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In this article the geometrical structure of the simple, achiral,R-amino boronic acid boroglycine, H2N-
CH2-B(OH)2, was investigated using density functional theory (DFT), second-order Møller-Plesset (MP2)
perturbation theory, and coupled cluster methodology with single- and double-excitations (CCSD); the effects
of an aqueous environment were incorporated into the results by using a few explicit water molecules and/or
self-consistent reaction field (SCRF) calculations with the IEF polarizable continuum model (PCM). Neutral
reaction mechanisms were investigated for the direct protodeboronation (hydrolysis) of boroglycine (H2O +
H2N-CH2-B(OH)2 f B(OH)3 + H2N-CH3), for which ∆H°298 was-21.9 kcal/mol at the MP2(FC)/aug-
cc-pVDZ level, and for the 1,2-carbon-to-nitrogen shift of the-B(OH)2 moiety (H2N-CH2-B(OH)2 f H3C-
NH-B(OH)2), for which the corresponding value of∆H°298 was-18.2 kcal/mol. A boron-oxygen double-
bonded intermediate was found to play an important role in the 1,2-rearrangement mechanism.

Introduction

Although boronic acids (R-B(OH)2) are not found in nature,
they have emerged as an important class of compounds in
chemistry, medicine, and material science,1-4 with applications
as sensors for recognizing 1,2- and 1,3-diols,5-12 affinity ligands
in chromatographic protocols,13-17 inhibitors in serine proteases
and â-lactamases,18-20 agents in neutron capture therapy,21,22

bioconjugates,23 transmembrane transporters,24-27 drugs that
target the human immunodeficiency virus (HIV),28 substrates
for immobilization of proteins,29 and submicron scale devices.30-33

Moreover, their unique properties as mild organic Lewis acids,
and their ease of handling, have made them an attractive class
of synthetic intermediates,34 and they have been widely used
in Suzuki cross coupling reactions,3 Diels-Alder reactions,35

asymmetric synthesis of amino acids,36 selective reduction of
aldehydes,37 and carboxylic acid activation.38,39

Boron analogs of amino acids present a wide array of
structural diversity and they have served effectively as building
blocks in combinatorial chemistry and drug discovery.40 Such
R-amino boronic acids are also precursors for the synthesis of
peptide boronic acids, many of which are exceptionally potent
inhibitors of serine proteases due to their ability to mimic the
tetrahedral transition state binding patterns of similar carboxylic

acid substrates, with increased specificity.41-43 In fact, Bort-
ezomib (formerly known as PS-341, and marketed as Velcade)
is a novel dipeptidyl boronic acid inhibitor of the S26 protea-
some that was recently approved by the FDA for the treatment
of patients with relapsed multiple myeloma where the disease
is refractory to conventional therapies.44-46

Despite the rapidly increasing use ofR-amino boronic acids,
many details of their geometrical structure, reactivity, and
thermochemistry are not well understood.1,47,48 In the present
article, we report our results from a computational study of the
simple, achiral,R-amino boronic acid boroglycine, H2N-CH2-
B(OH)2. Several derivatives of this acid, including some
isoelectronic and isostructural analogs, have shown promise as
chymotrypsin inhibitors,43,49and more recently the peptideL-γ-
Gly-L-Leu-aminomethyl boronic acid has been shown to be a
stronger inhibitor of glutathionyl spermidine synthetase than the
phosphonic acid analog, making it an attractive target for the
design of anti-parasitic drugs.50

In 1981, Matteson et al. were the first to report thatR-amino
boronic acids and esters deboronate spontaneously in protic
solvents (protodeboronation) over a period of a few hours.51

Subsequently, it was established that boronic acids and esters,
bearing a tertiary amino group in theR-position, do not undergo
this type of deboronation,52,53and that salts and acyl derivatives
of amino boronic acids are stable indefinitely.51,54,55Indeed, the
simple R-amino boronic acid, H2N-CH2-B(OH)2, has been
observed only as a TFA or HCl salt in acidic media; it
deboronates within a few minutes into methylamine and boric
acid when the pH of the solution rises above the pKa of the
amino group (pH∼ 8).56 Experimental evidence suggests that
the mechanism of protodeboronation forR-amino boronic acids
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and esters involves a 1,2-carbon-to-nitrogen migration of the
-B(OH)2 moiety initiated by a nucleophilic attack of the
proximal amino group on the boron atom.1,40,52-54,57-59 Although
1,2-rearrangements are well-established in organic chemistry,
e.g., Wagner-Meerwein, pinacol-pinacolone, Hoffmann, Wulff,
etc.,60-64 to date there have been no computational studies
reported in the literature onR-aminoalkylboronic acids that
elucidate mechanistic aspects involved in the 1,2-shift of the
-B(OH)2 moiety. In this article several neutral reaction mech-
anisms for the protodeboronation of H2N-CH2-B(OH)2 that
yields B(OH)3 and H2N-CH3, and for the 1,2-carbon-to-
nitrogen shift of the-B(OH)2 moiety that yields methylamine
boronic acid, H3C-NH-B(OH)2, are compared at a variety of
computational levels.

Computational Methods

Equilibrium geometries in this article were obtained using
second-order Møller-Plesset perturbation theory (MP2)65 and
coupled cluster calculations with single- and double-excitations
(CCSD);66-69 the frozen core (FC) approximation was employed
in all cases. The Pople 6-31G(d), 6-31+G(d) and 6-311++
G(d,p)70,71 basis sets, as well as the Dunning-Woon cc-pVDZ,
cc-pCVDZ, aug-cc-pVDZ, cc-pVTZ, and aug-cc-pVTZ cor-
relation-consistent basis sets,72-75 were used in the calculations.
Frequency analyses were performed analytically to confirm that
the optimized structures were local minima on the potential
energy surface (PES) and to correct reaction energies to 298
K. All calculations were performed using the GAUSSIAN 03
suite of programs.76

For comparison, DFT geometry optimizations were performed
with the PBE1PBE functional,77-79 which makes use of the one-
parameter GGA PBE functional77 with a 25% exchange and
75% correlation weighting. Our experience with this functional
for a variety of boronic acids and esters has been that it gives
results in reasonable agreement with those from second-order
Møller-Plesset perturbation theory, provided that comparable
basis sets are employed.47,80-82 Since MP2 and CCSD calcula-
tions on largerR-amino boronic acids are not yet practical with
high-quality basis sets, it is important to establish the reliability
of specific functionals that can be employed for investigations
of these increasingly important molecules.

