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Boronic acids react with compounds containing 1,2- or 1,3-diols to form five- or six-membered cyclic
boronate esters, respectively, although many factors that influence these reactions are not well understood.
In the present study, density functional theory and second-order Møller-Plesset (MP2) perturbation theory
were employed to examine the mechanism in which a primary aliphatic amine acts as an internal Lewis
base to catalyze the formation of a boron-oxygen-carbon linkage in the methanolysis of H2N-CH2-
CHdCH-B(OH)2 to afford H2N-CH2-CHdCH-B(OH)(OCH3); solvent effects were assessed using
the polarized continuum model and explicit water molecules. In vacuo, the lowest-energy conformer of
H2N-CH2-CHdCH-B(OH)2 was a seven-membered, hydrogen-bonded ring structure in which the
boronic acid moiety had a planar, trigonal geometry. The catalytic role of the primary amine group in
the methanolysis of H2N-CH2-CHdCH-B(OH)2 results from facilitation of a proton transfer from an
intermolecular B-O dative-bonded adduct between methanol and this boronic acid, rather than from the
formation of an intramolecular B-N dative bond. In the absence of amine catalysis, transition states for
the rate-determining proton-transfer step in this methanolysis are 12.8-17.3 kcal/mol higher in energy.
In the reaction field of water, a five-membered B-N dative-bonded ring conformer of H2N-CH2-CHd
CH-B(OH)2 was lowest in energy at the MP2 level, but hydrated zwitterionic structures also appear to
play an important role in this complex aminoboronic acid/methanol association and ether formation. In
contrast to the PBE1PBE functional, B3LYP gave anomalous results for some steps in the methanolysis
when compared with those from the more robust, albeit expensive, ab initio MP2 method.

Introduction

Organoboronic acids are becoming increasingly important as
pharmaceutical agents, where they have been used for the
development of selective transporters of nucleosides, saccha-
rides, and nucleotides,1-4 as inhibitors of proteases,5-11 and as

therapeutic agents in boron neutron capture therapy (BNCT)
for certain types of brain tumor.12,13 Recently, some boronic
acids have shown significant anti-HIV activity,14 although the
mechanistic details of this activity have not yet been reported.
In synthetic medicinal chemistry, boronic acids are important
intermediates that have been widely used in Suzuki cross-
coupling15 and Diels-Alder16 reactions; they are also employed
for the protection of diols,17,18 for selective reduction of
aldehydes,19 for carboxylic acid activation,20,21 for the asym-
metric syntheses of amino acids,22 and as templates in a variety
of synthetic protocols.23 One of the more novel uses of boronic
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acid derivatives is in the development of fluorescent and
colorimetric sensors for polyols,24-28 where the boronic acid
moiety is utilized as a recognition motif because of its strong
interactions with diols.26 In addition, the formation of cyclic
boronate esters from chiral diols yields a remarkably high
resolution of diastereotopic proton NMR signals, a property
useful for the determination of the enantiomeric integrity of the
chiral diols.29

The boronic acid-diol complexation process has been studied
experimentally for many years.26,30-40 These studies have shown
that formation of the resulting five- or six-membered cyclic
boronate ester is fast when the boron atom is initially in a
tetrahedral (sp3) environment, which occurs in basic aqueous
media.41 Wulff 42 was the first to demonstrate that an amino
group in the vicinity of the boronic acid functionality can act
as aninternalLewis base and lower the working pH of a boronic
acid-based sensor molecule. Subsequently, other neighboring
groups such as acetamido, pyridine, thiourea, and acetamidine
have been shown to be effective in a similar capacity.43 This
finding has been exploited in recent years to develop practical
molecular fluorescence saccharide sensors that function at, or
near, neutral pH.26,39,44

Many mechanistic factors associated with the formation of
boron-oxygen-carbon (B-O-C) bonds formed during the
reaction of a boronic acid and a vicinal diol are not well
understood, particularly when an internal nitrogenous Lewis base
is in the proximity of the boronic acid group.40,45In this article,
we present results from a computational study using both density
functional theory and second-order Møller-Plesset perturbation
theory to elucidate the mechanism involved in the formation of
a B-O-C linkage during the reaction of an aminoboronic acid
and a simple aliphatic alcohol; using a monol in place of a 1,2-
or 1,3-diol simplifies the calculations and focuses attention on
the formation of this linkage by eliminating issues such as the
differentiation between “stepwise” and “concerted” mechanisms

for the formation of the cyclic boronic esters.46 In particular,
we investigate the reaction of (3-amino-1-propenyl)dihydroxy
borane, H2N-CH2-CHdCH-B(OH)2, and methanol, H3C-
OH, that forms [(3-amino-1-propenyl)monohydroxy]borane
methyl ether, H2N-CH2-CHdCH-B(OH)(OCH3), and water;
the primary amine group in the reactant acid has the potential
to act as an internal Lewis base41 and catalyze the methanolysis.
In this study we provide a detailed analysis of the structure of
the aminoboronic acid H2N-CH2-CHdCH-B(OH)2 and dis-
cuss its interaction with methanol.

