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In this article the geometrical structure of the simple, achimaBmino boronic acid boroglycine, ;N—
CH,—B(OH),, was investigated using density functional theory (DFT), second-order Mdllesset (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 borogly¢ne (H
HoN—CH,—B(OH), — B(OH); + H,N—CHs), for which AHSg was —21.9 kcal/mol at the MP2(FC)/aug-
cc-pVDZ level, and for the 1,2-carbon-to-nitrogen shift of thB(OH), moiety (H-N—CH,—B(OH), — H3;C—
NH—B(OH),), for which the corresponding value &fH3,; was—18.2 kcal/mol. A boror-oxygen double-
bonded intermediate was found to play an important role in the 1,2-rearrangement mechanism.

Introduction acid substrates, with increased specifiéity’® In fact, Bort-

) ) ) ezomib (formerly known as PS-341, and marketed as Velcade)
Although boronic acids (RB(OH),) are not found in nature, 5 4 novel dipeptidy! boronic acid inhibitor of the S26 protea-

they have emerged as an important class of compounds iNgome that was recently approved by the FDA for the treatment

chemistry, medicine, and material scieficéwith applications ¢ patients with relapsed multiple myeloma where the disease
as sensors for recognizing 1,2- and 1,3-dtol& affinity ligands is refractory to conventional therapi#s26

in chromatographic protocolg; 17 inhibitors in serine proteases . o . . o
W . > Despite the rapidly increasing useafamino boronic acids,
and -lactamase’®~20 agents in neutron capture therapy: is of thei ical -
bioconjugated? transmembrane transportéfs?’ drugs that many details of their geometrical structure, reactivity, and
’ X thermochemistry are not well understobt:*¢In the present

target the human immunodeficiency virus (HI%¥)substrates : .
for immobilization of proteing® and submicron scale devicBs® article, we report our results from a computational study of the
' ) simple, achiralpi-amino boronic acid boroglycine,,N—CH,—

Moreovgr, their unique propertles as mild organic LeWIS. acids, B(OH),. Several derivatives of this acid, including some
and their ease of handling, have made them an attractive Classlsoelectronic and isostructural analogs, have shown promise as
of synthetic intermediate®,and they have been widely used chvmotrvosin inhibitord349and more ?e(’:entl the pe tl?d i

in Suzuki cross coupling reactioAdiels—Alder reactions? ymotryp ! y the peptidey

asymmetric synthesis of amino acifsselective reduction of Gly-L-Leu-aminomethyl boronic acid has been shown to be a
aldehydes? and carboxylic acid activatio#: stronger inhibitor of glutathionyl spermidine synthetase than the

| ¢ . id i ¢ phosphonic acid analog, making it an attractive target for the
Boron analogs of amino acids present a wide array o design of anti-parasitic drugs.

structural diversity and they have served effectively as building
blocks in combinatorial chemistry and drug discové&hguch
o-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

In 1981, Matteson et al. were the first to report thaamino
boronic acids and esters deboronate spontaneously in protic
solvents (protodeboronation) over a period of a few héurs.
Subsequently, it was established that boronic acids and esters,
bearing a tertiary amino group in tleposition, do not undergo
this type of deboronatio?%>3and that salts and acyl derivatives
of amino boronic acids are stable indefinitéh?*55Indeed, the
simple a-amino boronic acid, IN—CH,—B(OH),, has been
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and esters involves a 1,2-carbon-to-nitrogen migration of the geometrical parameters calculated at several, more-rigorous
—B(OH), moiety initiated by a nucleophilic attack of the computational levels.

proximal amino group on the boron atdff:>2 545759 Although The hydroxyl groups of the lowest-energy, geometry-
1,2-rearrangements are well-established in organic chemistry,optimized form of HN—CH,—B(OH),, 1a, are in the so-called
e.g., Wagner-Meerwein, pinacol-pinacolone, Hoffmann, Wulff, exo-endo orientation (see Figure 1%)%2-9 an intramolecular
etC.,SO_64 to date there have been no Computational studies N-+--H—OB hydrogen bond is also present in this nonp|anar
reported in the literature ou-aminoalkylboronic acids that conformer (’OBCN was approximate|y—166°), a|though the
elucidate mechanistic aspects involved in the 1,2-shift of the N--+H distance was calculated to be greater than 2 A. Computed
—B(OH). moiety. In this article several neutral reaction mech- infrared vibrational frequencies dfa are listed in Table 1S of
anisms for the protodeboronation opM-CH,—B(OH). that the Supporting Information. The calculated-B distance in
yields B(OH} and HN—CHs, and for the 1,2-carbon-to- 15 ~1.59 A, is in good agreement with the observed ®
nitrogen shift of the-B(OH), moiety that yields methylamine  distance of 1.588 A in the crystal structure of 2-nitro-4-
boronic acid, HC—NH—B(OH),, are compared at a variety of  carhoxyphenyl boronic acid; theB(OH), moiety in this crystal

computational levels. structure was nearly perpendicular to the phenyl ring, which
) minimized the bond-shortening effects of conjugafiéfGeo-
Computational Methods metrical structures of several additional local minima on the
Equilibrium geometries in this article were obtained using H2N—CH;—B(OH), PES are also shown in Figure 1A; they
second-order MgllerPlesset perturbation theory (MP2pnd are all higher in energy (see Table 1A). For comparison, we

coupled cluster calculations with single- and double-excitations note that the anti form2a, is less than 3 kcal/mol higher in
(CCSD)-6the frozen core (FC) approximation was employed €nergy tharia whereas the syn forn3a, is greater than 6 kcal/
in all cases. The Pople 6-31G(d), 6-8G(d) and 6-31%+ mol higher in energy. Relative energies of confornier8 using
G(d,pY°hasis sets, as well as the Dunning-Woon cc-pvDz, MP2 and CCSD methodology with the cc-pVDZ basis set
cc-pCVDZ, aug-cc-pVDZ, cc-pVTZ, and aug-cc-pVTZ cor- €xhibited a similar trend.

