Single-Atom Ligation of Four Different Alcohols at One Silicon Center:

Methodology Development and Proof of Concept

Chao Wang?, Xin Xu!, Xinyu Zhang?, Haifeng Lin*, Pathan Mosim Amin*, Youliang Wang*

Affiliations and contact information

! School of Chemistry, Xi’an Key Laboratory of Sustainable Energy Materials Chemistry,
Xi’an Jiaotong University (XJTU), Xi’an 710049, P. R. China
*Corresponding Author, email: youliangwang@xjtu.edu.cn

Abstract

Click chemistry! continues to impact the chemistry and biology community, with the most
well-known being the CUAAC click chemistry?. Topologically, the CUAAC click chemistry
only ligated two fragments in a two-dimensional manner. While the SUFEx3'® and PFEx'®
chemistry could ligate fragments three-dimensionally, maximally three fragments
(amine/alcohol) could be clicked together for now. Herein, we report the three-dimensional
single-atom ligation of four different fragments (alcohols) at one silicon center using
triphenylchlorosilane as the ligation hub in an iterative, controllable, and programmable
fashion. To fulfill the mission, we established a new silicon-phenyl exchange reaction with
alcohols. A broad spectrum of alcohols could be ligated using various types of
phenylchlorosilanes as ligation hubs, affording a library of mixed-dialkoxysilanes,
trialkoxysilanes, and tetraalkoxysilanes. Notably, fully heteroleptic tetraalkoxysilanes were

barely known in literature and extremely difficult to access in a selective fashion from a
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retrosynthetic viewpoint. Our protocol thus provided a robust solution to materials of such
nature. To highlight the application potential, four different biologically relevant alcohols,
representing four different functions, were successfully ligated to one Si(IV) center as fully
heteroleptic tetraalkoxysilane. More importantly, the four alcohols could be released and

recovered via silicon-alkoxy exchange of the stable yet cleavable Si-O bonds.
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Fig. 1 | Research background and the proposed alcohol ligation at silicon. a, CuAAC:
ligation via triazole formation. b, SuFEx: ligation via S-F exchange. ¢, PFEx: ligation via P-F
exchange. d, The infeasible ligation of four different alcohols using SiF4 via Si-F exchange. e,
Examples of iterative and step-by-step substitution at silicon. f, The impracticable ligation of
four different alcohols using SiCls. g, Our proposed single-atom ligation of four different

alcohols using triphenylchlorosilane as the connective hub. h, Key reaction development.

Click chemistry! is a synthetic concept introduced by K. Barry Sharpless in 2001, which has
revolutionized the way people practiced chemistry as well as biology in the past two decades.
Its profound impact was recognized by the Nobel Prize in Chemistry in 2022. In 2014,
Sharpless pushed it to a new level by launching the groundbreaking sulfur-fluoride exchange
(SuFEx) based click chemistry®. Unlike the CuAAC (copper-catalyzed azide-alkyne
cycloaddition) click chemistry? where the azide and alkyne functionalities usually had to be
pre-installed to the two linking fragments prior to ligation (Fig. 1a), the SUFEx chemistry could
directly ligate two or three free alcohols (mainly phenols) or amines, which are fundamental
and much more common functionalities than azides and alkynes (Fig. 1b). Another key feature
is that the two or three fragments branched three-dimensionally from the sp*-hybridized S(VI)
center while the traditional CuAAC chemistry only linked the two fragments two-
dimensionally on the planar triazole ring. Undoubtedly, this pioneering technology already
triggered tremendous advancement in the field of click chemistry*!>. Notably, in 2023, Moses
and Sharpless further extended the sulfur-fluoride exchange chemistry to the phosphorus

fluoride exchange (PFEx) version'®, where three amines and alcohols could be sequentially
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ligated at one P(V) center (Fig. 1¢). However, the state-of-the-art SUFEx and PFEx chemistry
only ligated maximally three amines and alcohols through fluoride exchange, although
theoretically the quadruple ligation is possible since the sp*-hybridized S(VI) and P(V) require
four ligands on them. We envisioned that Si(IV) might be ideal for the single-atom ligation of
four amines and alcohols, especially four alcohols for the following considerations. First of all,
silicon is an oxophilic element with the Si-O bond energy as high as 460 kJ/mol while the bond
energy for P-O is 410 kJ/mol and 364 kJ/mol for S-O, which ensures the ligation of alcohols
to silicon a favorable process. Secondly, in fully heteroleptic tetraalkoxysilanes, the four
different alkoxy fragments would occupy the four vertices of a Si(IV)-centered tetrahedron to
branch three-dimensionally. Finally, the four alcohols are attached to Si(IV) via the same Si-O
single bond, thus making the iterative and programmable ligation viable simply through four
repeated Si-O bond forming reactions.

