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Boronic acids are widely used in materials science, pharmacology, and the synthesis of biologically active
compounds. In this Article, geometrical structures and relative energies of dimers of boroglycine, H2N-
CH2-B(OH)2, and its constitutional isomer H3C-NH-B(OH)2, were computed using second-order Møller-
Plesset perturbation theory and density functional theory; Dunning-Woon correlation-consistent cc-pVDZ,
aug-cc-pVDZ, cc-pVTZ, and aug-cc-pVTZ basis sets were employed for the MP2 calculations, and the Pople
6-311++G(d,p) basis set was employed for a majority of the DFT calculations. Effects of an aqueous
environment were incorporated into the results using PCM and COSMO-RS methodology. The lowest-energy
conformer of the H2N-CH2-B(OH)2 dimer was a six-membered ring structure (chair conformation;Ci

symmetry) with two intermolecular B:N dative-bonds; it was 14.0 kcal/mollower in energy at the MP2/aug-
cc-pVDZ computational level than a conformer with the classic eight-centered ring structure (Ci symmetry)
in which the boroglycine monomers are linked by a pair of H-O‚‚‚H bonds. Compared to the results of MP2
calculations with correlation-consistent basis sets, DFT calculations using the PBE1PBE and TPSS functionals
with the 6-311++G(d,p) basis set were significantly better at predicting relative conformational energies of
the H2N-CH2-B(OH)2 and H3C-NH-B(OH)2 dimers than corresponding calculations using the BLYP,
B3LYP, OLYP, and O3LYP functionals, particularly with respect to dative-bonded structures.

Introduction

Organoboronic acids (R-B(OH)2) and boronate esters (R-
B(OR′)2) have found remarkable utility as reagents for carbon-
carbon bond formation1-3 and are widely used for the synthesis
of pharmaceutical agents.4-6 Interest in organoboronic acids also
arises from their potent biological activity,7 e.g., boronic-amino
acid derivatives are strong inhibitors of human arginase II,
whose primary function appears to be inL-arginine and nitric
oxide homeostasis.8 RelatedR-amino boronic acid derivatives
are well-known for their ability to act as inhibitors of serine
proteases andâ-lactamases.3,9-11 Organoboronic acids also serve
as chemical sensors for 1,2- and 1,3-diols,12-20 as affinity ligands
in chromatographic protocols,21-25 as therapeutic agents in boron
neutron capture therapy (BNCT) for the treatment of certain
brain tumors,26 as antibiotics,27 and as building blocks in the
development of novel materials28-32 and supramolecular as-
semblies.33

Despite the increasing number of applications of boronic
acids,2 many aspects of their geometrical structures, reactivity,
and thermochemistry are not well understood.34 A survey of

crystal structures in the Cambridge Structural Database (CSD)35,36

containing the C-B(OH)2 moiety showed that organoboronic
acids often form eight-centered, doubly hydrogen-bonded ring
dimers in the solid state; see Scheme 1.37-44 Indeed, the
asymmetric unit in the X-ray crystal structure of phenylboronic
acid (PBA) consisted of two molecules of the acid linked by a
pair of H-O‚‚‚H bonds;45 the hydroxyl hydrogen atoms of each
monomer were in theexo-endoarrangement shown in Scheme
1.

The hydrogen-bonding pattern in Scheme 1, in which the
boron atoms have nearly planar, trigonal coordination, has also
been observed in crystal structures of other arylboronic
acids,30-33,35,38and it is similar to that found in dimers formed
from the-CONH2 and-COOH functional groups,46-48 where
resonance assisted hydrogen bonding (RAHB) is an important
factor.49,50 Other hydrogen-bonding patterns51 have also been
observed with organoboronic acids,e.g., the crystal structure
of 5-pyrimidylboronic acid involving (B)O-H‚‚‚N hydrogen
bonds with ring nitrogen atoms;52 the motif shown in Scheme
1 was not evident.41

In a computational investigation of the hydrolysis of diborane,
B2H6, McKee53 reported that the lowest-energy conformer of
the HB(OH)2 dimer, was a planar, doubly hydrogen-bonded
structure withC2h symmetry, in which the hydroxyl groups of
both monomers were in theexo-endoorientation; see Scheme
1 (R ) H). Recently, using second-order Møller-Plesset
perturbation theory (MP2),54 coupled-cluster calculations,55-58
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and a variety of density functional theory (DFT) methods with
Pople split-valence59,60 and Dunning-Woon correlation-con-
sistent (cc) basis sets,61-64 we confirmed that the McKee
structure was the lowest-energy conformer of the boronic acid
dimer;65 its dimerization energy, enthalpy, and free energy were
computed to be-10.8,-9.2, and+1.2 kcal/mol, respectively,
at the MP2(FC)/aug-cc-pVTZ level. A variety of other singly
and doubly hydrogen-bonded, OH-bridged, and H-bridged
dimeric structures were also identified as stationary points on
the PES, although they were all higher in energy than theC2h