To assess the effects of an aqueous environment, we
performed self-consistent reaction field (SCRF) calculations
using the IEF Polarizable Continuum Model (PCM)83-87 as
implemented in GAUSSIAN 03;76 continuum solvent models
such as IEF-PCM are an attractive alternative to explicit solvent
approaches because they require less computational effort.88

These calculations were performed at the PBE1PBE/6-311++
G(d,p) and/or MP2(FC)/cc-pVDZ levels; some care must be
exercised when using diffuse functions with PCM calculations
as they may extend too far into the cavity region and cause
instabilities in the calculation.89 Since such PCM calculations
do not incorporate specific directional aspects of protic solvents
such as water,90,91a variety of calculations were also performed
using a few explicit water molecules.

Results and Discussion

Geometrical Structure of Boroglycine, H2N-CH2-B-
(OH)2. Since no experimental data are currently available on
the geometrical structures of H2N-CH2-B(OH)2, its salts, or
acyl derivatives, we initially performed an extensive confor-
mational search of this molecule at the economical PBE1PBE/
6-311++G(d,p) level; various lower-energy conformers located
during this search are shown in Figure 1A, along with selected

geometrical parameters calculated at several, more-rigorous
computational levels.

The hydroxyl groups of the lowest-energy, geometry-
optimized form of H2N-CH2-B(OH)2, 1a, are in the so-called
exo-endo orientation (see Figure 1A);47,92-95 an intramolecular
N‚‚‚H-OB hydrogen bond is also present in this nonplanar
conformer (τOBCN was approximately-166°), although the
N‚‚‚H distance was calculated to be greater than 2 Å. Computed
infrared vibrational frequencies of1a are listed in Table 1S of
the Supporting Information. The calculated B-C distance in
1a, ∼1.59 Å, is in good agreement with the observed B-C
distance of 1.588 Å in the crystal structure of 2-nitro-4-
carboxyphenyl boronic acid; the-B(OH)2 moiety in this crystal
structure was nearly perpendicular to the phenyl ring, which
minimized the bond-shortening effects of conjugation.1,96 Geo-
metrical structures of several additional local minima on the
H2N-CH2-B(OH)2 PES are also shown in Figure 1A; they
are all higher in energy (see Table 1A). For comparison, we
note that the anti form,2a, is less than 3 kcal/mol higher in
energy than1a, whereas the syn form,3a, is greater than 6 kcal/
mol higher in energy. Relative energies of conformers1-3 using
MP2 and CCSD methodology with the cc-pVDZ basis set
exhibited a similar trend.

In the (IEF-PCM) reaction field of water conformer1a is
also the lowest-energy conformer, but2a is only 0.3 and 0.2
kcal/mol higher in energy at the PBE1PBE/6-311++G(d,p) and
MP2/cc-pVDZ levels respectively, significantly less than the
corresponding values in vacuo; this finding is consistent with
the higher calculated dipole moment of2a, 4.28 D, compared
to that of1a, 1.77 D, at the PBE1PBE/6-311++G(d,p) level.

The transition state for the conversion of the exo-endo
conformer1a of H2N-CH2-B(OH)2 to the anti conformer2a
via rotation about a B-O bond was relatively high in energy,
e.g., 10.6 and 11.2 kcal/mol at the PBE1PBE/6-311++G(d,p)
and MP2/cc-pVDZ levels respectively. The origin of this barrier
is a result of the interaction of the lone pairs on the oxygen
atoms with the empty pz orbital on the tri-coordinated boron
atom in1a, which confers partial double bond character to the
B-O linkage.1 Indeed, the length of the B-O bond in 1a
involved in the rotation increases by∼0.03 Å in the transition
state. On the other hand, the barrier for the interconversion of
the two exo-endo conformers1a and1b by rotation about the
B-C single bond was much lower, 5.6 and 5.7 kcal/mol at these
levels; the B-C bond length does not change significantly
during the rotation.

Despite repeated attempts, no local minimum on the PES that
involved a 3-centered, dative-bonded (-B-C-N-) ring struc-
ture could be found in either the gas phase or in the (PCM)
reaction field of water. On the other hand, the lowest-energy
conformer of the analogous borane compound, H2N-CH2-BH2,
does involve a 3-centered (-B-C-N-) ring and it is 12.9 and
15.9 kcal/mol lower in energy in vacuo and in (PCM) aqueous
media, respectively, than the corresponding acyclic conformer
at the PBE1PBE/6-311++G(d,p) level.97 Furthermore, this type
of cyclic conformer is also a local minimum on the PES of the
borinic acid analog, H2N-CH2-BH(OH), although in this case
it is 7.6 and 4.2 kcal/mol higher in energy than a conformer
similar in structure to1a.97 These results prompted us to search
further for stable cyclic conformers of H2N-CH2-B(OH)2 in
the presence of a few explicit water molecules. Interestingly,
calculations on 3-centered, dative-bonded (-B-C-N-) ring
conformers of H2N-CH2-B(OH)2, that included as many as
six hydrogen-bonded water molecules, proved to be local
minima at the PBE1PBE/6-311++G(d,p) level (see Figure 1S).
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Although additional calculations will be required to unambigu-
ously establish the role of such cyclic conformers in bulk water,
it appears that an intramolecular nucleophilic attack of the amino
group on the boron atom in H2N-CH2-B(OH)2 is more likely
in aqueous media than it isin Vacuo.

