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Abstract Boroxines have emerged as an important class

of compounds with diverse applications in many fields.

However, there are limited experimental and/or computa-

tional structural and thermal data available for these

compounds or for their corresponding boronic acids. In this

investigation, we report structural parameters for a variety

of aliphatic monosubstituted boroxines (RH2B3O3) and

their enthalpies of formation via the dehydration reactions

from the boronic acids (R–B(OH)2), i.e., R–B(OH)2 ?

2H–B(OH)2 ? RH2B3O3 ? 3H2O. Equilibrium geome-

tries of all the boronic acids and monosubstituted boroxines

involved in this article were obtained using second-order

Møller–Plesset perturbation theory with the Dunning–

Woon aug-cc-pVDZ and aug-cc-pVTZ basis sets; heats of

formation were calculated at the G3 level of theory. The

specific substituents, R, include all the second- and third-

period hydrides, as well as a selection of electron-donat-

ing/electron-withdrawing groups.

Keywords Monosubstituted boroxines � Boronic acids �
Second-order Møller–Plesset perturbation theory (MP2) �
G3 level of theory

Introduction

Boroxines are an important class of compounds having

numerous applications in chemistry, medicine, and mate-

rial science [1–4]. Although some experimental/computa-

tional structural and thermochemical data for symmetri-

cally trisubstituted boroxines (R3B3O3) are currently

available [5–13], there is a paucity of such data for heter-

oboroxines, particularly when aliphatic substituents are

involved [8, 14–17]. Although we are concerned in this

article with aliphatic substituents, it is important to note

that Tokunaga et al. [17] experimentally established the

existence of several heterophenylboroxines in the gas

phase, as well as in solution. In our continuing effort to

obtain reliable data for a series of fundamental boronic

acids and boroxines, and the reactions that lead to their

interconversion, we have undertaken a systematic investi-

gation of the structures of a wide variety of monosubsti-

tuted boroxines (RH2B3O3) and the thermodynamics of

their formation via the dehydration reactions

R�B OHð Þ2þ2H�B OHð Þ2! RH2B3O3 þ 3H2O: ð1Þ

The substituents R in this investigation include all the

second- and third-period hydrides, as well as a selection

of electron-donating/electron-withdrawing groups. Since

limited experimental and/or computational data are avail-

able for many of the corresponding boronic acids in this

study, we performed extensive geometry optimizations for

many of these acids to determine the global minima on

their potential energy surfaces (PESs). Boronic acids serve

as important building blocks for the synthesis of a variety

of natural products, pharmaceuticals, and materials [1]; the

results of the calculations reported in this article, in con-

junction with those from our previous studies [5, 13],

provide the most comprehensive collection of structural
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and thermochemical data currently available for aliphatic

boronic acids.

Computational methods

Equilibrium geometries of all the boronic acids and

monosubstituted boroxines involved in this article were

obtained using second-order Møller–Plesset perturbation

theory (MP2) [18] with the frozen core (FC) option, which

neglects core-electron correlation; the Dunning–Woon aug-

cc-pVDZ and aug-cc-pVTZ basis sets [19–22] were em-

ployed in these optimizations. The GAUSSIAN 03 [23]

and GAUSSIAN 09 [24] suits of programs were used for

all the calculations. Frequency analyses were performed

analytically for all the boronic acids and boroxines in this

investigation at the MP2/aug-cc-pVDZ level to confirm

that the optimized structures were local minima on the

potential energy surface (PES) and to correct reaction en-

ergies to 298.15 K; for the boronic acids and a few of the

boroxines, frequencies were also calculated at the MP2/

aug-cc-pVTZ level. Heats of formation at 298.15 K were

calculated at the G3 level of theory [25, 26]. Atomic

charges were obtained from natural population analyses

(NPA), and the bonding was analyzed with the aid of

natural bond orbitals (NBOs) [27–30].

Boronic acids

There is a lack of reliable experimental data for monomeric

boronic acids because it is difficult to obtain pure samples

that have the formula R–B(OH)2; these acids often separate

from aqueous solutions as hydrates that undergo dehydra-

tion to yield boroxines [31].

Structures

For the boronic acids, three different orientations of the

hydroxyl groups are typically possible: endo–exo, anti, and

syn, see Fig. 1. It should be noted that in some cases the

two X–B–O angles (where X denotes the atom of R di-

rectly bonded to the B atom) can be quite different, re-

sulting in a bridging-like structure [32]; this is especially

true when X carries a partial positive charge, resulting in an

X?O- electrostatic interaction.

Calculations in vacuo (and using implicit solvation

models) have generally found that the endo–exo form of R–

B(OH)2 is lowest in energy for a variety of small aliphatic

substituents and that the syn form is highest in energy;

energy differences between the endo–exo and anti con-

formers can be relatively small [5, 13, 32–38]. It should be

noted that some exceptions have been reported, e.g., at the

MP2/aug-cc-pVTZ level, the anti conformer of Cl–B(OH)2

is slightly lower in energy than the endo–exo conformer

[13]. In view of this finding and since we consider more

complex substituents in this article, including some

charged species, we initially explored the PESs of the

boronic acids not described in our previous articles [13]

with particular attention to the structure of the –B(OH)2
moiety and the orientation of the substituent R.

