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ABSTRACT: The installation of vicinal mesylate and silyl ether
groups in a quinic acid derivative generates a system prone for
stereoselective borane-catalyzed hydrosilylation through a siloxo-
nium intermediate. The diversification of the reaction conditions
allowed the construction of different defunctionalized fragments
foreseen as useful synthetic fragments. The selectivity of the
hydrosilylation was rationalized on the basis of deuteration
experiments and computational studies.

Synthetic strategies remain critically dependent on hemi-
synthesis or chiral pool synthesis despite the plethora of

currently available catalytic asymmetric transformations.1 The
contemporary mandatory transition from fossil to biobased
carbon resources calls for the development of synthetic
transformations that maximize the full potential of chemical
entities or fragments created by nature. Saccharides are the
main components of biomass, and the efforts done for their
integration in biorefineries have augmented the development
of methods for removal of their oxygen functionalities.2

Dehydration3 and selective cleavage of C−O bonds4 of
saccharides have been explored in the expansion of the
biomass-derived chemical space.5 Yamamoto’s seminal B-
(C6F5)3-catalyzed hydrosilylation of C−O bonds6 has been
used in the extensive deoxygenation of saccharides7 and
recently in the regioselective deoxygenation of saccharides8

and polyols8c to provide new chiral entities (Scheme 1a).
Alternative boron catalysts such as Piers’ borane (HB(C6F5)2)

9

and more recently B((3,5-CF3)2C6H3)3
10 have been demon-

strated to catalyze the silylative deoxygenation of biomass-
derived sugars.11 The outcome of this deoxygenation method
depends on several stereochemical and electronic parameters:
first and foremost is the structure of the oxygenated
substrate,8a as vicinal groups can assist the C−O bond
cleavage.8c The second parameter is the hydrosilane employ-
ed,8b,c and the third is the fluoroarylborane catalyst.12 Gagne ́
and co-workers have recently progressed the field by replacing
hydrosilanes by hydroboranes as precursors of H−B(C6F5)3

−

hydride in the C−O bond cleavage with different selectivities
than the ones observed in the hydrosilylation.13

Morandi14 and Oestreich15 have expanded the B(C6F5)3-
catalyzed hydrosilylation of C(sp3)−O bonds to 1,2-diols and
primary tosylates, respectively. Both methods are effective in
cleaving the terminal C−O bond, the former due to the
formation of a cyclic siloxane intermediate and the latter due to
the higher reactivity of the tosylate compared with the silyl
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Scheme 1. B(C6F5)3-Catalyzed Selective Deoxygenation of
1,2-Diols and Primary Alkyl Tosylates
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ether. Although suitable for the cleavage of primary tosylates
containing a primary silyl ether (Scheme 1b, R = TBDMS, n =
3−5), or an aryl ether (Scheme 1b, R = Ar, n = 1 or 5),
rearranged products from anchimeric assistance were observed
for 1,2-diols (Scheme 1b, bottom). Indeed, the nonselective
opening of a three-membered silyloxonium ion leads to the
indiscriminate formation of a primary and secondary silyl
ether. Substituents’ migration competing with direct deoxyge-
nation processes was further explored by Morandi, providing a
reductive pinacol-type rearrangement of vicinal diols.16 On a
related note, the B(C6F5)3-catalyzed hydrosilylation of
tetrasubstituted epoxides leads to a migratory ring-opening
process after the formation of a silyloxonium ion intermedi-
ate.17 While the B(C6F5)3-catalyzed hydrosilylation of C−O
bonds has been rapidly expanding the accessibility to
saccharides-derived chiral fragments for synthesis,8c,10,11,13,18

we envisioned that different chiral synthons19 could be reached
by focusing on natural cyclitols.
Quinic acid 1 was provisionally considered as one suitable

feedstock for the biobased benzoic acid production20 or other
aromatics.21 However, high cost associated with the use of
glucose as feedstock for bacterial production of quinic acid22

has again relegated this cyclitol to the chiral pool.23

Nevertheless, quinic acid and its acyl-derivatives are wide-
spread secondary metabolites of the shikimic acid pathway24 in
plants and can be obtained for instance from coffee beans,
plants, fruits, and even food wastes.25 Herein we present our
efforts toward the selective cleavage of C(sp3)−O bonds of a
common quinic acid-derived precursor with judiciously
selected O-substituents, into diverse chiral fragments (Scheme
1c).
Aware of putative effects imposed by the diverse

