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Dimers of Boroglycine and Methylamine Boronic Acid: A Computational Comparison of
the Relative Importance of Dative versusHydrogen Bonding

Introduction

Organoboronic acids (RB(OH),) and boronate esters {R
B(OR),) have found remarkable utility as reagents for carbon
carbon bond formatidn3 and are widely used for the synthesis
of pharmaceutical agents® Interest in organoboronic acids also
arises from their potent biological activitye.g, boronic-amino
acid derivatives are strong inhibitors of human arginase II,
whose primary function appears to beLkarginine and nitric
oxide homeostasfsRelatedo-amino boronic acid derivatives
are well-known for their ability to act as inhibitors of serine
proteases angHlactamased? 1! Organoboronic acids also serve
as chemical sensors for 1,2- and 1,3-di6i2° as affinity ligands
in chromatographic protocotd; 25 as therapeutic agents in boron
neutron capture therapy (BNCT) for the treatment of certain
brain tumorsg?® as antibioticg? and as building blocks in the
development of novel materidfs32 and supramolecular as-

sembliess3

Despite the increasing number of applications of boronic
acids? many aspects of their geometrical structures, reactivity,
and thermochemistry are not well understébd survey of
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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 boroglygite, H
CH,—B(OH),, and its constitutional isomer;8—NH—B(OH),, were computed using second-order Mgher
Plesset perturbation theory and density functional theory; Dunfiivigon 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 KEN—CH,—B(OH), dimer was a six-membered ring structure (chair conformatign;
symmetry) with two intermolecular B:N dative-bonds; it was 14.0 kcal/lowkr in energy at the MP2/aug-
cc-pVDZ computational level than a conformer with the classic eight-centered ring struCtagni{metry)

in which the boroglycine monomers are linked by a pair ef®t--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 HN—CH,—B(OH), and HC—NH—B(OH), dimers than corresponding calculations using the BLYP,
B3LYP, OLYP, and O3LYP functionals, particularly with respect to dative-bonded structures.

crystal structures in the Cambridge Structural Database D)
containing the &B(OH), moiety showed that organoboronic
acids often form eight-centered, doubly hydrogen-bonded ring
dimers in the solid state; see Schemé&” % 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—0O---H bonds?® the hydroxyl hydrogen atoms of each
monomer were in thexo—endoarrangement shown in Scheme

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
acids30-33:3538gnd it is similar to that found in dimers formed
from the—CONH, and—COOH functional group&-48 where
resonance assisted hydrogen bonding (RAHB) is an important
factor#9:50 Other hydrogen-bonding pattePhdiave also been
observed with organoboronic acidsg, the crystal structure
of 5-pyrimidylboronic acid involving (B)G-H---N hydrogen
bonds with ring nitrogen atonf2;the motif shown in Scheme
1 was not evident!

In a computational investigation of the hydrolysis of diborane,
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SCHEME 1 Computational Methods

/ Equilibrium geometries in this article were obtained using
O_H““O\ MP2* with the frozen core (FC) option; DunnirgVoon,
B—R correlation-consistent cc-pVDZ, cc-pCVDZ, aug-cc-pVDZ, cc-
v pVTZ, and aug-cc-pVTZ basis sets were emplo§ed! When-
ever our computational resources permitted, frequency analyses
H were performed analytically or numerically, depending on the
computational efficiency, to confirm that the optimized struc-
and a variety of density functional theory (DFT) methods with tures were local minima on the PES and to correct dimerization
Pople split-valenc®:6° and Dunning-Woon correlation-con- enthalpies and free energies to 298K. Dimer stabilization
sistent (cc) basis sef%;%* we confirmed that the McKee  energies (SE) were computed using the supermolecule approach,
structure was the lowest-energy conformer of the boronic acid SE= Egimer — ZEmonomers @nd corrected for basis set superposi-
dimer8sits dimerization energy, enthalpy, and free energy were tion errors (BSSEs) using the counterpoise procedure. Calcula-
computed to be-10.8,—9.2, and+1.2 kcal/mol, respectively,  tions were performed using GAUSSIAN @3Atomic charges
at the MP2(FC)/aug-cc-pVTZ level. A variety of other singly ~Wwere obtained from natural population analyses (NPA); wave-
and doubly hydrogen-bonded, OH-bridged, and H-bridged functions were analyzed with the aid of natural bond orbftafs.
dimeric structures were also identified as stationary points on DFT geometry optimizations were performed with the fol-
the PES, although they were all higher in energy thanGhe lowing functionals: BLYP and B3LYP, which incorporate the

structure. dynamical functional of Lee, Yang, and Parr (LY®)coupled
In the present study, geometrical structures and relative With Becke’s pure DFT exchange functional (BYOLYP*® and
energies of the neutral, achiral-amino boronic acid bN— O3LYP$° constructed from the novel OPTX exchange func-