structure.
In the present study, geometrical structures and relative

energies of the neutral, achiral,R-amino boronic acid H2N-
CH2-B(OH)2 (boroglycine) dimer were investigated using MP2/
cc methodology. Several derivatives of this acid, including some
isoelectronic and isostructural analogs, have shown promise as
chymotrypsin inhibitors66,67and, more recently, the peptideL-γ-
Gly-L-Leu-(aminomethyl)boronic acid, have 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 antiparasitic drugs.68 From a computational
perspective, dimers of this simpleR-amino boronic acid provide
an opportunity to study the relative importance ofintermolecular
B:N and B:O dative (coordination) bonds as compared to O-H‚
‚‚O and O-H‚‚‚N hydrogen bonds. Because it is well-
established that compounds of the form H2N-CHR-B(OH)2
can undergo a 1,2-carbon-to-nitrogen rearrangement to give the
isomer H2RC-NH-B(OH)2,2,69we also investigated dimers of
methylamine boronic acid, H3C-NH-B(OH)2. To the authors’
knowledge, no previous experimental or computational studies
of R-amino boronic acid dimers have been reported in the
literature. Recently, however, Rogowskaet al.70 presented
structural evidence for strong heterodimeric interactions between
phenylboronic acid (PBA) andL-proline and betaine in the solid
state,71-73 and they supported their conclusions with computa-
tional results; in particular, they reported a dimerization energy
for the zwitterion (H3C)3N+CH2COO- with PBA of -25.5 kcal/
mol in Vacuoat the MP2/6-31+G(d) level.

Although derivatives of boroglycine have intriguing chemical
properties,66-68 most R-amino organoboronic acids of impor-
tance are substantially larger and calculations using MP2
methodology with large cc basis sets are not yet practical; DFT
calculations with Pople-type basis sets are an attractive alterna-
tive, but the reliability of specific functional/basis-set combina-
tions for describing boronic acid chemistry has yet to be
established. Unfortunately, there are indications that the popular
BLYP and B3LYP, as well as the newer OLYP and O3LYP
functionals, have problems predicting the strength of B:N and/
or B:O dative bonds.65,74-79 To address this DFT reliability issue
for the dimerization ofR-amino boronic acids, our MP2 results
using cc basis sets were compared to those obtained with the
BLYP, B3LYP, OLYP, O3LYP, PBE1PBE, and TPSS func-
tionals using the 6-311++G(d,p) basis set; in selected cases
comparisons were also made with the B3LYP and PBE1PBE
functionals using cc basis sets.

Computational Methods

Equilibrium geometries in this article were obtained using
MP254 with the frozen core (FC) option; Dunning-Woon,
correlation-consistent cc-pVDZ, cc-pCVDZ, aug-cc-pVDZ, cc-
pVTZ, and aug-cc-pVTZ basis sets were employed.61-64 When-
ever our computational resources permitted, frequency analyses
were performed analytically or numerically, depending on the
computational efficiency, to confirm that the optimized struc-
tures were local minima on the PES and to correct dimerization
enthalpies and free energies to 298K. Dimer stabilization
energies (SE) were computed using the supermolecule approach,
SE) Edimer - ΣEmonomers, and corrected for basis set superposi-
tion errors (BSSEs) using the counterpoise procedure. Calcula-
tions were performed using GAUSSIAN 03.80 Atomic charges
were obtained from natural population analyses (NPA); wave-
functions were analyzed with the aid of natural bond orbitals.81-85

DFT geometry optimizations were performed with the fol-
lowing functionals: BLYP and B3LYP, which incorporate the
dynamical functional of Lee, Yang, and Parr (LYP),86 coupled
with Becke’s pure DFT exchange functional (B);87 OLYP88 and
O3LYP,89 constructed from the novel OPTX exchange func-
tional; PBE1PBE,90,91 which makes use of the one-parameter
generalized-gradient approximation (GGA) PBE functional92

with a 25% exchange and 75% correlation weighting; and TPSS,
the nonempirical meta-generalized gradient approximation
(MGGA) functional recently developed by Staroverov, Scuseria,
Tao, and Perdew.93 The economical Pople 6-311++G(d,p)59,60

basis set was used for most of the DFT calculations, although
in selected cases comparisons were made with results from a
variety of cc basis sets.

Self-consistent reaction field (SCRF) calculations in aqueous
media were carried out with the IEF polarizable continuum
model (PCM);94-98 such continuum methods have well-known
limitations in describing protic solvents.99,100Calculations using
a conductor-like screening model (COSMO)101-104 were per-
formed using the PQSAb Initio Program Package 3.2;105 we
employed the default settings in the COSMO module in this
software package were tailored for COSMO-RS theory106,107

using the BPV86 functional,i.e., the BP86 functional108,109with
local correlation replaced by VWN110 with the tzvp-Ahlrichs
basis set.111,112

Results and Discussion

H2N-CH2-B(OH)2 and H3C-NH-B(OH)2 Monomers.
There are no experimental geometrical structures of H2N-CH2-
B(OH)2 monomers available in the literature. Indeed, this simple
R-amino boronic acid has been observed only as a TFA or HCl
salt in acidic media.113,114 However, computed geometry-
optimized structures and relative energies of a variety of its
conformers were reported recently at quite high computational
levels.115 In the lowest-energy form of this monomer the N-C-
B-O backbone was nonplanar, the hydroxyl groups were in
the exo-endoorientation, and the structure was stabilized to
some extent by anintramolecular O-H‚‚‚N hydrogen bond. A
number of otherexo-endoconformers, as well as a conformer
in which the hydroxyl groups were in ananti orientation, were
less than 5 kcal/mol higher in energy, whereas conformers in
which the hydroxyl groups were in asynarrangement were more
than 5 kcal/mol higher in energy.