Geometrical Structure of Methylamine Boronic Acid,
H3C-NH-B(OH)2. As noted above, compounds of the form
H2N-CHR-B(OH)2 may undergo a 1,2-carbon-to-nitrogen
rearrangement to give the homolog H2RC-NH-B(OH)2;1,54,58,59

thus, we investigated the geometrical structure of methylamine
boronic acid, H3C-NH-B(OH)2. A selection of lower-energy
conformers of this N-boryl amine are shown in Figure 1B and
their relative energies are listed in Table 1B. The lowest-energy
form of H3C-NH-B(OH)2, 4a,had the hydroxyl groups in the
exo-endo arrangement, similar to that found in the lowest-energy
conformer of the isomer H2N-CH2-B(OH)2; conformer4b,
which involves a rotation about the B-N bond in 4a, was
consistently found to be less than 0.5 kcal/mol higher in energy

Figure 1. Optimized structures of (A) H2N-CH2-B(OH)2 and (B) H3C-NH-B(OH)2. Distances are in Å and angles are in deg.

Structure and Protodeboronation of Boroglycine J. Phys. Chem. A, Vol. 111, No. 28, 20076491



than 4a. The transition state for the rotation about the B-N
bond in4a to give 4b is relatively high, 12.3, 10.6, and 12.0
kcal/mol at the PBE1PBE/6-311++G(d,p), MP2/cc-pVDZ, and
MP2/aug-cc-pVDZ levels respectively, a result of conjugation
between the nitrogen lone pair and the empty orbital pz on the
boron atom which confers partial double bond character to the
B-N linkage.1 Calculated infrared vibrational frequencies for
4a are listed in Table 1S of the Supporting Information. In
contrast to what we observed for H2N-CH2-B(OH)2, the syn
form, 6a, of H3C-NH-B(OH)2 was lower in energy than the
anti form, 5a, presumably a result of adverse steric factors in
the anti form. It must be emphasized that all of the H3C-NH-
B(OH)2 conformers4-6 were significantly lower in energy than
the H2N-CH2-B(OH)2 constitutional isomers1-3; e.g.4awas
17.8, 19.3, 19.2, 19.3, and 17.8 kcal/mol lower in energy than
1a at the MP2/cc-pVDZ, MP2/aug-cc-pVDZ, MP2/cc-pVTZ,
MP2/aug-cc-pVTZ, and CCSD/cc-pVDZ levels, respectively;
the corresponding values using Pople-type basis sets at the MP2/
6-31G(d), MP2/6-31+G(d), and MP2/6-311++G(d,p) levels are
19.6, 19.7, and 18.2 kcal/mol, in reasonable agreement with
results using correlation-consistent basis sets. In the (PCM)
reaction field of water, conformer4aof H3C-NH-B(OH)2 was
still lowest in energy, and it was 18.2 and 18.3 kcal/mol lower
in energy than conformer1a of H2N-CH2-B(OH)2 at the
PBE1PBE/6-311++G(d,p) and MP2/cc-pVDZ levels respec-
tively, similar to the corresponding values in the gas phase.

Protodeboronation of H2N-CH2-B(OH)2. In general, there
is a paucity of experimental thermochemical data available in
the literature for the hydrolysis ofR-aminoalkylboronic acids
and, to the author’s knowledge, there have been no reports of
quantum chemical investigations for this process. In this section
we present calculated thermodynamic/kinetic data relevant to
the protodeboronation of H2N-CH2-B(OH)2.

Thermodynamic parameters for the hydrolysis reaction:

are listed at several computational levels in Table 2A. This
process is predicted to be significantly exothermic in the gas
phase, e.g., for conformer1a, the values of∆H°298 are-24.2,
-27.2,-21.9, and-26.3 kcal/mol at the PBE1PBE/6-311++
G(d,p), MP2/cc-pVDZ, MP2/aug-cc-pVDZ, and MP2/cc-pVTZ
levels, respectively, and-30.1,-27.4, and-24.0 kcal/mol at
the MP2/6-31G(d), MP2/6-31+G(d), and MP2/6-311++G(d,p)

levels; the importance of including diffuse functions in the basis
set to accurately describe the bonding changes inherent in
reaction (1) is clearly evident from these results. In the (PCM)
reaction field of water, the computed value of∆H°298 for this
hydrolysis,-22.5 kcal/mol at the PBE1PBE/6-311++G(d,p)
level, is comparable to that found in vacuo. In general, these
computational results are in qualitative agreement with the
available experimental observations.57,98 In large part, the
thermodynamic favorability of reaction (1) is a reflection of
the difference in the strength of the B-O bond in the product,
∼124 kcal/mol, compared to of the strength of the B-C bond
in the reactant,∼77 kcal/mol.58

Although no experimental thermodynamic data are available
for reaction 1, the enthalpy for the corresponding hydrolysis
reaction of methylboronic acid, H3C-B(OH)2, has been reported
to be-26.8 kcal/mol, based on published heat-of-formation data
at 298 K.58 To assess the reliability of the computational levels
employed in this investigation, calculated thermodynamic data
for the hydrolysis of H3C-B(OH)2 are listed in Table 3. Clearly,
the computed reaction enthalpies in vacuo are in good agreement
with those estimated from experimental thermochemical data.
A comparison of the corresponding calculated reaction enthal-
pies in Tables 2A and 3 shows that the presence of a basic
primary amine group in theR-position plays a rather minor role
in the thermodynamics for this type of hydrolysis.

