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ABSTRACT: We report an unprecedented boron-templated dimerization of allylic alcohols that generates a 1,3-diol product with
two stereogenic centers in high yield and diastereoselectivity. This acid-catalyzed reaction is achieved via in situ formation of a
boronic ester intermediate that facilitates selective cyclization and formation of a cyclic boronic ester product. High yields are
observed with a variety of allylic alcohols, and mechanistic studies confirm the role of boron as a template for the reaction.

Templated organic transformations are reminiscent of
enzyme-mediated processes because, like enzymes, they rely on
the preorganization of reacting substrates in close proximity to
achieve high yield and high selectivity. Various innovative and
efficient strategies that employ substrate preorganization for
organic catalysis have recently been reported, and include the
use of organic or metal ion templates,i-s porous coordination
frameworks (e.g. MOFs),6-10 removable covalent tethers such
as silicon tethers,11-14 and work from our group in bifunctional
peptide catalysis.is These types of templated processes can

enable selective intramolecular cyclizations such as
macrocyclization,ic-17  as well as achieve selective
dimerization/trimerization =~ with ~ unique  regio-  or

stereoselectivity.s,1s-19 Boron-based tethers are particularly
attractive because the dynamic nature of B-O bonds under
acidic or basic conditions can enable boronic ester formation as
a route to activate allylic and benzylic alcohols2o and enable
templated reactions.2i-23 Indeed, Morgan and coworkers
recently reported boron-tethered, enantioselective Diels-Alder
reactions that rely on a boron-based tether between the diene
and dienophile (1, Figure 1a).24-20 Boron-tethered rad-
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Figure 1. Boron-tethered transformations.

ical cyclizations,30-31 carboborations of alkenes and alkynes,32-
34 and cyclotrimerizationsis-19 have also been reported. Boronic
ester tethers can also be easily removed under basic conditions
and B—C bonds are readily transformed to new C—O bonds upon
oxidation.

Our research group is interested in the use of simple allylic
alcohol substrates as coupling partners for transition metal-
catalyzed reactions.3s-36 Recently, while investigating the use of
nickel catalysts for Suzuki reactions with unprotected allylic
alcohol electrophiles,3s we discovered that copper(Il) triflate
catalyzed a unique dimerization of allylic alcohols to form new
C—C and C-O bonds (red) across one of the alkenes (Figure 1b).
In this unprecedented transformation, the boronic acid is
incorporated into the structure of the product (2), but can be
easily removed under basic conditions to reveal a new 1,3-diol
structure (3). Herein we report the development of this new
selective dimerization of allylic alcohols, demonstrate good
substrate tolerance, and confirm the necessity and role of the
boronic acid template in forming the dimerized product. We
also demonstrate that the resulting boron-protected 1,3-diol
product is a versatile intermediate for chemical synthesis
through a series of derivatization studies.

In our early optimization studies, we found that copper(Il)
triflate facilitated the formation of dimerization product 2 in
moderate yield (Table 1, entry 1). Due to difficulty in isolating
the boronic ester product early on, we subsequently cleaved the
boronic ester under basic aqueous conditions and isolated the
diol product 3. We next screened various Cu(Il) and Cu(]) salts
and found that only copper(Il) triflate enabled product
formation (entries 2—4). These latter results made us question
whether triflic acid (TfOH) was not in fact responsible for the
catalysis we observed.37 When TfOH was employed as the sole
catalyst instead of copper triflate, the identical product was
formed in improved yield (entry 5). Thus, our continuing
optimization studies focused on the use of TfOH as catalysts.



We next screened temperature (entry 5, 6), solvents (entries 7—
9), and acid catalyst loading (entry 9, 10) and found that high
yield (>90%) could be obtained with just 10% TfOH in DCE or
toluene as solvent at room temperature. In control studies, we
found that no reaction occurs in the absence of triflic acid (entry
10) and that the boronic acid was necessary for formation of the
1,3-diol product (entry 11). Furthermore, the addition of
molecular sieves to soak up the water formed in the reaction had
no impact on the rate or yield of the reaction, suggesting that
triflic acid is indeed acting as catalyst and that the reaction is
not likely under boronic

Table 1. Optimization studies.