relation-consistent basis séfs/®> were used in the calculations. In the (IEF-PCM) reaction field of water conforméa is
Frequency analyses were performed analytically to confirm that also the lowest-energy conformer, 24 is only 0.3 and 0.2
the optimized structures were local minima on the potential kcal/mol higher in energy at the PBE1PBE/6-31G(d,p) and
energy surface (PES) and to correct reaction energies to 298MP2/cc-pVDZ levels respectively, significantly less than the
K. All calculations were performed using the GAUSSIAN 03 corresponding values in vacuo; this finding is consistent with

suite of programg® the higher calculated dipole moment2d, 4.28 D, compared
For comparison, DFT geometry optimizations were performed to that of1a, 1.77 D, at the PBE1PBE/6-331G(d,p) level.
with the PBE1PBE functiondl,"® which makes use of the one- The transition state for the conversion of the exo-endo

parameter GGA PBE functiondlwith a 25% eXChange and conformerla of HZN—CHZ—B(OH)2 to the anti conformePRa
75% correlation weighting. Our experience with this functional via rotation about a BO bond was relatively high in energy,
for a variety of boronic acids and esters has been that it givese g., 10.6 and 11.2 kcal/mol at the PBE1PBE/6-8315(d,p)
results in reasonable agreement with those from second-ordefand MP2/cc-pVDZ levels respectively. The origin of this barrier
Mgller—Plesset perturbation theory, provided that comparable js a result of the interaction of the lone pairs on the oxygen
basis sets are employét>#? Since MP2 and CCSD calcula-  atoms with the empty jorbital on the tri-coordinated boron
tions on largeri-amino boronic acids are not yet practical with  atom in1a, which confers partial double bond character to the
high-quality basis sets, it is important to establish the reliability B—0 linkage! Indeed, the length of the BO bond inla
of specific functionals that can be employed for investigations jnvolved in the rotation increases by0.03 A in the transition
of these increasingly important molecules. _ state. On the other hand, the barrier for the interconversion of
To assess the effects of an aqueous environment, wethe two exo-endo conformefisa and 1b by rotation about the
performed self-consistent reaction field (SCRF) calculations B—¢ single bond was much lower, 5.6 and 5.7 kcal/mol at these

using the IEF Polarizable Continuum Model (PCf1f’ as levels; the B-C bond length does not change significantly
implemented in GAUSSIAN 03¢ continuum solvent models during the rotation.

such as IEF-PCM are an attractive alternative to explicit solvent
approaches because they require less computational &ffort.
These calculations were performed at the PBE1PBE/6F311
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 caus
instabil_ities in the calcu_lz_atio_?ﬁ Si_nce such PCM calc_ulations 15.9 kcal/mol lower in energy in vacuo and in (PCM) aqueous
do not mcorpor;alte spe_cmc d|rect|ona}I aspects of protic solvents media, respectively, than the corresponding acyclic conformer
suph as watet®: a variety of calculations were also performed at the PBE1PBE/6-31-+G(d,p) level’ Furthermore, this type
using a few explicit water molecules. of cyclic conformer is also a local minimum on the PES of the
borinic acid analog, tN—CH,—BH(OH), although in this case
it is 7.6 and 4.2 kcal/mol higher in energy than a conformer
Geometrical Structure of Boroglycine, HhN—CH,—B- similar in structure td.a.®” These results prompted us to search
(OH),. Since no experimental data are currently available on further for stable cyclic conformers of)N—CH,—B(OH), in
the geometrical structures of,N—CH,—B(OH),, its salts, or the presence of a few explicit water molecules. Interestingly,
acyl derivatives, we initially performed an extensive confor- calculations on 3-centered, dative-bonde®(-C—N—) ring
mational search of this molecule at the economical PBE1PBE/ conformers of HN—CH,—B(OH),, that included as many as
6-311++G(d,p) level; various lower-energy conformers located six hydrogen-bonded water molecules, proved to be local
during this search are shown in Figure 1A, along with selected minima at the PBE1PBE/6-3%1G(d,p) level (see Figure 1S).

Despite repeated attempts, no local minimum on the PES that
involved a 3-centered, dative-bonde€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 compourgy-HCH,—BH,,
€ does involve a 3-centeredB—C—N—) ring and it is 12.9 and

Results and Discussion
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A. PBEIPBE/6311++G(dp)2.122 t
MP2/cc-pVDZ 2.054 360 -f);%°
MP2/aug-cc-pVDZ 2179 b 16570
MP2/cc-pVIZ 2108 1371 o2
MP2/aug-cc-pVTZ 2.147 i gzg :166 7o
CCSD/cc-pVDZ 2.120 1369 -166.9°
-165.3°
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4_120.5°
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@
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Figure 1. Optimized structures of (A) BN—CH,—B(OH), and (B) HHC—NH—B(OH),. Distances are in A and angles are in deg.