Computational Methods

Geometry optimizations of the molecules in this study were
performed using density functional theory (DFT) and second-order
Møller-Plesset perturbation theory (MP2) in which all the electrons
were included in the correlation calculation.47 Two different hybrid
functionals were employed in this study: (1) B3LYP, Becke’s three-
parameter hybrid method that uses the dynamical correlation
functional of Lee, Yang, and Parr,48,49 and (2) PBE1PBE, a one-
parameter generalized gradient approximation (GGA) that uses the
PBE functional with a 25% exchange and 75% correlation weight-
ing.50,51 The GAUSSIAN 03 suite of programs52 was employed
throughout, and the internally stored 6-311++G** basis set, which
includes polarization and diffuse functions on all atoms, was used
for the final optimizations.53-55 Frequency analyses were carried
out to determine whether the optimized structures were local minima
or transition states on the potential energy surface (PES) and to
evaluate thermal contributions necessary for the calculation of
reaction enthalpies and free energies at 298 K. Intrinsic reaction
coordinate calculations were performed for the transition states in
this study to clearly identify the corresponding local minima. Atomic
charges were obtained from natural population analyses (NPA), and
the wave functions were analyzed with the aid of natural bond
orbitals (NBOs).56-60
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To examine the influence of an aqueous environment on the
methanolysis of H2N-CH2-CHdCH-B(OH)2, self-consistent
reaction field (SCRF) optimizations were performed on various
conformers of the reactants, products, and intermediates involved
in the process. These SCRF calculations were carried out using
the IEF polarizable continuum model (PCM) with radii obtained
from the universal force field (UFF), as implemented in GAUSS-
IAN 03.52,61-64 Since continuum methods have some well-
established limitations in describing protic solvents,65,66 SCRF
calculations that include anexplicitwater molecule were performed
in a few cases.

Results and Discussion

Total molecular energies, thermal corrections to 298 K, and
entropies for the molecules in this article are listed in Table 1S
of the Supporting Information.

A. Structure of H 2N-CH2-CHdCH-B(OH)2. Despite the
burgeoning interest in boronic acid chemistry, there are relatively
few experimental or computational data on the structure of
aminoboronic acids in which there is the potential to form an
intramolecular B-N dative bond.67,68Although the B-N bond
is isoelectronic with the C-C bond, it is significantly weaker
as a result of poor orbital overlap. Nevertheless, there is evidence
that such dative bonds can alter the pharmacological activity
of boronic acids and esters.69,70 Since no data were available
on the structure of H2N-CH2-CHdCH-B(OH)2, we initially
optimized the geometry of a variety of its conformers. The
lowest-energy form, R(1), of this boronic acid in vacuo was
consistently found to be a seven-membered, hydrogen-bonded
ring structure in which the boronic acid moiety is in a trigonal
planar arrangement; see Figure 1; the calculated H‚‚‚N distance
and O‚‚‚H-O angle are indicative of a relatively strong
hydrogen bond.71,72Such a seven-membered ring motif has been

observed in the crystal structure of an R,R-bisboronic acid by
Zhao et al.73 and predicted in gas-phase computational studies
of 2-aminocarbonylphenylboronic acid by Bhat et al.67