Selected geometrical parameters for the endo–exo con-

formers of the boronic acids used in this article are listed at

the MP2/aug-cc-pVDZ and MP2/aug-cc-pVTZ levels in

Table 1; in some cases, the corresponding parameters for

the anti conformers are given in the footnotes of the table.

Enthalpy changes at 298.15 K, DH0
298, for the endo–

exo ? anti conversions are listed in Table 2. For many of

these simple acids, the endo–exo ? anti conversion is

endothermic by a few kcal/mol, in accord with our previ-

ous results [13] for the hydride substituents across the

second row of the periodic table. This energy difference is

in part due to the intramolecular B–O–H…O interaction

within the boronic acid moiety in the endo–exo form; H…O

distances for the acids in this study range from 2.275 Å for

Li–B(OH)2 to 2.593 Å for NH3
?–B(OH)2 [5, 13]. How-

ever, interactions between the hydroxyl hydrogen atoms of

the –B(OH)2 moiety and the substituent can stabilize the

anti form relative to the endo–exo form. For example,

consider the acids with R=O-, COO-, NO2, and COOH

where there are two possible B–O–H…Osubstituent interac-

tions in the anti form compared to only one in the endo–exo

form. For all four of these acids, the anti form is calculated

to be lower in energy than the endo–exo form, see Table 2.

For some substituents, the NPA charge on the atom

directly connected to the boron atom is extremely positive,

a feature that can lead to very asymmetric endo–exo

structures. For example, the charge on the Mg atom in

HMg–B(OH)2 is ?1.267e using the MP2/aug-cc-pVTZ

density, and the two Mg–B–O angles are 133.1� and

112.8�; this structural feature separates the positively

charged Mg atom from one of the positively charged hy-

droxyl H atoms while increasing one Mg?O- electrostatic

Fig. 1 Endo–exo, anti, and syn conformers of the R–B(OH)2
monomers; the distances (Å) and angles (�) are for H–B(OH)2[O–

B(OH)2] at the MP2(FC)/aug-cc-pVTZ//MP2(FC)/aug-cc-pVTZ

computational level
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Table 1 Selected structural parameters of the boronic acids, R–B(OH)2 (endo–exo), and monosubstituted boroxines, RH2B3O3, calculated at the

MP2(FC)/aug-cc-pVDZ (upper) and MP2(FC)/aug-cc-pVTZ levels (lower)

A. Angles (�)

R–B(OH)2 RH2B3O3

R \O–B–O a (ipso)

\O–B–O

b
\B–O–B

b0

\B–O–B

c
\O–B–O

c0

\O–B–O

d
\B–O–B

H 119.1a 120.6a 119.4a 119.4a 120.6a 120.6a 119.4a

119.1a 120.0a 120.0a 120.0a 120.0a 120.0a 120.0a

A.1 Second period

Li 111.5a 114.0 122.6 122.6 121.7 121.7 117.4

111.9a 113.8 123.0 123.0 121.1 121.1 118.0

BeH 114.5a 117.5 121.0 121.0 120.9 120.9 118.8

114.8a 117.1 121.4 121.4 120.3 120.3 119.3

BH2 116.4a 119.2 120.0 120.0 120.8 120.8 119.2

116.5a 118.7 120.6 120.6 120.2 120.2 119.8

CH3 116.8a 119.1 120.2 120.2 120.8 120.8 119.0

116.9a 118.5 120.7 120.7 120.2 120.2 119.6

NH2 117.8a 120.3 119.2 119.2 121.1 121.1 119.3

117.9a 119.9 119.6 119.6 120.5 120.5 119.8

OH 120.0a 120.9 119.1 119.0 120.8 120.7 119.5

120.0a 120.4 119.7 119.5 120.2 120.1 120.2

F 122.0a 122.4 118.5 118.5 120.4 120.4 119.9

121.4a 121.6 119.1 119.1 119.9 119.9 120.4

A.2 Third period

Na 112.3 114.2 122.2 122.5 121.7 121.7 117.4

112.6 114.0 122.9 122.9 121.2 121.2 118.0

MgH 113.8 116.5 121.4 121.4 121.1 121.1 118.5

114.1 116.3 121.8 121.8 120.5 120.5 119.0

AlH2 115.7 117.9 120.8 120.8 120.8 120.8 119.0

116.1 117.6 121.2 121.2 120.2 120.2 119.5

SiH3 117.3 119.3 120.1 120.1 120.6 120.6 119.2

117.5 118.9 120.6 120.5 120.1 120.1 119.8

PH2 117.9 120.0 119.7 119.7 120.7 120.7 119.3

118.2 119.6 120.2 120.2 120.1 120.1 120.0

SH 119.1 121.0 119.2 119.0 120.6 120.8 119.5

119.1 120.5 119.6 119.5 120.1 120.2 120.1

Cl 120.9a 121.7 118.9 118.9 120.4 120.4 119.7

120.6a,g 121.1 119.4 119.4 119.8 119.8 120.3

A.3 Electron-donating substituents

O- 108.0 110.1 123.7 123.7 123.5 123.5 115.6

108.3b 109.8 124.2 124.2 122.9 122.9 116.1

S– 110.9 112.1 123.0 123.0 122.5 122.5 115.7

111.1c 111.8 123.5 123.5 123.0 123.0 116.2

COO– 119.5 113.6 121.8 121.8 123.2 123.2 116.4

119.7d 112.9 122.4 122.4 122.6 122.6 116.9

CH2CH3 116.9 119.2 120.1 120.1 120.8 120.8 119.0

117.0 118.7 120.7 120.6 120.2 120.2 119.6

A.4 Electron-withdrawing substituents

NH3
? 128.0 128.5 115.8 115.8 118.2 118.1 123.6

128.0 128.0 116.2 116.2 117.6 117.6 124.3
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Table 1 continued