Although additional calculations will be required to unambigu- thus, we investigated the geometrical structure of methylamine
ously establish the role of such cyclic conformers in bulk water, boronic acid, HC—NH—B(OH),. A selection of lower-energy
it appears that an intramolecular nucleophilic attack of the amino conformers of this N-boryl amine are shown in Figure 1B and
group on the boron atom indN—CH,—B(OH), is more likely their relative energies are listed in Table 1B. The lowest-energy
in aqueous media than it is vacua form of H3C—NH—B(OH),, 4a, had the hydroxyl groups in the
Geometrical Structure of Methylamine Boronic Acid, exo-endo arrangement, similar to that found in the lowest-energy
H3C—NH—B(OH),. As noted above, compounds of the form conformer of the isomer #N—CH,—B(OH),; conformer4b,
HN—CHR—B(OH), may undergo a 1,2-carbon-to-nitrogen which involves a rotation about the-BN bond in 4a, was
rearrangement to give the homologRC—NH—B(OH),;1:54.58.59 consistently found to be less than 0.5 kcal/mol higher in energy
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TABLE 1: Relative Energies, E (kcal/mol) (Thermally Corrected Values to 298 K in Parentheses) of Various Conformers of (A)
H,N—CH,—B(OH); and (B) H;C—NH—B(OH), at Several DFT, MP2, and CCSD Computational Levels

MP2(FC)//

PBE1PBE// CCSD(FC)/I
conf. 6-311++G(d,p) cc-pvDz aug-cc-pvDZ cc-pvVTZ aug-cc-pVvTZ cc-pvDzZ
(A) HoN—CH,—B(OH),
exo-endo
la 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 45
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),
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) 35 3.4 3.4 3.9
syn
6a 1.8(1L.7) 1.8 (1.7) 15 1.6 1.4
than4a. The transition state for the rotation about the-'8 levels; the importance of including diffuse functions in the basis

bond in4ato give 4b is relatively high, 12.3, 10.6, and 12.0 set to accurately describe the bonding changes inherent in
kcal/mol at the PBE1PBE/6-3%H-G(d,p), MP2/cc-pVDZ, and reaction (1) is clearly evident from these results. In the (PCM)
MP2/aug-cc-pVDZ levels respectively, a result of conjugation reaction field of water, the computed value &HSyg for this
between the nitrogen lone pair and the empty orbitadmpthe hydrolysis,—22.5 kcal/mol at the PBE1PBE/6-31#G(d,p)
boron atom which confers partial double bond character to the level, is comparable to that found in vacuo. In general, these
B—N linkage! Calculated infrared vibrational frequencies for computational results are in qualitative agreement with the
4a are listed in Table 1S of the Supporting Information. In available experimental observatiori® In large part, the
contrast to what we observed fopN—CH,—B(OH),, the syn thermodynamic favorability of reaction (1) is a reflection of
form, 6a, of HsSC—NH—B(OH), was lower in energy than the  the difference in the strength of the-® bond in the product,
anti form, 5a, presumably a result of adverse steric factors in ~124 kcal/mol, compared to of the strength of the ® bond
the anti form. It must be emphasized that all of the&HNH— in the reactant;~77 kcal/mol®8
B(OH), conformersi—6 were significantly lower in energy than Although no experimental thermodynamic data are available
the FpN—CH,—B(OH), constitutional isomer$—3, e.9.4awas  or reaction 1, the enthalpy for the corresponding hydrolysis
17.8, 19.3, 19.2, 19.3, and 17.8 kcal/mol lower in energy than reaction of methylboronic acid,48—B(OH),, has been reported
la at the MP2/cc-pVDZ, MP2/aug-cc-pVDZ, MP2/cc-pVTZ, 1 he—26 .8 kcalimol, based on published heat-of-formation data
chzii) arlrjgsg(c:)nder;rgzv;Ingscilcs:lﬁnggpﬁ)g/gi;?)\g?slli sr:tssp:tcttr:\(/aelelllgz t 298 K58 To assess the reliability of the computational levels
' mployed in this investigation, calculated thermodynamic data
6-31G(d), MP2/6-31G(d), and MP2/6-31++G(d,p) levels are ¢, 40"y drolysis of HC—B(OH), are listed in Table 3. Clearly,

196, 19'7.’ and 18.2 _kcal/mol_, In reasonable agreement with the computed reaction enthalpies in vacuo are in good agreement
resuIFs using correlation-consistent basis sets. In the (PCM), those estimated from experimental thermochemical data.
reaction f'EI.d of water, conformetaof HsC—NH~B(OH), was A comparison of the corresponding calculated reaction enthal-
still lowest in energy, and it was 18.2 and 18.3 kcal/mol lower pies in Tables 2A and 3 shows that the presence of a basic

in energy than conformeta of H,N—CH,—B(OH), at the - . . - .
primary amine group in the-position plays a rather minor role
PBE1PBE/6-311 +G(d,p) and MP2/cc-pVDZ levels respec- in the thermodynamics for this type of hydrolysis.