Computational studies also showed that the hydroxyl groups
of the lowest-energy form of the H3C-NH-B(OH)2 monomer
were in theexo-endoorientation, although the C-N-B-O
backbone in this geometrical structure was planar.115 In general,

SCHEME 1
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conformers of H3C-NH-B(OH)2 were significantly lower in
energy than the corresponding conformers of H2N-CH2-
B(OH)2115.

H2N-CH2-B(OH)2 Dimers. A variety of intermolecular
hydrogen-bonding and dative-bonding interactions between two
H2N-CH2-B(OH)2 monomers are possible. An extensive
conformational search of the H2N-CH2-B(OH)2 dimer poten-
tial energy surface (PES) was initially performed at the
economical PBE1PBE/6-311++G(d,p) computational level. Our
experience utilizing the PBE1PBE functional with the 6-311++G-
(d,p) basis set for boronic acid derivatives has been positive; it
provides reasonable geometries and relative energies compared
to those from the more rigorous MP2/aug-cc-pVDZ computa-
tional level;65,74,115-117 nevertheless, some caution must be
exercised in interpreting results at the PBE1PBE/6-311++G-
(d,p) level (Vide infra). Numerous stationary points on the H2N-
CH2-B(OH)2 dimer PES were identified at this DFT level; the
resulting conformers were subsequently re-optimized at various
MP2 computational levels.

Figure 1A shows structures of the lowest-energy local minima
that we found for several distinct classes of H2N-CH2-B(OH)2
dimers; relative energies are listed in Table 1A, and dimerization
energies are given in Table 2A. Cartesian coordinates of selected
H2N-CH2-B(OH)2 dimers at several MP2 computational levels
are given in Table 1S of the Supporting Information.

Although the hydrogen-bonded structural motif shown in
Scheme 1 was the global minimum on the H-B(OH)2 dimer
PESin Vacuoand in the SCRF-PCM representation of aqueous
media,53,65and it is the most fundamental structural motif found
for boronic acids in the solid state,35,36,70preliminary PBE1PBE/
6-311++G(d,p) results strongly indicated that it wasnot the
global minimum on the H2N-CH2-B(OH)2 dimer PES. Nev-
ertheless, we decided to employ the lowest-energy form of the
boroglycine dimer with this motif,1 (Ci) in Figure 1A, as a
baseline from which to compare relative energies of all the
dimers in this investigation. The geometrical structure of the
nearly planar eight-centered ring in1 was similar to that of the
corresponding boronic acid dimer,65 although the length of the
O-H‚‚‚O hydrogen bond was∼0.04 Å shorter at the same
computational levels, indicative of stronger hydrogen bonding.118

Indeed, the calculated dimerization enthalpy of H2N-CH2-
B(OH)2 was -11.3 kcal/mol at the MP2/aug-cc-pVDZ com-
putational level (see Table 2A), compared to-9.2 kcal/mol for
H-B(OH)2. Numerous other local minima in which H2N-
CH2-B(OH)2 monomers were linked by a pair of O-H‚‚‚O
hydrogen bonds and the boron atom coordination was (nearly)
trigonal planar were also locatedsthe hydroxyl groups in these
dimers were in a variety of forms (exo-endo, syn, or anti)s
but they were all∼10 kcal/mol or more higher in energy than
1 at a variety of computational methods.

Several doubly (H)O-bridged conformers of the H2N-CH2-
B(OH)2 dimer, in which both boron atoms are tetracoordinated,
were also optimized. The lowest-energy form we found,2 (Cs)
in Figure 1A, was 14.4 kcal/mol higher in energy than1 at the
MP2/aug-cc-pVDZ level (Table 1A); the corresponding bridged
dimer of H-B(OH)2 was 12.8 kcal/mol above the minimum-
energyC2h form at this level.115 The two distinct bridging B-O
distances in2 are similar in value, 1.58 and 1.61 Å at the MP2/
aug-cc-pVDZ level; the B-O single bond lengths in the H2N-
CH2-B(OH)2 monomer at this level are∼1.38 Å, in good
agreement with typical experimental values,45 and the O:B dative
bond length in the simple heterodimer H2O:BH3 is ∼1.77 Å.119

In addition, the composition of the four boron-oxygen ring
bonding orbitals in2 are all quite similar, indicating considerable

redistribution of electron density upon dimer formation (HOMOs
of 2 and the corresponding monomer are plotted in Figure 1S
of the Supporting Information). This stabilizing electronic
contribution, however, is counteracted by steric issues associated
with the structure of the compact four-centered ring in2, which
distorts the tetrahedral bonding around the boron atoms,e.g.,
the O-B-O angles in the ring are only∼89°. Furthermore,
there is significant electrostatic repulsion in this conformer
between the two highly charged boron atoms (qB ) ∼+1.05e)
which are in quite close proximity, as are the two ring oxygen
atoms (qO ) ∼-0.84e).