CH,—B(OH), (boroglycine) dimer were investigated using Mp2/  tional; PBE1PBEP*! which makes use of the one-parameter
cc methodology. Several derivatives of this acid, including some 9eneralized-gradient approximation (GGA) PBE functidhal
isoelectronic and isostructural analogs, have shown promise agVith @ 25% exchange and 75% correlation weighting; and TPSS,
chymotrypsin inhibitor®%7and, more recently, the peptide- the nonemplrlcal meta-generalized gradient approximation
Gly-L-Leu-(aminomethyl)boronic acid, have been shown to be (MGGA) functional recently dev_eloped by Staroverov, S%Lé(s)ena,
a stronger inhibitor of glutathionyl spermidine synthetase than 120 and Perde? The economical Pople 6-33tG(d,pf*

the phosphonic acid analog, making it an attractive target for P@SiS set was used for most of the DFT calculations, although
the design of antiparasitic dru§s.From a computational N selected cases comparisons were made with results from a

perspective, dimers of this simpdeamino boronic acid provide variety of cc basis sets.

an opportunity to study the relative importancérgérmolecular Self-consistent reaction field (SCRF) calculations in aqueous
B:N and B:O dative (coordination) bonds as compared-+dHd media were carried out with the IEF polarizable continuum
-0 and O-H--N hydrogen bonds. Because it is well- Model (PCM)98such continuum methods have well-known
established that compounds of the formi\HCHR—B(OH), limitations in describing protic solvent&1%°Calculations using

can undergo a 1,2-carbon-to-nitrogen rearrangement to give the? conductor-like screening model (COSM®) 104 were per-
isomer BRC—NH—B(OH),,26we also investigated dimers of ~formed using the PQ3\b Initio Program Package 3:27we
methylamine boronic acid, $—NH—B(OH),. To the authors’ employed the default sett|.ngs in the COSMO module |n7th|s
knowledge, no previous experimental or computational studies software package were tailored for COSMQ'RSSTO%%W)

of a-amino boronic acid dimers have been reported in the using the BP\_/BG functional.e., the BP8.6 functiona$® V\.”th
literature. Recently, however, Rogowskd al’ presented local correlation replaced by VW with the tzvp-Ahlrichs

' imaric i ; basis set!1:112
structural evidence for strong heterodimeric interactions between
phenylboronic acid (PBA) andproline and betaine in the solid ) )
state’:-73 and they supported their conclusions with computa- Results and Discussion

tional reSL_llts;_in particular, they repor_ted a dimerization energy H,N—CH,—B(OH), and HsC—NH—B(OH), Monomers.

for the zwitterion (HC)N"CH,COO™ with PBA of —25.5kcall  There are no experimental geometrical structures,bFHCH,—

mol in vacuoat the MP2/6-3+G(d) level. B(OH), monomers available in the literature. Indeed, this simple
Although derivatives of boroglycine have intriguing chemical o-amino boronic acid has been observed only as a TFA or HCI

propertie~68 most a-amino organoboronic acids of impor-  salt in acidic medid!3114 However, computed geometry-

tance are substantially larger and calculations using MP2 optimized structures and relative energies of a variety of its

methodology with large cc basis sets are not yet practical, DFT conformers were reported recently at quite high computational

calculations with Pople-type basis sets are an attractive alternadevels!!>In the lowest-energy form of this monomer the-R—

tive, but the reliability of specific functional/basis-set combina- B—O backbone was nonplanar, the hydroxyl groups were in

tions for describing boronic acid chemistry has yet to be the exo-endoorientation, and the structure was stabilized to

established. Unfortunately, there are indications that the popularsome extent by aimtramolecular G-H---N hydrogen bond. A

BLYP and B3LYP, as well as the newer OLYP and O3LYP number of otheexo—endoconformers, as well as a conformer

functionals, have problems predicting the strength of B:N and/ in which the hydroxyl groups were in amti orientation, were

or B:O dative bond&>74 79 To address this DFT reliability issue  less than 5 kcal/mol higher in energy, whereas conformers in

for the dimerization ofx-amino boronic acids, our MP2 results  which the hydroxyl groups were inggnarrangement were more

using cc basis sets were compared to those obtained with thethan 5 kcal/mol higher in energy.