tively, similar to the corresponding values in the gas phase. o i .
Protodeboronation of H.N—CH,—B(OH)». In general, there Transition state?q for the dlrgct pr_otodeboron_atl_on obN—
is a paucity of experimental thermochemical data available in €H2~B(OH)> (1a) is shown in Figure 2A; it involves a
4-centered ring in which the BC distance increased by0.2

the literature for the hydrolysis ai-aminoalkylboronic acids A _ .
and, to the author’s knowledge, there have been no reports of” from its value inla The rather compact geometry of the

quantum chemical investigations for this process. In this section "9 1N 7ais reflected in a relatively high activation barrier:
we present calculated thermodynamic/kinetic data relevant to AH” 1S 36.1, 33.7, 37.0, and 34.6 kcal/mol relative to the
the protodeboronation of #M—CH,—B(OH),. separated reactants at the PBE1PBE/6+31G(d,p), MP2/cc-
Thermodynamic parameters for the hydrolysis reaction: pVDZ, MP2/aug-cc-pVDZ, and MP2/cc-pVTZ levels, respec-
tively (see Table 2A); the corresponding valuesAdi* using
H,O + H,N—CH,—B(OH), — B(OH), + H,N—CH; (1) MP2 methodology with the 6-31G(d), 6-835(d), and 6-31%+
G(d,p) basis sets are similar, 37.5, 39.5, and 38.4 kcal/mol.
are listed at several computational levels in Table 2A. This Correction for BSSE using the counterpoise procedure raises
process is predicted to be significantly exothermic in the gas the computed activation barrier further, e.g., by 2.2 and 6.8 kcal/
phase, e.g., for conformdra, the values oiAHSy; are —24.2, mol at the PBE1PBE/6-311+G(d,p) and MP2/aug-cc-pVDZ
—27.2,—21.9, and—26.3 kcal/mol at the PBE1PBE/6-3t# levels, respectively. Comparing Tables 2A and 3, it is clear that
G(d,p), MP2/cc-pVDZ, MP2/aug-cc-pVDZ, and MP2/cc-pVTZ the presence of a primary amino group increases the activation
levels, respectively, aneé30.1,—27.4, and—24.0 kcal/mol at barrier for the protodeboronation by onky1—2 kcal/mol
the MP2/6-31G(d), MP2/6-3&G(d), and MP2/6-311+G(d,p) relative to the corresponding values fogG+B(OH),. The
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TABLE 2: Thermodynamic and Kinetic Parameters (kcal/mol) for the Hydrolysis of (A)2 H,N—CH,—B(OH), and (B)°
HsC—NH—B(OH),

PBELPBE// MP2(FC)/
6-311++G(d,p) cc-pvVDZ aug-cc-pvDZ cc-pvVTZ
(A) HoN—CH,—B(O H),
H,O + 1la— H,N—CHs + B(OH)3
AE —24.8 -27.9 —22.7 —27.0
AH3gg —24.2 —27.2 -219 —26.3
AG5qg —25.4 —28.5 —23.0 —27.4
H.O + 1a— TS(7a) (4-centered ring)
AE¥ +38.3 +35.8 +39.2 +36.8
AH* +36.1 +33.7 +37.0 +34.6
AG* +46.9 +44.1 +47.8 +45.3
H.O + 1b— TS (4-centered ring)
AEF +33.3 +31.0 +34.8
AH* +31.4 +29.0 +32.8
AG +42.9 +40.4 +44.2
H.O + 2a— TS (4-centered ring)
AEF +36.4 +33.9
AH* +34.3 +31.9
AG* +45.6 +43.2
2H,0 + la— TS(7a) (6-centered ring)
AEF +27.1 +19.3 +28.3
AH¥ +26.8 +19.3 +27.8
AG* +49.1 +41.8 +49.9
(B) HsC—NH—B(OH),
Hzo + 4a— HzN*CHg + B(OH)g
AE —6.9 —10.2 —-4.5 -7.7
AH;QB —6.2 —9.2 —3.7 —-6.9
AG3gq —6.6 -9.5 —4.0 -7.3
H.O + 4a— TS(7b) (4-centered ring)
AE¥ +18.1 +12.7 +18.0 +16.0
AH* +16.6 +11.3 +16.4 +14.8
AGF +28.0 +22.9 +28.0 +26.0
H.O + 4b — TS(4-centered ring)
AE? +17.5 +12.0
AH* +16.5 +10.6
AGH +28.1 +23.3
2H,0 + 4a— TS(7b) (6-centered ring)
AEF —-2.1 —-12.2 —-2.4
AH* —-2.6 —-12.5 -33
AGH +20.0 +10.6 +19.6

aH,0 + H,N—CH,—B(OH), — TS — H;N—CH;z + B(OH)s. ® H,0 + HsC—NH—B(OH), — TS — H,N—CHs + B(OH)s.

TABLE 3: Thermodynamic and Kinetic Parameters (kcal/mol) for the Hydrolysis of H3C—B(OH),: H,0O + H;C—B(OH), —
TS — CH,4 + B(OH)3

PBE1PBE// MP2(FC)/I CCSD(FC)//
6-311++G(d,p) 6-313-+G(d,p) cc-pvVDZ aug-cc-pvVDZ cc-pVTZ aug-cc-pVTZ cc-pvDZ

H;0 + HaC—B(OH), — CH, -+ B(OH)s

AE —28.3 —23.3 —27.7 —-21.9 —31.0 —24.8 —22.4
AHSgq —27.9 —-23.0 —27.8 —21.5 —-30.5 —23.9 —22.1
AG3gg —-27.1 —24.4 —25.6 —19.8 —28.3 —20.8 —20.4
Hzo + H3C_B(OH)2 —TS— CH4 + B(OH)3
AE* +35.9 +38.8 +33.7 +37.8 +34.8 +36.6 +42.6
AH¥ +33.7 +38.2 +33.2 +37.3 +34.2 +36.1 +42.0
AGH +45.5 +49.4 +44.5 +48.6 +45.9 +48.9 +53.5
analogous activation barriers for conform2asand1b of H,N— barrier for the process was lower; e.g., the value\bf* was