conformations of cyclitols on the regioselectivity of deoxyge-
nation using the B(C6F5)3/SiH system, the vicinal cis diol
moiety of quinide 2 was derivatized to several functional
groups. Besides conferring the desired conformational effect,
further deprotection after deoxygenation would provide
substrates prone to typical C−C oxidative cleavage and
subsequently give chiral linear C7 fragments. Attempts on the
hydrosilylation of cyclitol derivatives 3−13 (Scheme 2) failed
in providing any deoxygenated products (see Supporting
Information section 1 for complete rationale).
The discouraging lack of reactivity of the silylated quinic

acid derivatives prompted us to explore the anchimeric
assistance by silyl ethers in the C−O bond cleavage of
tosylates, as previously reported by Oestreich and co-
workers.15 Excellent chemoselectivity was reported for the
deoxygenation of primary alkyl tosylates from nonvicinal diol

derivatives. However, the formation of a three-membered
silyloxonium ion intermediate resulted in rearranged products,
and a lack of regioselectivity was observed when considering
aliphatic 1,2-vicinal diol systems. Gratifyingly, treatment of 15
with different catalyst loadings and amounts of triethylsilane
resulted in formation of 16 and/or 17 in different ratios
(Scheme 3 and Table S1 in SI for further experiments). Silyl

ethers derived from primary and secondary alcohols have been
reported to be more reactive toward B(C6F5)3-catalyzed
reduction with hydrosilanes than the ones derived from
tertiary homologues.6c,d On the other hand, the neighboring
group assistance can deeply impact the regioselectivity.
Notably, cleavage of the primary mesylate in 15 was
accompanied by stereospecific migration of the silyloxy
group from the vicinal tertiary carbon to provide 17 (Scheme
3). The absolute configuration of the deoxygenated product
was determined through X-ray diffraction analysis of the 3,5-
dinitrobenzoyl derivative 18, obtained after desilylation of 17
and benzoylation of the triol 17′.
Attempts to overcome the higher propensity of C4 toward

deoxygenation by replacing the mesylate with protecting
groups proved futile. Instead, B(C6F5)3/SiH treatment of 20
having the secondary hydroxyl protected as silyl ether (20b)
resulted in fast intramolecular cyclization to bicyclic compound
21 in up to 88% yield (Scheme 4). Exposure of MOM-ether
20c to the same conditions resulted in the formation of
compound 20d in 78% yield (Scheme 5). Treatment of methyl
ether 20d with additional triethylsilane (1.1 equiv) in the
presence of B(C6F5)3 led to formation of cyclic ether 21, as
deduced from crude NMR. Carbamoyl protected 20e was
unreactive toward B(C6F5)3-catalyzed hydrosilylation, and only
starting material was recovered, despite the harsh reaction
conditions used (20 mol % catalyst, excess of silane and
refluxing toluene). The structural complexity of compound
2126 was broken down through oxidative cleavage of the C−C
bond upon desilylation and oxidation of the cis glycol moiety
via Malaprade oxidation to provide dialdehyde 22 in excellent
yield. The cyclic ethers 22 and 23 are envisioned as interesting
synthetic intermediates due to the presence of oxygen
functionality-containing substituents at C1 and C3 positions
of the tetrahydrofuran core.27 The selective deprotection of the

Scheme 2. Quinic Acid Derivatives Explored in B(C6F5)3-
Catalyzed Hydrosilylation

Scheme 3. Deoxygenation of Quinic Acid Derivative 15

a15 (0.14 mmol) and B(C6F5)3 in CH2Cl2, at r.t. followed by addition
of Et3SiH.