BLYP, B3LYP, OLYP, O3LYP, PBE1PBE, and TPSS func- Computational studies also showed that the hydroxyl groups

tionals using the 6-3Ht+G(d,p) basis set; in selected cases of the lowest-energy form of theg@—NH—B(OH), monomer

comparisons were also made with the B3LYP and PBE1PBE were in theexo-endoorientation, although the €N—B—-0

functionals using cc basis sets. backbone in this geometrical structure was pld#ain general,
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conformers of HC—NH—B(OH), were significantly lower in redistribution of electron density upon dimer formation (HOMOs

energy than the corresponding conformers oiNHCH,— of 2 and the corresponding monomer are plotted in Figure 1S
B(OH),15, of the Supporting Information). This stabilizing electronic
H,N—CH,—B(OH), Dimers. A variety of intermolecular contribution, however, is counteracted by steric issues associated

hydrogen-bonding and dative-bonding interactions between two With the structure of the compact four-centered ring,imhich
H,N—CH,—B(OH), monomers are possible. An extensive distorts the tetrahedral bonding around the boron ateng,
conformational search of the;N—CH,—B(OH), dimer poten- ~ the O-B—0 angles in the ring are only89°. Furthermore,

tial energy surface (PES) was initially performed at the there is significant electrostatic repulsion in this conformer
economical PBE1PBE/6-33H-G(d,p) computational level. Our ~ between the two highly charged boron atomg £ ~+1.05e)
experience utilizing the PBE1PBE functional with the 6-3#1G- which are in quite close proximity, as are the two ring oxygen
(d,p) basis set for boronic acid derivatives has been positive; it atoms (o = ~—0.84e). _

provides reasonable geometries and relative energies compared Dimers of HN—CH,—B(OH), linked by one or two

to those from the more rigorous MP2/aug-cc-pVDZ computa- O—H-*N hydrogen bonds were also investigated (see conform-
tional level8574115117 pnevertheless, some caution must be ©€rs3(Ci) and4 (Cy), respectively in Figure 1A); in structu@
exercised in interpreting results at the PBE1PBE/643t6- the monomers were also bound together by arH®-O
(d,p) level gide infra). Numerous stationary points on theNH- hydrogen bond. Although the boron atoms have (nearly) planar
CH,—B(OH), dimer PES were identified at this DFT level; the trigonal coordination in both conformers, the structure of the

resulting conformers were subsequently re-optimized at various Nine- and ten-centered hydrogen-bonded rings amd4 were
MP2 computational levels. 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 conformdr at the MP2/
aug-cc-pVDZ level (Table 1A) and, after correction for BSSE
(}he dimerization energies df 3, and4, were all quite similar;
see Table 2A.

Although the role ofintramolecular B:N dative bonding in
the HLN—CH,—B(OH), monomer has yet to be establisHé?,
intermolecular B:N dative bonding in the corresponding dimer
proved to be extremely importarg,g, conformersa (C,;) and
5b (C,) involved one tetracoordinated boron atom with a short
boron—nitrogen distance;-1.66 A at the MP2/aug-cc-pVDZ

Do . level, and results from NPA analyses were consistent with the
6-311++G(d,p) results strongly indicated that it wast the presence of a B:N dative bond; the geometry surrounding the
global minimum on the BN—CH,—B(OH), dimer PES. Nev- 401 1horon atom in each of these conformers was (nearly)
ertheless, we decided to employ the lowest-energy form of the trigonal planar. For comparison, we note that the calculated

boroglycine dimer with this motifl (C) in Figure 1A, as a  p5r0n—nitrogen distance in the simple heterodimeN-BHs,
baseline from which to compare relative energies of all the _1 g7 A119ig nearly the same at this computational level.

dimers in this i_nvestigation. The geome_tric_:al structure of the (Experimental borornitrogen dative-bonded distances range
nearly planar eight-centered ring Inwas similar to that of the .01, 1 57 A in cubic boron nitrid&°to ~2.91 A. the sum of

corresponding boronic acid dim&ralthough the length of the 0 \an der Waals radii of boron and nitrodé®.The calculated
O—H-+O hydrogen bond was-0.04 A shorterat the sarr;'e values of the Hpfl index for 5a and 5b, a measure of the
computational levels, indicative of stronger hydrogen bondfifig.  tetranedral character of the boron atom in these derivatives, are
Indeed, the calculated dimerization enthalpy ofNHCH,— quite high, 75.8% and 66.5% at the MP2/aug-cc-pVDZ 18,
B(OH), was —11.3 kcal/mol at the MP2/aug-cc-pVDZ Com- 44 pothsa andsb are slightlylower in energy thart, e.g, by
putational level (see Table 2A), compared8.2 kcal/mol for 3 5 anq 6.9 kcal/mol, respectively, at the MP2/aug-cc-pVDZ
H—B(OH),. Numerous other local minima in which,N— level; conformerssa and5b are also bound by ©H-++-O and

