
Hydroboration of vinylsilanes providing diversity-oriented 
hydrophobic building blocks for biofunctional molecules

Journal: Organic & Biomolecular Chemistry

Manuscript ID OB-ART-04-2024-000632.R1

Article Type: Paper

Date Submitted by the 
Author: 22-May-2024

Complete List of Authors: Namba, Nao; Tokyo Medical and Dental University
Fujii, Shinya; Tokyo Medical and Dental University, Institute of 
Biomaterials and Bioengineering

 

Organic & Biomolecular Chemistry



ARTICLE

Please do not adjust margins

Please do not adjust margins

Received 00th January 20xx,
Accepted 00th January 20xx

DOI: 10.1039/x0xx00000x

Hydroboration of vinylsilanes providing diversity-oriented 
hydrophobic building blocks for biofunctional molecules 
Nao Nambaa and Shinya Fujii*a

Hydroboration of vinylsilanes with BH3 affords two silylethanol regioisomers. Here, we investigated the regioisomeric ratio 
of hydroboration products from various vinylsilanes, focusing on the characteristic reaction profile. All investigated 
vinylsilanes afforded both regioisomers, and greater bulkiness increased the proportion of Markovnikov products. The 
obtained silylethanols were used as hydrophobic building blocks for constructing nuclear progesterone receptor (PR) 
modulators. Notably, structural conversion from α-isomer (silylethan-1-oxy derivative) to β-isomer (2-silylethoxy derivative) 
caused complete activity-switching from PR agonist to antagonist. Our results indicate that silylethanols are useful for 
structural development, and vinylsilanes are a versatile source of hydrophobic building blocks for biofunctional molecules.

Introduction
Silicon functionalities are often utilized as reactants for coupling 
reactions or as protective groups. From the viewpoint of 
synthetic methods, organosilicon reagents offer a number of 
advantages: (1) silyl functionalities themselves can act as 
reactive sites for Hiyama coupling or Tamao-Fleming oxidation; 
(2) silyl groups are readily removable by acids or fluoride 
reagents; (3) the electronic effect of the silicon atom can 
produce characteristic regioselectivity; (4) the bulkiness of silyl 
substituents can provide characteristic regio- and 
stereoselectivity.1 Therefore, many researchers use silyl 
reagents for the synthesis of natural products or functional 
molecules, including oligomers.2,3 Vinylsilanes, which are 
organosilicon reagents bearing a vinyl group on the silicon 
atom, are intrinsically non-toxic, stable in air and also stable in 
aqueous solution. As they can react at the silicon atom or the 
unsaturated bond, they are useful for generating functional 
molecules. The silyl moiety also affords a characteristic reaction 
selectivity. For example, in the hydroboration of vinylsilanes 
with BH3, the regioselectivity between Markovnikov products 
(α-isomers) and anti-Markovnikov products (β-isomers) is 
essentially different from that in the case of the corresponding 
vinyl hydrocarbons.4,5 With trimethylvinylsilane (TMS ethylene), 
two products are obtained almost in 1:1 regioselectivity, 
whereas hydroboration of the corresponding hydrocarbon 
favors the anti-Markovnikov product (Fig. 1A). Taking 
advantage of these characteristics of vinylsilanes, several 

reactions have been developed and utilized. For example, Meng 
and coworkers developed site-selective, asymmetric 
hydroboration of vinylsilanes and utilized it in a total synthesis 
of bruguierol A.6 However, in most cases, silyl moieties are 
employed only as leaving or protecting groups to be eventually 
removed. 

In the field of drug discovery, on the other hand, the 
introduction of functionalities containing different elements is 
a promising approach to develop novel and distinctive 
candidates.7

Fig. 1. A) Regioisomeric ratio in the hydroboration of tert-butylethene 
and trimethylsilylethene, reported by Soderquist and Bailey. B) 
Objectives of this research.