Unfortunately, imitation of the SuFEx and PFEx chemistry to ligate alcohols using SiF4 via
silicon-fluoride exchange would lead to nowhere due to the extremely strong Si-F bond (552
kJ/mol) (Fig. 1d). The most straightforward candidate would be SiCls since the Si-O bonds are
most frequently constructed via silicon-chloride exchange with alcohols!”'8, However, one
imminent and critical issue with the SiCls hub is the highly probable yet unpredictable over-
substitution of the multiple chlorines when ligating the first three alcohols (Fig. 1f), not
mentioning the sensitive nature of the chlorosilane intermediates and the tedious separation of
them from the over-substituted by-products. In silicon chemistry, although alternative silicon

precursors and methodologies have been developed to achieve iterative and step-by-step
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substitution at silicon (Fig. 1e)!?!, maximally three iterations have been realized and these
iterations only enabled repeated Si-C bond instead of Si-O bond formations, thus affording
silanes with three or four different carbon-substituents instead of fully heteroleptic
tetraalkoxysilanes ligating four different alcohols. Surprisingly, while homoleptic
tetraalkoxysilanes such as tetramethoxysilane were already prepared more than one hundred
years ago and have been widely utilized ever since, fully heteroleptic tetraalkoxysilanes were
barely known in literature, not mentioning the selective synthetic strategies. Therefore, for the
ligation of four different alcohols at one silicon center, both ligation hubs and techniques need
to be developed.

We proposed to employ the commercial triphenylchlorosilane (Ph3SiCl) as the ligation hub
to fulfill the above mission. As shown in Fig. 1g, the first alcohol could be reliably linked to
the Si(IV) center as triphenylsilyl ether. Then, an ipso electrophilic halogenation?? of the Si-Ph
bond of the triphenylsilyl ether would first generate the Wheland-type cationic intermediate (c-
complex) A%, which might undergo either a silicon cation’* formation/alcohol addition
mechanism (B) or a non-silicon cation mechanism (C) to ligate the second alcohol. Over-
substitution was envisioned disfavored since the dialkoxydiphenylsilane product would be less
electron rich compared to the monoalkoxytriphenylsilane starting material, thus less reactive
towards X". Further iterations of this proposed silicon-phenyl exchange methodology would
accomplish the ligation of four different alcohols at one silicon center.

Key reaction development and scope study

To setoff, we first probed the prospect of the above proposed key reaction using
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dimethylphenylsilyl (DMPS) protected 2-phenylethanol as model substrate (Fig. 1h). 2,2,2-
Trifluoroethanol (TFE) was initially added as solvent to maximize the interception of any
cationic species. A series of commercial electrophilic halogenation reagents were tested.
Although the CI" and I" ones all caused decomposition to 2-phenylethanol (entry 1,2,6,7), N-
bromosuccinimide (NBS) smoothly promoted the desired reaction, ligating TFE with 2-
phenylethanol as mixed-dialkoxysilane 2 (entry 3). Further screening of the Br' reagents
revealed the optimal 1,3-dibromo-5,5-dimethylhydantoin (DBDMH) (entry 5). Delightfully,
the loading of TFE could be reduced to 5 equivalent by using DCM as solvent (entry 13).
Benzene was also a suitable solvent (entry 10), while EtOAc or acetone led to no conversion
(entry 8) and MeCN or THF caused decomposition (entry 9). The yield could be further
enhanced to 90% with drastically shortened time at slightly elevated temperature (50 °C) (entry

14).
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Fig. 2 | Substrate scope of alcohols. a, Ligation of MeOH with various types of ROH via

ROSiMe>Ph. b, Ligation of HFIP with various types of ROH via ROSiMe>Ph. ¢, Ligation of
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other types of free alcohols with 2-octanol using Me>PhSiCl as the connective hub. d, Ligation

of H>O with various types of ROH via ROSiMe;Ph. e, Macrocyclization.