The computational levels we employed in this investigation,
however, differed on which conformer of H2N-CH2-CHd
CH-B(OH)2 was closest in energy to R(1) in the gas phase:
(PBE1PBE)[MP2] favored a dative-bonded five-membered
(:N-C-CdC-B) cyclic structure, R(2), whereas B3LYP
favored an acyclic structure, R(3) (see Figure 1); relative
energies of R(1)-R(3) are listed in Table 1. Differences among
these levels are not surprising, because there is evidence
suggesting that the B3LYP functional underestimates the
strength of dative bonds involving boron;67 indeed, the optimized
B-N distance in R(2) is ∼0.01 Å longer at the B3LYP level
than it is at the MP2 level. Interestingly, we also found another
local minimum, R(2′), on the B3LYP PES with the same basic
structure as R(2) (see Figure 1), but where the B-N distance,
2.65 Å, was very long (experimental B-N dative bond lengths
range from∼1.76 to 1.84 Å74-77); R(2′) was 0.8 kcal/mollower
in energy than R(2). R(2′), however, was not found to be a local
minimum at the (PBE1PBE)[MP2] levels. Thus, B3LYP does
not find a substantial stabilizing effect from a B‚‚‚N interaction
at a distance of 1.83 Å. The Ho¨pft index,78 THCDA[%], for the
tetrahedral character of the boron atom in R(2), 49.4%(52.8%)-
[53.2%], indicates that it has substantial tetrahedral character.
However, the nitrogen and oxygen atoms in this boronic acid
all carry significant negative charge and these atoms are in
relatively close proximity in R(2); the electrostatic repulsion in
this compact cyclic conformer certainly contributes to the fact
that it is not the global minimum on the PES of H2N-CH2-
CHdCH-B(OH)2 in vacuo.50

Since the lengths of B-N dative bonds are known to depend
on their environment,79 conformers R(1)-R(3) of H2N-CH2-
CHdCH-B(OH)2 were reoptimized in the reaction field of
water. The optimized B-N bond length of R(2) was consistently
computed to be shorter in aqueous media than was it was in
vacuo (see Table 1); similar behavior has been observed with
the intermolecular adduct H3B:NH3.79,80Interestingly, in aqueous
media the dative-bonded conformer R(2) was predicted to be
[2.2] kcal/mol lower in energy than the hydrogen-bonded
conformer R(1) at the [MP2] computational level; at the
(PBE1PBE) level these conformers have nearly the same energy,
whereas at the B3LYP level R(2) is 3.6 kcal/molhigher in
energy than R(1); conformer R(3) is higher in energy than either
R(1) or R(2) at all three levels. Although the predicted energy
differences among conformers R(1)-R(3) depend on the
computational methodology employed, they all suggest that the
dative-bonded conformer R(2) plays a greater role in the
chemistry of H2N-CH2-CHdCH-B(OH)2 in aqueous media
than it does in vacuo; explicitly hydrated zwitterionic forms of
this acid will be discussed later.81
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Figure 1. Optimized structures of conformers R(1)-R(3) of H2N-
CH2-CHdCH-B(OH)2. (Atomic distances are given in angstroms
(Å) at the B3LYP(PBE1PBE)[MP2] computational levels.)
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The transition state TS(4) for the interconversion of the
hydrogen-bonded and dative-bonded conformers, R(1) and R(2),
respectively, is shown in Figure 2. It involves a rotation about
the C-B bond and is (7.4)[7.2] kcal/mol higher in energy than
R(1) in vacuo and (8.6)[7.9] kcal/mol higher in energy in the
reaction field of water at the (PBE1PBE)[MP2] levels.82

The structure and relative energies of various conformers of
the product ether, H2N-CH2-CHdCH-B(OH)(OCH3), mimic
those of the reactant acid: the corresponding seven-membered,
hydrogen-bonded ring structure is lowest in energy in vacuo,
whereas a B-N dative-bonded structure is lowest in energy in
aqueous media at the [MP2] level; see Table 2S.83 Interestingly,

B-N distances are generally found to be slightlylonger in the
ether than in the acid both in vacuo and in aqueous media;
Franzen et al.68 have reported similar results for theo-
(trimethylamino)phenylboronic acid/ester model system.

B. Intramolecular Dehydration Reaction. Boronic acids
containing the H2N-CH2-C-C-B(OH)2 structural unit, where
the C-C bond is part of an aromatic system, can undergo
unimolecular dehydration in aprotic solvents to yield five-
membered heterocyclic structures.84,85These experimental results
prompted us to establish the energetics of such an intramolec-
ular process for H2N-CH2-CHdCH-B(OH)2. We envisioned

(81) Typically, SCRF methods are not as reliable in protic solvents such
as H2O because the model assumes that the solvent molecules adopt all
possible random orientations with respect to the solute.65,66

(82) At the B3LYP level in vacuo, the conversion appears to occur in
two steps; the barrier for the initial step is 7.5 kcal/mol.

