Ring-Opening of Epoxides by Pendant Silanols
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ABSTRACT

We present a new ring-opening reaction of epoxides by pendant silanols, catalyzed by either
Ph;C"BFs or BINOL-phosphoric acid. In all cases examined, the reaction is perfectly
regioselective and diastereoselective. Silanol epoxides derived from trans-allylic alcohols, cis-
allylic alcohols, frans-homoallylic alcohols, and cis-homoallylic alcohols were all compatible
and gave products from either endo- or exo-ring opening. With silanol epoxides derived from 4-
alkenyl silanols, an unusual rearrangement to tetrahydrofuran products was observed, which is
likely the result of tandem nucleophilic attacks. The utility of this methodology was

demonstrated in a short preparation of protected D-arabitol.
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including furans, pyrans, and medium-sized rings,> ¢ and this strategy has been applied on
numerous occasions in natural products synthesis.”!® Several laboratories have established that
“temporary tethering” is an effective strategy for regiocontrol in intermolecular ring-opening
reactions of epoxides.'!"!¢ In such reactions, a Lewis acid or organocatalyst non-covalently binds
to both the substrate and the nucleophile and templates attack at a single site of the epoxide. In

contrast to these two areas, the use of covalent tethers for epoxide opening is much less
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established, and most explorations have focused on carbonates, carbamates, and

trichloroacetamidates.”* Of these tethers, only carbonates cleave epoxides with a masked
hydroxy group.
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with attractive biological activity (Figure 1). We envisioned a ring opening reaction of epoxides



by pendant di-fert-butylsilanols, which would form a variety of protected triols. Due to
geometric constraints on the transition states of these intramolecular reactions, we reasoned that
such openings were likely to be highly regioselective and diastereoselective. Here, we describe

our efforts to reduce this concept to practice.

A. Method 1: Epoxidation of Alkenyl Silanols. The substrate silanol epoxides could be
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alkenyl alcohols, we reasoned that developing a method to attach the silanol auxiliary directly to
epoxy-alcohols would be particularly impactful. Our standard silylating conditions®® failed to
deliver product in reasonable yields with these particularly delicate substrates (Scheme 2B). We
found that replacing DMAP with two equivalents of NaHCO3 and dropping the initial reaction
temperature to -40 °C allowed for silanol epoxide formation reproducibly and in much better
yields (Scheme 2B).

With two protocols allowing reliable access to silanol epoxides, we began optimizing our
envisioned  ring-opening  reaction. Treatment  of  di-fert-butyl(3-propyloxiran-2-
yl)(methoxy)silanol with 5 mol% of Sc(OTf); and 1 equivalent of NaHCO3 in CH>Cl, for 3
hours gave 20% of the desired product (Table 1, Entry 1). Increasing the reaction time to 14

hours led to complete consumption of starting material with 65% of product formation (Table 1,



Entry 2). In both cases, a major side product was di-tert-butylsilanediol, suggesting that starting
material was fragmenting unproductively in the presence of Sc(OTf)s. Switching solvents to
benzene, dichloroethane, chloroform, or ethyl acetate (Table 1, Entries 3-6) was markedly
deleterious. We thus decided to try different Lewis acids with the goal of reducing di-tert-
butylsilanediol formation. While triflate salts of zinc, indium, and ytterbium (Table 1, Entries 7-
9) did not help reaction performance, with 10 mol% of the unusual Lewis acid
triphenylcarbenium tetrafluoroborate’” (Table 1, Entry 10), product formation was excellent

with no discernible starting material fragmentation.

Table 1. Optimization of epoxide opening by pendant silanols.

t-Bu\S_,t-Bu NaHlbeg)ViS(;/_\Zisuiv) t-Bu\Si/t-Bu
HO o o > 90
n-Pr/|>) 0°CtoRT n—Pr/\l)
o OH
SM P
Lewis Acid (equiv.) Solvent | Time | P/SM?
1 Sc(OTf)s (5%) CH:Cl2 3h 20/65
2 Sc(OTf)s (5%) CH:Cl2 14h 65/0
3 Sc(OTf)z (5%) CeHe 14h 0/100
4 Sc(OTf)s (5%) C2H4Cl2 14h 27/49
5 Sc(OTH)s (5%) CHCl3 14h | 10/84
6 Sc(OTH)s (5%) EtOAC 14h | 0/100
7 Zn(OTf)s (5%) CH2Cl> 14h 0/100
8 In(OTf)s (5%) CH2Cl> 14h 45/25
9 Yb(OTf)s (5%) CH:Cl2 14h 0/100
10 PhsC* BF4~ (10%) | CHCl> 2h 80/0

aYield estimated from *H NMR integration with 4-nitrotoluene as an internal standard.