The alcohol scope for the above key reaction was then systematically investigated (Fig. 2).
First of all, various primary, secondary, and tertiary alcohols were linked to DMPS group. It
turned out the ligation of these DMPS-capped alcohols with free methanol worked well
regardless of their steric and electronic properties (Fig. 2a). Notably, the DMPS ethers derived
from tertiary alcohols (19-28), especially the triphenylmethanol one (25), survived the standard
conditions from decomposition since HBr or Br, might be formed from potential side
reactions?>2°, Then, the ligation of the DMPS ethers was performed with free 1,1,1,3,3,3-
hexafluoroisopropanol (HFIP), which represents the type of alcohols opposite to methanol:
sterically bulky, poorly nucleophilic, and strongly hydrogen bond-donating®’. Again, the
ligations worked with various types of substrates, including the sterically bulky or acid
sensitive ones (Fig. 2b). In addition to methanol and HFIP, other types of free alcohols
including primary, secondary, and tertiary ones could be directly ligated to silicon center as
well (Fig. 2c¢). Intriguingly, the extremely bulky, electron deficient, and poorly nucleophilic
perfluoro-tert-butanol could be effortlessly ligated (73), even faster than HFIP (41) and the
parent tert-butanol (71). Moreover, water could be ligated, affording the
alkoxydimethylsilanols 74-77 in medium to excellent yields (Fig. 2d). Finally, the silicon-
phenyl exchange reaction could be conducted intramolecularly for the macrocyclization of
mono-DMPS protected 1,14-tetradecadiol 78 (Fig. 2e). While the backbone was completely

flexible with no Thorpe-Ingold effect, the macrocyclic silyl ether 79 could still be obtained in
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a serviceable 27% yield.
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Fig. 3 | Other phenylchlorosilane hubs, two-step ligation, and the ligation of multiple

different alcohols. a, PhoMeSiCl as the connective hub. b, ‘BuPh,SiCl as the connective hub.
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¢, Ph3SiCl as the connective hub. d, Two-step ligation. e, Ligation of three different alcohols at

one silicon center. f,g Ligation of four different alcohols at one silicon center.

One advantage employing chlorosilanes as ligation hubs for alcohols is their widely

2829 such as the diphenylmethylsilyl chloride

availability both commercially and synthetically
(DPMSCI), tert-butyldiphenylsilyl chloride (TBDPSCI), and triphenylsilyl chloride (TPSCI).
It turned out the silicon-phenyl exchange reaction was also applicable to the DPMS, TBDPS,
and TPS ligated alcohols (Fig. 3a-c). For the DPMS ligated 2-octanol 80, selective coupling of
one or two methanol could be achieved by controlling the loading of DBDMH and methanol
(82,83). Interestingly, 89 could only ligate with one HFIP as 90 even with excess amount of
DBDMH and HFIP, presumably due to the steric shielding and inductively deactivating effect
from the 1,1,1,3,3,3-hexafluoro-2-propoxy group on the remaining phenyl group of 90.
Unfortunately, the dr for 81 and 83 was near 1:1 using 2-octanol as auxiliary. The mono-specific
ligation of HFIP was also true for the TBDPS ether 84, TBDPSOH 89, and TPS ether 92,
yielding 85, 90, and 93 respectively. Such reliable and predictable mono-exchange of
triphenylsilyl group’s three phenyl rings laid the foundation for the ultimate goal of iterative,
controllable, and programmable ligation of four different alcohols at one silicon center.
Interestingly, besides the ligation of two free methanol (82,87,91,94), neopentyl glycol could
be ligated to silicon center to afford the dioxasilinane 88 via two consecutive inter- and
intramolecular silicon-phenyl exchange reactions.

Two-step ligation technique and the ligation of three or four different alcohols

One drawback for the above DBDMH-promoted silicon-phenyl exchange was the
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incompatibility with highly electron rich systems, such as phenols and indoles. Fortunately,
such sensitive alcohols could still be ligated to the Si(IV) center via a two-step ligation
technique (Fig. 3d). For instance, the DPMS-ligated 2-phenyl-3-butyn-2-ol 95 was first ligated
with HFIP as the mixed-dialkoxysilane 51. Then, the 1,1,1,3,3,3-hexafluoro-2-propoxy group
of 95 could be facilely substituted by phenol to furnish the desired ligation product 96 with the
terminal alkyne intact, which could be utilized for another CuAAC click chemistry. Similarly,
the DBDMH-sensitive piperonyl alcohol, indole-3-ethanol, and estrone were respectively
ligated to 2-octanol via the two-step ligation technique as 97, 98, and 99 in modest to good
yield.