Transition state,7a, for the direct protodeboronation of H2N-
CH2-B(OH)2 (1a) is shown in Figure 2A; it involves a
4-centered ring in which the B-C distance increased by∼0.2
Å from its value in1a. The rather compact geometry of the
ring in 7a is reflected in a relatively high activation barrier:
∆Hq is 36.1, 33.7, 37.0, and 34.6 kcal/mol relative to the
separated reactants at the PBE1PBE/6-311++G(d,p), MP2/cc-
pVDZ, MP2/aug-cc-pVDZ, and MP2/cc-pVTZ levels, respec-
tively (see Table 2A); the corresponding values of∆Hq using
MP2 methodology with the 6-31G(d), 6-31+G(d), and 6-311++
G(d,p) basis sets are similar, 37.5, 39.5, and 38.4 kcal/mol.
Correction for BSSE using the counterpoise procedure raises
the computed activation barrier further, e.g., by 2.2 and 6.8 kcal/
mol at the PBE1PBE/6-311++G(d,p) and MP2/aug-cc-pVDZ
levels, respectively. Comparing Tables 2A and 3, it is clear that
the presence of a primary amino group increases the activation
barrier for the protodeboronation by only∼1-2 kcal/mol
relative to the corresponding values for H3C-B(OH)2. The

TABLE 1: Relative Energies, E (kcal/mol) (Thermally Corrected Values to 298 K in Parentheses) of Various Conformers of (A)
H2N-CH2-B(OH)2 and (B) H3C-NH-B(OH)2 at Several DFT, MP2, and CCSD Computational Levels

MP2(FC)//

conf.
PBE1PBE//

6-311++G(d,p) cc-pVDZ aug-cc-pVDZ cc-pVTZ aug-cc-pVTZ
CCSD(FC)//

cc-pVDZ

(A) H2N-CH2-B(OH)2
exo-endo

1a 0.0 (0.0) 0.0 (0.0) 0.0 (0.0) 0.0 0.0 0.0
1b 4.3 (3.9) 5.1 (4.8) 3.6 (3.4) 4.2 3.6 4.7
1c 5.2 (5.0) 4.9 (4.7) 4.6 (4.4) 4.8 4.7 4.5

anti
2a 2.9 (2.9) 2.7 (2.7) 2.4 (2.4) 2.4 2.3 2.8

syn
3a 7.3 (6.8) 8.0 (7.6) 6.1 (5.7) 6.8 6.1 7.5
3b 8.3 (7.8) 8.2 (7.8) 7.3 (6.9) 7.6 7.4 7.8

(B) H3C-NH-B(OH)2
exo-endo

4a 0.0 (0.0) 0.0 (0.0) 0.0 (0.0) 0.0 0.0 0.0
4b 0.3 (0.2) 0.3 (0.3) 0.4 (0.4) 0.4 0.5 0.3

anti
5a 4.1 (3.9) 3.9 (3.8) 3.5 3.4 3.4 3.9

syn
6a 1.8 (1.7) 1.8 (1.7) 1.5 1.6 1.4

H2O + H2N-CH2-B(OH)2 f B(OH)3 + H2N-CH3 (1)
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analogous activation barriers for conformers2aand1b of H2N-
CH2-B(OH)2 were similar in magnitude to that of1a (see Table
2A).99,100 In the (PCM) reaction field of water, only one first-
order transition state for the hydrolysis of H2N-CH2-B(OH)2
that involved a single explicit water molecule could be located
at either the PBE1PBE/6-311++G(d,p) or MP2/cc-pVDZ levels.
Its geometrical structure was similar to that of7a; i.e. the
4-centered ring was very compact, and it was∼40 kcal/mol
higher in energy than the separated reactants.

We also located a transition state for the direct protodebor-
onation of1a using two explicit water molecules as a solvent
model: it involved a 6-centered ring and the resulting activation

barrier for the process was lower; e.g., the value of∆Hq was
26.8 kcal/mol at the PBE1PBE/6-311++G(d,p) level (see Table
2A). Correction for BSSE at this level, however, raised the
barrier by∼4.0 kcal/mol, resulting in an activation enthalpy of
∼30 kcal/mol for this model. These model calculations suggest
that if protodeboronation does occur directly from H2N-CH2-
B(OH)2 in aqueous media, then alternative (stepwise) mecha-
nism(s) may exist, possibly assisted by other H2N-CH2-
B(OH)2 molecules; this possibility has not been considered in
this investigation.

Protodeboronation of H3C-NH-B(OH)2. For comparison,
we also calculated the corresponding thermodynamic parameters

TABLE 2: Thermodynamic and Kinetic Parameters (kcal/mol) for the Hydrolysis of (A)a H2N-CH2-B(OH)2 and (B)b
H3C-NH-B(OH)2

MP2(FC)//
PBE1PBE//

6-311++G(d,p) cc-pVDZ aug-cc-pVDZ cc-pVTZ

(A) H2N-CH2-B(O H)2
H2O + 1a f H2N-CH3 + B(OH)3

∆E -24.8 -27.9 -22.7 -27.0
∆H°298 -24.2 -27.2 -21.9 -26.3
∆G°298 -25.4 -28.5 -23.0 -27.4

H2O + 1a f TS(7a) (4-centered ring)
∆Eq +38.3 +35.8 +39.2 +36.8
∆Hq +36.1 +33.7 +37.0 +34.6
∆Gq +46.9 +44.1 +47.8 +45.3

H2O + 1b f TS (4-centered ring)
∆Eq +33.3 +31.0 +34.8
∆Hq +31.4 +29.0 +32.8
∆Gq +42.9 +40.4 +44.2

H2O + 2a f TS (4-centered ring)
∆Eq +36.4 +33.9
∆Hq +34.3 +31.9
∆Gq +45.6 +43.2

2H2O + 1a f TS(7a) (6-centered ring)
∆Eq +27.1 +19.3 +28.3
∆Hq +26.8 +19.3 +27.8
∆Gq +49.1 +41.8 +49.9

