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ABSTRACT

The pKa values and the geometries of secondary and tertiary amines adjacent to boronic acids were determined using potentiometric and 11B
NMR titrations. The studies showed that the secondary ammonium ion has a pKa similar to that of the tertiary ammonium species, which leads
to the formation of tetrahedral boron centers at pH values above approximately 5.5. Therefore, secondary amines as well as tertiary amines,
when placed proximal to boron centers, can be used to create tetrahedral boronic acids at neutral pH for diol complexation.

The boronic acid functional group is routinely incorporated
into synthetic receptors for the complexation of saccharides
and other guests that possess 1,2- and 1,3-diol groups.1-4

The boronic acids form reversible covalent bonds with
the diols, creating boronate esters. The kinetics of this
interconversion is fast when the boron is tetrahedral, which
occurs in basic aqueous media. Since it is not always
advantageous to work at a high pH, Wulff has demonstrated
that the incorporation of an amine adjacent to the boronic
acid creates a tetrahedral sp3 boron at or near neutral

pH. This is shown in the equilibrium between1a and 1b
(eq 1),5 where the lone pair on the nitrogen associates itself

with the empty p orbital on the boron. It was found that the
complex1b allowed for rapid boronate ester formation at
neutral pH. This boron-nitrogen interaction raises the
boronic acid’s pKa from near 9 to near 126 and can lower
the pKa of a tertiary ammonium ion from around 9 to near
5. These changes in the hybridization of boron are reflected
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in its chemical shift in11B NMR. When boron is tetrahedral,
its chemical shift is upfield from that of the trigonal planar
geometry, where pure sp3 and sp2 is approximately 0 and
30 ppm, respectively.7 Upon formation of the boronate ester,
the Lewis acidity of the boron is increased, creating a
stronger boron-nitrogen interaction.8

Many boronic acid receptors exist that incorporate an
adjacent tertiary amine. The intramolecular coordination
between a tertiary amine and a boronic acid not only
improves the kinetics of exchange but also can be used to
modulate photoinduced electron transfer (PET), leading to
a sensing application. For example, Shinkai’s sugar sensor
2 is a boronic acid linked to an anthracene moiety via a
proximal tertiary amine.2 The amine is able to quench the
receptor’s fluorescence through PET, even though it is
involved in the boron-nitrogen interaction. Upon complex-
ation with a sugar, the fluorescence of the anthracene is
regenerated as the formation of the boronate ester increases
the Lewis acidity of the boron, decreasing the PET.

Recently, a secondary amine has been used in a nonfluo-
rescent boronic acid sensor. James has recently synthesized
a colorimetric sensor (3) for saccharides.4 The host was
generated by covalently attaching an azo dye to a phenyl
boronic acid through a proximal secondary amine. The use
of an aniline nitrogen gave a color change due to deproto-
nation upon sugar complexation.

Our lab is currently investigating the incorporation of
boronic acids in receptors such as4 and5 for recognizing
diols found in various natural products.3,9 Here, dye displace-
ment strategies are being developed to signal the presence
of guests3,10as compared to the covalently attached signaling
moieties of2 and3. In our systems, the role of the secondary
amine is both structural and electronic, preorganizing the
cavity and enhancing the kinetics of exchange, respectively.

While several examples exist that locate tertiary amines
adjacent to boronic acids, for sensing applications, few are
available that incorporate secondary amines. The utility of
this latter combination raises questions pertaining to the pKa

of the secondary ammonium ion relative to its tertiary
counterpart (i.e., the strength of the B-N interaction at
neutral pH) as well as the geometry found at the boron and
nitrogen centers with varying pH. To address the questions,
model compounds6 and7 were synthesized. To answer these
questions, there are several equilibria to consider. The first
pKa is undoubtedly deprotonation of the ammonium ion in
6a (Scheme 1A). The second pKa can be attributed to either

another deprotonation of the amine (6b to 6d) or coordination
of hydroxide to the boronic acid (6bto 6c). We expect that
the pKa of the amine 6b should be above that of an
alkylammonium since the lone pair has no ability to
delocalize and is near a negative charge, yet this needed to
be confirmed. If the second deprotonation is of the amine,
this could lead to hydroxide elimination to give6e, which
can be found under dehydrating conditions.11 This would not
be evident in a potentiometric titration since it is formally
the elimination of water, although it would be evident in a
11B NMR spectrum. Importantly, if6e does dominate at
neutral pH, it would not be as effective for binding diols in
sensing applications as is a tertiary amine analogue.
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The equilibria available to the analogous tertiary model
(7) is more straightforward (Scheme 1B). Deprotonation of
the ammonium ion (7ato 7b) and coordination of hydroxide
(7b to 7c) can be assigned to the first and second pKa,
respectively.5 Given the equilibria presented in Scheme 1,
we performed potentiometric titrations and11B NMR versus
pH studies on6 and 7 to probe the pKa values and the
geometries at boron as a function of pH.