CH,—B(OH), monomers were linked by a pair of-&-+-O O—H---N hydrogen bonds, respectively, in seven-centered ring
hydrogen bonds and the boron atom coordination was (nearly) gy ctures (Figure 1A) and, similar to what we observed for

trigonal planar were also locatethe hydroxyl groups inthese  jimer structures and 4, the lower-energy conformeBp, is
dimers were in a variety of formsexo—endq syn or anti)— involved the O-H-+-N hydrogen bond.

but they were al~10 kcal/mol or more higher in energy than The global minimum on the #—CH,—B(OH), dimer PES

1 at a variety of computational methods. was the doubly B:N dative-bonded, six-membered ring, chair

Figure 1A shows structures of the lowest-energy local minima
that we found for several distinct classes gNHCH,—B(OH),
dimers; relative energies are listed in Table 1A, and dimerization
energies are given in Table 2A. Cartesian coordinates of selecte
H,N—CH,—B(OH), 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-B(OH), dimer
PESin vacuoand in the SCRF-PCM representation of aqueous
media33%5and it is the most fundamental structural motif found
for boronic acids in the solid state3¢"%preliminary PBE1PBE/

Several doubly (H)O-bridged conformers of theNH-CH,— conformer,6 (C;) (Figure 1A), at all the MP2 computational
B(OH). dimer, in which both boron atoms are tetracoordinated, |evels we employed in this study; the corresponding boat
were also optimized. The lowest-energy form we foutiCs) conformer was~3 kcal/mol higher in energy at a variety of
in Figure 1A, was 14.4 kcal/mol higher in energy ttaat the levels. Both hydroxyl groups ir6 were in the exo-endo

MP2/aug-cc-pVDZ level (Table 1A); the corresponding bridged orientation. The calculated boremitrogen bond distances in
dimer of H-B(OH), was 12.8 kcal/mol above the minimum- 6 were~1.65 A at the MP2/aug-cc-pVDZ level, approximately
energyCah form at this levef*> The two distinct bridging B-O 0.02 A shorter than that found iBa, 5b, and HN:BH3; the
distances ir2 are similar in value, 1.58 and 1.61 A at the MP2/ Hopfl index for each of the boron atoms hwas quite high,
aug-cc-pVDZ level; the B-O single bond lengths in the;N— 73.1%!22 The computed dimerization enthalpy&f—25.1 kcal/
CH,—B(OH), monomer at this level are-1.38 A, in good mol at the MP2/aug-cc-pVDZ level, is extremely high (Table
agreement with typical experimental val#éand the O:B dative  2): the resulting value after correction for BSSE is much less
bond length in the simple heterodimes®BH; is ~1.77 A119 negative,—12.7 kcal/mol.

In addition, the composition of the four borenxygen ring In summary, conformeé (with two B:N dative bonds) was
bonding orbitals ir2 are all quite similar, indicating considerable 7.1 kcal/mollowerin energy tharsb (with one N:B dative bond
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A PBEIPBE/6-311++G(d,p) = 1.796 1.5V
MP2(FC)/ce-pVDZ =1.803 1.746
_ 1.565 1748
MP2(FC)/aug-cc-p VDZ 1.807 .
MP2(FC)/ec-pVTZ =1.792 1.576 1.754
MP2(FC)/aug-cc-p VIZ . 1.580

1.475

1.491

1.481

2.018
2.055

1.482
1.487
1.496
1.484

1.447
1.453
1.461
1.450

(9a;C)) 9b; C))
Figure 1. Optimized structures of (A) #N—CH,—B(OH), and (B) HC—NH—B(OH), dimers. Distances are in A, and angles are in deg.
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TABLE 1: Relative Energies, E (kcal/mol) (Values Thermally Corrected to 298 K in Parentheses), for Various Conformers of
the (A) H.N—CH,—B(OH), and (B) H;C—NH—B(OH), Dimers at the (DFT) PBE1PBE/6-31%+G(d,p) Computational Level
and Several MP2(FC) Levels with Correlation-Consistent Basis Sets