(B) H3C-NH-B(OH)2
H2O + 4af H2N-CH3 + B(OH)3

∆E -6.9 -10.2 -4.5 -7.7
∆H°298 -6.2 -9.2 -3.7 -6.9
∆G°298 -6.6 -9.5 -4.0 -7.3

H2O + 4a f TS(7b) (4-centered ring)
∆Eq +18.1 +12.7 +18.0 +16.0
∆Hq +16.6 +11.3 +16.4 +14.8
∆Gq +28.0 +22.9 +28.0 +26.0

H2O + 4b f TS(4-centered ring)
∆Eq +17.5 +12.0
∆Hq +16.5 +10.6
∆Gq +28.1 +23.3

2H2O + 4a f TS(7b) (6-centered ring)
∆Eq -2.1 -12.2 -2.4
∆Hq -2.6 -12.5 -3.3
∆Gq +20.0 +10.6 +19.6

a H2O + H2N-CH2-B(OH)2 f TS f H2N-CH3 + B(OH)3. b H2O + H3C-NH-B(OH)2 f TS f H2N-CH3 + B(OH)3.

TABLE 3: Thermodynamic and Kinetic Parameters (kcal/mol) for the Hydrolysis of H3C-B(OH)2: H2O + H3C-B(OH)2 f
TS f CH4 + B(OH)3

MP2(FC)//
PBE1PBE//

6-311++G(d,p) 6-311++G(d,p) cc-pVDZ aug-cc-pVDZ cc-pVTZ aug-cc-pVTZ
CCSD(FC)//

cc-pVDZ

H2O + H3C-B(OH)2 f CH4 + B(OH)3
∆E -28.3 -23.3 -27.7 -21.9 -31.0 -24.8 -22.4
∆H°298 -27.9 -23.0 -27.8 -21.5 -30.5 -23.9 -22.1
∆G°298 -27.1 -24.4 -25.6 -19.8 -28.3 -20.8 -20.4

H2O + H3C-B(OH)2 f TS f CH4 + B(OH)3
∆Eq +35.9 +38.8 +33.7 +37.8 +34.8 +36.6 +42.6
∆Hq +33.7 +38.2 +33.2 +37.3 +34.2 +36.1 +42.0
∆Gq +45.5 +49.4 +44.5 +48.6 +45.9 +48.9 +53.5
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for the hydrolysis of methylamine boronic acid, H3C-NH-
B(OH)2, a constitutional isomer of boroglycine:

(see Table 2B). This process is also exothermic in vacuo; e.g.
the calculated values of∆H°298 were -6.2, -9.2, -3.7, and
-6.9 kcal/mol for conformer4a at the PBE1PBE/6-311++
G(d,p), MP2/cc-pVDZ, MP2/aug-cc-pVDZ, and MP2/cc-pVTZ
levels respectively, but much less exothermic than for reaction
1 (see Table 2A); the corresponding values at the MP2/
6-31G(d), MP2/6-31+G(d), and MP2/6-311++G(d,p) levels,
-10.2,-7.3, and-4.9 kcal/mol, respectively, are in reasonable
agreement with the higher-level calculations. In the (PCM)
field of water, reaction 2 was marginally less exothermic than

it was in the gas phasesthe value of∆H°298 was-4.1 kcal/mol
at the PBE1PBE/6-311++G(d,p) level; this finding is similar
to the small effect we observed for boroglycine via reaction 1.

Transition state,7b, for the direct protodeboronation of H3C-
NH-B(OH)2 (4a) using one explicit water as a solvent model
is shown in Figure 2B. Although the computed geometrical
structure of this transition state involved a 4-centered ring similar
to that of7a, the proton in7b is being transferred to a basic
amine group. As a consequence, relative to the separated
reactants,4a and H2O, the activation enthalpy,∆Hq, was only
16.6, 11.3, 16.4, and 14.8 kcal/mol at the PBE1PBE/6-311++
G(d,p), MP2/cc-pVDZ, MP2/aug-cc-pVDZ, and MP2/cc-pVTZ
levels, respectively (see Table 2B), and 12.6, 16.1, and 17.8 at
the MP2/6-31G(d), MP2/6-31+G(d), and MP2/6-311++G(d,p)

Figure 2. Optimized structures of the transition state for the direct protodeboronation of (A) H2N-CH2-B(OH)2 (7a) and (B) H3C-NH-B(OH)2
(7b). Distances are in Å, angles are in deg, and reaction enthalpies are in kcal/mol.

Figure 3. Optimized structures of the intramolecular transition state for the deboronation of H2N-CH2-B(OH)2. Distances are in Å, angles are
in deg, and reaction enthalpies are in kcal/mol.

H2O + H3C-NH-B(OH)2 f B(OH)3 + H2N-CH3 (2)
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levels. Correction for BSSE using the counterpoise procedure
raises the activation barrier by 2.1 kcal/mol for this model
at the PBE1PBE/6-311++G(d,p) level and 5.9 kcal/mol at
the MP2/aug-cc-pVDZ level. In the (PCM) reaction field of
water, the value of∆Hq was about 3 kcal/mol higher than in
vacuo.

We also located a transition state for the protodeboronation
of 4a using two explicit water molecules as the solvent model;
it involved a 6-centered ring and significantly lowered the
activation barrier for the process. Indeed, the values of∆Hq

are -2.1, -12.5, and -3.3 kcal/mol at the PBE1PBE/6-
311++G(d,p), MP2/cc-pVDZ, and MP2/aug-cc-pVDZ levels
relative to the separated reactants (see Table 2B). The BSSE
correction for this two-water model is approximately double
that for the one-water model, e.g., 4.1 kcal/mol at the PBE1PBE/
6-311++G(d,p) level.

Although quantitative details depend to some extent on the
basis set used for the calculation and to a greater extent on the
number of explicit water molecules employed, qualitatively these
relatively simple solvation models suggest that protodeborona-
tion is more facile from H3C-NH-B(OH)2 than it is from
H2N-CH2-B(OH)2.