1. PhB(OH), OH O
Ph/\/\OH 10 mol% Cat. o
2 equiv Solvent, temp. :
2. KOH P 3()
%
entrya Catalyst Solvent ~ Temp. Yield
3
lc Cu(OTf)2 +dppf  Toluene 60 °C 42%
2 CuCl2 + dppf Toluene 60 °C 0
3 Cu(OAc)2 +dppf  Toluene 60 °C
4 Cul + dppf Toluene 60 °C
5 TfOH Toluene 60 °C 90
6 TfOH Toluene rt 96
7 TfOH DCE rt 90
8 TfOH THF rt 0
9 TfOH« DCE rt 30
10 None DCE rt
11e TfOH DCE rt

a Reactions run with 1 mmol cinnamyl alcohol, 0.5 mmol
PhB(OH)2 and 10 mol% catalyst in solvent (0.06 M) for 12 hr. b
Isolated yields of 3 (~10:1 d.r) after hydrolysis of the boronic ester
with ag. KOH. ¢ After 16 hr. d Reaction run with 5 mol% TfOH. e
No PhB(OH)2 was added

acid promoted hydronium catalysis.2039 In all of our
optimization studies, the cyclization product was obtained with
high diastereomeric ratio (~10:1 dr), favoring the anti isomer.

The high yield and selectivity observed in this new
transformation, and the versatility of the 1,3-diol product as a
synthetic intermediate, led us to explore the substrate scope of
the transformation. For these studies, we found that purification
of the boronic ester product directly on silica gel that was
deactivated with EtsN allowed us to isolate this intermediate (2)
without the need to hydrolyze the boronic ester and reveal the
diol product (3). When exploring variations of the allylic
alcohol structure, we found that a variety of aryl substituents
were tolerated in the reaction, including substituents at the para
(2a-2i), meta (2j, 2k), and ortho positions (21, 2m). Various
electron donating (2¢—2g, 2m) and electron withdrawing (2b,
2h) substituents could also be employed, as well as heterocyclic
(2r) and polycyclic aromatic substrates (2n). We also found that
trisubstituted non-aryl allylic alcohols worked well in the

reaction (2s), but disubstituted non-conjugated allylic alcohols
did not (2t). Cinnamyl alcohols with strong electron-
withdrawing groups (2i, 2q) react slowly and provide low yield
in the reaction, presumably due to the low nucleophilicity of the
conjugated alkene. In all cases, the product was isolated in
~10:1 diastereoselectivity. The reaction is
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Figure 2. Substrate scope for acid-catalyzed dimerization.

also readily scalable and when performed on 11.2 mmol
scale, product 2a (3.65 g) was isolated in 96% yield. The
structure of the boronic ester product and the trans
diastereoselectivity of the reaction were confirmed by single
crystal X-ray analysis of 2a (Figure 2).

Having established the generality of this reaction for selective
alcohol dimerization, we next investigated the mechanism of
the transformation. We hypothesize that the phenylboronic acid
used in the reaction condenses with two equivalents of the
allylic alcohol. This boronic ester intermediate then facilitates
selective cyclization and product formation. When the boronic
ester of cinnamyl alcohol was formed stoichiometrically (4),
then treated with TfOH, the desired dimerization product (2a)
was isolated in 98% yield (Figure 3a). We also considered the
possibility of boronic acid promoted hydronium catalysis,
which is a possible mechanism in the presence of the water
formed in the reaction.3s39 However, when molecular sieves
were added to the reaction to sequester the water formed, no
enhancement in rate or yield was observed, as previously noted.
We next asked whether the boronic ester tether was a strict
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requirement or if other tethers such as a silicon tether could be
employed. However, when we employed silicon tether
cinnamyl alcohol (5), no product was observed (Figure 3b). An
additional mechanistic consideration is the fact that only
styrenyl or trisubstituted allylic alcohols participate in the
reaction, which suggests that stabilization of a cationic
intermediate might be necessary for efficient reaction to occur.
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Figure 3. Tether studies.