With the key methodology to ligate two different alcohols established, we proceeded towards
the ultimate goal of ligating four different alcohols at one silicon center. Along the way, we
also realized the ligation of three different alcohols using DPMSCI as the connective hub. As
shown in Fig. 3e, the first alcohol (2-octanol) was connected to the silicon center via routine
silicon-chloride exchange reaction (80). The second and third alcohols (MeOH and HFIP) were
then directly ligated via two consecutive silicon-phenyl exchange reactions to furnish the
mixed-trialkoxysilane 100. Ultimately, we touched on the issue of single-atom ligation of four
different alcohols using TPSCI as the connective hub (Fig. 3f). 2-Octanol and isopropanol were
first ligated as the mixed-dialkoxysilane 103 via the two-step ligation technique. Methanol was
then ligated to give the mixed-trialkoxysilane 104. Subsequently, TFE, HFIP, and
metronidazole were directly coupled with 104 to afford the fully heteroleptic tetraalkoxysilanes

105, 106, and 107 respectively, thus proving the concept and feasibility of iterative, controllable,
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and programmable ligation of four different alcohols to one silicon center. Furthermore,
starting from TPSCI, we also realized the selective ligation of four different alcohols in just 4
steps (Fig. 3g), which represented the theoretically shortest synthesis of fully heteroleptic
tetraalkoxysilanes. It is worth highlighting that, from a retrosynthetic point view, fully
heteroleptic tetraalkoxysilanes are extremely difficult to access in a selective fashion. Our
protocol thus provided a robust solution to materials of such nature, including the less

challenging mixed-dialkoxysilanes and -trialkoxysilanes.
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Fig. 4 | Ligation of two (a), three (b), or four (b) biologically relevant alcohols.

https://doi.org/10.26434/chemrxiv-2023-p3r5w-v2 ORCID: https://orcid.org/0000-0002-2613-3616 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0


https://doi.org/10.26434/chemrxiv-2023-p3r5w-v2
https://orcid.org/0000-0002-2613-3616
https://creativecommons.org/licenses/by-nc-nd/4.0/

To demonstrate the application potential for functional molecule engineering and discovery,
we moved forward to ligate two, three, or even four natural products, drugs, or other
biologically relevant alcohols using the silicon strategy. As shown in Fig. 4a, a broad spectrum
of biologically relevant alcohols, such as borneol, menthol, geraniol, diosgenin, cedrol, nerol,
stigmasterol, estrone, secnidazole, metronidazole, d-a-tocopherol, and diacetone-d-glacatose,
could be facilely conjugated to Si(IV) as mixed-dialkoxy(arenoxy)silanes (112-126). Moreover,
borneol, menthol, and nerol were conjugated together as mixed-trialkoxysilane 131 using
DPMSCI as the connective hub (Fig. 4b). Ultimately, borneol, menthol, diacetone-d-glacatose,
and metronidazole were ligated to one Si(IV) center as mixed-tetraalkoxysilane 136 (Fig. 4c)
in just five steps from Ph3SiCl, highlighting the potential of this protocol for covalent drug or
hybrid drug development®~*. It was worth mentioning that the above four biologically relevant
alcohols were ligated to the Si(IV) center via stable yet cleavable Si-O bonds, which might find
applications for precise and concerted delivery of multiple drugs to targeted area>-*.
Surprisingly, the mixed-tetraalkoxysilane 136 in DCM was rather stable when treated with
aqueous HCl. After the addition of methanol, it was fully hydrolyzed and the borneol, menthol,
diacetone-d-glacatose, and metronidazole were recycled in 75%, 74%, 78%, and 91% yield
respectively under this unoptimized hydrolysis condition.

Mechanistic studies
To shed light on the reaction mechanism, we first conducted one reaction in CDCl3 and

monitored it using NMR and could indeed identify same amount of bromobenzene along with

the product 42 (Fig. 5a). We then investigated the nature of the above silicon-phenyl exchange
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reaction, i.e. the halodesilylation reaction. Firstly, control experiments on 139 showed that no
reaction occurred without the external alcohol 140 (Fig. 5b), which was in drastic contrast to
the well-known additive-free halodesilylations of phenylsilanes using Brz or ICI to give
phenylhalides and silylhalides. Therefore, in the current work, the proposed cationic Wheland
intermediate A was unlikely formed, which otherwise would most likely be trapped by the
corresponding hydantoin anion. The racemic substrate 139 was then subjected to HPLC
separation to get the two enantiomers 139-enantiomer-1 (>99% ee) and 139-enantiomer-2 (<-
99% ee). Interestingly, the silicon-phenyl exchange reactions of these two enantiomers afforded
products 141-1 and 141-2 in 34% ee and -34% ee respectively (Fig. 5¢), thus ruling out both
the Sn1-like and Sn2-like mechanism (Fig. 1g). On the other hand, the enantiomeric purity of
the two recovered starting materials remained >99% ee and <-99% ee (Fig. 5c¢).

