Information).

2.2.18 Synthesis of
carboxylate 25

methyl  2a,3a-dihydroxy-6-oxo-5a-pregnane-20-

Compound 17 (0.20 g, 0.5583 mmol), t-BuOH/H,0O (21 mL 1:1), DHQD-CLB
(0.06 g, 0.12 mmol), CH;SO,NH, (0.08 g, 0.88 mmol), K,CO; (0.380 g, 2.58
mmol), Kj[Fe(CN)e] (1.33 g, 4.05 mmol), OsO, (0.360 mL, 0.07 mmol).
Compound 25 is obtained as a colorless solid (0.17 g, 77.6% yield) m.p. = 196.2
—198.9°C (ether/MeOH [31]). IR vmax (cm®): 3388 (OH); 2945 (CHj;-); 2867 and
2830 (CH;-); 1739 (C=0); 1711 (C=0); 1446 (CH.-); 1375 (CHs-); 1263 and
1042 (C-O). *H NMR (400.1 MHz, CDCl3): § (ppm) = 4.03 (1H, bd, J = 2.8 Hz,
H-3); 3.74 (1H, ddd, J = 11.5, 4.7 and 3.1 Hz, H-2); 3.63 (3H, s, OCHj3); 2.67
(1H, dd, J = 12.6 and 3.0 Hz, H-5); 2.41 (1H, dqg, J = 10.5 and 6.8 Hz, H-20);
2.28 (1H, dd, J = 13.1 and 4.5 Hz, H-7a); 1.18 (3H, d, J = 6.8 Hz, H-21); 1.11
(1H, ddd, J=17.3, 11.9 and 6.2 Hz, H-15); 0.743 (3H, s, H-19); 0.662 (3H, s, H-
18). ®¥C-NMR (100.6 MHz, CDCly): & (ppm) = 211.95 (C-6); 177.18 (C-22);
68.31 (C-3); 68.21 (C-2); 56.19 (C-14); 53.61 (C-9); 52.69 (C-17); 51.40
(OCHj3); 50.67 (C-5); 46.61 (C-7); 42.95 (C-13); 42.51 (C-10); 42.32 (C-20);
40.13 (C-1); 39.11 (C-12); 37.56 (C-8); 26.92 (C-16); 26.28 (C-4); 23.94 (C-15);
21.09 (C-11); 17.04 (C-21); 13.52 (C-19); 12.15 (C-18). HRMS-ESI (positive
modo): m/z calculated for C,3Hzs0s: 392.2563 [M]*; found 393.2638 [M + H]".
(Figures S83 — S88, Supporting Information).

2.3 Rice Lamina Inclination Test (RLIT).

The bioactivity of BRs analogs (18-24 and methyl ester 25) has been
evaluated by using RLIT? and following a modified procedure previously
described?®, Seeds of a local rice (Oryza sativa L) cultivar of the Zafiro variety
(provided by INIA-QUILAMAPU, CHILE) are sterilized, sown and grown to
the second internode of the lamina. Once 8 cm segments are obtained, they are
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placed in a Petri dish containing sterile distilled water (60 mL) with added
amount of BRs analogues necessary to reach final concentrations, 1x108, 1x107
and 1x10° M, for each treatment. Brassinolide (1) (APEXBIO; USA (Houston,
Texas)) is used as positive control at the same tested concentrations, while an
aqueous solution with the same volume of tetrahydrofuran (THF, 0.002%), used
to dissolve the BRs analogs, is used as negative control. After 72 h of incubation
in the dark, the angle of inclination of the slice, between the leaf and the sheath,
is measured. Images are obtained with a microscope including camera software
(Leica Microsystem EZ4HD; Wetzlar, Germany). In each treatment eight
independent replicates are considered. The angle measured in the negative
control is subtracted in the evaluation of each treatment. Data is submitted to
analysis of variance and LSD-Fischer mean comparison test (p < 0.05) using
InfoStat software version 2020 (Cérdoba, Argentina).

3. RESULTS AND DISCUSSION

The synthesis of new BRs analogs, in which a benzyl function has been
incorporated in the C-22 position, is described in Scheme 1. The methyl ester 17,
obtained from dinorcholenic acid 3p-acetate (16), is used as starting material.