A. Angles (�)

R–B(OH)2 RH2B3O3

R \O–B–O a (ipso)

\O–B–O

b
\B–O–B

b0

\B–O–B

c
\O–B–O

c0

\O–B–O

d
\B–O–B

NO2 127.0 124.9 117.3 117.3 119.9 119.9 120.7

127.2e 124.4 117.7 117.7 119.4 119.4 121.4

CN 121.4 122.4 118.5 118.5 120.2 120.2 120.1

121.4 121.9 119.1 119.1 119.6 119.6 120.8

CF3 123.0 123.1 118.3 118.2 120.1 120.1 120.3

122.8 122.4 118.9 118.8 119.5 119.6 120.9

COOH 122.8 122.1 118.7 118.8 120.3 120.3 119.8

122.9f 121.6 119.2 119.3 119.7 119.7 120.5

CHO 122.7 121.7 118.8 118.9 120.3 120.4 119.8

122.8 121.3 119.3 119.4 119.7 119.8 120.5

CH3O 119.7 120.7 119.2 119.1 120.9 120.8 119.4

119.8 120.1 119.8 119.6 120.3 120.2 120.0

B. Distances (Å)

R–B(OH)2 RH2B3O3

R B–O B–X B–O B–X

ra ra0 rb rb0 rc rc0

H 1.375 1.386a 1.201a 1.387a 1.387a 1.387a 1.387a 1.387a 1.387a 1.197a

1.364 1.374a 1.190a 1.381a 1.381a 1.381a 1.381a 1.381a 1.381a 1.183a

B.1 Second period

Li 1.407 1.414a 2.216a 1.435 1.435 1.383 1.383 121.7 117.4 2.206

1.393 1.400a 2.212a 1.419 1.419 1.371 1.371 121.1 118.0 2.203

HBe 1.390 1.400a 1.904a 1.411 1.411 1.392 1.392 1.394 1.394 1.899

1.377 1.386a 1.899a 1.397 1.397 1.380 1.380 1.381 1.381 1.895

BH2 1.384 1.395a 1.715a 1.404 1.404 1.392 1.392 1.394 1.394 1.707

1.372 1.383a 1.703a 1.391 1.391 1.380 1.380 1.381 1.381 1.695

CH3 1.382 1.392a 1.581a 1.403 1.401 1.389 1.391 1.395 1.394 1.568

1.368 1.378a 1.574a 1.390 1.389 1.377 1.379 1.382 1.381 1.561

NH2 1.390 1.398a 1.424a 1.407 1.407 1.385 1.385 1.396 1.396 1.406

1.379 1.387a 1.417a 1.396 1.396 1.373 1.373 1.384 1.384 1.399

OH 1.384 1.384a 1.384a 1.394 1.402 1.387 1.391 1.397 1.393 1.367

1.374 1.374a 1.374a 1.383 1.392 1.376 1.379 1.384 1.380 1.358

F 1.369 1.378a 1.363a 1.385 1.385 1.394 1.394 1.393 1.393 1.344

1.361 1.369a 1.338a 1.376 1.376 1.382 1.382 1.381 1.381 1.321

B.2 Third period

Na 1.404 1.412 2.538 1.434 1.434 1.383 1.383 1.397 1.397 2.533

1.390 1.397 2.530 1.418 1.418 1.371 1.371 1.384 1.384 2.527

MgH 1.395 1.401 2.309 1.417 1.417 1.391 1.391 1.394 1.394 2.304

1.382 1.387 2.308 1.402 1.402 1.379 1.379 1.382 1.382 2.304

AlH2 1.384 1.396 2.168 1.408 1.408 1.394 1.394 1.393 1.393 2.159

1.372 1.383 2.164 1.394 1.394 1.381 1.381 1.381 1.381 2.155

SiH3 1.379 1.389 2.045 1.400 1.398 1.395 1.395 1.393 1.393 2.040

1.367 1.377 2.039 1.387 1.386 1.382 1.383 1.381 1.380 2.034

PH2 1.378 1.387 1.950 1.397 1.397 1.394 1.394 1.393 1.393 1.932
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interaction. In the anti conformer of HMg–B(OH)2, this

distortion does not occur, leading to a somewhat elevated

value of DH0
298 for the endo–exo ? anti conformer con-

version, see Table 2.

It may be noted that the O–B–O angle increases across

the second and third periods of the periodic table as the

electronegativity of the substituents increases, see

Table 1S; the character of the NBOs is clearly in accord

with Bent’s rule [39]. From the data in Table 1A.3, A.4, it

can be seen that the O–B–O angles are less than 120� for
the groups usually thought of as electron donating and

greater than 120.0� for those thought of as electron

withdrawing.