Based on the above observations, a plausible mechanism was depicted in Fig. 5d. First of all,
DBDMH reversibly complexed with the phenylsilane substrate as D, thus partially activating
the silane substrate. Then, the external alcohol (Nu) approached D from ten possible trajectories:
the 4 faces and 6 edges of the hypothetical tetrahedron®-*®. The six trajectories in the upper
box (Fig. 5d) would result in the retention of the silicon center’s configuration, while the other
four in the lower box would lead to inversion of configuration®’. It is worth highlighting that
the 34% ee (67:33 er) for product 141-1 and the -34% ee (33:67 er) for product 141-2
unambiguously evidenced that both retention and inversion of configurations could occur in
the halodesilylation reactions. As a comparison, for the traditional Br; or ICl-promoted alcohol

free halodesilylation reactions, the retention of configuration was not conclusive from the
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minor amount of retention product, which might originate from the inversion of the

38-41

predominant inversion product due to the labile nature of the silylhalide products™™".
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Fig. 5 | Mechanistic studies. a, NMR study. b, Preparation of racemic materials and control
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experiment. ¢, Study on the retention/inversion of silicon’s configuration. d, Proposed
mechanism.

Conclusion

In summary, we have established a new silicon-phenyl exchange reaction to connect alcohols
to silicon centers. A broad spectrum of alcohols could be directly ligated except the highly
electron rich ones, which could be accomplished via a two-step ligation technique using HFIP
or TFE as the mediator. Various types of phenylchlorosilanes were demonstrated as effective
ligation hubs for two, three, or even four alcohols. The mission of iterative, controllable, and
programmable single-atom ligation of four different alcohols was realized based on this new
ligation reaction. The four alcohols ligated to the silicon center could be released and recovered
via silicon-alkoxy exchange of the stable yet cleavable Si-O bonds. We believe this work will
open up new chemical space for novel functional molecule development and discovery. The
construction of chiral silicon centers based on the silicon-phenyl exchange reaction and the
application of the 2,2,2-trifluoroethoxysilanes and 1,1,1,3,3,3-hexafluoroisopropoxysilanes as

new types of silylation reagents are underway.

Methods

Direct silicon-phenyl exchange: A 8 mL glass vial was charged with DCM (2 mL). Then,
(cyclobutylmethoxy)dimethyl(phenyl)silane (0.50 mmol), MeOH (5 mmol, 0.21 mL), and
DBDMH (0.50 mmol, 0.14 g) were successively added into the vial. The reaction mixture was
stirred at 50 °C for 30 min. Then, it was filtrated through a short pad of silica gel. The solvent
was removed under reduced pressure with the aid of a rotary evaporator and the crude residue

was purified by silica gel column chromatography to give compound 3 (77.6 mg, 89% yield).
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Two-step ligation using HFIP or TFE as the mediator: A 8 mL glass vial was charged with
DCM (2 mL). Then, methyl(octan-2-yloxy)diphenylsilane (0.50 mmol), HFIP (5 mmol, 0.53
mL) and DBDMH (0.50 mmol, 0.14 g) were successively added into the vial. The reaction
mixture was stirred at 50 °C for 10 min. Then, it was filtrated through a short pad of silica gel.
The solvent was removed under reduced pressure with the aid of a rotary evaporator and the
crude residue was purified by silica gel column chromatography to give compound 81 (183.3

mg, 88% yield, 1:1 d.r.).

A 8 mL glass vial was charged with DCM (2 mL). Then, piperonyl alcohol (1.5 eq., 0.75 mmol),
imidazole (2 eq., 1 mmol), and ((1,1,1,3,3,3-hexafluoropropan-2-yl)oxy)(methyl)(octan-2-
yloxy)(phenyl)silane 81 (1 eq., 0.50 mmol) were successively added into the vial. The reaction
mixture was stirred at 50 °C for 6 h. Then, it was filtrated through a short pad of silica gel. The
solvent was removed under reduced pressure with the aid of a rotary evaporator and the crude
residue was purified by silica gel column chromatography to give compound 97 (140.2 mg, 70%
yield, 1:1 d.r.).