(83) In vacuo, however, no B-N dative-bonded structure was found at
the B3LYP level, stressing again that care must be exercised in using this
functional for both aminoboronic acids and ethers and, by implication, for
esters.
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Table 1. Relative Energies,Erel (kcal/mol), B-N Distances (Å), andτCCCN and τCCCB Torsional Angles (deg) for Selected
Conformers of H2N-CH2-CH2-CHdCH-B(OH)2

vacuo aqueous media (SCRF:PCM)

conformer Erel B-N τCCCN τCCCB Erel B-N τCCCN τCCCB

R(1) B3LYP 0.0 3.248 42.2 2.0 0.0 3.197 29.7 2.4
(PBE1PBE) 0.0 3.207 39.3 2.8 +0.02 3.162 28.3 3.0
[MP2] 0.0 3.249 57.8 2.4 +2.2 3.179 47.0 2.4
R(2) B3LYP +7.1 1.829a -6.6 -1.4 +3.6 1.736 -6.9 -1.5
(PBE1PBE) +3.6 1.752 -8.2 -1.5 0.0 1.707 -6.6 -1.8
[MP2] +2.3 1.728 -12.0 -1.9 0.0 1.695 -10.6 -2.3
R(3) B3LYP +3.5 4.907 -121.0 179.2 +3.0 4.919 -122.3 179.5
(PBE1PBE) +4.2 4.882 -121.6 179.1 +4.0 4.896 -123.2 179.6
[MP2] +4.8 4.878 -118.7 178.9 +5.9 4.887 -119.8 179.2

a A second local minimum R(2′) with a structure similar to that of R(2) was found in the gas phase at the B3LYP level. The five-membered (:N-C-
CdC-B) ring in R(2′) is “open”; that is, the B-N distance is 2.65 Å. This conformer is 0.8 kcal/mollower in energy than R(2).

Figure 2. Transition state (TS(4)) for the conformer conversion R(1)fR(2) of H2N-CH2-CHdCH-B(OH)2. (Atomic distances are
given in angstroms (Å) , torsional angles are in degrees (°), and energies are in kcal/mol at the (PBE1PBE)[MP2] computational levels.)

Table 2. Reaction Energies (kcal/mol) for the Intramolecular Cyclization Reaction

vacuo aqueous SCRF

reaction ∆E ∆H°298 ∆G°298 ∆E ∆H°298 ∆G°298

R(2) f P(5) + H2O B3LYP +6.8 +4.6 -5.6 +7.4 +4.7 -5.7
(PBE1PBE) +10.0 +7.6 -2.8 +11.0 +8.3 -2.4
[MP2] +11.7a +12.6a

reaction ∆Eq ∆Hq ∆Gq ∆Eq ∆Hq ∆Gq

R(2) f TS(6) B3LYP +30.8 +27.1 +28.2 +34.4 +30.2 +30.4
(PBE1PBE) +28.9 +25.2 +26.0 +33.1 +28.9 +29.5
[MP2] +30.3 +34.6

a ∆E is [+3.7] in vacuo and [9.2]kcal/mol in the reaction field of water at the [MP2] level for the reaction R(2) f P(5)‚‚‚H2O, where P(5)‚‚‚H2O is a
hydrogen-bonded adduct between P(5) and H2O.
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the formation of a product ring structure (-HN-CH2-CHd
CH-)B(OH), P(5), from the compact reactant conformer R(2).

The structure of the ring in P(5) was nearly planar; the
computed length of the B-N bond was quite short,∼1.4 Å,
both in the gas phase and in the reaction field of water; NBO
analyses indicated that it was a double bond. In vacuo, the values
of ∆H0

298 and∆G0
298 for the elimination reaction were+4.6-

(+7.6) and-5.6(-2.8) kcal/mol, respectively, at the B3LYP-
(PBE1PBE) levels. The transition state, TS(6), for this process
is shown in Figure 3, and the value of∆Gq in vacuo,+28.2-
(+26.0) kcal/mol, was quite high; see Figure 4. In aqueous
media the energetics of this unimolecular dehydration reaction
were similar to those in vacuo; see Table 2.

C. Methanolysis of H2N-CH2-CHdCH-B(OH)2. The
methanolysis of H2N-CH2-CHdCH-B(OH)2, in vacuo and
in aqueous media, will be discussed separately.

C.1. In Vacuo. Several mechanisms for the methanolysis,
H2N-CH2-CHdCH-B(OH)2 + H3C-OH f H2N-CH2-
CHdCH-B(OH)-(OCH3) + H2O, were investigated. These
mechanisms differ in the role played by the primary amine group

during the process; no experimental thermochemical data are
available for comparison.