Dimers of H2N-CH2-B(OH)2 linked by one or two
O-H‚‚‚N hydrogen bonds were also investigated (see conform-
ers3 (C1) and4 (C2), respectively in Figure 1A); in structure3
the monomers were also bound together by an O-H‚‚‚O
hydrogen bond. Although the boron atoms have (nearly) planar
trigonal coordination in both conformers, the structure of the
nine- and ten-centered hydrogen-bonded rings in3 and4 were
highly nonplanar. These conformers were found to be 1.2 and
3.5 kcal/mollower in energy than the eight-membered doubly
O-H‚‚‚O hydrogen-bonded ring conformer1 at the MP2/
aug-cc-pVDZ level (Table 1A) and, after correction for BSSE
the dimerization energies of1, 3, and4, were all quite similar;
see Table 2A.

Although the role ofintramolecular B:N dative bonding in
the H2N-CH2-B(OH)2 monomer has yet to be established,115

intermolecular B:N dative bonding in the corresponding dimer
proved to be extremely important,e.g., conformers5a (C1) and
5b (C1) involved one tetracoordinated boron atom with a short
boron-nitrogen distance,∼1.66 Å at the MP2/aug-cc-pVDZ
level, and results from NPA analyses were consistent with the
presence of a B:N dative bond; the geometry surrounding the
other boron atom in each of these conformers was (nearly)
trigonal planar. For comparison, we note that the calculated
boron-nitrogen distance in the simple heterodimer H3N:BH3,
∼1.67 Å,119 is nearly the same at this computational level.
(Experimental boron-nitrogen dative-bonded distances range
from ∼1.57 Å in cubic boron nitride120 to ∼2.91 Å, the sum of
the van der Waals radii of boron and nitrogen.121) The calculated
values of the Ho¨pfl index for 5a and 5b, a measure of the
tetrahedral character of the boron atom in these derivatives, are
quite high, 75.8% and 66.5% at the MP2/aug-cc-pVDZ level,122

and both5a and5b are slightlylower in energy than1, e.g., by
3.2 and 6.9 kcal/mol, respectively, at the MP2/aug-cc-pVDZ
level; conformers5a and5b are also bound by O-H‚‚‚O and
O-H‚‚‚N hydrogen bonds, respectively, in seven-centered ring
structures (Figure 1A) and, similar to what we observed for
dimer structures3 and 4, the lower-energy conformer,5b, is
involved the O-H‚‚‚N hydrogen bond.

The global minimum on the H2N-CH2-B(OH)2 dimer PES
was the doubly B:N dative-bonded, six-membered ring, chair
conformer,6 (Ci) (Figure 1A), at all the MP2 computational
levels we employed in this study; the corresponding boat
conformer was∼3 kcal/mol higher in energy at a variety of
levels. Both hydroxyl groups in6 were in the exo-endo
orientation. The calculated boron-nitrogen bond distances in
6 were∼1.65 Å at the MP2/aug-cc-pVDZ level, approximately
0.02 Å shorter than that found in5a, 5b, and H3N:BH3; the
Höpfl index for each of the boron atoms in6 was quite high,
73.1%.122The computed dimerization enthalpy of6, -25.1 kcal/
mol at the MP2/aug-cc-pVDZ level, is extremely high (Table
2); the resulting value after correction for BSSE is much less
negative,-12.7 kcal/mol.

In summary, conformer6 (with two B:N dative bonds) was
7.1 kcal/mollower in energy than5b (with one N:B dative bond
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Figure 1. Optimized structures of (A) H2N-CH2-B(OH)2 and (B) H3C-NH-B(OH)2 dimers. Distances are in Å, and angles are in deg.
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and one O-H‚‚‚N hydrogen bond), 10.5 kcal/mollower in
energy than4 (with two O-H‚‚‚N hydrogen bonds), 10.8 kcal/
mol lower in energy than5a (with one N:B dative bond and
one O-H‚‚‚N hydrogen bond), 12.8 kcal/mollower in energy
than3 (with one O-H‚‚‚O hydrogen bond and one O-H‚‚‚N
hydrogen bond), and 14.0 kcal/mollower in energy than1 (with

two O-H‚‚‚O hydrogen bonds) at the MP2/aug-cc-pVDZ level.
These findings clearly emphasize the important role ofinter-
molecular B:N dative bonds and O-H‚‚‚N hydrogen bonds in
boroglycine dimers in the gas phase;intermolecular B:O dative
and O-H‚‚‚O hydrogen bonds appear to play a lesser role in
these dimers.

TABLE 1: Relative Energies, E (kcal/mol) (Values Thermally Corrected to 298 K in Parentheses), for Various Conformers of
the (A) H2N-CH2-B(OH)2 and (B) H3C-NH-B(OH)2 Dimers at the (DFT) PBE1PBE/6-311++G(d,p) Computational Level
and Several MP2(FC) Levels with Correlation-Consistent Basis Sets

(A) H2N-CH2-B(OH)2 Dimers

dimer

level 1 2 3 4 5a 5b 6

PBE1PBE/6-311++G(d,p) 0.0 (0.0) +20.6 (+19.9) -0.1 (-0.2) -0.4 (-0.7) +3.0 (+3.2) +0.1 (-0.04) -3.8 (-3.6)
MP2(FC)/cc-pVDZ 0.0 (0.0) +17.9 (+17.0) -1.3 (-1.4) -3.1 (-3.2) +0.1 (+0.2) -3.2 (-3.5) -8.0 (-8.0)
MP2(FC)/aug-cc-pVDZ 0.0 (0.0) +14.4 (+13.5) -1.2 (-1.4) -3.5 (-3.7) -3.2 (-3.1) -6.9 (-7.1) -14.0 (-13.8)
MP2(FC)/cc-pVTZ 0.0 +16.2 -1.0 -2.9 -0.8 -4.6 -10.5
MP2(FC)/aug-cc-pVTZ 0.0