3.1. Chemistry

Methyl ester 17 is saponified with KOH/CH;OH/H,O in reflux and
subsequently acidified with HCI (5% w), to produce 26 (Scheme 1) with 97.5%
yield 20 IR, NMR spectroscopic data and melting point were consistent with
those reported % (Figures S1 — S6, Supplementary Material). Subsequently,
esterification reaction of acid 26, using Cs,CO;, MeOH/H,O, DMF, and the
corresponding benzyl halides produces the benzyl esters (27 — 33) 2. Compounds
27 — 33 were characterized by combined IR, 1D and 2D NMR spectroscopic
techniques (Figures S8-S40, Supporting Information).

(o]

27-33

27:R,=R,=H
28:R,=F,R,=H

18:R; =R, = H
19:R,=F, Ry~ H

20:R, =H.R=F o,
21:R, =R, =F ‘
22:R, =CLR,=H .
23:R,=H,R,=cl HO"
24:R, =R, =CI

30:R, =R,
31:R, =CLR,=H
32:R, =H,R,=Cl
33:R, =R, =Cl

Scheme 1. Synthesis of compounds 25, 26, 27 — 33 and new BR analogs 18 —
24. Conditions: a 1) KOH CH3;OH/H,0 reflux. 6 h, 2) HCI 5% w/w, 26 98.4%
yield. b). Cs,CO3, MeOH/H,0, DMF, R-PhCH,X(CI/Br). reflux. 6 h, 27, 64.5%;
28, 50.3%; 29, 83.7%; 30, 53.2%); 31, 27.0%; 32, 54.9% and 33, 68,1% yield, c).
Sharpless dihydroxylation: DHQD-CLB, CH3SO,NH,, K,COs;, Kj[Fe(CN)s],
050, t-BUOH/H,0 (1:1 v/v), r.t. 36 h, 18, 43.2%; 19, 93.0%; 20, 71.1%,; 21,
93.2%; 22, 94.7%; 23, 66.0%, 24, 37.4%, and 25, 77.6% yield.

For example, in the *H NMR spectrum of compound 27, the presence of signals
at 6 = 7.39 — 7.32 (5H, m) are assigned to aromatic hydrogens H-2"— H-6",
whereas those signals at 6 = 5.09 (2H, s) corresponds to benzylic hydrogens (-
OCH,-Ar). In the *C NMR spectrum, the signals observed at § = 176.47; 136.04;
128.49; 128.18 and 128.14 ppm, are assigned to C-22 (Ar-CH,0CO), C-1", C-3°
and C-5’,C-2" and C-6’, and C-4’ of benzyl group, respectively. All these signals
correlation 2Jyc or 3Jyc are showed on the 2D HMBC spectrum on Figure 3. In
this way, the formation of benzyl ester at C-22 was determined unequivocally by
observing the heteronuclear correlation at 3Jyc signal in the 2D HMBC spectrum,
between the benzyl hydrogens -OCH,-Ar (6 =5.09 ppm, 2H, s) and the carbonyl
signal at dc = 176.47 ppm (C-22). This correlation and other important are shown
in Figure 3. The structural determination of compounds 27 — 33 was performed
in a similar way.

J. Chil. Chem. Soc., 71, N°1 (2026)

e oc
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Figure 3. Heteronuclear-correlated 2D *H-*C HMBC spectrum of compound
27 showing the principal 3Jxc (red) correlation between the benzylic hydrogens
OCHAr with the C-22 carbon. Additionally, other important heteronuclear
correlations 2Jyc (blue) or 3Juc (red) are shown that confirmed the full structure.

Subsequently, Sharpless dihydroxylation®® of double bond on C2-C3 in
compounds 27 — 32 produces brassinosteroid analogues 18 — 24 with 43.2%;
93.0%, 71.1%, 93.2%, 94.7%, 66.0% and 37.4% yields, respectively (Scheme 1).
The same strategy has been used to transform alkene 17 into glycol 25, with
77.6% yield (Scheme 1). It is widely known that this reaction is stereo-controlled
by the ring A of A/B trans-fused (5a steroids) conformation and by the presence
of a methyl group on C-10% 2, The stereochemistry at C-2 and C-3 and spatial
orientations of both hydroxyl groups, have been confirmed by selective 1D
NOESY NMR experiments of compound 18. The main NOESY interactions are
observed in the selective excitations on H-2 (§ = 3.79-3.73 ppm, 1H, m) and
CH3-19 (5 = 0.746, 3H, s), which give the spatial orientations of the 2a,3a-diol
group (Figure 4c).