CH,—B(OH), were similar in magnitude to that @& (see Table 26.8 kcal/mol at the PBE1PBE/6-3t#G(d,p) level (see Table
2A).99100|n the (PCM) reaction field of water, only one first-  2A). Correction for BSSE at this level, however, raised the
order transition state for the hydrolysis ot CH,—B(OH), barrier by~4.0 kcal/mol, resulting in an activation enthalpy of
that involved a single explicit water molecule could be located ~30 kcal/mol for this model. These model calculations suggest
at either the PBE1PBE/6-31HG(d,p) or MP2/cc-pVDZ levels. that if protodeboronation does occur directly fronNHCH,—

Its geometrical structure was similar to that o6& i.e. the B(OH), in aqueous media, then alternative (stepwise) mecha-
4-centered ring was very compact, and it wa40 kcal/mol nism(s) may exist, possibly assisted by otheNHCH,—
higher in energy than the separated reactants. B(OH), molecules; this possibility has not been considered in

We also located a transition state for the direct protodebor- this investigation.
onation ofla using two explicit water molecules as a solvent Protodeboronation of H;C—NH—B(OH).. For comparison,
model: it involved a 6-centered ring and the resulting activation we also calculated the corresponding thermodynamic parameters
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PBEIPBE/6-311++G(dp) 1.219
MP2/cc-pVDZ 1.218
MP2/aug-cc-pVDZ

R -60.3 kcal/mol
AH 23= -60.9 kcal/mol

+36.1 kcal/mol
AH'= +33.7 kcal/mol

1 a+ HZO +37.0 kcal/mol; 58.9 kcal/mol > HZN'CH3 + B(OH)3
TS (7a)
-18.0 kcal/mol
AH 505= [-18.0 keal/mol
-18.2 kcal/mol
1.162
1.178
1.181
O
B. 1.357; G
1.338} 1.759 ¢
+16.6 kcal/mol 1.352',' -22.8 kcal/mol

AH'3s= -20.6 kcal/mol
-20.0 kcal/mol

» H,N-CH, + B(OH),

AH'= +11.3 kcal/mol
+16.4 kcal/mol

A

4a+ H,0

Figure 2. Optimized structures of the transition state for the direct protodeboronation of )-8H,—B(OH), (7a) and (B) HC—NH—B(OH),
(7b). Distances are in A, angles are in deg, and reaction enthalpies are in kcal/mol.

+71.2 kcal/mol
AH'= +69.2 kcal/mol

HZN'CHZ'B(OH)Z (1 a) +71.9 kcal/mol >

\y
PBEIPBE/6-311++G(d,p) 1'

-89.0 kcal/mol
AH 5= -90.7 kcal/mol

—328kaalmol , H . C-NH-B(OH), (4b)

MP2/cc-pVDZ 1.277 ©
MP2/aug-cc-pVDZ 1.285 1.246

Figure 3. Optimized structures of the intramolecular transition state for the deboronatiogNsf €H,—B(OH),. Distances are in A, angles are
in deg, and reaction enthalpies are in kcal/mol.

for the hydrolysis of methylamine boronic acidzE+NH— it was in the gas phasghe value ofAH345 was—4.1 kcal/mol
B(OH),, a constitutional isomer of boroglycine: at the PBE1PBE/6-3H+G(d,p) level; this finding is similar
to the small effect we observed for boroglycine via reaction 1.

Transition state7b, for the direct protodeboronation 08—
NH—B(OH), (4a) using one explicit water as a solvent model

H,O + H;C—NH—B(OH), — B(OH), + H,N—CH,  (2)

see Table 2B). This process is also exothermic in vacuo; e.g.. JeNT .
Ehe calculated)valuespa&H° were —6.2. —9.2 —3.7. and g is shown in Figure 2B. Although the computed geometrical
298 ey ey 0y

—6.9 kcal/mol for conformeda at the PBE1PBE/6-3H+ structure of this transition state involved a 4-centered ring similar

G(d,p), MP2/cc-pVDZ, MP2/aug-cc-pVDZ, and MP2/cc-pVTZ to that of 7a, the proton in7b is being transferred to a basic
levels respectively, but much less exothermic than for reaction @mine group. As a consequence, relative to the separated
1 (see Table 2A); the corresponding values at the MP2/ reactantsg¢aand HO, the activation enthalpyAH*, was only
6-31G(d), MP2/6-33+G(d), and MP2/6-31++G(d,p) levels, 16.6, 11.3, 16.4, and 14.8 kcal/mol at the PBE1PBE/6+3#t1
—10.2,—7.3, and—4.9 kcal/mol, respectively, are in reasonable G(d,p), MP2/cc-pVDZ, MP2/aug-cc-pVDZ, and MP2/cc-pVTZ
agreement with the higher-level calculations. In the (PCM) levels, respectively (see Table 2B), and 12.6, 16.1, and 17.8 at
field of water, reaction 2 was marginally less exothermic than the MP2/6-31G(d), MP2/6-3tG(d), and MP2/6-31++G(d,p)
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TABLE 4: (A) Thermodynamic and (B) Kinetic Parameters (kcal/mol) for the 1,2-Carbon-to-Nitrogen (Matteson)