C.1.1. Catalyzed Mechanism.We considered first a pathway
for the methanolysis of H2N-CH2-CHdCH-B(OH)2, in which
the primary amine group played a catalytic role. This mechanism
was initiated from the lowest-energy, hydrogen-bonded con-
former R(1); it involved a series of steps associated with
breaking the intramolecular N‚‚‚H hydrogen bond in R(1) and
orienting the methanol to form an intermolecular B-O dative-
bonded adduct, AD(7); see Figure 5A. The activation barriers
from separated R(1) and H3C-OH to AD(7) were relatively
low in energy (see Figure 6), and the kinetics of the methanolysis
is controlled by a subsequent 1,3-proton transfer. The optimized
B-O(H)(CH3) distance in AD(7) was relatively short, and NBO
analyses indicated the presence of a B-O dative bond; the boron
atom had considerable tetrahedral character, the value of the
Höpft index being (59.3%)[63.7%] at the (PBE1PBE)[MP2]
levels.78 Even though the methanol moiety also donates a

Figure 3. Unimolecular water elimination reaction for conformer R(2) of H2N-CH2-CHdCH-B(OH)2. (Atomic distances are given in
angstroms (Å), and energies are in kcal/mol at the B3LYP(PBE1PBE)[MP2] computational levels.)

Figure 4. Relative energy (kcal/mol) diagram for the R(1)fR(2) conversion and the unimolecular dehydration of the dative-bonded conformer
R(2) of H2N-CH2-CHdCH-B(OH)2 in vacuo to give (-HN-CH2-CHdCH-)B(OH), P(5), at the B3LYP(PBE1PBE)[MP2] computational
levels.
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hydrogen bond to the amine nitrogen atom in AD(7), it is only
(0.2)[3.9] kcal/mol lower in energy than the separated reac-
tants.86

The structure of the transition state, TS(8), for the rate-
determining, proton-transfer step in the methanolysis is shown
in Figure 5B. The role of the amine group in this transition
state is clearly to facilitate the proton transfer; indeed, the proton
being transferred was only∼1.05 Å from the nitrogen atom,
and its distance from each of the oxygen atoms involved in the
transfer was∼1.9 Å. Thus, the structure of TS(8) suggests that
an-NH3

+ moiety is effectively present, and the net NPA charge
on this group, (+0.62e)[+0.62e], supports this interpretation.
Despite the zwitterionic-like structure of TS(8) in vacuo, it was
only (12.0)[7.9] kcal/mol higher in energy than the isolated
reactants at the (PBE1PBE)[MP2] levels, and the free energy
of activation from AD(7), (+12.5)[+12.2] kcal/mol, was
relatively low; see Table 3.87 It is important to note that there
was a significant increase in the tetrahedral character of the

boron atom in TS(8) compared to that in AD(7); the value of
the Höpft index jumped to (77.4%)[78.7%].88

This proton transfer leads to a hydrogen-bonded adduct
between the product ether, H2N-CH2-CHdCH-B(OH)-
(OCH3), and H2O that is (12.6)[11.1] kcal/mol lower in energy

(86) When the-CH3 group in AD(7) is replaced by-H, and the structure
is reoptimized, the resulting R(1)‚‚‚H2O adduct is held together by hydrogen
bonds only.

(87) For a more basic tertiary amine, with-NH2 replaced by-N(CH3)2,
the analogous transition state is only (7.5) kcal/mol higher in energy than
the corresponding reactants at the (PBE1PBE) computational level.

(88) Details of this catalyzed mechanism are somewhat different when
the B3LYP functional is employed. Starting from the (PBE1PBE) geometry
of AD(7), the B3LYP optimization resulted in a hydrogen-bonded adduct
in which the boronic acid moiety is trigonal planar; this adduct is (3.4)
kcal/mol lower in energy than separated R(1) and H3C-OH, and no B-O
dative bond is present in the NBO analysis of this structure. Thus, the hybrid
B3LYP functional appears to underestimate the strength of a dative bond
involving boron when compared to the corresponding ab initio MP2 result.
A stable dative-bonded form was located on the B3LYP PES when the
conformation of the boronic acid moiety was changed to eliminate the
intramolecular hydrogen bond between the two hydroxyl groups bound to
the boron atom, but it is 8.2 kcal/mol higher in energy than R(1) and
methanol. The proton transfer from this adduct proceeds in two steps: the
methanolic hydrogen is first transferred to the nitrogen atom (Eq ) 2.5
kcal/mol), leading to a stable zwitterion, and then one of the protons
originally covalently bound to the nitrogen is transferred to one of the
hydroxyl groups on the boron atom (Eq ) 4.9 kcal/mol).