a. Institute of Biomaterials and Bioengineering, Tokyo Medical and 
Dental University, 2-3-10 Kanda-Surugadai, Chiyoda-ku, Tokyo 101-
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Electronic Supplementary Information (ESI) available: synthesis of 
vinylsilanes, detail of DFT calculation, synthetic procedures, and 
compound characterization. See DOI: 10.1039/x0xx00000x
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In this context, the silicon atom has a longer covalent bond 
length than carbon, and so the hydrophobic surface of a 
molecule can be extended by introducing a silyl moiety. It is 
already established that “Si/C-exchange” is a good strategy to 
improve biological activity and target selectivity, as well as the 
pharmacokinetic profile.8-11 Focusing on the availability and 
diversity of silyl reagents, we previously developed a silyl group-
based structural development strategy for hydrophobic 
substructures,12 and reported the development of nuclear 
receptor modulators with unique target-selectivity profiles.13-16 
Thus, we anticipated that the hydroboration products of 
vinylsilanes could prove to be useful hydrophobic building 
blocks for biofunctional compounds. In particular, we noted 
that hydroboration of vinylsilanes and subsequent oxidation 
can afford two products, i.e. 1-silylethanols (α-isomers) and 2-
silylethanols (β-isomers), and therefore this reaction could be 
especially suitable for the preparation of diversity-oriented 
hydrophobic building blocks. Based on these considerations, we 
first set out to investigate the regioisomeric ratio of 
hydroboration products using a wide variety of vinylsilanes as 
substrates. We then investigated the application of the 
resulting hydroboration products as hydrophobic building 
blocks of nuclear progesterone receptor (PR) ligands (Fig. 1B).

Results and discussion
Hydroboration of vinylsilanes

First, we prepared vinylsilanes 1a-1m bearing various kinds of 
alkyl or aryl moiety using several known methods (Scheme S1) 
and conducted hydroboration reactions. Table 1 summarizes 
the regioisomeric ratio of the reaction products and the isolated 
yield of each isomer of the obtained silylethanols (Table 1). In 
all cases (1a-1m), hydroboration using BH3-THF gave two 
silylethanols 2a-2m and 3a-3m simultaneously. The sum of the 
isolated yields of silylethanols 2b and 3b was only moderate due 
to the difficulty of purification on a laboratory (milligram) scale. 
Notably, hydroboration of 1c using BH3-Me2S gave the two 
isomers in a similar ratio to that in the case of BH3-THF, 
suggesting that the characteristic regio-nonselectivity in the 
hydroboration of vinylsilanes using BH3 has generality. In 
contrast, hydroboration of 1c using 9-BBN gave only 2-
silylethanol (β-isomer) 3c. In the case of hydroboration with 
BH3, the regioisomeric ratio of products was in the range 
between 55:45 and 71:29, and the major product was always 1-
silylethanol (α-isomer) 2. Interestingly, the ratio of the sterically 
unfavorable product 2 increased with increasing bulkiness of 
the silyl substituent. Specifically, replacing the three methyl 
groups with ethyl or phenyl groups changed the regioselectivity 
from 58:42 to 61:39 or 71:29 (1a vs 1b, 1e), respectively.

Table 1. Regioisomeric ratio and isolated yield of hydroboration products from vinylsilanes 1a-1m.a

a Reaction conditions: 1) borane reagent (2.0 eq.), THF (0.2 M), 2) 30% H2O2. aq, 2.0 M NaOH. aq. 0 C to rt, 2 h. b The regioisomeric ratio was 
determined from the 1H NMR spectra of the crude reaction products. c These regioisomers can be separated by silica gel column chromatography. 
For details please see the Supporting Information. d The reaction was conducted using BH3-Me2S. e The reaction was conducted using 9-BBN. N.D.: 
Not determined.

Entry Substrate R1 R2 R3 Regioisomeric ratio  (2:3)b Isolated yield of 2 c Isolated yield of 3 c

1 1a Me Me Me 58:42 30% 30%

2 1b Et Et Et 61:39 18% 15%

3 1c Me Me Ph 63:37 65% 33%

4 1d Me Ph Ph 68:32 53% 27%

5 1e Ph Ph Ph 71:29 50% 18%

6 1f Me Me 2-OMe-C6H4 55:45 42% 17%

7 1g Me Me 4-OMe-C6H4 62:38 44% 23%

8 1h Me Me 2-Me-C6H4 66:34 60% 23%

9 1i Me Me 4-Me-C6H4 59:41 46% 22%

10 1j Me Me 2-CF3-C6H4 64:36 50% 24%

11 1k Me Me 4-CF3-C6H4 68:32 52% 19%

12 1l Me 4-CF3-C6H4 4-CF3-C6H4 68:32 55% 18%

13 1m 4-CF3-C6H4 4-CF3-C6H4 4-CF3-C6H4 71:29 43% 16%

14d 1c Me Me Ph 63:37 N.D. N.D.