Rearrangement: H,N—CH,—B(OH), — TS — H3C—NH—B(OH),

PBE1PBE// MP2(FC)/I CCSD(FC)//
6-311++G(d,p) cc-pvDZ aug-cc-pvDZ cc-pVTZ aug-cc-pvTZ cc-pvDZ
(A) Thermodynamics
la—4a
AE —17.8 —17.8 —18.2 —19.2 —19.3 —-17.8
AHSgg -18.0 -18.0 -18.2 -19.4
AGSgg -18.8 -19.0 -19.1 -20.1
(B) Kinetics
la— TS(8); Intramolecular
AE* +75.7 +77.6 +76.6
AH* +71.2 +69.2 +71.9
AG* +71.2 +69.0 +71.8
1b+ H,0 — TS(©)
AEF +27.0 +23.8 +28.2
AH* +27.0 +24.0 +28.3
AG* +38.4 +35.5 +39.4
la+ H,O—TS
AEF +41.3
AH* +41.1
AG* +51.2

levels. Correction for BSSE using the counterpoise procedure rangement is shown in Figure 3, and IRC analyses showed that

raises the activation barrier by 2.1 kcal/mol for this model
at the PBE1PBE/6-3H+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 oAH* was about 3 kcal/mol higher than in
vacuo.

it connects conformela of boroglycine to conforme#db of
methylamine boronic acid. The geometrical structure 8of
involves two very compact 3-centered rings because the shared
C—N distance is quite short, less than 1.70 A. Although the
boron atom is effectively 4-coordinated & the surrounding

We also located a transition state for the protodeboronation tetrahedral geometry is extremely distorted; e.g., the calculated

of 4ausing 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 valuedldf
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

value of the G-B—N angle was only~63°.192 Consistent with
these adverse geometrical features, the calculated activation
barrier for this mechanism is extremely highH* is 71.2, 69.2

and 71.9 kcal/mol abovga at the PBE1PBE/6-31+G(d,p),
MP2/cc-pVDZ, and MP2/aug-cc-pVDZ levels, respectively (see

relative to the separated reactants (see Table 2B). The BSSETable 4B), and 76.1, 75.1, and 72.8 kcal/mol at the MP2/6-

correction for this two-water model is approximately double

31G(d), MP2/6-3%G(d), and MP2/6-313+G(d,p) levels. In

that for the one-water model, e.g., 4.1 kcal/mol at the PBE1PBE/ the (PCM) reaction field of watei,S(8) is also more than 70

6-311++G(d,p) level.

kcal/mol higher in energy thata.°%°1 Thus, any intramolecular

Although quantitative details depend to some extent on the mechanism for the isomeric conversion ofNH-CH,—B(OH),
basis set used for the calculation and to a greater extent on thgo HsC—NH—B(OH), is not likely to be a significant pathway

number of explicit water molecules employed, qualitatively these

relatively simple solvation models suggest that protodeborona-

tion is more facile from HC—NH—B(OH), than it is from
HoN—CHy—B(OH),.

1,2-Carbon-to-Nitrogen (Matteson) Rearrangement of the
—B(OH), Group. As noted above, compounds of the form
HoN—CHR—B(OH), are known experimentally to undergo a
1,2-carbon-to-nitrogen migration of theB(OH), moiety in
protic solvents.40.52-54.56|n fact, the interconversion of fl—
CH,—B(OH), to the isomer HC—NH—B(OH), is thermody-
namically favored; e.qg., the calculated valuesAdi5yg for the
conversion ofla to 4a are —18.0, —18.0,—18.2, and—19.4
kcal/mol in vacuo at the PBE1PBE/6-3t1+G(d,p), MP2/cc-
pVDZ, MP2/aug-cc-pVDZ, and MP2/cc-pVTZ levels, respec-
tively (see Table 4A), aneé-19.6,—19.5, and—18.0 kcal/mol
at the MP2/6-31G(d), MP2/6-31G(d), and MP2/6-31%+
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), moiety were investigated. It should be noted that some
reaction mechanisms involving 1,2-shifts have substantial
activation barrier§1-63101\We initially considered an intramo-
lecular rearrangement of ,N—CH,—B(OH), to H3C—NH—
B(OH), that incorporated the simultaneous transfer of a proton
and the—B(OH), group. A transition state8, for this rear-

and this 1,2-shift apparently requires an intermolecular process.

To gain further insight into the 1,2-B(OKjearrangement
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 stal&(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-CH,— moiety (see Figure 4). It is not
evident from the geometry ofS(9) that it is involved in the
1,2-B(OH)-rearrangement process starting from boroglycine,
particularly because the-BC distance is extremely long;2.14
A, and the B-N distance is quite shorty1.52 A. However,
IRC analyses initiated fromS(9) identified the corresponding
reactant as the hydrogen-bonded pre-reactiwr-H,O 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-centere@{C—

N—) cyclic geometry; indeed, the 1,2-carbon-to-nitrogen migra-
tion of the —B(OH), moiety is clearly evident in Figure 4.
Calculated values ofAH34, for the formation of this adduct
from separatedb and HO are—5.7,—8.3, and—5.4 kcal/mol

at the PBE1PBE/6-3H+G(d,p), MP2/cc-pVDZ, and MP2/
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2.529
2.521