Figure 5. Catalyzed methanolysis mechanism for (A) the conversion of isolated R(1) and H3C-OH to the dative-bonded adduct AD(7)
and (B) the 1,3-proton shift initiated from AD(7) leading to the product P(9). (Atomic distances are given in angstroms (Å) and energies
are in kcal/mol at the B3LYP(PBE1PBE)[MP2] computational levels.)
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than TS(8); no B-O dative-bonded adduct between the products
could be located. On the other hand, removing the H2O moiety
from this adduct and geometry optimizing the remaining
structure gave the B-N dative-bonded product P(9) at the
(PBE1PBE)[MP2] computational levels; see Figure 5B and
Table 2S. The B-N distance in this product is (1.80)[1.76] Å,
and a B-N dative-bonding orbital is evident in the NBO
analysis of P(9).

C.1.1. Uncatalyzed Mechanisms.Two gas-phase mecha-
nisms for the methanolysis of H2N-CH2-CHdCH-B(OH)2
were investigated in which the amine group did not play a direct
catalytic role. The first of these was biased to keep the seven-
membered hydrogen-bonded ring structure in R(1) intact during
the process. The transition state, TS(10), for the rate-determining
proton-transfer step is shown in Figure 7A; the corresponding
adduct, AD(11), which was (6.1)[7.1] kcal/mol lower in energy
than the isolated reactants, was hydrogen-bonded rather than
dative-bonded. TS(10) involved a compact four-membered ring;
for example, the proton being transferred was only∼1.2 Å from
the two oxygen atoms involved compared to∼1.9 Å in TS(8),
and the value of the Ho¨pft index for the boron atom in TS(10),
(53.1%)[53.7%] at the (PBE1PBE)[MP2] levels, was more than
20% lower than it is in TS(8). TS(10) was (23.1)[20.7] kcal/
mol higher in energy than separated R(1) and methanol, and it
was (11.0)[12.8] kcal/mol higher in energy on the PES than
TS(8). The ether product, H2N-CH2-CHdCH-B(OH)(OCH3),

involved an intramolecular, seven-membered, hydrogen-bonded
ring structure similar to that found in R(1), and it was (0.8)
kcal/mol lower in energy than the dative-bonded form of the
product, P(9).

The second uncatalyzed mechanism had the amine group
positioned so that it could not interact directly with either the
boronic acid moiety or the methanolic hydrogen atom. The
transition state, TS(12), is shown in Figure 7B; the correspond-
ing adduct, AD(13), between H2N-CH2-CHdCH-B(OH)2
and H3C-OH, was doubly hydrogen-bonded rather than dative-
bonded. The structure of AD(13) and the H2N-CH2-CHd
CH-B(OH)2 reactant involved an intramolecular O‚‚‚HC
hydrogen bond in a six-membered ring motif; this conformer
of the acid is (6.0) kcal/mol higher in energy than R(1). TS(12)
is (21.7) kcal/mol higher in energy than the separated reactants,
and it is (15.7)[17.3] kcal/mol higher in energy than TS(8). The
ether product generated via this mechanism also involves a six-
membered ring with an O‚‚‚HC hydrogen bond; it is (2.9) kcal/
mol higher in energy than P(9).

The number of rotatable bonds in H2N-CH2-CHdCH-
B(OH)2 and the potential for intramolecular/intermolecular
hydrogen- and dative-bond formation suggest that other mech-
anisms for the methanolysis are possible; those described above,
however, are likely to be representative. Our results indicate
that transition states for the rate-determining proton-transfer step
for the methanolysis of H2N-CH2-CHdCH-B(OH)2 in vacuo

Figure 6. Relative energy (kcal/mol) diagram for the catalyzed methanolysis of conformer R(1) of H2N-CH2-CHdCH-B(OH)2 at the
B3LYP(PBE1PBE)[MP2] computational levels.