bRatio determined from isolated yields. c[15] = 0.05 M.
d[15] = 0.3 M.
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tertiary silyl ether of 21 followed by similar cleavage with
catechol borane and desilylation also provided compound 17a.
A sequence of silyl ethers’ cleavage and primary alcohol
protection resulted in 17b that was submitted to Malaprade
oxidation providing dialdehyde 19, envisioned as a rich
fragment for stereoselective synthesis due to the three
functionalities and structural similarities with Perlin alde-
hydes.28 Impelled by the bicyclic skeleton of 21, the controlled
modification of its stereogenic carbons was attempted. The
lack of reactivity of 21 toward cleavage of the O−Si bond by
B(C6F5)3-catalyzed hydrosilylation was overcome by reduction
with catechol borane, as recently developed by Gagne,́13

resulting in the selective cleavage of the C−O bond from the
secondary carbon to provide 25 in 88% yield.
Selective oxidation of primary alcohol moiety of 25 followed

by one-pot esterification and desilylation led to 28, a known
intermediate in the synthesis of homocitric acid.29 Even though
not attempted, it is worth noticing that the use of
deuteriocatecholborane in the manipulation of 21 would
provide an entry for the preparation of labeled homocitrate.
Although of potential interest for biological studies, deuterium
labeling at position 5 remains unveiled.29a,30

The observed preferred chemoselectivity for C−O bond
cleavage of the secondary carbon over the primary mesylate in
15 suggests the formation of the three-membered silyloxonium
ion as proposed previously by Oestreich. The higher
propensity of C4 for deoxygenation compared to C1 is
justified by the easier formation of the strained three-
membered silyloxonium ion in C4−C5 than in C1−C2, as
the later will turn C2 into a spiro carbon. Such events should
become less energy demanding after removal of one of the
carbocycle substituents. Additionally, the easier access of the
hydride to C4 over C5 renders this process highly
regioselective in the opening of the siloxonium. Motivated by
the excellent regioselectivity in opening of the putative three-
membered silyloxonium ion with hydrosilanes, compound 29,
an analogue of 15, was submitted to similar deoxygenation
protocol. The treatment of cyclohexanol derivative 29 with
B(C6F5)3 and silyl hydrides resulted in cleavage of the C−O
bond and migration of the silyl ether moiety to the primary
carbon (Scheme 5), contrasting with the previously reported
lack of selectivity for deoxygenation of primary tosylates vicinal
to a secondary silyl ether.15 While no alkyl migration was
observed in the deoxygenations of quinic acid derivatives,
which was expected given the precedents on the hydro-
silylation of epoxides in acyclic systems17 the migration of
hydride from the primary to tertiary carbon was considered.31

When using Et3SiD as a reducing agent, the deuteration
occurred selectively at the primary carbon, affording d-30 in
57% after isolation. Similar behavior was observed in the
hydrosilylation of 15 with Et3SiD. The delivery of the
deuteride to the opposite face of the silyl ethers of the
cyclohexane derivative (absolute configuration determined
from inspection of vicinal coupling constants) seems to
indicate a different mechanism when comparing with the
tertiary silyl ether/primary mesylate counterpart.
In order to get further insight on the formation of the

silyloxonium intermediate and its regioselective opening, a
simplified system was studied by means of Density Functional
Theory32 (Scheme 6), and geometries of the transition states

Scheme 4. Formation and Controlled Cleavage of Bicyclic Tetrahydrofuran 21a

an.d. = yield not deternined; n.r. = no reaction.

Scheme 5. B(C6F5)3-Catalyzed Siloxonium Opening with
Et3SiD
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were calculated (please consult Figure S1 and full computa-
tional account in the SI). The energetically favorable
interaction of the mesylate group of sm with silylium ion in
int1 increases the electrophilic character of the primary carbon,
triggering the formation of the silyloxonium ion int2 through a
21.4 kcal/mol energy barrier. C−O bond lengths in the
siloxonium int2 differ by 0.05 Å, with the most substituted
bond being elongated. The equilibration of the siloxonium to
int3, where the above-mentioned C−O bond is clearly broken
(dC−O = 2.385 Å), is energetically more favorable by 4.5 kcal/
mol. The 1,2-hydride shift for neutralization of the positive
charge on the tertiary carbon is a favorable process with int4
being 11.9 kcal/mol more stable than int3. Additionally, the
energy barrier for the 1,2-hydride migration through ts2 is only
2.5 kcal/mol. The hydride delivery from the hydridoborate
anion to the electrophilic carbon of the oxocarbenium is
almost spontaneous and int4 can simply overcome the barely
existent energy barrier of 2.4 kcal/mol for ts3 to ultimately
form the very stable silyl ether int5. The overall process is
energetically favored as demonstrated by the ΔGf of prod
(52.9 kcal/mol) with the rate limiting step being the formation
of the siloxonium int2.
In conclusion, we have described the B(C6F5)3-catalyzed