1,2-Carbon-to-Nitrogen (Matteson) Rearrangement of the
-B(OH)2 Group. As noted above, compounds of the form
H2N-CHR-B(OH)2 are known experimentally to undergo a
1,2-carbon-to-nitrogen migration of the-B(OH)2 moiety in
protic solvents.1,40,52-54,56In fact, the interconversion of H2N-
CH2-B(OH)2 to the isomer H3C-NH-B(OH)2 is thermody-
namically favored; e.g., the calculated values of∆H°298 for the
conversion of1a to 4a are -18.0, -18.0, -18.2, and-19.4
kcal/mol in vacuo at the PBE1PBE/6-311++G(d,p), MP2/cc-
pVDZ, MP2/aug-cc-pVDZ, and MP2/cc-pVTZ levels, respec-
tively (see Table 4A), and-19.6,-19.5, and-18.0 kcal/mol
at the MP2/6-31G(d), MP2/6-31+G(d), and MP2/6-311++
G(d,p) levels. The corresponding values in the (PCM) reaction
field of water are also similar.

A variety of possible channels for the 1,2-migration of the
-B(OH)2 moiety were investigated. It should be noted that some
reaction mechanisms involving 1,2-shifts have substantial
activation barriers.61-63,101We initially considered an intramo-
lecular rearrangement of H2N-CH2-B(OH)2 to H3C-NH-
B(OH)2 that incorporated the simultaneous transfer of a proton
and the-B(OH)2 group. A transition state,8, for this rear-

rangement is shown in Figure 3, and IRC analyses showed that
it connects conformer1a of boroglycine to conformer4b of
methylamine boronic acid. The geometrical structure of8
involves two very compact 3-centered rings because the shared
C-N distance is quite short, less than 1.70 Å. Although the
boron atom is effectively 4-coordinated in8, the surrounding
tetrahedral geometry is extremely distorted; e.g., the calculated
value of the C-B-N angle was only∼63°.102 Consistent with
these adverse geometrical features, the calculated activation
barrier for this mechanism is extremely high:∆Hq is 71.2, 69.2
and 71.9 kcal/mol above1a at the PBE1PBE/6-311++G(d,p),
MP2/cc-pVDZ, and MP2/aug-cc-pVDZ levels, respectively (see
Table 4B), and 76.1, 75.1, and 72.8 kcal/mol at the MP2/6-
31G(d), MP2/6-31+G(d), and MP2/6-311++G(d,p) levels. In
the (PCM) reaction field of water,TS(8) is also more than 70
kcal/mol higher in energy than1a.90,91Thus, any intramolecular
mechanism for the isomeric conversion of H2N-CH2-B(OH)2
to H3C-NH-B(OH)2 is not likely to be a significant pathway
and this 1,2-shift apparently requires an intermolecular process.

To gain further insight into the 1,2-B(OH)2-rearrangement
process in an aqueous environment, we initially searched for
transition states in the presence of a single explicit water
molecule. Several quite different initial geometries that we
employed for this shift led to transition stateTS(9); it involves
a 7-centered ring in which the water molecule “accepts” a
hydrogen bond from one of the hydroxyl groups attached to
the boron atom and “donates” a hydrogen bond that appears to
stabilize the emerging-CH2- moiety (see Figure 4). It is not
evident from the geometry ofTS(9) that it is involved in the
1,2-B(OH)2-rearrangement process starting from boroglycine,
particularly because the B-C distance is extremely long,∼2.14
Å, and the B-N distance is quite short,∼1.52 Å. However,
IRC analyses initiated fromTS(9) identified the corresponding
reactant as the hydrogen-bonded pre-reaction1b‚‚‚H2O adduct
shown in Figure 4. Furthermore, geometrical structures at
various points along the IRC in the direction toward this adduct
clearly showed the expected nucleophilic attack by the amino
nitrogen atom on the boron atom via a 3-centered (-B-C-
N-) cyclic geometry; indeed, the 1,2-carbon-to-nitrogen migra-
tion of the -B(OH)2 moiety is clearly evident in Figure 4.
Calculated values of∆H°298 for the formation of this adduct
from separated1b and H2O are-5.7,-8.3, and-5.4 kcal/mol
at the PBE1PBE/6-311++G(d,p), MP2/cc-pVDZ, and MP2/

TABLE 4: (A) Thermodynamic and (B) Kinetic Parameters (kcal/mol) for the 1,2-Carbon-to-Nitrogen (Matteson)
Rearrangement: H2N-CH2-B(OH)2 f TS f H3C-NH-B(OH)2

MP2(FC)//
PBE1PBE//

6-311++G(d,p) cc-pVDZ aug-cc-pVDZ cc-pVTZ aug-cc-pVTZ
CCSD(FC)//

cc-pVDZ

(A) Thermodynamics
1a f 4a

∆E -17.8 -17.8 -18.2 -19.2 -19.3 -17.8
∆H°298 -18.0 -18.0 -18.2 -19.4
∆G°298 -18.8 -19.0 -19.1 -20.1

(B) Kinetics
1a f TS(8); Intramolecular

∆Eq +75.7 +77.6 +76.6
∆Hq +71.2 +69.2 +71.9
∆Gq +71.2 +69.0 +71.8

1b + H2O f TS(9)
∆Eq +27.0 +23.8 +28.2
∆Hq +27.0 +24.0 +28.3
∆Gq +38.4 +35.5 +39.4

1a + H2O f TS
∆Eq +41.3
∆Hq +41.1
∆Gq +51.2
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aug-cc-pVDZ levels respectively. The predicted product of this
process was a novel, monohydrated Zwitterionic intermediate,
10, with a boron-oxygen double bond; the distance between
the boron and oxygen atoms was∼1.28 Å at the MP2/cc-pVDZ
level.