(A) HoN—CH,—B(OH), Dimers

dimer
level 1 2 3 4 ba 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(-0.0y) —3.8(-3.6)
MP2(FC)/cc-pVDZ 0.0(0.0) +17.9@#*17.0) -13(14) -31(3.2) +0.1@H0.2) —-3.2(-3.5) —8.0 (—8.0)
MP2(FC)/aug-cc-pVDZ 0.0(0.0) +14.4(135) -1.2(-14) -35(-37) -32(31) -69(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) HsC—NH—B(OH), Dimer
dimer
level 7 8 9a 9b
PBE1PBE/6-31%+g(d,p) —34.2(-34.7) —2.5(-4.1) —27.027.7) —27.2(-27.8)
MP2(FC)/cc-pvVDZ —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)
H,N—CH,—B(OH), and (B) H;C—NH—B(OH), at the (DFT) PBE1PBE/6-31}%+G(d,p) Computational Level and Several
MP2(FC) Levels with Correlatin Consistent Basis Sets

(A) HoN—CH,—B(OH), Dimers:

MP2(FC)/
PBE1PBE/
conf 6-311++G(d,p) cc-pvDZ aug-cc-pvVDZ cc-pVTZ aug-cc-pVTZ
1 AE —12.1 +11.3) —14.4 (-9.4) —12.9 (-10.3) —12.8 (-10.8) -12.9
AH%%qgg —10.5 —12.8 —11.3
AGPq5 -0.1 -2.8 -1.1
3 AE —12.2 (-10.9) —15.7 (7.1) —14.2 (-10.5) —13.8 (-10.3)
AHC%gg —10.7 —14.2 —12.7
AG9g -0.2 -33 —2.0
4 AE —12.5 (~10.9) —17.5 (=6.3) —16.4 (-11.4) —15.7 (-10.8)
AH%%gg —11.2 —16.1 —15.1
AGPq5 -0.1 —-4.8 -3.2
5a AE —9.1(-6.9) —14.3 (-5.8) —16.1 —13.6
AHC%gg -7.3 —12.7 —14.4
AG,9g +5.7 +0.4 —-1.2
5b AE —12.0 9.4) —17.6 (-8.3) —19.9 (-10.8) -17.3
AHO%gg —10.6 —16.3 —18.5
AGPq5 +2.4 -35 -5.0
6 AE —15.9 (-13.4) —22.4(-12.2) —26.9 (-14.5) —234
AH%%qg —14.1 —20.9 —25.1
AGP5 -0.2 -7.1 —10.9
(B) HsC—NH—B(OH), Dimerg
MP2(FC)/
PBE1PBE/
conf 6-311++G(d,p) cc-pvDzZ aug-cc-pvVDZ cc-pVTZ aug-cc-pVTZ
7 AE —10.7 (-9.8) —13.1(7.3) —11.5 9.0) -11.3(9.1) —-11.4
AH%gg -9.1 —11.5 -9.9
AGPq5 +0.6 -15 -0.3
9a AE —3.5(0.2) —14.1(-3.6) —-13.7 -11.1
AHO%gg —-2.1 —12.8 —-12.4
AGPqg +13.0 +2.7 +3.2
9b AE —3.6 (—0.3) —14.4(-3.6) -13.5 -11.0
AHC%qg -2.2 —13.0 —12.2
AGP%qg +12.9 +2.1 +2.9

2|n all cases the monomers were taken as the lowest-energy conformg 6GtH,—B(OH),.1*> P In all cases the monomers were taken as the
lowest-energy conformer of &—NH—B(OH),.11°

and one G-H-:-N hydrogen bond), 10.5 kcal/mdbwer in two O—H:---O hydrogen bonds) at the MP2/aug-cc-pVDZ level.
energy thart (with two O—H---N hydrogen bonds), 10.8 kcal/  These findings clearly emphasize the important rolentér-