Secondary model6 was prepared in one step through a
reductive amination between benzylamine and 2-formylben-
zene boronic acid. Tertiary model7 was prepared by
protecting the boronic acid of 2-methylbenzene boronic acid
with neopentyl glycol. The methyl group was then bromi-
nated and subsequently displaced through nucleophillic
substitution byN-methyl benzylamine. The boronic acid was
deprotected by hydrolysis on silica gel.12

Potentiometric titrations were performed to determine the
first pKa values associated with6a and 7a. The pKa of an
ammonium generally ranges between 9 and 10, but a boronic
acid adjacent to an ammonium will lower that significantly.
The titration curves for both models are shown in Figure 1.

From these curves, a pKa of 5.7 was found for7a, which is
comparable to the known value of 5.2 for a dimethylam-
monium ion adjacent to a boronic acid.5 The titration of the
secondary model6a produced a value of 5.3 for its pKa.
Hence, the pKa values determined from the potentiometric
titrations of6a and7b are quite similar.13

In an effort to better understand the geometry at boron,
the11B NMR spectra of6 and7 were recorded as a function
of pH (Figure 2).14 In our studies, both compounds6 and7

showed shifts from approximately 30 to 10 ppm as the pH
was raised. This indicates that the boron centers in both the
secondary and the tertiary model compounds are trigonal
planar at low pH and upon increasing the pH they become
tetrahedral, with pKa values of 5.2 and 5.8, respectively.
These values are in agreement with those determined by
potentiometric titrations. Further, at neutral pH the chemical
shifts found for6 and7 are nearly identical. Since we are
confident in the assignment of form7b at neutral pH for the
tertiary model, it indicates that the proper form for the
secondary counterpart is6b at this pH. These data therefore
indicate that the dominant forms of the secondary and tertiary
compounds near neutral pH are6b and7b, respectively.

To further confirm the geometry of6 near neutral pH, we
wanted to obtain a crystal structure, but our attempts to grow
crystallographic quality crystals were unsuccessful. However,
the geometry was clear from X-ray crystallography on
crystals of the polyaza compound5 (Figure 3).9,15 Impor-
tantly, the boron is tetrahedral, as is the coordinated nitrogen,
and the B-N bond lengths are 1.669 Å.16 11B NMR of the
crystals provide a chemical shift of 9.4 ppm, consistent with
our assignment of form6b at neutral pH.
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Figure 1. pH profile of 6 (9) and 7 (b) upon addition of base
(0.15 M NaCl in water, 0.1 M NaOH, and 4.5 mM (initial)6 and
7). The titration of6 started with a higher concentration of acid,
and the first few data points were excluded.

Figure 2. 11B NMR chemical shifts of model compounds6 (9)
and7 (b) with increasing pH (10%d4-methanol in water, 40 mM
6 and7, 40 mM NaCl). Referenced to Et2O‚BF3 in toluene as zero.
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In conclusion, we have determined that the pKa values of
secondary ammoniums adjacent to boronic acids are com-
parable to those of the analogous tertiary ammoniums.

Further, at neutral pH, form6b dominates. Therefore,
secondary amines can be used to coordinate boronic acids
for sensor applications with geometries appropriate for the
complexation of 1,2- and 1,3-diols, just as is now routinely
done with tertiary amines. Undoubtedly there will be a
difference in the extent of PET between a tertiary and second
amine that can be exploited for sensor applications,17 but
the use of secondary and tertiary amines are essentially the
same with regards to complexation geometry and pH
dependence.
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Figure 3. View of 5 showing a partial atom labeling scheme.
Thermal ellipsoids are scaled to the 50% probability level. Hydrogen
atoms shown are drawn to an arbitrary scale. The molecule lies on
a crystallographic 2-fold rotation axis bisecting the pyridine ring
and passing through N1. Atoms with labels appended by′ are related
by -x, y, 1/2 -z. The protons on the amines were located and
refined in the crystal structure.
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