Encouraged by this very positive result, we next began the substrate scope exploration
(Scheme 3). Our optimized conditions proved general for a variety of silanol epoxides, including
those with branched alkyl chains (Scheme 3, Entries 1-2), substituted aryl rings (Scheme 3,
Entries 3-4), and heteroaryl rings (Scheme 3, Entry 5). Importantly, we were not limited to di-
substituted frans-epoxides derived from allylic silanols. Epoxides prepared from tri-substituted

allylic silanols (Scheme 3, Entry 6), trans-homoallylic silanols (Scheme 3, Entry 7), and cis-



Scheme 3. Substrate scope with alkyl epoxides.
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homoallylic silanols (Scheme 3, Entry 8)
were all compatible with our optimized
conditions. Epoxides derived from cis-allylic
silanols were particularly problematic, likely
due to unfavorable 1,3-allylic strain®® during
the cyclization event. However, we were
pleased to find that maintaining the reaction
temperature at -10 °C delivered desired
cyclized product in a respectable 40% yield
(Scheme 3, Entry 9).

When treated with  Ph3C'BF4,
epoxides derived from aryl alkenes failed to
cyclize cleanly and, in all cases examined,
gave intractable mixtures of products (Table
2, Entry 1). Use of Bi(OTf); as a Lewis acid
(Table 2, Entry 2) or HFIP as the solvent
(Table 2, Entry 3) did little to improve
reaction performance, but a more positive
result came with treatment of 10-CSA> ©
(Table 2, Entries 4-5). We hypothesized that
a milder Bronsted acid would lead to a cleaner
reaction and were pleased to see that with
BINOL-phosphoric

acid, cyclization



proceeded smoothly and with no discernible side products (Table 2, Entry 6).

Table 2. Optimization of aryl epoxide opening by pendant silanols.

t-Bu_ t-Bu t-Bu. _ t-Bu
JSi. o’S"o
Ho>o o
Ph/|>) 0°Cto RT Ph/\|)
0 OH
SM P

Additive
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1 PhsC* BF4~ (10%)
NaHCOs (1 equiv.)

CH2Cl2 2h 40/0°

2 Bi(OTf)s (5%)
NaHCOs (1 equiv.)

CHCl> 2h 30/0°

None
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CH:Cl> 1h 50/0°

10-CSA (0.25 equiv.)
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o U M W

BINOL-Phosphoric
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CH2Cl> 14h 80/0

aYield estimated from *H NMR integration with 4-nitrotoluene as an internal standard.

mixture of side products.

¢(R)-(-)-1,1-Binaphthyl-2,2'-diyl hydrogenphosphate, arbitrarily chosen

These conditions proved to be excellent for
cyclization of aryl epoxide substrates and a
variety of substitution patterns on the aromatic
ring were well tolerated (Scheme 4, Entry 1).
Furthermore, several substrates which failed to
cyclize with Ph3C'BF4/NaHCO; reacted
cleanly under these alternate conditions
(Scheme 4, Entries 2-3). In all cases
(Schemes 3-4), the cyclization reactions were
perfectly regioselective and diastereoselective,

attesting to the utility of our protocols. A

Scheme 4. Substrate scope with BINOL-phosphoric acid conditions.
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Scheme 5. An unexpected rearrangement with silanol epoxides
derived from 4-alkenyl silanols.
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Scheme 6. A short preparation of protected D-arabitol.

crystal structure of 41 (CCDC: 2126173)
enabled us to unambiguously establish its
relative stereochemistry, and we have assigned
the stereochemistry of other products by
analogy.