H2 Hap | Bap e

HAIp ‘ 1y
s
IS, |
) H1
c) f ;
)
s
- FHda
b) \ i L2l
st PP 0 L | E——
1rar -OCLeAr e
|
3
HTe
% Hs
a) 2 I

Figure 4. Top: partial structure of compound 8. a) *H NMR spectrum of
compound 18. b) 1D sel. NOE NMR spectrum showing the selective excitation
of H-3 and observed scalar 3Jun coupling with H-4a and H-48. ¢) 1D sel. NOE
NMR spectrum showing the selective excitation of H-2 and the NOE effects
observed with CH;-19 and observed scalar 3Jy coupling with H-3 and H-1. d)
1D NOE NMR spectrum showing the selective excitation of CH3-19 and the
NOE effects with H-2, H-4p, H-11p and CH3-18.

The full structure of compound 18 has been confirmed with results from the
2D HMBC spectrum (Figure 5), wheres the main heteronuclear correlations
observed at 2Jyc and 3Juc, confirm the structure of glycol 18. Additionally, the
full structural determination of compounds 18 — 25 have been established by
combined IR, 1D, 2D NMR and HRMS spectroscopic techniques
(Figures S41 — S88, Supporting Information).
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Figure 5. Heteronuclear-correlated 2D *H-**C HMBC spectrum of compound
18 showing the principal 3J,c (red) correlation between the benzylic hydrogens
OCH,Ar with the C-22 carbon. Additionally, other important heteronuclear
correlations 2Jyc (blue) and 3¢ (red) are shown for A/B rings that confirmed the
full structure.

3.2 Bioactivity assays

Bioactivity of all the herein synthesized compounds has been evaluated by
using RLIT, a highly sensitive and specific assay for BRs, and one of the most
widely used methods worldwide®?. Briefly, bending angles between leaf and
sheath of rice growing plants are measured in presence and absence of
exogenously applied BR analogs, and the difference between these two values is
commonly associated to the activity of the added molecule. Results obtained, at
different concentrations, of the benzylated analogues 18 — 24 and brassinolide
(1), used as positive control, are given in Table 4.1 and Table S1 (Supporting
Information).

Table 4. 2. Effect of different concentrations of brassinolide (1) and BRs 18 —
24 and methyl ester 25 type analogs, on lamina inclination of rice seedlings.

Bending Angles Between Laminae and Sheaths
(Degrees + Standard Error)!

Compounds 1x10% M 1x107 M 1x10%M
1 55+7.1° 62 +4.8° 85+ 7.5
18 15+3.2¢ 16+ 3.8° 7 +2.6¢
19 48 +3.8° 31+27° 13 + 554
20 13+3.2° 39 + 45 63 + 6.6°
21 25+9.3¢ - 8 +6.6%
22 3+0f 22+75¢ 55 +13.3°
23 38 £4.5° 40 £4.1° 16 + 4,01
24 38+49¢ 24 +3.8¢ 13 +6.0¢
25 62 + 2.6 44 +2.0° 40 £55¢

Negative Control 27+4.1

1 Values represent the mean + standard deviation of two independent
experiments with at least eight replicates each. Average angle of negative
control: 27 + 4.1. Superscript letters represent experiments with a significant
difference between treatments at p =0.05 significance level (Student’s t-test). (-
): values lower than negative control. Brassinolide (1) was used as positive
control.

The data listed in Table 4.1, indicate that at all tested concentrations the
bioactivity of analogues 18 — 24 is lower than that measured for brassinolide. At
the lowest tested concentration, 1x10® M, the most active compounds of this
benzylated analogs series are compounds 19 (with F in the -ortho position), 23
(with Cl in the -para position), and 24 (with two Cl atoms, one in the -ortho and
one in the para positions). Interestingly, F and CI atoms show completely
different effects, i.e. with compound 20, F in -para position, no change of
bending angle is observed, whereas CI (23) induces an important increase on this
activity. The opposite behavior is observed when these atoms are attached to the
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-ortho position, i.e. with F (19) a threefold increase is obtained, whereas with ClI
atom in this position (22) a complete inhibition of bending is observed.