(B) H3C-NH-B(OH)2 Dimer

dimer

level 7 8 9a 9b

PBE1PBE/6-311++g(d,p) -34.2(-34.7) -2.5(-4.1) -27.0(-27.7) -27.2(-27.8)
MP2(FC)/cc-pVDZ -34.3(-34.6) -8.3(-9.8) -35.3(-35.9) -35.5(-36.1)
MP2(FC)/aug-cc-pVDZ -34.9(-35.0) -9.5(-10.7) -37.1(-37.6) -36.8(-37.3)
MP2(FC)/cc-pVTZ -37.0 -10.3 -36.7 -36.7
MP2(FC)/aug-cc-pVTZ -37.1

TABLE 2: Dimerization Energies, E (kcal/mol) (Values Corrected for BSSE in Parentheses), for Various Dimers of (A)
H2N-CH2-B(OH)2 and (B) H3C-NH-B(OH)2 at the (DFT) PBE1PBE/6-311++G(d,p) Computational Level and Several
MP2(FC) Levels with Correlatin Consistent Basis Sets

(A) H2N-CH2-B(OH)2 Dimersa

MP2(FC)/

conf
PBE1PBE/

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

1 ∆E -12.1 (-11.3) -14.4 (-9.4) -12.9 (-10.3) -12.8 (-10.8) -12.9
∆H0

298 -10.5 -12.8 -11.3
∆G0

298 -0.1 -2.8 -1.1
3 ∆E -12.2 (-10.9) -15.7 (-7.1) -14.2 (-10.5) -13.8 (-10.3)

∆H0
298 -10.7 -14.2 -12.7

∆G0
298 -0.2 -3.3 -2.0

4 ∆E -12.5 (-10.9) -17.5 (-6.3) -16.4 (-11.4) -15.7 (-10.8)
∆H0

298 -11.2 -16.1 -15.1
∆G0

298 -0.1 -4.8 -3.2
5a ∆E -9.1 (-6.9) -14.3 (-5.8) -16.1 -13.6

∆H0
298 -7.3 -12.7 -14.4

∆G0
298 +5.7 +0.4 -1.2

5b ∆E -12.0 (-9.4) -17.6 (-8.3) -19.9 (-10.8) -17.3
∆H0

298 -10.6 -16.3 -18.5
∆G0

298 +2.4 -3.5 -5.0
6 ∆E -15.9 (-13.4) -22.4 (-12.2) -26.9 (-14.5) -23.4

∆H0
298 -14.1 -20.9 -25.1

∆G0
298 -0.2 -7.1 -10.9

(B) H3C-NH-B(OH)2 Dimersb

MP2(FC)/

conf
PBE1PBE/

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

7 ∆E -10.7 (-9.8) -13.1 (-7.3) -11.5 (-9.0) -11.3 (-9.1) -11.4
∆H0

298 -9.1 -11.5 -9.9
∆G0

298 +0.6 -1.5 -0.3
9a ∆E -3.5 (-0.2) -14.1(-3.6) -13.7 -11.1

∆H0
298 -2.1 -12.8 -12.4

∆G0
298 +13.0 +2.7 +3.2

9b ∆E -3.6 (-0.3) -14.4(-3.6) -13.5 -11.0
∆H0

298 -2.2 -13.0 -12.2
∆G0

298 +12.9 +2.1 +2.9

a In all cases the monomers were taken as the lowest-energy conformer of H2N-CH2-B(OH)2.115 b In all cases the monomers were taken as the
lowest-energy conformer of H3C-NH-B(OH)2.115
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H3C-NH-B(OH)2 Dimers. As noted previously, com-
pounds of the form H2N-CHR-B(OH)2 can undergo a 1,2-
carbon-to-nitrogen (Matteson) rearrangement to give the con-
stitutional isomerH2RC-NH-B(OH)2.2Thus,wealsoinvestigated
dimers of methylamine boronic acid, H3C-NH-B(OH)2.
Structures of the lowest-energy local minima that we found for
several distinct classes of H3C-NH-B(OH)2 dimers are shown
in Figure 1B, relative energies are listed in Table 1B, and
dimerization energies are given in Table 2B. It is important to
emphasize that the energies of these methylamine boronic acid
dimers are significantlylower than their boroglycine analogs,
in accord with the corresponding results for the monomers.115

The lowest-energy conformer,7 (C2), of the H3C-NH-
B(OH)2 dimer that was found in the initial PBE1PBE/6-
311++G(d,p) exploration of the PES had the classic, eight-
centered, doubly O-H‚‚‚O hydrogen-bonded ring structure; at
the MP2/aug-cc-pVDZ computational level7 was 34.9lower
in energy than the corresponding conformer1 of the H2N-
CH2-B(OH)2 dimer and 20.9 kcal/mollower in energy than
the doubly dative-bonded conformer6; see Table 1B. The length
of the O-H‚‚‚O hydrogen bonds in7, however, were actually
∼0.25 Å longer than in 1, and this structural feature was
reflected in the corresponding dimerization enthalpies;e.g., the
value of∆H0