Our success with both allylic and homoallylic
silanols prompted us to test our reaction with
more remote silanol epoxides (Scheme 5). We
simply expected the product of either 7-exo or
8-endo cyclization. What we found, however,
was very unexpected and much more
interesting. When trans-epoxide 49 was treated
with our optimized protocol of PhsC'BF4 (15
mol%) and NaHCOs; (1 equiv.) in CH2Cly,
tetrahydrofuran 50 formed in a 60% yield
(Scheme 5A)! We hypothesize that two tandem
cyclizations took place. The first was the
expected 8-enmdo cyclization, which was
followed by an unexpected 5-exo ring opening.
We were pleased to find that with cis-epoxide
51, diastereomeric tetrahydrofuran 52 formed

in similar yields (Scheme 5B). These reactions

were scaled 5 to 7-fold, with no degradation in



yield or selectivity.

We envisioned a short preparation of protected D-arabitol utilizing our ring-opening reaction
as a key step (Scheme 6). With our laboratory’s standard silylating conditions,?® enantiopure
silanol (+)-54 was prepared from known chiron (+)-53.3* m-CPBA epoxidation of (+)-53
proceeded in excellent yield to give a separable mixture of (+)-55 and (-)-57 (Scheme 6A).
When major diastereomer (+)-55 was treated with Phs3C"BF4 (10 mol%) and NaHCOs (1 equiv.),
cyclized product (-)-56 (protected D-arabitol) formed in a 65% yield (Scheme 6B). Minor
diastereomer (-)-57 was de-silylated using TBAF (1.5 equivalents) in THF to yield known
alcohol (-)-58,>* *° allowing us to assign the absolute stereochemistry of diastereomers (+)-55
and (-)-57 (Scheme 6C).

In summary, we present a new ring-opening reaction of epoxides by pendant silanols. In all
cases examined, the reaction is perfectly regioselective and diastereoselective. Silanol epoxides
derived from trans-allylic alcohols, cis-allylic alcohols, trans-homoallylic alcohols, and cis-
homoallylic alcohols were all compatible and gave products from either endo- or exo-ring
opening. With silanol epoxides derived from 4-alkenyl silanols, an unusual rearrangement to
tetrahydrofuran products was observed, which is likely the result of tandem nucleophilic attacks.
The utility of this reaction was demonstrated in a short preparation of protected D-arabitol. We
are optimistic that this methodology will enjoy much use in the pursuit of complex,

polyhydroxylated molecules.

ASSOCIATED CONTENT
Supporting Information. Experimental Procedures, Reasoning for Structural Assignments,

NMR Spectra, and Crystallographic Information



AUTHOR INFORMATION

Corresponding Author

*E-mail: ssathvam@ku.edu.

Author Contributions

The manuscript was written through contributions of all authors. All authors have given approval

to the final version of the manuscript.

ACKNOWLEDGMENT

This work was supported by a National Institutes of Health grant R35GM142499 awarded to
Shyam Sathyamoorthi. Justin Douglas and Sarah Neuenswander (KU NMR Lab) are
acknowledged for help with structural elucidation. Lawrence Seib and Anita Saraf (KU Mass
Spectrometry Facility) are acknowledged for help acquiring HRMS data. Joel T. Mague thanks

Tulane University for support of the Tulane Crystallography Laboratory.

REFERENCES

1. Moschona, F.; Savvopoulou, I.; Tsitopoulou, M.; Tataraki, D.; Rassias, G., Epoxide
Syntheses and Ring-Opening Reactions in Drug Development. Catalysts 2020, 10, 1117.

2. Jacobsen, E. N., Asymmetric Catalysis of Epoxide Ring-Opening Reactions. Acc. Chem.
Res. 2000, 33, 421-431.

3. Eis, M. J.; Wrobel, J. E.; Ganem, B., Mechanism and synthetic utility of boron trifluoride
etherate-promoted organolithium additions. J. Am. Chem. Soc. 1984, 106, 3693-3694.

4. Hanson, R. M., The synthetic methodology of nonracemic glycidol and related 2,3-epoxy

alcohols. Chem. Rev. 1991, 91, 437-475.


mailto:ssathyam@ku.edu

5. Nicolaou, K. C.; Prasad, C. V. C.; Somers, P. K.; Hwang, C. K., Activation of 6-endo
over 5-exo hydroxy epoxide openings. Stereoselective and ring selective synthesis of
tetrahydrofuran and tetrahydropyran systems. J. Am. Chem. Soc. 1989, 111, 5330-5334.