Data availability

The data supporting the findings of this study are available within this article and its

Supplementary Information.

References:

1. Kolb, H. C., Finn, M. G. & Sharpless, K. B. Click Chemistry: Diverse Chemical Function

from a Few Good Reactions. Angew. Chem. Int. Ed. 40, 2004—2021 (2001).

https://doi.org/10.26434/chemrxiv-2023-p3r5w-v2 ORCID: https://orcid.org/0000-0002-2613-3616 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0


https://onlinelibrary.wiley.com/authored-by/Kolb/Hartmuth+C.
https://onlinelibrary.wiley.com/authored-by/Finn/M.+G.
https://onlinelibrary.wiley.com/authored-by/Sharpless/K.+Barry
https://doi.org/10.26434/chemrxiv-2023-p3r5w-v2
https://orcid.org/0000-0002-2613-3616
https://creativecommons.org/licenses/by-nc-nd/4.0/

2. Rostovtsev, V. V., Green, L. G., Fokin, V. V. & Sharpless, K. B. A Stepwise Huisgen
Cycloaddition Process: Copper(l)-Catalyzed Regioselective “Ligation” of Azides and

Terminal Alkynes. Angew. Chem. Int. Ed. 41, 2596-2599 (2002).

3. Dong, J., Krasnova, L., Finn, M. G. & Sharpless, K. B. Sulfur(VI1) Fluoride Exchange
(SUFEx): Another Good Reaction for Click Chemistry. Angew. Chem. Int. Ed. 53,

9430-9448 (2014).

4. Homer, J. A. et al. Sulfur fluoride exchange. Nat Rev Methods Primers 3, 58 (2023).

5. Zeng, D., Deng, W.-P. & Jiang, X. Advances in the construction of diverse SUFEX linkers.

Natl. Sci. Rev. 10, nwad123 (2023).

6. Zheng, Q. et al. Sulfur [*®F]Fluoride Exchange Click Chemistry Enabled Ultrafast Late-

Stage Radiosynthesis. J. Am. Chem. Soc. 143, 3753-3763 (2021).

7. Smedley, C. J. et al. Accelerated SuFEx Click Chemistry For Modular Synthesis. Angew.

Chem. Int. Ed. 61, 202112375 (2022).

8. Sun, S., Gao, B., Chen, J., Sharpless, K. B. & Dong, J. Fluorosulfuryl Isocyanate Enabled

SuFEXx Ligation of Alcohols and Amines. Angew. Chem. Int. Ed. 60, 21195-21199 (2021).

9. Li, B.-Y.etal. Ex situ Generation of Thiazyl Trifluoride (NSF3) as a Gaseous SUFEx Hub.

Angew. Chem. Int. Ed. 62, 202305093 (2023).

10. Gao, B., Li, S., Wu, P., Moses, J. E. & Sharpless, K. B. SUFEx Chemistry of Thionyl

Tetrafluoride (SOF4) with Organolithium Nucleophiles: Synthesis of Sulfonimidoyl

https://doi.org/10.26434/chemrxiv-2023-p3r5w-v2 ORCID: https://orcid.org/0000-0002-2613-3616 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0


https://onlinelibrary.wiley.com/authored-by/Sharpless/K.+Barry
https://onlinelibrary.wiley.com/authored-by/Sharpless/K.+Barry
https://onlinelibrary.wiley.com/authored-by/Sharpless/K.+Barry
https://onlinelibrary.wiley.com/authored-by/Sharpless/K.+Barry
https://doi.org/10.26434/chemrxiv-2023-p3r5w-v2
https://orcid.org/0000-0002-2613-3616
https://creativecommons.org/licenses/by-nc-nd/4.0/

Fluorides, Sulfoximines, Sulfonimidamides, and Sulfonimidates. Angew. Chem. Int. Ed. 57,

1939-1943 (2018).

11. Liang, D.-D. et al. Silicon-Free SuFEx Reactions of Sulfonimidoyl Fluorides: Scope,

Enantioselectivity, and Mechanism. Angew. Chem. Int. Ed. 59, 7494-7500 (2020).