298 for 7 was-9.9 kcal/mol at the MP2/aug-cc-
pVDZ level compared to-11.3 kcal/mol for1. Thus, the large
energy separation between the homologous dimers1 and7 is
predominantly a result of the large energy difference between
the corresponding monomers115 rather than a result of stronger
hydrogen bonding. Several other local minima on the H3C-
NH-B(OH)2 dimer PES with two O-H‚‚‚O hydrogen bonds
or with one O-H‚‚‚O hydrogen bond and one O-H‚‚‚N
hydrogen bond were also located, but these conformers were
higher in energy than7 at a variety of computational levels.
Contrary to what we observed for conformer1, some geo-
metrical details of the computed structure of dimer7 were quite
sensitive to the inclusion of diffuse functions;i.e., at the MP2/
aug-cc-pVDZ level, the eight-centered ring in7 was nearly
planar, whereas at the MP2/cc-pVDZ and MP2/cc-pVTZ levels,
it was significantly nonplanar.

The structure of the four-centered (-B-O-B-O-) ring in
the (H)O-bridged conformer8 (Cs) of the H3C-NH-B(OH)2
dimer was similar to that in the analogous conformer2 of the
H2N-CH2-B(OH)2 dimer (Figure 1B), as was the composition
of the NPA ring B-O bonding orbitals. Interestingly, however,
8 was only 23.9 kcal/mollower in energy than2, whereas7
was 34.9 kcal/mollower in energy than1 at the MP2/aug-cc-
pVDZ level. The additional destabilization of8 was in part
caused by an increase in electrostatic repulsion between the
boron atoms which were found to be∼0.1emorepositive in8
than in2. It should be mentioned, however, that conformer8 is
still lower in energy than any of the H2N-CH2-B(OH)2 dimer
conformers we located, except the doubly B:N dative-bonded
conformer6; see Table 1.

The doubly nitrogen-bridged structures9a (C1) and9b (C1)
shown in Figure 1B, were∼7 kcal/molhigher in energy than
conformer7 at the PBE1PBE/6-311++G(d,p) level we em-
ployed in the initial survey of the H3C-NH-B(OH)2 dimer
PES, but these novel geometrical structures proved to be∼2
kcal/mol lower in energy than7 at the MP2/aug-cc-pVDZ level
(Table 1B) and appear to be the global minima on the H3C-
NH-B(OH)2 PES at this level. The boron-nitrogen distances
in the four-centered rings in9a and 9b vary from ∼1.61 to
∼1.65 Å at the MP2/aug-cc-pVDZ level and are as much as
0.04 Å shorter than the corresponding distance in the six-

centered ring in the dative-bonded conformer6. For comparison,
the B-N single-bond distances in conformer7 were∼1.42 Å
at the MP2/aug-cc-pVDZ level and the B:N dative bond distance
in H3N:BH3 was 1.67 Å. Thus, despite significant steric issues,
e.g., the N-B-N bond angle in the ring is∼90° at this level,
and substantial electrostatic repulsion between the two boron
atoms (+1.15e) and between the two nitrogen atoms (-0.86e)
in the ring, these structures are the lowest-energy forms we
found on the H3C-NH-B(OH)2 dimer PES.

PCM and COSMO-RS Calculations in Aqueous Media.
Keeping in mind that PCM-SCRF calculations in protic media
have some well-established limitations,99,100we re-optimized the
gas-phase conformers1-6 of the H2N-CH2-B(OH)2 dimers
and7-9 of the H3C-NH-B(OH)2 dimers using the IEF-PCM
SCRF representation of aqueous media at the PBE1PBE/6-
311++G(d,p) level.123 The dative-bonded conformer6 in this
simple model was lower in energy than conformers1-5, similar
to what we observedin Vacuo, although the energy separations
were often accentuated,e.g., 6 was 6.3 kcal/mol lower in energy
than4 in aqueous media, compared to only 3.4 kcal/mol in the
gas phase. The homologous, doubly hydrogen-bonded form of
the H3C-NH-B(OH)2 dimer, 7, was 25.8 kcal/mol lower in
energy than6 in (PCM) aqueous media compared to 30.4 kcal/
mol in Vacuo.

Concerns about the reliability of the PCM PBE1PBE/6-
311++G(d,p) calculations in aqueous media123 led us to
consider COSMO-RS model calculations;106,107such calculations
tend to be more reliable for high-dielectric media such as water.
The BPV86/tzvp-Ahlrichs computational level108,109,111,112was
employed using the PQSAb Initio Program Package 3.2.105 At
this level the dative-bonded conformer6 was predicted to be
the lowest in energy of the H2N-CH2-B(OH)2 dimers, 5.9 kcal/
mol lower in energy than1 (Table 2S); in the gas phase6 was
2.1 kcal/molhigher in energy than1 at this level, in accord
with results from a variety of other DFT methods (Vide infra),
but in stark contrast to MP2 results; see Table 1. At this
COSMO-RT computational level the lowest-energy form of the
H3C-NH-B(OH)2 dimer was7, 35.3 kcal/mol lower in energy
than1 compared to only 32.7 kcal/molin Vacuo.