The calculated activation enthalpies for the 1,2-carbon-to-
nitrogen rearrangement of the-B(OH)2 group Via this one-
water model are 27.0, 24.0, 28.3, 28.1, and 28.8 kcal/mol at
the PBE1PBE/6-311++G(d,p), MP2/cc-pVDZ, MP2/aug-cc-
pVDZ, MP2/6-31+G(d), and MP2/6-311++G(d,p) levels,
respectively (see Table 4B); the corresponding value in (PCM)
aqueous media at the PBE1PBE/6-311++G(d,p) level is similar.
Correction for BSSE using the counterpoise procedure raised
the barrier by 1.2, 8.4 and 3.0 kcal/mol at the PBE1PBE/6-
311++G(d,p), MP2/cc-pVDZ, and MP2/aug-cc-pVDZ levels
respectively. A transition state for the analogous conversion of
1a and water to a BdO bonded intermediate was also located,
but the associated activation barrier was substantially higher
than that for1b (see Table 4B), as a result of steric factors in
this restrictive solvation model.

Thus, the calculated activation enthalpy for the first step in
the isomeric interconverion H2N-CH2-B(OH)2 f H3C-NH-
B(OH)2 via the mechanism illustrated in Figure 4 (using one
explicit water molecule) is∼9 kcal/mol lower than that for the
protodeboronation mechanism shown in Figure 2A; the activa-
tion enthalpies from the separated reactants are 29.3 (TS(9))
and 37.0 (TS(7a)) kcal/mol at the MP2/aug-cc-pVDZ level. For
comparison, we also located one transition state for the H2N-
CH2-B(OH)2 f H3C-NH-B(OH)2 interconversion using two

explicit water molecules; IRC analysis showed that the reactant
in this case was a hydrogen-bonded adduct involving conformer
1aof H2N-CH2-B(OH)2. In this solvation model the activation
enthalpy, 19.7 kcal/mol at the MP2/aug-cc-pVDZ level, was
∼8 kcal/mol lower than the corresponding two-water direct
protodeboronation mechanism. The predicted product from an
IRC analysis of this process was similar to10 in that it involved
a boron-oxygen double bond.

Keeping in mind that the models employed in this study are
very simple, these calculations suggest that the barrier for the
conversion of H2N-CH2-B(OH)2 to H3C-NH-B(OH)2 is
lower than the barrier for the direct protodeboronation of H2N-
CH2-B(OH)2.

The boron-oxygen doubly bonded intermediate10 merits
some discussion. The length of the BdO bond in 10 was
computed to be only 1.27, 1.28, and 1.29 Å in vacuo at the
PBE1PBE/6-311++G(d,p), MP2/cc-pVDZ, and MP2/aug-cc-
pVDZ levels, respectively (the B-O(H) bond length in10 is
much longer, 1.39, 1.40, and 1.41 Å, respectively), and NBO
analyses indicate the presence of double bond. The calculated
values of∆H°298 for the formation of10 from separated1b and
H2O are -12.9, -18.4, and-14.4 kcal/mol at these levels.
Although there has been some evidence for the intermediacy
of such boron-oxygen double-bonded structures, Vidovic et al.103

recently prepared and structurally characterized (via X-ray
crystallography) a stable Lewis acid-coordinated oxoborane
compound in which the boron-oxygen functionality retained
significant double bond character. Intermediate10 was also
found to be a local minimum in the reaction field of water at

Figure 4. Reaction mechanism for the conversion of H2N-CH2-B(OH)2 (1b) to the intermediate H3C-NH2-B(OH)(dO)‚‚‚H2O (10). Distances
are in Å, angles are in deg, and reaction enthalpies are in kcal/mol.

6496 J. Phys. Chem. A, Vol. 111, No. 28, 2007 Larkin et al.



both the PBE1PBE/6-311++G(d,p) and MP2/cc-pVDZ levels,
where the calculated boron-oxygen distances were 1.29 and 1.30
Å respectively.104 To the authors knowledge, there has been no
experimental evidence to suggest that a boron-oxygen, double-
bonded structure plays any role in the 1,2-B(OH)2-migration
process.

Reactions of Intermediate (10).Several possible dissociation
routes for intermediate10were investigated (see Figure 5). First,
removing the water molecule from10 requires a significant
amount of energy: the calculated values of∆H°298 are 16.8,
19.5, and 16.5 kcal/mol at the PBE1PBE/6-311++G(d,p), MP2/
cc-pVDZ, and MP2/aug-cc-pVDZ levels, respectively (see Table
5A); the corresponding values at the MP2/6-31G(d) and MP2/
6-31+G(d) levels are 18.6 and 16.8 kcal/mol. In the reaction
field of water the values for this dissociation were significantly
lower, 7.9 and 12.9 kcal/mol at the PBE1PBE/6-311++G(d,p)
and MP2/cc-pVDZ levels, respectively.

Next, a proton-transfer transition state11awas located; IRC
analyses showed that it connects10 to a H3C-NH-B(OH)2-
(4b)‚‚‚H2O adduct which was∼12 kcal/mol lower in energy.
The calculated activation enthalpies,∆Hq, for this pathway from
10 were quite low; only 1.2, 1.8, and 3.1 kcal/mol was at the
PBE1PBE/6-311++G(d,p), MP2/cc-pVDZ, and MP2/aug-cc-
pVDZ levels, respectively (see Table 5B). In the reaction field
of water,11a was 10.2 kcal/mol higher in energy than10 at
the MP2(FC)/cc-pVDZ level.