12. Zhang, Z.-X. & Willis, M. C. Sulfondiimidamides as new functional groups for synthetic

and medicinal chemistry. Chem 8, 1137-1146 (2022).

13. Smedley, C. J., Giel, M.-C., Fallon, T. & Moses, J. E. Ethene-1,1-disulfonyl Difluoride
(EDSF) for SuFEx Click Chemistry: Synthesis of SuFExable 1,1-Bissulfonylfluoride

Substituted Cyclobutene Hubs. Angew. Chem. Int. Ed. 62, €202303916 (2023).

14.Guo, T. et al. A New Portal to SuFEx Click Chemistry: A Stable Fluorosulfuryl
Imidazolium Salt Emerging as an “F—SO2" Donor of Unprecedented Reactivity,

Selectivity, and Scope. Angew. Chem. Int. Ed. 57, 2605-2610 (2018).

15. Li, S., Wu, P., Moses, J. E. & Sharpless, K. B. Multidimensional SuFEx Click Chemistry:
Sequential Sulfur(VI) Fluoride Exchange Connections of Diverse Modules Launched From

An SOF4 Hub. Angew. Chem. Int. Ed. 56, 2903-2908 (2017).

16. Sun, S. et al. Phosphorus fluoride exchange: Multidimensional catalytic click chemistry

from phosphorus connective hubs. Chem 9, 2128-2143 (2023).

17. Wuts, P. G. M. & Greene, T. W. Greene’s Protective Groups In Organic Synthesis. (John

Wiley & Sons, 2006).

https://doi.org/10.26434/chemrxiv-2023-p3r5w-v2 ORCID: https://orcid.org/0000-0002-2613-3616 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0


https://onlinelibrary.wiley.com/authored-by/Sharpless/K.+Barry
https://doi.org/10.26434/chemrxiv-2023-p3r5w-v2
https://orcid.org/0000-0002-2613-3616
https://creativecommons.org/licenses/by-nc-nd/4.0/

18.

19.

20.

21.

22.

23.

24,

25.

26.

Corey, E. J. & Venkateswarlu, A. Protection of hydroxyl groups as tert-butyldimethylsilyl

derivatives. J. Am. Chem. Soc. 94, 6190-6191 (1972).

He, T., Klare, H. F. T. & Oestreich, M. Arenium-ion-catalysed halodealkylation of fully

alkylated silanes. Nature 623, 538-543 (2023).

Fan, X., Zhang, M., Gao, Y.et al. Stepwise on-demand functionalization of
multihydrosilanes enabled by a hydrogen-atom-transfer photocatalyst based on eosin

Y. Nat. Chem. 15, 666676 (2023).

Lee, H.-J., Kwak, C., Kim, D.-P. & Kim, H. Continuous-flow Si—H functionalizations of
hydrosilanes via sequential organolithium reactions catalyzed by potassium tert-butoxide.

Green Chem. 23, 1193-1199 (2021)

Pray, B. O. et al. Trimethylhalosilane Preparations®. J. Am. Chem. Soc. 70, 433-434 (1948).

Eaborn, C. Cleavages of aryl-silicon and related bonds by electrophiles. J. Organomet.

Chem. 100, 1, 43-57 (1975).

Walker, J. C. L., Klare, H. F. T. & Oestreich, M. Cationic silicon Lewis acids in catalysis.

Nat Rev Chem 4, 54-62 (2020).

Ji, Y. et al. Benzylic Photobromination for the Synthesis of Belzutifan: Elucidation of

Reaction Mechanisms Using In Situ LED-NMR. J. Org. Chem. 87, 2055-2062 (2022).

Wu, P., Xu, S, Xu, H.,, Hu, H. & Zhang, W. One-pot syntheses of a,a-
dibromoacetophenones from aromatic alkenes with 1,3-dibromo-5,5-dimethylhydantoin.

Tetrahedron Lett. 58, 618-621 (2017).

https://doi.org/10.26434/chemrxiv-2023-p3r5w-v2 ORCID: https://orcid.org/0000-0002-2613-3616 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0


https://doi.org/10.26434/chemrxiv-2023-p3r5w-v2
https://orcid.org/0000-0002-2613-3616
https://creativecommons.org/licenses/by-nc-nd/4.0/

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Motiwala, H. F. et al. HFIP in Organic Synthesis. Chem. Rev. 122, 12544-12747 (2022).