Based on our observations about the requirements for this
new transformation, we proposed the mechanism shown in
Figure 4. An acid-catalyzed boronic ester formation leads to the
boronic ester intermediate (A), which we know converts to the
desired product. We believe protonation of the boronic ester by
triflic acid (B) is followed by attack of one of the olefins onto
the activated C-O bond to generate intermediate C. The
electron-withdrawing ability of boron could help explain why
boron tethers facilitate the transformation but silicon tethers do
not.3s Formation of carbocation intermediate C could also help
explain the substrate requirements of the reaction, where styryl
alcohols and trisubstituted olefins perform efficiently in the
reaction due to formation of stabilized benzylic or tertiary
carbocations. Subsequent rotation of the C—C bond and addition
of the boronic acid OH to the carbocation would then generate
cyclized product D. The high preference for trans
diastereoselectivity in the reaction is likely due to formation of
a cyclic
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Figure 4. Proposed catalytic cycle.

6-membered transition state that places both the phenyl and
cinnamyl substituents on C in the equatorial position (see
supporting information for proposed structure). In addition,
participation by the boronic acid OH as a nucleophile in this
fashion is similar to the mechanism of the Nagata reaction,
where a boronic acid adds to an ortho-quinone methide.20-21, 23
Regeneration of the acid catalyst and formation of 2a terminates
the cycle.

Next, we wondered whether we could generate
enantioenriched 1,3-diol product via use of a chiral acid or
incorporation of a chiral auxiliary. As such, (R)-
camphorsulfonic acid ((R)-CSA) was employed in the reaction
and the product was isolated in 33% yield after 12 h (Figure 5a).
Unfortunately, no enantioselectivity we observed in the process
and therefore the approach was not pursued further. We also
synthesized enantiopure 1,1’-binaphthylboronic acid and
subjected it to the reaction. The product was isolated in 70%
yield, but as a 1:1 mixture of diastereomers, indicating that no
diastereoinduction was achieved in the process (Figure 5b).
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Figure 5. Attempts at stereoinduction.

Due to the potential synthetic value of our protected 1,3-diol
product, we also desired to demonstrate that the product could
be readily derivatized and that the boronic ester protecting
group could survive various reaction conditions for
functionalization of the olefin (Figure 5). Oxidative cleavage of
the alkene with OsO4 and sodium periodate (Lemieux-Johnson
oxidation) provided the aldehyde product (8) in 98% yield.
While the dimerization reaction necessitates that two equivalent
phenyl groups be incorporated into the product, this
transformation allows for removal of the second phenyl group
for further
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Figure 6. Derivitization studies. a) OsO4, NalO4, 98% yield; b) Ha,
10% Pd/C, 91% yield; ¢) Hoveyda-Grubbs 2nd Gen (5 mol%), C2H4
(balloon), 72% yield; d) DMDO, acetone, 71% yield, 1:1 dr.

derivatization studies. Hydrogenation of 2a with palladium
on carbon also went smoothly to provide to saturated product
(9) without loss of the boronic ester protecting group (91%
yield). Olefin cross metathesis with Hoveyda-Grubbs 2nd
generation catalyst and ethylene afforded the corresponding
terminal alkene (10) in good yield (72%). Finally, epoxidation
of the alkene with dimethyldioxirane (DMDO) afforded the
corresponding epoxide (11) as a 1:1 mixture of diastereomers
(71% yield).

In conclusion, we have developed an expeditious route to 1,3-
diol products via a boron-templated dimerization of allylic
alcohols. This transformation provides access to highly
versatile protected 1,3-diol building blocks for organic
synthesis, which contain a dense arrangement of alcohol and
alkene functional groups and two stereogenic centers. The
reaction also proceeds with high diastereoselectivity, and we
confirmed the necessity of both the boron tether and the acid
catalyst in the reaction. Future work on this transformation is
focused on achieving high enantioselectivity in the formation of
the two stereogenic centers.
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