Intermediate10 is an isomer of the dative-bonded structure
H3C-H2N:B(OH)3, and the interconversion:10 f H3C-H2N:
B(OH)3, is thermodynamically favorable- the value of∆H°298
is approximately-19.0 kcal/mol (see Table 5A). The transition
state for this process11b was located (see Figure 5), and the
calculated activation enthalpies for this pathway from intermedi-
ate10 were 20.8 and 20.9 kcal/mol at the MP2/cc-pVDZ and

MP2/aug-cc-pVDZ levels, significantly higher than that required
for the dissociation of10 into H3C-NH2-B(OH)(dO) and
H2O.105

Thus, of the simple model dissociation mechanisms we
investigated for the decomposition of intermediate10, the lowest
activation barrier is for its conversion to an H3C-NH-B(OH)2-
(4b)‚‚‚H2O adduct.106

Figure 5. Reaction mechanisms for the decomposition of intermediate H3C-NH2-B(OH)(dO)‚‚‚H2O(10). Distances are in Å, angles are in deg,
and reaction enthalpies are in kcal/mol.

TABLE 5: (A) Thermodynamic and (B) Kinetic Parameters
(kcal/mol) for Reactions of Intermediate 10

MP2(FC)

PEB1PBE//
6-311++G(p,d) cc-pVDZ

aug-cc-
pVDZ

(A) Thermodynamics
10 f 4b + H2O

∆E -6.5 -1.6 -4.4
∆H°298 -8.9 -4.2 -6.9
∆G°298 -19.0 -15.5 -17.0

10 f H3C-NH2-B(OH)(dO)
+ H2O

∆E +18.4 +21.4 +18.1
∆H°298 +16.8 +19.5 +16.5
∆G°298 +6.9 +9.0 +5.9

10 f H3C-H2N:B(OH)3
∆E -19.1 -18.7 -18.5
∆H°298 -19.0 -19.0 -18.6
∆G°298 -17.7 -18.1 -17.6

(B) Kinetics
10 f TS(11a)

∆Eq +5.5 +6.4 +7.6
∆Hq +1.2 +1.8 +3.1
∆Gq +2.9 +3.2 +4.8

10 f TS(11b)
∆Eq +23.9 +24.1
∆Hq +20.8 +20.9
∆Gq +22.0 +22.3
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Concluding Remarks

Boronic acids have emerged as an important class of
compounds in chemistry, medicine, and material science.1-4 In
this article we have described our computational findings for
1) a variety of conformers of the simple, achiral,R-amino
boronic acid H2N-CH2-B(OH)2 and its constitutional isomer
H3C-NH-B(OH)2, 2) neutral protodeboronation mechanisms
of H2N-CH2-B(OH)2 and H3C-NH-B(OH)2 that yield boric
acid B(OH)3 and methylamine, and 3) neutral 1,2-carbon-to-
nitrogen (Matteson) rearrangement mechanisms of H2N-CH2-
B(OH)2 that yield H3C-NH-B(OH)2. The calculations were
carried out in the gas phase, in the presence of a few explicit
water molecules, and/or in the reaction field of water.

In general, there was excellent agreement among the
PBE1PBE/6-311++G(d,p), MP2/(aug)-cc-pVDZ, MP2/(aug)-
cc-pVTZ, and CCSD/cc-pVTZ levels employed in this inves-
tigation as to the relative energies of various conformers of
H2N-CH2-B(OH)2 and H3C-NH-B(OH)2 (see Table 1).
When diffuse functions were included in the basis set, calculated
reaction thermodynamics/kinetics associated with H2N-CH2-
B(OH)2 were also in good agreement; indeed, the more
economical split-valence Pople-type 6-31+G(d) and 6-311++
G(d,p) basis sets performed reasonably well in this investigation
compared to the more-complete and correlation-consistent basis
sets we employed. The isomeric interconversion, H2N-CH2-
B(OH)2 (1a) f H3C-NH-B(OH)2 (4a), was predicted to be
significantly exothermic at all levels, e.g.,∆H°298 ) -18.2
kcal/mol at the MP2/aug-cc-pVDZ level, as was the overall
hydrolysis: H2O + H2N-CH2-B(OH)2 (1a) f B(OH)3 +
H2N-CH3, e.g.∆H°298 ) -21.9 kcal/mol at the same level.1,98

The activation barrier for the direct protodeboronation of H2N-
CH2-B(OH)2 (1a) was found to be quite high,∆Hq ) 37.0
(one explicit water molecule) and 27.8 (two explicit water
molecules) kcal/mol relative to the isolated reactants at the MP2/
aug-cc-pVDZ level; the corresponding values for H3N-NH-
B(OH)2(4a) were much lower, 16.4 and-3.3 kcal/mol. The
barrier for the 1,2-carbon-to-nitrogen rearrangement of the
-B(OH)2 group from boroglycine was lower than that for the
protodeboronation,∆Hq ) +28.3 (one explicit water molecule)
and 19.7 (two explicit water molecules) kcal/mol; IRC analyses
showed that the product of the 1,2-shift was a novel hydrogen-
bonded Zwitterionic intermediate with a boron-oxygen double
bond.103 The lowest-energy pathway for the disposition of this
intermediate that we found involved a proton-transfer that
yielded a monohydrated adduct of H3C-NH-B(OH)2.

Some caution must be exercised in extrapolating our com-
puted results for simple model systems to experimental, aqueous-
basedR-amino boronic acid chemistry. Nevertheless, these
calculations support observations that a 1,2-carbon-to-nitrogen
shift of the -B(OH)2 group is a mechanistic feature of this
chemistry that must be considered. Molecular dynamics (MD)
simulations of simpleR-amino boronic acids, such as H2N-
CH2-B(OH)2, in aqueous media are sorely needed to compli-
ment the investigation presented in this article. Unfortunately,
values for many of the molecular mechanics (MM) parameters
required for accurate MD simulations are not available and, in
any event, those parameters that are available must be updated
in view of recent developments.107-110 Additional experimental
andab initio studies ofR-amino, boronic-acid systems are also
necessary to establish a more extensive database from which
to determine reliable parameters for such MD simulations.
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