Table 3. Reaction Energetics (kcal/mol) for the Intermolecular Dehydration Reaction

vacuo

reaction ∆E ∆H°298 ∆G°298

R(1) + H3C-OH f P(9) + H2O B3LYP +6.8 +5.6 +5.7
(PBE1PBE) +5.2 +4.0 +5.3
[MP2] +2.0

reaction ∆Eq ∆Hq ∆Gq

AD(7) f TS(8) (catalyzed) B3LYP
(PBE1PBE) +12.3 +11.9 +12.5
[MP2] +11.8 +11.5 +12.2

AD(11) f TS(10) (uncatalyzed) B3LYP
(PBE1PBE) +29.2 +25.6 +30.1
[MP2] +27.8

AD(13) f TS(12) (uncatalyzed) B3LYP +35.3 +31.4 +33.7
(PBE1PBE) +30.9 +27.2 +29.0
[MP2]
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are significantly higher in energy,∼(11-16)[13-17] kcal/mol,
in the absence of an internal primary amine to act as a Lewis
base. To further validate this conclusion, we located the
transition state for a 1,3-proton shift involved in the methanolysis
of the related compound H3C-CHdCH-B(OH)2, in whichno
amine group is available to act in a catalytic role; the transition
state is (21.5) kcal/mol higher in energy than the separated
reactants at the (PBE1PBE) level, which is in accord with our
results for the uncatalyzed methanolysis mechanisms of H2N-
CH2-CHdCH-B(OH)2.

C.2. In Aqueous Media. Many factors involved in the
association of boronic acids with diols in aqueous media,
particularly when a nitrogenous base is proximal to the boron
center, are not well understood; for example, Franzen et al.68

recently suggested that B-N dative bonds maynot be present
in the structures of boronate esters formed betweeno-amino-
methylphenyl boronic acids and saccharide molecules due to
competing solvolysis processes. Even less is known about the
analogous association of boronic acids with aliphatic alcohols
in aqueous solution. As noted above for the free acid, the seven-

Figure 7. Uncatalyzed methanolysis mechanism for (A) the conversion of isolated R(1) and H3C-OH to the corresponding hydrogen-
bonded conformer of the product and H2O and (B) the conversion of a six-membered hydrogen-bonded conformer of the reactant, H2N-
CH2-CHdCH-B(OH)2 and H3C-OH, to the corresponding conformer of the product and H2O. (Atomic distances are given in angstroms
(Å) and energies are in kcal/mol at the B3LYP(PBE1PBE)[MP2] computational levels.)
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membered hydrogen-bonded and the five-membered dative-
bonded ring conformers, R(1) and R(2), respectively, are
predicted to be closer in energy in the reaction field of water
than they are in vacuo, and the dative-bonded form is predicted
to be lower in energy than the hydrogen-bonded form at the
[MP2] level; see Table 1. These calculations, however, were
carried out using a continuum model, and the results are more
representative of a high-dielectric aprotic solvent than of water,
which can form specific, directional bonds.

To gain further insight into the importance of solvolysis,
SCRF geometry optimizations were performed for conformers
of H2N-CH2-CHdCH-B(OH)2 and H2N-CH2-CHdCH-
B(OH)(OCH3) in the presence of an explicit water molecule.
The boron atoms in the resulting zwitterions, H3N+-CH2-CHd
CH-B(OH)3-, Z(14), and H3N+-CH2-CHdCH-B(OH)2-
(OCH3)-, Z(15), are nearly tetracoordinated (see Figure 8); the
values of the Ho¨pft index were 83.2%(82.8%)[82.7%] and
83.0%(83.1%)[81.7%], respectively. Using the lowest-energy
B-N dative-bonded conformers of H2N-CH2-CHdCH-
B(OH)2 and H2N-CH2-CHdCH-B(OH)(OCH3), SCRF cal-
culations indicated that the simple hydration reactions, H2N-
CH2-CHdCH-B(OH)2 + H2O f +H3N-CH2-CHdCH-
B(OH)3- and H2N-CH2-CHdCH-B(OH)(OCH3) + H2O f
+H3N-CH2-CHdCH-B(OH)2(OCH3)-, are nearly thermo-
neutral; the values of∆E are +0.3(-0.5)[-0.1] and+0.3(-
0.6)[+0.3] kcal/mol, respectively, at the B3LYP(PBE1PBE)-
[MP2] levels. Furthermore, the exchange reaction,+H3N-CH2-
CHdCH-B(OH)3- + H3C-OH f +H3N-CH2-CHdCH-
B(OH)2(OCH3)- + H2O, is also nearly thermoneutral in the
reaction field of water; the values of∆E, ∆H°298, and∆G°298