-5.7 kcal/mol
AH,, = -8.3 kcal/mol 1460

-5.4 kcal/mol
1.476
1b+H,0 =——%

1.477

/1.848
/1.822
1.863 +27.0 kcal/mo!
AH'= +24.0 kcal/mol
+28.3 kcal/mol
Adduct

-39.9 kcal/mol
AH'= -42.3 kcal/mol 1.753
-42.7 keal/mol TS (9)

PBEIPBE/6-31 1++G(d,p) 1.479
MP2/cc-pVDZ
MP2/aug-cc-pVDZ

Figure 4. Reaction mechanism for the conversion eNHCH,—B(OH), (1b) to the intermediate $C—NH,—B(OH)(=0):--H,0 (10). Distances
are in A, angles are in deg, and reaction enthalpies are in kcal/mol.

aug-cc-pVDZ levels respectively. The predicted product of this explicit water molecules; IRC analysis showed that the reactant
process was a novel, monohydrated Zwitterionic intermediate, in this case was a hydrogen-bonded adduct involving conformer
10, with a boron-oxygen double bond; the distance between 1aof HoN—CH,—B(OH),. In this solvation model the activation
the boron and oxygen atoms wa4.28 A at the MP2/cc-pVDZ enthalpy, 19.7 kcal/mol at the MP2/aug-cc-pVDZ level, was
level. ~8 kcal/mol lower than the corresponding two-water direct
The calculated activation enthalpies for the 1,2-carbon-to- protodeboronation mechanism. The predicted product from an
nitrogen rearrangement of theB(OH), group via this one- IRC analysis of this process was similarli@in that it involved
water model are 27.0, 24.0, 28.3, 28.1, and 28.8 kcal/mol at @ boron-oxygen double bond.
the PBE1PBE/6-31t+G(d,p), MP2/cc-pVDZ, MP2/aug-cc- Keeping in mind that the models employed in this study are
pvDZ, MP2/6-3H-G(d), and MP2/6-311+G(d,p) levels, very simple, these calculations suggest that the barrier for the
respectively (see Table 4B); the corresponding value in (PCM) conversion of HN—CH,—B(OH), to H;C—NH—B(OH), is
aqueous media at the PBE1PBE/6-3#1G(d,p) level is similar. lower than the barrier for the direct protodeboronation gfiH
Correction for BSSE using the counterpoise procedure raised CH,—B(OH)s.
the barrier by 1.2, 8.4 and 3.0 kcal/mol at the PBE1PBE/6- The boron-oxygen doubly bonded intermedid@ merits
311++G(d,p), MP2/cc-pVDZ, and MP2/aug-cc-pVDZ levels some discussion. The length of the=B® bond in 10 was
respectively. A transition state for the analogous conversion of computed to be only 1.27, 1.28, and 1.29 A in vacuo at the
laand water to a B=O bonded intermediate was also located, PBE1PBE/6-311++G(d,p), MP2/cc-pVDZ, and MP2/aug-cc-
but the associated activation barrier was substantially higher pvDZ levels, respectively (the BO(H) bond length inl0 is
than that forlb (see Table 4B), as a result of steric factors in  much longer, 1.39, 1.40, and 1.41 A, respectively), and NBO

this restrictive solvation model. analyses indicate the presence of double bond. The calculated
Thus, the calculated activation enthalpy for the first step in values ofAH3qs for the formation ofL0 from separatedb and
the isomeric interconverion4NMl—CH,—B(OH), — H3C—NH— H,O are—12.9, —18.4, and—14.4 kcal/mol at these levels.

B(OH), via the mechanism illustrated in Figure 4 (using one Although there has been some evidence for the intermediacy
explicit water molecule) is-9 kcal/mol lower than that for the  of such boron-oxygen double-bonded structures, Vidovic ¥&al.
protodeboronation mechanism shown in Figure 2A; the activa- recently prepared and structurally characterized (via X-ray
tion enthalpies from the separated reactants are ZR589)) crystallography) a stable Lewis acid-coordinated oxoborane
and 37.0 TS(7a) kcal/mol at the MP2/aug-cc-pVDZ level. For  compound in which the boron-oxygen functionality retained
comparison, we also located one transition state for tji¢H significant double bond character. Intermedid® was also
CH,—B(OH), — HsC—NH—B(OH), interconversion usingtwo  found to be a local minimum in the reaction field of water at
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+ H,0
16.9 kcal/mol
AH'ng= 19.5 keal/mol
16.5 kcal/mol
1.263
1.618 1353 @ 1210
/ 1.659 1.293 ¢ L1318
PBEIPBE/6-311++G(d,p) 1.795 . N 293 N
MP2/cc-pVDZ 1765 / \1.658
MP2/aug-cc-pVDZ 1.862, . n
s +1.2 keal/mol ¢ -10.1 keal/mol
1.272 AH'= +1.8 kcal/mol AH'5= 6.0 kcal/mol

-10.0 kcal/mol

> 4b+ H,0
1.551
1.562
1.565

10 TS (11a)

AH'= +20.8 keal/mol
+209kcal/mol N @ oo § A @ 1351 @ -

-39.8 kcal/mol
-39.5 kcal/mol

1.696
1.716
1.682

TS (11b)

Figure 5. Reaction mechanisms for the decomposition of intermedig@-#MH,—B(OH)(=0)---H,O(10). Distances are in A, angles are in deg,
and reaction enthalpies are in kcal/mol.