Thus, although predicted structural and relative energies of
the H2N-CH2-B(OH)2 and H3C-NH-B(OH)2 dimers in
aqueous media depend to some extent on the computational
model employed for the water continuum, it appears that the
relative importance of B:N dative-bonded conformers is greater
in solution than it isin Vacuo.

DFT WersusMP2 Comparison. In Table 3 we list relative
energies of conformers1-6 of the H2N-CH2-B(OH)2 dimers
and7-10 of the H3C-NH-B(OH)2 dimersin Vacuousing the
TPSS, B3LYP, BLYP, O3LYP, OLYP, and PBE1PBE func-
tionals with the Pople 6-311++G(d,p) basis set; the corre-
sponding BVP86/tzvp-Alhrichs energies are listed in Table 2S.
In comparing these DFT results with the MP2 results in Table
1 there are certainly a number of encouraging points. For
example, the large MP2 energy difference between the dimers
H2N-CH2-B(OH)2 (1) and H3C-NH-B(OH)2 (7), both of
which have the classic eight-centered hydrogen-bonded ring
structure, was quite well reproduced at all the DFT/6-311++G-
(d,p) levels. In addition, DFT/6-311++G(d,p) level relative
energies of the O-H‚‚‚O and O-H‚‚‚N hydrogen-bonded
dimers1, 3, and4, are generally in good agreement with the
corresponding MP2 results. The high MP2 energies of the (H)O-
bridged dimers2 and8, relative to the double hydrogen-bonded
conformers1 and7, respectively, were also predicted at all the
DFT/6-311++G(d,p) levels, although the magnitude of the
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energy separation was consistently overestimated, particularly
using the BLYP, B3LYP, OLYP, and O3LYP functionals,
suggesting that calculations at these levels underestimate the
strength of boron-oxygen dative interactions. This remains true
even with better basis sets,e.g., at the B3LYP/cc-pVDZ,
B3LYP/aug-cc-pVDZ, and B3LYP/cc-pVTZ levels, the energies
of 2 are 25.2, 24.9, and 26.3 kcal/mol higher in energy than1
(Table 2S), some 10 kcal/mol greater than that found at the
corresponding MP2 levels (Table 1A), suggesting some defi-
ciency with the B3LYP functional rather than the basis set.

The most serious problem with the DFT/6-311++G(d,p)
calculations concerns the relative energies of conformers that
involve B:N. For example, the BLYP, B3LYP, OLYP, and
O3LYP functionals with the 6-311++G(d,p) basis set find
conformer 6 to be 4-9 kcal/mol higher in energy than1,
whereas MP2 calculations with several different correlation-
consistent basis sets find6 to be 8-14 kcal/mollower in energy
than1. To identify the origin of this discrepancy, we note that
at the MP2/6-311++G(d,p) level, conformer6 is 11.1 kcal/
mol lower in energy than1, whereas at the B3LYP/cc-pVDZ,
B3LYP/aug-cc-pVDZ, and B3LYP/cc-pVTZ levels6 is 3.3, 1.9,
and 4.8 kcal/mol, respectively,higher in energy than1. Thus,
it appears that the BLYP, B3LYP, OLYP, and O3LYP func-
tionals, independent of the basis set, seriously underestimate
the strength of boron-nitrogen dative bonds compared to the
corresponding MP2 results. It is important to note that the TPSS
and PBE1PBE functionals with the 6-311++G(d,p) basis set
perform much better in this regard,e.g., 6 is predicted to be
0.7 and 3.8 kcal/mol, respectively,lower in energy than1; see
Table 3. Furthermore, using the PBE1PBE functional with the
cc-pVTZ basis set, conformer6 is ∼3 kcal/mollower in energy
than1.

We also calculated the energy difference between conformers
1 and6 of the H2N-CH2-B(OH)2 dimers using the progression
of pure SVWN5(LDA), PBE, and TPSS functionals to assess
the effect of climbing “Jacob’s Ladder” in describing B:N dative
bonds at this level.124 The calculated energy differences were
-9.0,-0.04, and-0.7 kcal/mol with the 6-311++G(d,p) basis
set and-10.9,-2.1, and-2.7 kcal/mol with the aug-cc-pVDZ
basis set. Although the SVWN5/6-311++G(d,p) energy results
are in surprisingly good agreement with the corresponding MP2
calculations using correlation-consistent basis sets, calculated
geometries at this level are not particularly good. The PBE and

TPSS results show significant improvement in the calculated
geometries and the energy difference improves slightly in going
from PBE to TPSS.

Concluding Remarks

Boronic acids are widely used in materials science and
pharmacology, as well as in the synthesis of biologically active
compounds. One of the drawbacks of using these acids,
however, is the structural ambiguity associated with them,e.g.,
under anhydrous conditions, boronic acids dimerize (and/or
trimerize) to form anhydrides and boroxines.125 In this Article,
geometrical structures and relative energies of various conform-
ers of H2N-CH2-B(OH)2 and H3C-NH-B(OH)2 dimers were
computed using MP2 methodology with correlation-consistent
basis sets and using DFT with the economical 6-311++G(d,p)
basis set.