It is of interest to compare the orientations of the BH2,

NH2, AlH2, and PH2 groups in the endo–exo conformers

of R–B(OH)2. As might be expected, the BH2 moiety in

Table 1 continued

B. Distances (Å)

R–B(OH)2 RH2B3O3

R B–O B–X B–O B–X

ra ra0 rb rb0 rc rc0

1.366 1.375 1.942 1.385 1.385 1.382 1.382 1.381 1.381 1.923

SH 1.378 1.384 1.837 1.395 1.397 1.392 1.393 1.394 1.393 1.815

1.367 1.373 1.828 1.383 1.384 1.380 1.381 1.382 1.381 1.806

Cl 1.368 1.376a 1.782a 1.386 1.386 1.396 1.396 1.393 1.393 1.759

1.358 1.365ag 1.770ag 1.375 1.375 1.384 1.384 1.380 1.380 1.747

B.3 Electron-donating substituents

O– 1.457 1.480 1.306 1.493 1.493 1.353 1.353 1.411 1.411 1.283

1.442 1.464b 1.299b 1.476 1.476 1.343 1.343 1.397 1.397 1.277

S– 1.424 1.439 1.778 1.462 1.462 1.361 1.361 1.407 1.407 1.743

1.410 1.424c 1.767c 1.446 1.446 1.350 1.350 1.394 1.394 1.731

COO– 1.387 1.395 1.620 1.472 1.472 1.356 1.356 1.409 1.409 1.554

1.375 1.384d 1.616d 1.459 1.459 1.345 1.345 1.396 1.396 1.545

CH2CH3 1.382 1.393 1.584 1.403 1.401 1.389 1.391 1.395 1.398 1.571

1.371 1.382 1.578 1.391 1.389 1.377 1.379 1.383 1.381 1.564

B.4 Electron-withdrawing substituents

NH3
? 1.345 1.346 1.578 1.353 1.353 1.432 1.434 1.384 1.384 1.562

1.335 1.336 1.573 1.343 1.343 1.419 1.420 1.372 1.371 1.557

NO2 1.353 1.355 1.563 1.371 1.371 1.404 1.404 1.391 1.391 1.526

1.344 1.346e 1.558e 1.360 1.360 1.391 1.391 1.379 1.379 1.522

CN 1.366 1.375 1.568 1.382 1.382 1.401 1.401 1.391 1.391 1.557

1.355 1.364 1.557 1.371 1.371 1.388 1.388 1.379 1.379 1.547

CF3 1.363 1.369 1.619 1.379 1.378 1.400 1.402 1.392 1.391 1.614

1.354 1.360 1.618 1.369 1.367 1.387 1.389 1.380 1.379 1.612

COOH 1.367 1.371 1.613 1.384 1.382 1.398 1.397 1.392 1.393 1.610

1.357 1.360f 1.608f 1.372 1.371 1.386 1.385 1.380 1.381 1.605

CHO 1.371 1.372 1.611 1.391 1.383 1.399 1.395 1.391 1.395 1.607

1.360 1.361 1.604 1.379 1.372 1.386 1.383 1.379 1.382 1.601

CH3O 1.386 1.387 1.378 1.398 1.403 1.385 1.391 1.399 1.392 1.359

1.375 1.377 1.368 1.387 1.392 1.374 1.379 1.386 1.380 1.351

a See Refs. [5, 13]
b Anti conformer:\O–B–O = 108.6�, B–O = 1.441 Å, B–O- = 1.309 Å
c Anti conformer:\O–B–O = 111.3�, B–O = 1.407 Å, B–S- = 1.782 Å
d Anti conformer:\O–B–O = 121.5�, B–O = 1.374 Å, B–C = 1.603 Å
e Anti conformer:\O–B–O = 125.6�, B–O = 1.341 Å, B–N = 1.567 Å
f Anti conformer:\O–B–O = 120.1�, B–O = 1.355, 1.358 Å, B–C = 1.613 Å
g Anti conformer:\O–B–O = 118.3�, B–O = 1.357, 1.358 Å, B–Cl = 1.788 Å
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H2B–B(OH)2 is perpendicular to the –B(OH)2 plane; if

H2B–B(OH)2 is constrained to be planar, the resulting

structure is a rotational TS. In contrast, H2N–B(OH)2 is

planar and NBO analysis using the MP2 density indicates

that the nitrogen–boron bond is actually a double bond,

consisting of a r-bond and a p-dative bond; the structure

with the NH2 moiety perpendicular to the –B(OH)2 plane is

a rotational TS. The endo–exo conformer of H2Al–B(OH)2
is also planar, and a structure in which the AlH2 moiety is

perpendicular to the plane is a rotational TS. The PH2

group in H2P–B(OH)2 is in a pyramidal orientation with the

two hydrogen atoms on the same side of the –B(OH)2
plane, and NBO analysis shows that the P–B is a single

r-bond; as would be expected, a completely planar form of

H2P–B(OH)2 is an inversion TS.

The highest value of DH0
298 for the endo–exo ? anti

conversion for the boronic acids in this investigation is

?7.8 kcal/mol when R=H3N
?, see Table 2; this is partially

the result of substantial electrostatic repulsion involving

the five positively charged H atoms in the anti conformer.

In most cases, the value of DH0
298 for this endo–exo ? anti

conversion is slightly lower for the corresponding acid in

the third period compared to that in the second period, see

Tables 2a, b. Values of DH� for the endo–exo ? anti

barrier at the MP2/aug-cc-pVTZ level are also listed in

Table 2, and the values range from 6.1 kcal/mol for R=O-

to 10.4 kcal/mol for R=NH3
?.