mol lower in energy tharba (with one N:B dative bond and  molecular B:N dative bonds and-@H---N hydrogen bonds in
one O-H---N hydrogen bond), 12.8 kcal/m&wer in energy boroglycine dimers in the gas phagggrmolecular B:O dative
than3 (with one O-H---O hydrogen bond and one-€H---N and O-H---O hydrogen bonds appear to play a lesser role in
hydrogen bond), and 14.0 kcal/molverin energy thari (with these dimers.
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H3C—NH—-B(OH), Dimers. As noted previously, com-  centered ring in the dative-bonded conforrelFor comparison,
pounds of the form BlN—CHR—B(OH), can undergo a 1,2-  the B—N single-bond distances in conformemwere~1.42 A
carbon-to-nitrogen (Matteson) rearrangement to give the con- at the MP2/aug-cc-pVDZ level and the B:N dative bond distance
stitutionalisomer BRC—NH—B(OH),.2Thus, we alsoinvestigated  in HaN:BH3 was 1.67 A. Thus, despite significant steric issues,
dimers of methylamine boronic acid, ;8—NH—B(OH)s. e.g, the N—-B—N bond angle in the ring is-90° at this level,
Structures of the lowest-energy local minima that we found for and substantial electrostatic repulsion between the two boron
several distinct classes o68—NH—B(OH), dimers are shown  atoms (+1.15e) and between the two nitrogen atom$.86e)
in Figure 1B, relative energies are listed in Table 1B, and in the ring, these structures are the lowest-energy forms we
dimerization energies are given in Table 2B. It is important to found on the HC—NH—B(OH), dimer PES.
emphasize that the energies of these methylamine boronic acid PCM and COSMO-RS Calculations in Aqueous Media.
dimers are significantlyower than their boroglycine analogs,  Keeping in mind that PCM-SCRF calculations in protic media
in accord with the corresponding results for the monon€rs.  have some well-established limitatiot¥s%we re-optimized the

The lowest-energy conformer, (Cy), of the HC—NH— gas-phase conformefs-6 of the HHN—CH,—B(OH), dimers
B(OH), dimer that was found in the initial PBE1PBE/6- and7—9 of the HC—NH—B(OH), dimers using the IEF-PCM
311++G(d,p) exploration of the PES had the classic, eight- SCRF representation of agueous media at the PBE1PBE/6-
centered, doubly ©H---O hydrogen-bonded ring structure; at  311++G(d,p) level*?® The dative-bonded conformérin this
the MP2/aug-cc-pVDZ computational levélwas 34.9lower simple model was lower in energy than conformers, similar
in energy than the corresponding confornieof the HIN— to what we observeih vacuq although the energy separations
CH,—B(OH), dimer and 20.9 kcal/mdiower in energy than were often accentuatee.g, 6 was 6.3 kcal/mol lower in energy
the doubly dative-bonded conform@&rsee Table 1B. The length  than4 in aqueous media, compared to only 3.4 kcal/mol in the
of the O—-H---O hydrogen bonds i, however, were actually ~ gas phase. The homologous, doubly hydrogen-bonded form of
~0.25 A longer than in 1, and this structural feature was the HC—NH—B(OH), dimer, 7, was 25.8 kcal/mol lower in

reflected in the corresponding dimerization enthalpéeg; the energy tharé in (PCM) aqueous media compared to 30.4 kcal/
value of AH%gg for 7 was —9.9 kcal/mol at the MP2/aug-cc-  mol in vacua

pVDZ level compared te-11.3 kcal/mol forl. Thus, the large Concerns about the reliability of the PCM PBE1PBE/6-
energy separation between the homologous dirieasd 7 is 311++G(d,p) calculations in aqueous medfled us to

predominantly a result of the large energy difference between consider COSMO-RS model calculatiof{&1%’such calculations
the corresponding monométrather than a result of stronger  tend to be more reliable for high-dielectric media such as water.
hydrogen bonding. Several other local minima on th&€H The BPV86/tzvp-Ahlrichs computational |e¥g]109.111.113y3g
NH—B(OH), dimer PES with two G-H---O hydrogen bonds  employed using the PQ&b Initio Program Package 3125 At

or with one O-H:--O hydrogen bond and one -&H-:*N this level the dative-bonded conformémwas predicted to be
hydrogen bond were also located, but these conformers werethe lowest in energy of theM—CH,—B(OH), dimers, 5.9 kcal/
higher in energy thaw at a variety of computational levels.  mol lowerin energy tharl (Table 2S); in the gas phasevas
Contrary to what we observed for conform&r some geo- 2.1 kcal/molhigher in energy thanl at this level, in accord
metrical details of the computed structure of dirfievere quite with results from a variety of other DFT methodsde infra),
sensitive to the inclusion of diffuse functiorig., at the MP2/ but in stark contrast to MP2 results; see Table 1. At this
aug-cc-pVDZ level, the eight-centered ring Thwas nearly COSMO-RT computational level the lowest-energy form of the
planar, whereas at the MP2/cc-pVDZ and MP2/cc-pVTZ levels, HsC—NH—B(OH), dimer was?7, 35.3 kcal/mol lower in energy

it was significantly nonplanar. than1 compared to only 32.7 kcal/mah vacua

The structure of the four-centered B—O—B—0O—) ring in Thus, although predicted structural and relative energies of
the (H)O-bridged conformeB (Cs) of the HHC—NH—B(OH), the HHN—CH,—B(OH), and HC—NH—-B(OH), dimers in
dimer was similar to that in the analogous conforr@ef the aqueous media depend to some extent on the computational