Kunai, A., Kawakami, T., Toyoda, E. & Ishikawa, M. Highly Selective Synthesis of

Chlorosilanes from Hydrosilanes. Organometallics 11, 2708-2711 (1992).

Rich, J. D. Silylative decarbonylation: a new route to arylsilanes. J. Am. Chem. Soc. 111,

5886-5893 (1989).

Alkhzem, A. H., Woodman, T. J. & Blagbrough, I. S. Design and synthesis of hybrid

compounds as novel drugs and medicines. RSC Adv. 12, 19470-19484 (2022).

Boike, L., Henning, N. J. & Nomura, D. K. Advances in covalent drug discovery. Nat Rev

Drug Discov 21, 881-898 (2022).

Keeley, A., Petri, L., Abréayi-Balogh, P. & Keserii, G. M. Covalent fragment libraries in

drug discovery. Drug Discov. Today 25, 983-996 (2020).

Manzari, M. T. et al. Targeted drug delivery strategies for precision medicines. Nat Rev

Mater 6, 351-370 (2021).

Li, Y. et al. Co-Delivery of Precisely Prescribed Multi-Prodrug Combination by an
Engineered Nanocarrier enables Efficient Individualized Cancer Chemotherapy. Adv.

Mater. 34, 2110490 (2022).

Corriu, R. J. P. & Guerin, C. Nucleophilic Displacement at Silicon: Recent Developments

and Mechanistic Implications. Adv. Organomet. Chem. 20, 265-312 (1982).

Holmes, R. R. The stereochemistry of nucleophilic substitution of tetracoordinate silicon.

Chem. Rev. 90, 17-31 (1990).

https://doi.org/10.26434/chemrxiv-2023-p3r5w-v2 ORCID: https://orcid.org/0000-0002-2613-3616 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0


https://pubs.acs.org/action/doSearch?field1=Contrib&text1=Jonathan+D.++Rich
https://doi.org/10.26434/chemrxiv-2023-p3r5w-v2
https://orcid.org/0000-0002-2613-3616
https://creativecommons.org/licenses/by-nc-nd/4.0/

37. Berry, R. S. Correlation of Rates of Intramolecular Tunneling Processes, with Application

to Some Group V Compounds. J. Chem. Phys. 32, 933-938 (1960).

38. Eaborn, C. & Steward, O. W. The Steric Course of Aromatic Bromodesilylation. Proc.

Chem. Soc. 33-72 (1963).

39. Eaborn, C. & Steward, O. W. Organosilicon compounds. Part XXX. The stereochemistry

of the cleavage of a silicon—aryl bond by bromine. J. Chem. Soc. 521-527 (1965).

40. Dubac, J., Mazerolles, P. & Joly, M. Stereochimie de la reaction de rupture par le brome
de la liaision silicium aryle du dimethyl-1,2 phenyl-1 silacyclopentane. J. Organomet.

Chem. 128, C18-C20 (1977).

41. Sakurai, H., Murakami, M., Takeuchi, M. & Kabuto, C. Chemistry of organosilicon
compounds: CCXXXVI. Structure of conformationally stable 1-(p-bromophenyl)-4-t-
butyl-1-methyl-1-silacyclohexane and stereochemistry of halodesilylation. J. Organomet.

Chem. 341, 133-143 (1988).

Acknowledgements
We thank the National Natural Science Foundation of China (NSFC 22001204) for financial
support. We also thank the Instrumental Analysis Center of XJTU for assistance with HRMS

analysis.

Author contributions

https://doi.org/10.26434/chemrxiv-2023-p3r5w-v2 ORCID: https://orcid.org/0000-0002-2613-3616 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0


https://doi.org/10.26434/chemrxiv-2023-p3r5w-v2
https://orcid.org/0000-0002-2613-3616
https://creativecommons.org/licenses/by-nc-nd/4.0/

Y.W. designed and conceived the project. CW., X.X., X.Z., H.L., and P.M.A. carried out the
reactions. C.W. and Y.W. wrote the manuscript with input from all authors. All authors

analyzed the data and discussed the results.

Competing interests

The authors declare no competing interests.

https://doi.org/10.26434/chemrxiv-2023-p3r5w-v2 ORCID: https://orcid.org/0000-0002-2613-3616 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0


https://doi.org/10.26434/chemrxiv-2023-p3r5w-v2
https://orcid.org/0000-0002-2613-3616
https://creativecommons.org/licenses/by-nc-nd/4.0/