Charges NPA charges from the MP2/aug-cc-pVTZ den-

sity on the boron atoms for the boronic acids in this in-

vestigation are listed in Table 3. Although these boron

charges are always positive, they range widely from

?0.278e for Li–B(OH)2, where the charge on the Li atom

is ?0.664e, to ?1.267e for F–B(OH)2, where the charge on

the F atom is -0.480e. Across the second and third rows of

the periodic table, the positive charges on the boron atoms

in these acids generally increase as the electronegativity of

the substituent increases, see Table 1S. The charge of the

atom directly connected to the boron atom varies from

-1.085e for the nitrogen atom in H2N–B(OH)2 to ?1.276e

for the Mg atom in HMg–B(OH)2, see Table 3.

Heats of formation

In Table 4, we list heats of formation at 298.15 K,

DHf(298 K), for selected endo–exo conformers of

R–B(OH)2 calculated at the G3 level of theory [25, 26];

this particular extrapolation procedure was chosen based

on our previous experience calculating heats of formation

for boronic acids and boroxines [13]. It is important to note

that the scarcity of high-quality experimental thermody-

namic data for boronic acids has excluded these com-

pounds from the various data sets that have been used to

assess the Gn methodologies for testing heats of formation;

in particular, there are no boron-oxygen bonded species in

the G3/05 data set [40].

Nevertheless, there are a few experimental/computa-

tional heats of formation available in the literature for

comparison. (1) Porter and Gupta [7] determined DHf

(298 K) for H–B(OH)2 to be -153.8 ± 2.0 kcal/mol, and

Gurvich et al. [11] estimated its value as -154.0 ±

2.0 kcal/mol, see Table 2SA; the most reliable calculated

value, -154.6 ± 1.5 kcal/mol, is due to Grant and Dixon

[41], and the G3 value is -153.9 kcal/mol [13]. (2) The

Table 2 Values of DH0
298 and DH� (kcal/mol) for the endo–

exo ? anti conformer conversion of the boronic acids, R–B(OH)2,

calculated at the MP2(FC)/aug-cc-pVTZ level

R–B(OH)2

R DH0
298

DH�

H ?1.0a ?9.3a

(a) Second period

Li ?2.8a ?10.0a

BeH ?2.8a ?10.0a

BH2 ?2.3a ?8.9a

CH3 ?2.0a ?9.4a

NH2 ?2.9a ?7.0a

OH ?4.0a ?7.7a

F ?0.6a ?7.5a

(b) Third period

Na ?1.9 ?9.5

MgH ?3.4 ?10.2

AlH2 ?1.7 ?10.0

SiH3 ?1.8 ?9.4

PH2 ?1.7 ?8.5

SH ?2.2 ?7.7

Cl -0.02a ?7.7a

(c) Electron-donating substituents

O- -1.9 ?6.1

S- -3.6 ?6.6

COO- -6.3 ?7.7

CH3CH2 ?1.7 ?9.7

(d) Electron-withdrawing substituents

NH3
? ?7.8 ?10.4

NO2 -2.6 ?7.3

CN ?0.7 ?8.8

CF3 ?0.8 ?8.4

COOH -0.3 ?8.9

CHO ?2.5 ?9.5

CH3O ?3.4 ?7.3

a See Refs. [5, 13]
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JANAF [8] and Gurvich et al. [11] compilations list DHf

(298 K) for B(OH)3 as -237.2 ± 0.6 and -240.0 ±

0.6 kcal/mol, respectively; Grant and Dixon [41] calculat-

ed DHf (298 K) to be -239.8 ± 1.5 kcal/mol, and the G3

value is -238.8 kcal/mol [13]. 3) The heat of formation of

F–B(OH)2 was determined as 249.8 ± 2.5 kcal/mol by

Porter et al. [42], estimated by Gurvich et al. [11] as

-250.9 ± 5.0 kcal/mol and calculated at the G2 level by

Duan et al. [37] to be -250.6 kcal/mol; the G3 value is

-250.5 kcal/mol. (4) Gurvich et al. [11] reported DHf

(298 K) for Cl–B(OH)2 as -192.5 ± 5.0 kcal/mol; the G3

value is -193.1 kcal/mol. Thus, heats of formation cal-

culated at the G3 level of theory are in reasonably good

agreement with the limited experimental/computational

data available from the literature.

The calculated heats of formation for the boronic acids

in this investigation vary widely. Based on the fact that DHf

(298 K) for NH4
? is ?154.1 kcal/mol [9, 10], it is not

surprising that the highest heat of formation we found,

-16.8 kcal/mol, is for R=NH3
?. The most negative heat of

formation, -318.8 kcal/mol, is for R=CF3. It should also

be pointed out that except for the Group 1 metals Li and

Na, the heats of formation become more negative across

both periods 2 and 3 of the periodic table, reflecting the

increase in the electronegativity of the atom directly con-

nected to the boron atom or of various group elec-

tronegativity schemes, see Table 1S; with the exception of

the Na and MgH, the Period 2 heats of formation are more

negative than the corresponding Period 3 values, following

a similar trend in electronegativities.

