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aDipartimento Chimica, Università di Bari, and C.N.R.— ICCOM, (Istituto Chimica Composti Organometallici), Bari Section,

v. Amendola 173, I-70126 Bari, Italy
bIstituto Cristallografia CNR, v. Amendola 123/o, 70123 Bari, Italy

Received 15 February 2007; revised 12 March 2007; accepted 16 March 2007
Available online 21 March 2007
Abstract—Methyl(trifluoromethyl)dioxirane (TFDO, 1b), a powerful yet selective oxidant, was employed to achieve in high yield the
direct stereoselective hydroxylation at tert-CH of cis,cis-1,3,5-trimethylcyclohexane (4), yielding triol 7 bearing all-axial disposition
of the three OH groups. Similarly, TFDO oxidation of 1,3- and of 1,4-dimethylcyclohexane gave the corresponding Z-diols 5 and 6,
respectively. Triol 7 was a convenient starting material to synthesize a novel borate—that is, 1-bora-2,8,9-trioxa-3,5,7-trimethyl-
adamantane (8)—having a peculiar cage-shaped ‘tripod’ structure. From triol 7, novel tripod arylboronic Brönsted-assisted Lewis
acids (BLA) could be obtained, as exemplified by 10a and 10b.
� 2007 Elsevier Ltd. All rights reserved.
1. Introduction

In the past decades, a great deal of interest was devoted
to the chemistry of borate esters and boronic acid deriv-
atives because of their applications in chemistry and
biology.1,2 These remarkable organic intermediates have
been widely employed to carry out a number of syn-
thetic transformations, including Diels–Alder reactions,
enantioselective syntheses, and Suzuki cross-coupling
reactions.3,4 Actually, the chemical stability of boronic
acids R1B(OH)2 and their esters, coupled with favorable
steric properties, make them excellent reagents for geo-
metrically controlled syntheses. Also, it was found that
boronic acid analogues of natural substrates could func-
tion as effective enzyme inhibitors.1

Recently, much interest has attracted research focusing
on employing boronic acid compounds for the develop-
ment of sensors, based on the renowned ability of boro-
nic acids to bind tightly with saccharides and other
polyols.1,5 In fact, several comprehensive studies were
devoted to establishing the various features and the
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binding constants of reactions between compounds con-
taining OH functionalities and arylboronic acids, such
as phenylboronic acid PhB(OH)2.1,5b

It is well recognized that in aqueous solution the derived
boronic esters—as well as the parent boronic acids—can
exist in a trigonal planar form in equilibrium with the
corresponding tetrahedral anionic form [ArB(OR)2-
OH]�, the position of the equilibria depending upon
the pKa values. A thorough understanding of these equi-
libria is desirable in order to design effective boronic
ester-based sensors.

In borates B(OR2)3 and boronic acid esters R1B(OR2)2,
reversible exchange between them and water (or in gen-
eral a given protic species ROH) is usually fairly rapid,
so that acyclic esters must be protected from moisture.
However, sterically hindered cyclic borates or boronic
esters (which represent the most useful synthetic inter-
mediates) are not easily hydrolyzed and can be handled
similarly to stable organic compounds. The general
properties of boronic esters and borates have been
reviewed in detail.2
1
R O

OH3C
C (1a: R = CH3;

1b: R = CF3)
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Based on the above background, during our work on
stereoselective oxidations6 employing isolated di-
methyldioxirane (DDO) (1a)7a,b and methyl(trifluoro-
methyl)dioxirane (TFDO) (1b),6,8 we set out to obtain
stable borates having a sterically strained framework
and novel Brönsted acid-assisted Lewis acids (BLA)3

that display a unique ‘tripod’ architecture. Our initial
results are described herein.
2. Results and discussion

It was documented that a novel approach to the efficient
oxygenation of hydrocarbons under mild conditions
consists in the selective O-insertion into C–H bonds
using dioxiranes.6 Actually, it is recognized that oxida-
tions of ‘unactivated’ hydrocarbon C–H bonds generally
require reaction times of hours and excess oxidant
employing DDO (1a).7,8 Instead, the powerful TFDO
(1b) allows one to carry out these transformations often
in a matter of minutes and with a high selectivity.6