These results suggest that the effects of F or Cl atom on activity strongly
depends on the substitution position in the benzylated function. These results
cannot be explained in terms of electron-withdrawing effects and probably some
additional factors such as size, electronic density and polarization could be
playing a role in the observed biological activity 2627,

Additionally, bioactivity exhibited by compounds 20 and 22 follow the same
concentration-dependence found for brassinolide, i.e. the effect on bending angle
increases with increasing concentration, and at 1x10® M concentration,
compounds 20 and 22 are the most active analogs of this series. On the other
hand, compound 25 with a methyl carboxylate instead of the benzyl function at
C-22 exhibit a biological activity that is higher than that shown by brassinolide
(Table 4.1).

A comparison of RLIT activities determined in this work for analogs with
benzyl function (18 — 20) with those previously reported for analogs with benzoyl
function (13 — 15) (Figure 1)* will allow us to assess the effect of changing the
nature of the function attached at C22. To do so the activities of analogs carrying
a fluorine atom in the “ortho” or “para” position on the aromatic ring are
compared (Figure 6). So, comparison of activities at concentrations 1x107 M and
1x10® M is presented below.

To compare RLIT data obtained in different experiments it is necessary to
calculate relative activities, which are independent of the values obtained for the
negative and positive controls?.

Thus, relative values for compounds 13 — 15 and 18 — 20 are shown in Table
2.

Table 2. RLIT relative activity (RA) at 1 x107 M and 1 x10°®, using
brassinolide as positive control compound.

1x107 M 1x10°M
Analog RA Analog RA Analog RA Analog RA
13 0.57 18 0.26 13 0.18 18 0.07
14 (o-F) 0.46 19 (o-F) 0.50 14 (o-F) 0.11 19 (o-F) 0.15
15 (p-F) 0.92 20 (p-F) 0.63 15 (p-F) 0.27 | 20 (p-F) 0.74

This data show that, at concentrations 1x107 M and 1x10°® M, the analog with
unsubstituted benzoyl function at C-22 (13) is twice more active than the analog
with benzyl group (18). These differences disappear with F substitution and are
reverted with increasing concentration. At the highest concentration the p-F
benzyl analog is three times more active than the respective benzoylated
compound.

Thus, it can be concluded that RLIT activity of BRs analogs depends on many
structural features that it becomes very difficult to establish a structure-activity
relationship. We think that the initial interaction of these compounds with the
active site, obtained from molecular docking studies, does not consider electron-
withdrawing effects, electronic density, or polarization, which could be
determinant in the observed biological activity.

CONCLUSIONS

Seven new C-22 substituted BRs analogs with benzylic function substituted
with fluorine and chlorine atoms were synthesized (compounds 18-24), along
with the known methyl ester 25. All of them were fully characterized by different
spectroscopic techniques (IR, NMR and HRMS). The key step in obtaining these
new brassinosteroid analogs is the benzylation reaction at C-22, which was
carried out by nucleophilic substitution method of corresponding benzyl halides
with the carboxylic function at C-22. The benzyl derivatives were obtained with
good relatives yields.

The biological activity results obtained from RLIT indicate that the
unsubstituted C-22 benzoylated compound is more active than the respective
benzylated compound. In the series of benzylated compounds, the presence of F
or Cl atom in the aromatic ring induce important effects on activity that strongly
depends on the substitution position.
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Figure S46. HRMS spectrum of benzyl 2a,3a-dihydroxy-6-0xo-5a-pregnan-22-carboxylate (18).
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carboxylate (21).
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Figure S61. C-DEPT 135 NMR spectrum of 2.4-difluorobenzyl 2a,30-dihydroxy-6-0xo-5a-
pregnan-22-carboxylate (21).
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Figure S62. 'H->C HSQC-ed. Spectrum of 2,4-difluorobenzyl 2a,3a-dihydroxy-6-oxo-5a-pregnan-
22-carboxylate (21).
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Figure S63. 'H-°C HMBC spectrum of 2,4-difluorobenzyl 20,3a-dihydroxy-6-o0xo-5a-pregnan-22-

carboxylate (21).
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Figure S67. *C-DEPT 135 NMR spectrum of 2-cholorbenzyl 2a,3a-dihydroxy-6-0xo-5a-pregnane-
22-carboxylate (22).
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Figure S68. 'H-'3C HSQC-ed. Spectrum of 2-cholorbenzyl 2a,3a-dihydroxy-6-0xo-5a-pregnane-22-
carboxylate (22).
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Figure S69. 'H-"*C HMBC spectrum of 2-cholorbenzyl 2a,3a-dihydroxy-6-oxo-5a-pregnane-22-