15e 1c Me Me Ph <1:>99 N.D. N.D.

+
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Fig. 2. DFT calculation of the hydroboration transition states of 1a, 1c, 1d and 1e. These values were calculated at the B3LYP/6-31G* level using 
Spartan’18.

Replacement of methyl group(s) by phenyl group(s) also 
increased the ratio of 1-silylethanol, namely, the trimethylsilyl 
substrate (1a) gave a ratio of 58:42, whereas the 
dimethylphenylsilyl (1c), methyldiphenyl (1d) and triphenylsilyl 
(1e) substrates exhibited ratios of 63:37, 68:32, and 71:29, 
respectively. To examine the reason for this, we conducted 
density-functional theory (DFT) calculation of the 
hydroboration transition states of 1a, 1b and 1e. The calculation 
condition was set following Xia and coworkers’ report.17 The 
Markovnikov-type transition state (2‡) was increasingly favored 
over the anti-Markovnikov transition state (3‡) as the number 
of the phenyl group increased (Me3 < Me2Ph < MePh2 < Ph3) (Fig. 
2). Thus, the result of DFT calculation was in agreement with the 
observed regioisomeric ratio of products. In the case of 
alkynylsilanes, it was reported that the phenyl groups on the 
silicon atom causes the increase of electrophilicity of the β-
carbon atom on the alkynyl group.18 This electrophilicity of the 
β-carbon atom is also one possible reason for the order of 
regioselectivity in the hydroboration of vinylsilanes. 

The substituent on the phenyl group(s) only modestly 
affected the regioisomeric ratio, indicating that such 
substituents do not significantly affect the electronic state of 
the vinyl moiety (Table 1). Parks reported that the unique 
regioselectivity of vinylsilanes arose from both the β-effect of 
silicon and the reduction of steric hindrance on the α-carbon.19 
Our results suggest that changing the substituents on the silicon 
atom alters the balance of β-effect and steric effect on the α-
carbon only modestly, and therefore both regioisomers are 
obtained regardless of the silyl functionality.

Development of novel PR ligands

Design and synthesis. With a variety of silylethanols in hand, we 
next investigated their application as hydrophobic building 
blocks for biofunctional compounds. As a model target of 
structural development, we focused on the nuclear 
progesterone receptor (PR). PR is a member of the nuclear 
receptor superfamily of ligand-dependent transcription factors 

regulated by the binding of an endogenous steroid, 
progesterone (P4).20-22 PR plays important roles in multiple 
physiological systems, including female reproductive processes 
such as uterine cell proliferation and differentiation, the 
ovulation cycle, and mammary gland growth and 
differentiation. PR is an attractive target of drug discovery, and 
several synthetic PR ligands are already in clinical use.23-25 
Hydrophobic interaction is essential for PR ligand activity,26 and 
influences the activity mode, namely, agonist or antagonist.27,28 
Thus, we anticipated that application of our silylethanols would 
be advantageous for the structural development of the 
hydrophobic moiety in PR ligands. Based on these 
considerations, we designed novel PR ligand candidates 
consisting of the silylethoxy moiety as the hydrophobic 
pharmacophore together with a 3-chloro-4-cyanophenyl group, 
which serves as a hydrogen-bonding pharmacophore of ligands 
for PR and related steroid hormone receptors (Fig. 1B).29,30 