For instance, illustrating the high stereoselectivity of the
dioxirane O-insertion, a specific case is the exclusive
bridgehead hydroxylation of cis-decalin, which gives
only the tertiary cis-decalinol; a similar stereoselective
configuration retention was also observed for trans-
decalin.8 Previously it had been shown that the C–H
hydroxylation of cis- and trans-1,2-dimethylcyclohex-
anes by dioxiranes is also highly stereocontrolled.7,8

We now report that a similar high stereoselectivity can
be achieved in the TFDO hydroxylation of commercial9

cis-1,3- and of cis-1,4-dimethyl substituted cyclohexanes
(2 and 3), as well as in the hydroxylation of 1,3,5-tri-
methyl cyclohexane 4 (Chart 1).10 Starting with these,
the corresponding all-cis-diols 511 and 6,12 and all-cis
triol 713 could be obtained in high yield and with no epi-
merization at the tert-C–H reaction centers, as illus-
trated by Eqs. 1–3, in Chart 1. The transformations
reported therein are representative of the typical reac-
tion conditions adopted.

To carry out oxidations in Eqs. 1–3, isolated TFDO (1b)
solutions that were 0.7–0.8 M in its parent ketone 1,1,1-
trifluoropropanone (TFP) were prepared and employed
TFDO (1b),
5 equiv.

120 min, 
conv. >99%

(92% isol. yield)

CH3

H3C

OHOH

5

CH3

OH

6

CH3

H3C

H3C

4

HO

CH3

CH3

H3C

H3C

OH

OHOH

7

(3)

TFDO (1b),
3 equiv.

30 min, 
conv. >99%

TFDO (1b),
3.5 equiv.

30 min,
conv. >99%

CH3

H3C
2

CH3

3
CH3

(98% isol. yield)

(98% isol. yield)

(2)

(1)

Chart 1.
as already reported in detail.8 On a 2–5 mmol scale, the
simple oxidation procedure merely involved the addition
of an aliquot of standardized8 dioxirane solution in one
portion to the substrate dissolved in CH2Cl2 (5–10 mL)
and kept at 0 �C. A moderate excess of dioxirane 1b was
applied in order to achieve complete substrate conver-
sions, as monitored by GC and GC/MS. Removal of
the solvent in vacuo and column chromatography (sili-
cagel) gave products 5, 6, or 7, respectively, in practi-
cally quantitative yield.

The novel triol 7 (a solid, mp 134–135 �C) was fully
characterized by 1H and 13C NMR, yielding spectra in
complete agreement with the given structure.13 The all-
axial disposition of the three hydroxy functionalities
was further unambiguously determined by X-ray crys-
tallography (Fig. 1).14

The feat of obtaining 7 directly as a single diastereomer
is in itself remarkable; actually, other approaches to its
synthesis that could be envisaged would necessarily be
more elaborate, requiring multiple steps. Because of
the precise stereochemistry of 7, it is perhaps no surprise
that, from this, ‘tripod’ borate 8 could be easily obtained
in high yield upon reaction with BCl3/Py under the con-
ditions given in Eq. 4, Chart 2.

It should be noted that the analogue of tripod borate 8
lacking the three methyl substituents, that is, 3,5,7-tri-
methyl-2,8,9-trioxa-1-boraadamantane appears to have
been synthesized (method, yields, and characteristics
undisclosed); it was patented and claimed to be an effi-
cient catalyst in homogeneous olefin polimerization.15