HoN—CH,—B(OH), dimer (Figure 1B), as was the composition model employed for the water continuum, it appears that the
of the NPA ring B-O bonding orbitals. Interestingly, however, relative importance of B:N dative-bonded conformers is greater
8 was only 23.9 kcal/molower in energy thar2, whereas? in solution than it isin vacua
was 34.9 kcal/molower in energy thart at the MP2/aug-cc- DFT versusMP2 Comparison. In Table 3 we list relative
pVDZ level. The additional destabilization & was in part energies of conformers—6 of the HN—CH,—B(OH), dimers
caused by an increase in electrostatic repulsion between thegnd7—10 of the HC—NH—B(OH), dimersin vacuousing the
boron atoms which were found to be).1lemorepositive in8 TPSS, B3LYP, BLYP, O3LYP, OLYP, and PBE1PBE func-
than in2. It should be mentioned, however, that conforri@és tionals with the Pople 6-31+G(d,p) basis set; the corre-
still lower in energy than any of thedN—CH,—B(OH), dimer sponding BVP86/tzvp-Alhrichs energies are listed in Table 2S.
conformers we located, except the doubly B:N dative-bonded |n comparing these DFT results with the MP2 results in Table
conformer6; see Table 1. 1 there are certainly a number of encouraging points. For
The doubly nitrogen-bridged structur@a (C;) and9b (C,) example, the large MP2 energy difference between the dimers
shown in Figure 1B, were-7 kcal/molhigherin energy than H,N—CH,—B(OH), (1) and HsC—NH—B(OH), (7), both of
conformer?7 at the PBE1PBE/6-31+G(d,p) level we em- which have the classic eight-centered hydrogen-bonded ring
ployed in the initial survey of the $€—NH—B(OH), dimer structure, was quite well reproduced at all the DFT/6-B+1-
PES, but these novel geometrical structures proved tode  (d,p) levels. In addition, DFT/6-31+G(d,p) level relative
kcal/mollowerin energy tharY at the MP2/aug-cc-pVDZ level  energies of the ©H---O and O-H--*N hydrogen-bonded

(Table 1B) and appear to be the global minima on th€H dimers1, 3, and4, are generally in good agreement with the
NH—B(OH), PES at this level. The boremitrogen distances  corresponding MP2 results. The high MP2 energies of the (H)O-
in the four-centered rings i@a and 9b vary from ~1.61 to bridged dimerg and8, relative to the double hydrogen-bonded

~1.65 A at the MP2/aug-cc-pVDZ level and are as much as conformersl and7, respectively, were also predicted at all the
0.04 A shorter than the corresponding distance in the six- DFT/6-31++G(d,p) levels, although the magnitude of the
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TABLE 3: Relative Energies (kcal/mol) (Values Thermally Corrected to 298 K in Parentheses), for Various Dimers of (A)
H,N—CH,—B(OH); and (B) H;C—NH—B(OH), Using the TPSS, B3LYP, BLYP, O3LYP, OLYP, and PBE1PBE Functionals
with the 6-311++G(d,p) Basis Set

(A) Ho.N—CH,—B(OH), 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 4+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 4+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.Qy) —3.8(—3.6)
(B) H3C—NH—B(OH), 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) —25(4.1) —27.0 27.7) —27.2 (-27.8)

energy separation was consistently overestimated, particularlyTPSS results show significant improvement in the calculated
using the BLYP, B3LYP, OLYP, and O3LYP functionals, geometries and the energy difference improves slightly in going
suggesting that calculations at these levels underestimate thérom PBE to TPSS.
strength of bororroxygen dative interactions. This remains true
even with better basis sete.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 than Boronic acids are widely used in materials science and
(Table 2S), some 10 kcal/mol greater than that found at the pharmacology, as well as in the synthesis of biologically active
corresponding MP2 levels (Table 1A), suggesting some defi- compounds. One of the drawbacks of using these acids,
ciency with the B3LYP functional rather than the basis set. however, is the structural ambiguity associated with the,