The designed compounds were synthesized by SNAr reaction 
of 2-chloro-4-fluorobenzonitrile and silylethanols. Firstly we 
investigated the conventional SNAr reaction conditions (NaH in 
DMF, 80 C), however, complicated mixtures containing 
siloxanes were obtained. Therefore, we conducted the reaction 
using KHMDS as the base reported by Warren.31 Under this 
reaction condition, the substrate silylethanols were recovered 
even though the yield of desired products was low. In the 
syntheses of methyldiphenylsilyl derivatives 4d-e and 
triphenylsilyl derivatives 5d-e, the reactions with LiHMDS 
proceeded well, whereas the reactions with KHMDS did not. 
The yield obtained with the silylethan-1-oxy derivative (α-
isomer) was larger than that in the case of the corresponding 2-
silylethoxy derivative (β-isomer), especially in the case of 
bulkier compounds such as triethylsilyl derivatives (4b and 5b), 
methyldiphenylsilyl derivatives (4d and 5d) and triphenylsilyl 
derivatives (4e and 5e). This is probably because the silicon 
atom activates the -oxyanion to promote the nucleophilic 
substitution (Tables 2 and 3).

Substrate R1R2R3 G0(2‡) [au] G0(3‡) [au] ΔG0(2‡ - 3‡) [kJ/mol]

1a Me3 -513.7616 -513.7617 0.25

1c Me2Ph -705.4527 -705.4523 -1.09

1d MePh2 -897.1425 -897.1410 -4.01

1e Ph3 -1077.0242 -1077.0207 -9.45

H2O2
NaOH

R1
Si

R2 R3

BH3-THF

Markovnikov-type addition

Anti-Markovnikov-type addition
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Si

R2 R3

H2B
H
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R2 R3
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OH
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Table 2. Synthesis of designed compounds 4a-4e. a

a 2-Chloro-4-fluorobenzonitrile (3.0 eq.), base (2.0 eq.), THF (0.1 M)

Table 3. Synthesis of designed compounds 5a-5e. a

a 2-Chloro-4-fluorobenzonitrile (3.0 eq.), base (2.0 eq.), THF (0.1 M) 

Evaluation of PR-modulating activity. The PR-modulating 
activity of the synthesized compounds was assessed by alkaline 
phosphatase assay using the T47D human breast cancer cell 
line.32 PR agonistic activity, i.e., transcription-promoting 
activity, was assessed after single treatment with the test 
compounds, and PR antagonistic activity, i.e., transcription-
inhibitory activity, was assessed after combination treatment 
with the test compounds and 1 nM P4. Table 4 summarizes the 
PR ligand activity of the compounds 4a-4e, 5a-5e. All the 
synthesized compounds exhibited significant PR ligand potency. 
Regarding the antagonistic activity, increase of the molecular 
bulkiness decreased the potency. Among the test compounds, 
2-trimethylsilylethoxy derivative 5a showed the most potent 
antagonistic activity with an IC50 value of 27 nM. Compound 5a 
was as potent or more potent than the potent nonsteroidal PR 
antagonist 6 that we previously developed,33 indicating that 
structural development using silylethanols is a promising 
approach to develop potent new biofunctional compounds. 
Interestingly, silylethan-1-oxy derivatives (α-isomers) 4a and 4b 
exhibited PR agonistic activity, in contrast to the potent PR 
antagonistic activity of the corresponding 2-silylethoxy isomers 
(β-isomers) 5a and 5b, indicating that the isomeric structural 
conversion resulted in activity-switching. Surprisingly, the 
maximum efficacy of compound 4b was significantly larger than 
that of the endogenous PR agonist P4 (Table 4).

Table 4. PR agonistic and antagonistic activities of compounds 4a-4e and 5a-5e assessed by T47D alkaline phosphatase assay.

a The EC50 values are shown as the mean ± SD from three independent experiments. b Maximum efficacy compared with the maximum activity of 
P4. c The IC50 values are shown as the mean ± SD from three independent experiments. P4 concentration was 1.0 nM.