defunctionalization of a cyclitol through hydride delivery to
three-membered silyloxonium ions. The success of the
deoxygenation of quinide and derivatives using this hydro-
silylation depends on the protecting groups. Nevertheless, the
achieved deoxygenations proved highly stereoselective and
allowed the diversification of chiral fragments that can be
obtained from quinic acid. The expansion of this transition-
metal-free deoxygenation protocol to cyclitols has diversified
the array of molecules and fragments that can be obtained from
biorenewables.
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Sloan, L.; Tame, C. J.; Bucǎr, D.-K.; Lye, G. J.; Hailes, H. C.;
Sheppard, T. D. Functionalised tetrahydrofuran fragments from
carbohydrates or sugar beet pulp biomass. Green Chem. 2019, 21,
2035−2042. (b) Foster, R. W.; Tame, C. J.; Bucar, D. K.; Hailes, H.
C.; Sheppard, T. D. Sustainable Synthesis of Chiral Tetrahydrofurans
through the Selective Dehydration of Pentoses. Chem. - Eur. J. 2015,

21, 15947−15950. (c) Monasterolo, C.; Muller-Bunz, H.; Gilheany,
D. G. Very short highly enantioselective Grignard synthesis of 2,2-
disubstituted tetrahydrofurans and tetrahydropyrans. Chem. Sci. 2019,
10, 6531−6538.
(28) Reddy, L. V.; Kumar, V.; Sagar, R.; Shaw, A. K. Glycal-derived
D-hydroxy a,b-unsaturated aldehydes (Perlin aldehydes): versatile
building blocks in organic synthesis. Chem. Rev. 2013, 113, 3605−
3631.
(29) (a) Tavassoli, A.; Duffy, J. E.; Young, D. W. Synthesis of
trimethyl (2S,3R)- and (2R,3R)-[2-2H1]-homocitrates and dimethyl
(2S,3R)- and (2R,3R)-[2-2H1]-homocitrate lactones-an assay for the
stereochemical outcome of the reaction catalysed both by homocitrate
synthase and by the Nif-V protein. Org. Biomol. Chem. 2006, 4, 569−
580. (b) Tavassoli, A.; Duffy, J. E. S.; Young, D. W. Synthesis of
trimethyl (2S,3R)- and (2R,3R)-[2-2H1]-homocitrates and the
corresponding dimethyl ester lactonestowards elucidating the
stereochemistry of the reaction catalysed by homocitrate synthase
and by the Nif-V protein. Tetrahedron Lett. 2005, 46, 2093−2096.
(30) Pansare, S. V.; Adsool, V. A. Enantioselective synthesis of (R)-
homocitric acid lactone. Tetrahedron Lett. 2007, 48, 7099−7101.
(31) 1,2-Hydride shifts triggered by boron Lewis acids have been
explored in 1,1-carboborations: (a) Chen, C.; Voss, T.; Frohlich, R.;
Kehr, G.; Erker, G. 1,1-carboboration of 1-alkynes: a conceptual
alternative to the hydroboration reaction. Org. Lett. 2011, 13, 62−65.
(b) Kehr, G.; Erker, G. 1,1-Carboboration. Chem. Commun. 2012, 48,
1839−1850. (c) Hansmann, M. M.; Melen, R. L.; Rudolph, M.;
Rominger, F.; Wadepohl, H.; Stephan, D. W.; Hashmi, A. S.
Cyclopropanation/Carboboration Reactions of Enynes with B-
(C6F5)3. J. Am. Chem. Soc. 2015, 137, 15469−15477.
(32) Parr, R. G.; Yang, W. Density Functional Theory of Atoms and
Molecules; Oxford University Press: New York, 1989.