are (-0.2), (-0.5), and (+1.3) kcal/mol, respectively, showing
that the methyl group has only a modest influence on the
stability of the zwitterion. Transition states for the conversion
of the zwitterion+H3N-CH2-CHdCH-B(OH)2(OCH3)- into
the acid H2N-CH2-CHdCH-B(OH)2 and H3C-OH, or into
the ether H2N-CH2-CHdCH-B(OH)(OCH3) and H2O, are
only (2.3) kcal/mol and (4.2) kcal/mol, respectively, higher in
energy than+H3N-CH2-CHdCH-B(OH)2(OCH3)-. These
results indicate that zwitterionic species of aminoboronic acids
and ethers, in which there is no B-N dative bond in the
structure, may play a more important role in the aqueous
chemistry of these acids than previously thought. This finding
is in accord with those of Franzen et al.,68 who found that the
mechanism of action for the electron-transfer quenching of
anthracene fluorescence involves explicit interactions with

solvent water molecules rather than with the formation of
intramolecular B-N dative bonds.

We also investigated a mechanism for the methanolysis of
H2N-CH2-CHdCH-B(OH)2 in the reaction field of water that
was biased to keep the seven-membered, hydrogen-bonded ring
structure of R(1) intact; the transition state for this pathway,
analogous to that of TS(10), was (29.8) kcal/mol higher in
energy than R(1) and methanol at the SCRF (PBE1PBE) level.

Concluding Remarks

Experimentally, it is well established that the formation of
boronate esters from boronic acids and vicinal diols is sensitive
to pH21 and that internal Lewis bases can be effective in
lowering the pH required to form stable boronic acid-diol
complexes.42,43Results of the calculations reported in this article
for the methanolysis of the aminoboronic acid H2N-CH2-CHd
CH-B(OH)2 to form the ether H2N-CH2-CHdCH-B(OH)-
(OCH3), in which the primary aliphatic amine acts as an internal
Lewis base to catalyze the process, provide computational
support and mechanistic insight into these experimental findings.

The structure of H2N-CH2-CHdCH-B(OH)2 has not been
established experimentally. In vacuo the lowest-energy con-
former, R(1), was a seven-membered, hydrogen-bonded ring
structure67,73 at the computational levels we employed; a five-
membered B-N dative-bonded conformer, R(2), was found to
be [2.3] kcal/molhigher in energy at the [MP2] computational
level, suggesting that the B-N dative bond in this case was
somewhat weaker than a hydrogen bond. By contrast, SCRF
calculations in aqueous media find R(2) to be [2.3] kcal/mol
lower in energy than R(1).

In vacuo, the catalytic role of the primary amine group in
the methanolysis of H2N-CH2-CHdCH-B(OH)2 results from
facilitation of a proton transfer from an intermolecular B-O
dative-bonded adduct between methanol and this boronic acid
(see Figure 5) rather than from the formation of an intramo-
lecular B-N dative-bonded structure. In two distinct mecha-
nisms for the methanolysis, in which the amine group was
positioned to reduce its effectiveness as a catalyst, the transition
states for the proton-transfer step were [12.8] and [17.3] kcal/
mol higher in energy than the corresponding transition state for
the catalyzed reaction. In aqueous media, the competition
between seven-membered hydrogen-bonded, five-membered
B-N dative-bonded, and hydrated zwitterionic species appears
to be rather complex. Additional experimental and computational

Figure 8. Structures of the zwitterions H3N+-CH2-CHdCH-B(OH)3- and H3N+-CH2-CHdCH-B(OH)2(OCH3)-. (Atomic distances
are given in angstroms (Å) at the B3LYP(PBE1PBE)[MP2] computational levels.)
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results will be necessary to identify the influence of these various
species on chemosensor and therapeutic function. Molecular
dynamics simulations of an aminoboronic acid in an aqueous
environment would be useful, but the available molecular
mechanics parameters for boron are quite limited and need to
be enhanced in view of recent developments.89-92

Finally, we note that the B3LYP functional produces anoma-
lous results in some instances compared to those from the more
robust, albeit expensive, MP2 method, particularly when a B-N
dative interaction is present. However, this does not appear to
be an inherent limitation of currently available DFT methods,
since the PBE1PBE functional gives results in excellent

agreement with those obtained from ab initio MP2 calculations
and, thus, appears to be an economical alternative for modeling
more extended boronic acid systems.
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