Table 3 NPA charges on the boron atoms for the boronic acids, R–B(OH)2 (endo–exo), and monosubstituted boroxines, RH2B3O3, calculated at

the MP2(FC)/aug-cc-pVTZ level

R R–B(OH)2 RH2B3O3

q(B) q(X) q(B) ipso q(B) q(B) q(X)

H ?0.916 -0.139 ?0.973 ?0.973 ?0.973 -0.108

(a) Second period

Li ?0.278 ?0.664 ?0.312 ?0.953 ?0.953 ?0.731

BeH ?0.329 ?1.118 ?0.378 ?0.964 ?0.964 ?1.156

BH2 ?0.774 ?0.197 ?0.826 ?0.974 ?0.974 ?0.223

CH3 ?1.070 -0.961 ?1.130 ?0.974 ?0.973 -0.958

NH2 ?1.111 -1.085 ?1.141 ?0.969 ?0.969 -1.050

OH ?1.192 -0.891 ?1.234 ?0.974 ?0.972 -0.876

F ?1.267 -0.480 ?1.319 ?0.976 ?0.934 -0.455

(b) Third period

Na ?0.355 ?0.602 ?0.379 ?0.953 ?0.953 ?0.679

MgH ?0.330 ?1.276 ?0.369 ?0.962 ?0.962 ?1.325

AlH2 ?0.550 ?1.099 ?0.593 ?0.974 ?0.974 ?1.144

SiH3 ?0.729 ?0.571 ?0.770 ?0.970 ?0.970 ?0.608

PH2 ?0.828 -0.037 ?0.857 ?0.970 ?0.970 ?0.009

SH ?0.879 -0.271 ?0.893 ?0.970 ?0.970 -0.187

Cl ?0.966 -0.222 ?0.988 ?0.978 ?0.978 -0.159

(c) Electron-donating substituents

O- ?1.081 -1.068 ?1.110 ?0.934 ?0.934 -0.988

S- ?0.753 -0.830 ?0.730 ?0.938 ?0.938 -0.678

COO- ?0.885 ?0.437 ?0.823 ?0.930 ?0.930 ?0.503

CH3CH2 ?1.068 -0.741 ?1.136 ?0.972 ?0.975 -0.747

(d) Electron-withdrawing substituents

NH3
? ?1.197 -0.900 ?1.174 ?1.102 ?1.101 -0.892

NO2 ?1.086 ?0.229 ?1.154 ?0.985 ?0.985 ?0.234

CN ?0.979 -0.020 ?1.027 ?0.980 ?0.980 -0.020

CF3 ?0.941 ?0.787 ?0.999 ?0.980 ?0.980 ?0.792

COOH ?0.939 ?0.506 ?0.993 ?0.977 ?0.977 ?0.501

CHO ?0.938 ?0.153 ?0.996 ?0.977 ?0.977 ?0.145

CH3O ?1.198 -0.722 ?1.234 ?0.970 ?0.974 -0.688
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Boroxines

Structures

H3B3O3 is the only boroxine compound whose gas-phase

experimental structure has been reported. Using electron

diffraction, Chang et al. [43] found this molecule to be

planar (D3h) with r(B–H) = 1.192 ± 0.017 Å, r(B–

O) = 1.3758 ± 0.0021 Å, \B–O–B=\O–B–O=120.0 ±

0.04�, and\H–B–O = 120� [11]. The structure of borox-

ine has also been studied computationally [5, 13, 44]; the

calculated structural parameters at the MP2/aug-cc-pVTZ

level, see Table 1, are in excellent agreement with these

experimental results. It should be pointed out that the ring

angles in H3B3O3 calculated at the MP2/aug-cc-pVDZ

differ by *0.6� from the experimental values and those

calculated at the MP2/aug-cc-pVTZ level.

In Table 1, we list selected geometrical parameters for a

variety of monosubstituted boroxines; the parameters are

identified in Fig. 2. Many of the boroxines in this investi-

gation are planar and have C2v symmetry (e.g., R=Li, MgH,

NH2, CN, and O-) or involve a distortion from this sym-

metry that retains the vertical symmetry plane (e.g.,

R=COO-, vide infra); in these cases, ra = ra0, b = b’, etc.
However, when there is a distortion from C2v symmetry

that retains the horizontal symmetry (e.g., R=SH, CHO,

and COOH), the Bipso…Opara line is no longer a twofold

rotational axis and ra = ra’, b = b’, etc.; the ‘‘prime side’’

of the ring was taken as shown in Fig. 2. For R = XY3,

symmetry was not enforced during the calculation, but one

Table 4 Heats of formation for boronic acids and boroxines calcu-

lated at the G3 level of theory

A. Boronic acids, R–B(OH)2

R DHf (298.15 K) (kcal/mol)

H -153.9

A.1 Second period

Li -108.5

HBe -100.6

H2B -121.1

H3C -170.2

H2N -183.7

HO -238.8

F -250.5

A. 2 Third period

Na -111.7

HMg -103.1

H2Al -112.4

H3Si -138.9

H2P -149.9

HS -169.3

Cl -193.1

A.3 Electron-donating substituents

O- -245.7

COO- -273.7

CH3CH2 -172.8

A.4 Electron-withdrawing substituents

NH3
? -16.8

NO2 -175.9

CN -132.0

CF3 -318.8

COOH -245.7

CHO -180.7

CH3O -231.4

B. Boroxines (RH2B3O3)

R DHf (298.15 K) (kcal/mol)

H -276.5

B.1 Second Period

Li -233.9

HBe -224.4

H2B -245.6

H3C -294.8

H2N -312.6

HO -367.7

F -374.2

B.2 Third period

Na -236.6

HMg -227.3

H2Al -236.0

H3Si -261.7

Table 4 continued

B. Boroxines (RH2B3O3)

R DHf (298.15 K) (kcal/mol)

H2P -274.1

HS -294.5

Cl -315.7

B.3 Electron-donating substituents

O- -385.6

COO- -408.2

CH3CH2 -297.6

B.4 Electron-withdrawing substituents

NH3
? -139.0

NO2 -295.4

CN -253.3

CF3 -439.8

COOH -364.8

CHO -299.5

CH3O -356.3
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of the BOXY torsional angles typically optimized to *0�,
which was used to define the ‘‘prime side,’’ see Fig. 2.