Organic Letters pubs.acs.org/OrgLett Letter

https://dx.doi.org/10.1021/acs.orglett.0c02995
Org. Lett. XXXX, XXX, XXX−XXX

F

https://dx.doi.org/10.1021/acscatal.9b00780
https://dx.doi.org/10.1021/acscatal.9b00780
https://dx.doi.org/10.1021/acscatal.9b00780
https://dx.doi.org/10.1002/cctc.201700063
https://dx.doi.org/10.1002/cctc.201700063
https://dx.doi.org/10.1002/cctc.201700063
https://dx.doi.org/10.1002/cctc.201700063
https://dx.doi.org/10.1021/ja061082f
https://dx.doi.org/10.1021/ja061082f
https://dx.doi.org/10.1039/cc9960001993
https://dx.doi.org/10.1039/cc9960001993
https://dx.doi.org/10.1039/cc9960001993
https://dx.doi.org/10.1021/acs.orglett.8b00230
https://dx.doi.org/10.1021/acs.orglett.8b00230
https://dx.doi.org/10.1002/cssc.201000111
https://dx.doi.org/10.1002/cssc.201000111
https://dx.doi.org/10.1002/cssc.201000111
https://dx.doi.org/10.1002/ejoc.201600616
https://dx.doi.org/10.1002/ejoc.201600616
https://dx.doi.org/10.1021/ja016460p
https://dx.doi.org/10.1021/ja016460p
https://dx.doi.org/10.1039/C7GC02041D
https://dx.doi.org/10.1039/C7GC02041D
https://dx.doi.org/10.1039/C7GC02041D
https://dx.doi.org/10.1016/S0957-4166(97)00471-0
https://dx.doi.org/10.1016/S0957-4166(97)00471-0
https://dx.doi.org/10.2174/138527208786786291
https://dx.doi.org/10.2174/138527208786786291
https://dx.doi.org/10.1021/acs.chemrev.8b00350
https://dx.doi.org/10.1021/acs.chemrev.8b00350
https://dx.doi.org/10.1007/s11101-018-9592-y
https://dx.doi.org/10.1007/s11101-018-9592-y
https://dx.doi.org/10.1039/C7NP00030H
https://dx.doi.org/10.1039/C7NP00030H
https://dx.doi.org/10.1111/j.1750-3841.2012.02967.x
https://dx.doi.org/10.1111/j.1750-3841.2012.02967.x
https://dx.doi.org/10.1111/j.1750-3841.2012.02967.x
https://dx.doi.org/10.1016/j.jff.2016.03.018
https://dx.doi.org/10.1016/j.jff.2016.03.018
https://dx.doi.org/10.1016/j.jff.2016.03.018
https://dx.doi.org/10.1016/j.ces.2012.05.003
https://dx.doi.org/10.1016/j.ces.2012.05.003
https://dx.doi.org/10.1007/s11101-012-9266-0
https://dx.doi.org/10.1007/s11101-012-9266-0
https://dx.doi.org/10.1139/v63-356
https://dx.doi.org/10.1039/C9GC00448C
https://dx.doi.org/10.1039/C9GC00448C
https://dx.doi.org/10.1002/chem.201503510
https://dx.doi.org/10.1002/chem.201503510
https://dx.doi.org/10.1039/C9SC00978G
https://dx.doi.org/10.1039/C9SC00978G
https://dx.doi.org/10.1021/cr200016m
https://dx.doi.org/10.1021/cr200016m
https://dx.doi.org/10.1021/cr200016m
https://dx.doi.org/10.1039/b515937g
https://dx.doi.org/10.1039/b515937g
https://dx.doi.org/10.1039/b515937g
https://dx.doi.org/10.1039/b515937g
https://dx.doi.org/10.1039/b515937g
https://dx.doi.org/10.1016/j.tetlet.2005.01.134
https://dx.doi.org/10.1016/j.tetlet.2005.01.134
https://dx.doi.org/10.1016/j.tetlet.2005.01.134
https://dx.doi.org/10.1016/j.tetlet.2005.01.134
https://dx.doi.org/10.1016/j.tetlet.2005.01.134
https://dx.doi.org/10.1016/j.tetlet.2007.08.005
https://dx.doi.org/10.1016/j.tetlet.2007.08.005
https://dx.doi.org/10.1021/ol102544x
https://dx.doi.org/10.1021/ol102544x
https://dx.doi.org/10.1039/C1CC15628D
https://dx.doi.org/10.1021/jacs.5b09311
https://dx.doi.org/10.1021/jacs.5b09311
pubs.acs.org/OrgLett?ref=pdf
https://dx.doi.org/10.1021/acs.orglett.0c02995?ref=pdf