Substrate R1 R2 R3 Base Product (yield)
2a Me Me Me KHMDS 4a (24%)
2b Et Et Et KHMDS 4b (31%)
2c Me Me Ph KHMDS 4c (22%)
2d Me Ph Ph LiHMDS 4d (62%)
2e Ph Ph Ph LiHMDS 4e (48%)

Substrate R1 R2 R3 base Product (yield)
3a Me Me Me KHMDS 5a (36%)
3b Et Et Et KHMDS 5b (17%)
3c Me Me Ph KHMDS 5c (20%)
3d Me Ph Ph LiHMDS 5d (27%)
3e Ph Ph Ph LiHMDS 5e (14%)

Cmpd. R1 R2 R3 agonist EC50 
a (Emax) b antagonist IC50

 c

4a Me Me Me 620 ± 570 nM (85 ± 38%) -
4b Et Et Et 110 ± 64 nM (170 ± 70%) -
4c Me Me Ph - 33 ± 9 nM
4d Me Ph Ph - 88 ± 24 nM
4e Ph Ph Ph - 110 ± 20 nM
5a Me Me Me - 27 ± 15 nM
5b Et Et Et - 57 ± 17 nM
5c Me Me Ph - 34 ± 13 nM
5d Me Ph Ph - 150 ± 27 nM
5e Ph Ph Ph - 420 ± 170 nM
6 - - 33 ± 3 nM
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Docking simulation. To estimate the binding mode of these PR 
modulators, we conducted docking simulations of triethylsilyl 
derivatives 4b (α-isomer), which exhibited agonistic activity, 
and 5b (β-isomer), which exhibited potent antagonistic activity, 
with the X-ray crystal structure of the hPR ligand-binding 
domain (LBD) (PDB ID: 1A28),26 using AutoDock 4.2.34 
Compound 4b has two stereoisomers depending on the chirality 
of the secondary carbon, and both isomers were docked. Fig. 3A 
shows the docking model of 4b as a superimposition of the two 
isomers on the crystal structure of hPR LBD bound to P4. In the 
docked structure, the cyano group interacts with Gln725 and 
Arg766, which interact with the carbonyl group of P4 in the X-
ray structure. The triethylsilylethan-1-oxy moiety occupies the 
hydrophobic cavity of the ligand-binding pocket of the PR LBD 
in which the CD-ring of P4 is located, forming a hydrophobic 
interaction with Met909 in helix12 (H12) of PR. It has been 
reported that the proper folding of Met909 in H12 is essential 
for the transcriptional activity of PR.26,35,36 Overall, compound 
4b sufficiently occupies the ligand-binding pocket and forms key 
interactions with the receptor, enabling it to exert PR agonistic 
activity. Fig. 3B shows the docking model of 5b in the hPR LBD. 
In the docked structure, the cyano group of 5b interacts with 
Gln725 and Arg766 in the same manner as in the calculated 
model of 4b (Fig. 3). The 2-triethylsilylethoxy group of 5b 
occupies a hydrophobic cavity on the contralateral side to the 
cyanophenyl moiety, similarly to the docked structure of 4b. In 
the case of 5b, however, there is a considerable unoccupied 
space near Met909, which is occupied by the triethylsilylethan-
1-oxy group of 4b. The lack of hydrophobic interaction might 
destabilize the proper folding of H12 required for 
transcriptional activity, and this could be the reason for the 
activity-switching, namely, whereas 4b exhibits agonistic 
activity, 5b functions as an antagonist (Fig. 3).

Conclusions
To evaluate the characteristic hydroboration reaction profile of 
vinylsilanes, we investigated the regioisomeric ratio of the 
hydroboration products of various vinylsilanes. All the 
investigated vinylsilanes afforded two regioisomers, and an 
increase in the bulkiness of the silyl functionality increased the 
proportion of the sterically more hindered α-isomer 
(Markovnikov products). We then investigated application of 
the obtained silylethanols to the structural development of 
nuclear PR modulators. The silylalkoxy moiety proved to be an 
effective hydrophobic pharmacophore of novel PR antagonists 
such as 5a and 5b. In addition, the isomeric structural 
conversion of 5a or 5b, i.e., to 4a or 4b, respectively, resulted in 
complete activity-switching, namely from antagonist to agonist. 
These results suggested that silylethanols are useful options for 
structural development, and that vinylsilanes are a versatile 
resource for designing hydrophobic building blocks of 
biofunctional molecules.