6. Nicolaou, K. C.; Prasad, C. V. C.; Somers, P. K.; Hwang, C. K., Activation of 7-endo
over 6-exo epoxide openings. Synthesis of oxepane and tetrahydropyran systems. J. Am. Chem.
Soc. 1989, 111, 5335-5340.

7. Evans, D. A.; Dow, R. L.; Shih, T. L.; Takacs, J. M.; Zahler, R., Total synthesis of the
polyether antibiotic ionomycin. J. Am. Chem. Soc. 1990, 112, 5290-5313.

8. Hoye, T. R.; Ye, Z., Highly Efficient Synthesis of the Potent Antitumor Annonaceous
Acetogenin (+)-Parviflorin. J. Am. Chem. Soc. 1996, 118, 1801-1802.

9. Hoye, T. R.; Hanson, P. R.; Kovelesky, A. C.; Ocain, T. D.; Zhuang, Z., Synthesis of (+)-
(15,16,19,20,23,24)-hexepi-uvaricin: a bis(tetrahydrofuranyl) annonaceous acetogenin analog. J.
Am. Chem. Soc. 1991, 113, 9369-9371.

10. Nakata, T.; Schmid, G.; Vranesic, B.; Okigawa, M.; Smith-Palmer, T.; Kishi, Y., A total
synthesis of lasalocid A. J. Am. Chem. Soc. 1978, 100, 2933-2935.

11. Sasaki, M.; Tanino, K.; Hirai, A.; Miyashita, M., The C2 Selective Nucleophilic
Substitution Reactions of 2,3-Epoxy Alcohols Mediated by Trialkyl Borates: The First endo-
Mode Epoxide-Opening Reaction through an Intramolecular Metal Chelate. Org. Lett. 2003, 5,
1789-1791.

12. Chong, J. M.; Sharpless, K. B., Nucleophilic opening of 2,3-epoxy acids and amides
mediated by titanium isopropoxide. Highly enhanced C-3 selectivity. J. Org. Chem. 1985, 50,

1560-1563.

10



13. Caron, M.; Sharpless, K. B., Titanium isopropoxide-mediated nucleophilic openings of
2,3-epoxy alcohols. A mild procedure for regioselective ring-opening. J. Org. Chem. 1985, 50,
1557-1560.

14. Wang, G.; Taylor, M. S., Borinic Acid-Catalyzed Regioselective Ring-Opening of 3,4-
and 2,3-Epoxy Alcohols with Halides. Adv. Synth. Catal. 2020, 362, 398-403.

15. Wang, G.; Garrett, G. E.; Taylor, M. S., Borinic Acid-Catalyzed, Regioselective Ring
Opening of 3,4-Epoxy Alcohols. Org. Lett. 2018, 20, 5375-5379.

16.  Desai, S. P.; Taylor, M. S., Diarylborinic Acid-Catalyzed Regioselective Ring Openings
of Epoxy Alcohols with Pyrazoles, Imidazoles, Triazoles, and Other Nitrogen Heterocycles. Org.
Lett. 2021, 23, 7049-7054.

17. Corey, E.; Hopkins, P.; Munroe, J.; Marfat, A.; Hashimoto, S.-i., Total Synthesis of 6-
Trans, 10-cis and (plus or minus) -6-Trans,8-cis Isomers of Leukotriene B. J. Am. Chem. Soc.
1980, 102, 7986-7987.

18. Fujinami, T.; Suzuki, T.; Kamiya, M.; Fukuzawa, S.-i.; Sakai, S., Palladium Catalyzed
Reaction Of Butadiene Monoxide With Carbon Dioxide. Chem. Lett. 1985, 14, 199-200.

19. Myers, A. G.; Widdowson, K. L., Direct transformation of 2,3-epoxy alcohols into
hydroxy carbonates under mildly basic conditions. Tetrahedron Lett. 1988, 29, 6389-6392.

20. Trost, B. M.; Angle, S. R., Palladium-mediated vicinal cleavage of allyl epoxides with
retention of stereochemistry: a cis hydroxylation equivalent. J. Am. Chem. Soc. 1985, 107, 6123-
6124.