The most serious problem with the DFT/6-311G(d,p) under anhydrous conditions, boronic acids dimerize (and/or
calculations concerns the relative energies of conformers thattrimerize) to form anhydrides and boroxing&In this Article,

g\éil\\{’g ?E&Eﬁ;gxar'?ﬁlfﬁ;hg SE:;kIElrLF(); §3LYbF;S.2 LSYeT’ f.ﬁgd geometrical structures and relative energies of various conform-

uncti Wi ~31-+G(d,p) basi ' ers of HN—CH,—B(OH), and HC—NH—B(OH), dimers were

conformer6 to be 4-9 kcal/mol higher in energy thanl, . . . .
computed using MP2 methodology with correlation-consistent

whereas MP2 calculations with several different correlation- . . . .
consistent basis sets filido be 8-14 kcal/mollowerin energy Ezz:z zitts and using DFT with the economical 6-8265(d,p)

thanl. To identify the origin of this discrepancy, we note that
The lowest-energy conformer of the,lM—CH,—B(OH),

at the MP2/6-311++G(d,p) level, conformep is 11.1 kcal/

mol lower in energy tharl, whereas at the B3LYP/cc-pvDZ,  dimer using MP2 methodolgy with several correlation-consistent

B3LYP/aug-cc-pVDZ, and B3LYP/cc-pVTZ levebis 3.3, 1.9, basis sets was the doubly dative-bonded six-membered ring
structure 6, which was 14.0 kcal/mdbwer in energy than the

and 4.8 kcal/mol, respectivelhjgherin energy tharl. Thus,
it appears that the BLYP, B3LYP, OLYP, and O3LYP func- classic doubly H-O---H hydrogen-bonded eight-centered ring
tionals, independent of the basis set, seriously underestimatestructure,1, at the MP2/aug-cc-pVDZ computational level;
the strength of boronanitrogen dative bonds compared to the furthermore, conformes was 7.1 kcal/molowerin energy than
corresponding MP2 results. Itis important to note that the TPSS 5p (one N:B bond; one ©H-+N bond), 10.5 kcal/molower
perform much better in this regard,g, 6 is predicted to be iy energy tharba (one N:B bond; one ©H-+:N bond), and
0.7 and 3.8 kcal/mol, respectivelpwer in energy tharl; see 12.8 kcal/molower in energy thar8 (one O-H-+-O bond:; one
Table 3. Furthermore, using the PBE1PBE functional with the §_py...N bond). These findings emphasize the roleirér-
cc-pVTZ basis set, conforméris ~3 kcal/mollowerin energy molecular B:N dative and ©H-+-N hydrogen bonding for
thanl. . boroglycine dimers in the gas phase. The dimerization enthalpy
We also calculated the energy difference between conformersof the classic doubly HO-+-H hydrogen-bonded eight-centered
1 and6 of the HHN—CH,—B(OH), dimers using the progression fing structures of N—CH,—B(OH)y, —11.3 kcal/mol at the

of pure SVWNS5(LDA), PBE, and TPSS functionals to assess MP2/aug-cc-pVDZ computational level, was nearly 3 kcal/mol
the effect of climbing “Jacob’s Ladder” in describing B:N dative g-cc-p P ! y
more negative than the corresponding value forB{OH),,

bonds at this level?* The calculated energy differences were 8.6 kealimol
—9.0,—0.04, and—0.7 kcal/mol with the 6-31++G(d,p) basis -0 Kkeal/mol.
Compounds of the form #N—CHR—-B(OH), can also

set and-10.9,—2.1, and—2.7 kcal/mol with the aug-cc-pVDZ .
basis set. Although the SVWN5/6-313-G(d,p) energy results ~ undergo a 1,2-carbon-to-nitrogen rearrangement of-8¢OH),

are in surprisingly good agreement with the corresponding MP2 moiety to give the isomeric structure;RC—NH—B(OH),.2-%°
calculations using correlation-consistent basis sets, calculatedCalculations at several MP2 and DFT levels clearly demon-
geometries at this level are not particularly good. The PBE and strated that various $€—NH—B(OH), dimers were substan-

Concluding Remarks
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tially lower in energy than the correspondingNH-CH,—
B(OH), dimers,e.g, the doubly hydrogen-bonded conformer,
7, of HsC—NH—B(OH), was ~35 kcal/mollower in energy
than the corresponding doubly hydrogen-bonded conforiner,
of HoN—CH,—B(OH),. Interestingly, both of the novel doubly
nitrogen-bridged structureSa and 9b, were slightly lower in
energy than the doubly hydrogen-bonded structisee Table
1.

PCM (PBE1PBE/6-31++G(d,p)) and COSMO-RS (BPV86/

tzvp-Ahlrichs) calculations in aqueous media predict that dative-
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