Fig. 3. Docking models of compounds 4b (α-isomer) and 5b (β-isomer) 
with the hPR LBD (PDB ID: 1A28) obtained with AutoDock 4.2. The 
structure shows the endogenous ligand P4 (gray) bound to the PR LBD, 
and the docking models of 4b and 5b are superimposed. The protein 
surface is indicated as a blue mesh. A) Superimposition of docking 
models of the two stereoisomers of 4b (yellow and light blue) in the hPR 
LBD. B). Superimposition of the docking model of 5b (green) on the 
endogenous ligand P4 (gray). C) Structures of compounds.

Experimental
Chemistry
All reagents were purchased from TCI Chemicals, Fujifilm Wako 
Pure Chemical Industries, or Kanto Kagaku Co. Inc., and used 
without further purification: Thin-layer chromatography (TLC) 
was performed using silica gel coated with a fluorescent 
indicator F254 (Merck, #1.05715.0001). Silica gel column 
chromatography was performed using neutral silica gel (60 Å, 
40–50 μm) purchased from Kanto Kagaku Co. Inc. NMR spectra 
were recorded on Bruker Avance 400 (1H: 400 MHz and 13C: 101 
MHz), Bruker Avance 500 (1H: 500 MHz and 13C: 126 MHz), and 
JEOL JNM-GX500 (1H: 500 MHz, 13C: 126 MHz) spectrometers. 
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Chemical shift values for protons are referenced to the signal of 
the residual signal chloroform-d (δ 7.26) or acetone‑d6 (δ 2.05), 
and chemical shift values for carbons are referenced to the 
carbon resonance of chloroform-d (δ 77.16) or acetone‑d6 (δ 
29.84). High-resolution mass (HRMS) spectra were taken on a 
Bruker Daltonics micrOTOF-2 using the electron spray ionization 
time-of-flight (ESI-TOF) method. Details of the procedure and 
the spectra are presented in the Supplementary data

DFT calculations
All density functional theory (DFT) calculations were performed 
using the Spartan’18 Wavefunction, Inc. Irvine, CA program by 
the B3LYP method with the 6-31G* basis. The solvent effect was 
taken into account by using dielectric ratio of THF (7.43) 
determined by C-PCM model.37-40 The structure used for energy 
calculations were confirmed by frequency analysis as transition 
state (only one imaginary frequency). Previous studies indicate 
this method is reliable for the study of the hydroboration 
reaction mechanism.41-43 Each calculated result was given in 
Table S1 in supporting information.

T47D alkaline phosphatase assay for the evaluation of the PR 
antagonistic activity
T47D alkaline phosphatase assays were performed as 
previously described,33 with minor modifications. Briefly, the 
human breast cancer cell line T47D was routinely cultivated in 
RPMI 1640 medium with 10% FBS at 37 °C in a humidified 
incubator under 5% CO2. Cells were plated in 96-well plates and 
incubated overnight under the same conditions. The next day, 
the cells were treated with fresh medium containing the test 
compound in the presence (for antagonist assay) or absence 
(for agonist assay) of 1 nM progesterone and further incubated 
for 48 h. The medium was aspirated, and the cells were fixed 
with 100 μL of 1.8% formalin in phosphate-buffered saline 
(PBS). The fixed cells were washed with PBS, and 100 μL of assay 
buffer (1 mg/mL p-nitrophenol phosphate in diethanolamine 
water solution, pH 9.0) was added. The mixture was incubated 
at room temperature for 2 h under shielding from light. The 
absorbance was measured at 405 nm using a DTX 880 
Multimode Detector (Beckman Coulter). All data points were 
measured in triplicate, and IC50 values were calculated from 
three independent experiments. EC50 values were calculated by 
sigmoid fitting using a Caleidagraph. IC50 values were 
determined as the concentration of the compound that reduces 
the P4-induced alkaline phosphatase activity by a half, 
calculated by linear interpolation from the two points adjacent 
to the IC50 value.

Docking simulation
The structure of the LBD of hPR was prepared from the Protein 
Data Bank accession number 1A28. Polar hydrogen atoms and 
partial atomic charges were assigned using AutoDockTools 
(ADT). Molecular docking was performed using AutoDock 4.2 
with the genetic algorithm. The AutoDock parameters for silicon 
atoms were Rii = 1.60 and eii = 0.875.
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