Generally, the parameters calculated at the MP2/aug-cc-

pVDZ and MP2/aug-cc-pVTZ levels are in reasonable

agreement. As expected, the B–O bond lengths in the ring

are shorter with the more complete basis set; this amounts

to ca. 0.01–0.02 Å. As noted above for H3B3O3, the pre-

dicted bond angles in the ring from these two computa-

tional levels can differ significantly, although there are

some regularities to the differences, e.g., the calculated

ipso angles (a; \O–B–O) are consistently smaller at the

MP2/aug-cc-pVTZ level, and the opposing angles (d;\B–

O–B) consistently larger; unfortunately, no experimental

data are available for comparison. In view of these dif-

ferences, the comparisons below will be made using data

from the MP2/aug-cc-pVTZ level.

Although some of the monosubstituted boroxines we

considered do not have C2v symmetry, the corresponding

B–O lengths, the B–O–B angles, and the O–B–O angles on

opposite sides of the Bipso…Opara line are nearly equal in

most cases, see Table 1; the largest value of |ra - ra0| is

0.009 Å for R=OH, and the largest value of |b-b’| is 0.2�
for R=OH and OCH3. The ipso angles for the substituents

we employed in this study vary from 109.8� for the highly
electron-donating group R=O- to 128.0� for the highly

electron-withdrawing group R=NH3
?; in fact, the ipso

angles for the electron-donating groups in Table 1A.3 are

all less than 120�, whereas for the electron-withdrawing

groups in Table 1A.4 are all greater than 120�. The ipso

angle and the opposing angle d in the boroxine ring gen-

erally increase for the hydrides across the second and third

periods of the periodic table; the only exception involves

the weakly electron-donating CH3 group where the ipso

angle is less than that for both BH2 and NH2.

To a large extent, the angular O–B–O deformation, Da,
of the boroxine ring at the ipso position induced by sub-

stitution is compensated for B–O–B angular deformations,

Db and Db’, at the ortho positions of the opposite sign, and

Db & Db0 & -Da/2, similar to what has been observed

by Domenicano et al. [45] for monosubstituted benzenes.

The O–B–O angular deformations, Dc and Dc’, at the meta

positions are generally smaller in magnitude than the B–O–

B deformations at the ortho positions; Dc & Dc’, and they

range from ?2.9� for R=O- to -2.4� for R=NH3
?. The

angular deformation at the para position, Dd, can be sub-

stantial, e.g., ?4.3� for R=NH3
?. Although the magnitude

of Dd is consistently smaller than the magnitude of Da, the
signs are the same. It should be noted that the angle d for

the electron-withdrawing groups we employed in this in-

vestigation is greater than 120.0�, whereas for the electron-
donating groups, it is less than 120.0�.

It is of interest to compare structural parameters for the

monosubstituted boroxines with those for the correspond-

ing endo–exo conformers of the monomers. For the second-

and third-period hydrides, the ipso angle for the boroxine is

consistently greater than the O–B–O angle in the corre-

sponding monomer, and this is also the case for most of the

electron-donating groups we considered, see Table 1. In

contrast, for the carboxylate anion, the ipso angle for the

boroxine with R=COO-, 112.9�, is significantly smaller

than the O–B–O angle in the monomer, 119.7�. However,
the structure of the lowest energy form for this boroxine is

quite distinctive in that the carbon atom and one of the two

carboxylate oxygen atoms are nearly equidistant from the

ipso boron atom (the B–C and B–O distances are 1.545 and

1.523 Å, respectively), forming a three-membered CBO

ring in an orientation perpendicular to the boroxine core;

several attempts to find an analogous structure for the

corresponding boronic acid were unsuccessful, and the

lowest energy form of this acid was planar with the two

carbon–oxygen bond lengths the same. For comparison, we

note that a planar version of this boroxine at the MP2/aug-

cc-pVDZ level is a TS (a = 116.1�) while a version with

the COO- group constrained to be perpendicular to the ring

is also a TS (a = 116.3�); thus, even for these more con-

ventional type structures, the ipso angle for the boroxine

remains smaller than the O–B–O angle in the monomer. It

should be noted that the rather large angle in the endo–exo

form of the boronic acid in this case is a result of a very

strong B–O–H…O interaction; the O–B–O angle in the anti

form of the monomer is even larger, 121.5�. For the

Fig. 2 Identification of the B–O bonds and B–O–B and O–B–O

angles for the monosubstituted boroxines in Table 1; the ipso angle is

labeled as a
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electron-withdrawing groups NO2, CF3, COOH, and CHO,

which involve either strong B–O–H…O or B–O–H…F in-

teractions in the acids, the O–B–O angle in the monomer is

greater than the ipso angle for the corresponding boroxine,

whereas for CN and CH3O, it is greater for the boroxine.

