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Abstract: A catalytic pinacol-type reductive rearrangement
reaction of internal 1,2-diols is reported herein. Several
scaffolds not usually amenable to pinacol-type reactions,
such as aliphatic secondary-secondary diols, undergo the
transformation well without the need for prefunctionalization.
The reaction uses a simple boron catalyst and two silanes and
proceeds through a concerted, stereoinvertive mechanism that
enables the preparation of highly enantiomerically enriched
products. Computational studies have been used to rationalize
the preference for migration over direct deoxygenation.

The controlled, stereoselective rearrangement of carbon
skeletons is an important strategy for the preparation of
value-added molecules from more readily available starting
materials. The pinacol rearrangement can transform diols into
the corresponding rearranged ketones through the formation
of a carbocation under acidic conditions.l'! However, gener-
ally harsh conditions, a limitation of the scope to tertiary or
benzylic alcohols, the formation of alkene side products, and
a general lack of regioselectivity have considerably limited its
broader application in synthesis. In particular, and despite its
synthetic potential, the pinacol rearrangement of ubiquitous
vicinal aliphatic secondary diols is extremely rare because of
the poor ability of these substrates to stabilize positively
charged intermediates and the instability of the resulting
aldehydes under strongly acidic conditions.”) Moreover, in the
few reported cases, mixtures of ketone and aldehyde products
resulted from unselective migration.”! Collectively, these
limitations have prevented the application of the pinacol
rearrangement in organic synthesis. The related semipinacol
rearrangement of diol derivatives can address some of these
limitations, such as regioselectivity, but requires the regiose-
lective preactivation of the diol and is also challenging to
perform on vicinal secondary diols.”!

Herein, we present a distinct approach to pinacol-type
rearrangements, wherein a boron catalyst mediates the
reductive and stereoinvertive rearrangement of a broad
range of structurally different diols, including unactivated
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internal 1,2-diols, to form primary and secondary alcohols
(Scheme 1).

Recent studies have demonstrated that the catalyst
B(CF;);,* in the presence of silanes, is exceptionally
active in reductive transformations of polyols.”! In this
context, we showed the synergistic effect of two different
silanes in the selective deoxygenation of terminal 1,2-diols
through the formation of a key cyclic siloxane intermediate
(Scheme 2, path B).[**) We reasoned that if increased steric
bulk (R=alkyl) of the cyclic siloxane intermediate suffi-
ciently retarded direct hydride delivery, migration of an alkyl
group (path A) could proceed faster than the usually
observed deoxygenation.

This new mechanistic manifold would probably address
the traditional limitations of the pinacol rearrangement
because: 1) the in situ formation of an extremely reactive
oxonium leaving group should help overcome the traditional
low reactivity of secondary alcohols; and 2)the reaction
would be reductive in nature, thus leading to the formation of
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Scheme 3. [a] Including 23% of the deoxygenated product. [b] Including 26 % of the deoxygenated product. [c] Yield determined by '"H NMR
spectroscopy with nitromethane as a standard. [d] Mixture of two diasteroisomers (1:1). [e] Mixture of two diastereoisomers (3:1). [f] Only one
diastereoisomer was detected by '"H NMR spectroscopy. [g] The reaction was carried out with 3 mol % catalyst.

a stable primary-alcohol derivative instead of a labile alde-
hyde.

Accordingly, we subjected a simple unactivated internal
diol to a range of reaction conditions (see the Supporting
Information). We obtained the desired rearrangement prod-
uct in good yield when a combination of diphenylsilane and
triethylsilane was employed. The undesired deoxygenation
product was not detected, thus confirming that the barrier for
alkyl migration was now lower than that of direct hydride
delivery.