The lowest-energy conformer of the H2N-CH2-B(OH)2
dimer using MP2 methodolgy with several correlation-consistent
basis sets was the doubly dative-bonded six-membered ring
structure,6, which was 14.0 kcal/mollower in energy than the
classic doubly H-O‚‚‚H hydrogen-bonded eight-centered ring
structure,1, at the MP2/aug-cc-pVDZ computational level;
furthermore, conformer6 was 7.1 kcal/mollower in energy than
5b (one N:B bond; one O-H‚‚‚N bond), 10.5 kcal/mollower
in energy than4 (two O-H‚‚‚N bonds), 10.8 kcal/mollower
in energy than5a (one N:B bond; one O-H‚‚‚N bond), and
12.8 kcal/mollower in energy than3 (one O-H‚‚‚O bond; one
O-H‚‚‚N bond). These findings emphasize the role ofinter-
molecular B:N dative and O-H‚‚‚N hydrogen bonding for
boroglycine dimers in the gas phase. The dimerization enthalpy
of the classic doubly H-O‚‚‚H hydrogen-bonded eight-centered
ring structures of H2N-CH2-B(OH)2, -11.3 kcal/mol at the
MP2/aug-cc-pVDZ computational level, was nearly 3 kcal/mol
more negative than the corresponding value for H-B(OH)2,
-8.6 kcal/mol.

Compounds of the form H2N-CHR-B(OH)2 can also
undergo a 1,2-carbon-to-nitrogen rearrangement of the-B(OH)2
moiety to give the isomeric structure H2RC-NH-B(OH)2.2,69

Calculations at several MP2 and DFT levels clearly demon-
strated that various H3C-NH-B(OH)2 dimers were substan-

TABLE 3: Relative Energies (kcal/mol) (Values Thermally Corrected to 298 K in Parentheses), for Various Dimers of (A)
H2N-CH2-B(OH)2 and (B) H3C-NH-B(OH)2 Using the TPSS, B3LYP, BLYP, O3LYP, OLYP, and PBE1PBE Functionals
with the 6-311++G(d,p) Basis Set

(A) H2N-CH2-B(OH)2 Dimers

dimer

functional 1 2 3 4 5a 5b 6

TPSSTPSS 0.0 (0.0) +20.9 (+20.2) -0.2 (-0.3) -0.3 (-0.5) +4.6 (+4.7) +1.8 (+1.6) -0.7 (-0.6)
B3LYP 0.0 (0.0) +27.1 (+26.2) -0.1 (-0.1) -0.1 (-0.4) +7.3 (+7.5) +4.8 (+4.6) +4.5 (+4.6)
BLYP 0.0 (0.0) +29.6 (+28.7) -0.2 (-0.3) -0.4 (-0.7) +9.1 (+9.2) +6.5 (+6.2) +8.6 (+8.7)
O3LYP 0.0 (0.0) +25.6 (+24.9) -0.1 (-0.2) -0.1 (-0.3) +8.0 (+8.3) +5.8 (+5.7) +5.2 (+5.5)
OLYP 0.0 (0.0) +26.7 (+26.0) -0.2 (-0.3) -0.2 (-0.4) +9.2 (+9.4) +6.9 (+6.7) +7.4 (+7.7)
PBE1PBE 0.0 (0.0) +20.5 (+19.7) -0.1 (-0.2) -0.4 (-0.7) +3.0 (+3.2) +0.1 (-0.04) -3.8 (-3.6)

(B) H3C-NH-B(OH)2 Dimers

dimer

functional 7 8 9a 9b

TPSSTPSS -35.7 (-35.8) -4.0 (-5.3) -26.3 (-26.8) -26.6 (-26.9)
B3LYP -36.4 (-36.9) +2.2 (+0.6) -19.8 (-20.5) -20.0 (-20.6)
BLYP -34.9 (-35.1) +5.5 (+4.1) -15.1 (-15.8) -15.3 (-15.9)
O3LYP -34.8 (-35.3) +2.1 (+0.6) -19.7 (-20.3) -20.1 (-20.6)
OLYP -33.7 (-34.1) +3.9 (+2.4) -17.3 (-17.8) -17.7 (-18.2)
PBE1PBE -34.2 (-34.7) -2.5 (-4.1) -27.0 (-27.7) -27.2 (-27.8)
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tially lower in energy than the corresponding H2N-CH2-
B(OH)2 dimers,e.g., the doubly hydrogen-bonded conformer,
7, of H3C-NH-B(OH)2 was ∼35 kcal/mol lower in energy
than the corresponding doubly hydrogen-bonded conformer,1,
of H2N-CH2-B(OH)2. Interestingly, both of the novel doubly
nitrogen-bridged structures,9a and9b, were slightly lower in
energy than the doubly hydrogen-bonded structure7; see Table
1.

PCM (PBE1PBE/6-311++G(d,p)) and COSMO-RS (BPV86/
tzvp-Ahlrichs) calculations in aqueous media predict that dative-
bonded conformers are lower in energy than hydrogen-bonded
conformers compared to the corresponding resultsin Vacuo.

DFT/6-311++G(d,p) calculations do well in predicting the
relative energies of O-H‚‚‚O and O-H‚‚‚N hydrogen-bonded
dimers but underestimate the strength of boron-oxygen and
boron-nitrogen dative interactions. For calculations on large
R-amino boronic acids, where MP2 calculations with a large
correlation-consistent basis set are not yet possible, the PBE1PBE
functional with the Pople 6-311++G(d,p) basis set appears to
be a viable alternative.
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