) g TABLE 5: (A) Thermodynamic and (B) Kinetic Parameters
both the PBE1PBE/6-3#1+G(d,p) and MP2/cc-pVDZ levels, _.{kcalimol) for Reactions of Intermediate 10

where the calculated boron-oxygen distances were 1.29 and 1.3

A respectivelyl94 To the authors knowledge, there has been no MP2(FC)
experimental evidence to suggest that a bemaxygen, double- PEB1PBE/ aug-cc-
bonded structure plays any role in the 1,2-B(@Hiigration 6-311++G(p.d) cc-pvDZ pVDZ
process. (A) Thermodynamics
Reactions of Intermediate (10)Several possible dissociation 10-=4b+ H0 65 16  —44
routes for intermediat&0 were investigated (see Figure 5). First, AHS 89 —42 ~6.9
. . . e 298 . . .
removing the water molecule fromO requires a significant AGSgg -19.0 —-155 —17.0
amount of energy: the calculated values &ifl54; are 16.8, 10— HsC—NH,—B(OH)(=0)
19.5, and 16.5 kcal/mol at the PBE1PBE/6-31#1G(d,p), MP2/ +H:0
cc-pVDZ, and MP2/aug-cc-pVDZ levels, respectively (see Table AHS iig:g Iiég Iigé
5A); the corresponding values at the MP2/6-31G(d) and MP2/  xgS™ 6.9 190 459
6-31+G(d) levels are 18.6 and 16.8 kcal/mol. In the reaction 10— H3C—H,N:B(OH)s
field of water the values for this dissociation were significantly =~ AE —19.1 —-18.7 —185
lower, 7.9 and 12.9 kcal/mol at the PBE1PBE/6-3H1G(d,p) AH30 —19.0 —190 -186
and MP2/cc-pVDZ levels, respectively. AGise _ __17'7 -8l —176
Next, a proton-transfer transition stdtéawas located; IRC 10— TS(119) (B) Kinetics
analyses showed that it conned@to a HiC—NH—B(OH)>- AEF +55 164 476
(4b)---H,0 adduct which was-12 kcal/mol lower in energy. AH* +1.2 +1.8 431
The calculated activation enthalpieg*, for this pathway from AG* +2.9 +32  +438
10 were quite low; only 1.2, 1.8, and 3.1 kcal/mol was at the 10ZEIS(11b) 4230 4241
PBE1PBE/6-31%++G(d,p), MP2/cc-pVDZ, and MP2/aug-cc- AH* 4208 4209
pVDZ levels, respectively (see Table 5B). In the reaction field  AG* +220 4223

of water,11lawas 10.2 kcal/mol higher in energy thdQ at
the MP2(FC)/cc-pVDZ level.

IntermediatelO is an isomer of the dative-bonded structure . L ;
H3C—H,N:B(OH)z, and the interconversiort0— HzC—H:N: E)rotklléas dissociation ofL0 into. HyC—NHz~B(OH)(=0) and
B(OH)s, is thermodynamically favorable the value ofAHS4g =
is approximately—19.0 kcal/mol (see Table 5A). The transition Thus, of the simple model dissociation mechanisms we
state for this proces$lb was located (see Figure 5), and the investigated for the decomposition of intermedia@ethe lowest
calculated activation enthalpies for this pathway from intermedi- activation barrier is for its conversion to an€t+NH—B(OH),-
ate 10 were 20.8 and 20.9 kcal/mol at the MP2/cc-pVDZ and (4b)---H,O adduct®

MP2/aug-cc-pVDZ levels, significantly higher than that required
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Concluding Remarks

Boronic acids have emerged as an important class of
compounds in chemistry, medicine, and material sciéntén
this article we have described our computational findings for
1) a variety of conformers of the simple, achiral;amino
boronic acid HN—CH,—B(OH), and its constitutional isomer
HsC—NH—B(OH),, 2) neutral protodeboronation mechanisms
of HoN—CH,—B(OH), and sC—NH—B(OH), that yield boric
acid B(OH)} and methylamine, and 3) neutral 1,2-carbon-to-
nitrogen (Matteson) rearrangement mechanismsbf-HCH,—
B(OH), that yield HC—NH—B(OH),. 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
HoN—CH,—B(OH), and HsC—NH—B(OH), (see Table 1).
When diffuse functions were included in the basis set, calculated
reaction thermodynamics/kinetics associated wigh-HCH,—
B(OH), were also in good agreement; indeed, the more
economical split-valence Pople-type 643%&(d) and 6-31%+
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 interconversiog\ HCH,—
B(OH), (1a) — H3C—NH—B(OH), (4a), was predicted to be
significantly exothermic at all levels, e.gAHS,; = —18.2
kcal/mol at the MP2/aug-cc-pVDZ level, as was the overall
hydrolysis: HO + H,N—CH,—B(OH), (18 — B(OH); +
HoN—CHjs, e.g.AH3es = —21.9 kcal/mol at the same levet®
The activation barrier for the direct protodeboronation gfiH
CH,—B(OH); (1a) was found to be quite highAH¥ = 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 fofNH-NH—
B(OH)x(4a) were much lower, 16.4 anet3.3 kcal/mol. The
barrier for the 1,2-carbon-to-nitrogen rearrangement of the
—B(OH), group from boroglycine was lower than that for the
protodeboronatioAH* = +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
bond1% The lowest-energy pathway for the disposition of this
intermediate that we found involved a proton-transfer that
yielded a monohydrated adduct og&—NH—B(OH)..

Some caution must be exercised in extrapolating our com-
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