With regard to the scope of the transformation
(Scheme 3), initial experiments with simple symmetrical and
nonsymmetrical vicinal secondary diols, which have rarely
been employed in pinacol or semipinacol rearrangements,
afforded the desired product in good yields. Experiments with
syn diols generally resulted in higher yields, with some
competing deoxygenation observed in the case of anti diols
(entries 2 and 5). Whereas the presence of one methyl
substituent was tolerated, the use of butanediol (entry 3),
which bears two methyl groups, as the substrate led to
increased formation of the deoxygenation product. Alkene
and halogen groups were well-tolerated under our reaction
conditions, giving synthetically useful yields of the corre-
sponding products. Importantly, we could also employ
a hydroxyketone and even an epoxyalcohol”! as diol surro-
gates (entries 10 and 11).
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Acyclic vicinal tertiary—secondary diols afforded the
corresponding rearranged products in good yields
(Scheme 3, entries 12 and 13). It is likely that the regioselec-
tivity of these reactions is controlled by silylation of the cyclic
siloxane intermediate at the sterically less hindered secondary
oxygen atom. A diol bearing two different substituents on the
tertiary carbon atom afforded a single product through the
highly selective migration of the more electron rich alkyl
group (entry 13). Furthermore, two cyclic diols selectively
afforded a single rearranged product, each in good yield
(entries 14 and 15). In stark contrast to traditional pinacol-
type rearrangements, which usually lead to ring contraction in
such cases, the migration of the exo alkyl group was strongly
favored, probably because of the conformational restrictions
associated with the formation of a putative bicyclic siloxane
intermediate (see the Supporting Information).

Ring expansion and contraction reactions are powerful
tools for the synthesis of natural products””’ and modification
of bioactive compounds.“o] Under our reaction conditions, the
ring expansion of both a five- and a six-membered ring
proceeded with full diastereoselectivity to afford the corre-
sponding products (entries 16 and 17). The ring contraction of
a macrocylic disubstituted diol proceeded efficiently to form
a l4-membered ring (entry 18). The use of a traditional
pinacol-type rearrangement for such a ring contraction would
arguably be challenging.

Angew. Chem. Int. Ed. 2017, 56, 13377-13381
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Our novel method transforms a chiral diol with, in most
cases, two stereogenic centers into a product containing at
least one stereogenic tertiary carbon center. It was thus
interesting, from both a synthetic and a mechanistic perspec-
tive,'!l to rigorously study the stereochemical course of the
transformation (Scheme 4).

To this end, (2R,3R)- and (2S5,3R)-heptane-2,3-diol were
synthesized by the Sharpless asymmetric dihydroxylation
from alkenes."? In a stepwise mechanism involving carbocat-
ionic species, the stereoinformation present in the starting
material would be lost through the formation of achiral,
planar intermediates, thus leading to a racemic product
mixture. In contrast, in a concerted mechanism, a single
enantiomer of the product should form when the anti diol is
used as the starting material, independently of the regiose-
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Scheme 4. Probing the mechanism on the basis of stereochemical
considerations.
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lectivity of the migration, because either migration pathway
leads to the same enantiomer (Scheme 4a). On the basis of
the conservation of enantiomeric excess, as determined
experimentally, we can conclude that the reaction is stereo-
invertive and probably proceeds through Sy2-type attack. In
the case of the syn diol, two different enantiomers can be
formed depending on the regioselectivity of the migration
step (Scheme 4b). As we know that the mechanism is
concerted, the conservation of enantiomeric excess in this
case should correlate with the regioselectivity of the migra-
tory step. Experimentally, the reaction of a starting material
with e.r. 95:5 led preferentially to the formation of the R
product with e.r. 81:19. This result indicates 5.4:1 regioselec-
tivity in the actual migration step in favor of butyl migration.
In the case of the anti isomer, “C-labeling experiments
showed even higher selectivity (>20:1) in favor of alkyl
migration. Because this selectivity is consistent both with the
migratory aptitude (Bu > Me) and the steric preference in the
oxonium-forming step, it is not possible to conclude which
effect plays a more important role in the observed selectivity.