The novel tripod borate ester 8 displays a geometry
around tricovalent boron, that is, somewhat distorted
(O–B–O 113.9�, MM2 output) with respect to the planar
structure typical of open-shaped borates, for instance
B(OPh)3.3a In fact, the caged borate (11B NMR, d
18.3) has the structure of fourfold heterosubstituted
adamantane, that is, 1-bora-2,8,9-trioxa-3,5,7-trimethyl-
adamantane. Remarkably stable, it could be isolated as
a white solid (mp 62–64 �C) and fully characterized by
1H, 13C, and 11B NMR.16 We find that 8 is resistant to
Figure 1. Partial view of unit cell assembling four molecules (two are
shown) of triol 7, computer-generated (ball-and-stick models) from X-
ray crystallographic data. a = 9.939(2), b = 9.986(4), c = 11.696(5) Å.
Selected H-bond lengths within H� � �O 1.8 Å are shown.
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hydrolysis upon moderate exposure to atmospheric
moisture at 25 �C; however, it can be perhydrolyzed
using alkaline H2O2,17 regenerating triol 7 with
unchanged stereochemistry.

In order to test triol 7 as a probe for boronic acid sen-
sors, we made it react with two widely employed boronic
acids, that is, benzeneboronic acid (9a) or 3,5-bis(triflu-
oromethyl)benzeneboronic acid (9b)1,3c under the condi-
tions given in Eq. 5, Chart 2. These reactions were run
on a 0.2 mmol scale in 5–10 mL of methylene chloride
solvent, affording the corresponding BLA acids 10a or
10b in practically quantitative yields (Chart 2, Eq. 5).
Both 10a (11B NMR, d �17.1) and 10b (11B NMR, d
�17.2) could be successfully isolated as white solids
and were fully characterized.18,19 The recorded 1H-
and 13C NMR spectra were in excellent agreement with
their highly symmetrical structure; for instance, in line
with their C3 symmetry, in their proton spectra both
presented a singlet CH3 resonance (10a, 1.29; 10b,
1.31 ppm), and again just one CH3 signal (10a, 30.9;
10b, 29.7 ppm) in the proton-decoupled 13C NMR spec-
tra for the three methyl groups.

Soluble in organic solvents such as CH2Cl2, CHCl3,
THF, MeCN, the BLA acids above have a limited solu-
bility in water. By dissolving solid 10a in warm water
(50–60 �C), solutions that were ca. 5 · 10�3 M in BLA
could be prepared; an apparent pH of 2.5 was measured
for such solutions at 25 �C.

Significant changes were monitored in the fluorescence
spectra of both boronic acids 9a and 9b upon binding
to triol 7. For instance, benzene boronic acid 9a (UV
kmax1 242 and kmax2 263 nm), upon irradiation at
263 nm (c 0.015 M, CH2Cl2), yields an emission spec-
trum with kmax 299 nm and intensity (I) of 15.1 au. Its
BLA derivative 10a (UV kmax1 234 and kmax2 267 nm),
when irradiated at the 267 nm at a similar concentration
in the same solvent, gives an emission spectrum with
kmax 288 nm, with a more than 25-fold increase in emis-
sion intensity (I = 388 au).

By contrast, proceeding in a similar manner we find
that—on going from 3,5-bis(trifluoromethyl)benzene-
boronic acid (9b) (UV kmax1 236 and kmax2 263 nm) to
BLA 10b (UV kmax1 231 and kmax2 263 nm)—the inten-
sity of the emission is depressed, being I = 247 au (kmax

294 nm) for 9b and I = 95.8 au (kmax 305 nm) for the
corresponding BLA acid 10b.

In summary, we provide herein one more example show-
ing that the high reactivity and selectivity achievable
using dioxiranes, chiefly TFDO 1b, in electrophilic O-
insertions into unactivated C–H bonds can be exploited
to obtain synthons that are useful in building com-
pounds presenting peculiar architecture and properties.
Obviously, organic compounds displaying several OH
or OR moieties that are favorably arranged sterically
can be effective ligand systems for various metal com-
plexes. These might show enhanced or peculiar proper-
ties as catalysts. For instance, cage-shaped borates
display enhanced catalytic activity in hetero Diels–Alder
reactions with respect to open-shaped borates. This was
rationalized in terms of reduced p-electron overlap
between boron and its ligand oxygens.3a

Besides its value in designing effective metal catalysts,
all-cis triol 7 might also find useful applications in test-
ing the capability of simple and complex boronic acids
to act as selective sensors toward certain natural target
molecules.1,5
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