carboxylate (22).
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Figure S70. HRMS spectrum of 2-cholorbenzyl 2a,3a-dihydroxy-6-oxo-5a-pregnane-22-

carboxylate (22).
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Figure S73. C-DEPT 135 NMR spectrum of 4-cholorbenzyl 2a,3a-dihydroxy-6-0xo-5a-pregnane-
22-carboxylate (23).
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Figure S74. '"H-3C HSQC-ed. Spectrum of 4-cholorbenzyl 2a,3a-dihydroxy-6-0xo-5a-pregnane-22-
carboxylate (23).
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Figure S75. 'H-"*C HMBC spectrum of 4-cholorbenzyl 2a,3a-dihydroxy-6-oxo-5a-pregnane-22-
carboxylate (23).
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Figure S76. HRMS spectrum of 4-cholorbenzyl 2a,3a-dihydroxy-6-oxo-5a-pregnane-22-
carboxylate (23).
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Figure S78. 3C NMR spectrum of 2,4-dicholorbenzyl 2a,3a-dihydroxy-6-0xo-5a-pregnane-22-

carboxylate (24).
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Figure S79. C-DEPT 135 NMR spectrum of 2,4-dicholorbenzyl 2a,3a-dihydroxy-6-oxo-5a-
pregnane-22-carboxylate (24).
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Figure S80. 'H-*C HSQC-ed. Spectrum of 2,4-dicholorbenzyl 20,3 a-dihydroxy-6-0xo-5a-pregnane-
22-carboxylate (24).
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Figure S81. 'H-'*C HMBC spectrum of 2,4-dicholorbenzyl 2a,3a-dihydroxy-6-o0xo-5a-pregnane-22-
carboxylate (24).
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Figure S82. HRMS spectrum of 2,4-dicholorbenzyl 2a,3a-dihydroxy-6-oxo-5a-pregnane-22-
carboxylate (24).
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Figure S83. 'H NMR spectrum of Methyl 20,3 a-dihydroxy-6-oxo-5a-pregnane-20-carboxylate (25).
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Figure S84. ’C NMR spectrum of Methyl 2a,3a-dihydroxy-6-oxo-5a-pregnane-20-carboxylate (25).
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Figure S85. *C-DEPT 135 NMR spectrum of Methyl 2a,30-dihydroxy-6-oxo-5a-pregnane-20-
carboxylate (25).
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Figure S86. 'H-3C HSQC-ed. Spectrum of Methyl 20,3a-dihydroxy-6-oxo-5a-pregnane-20-
carboxylate (25).
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Figure S87. 'H-'C HMBC spectrum of Methyl 20,30-dihydroxy-6-oxo-5a-pregnane-20-carboxylate
(25).
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Figure S88. HRMS spectrum of Methyl 2a,3a-dihydroxy-6-oxo-5a-pregnane-20-carboxylate (25).
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Table S1: Rice-lamina assays using the second leaf lamina joints (Angle Opening, Degrees) of
excised leaf segments treated with brassinolide (1), BRs analogs 18-24 and methyl ester 25 at
different concentrations. Brassinolide (1) was used as positive control at the same concentrations.

RLIT (Angle Opening, Degrees)

Compounds 1x108M 1x107"M 1x106M
OH
HO,,
Ho™ 55+ 7.12 62 +4.82 85 +7.5%

Ho,,

HO""

-
7126

HO,,,

HO"

48 +3.8°

31+£2.7¢°

HO,,,

HO"

63 + 6.6°

HOy,,

HO™"

8+ 6.6%
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HOy,,

HO"

3+0f 22+7.5¢ 55 +13.3°

HO/,,,“.
Cl :
HO™ 38+ 4.5¢ 40 +4.1b 16 +4.0¢
Cl
HO,,,
Cl

HO""

38 +£4.9° 24 +3.8¢ 13 +6.0¢

H O////,,,

HO""
o

Negative Control

27+4.1

1 values represent the mean + standard deviation of two independent experiments with at least eight
replicates each. Average angle of negative control: 27 + 4.1. Superscript letters represent experiments
with a significant difference between treatments at 0.05 significance level (Student’s t-test). (-):
values lower than negative control. Brassinolide (1) was used as positive control.
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