An experiment with a trisubstituted diol can be used to
determine the selectivity of the migration step when two
electronically different substituents are located on the tertiary
hydroxy group (Scheme 4c). Assuming that only the oxonium
of the less sterically encumbered secondary alcohol forms, the
migration of one substituent or the other (Me or alkyl) would
lead to structurally different products. Experimentally, we
observed a marked divergence in selectivity depending on
which diastereoisomer was employed. These results further
demonstrate that the cyclic nature of the intermediate
exacerbates subtle structural differences in the rearrange-
ment process. Notably, in the case of diastereoisomer A, an
enantiomerically enriched starting material conserved its
ee value in the rearrangement process.

Overall, these experiments not only support a concerted,
stereoinvertive mechanism, but also lay down the ground-
work for the use of this new methodology in the enantiose-
lective preparation of challenging oxygen-containing prod-
ucts from readily synthesized chiral diols.

The experimental results show that the barrier for
rearrangement is now, in the case of internal diols, lower
than the barrier for direct deoxygenation through direct
hydride delivery. This reactivity stands in stark contrast to our
earlier observations, in which terminal diols were efficiently
deoxygenated under similar reaction conditions.*™ To provide
a rationale for these divergent experimental findings, we
performed density functional theory (DFT) calculations™ to
compare the transition-state energies of the deoxygenation
and migration steps in two model compounds representing
a terminal diol (I) and an internal diol (IT) with an additional
ethyl substituent (see the Supporting Information for details).
The computational results demonstrate that for the terminal
diol the deoxygenation pathway (I-TSA) is kinetically more
favorable than the migration pathway (I-TSB) by 7.1 kcal
mol ™!, whereas for the internal diol the migration reaction is
kinetically more favorable by 3.3 kcalmol™' (II-TSB vs. II-
TSA), which is consistent with the experimental observations.

Figure 1 shows the molecular structures of the four
relevant transition states (TSs) and their relative energies.

www.angewandte.org
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I-TSB
23.0(23.4) keal/mol

I-TSA
15.9(17.8) kcal/mol

II-TSA
17.0(16.8) kcal/mol

II-TSB
13.7(14.7) keal/mol

Figure 1. Transition states for migration and deoxygenation for R=H
versus R=Et. Free energies (electronic energies) relative to the cyclic
siloxane intermediate; distances in A.

The TSs for deoxygenation (TSA) and migration (TSB) have
quite different geometrical features and properties. I-TSA is
an intermolecular Sy2 TS, which is stabilized by electrostatic
interactions of the C3 atom with the approaching nucleophile
HB(CF;);™ and the leaving group. I-TSB is an intramolecular
TS with a three-membered ring and features weaker electro-
static interactions."” It benefits from electron delocaliza-
tion,™ as indicated by short C2—C3 and C2—O bonds (1.40
and 1.37 A in I-TSB versus 1.53 and 1.43 A in I-TSA and in
the cyclic siloxane intermediate, respectively) and by natural
bond orbital (NBO) analysis (see the Supporting Informa-
tion).

In the internal diol, II-TSB is stabilized by the hyper-
conjugative effect of the ethyl substituent,™ which shortens
the C3-C4 bond (1.46 vs. 1.52 A in the cyclic siloxane
intermediate); NBO analysis indicates that the hyperconju-
gative stabilization is larger in II-TSB than in II-TSA by
3.9 kcalmol ' (see the Supporting Information). Further-
more, the presence of the ethyl substituent increases the
distance between C3 and the nucleophile as well as the
leaving group in II-TSA, which weakens the electrostatic
interactions. Therefore, it is a combination of the hyper-
conjugative and steric effects of the ethyl substituent that
leads to a preference for alkyl migration over deoxygenation
in the internal diol.
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In conclusion, we have described the reductive pinacol-
type rearrangement of a wide range of diols in the presence of
a B(CgF;)s/silane system. The computational results for
terminal and internal diols are in line with the experimental
findings and indicate that the observed preference for
rearrangement over deoxygenation in internal diols is due
to hyperconjugative and steric effects of the additional alkyl
substituent.
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