21. Minami, N.; Ko, S. S.; Kishi, Y., Stereocontrolled synthesis of D-pentitols, 2-amino-2-
deoxy-D-pentitols and 2-deoxy-D-pentitols from D-glyceraldehyde acetonide. J. Am. Chem. Soc.

1982, 104, 1109-1111.

11



22. McCombie, S. W.; Metz, W. A., Cyclofunctionalisation of epoxyalcohol derivatives. 2.
Stereo- and regiospecific conversion to 1,3-dioxolanes. Tetrahedron Lett. 1987, 28, 383-386.
23. Trost, B. M.; Sudhakar, A. R., Cis hydroxyamination equivalent. Application to the
synthesis of (-)-acosamine. J. Am. Chem. Soc. 1987, 109, 3792-3794.

24, Schmidt, U.; Respondek, M.; Lieberknecht, A.; Werner, J.; Fischer, P., Amino Acids and
Peptides; 70.1 Optically Active a-Amino Acids, N-Boc-Aminoaldehydes and a-Amino--
hydroxy Acid from 2,3-Epoxy Alcohols. Synthesis 1989, 1989, 256-261.

25. Dhokale, R. A.; Seidl, F. J.; Sathyamoorthi, S., A Formal Rearrangement of Allylic
Silanols. Molecules 2021, 26, 3829.

26. Shinde, A. H.; Sathyamoorthi, S., Tethered Silanoxymercuration of Allylic Alcohols.
Org. Lett. 2020, 22, 8665-8669.

27. Nagamalla, S.; Dhokale, R. A.; Seidl, F. J.; Mague, J. T.; Sathyamoorthi, S., Unusual
rearrangement-remercuration reactions of allylic silanols. Org. Chem. Front. 2021, 8, 5361-
5368.

28. Dhokale, R. A.; Seidl, F. J.; Shinde, A. H.; Mague, J. T.; Sathyamoorthi, S., Tethered
Silanoxyiodination of Alkenes. J. Org. Chem. 2021, 86, 9233-9243.

29. Katsuki, T.; Sharpless, K. B., The first practical method for asymmetric epoxidation. J.
Am. Chem. Soc. 1980, 102, 5974-5976.

30. Zhang, W.; Basak, A.; Kosugi, Y.; Hoshino, Y.; Yamamoto, H., Enantioselective
Epoxidation of Allylic Alcohols by a Chiral Complex of Vanadium: An Effective Controller
System and a Rational Mechanistic Model. Angew. Chem. Int. Ed. 2005, 44, 4389-4391.

31. Hoveyda, A. H.; Evans, D. A.; Fu, G. C., Substrate-directable chemical reactions. Chem.

Rev. 1993, 93, 1307-1370.

12



32. Jung, M. E.; Lagoutte, R.; Jahn, U., Triphenylcarbenium Tetrafluoroborate. In
Encyclopedia of Reagents for Organic Synthesis. DOI:
https://doi.org/10.1002/047084289X.1t362.pub2

33, Hoffmann, R. W., Allylic 1,3-strain as a controlling factor in stereoselective
transformations. Chem. Rev. 1989, 89, 1841-1860.

34, Bentler, P.; Erdeljac, N.; Bussmann, K.; Ahlqvist, M.; Knerr, L.; Bergander, K.; Daniliuc,
C. G.; Gilmour, R., Stereocontrolled Synthesis of Tetrafluoropentanols: Multivicinal Fluorinated
Alkane Units for Drug Discovery. Org. Lett. 2019, 21, 7741-7745.

35. Katsuki, T.; Lee, A. W. M.; Ma, P.; Martin, V. S.; Masamune, S.; Sharpless, K. B.;
Tuddenham, D.; Walker, F. J., Synthesis of saccharides and related polyhydroxylated natural

products. 1. Simple alditols. J. Org. Chem. 1982, 47, 1373-1378.

13



Table of Contents artwork:

Tethered ring-opening of epoxides

Nt-Bu
t-Bu—Si-0O
PhsC*BF, (10%) OH OH OH
NaHCO;3 (1 equiv.) ~
> >~ OH OH OH
r CH20|2 .
o._ O o_ O )
X 0°C, 2h X D-arabitol

Me® Me 65% Me" Me

>20:1 regioselectivity and diastereoselectivity in all cases examined!

14