Charges

NPA charges from the MP2/aug-cc-pVTZ density on the

various boron atoms and the atom X of the substituent R

that is directly connected to the boron atom of the borox-

ines in this investigation are listed in Table 3. The charges

on the ipso boron atoms are always positive, ranging from

?0.312e for R=Li to ?1.319e for R=F, reflecting what we

observed for the corresponding boronic acids. Across the

second and third periods, the charge on the ipso boron atom

is generally more positive than it is for the corresponding

boronic acid.

Heats of formation

In Table 4, we list heats of formation at 298.15 K for se-

lected monosubstituted boroxines in this study calculated at

the G3 level of theory. Unfortunately, there are few ex-

perimental values to compare with. As we have noted

previously [5, 13], the heat of formation for H3B3O3 listed

in the JANAF compilation [8], -291.0 ± 2.0 kcal/mol, in

the ATcT (Active Thermochemical Tables) project of

Ruscic and coworkers [9, 10, 46], -291.0 ± 10.0, or in the

Gurvich et al. Tables [11], -287.7 ± 5.0 kcal/mol, all

appear to be too negative. The value calculated from the

G3 level of theory, -276.5 kcal/mol, is likely to be much

closer to the correct value [13]. There are a few other heats

of formation available in the literature for monosubstituted

boroxines that we can use for comparison, see Table 2S:

(1) The JANAF compilation [5] lists the heat of formation

for FH2B3O3 as -382.0 kcal/mol, and Guest et al. [15] in

their computer analyses of a variety of boron compounds

give the value as -382.8 kcal/mol; however, numerous

assumptions were involved in arriving at these numbers.

The value calculated at the G3 level of theory is somewhat

less negative, -374.2 kcal/mol. (2) Porter and Gupta [16]

in their study of the reactions of H3B3O3(g) with

HCl(g) determined the heat of formation at 298 K for

ClH2B3O3 to be -314.5 ± 4.0 kcal/mol. The G3 value,

-315.7 kcal/mol, is in surprisingly good agreement with

this result.

Boroxine formation from boronic acid dehydration

In Table 5, we list reaction enthalpies for the dehydration

reactions

R�B OHð Þ2 endo�exoð Þ þ 2R�B OHð Þ2
! RH2B3O3 þ 3H2O

calculated at the MP2/aug-cc-pVDZ and MP2/aug-cc-

pVTZ computational levels. The following points may be

noted: (1) The calculated values of DH0
298 for the dehy-

dration at the MP2/aug-cc-pVDZ and MP2/aug-cc-pVTZ

levels typically differ from each other by less than

1 kcal/mol; (2) with the exception of R=O-, all the dehy-

dration reactions for these aliphatic boronic acids are

endothermic; (3) for the second- and third-period hydrides

in toto, DH0
298 is not correlated with the atomic or group

Table 5 Reaction enthalpies in vacuo for the dehydration reactions

R�B OHð Þ2 endo�exoð Þ þ 2R�B OHð Þ2! RH2B3O3 þ 3H2O calcu-

lated at the MP2(FC)/aug-cc-pVDZ//MP2(FC)/aug-cc-pVDZ and

MP2(FC)/aug-cc- pVTZ//MP2(FC)/aug-cc-pVDZ levels

DH0
298 (kcal/mol)

R MP2/aug-cc-pVDZ MP2/aug-cc-pVTZ

H ?12.0a ?12.2a

(a) Second period

Li ?9.4 ?9.6a

BeH ?10.8 ?10.9a

BH2 ?10.2 ?10.3a

CH3 ?10.0 ?10.1a

NH2 ?5.9 ?6.1a

OH ?10.3 ?10.4a

F ?11.4 ?11.4, ?11.3a

(b) Third period

Na ?9.8 ?10.1a

MgH ?10.7 ?10.9a

AlH2 ?10.7 ?11.3a

SiH3 ?11.8 ?12.2, ? 12.0a

PH2 ?10.5 ?10.7a

SH ?10.0 ?10.1a

Cl ?12.2 ?12.4, ?12.2a

(c) Electron-donating substituents

O- –4.5 –3.9a

S- ?2.5 ?2.8a

COO- ?3.1 ?1.0a

CH3CH2 ?9.8 ?9.9a

(d) Electron-withdrawing substituents

NH3
? ?11.9 ?12.2a

NO2 ?15.8 ?15.9a

CN ?13.2 ?13.3a

CF3 ?14.1 ?14.1a

COOH ?15.6 ?15.8a

CHO ?15.9 ?16.0a

CH3O ?10.0 ?10.1a

a Thermal corrections used from the MP2(FC)/aug-cc-pVDZ//

MP2(FC)/aug-cc-pVDZ level
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electronegativities, see Table 1S; (4) for the substituents in

the second period with lone pairs, i.e., H2N, HO, and F,

DH0
298increases as the r-electron withdrawing capacity

increases and the p-electron donating ability of the group

decreases based on values of the Hammett constants [47],

see Table 1S; (5) the values of DH0
298 for the electron-

withdrawing substituents are consistently larger than those

for the electron-donating.

Concluding remarks

The availability of experimental thermodynamic data for

simple aliphatic substituted boronic acids and boroxines is

extremely limited, and their accuracy is not always as good

as one might hope for. This problem is exacerbated by the

paucity of reliable experimental structural and vibrational

data on these compounds. Thus, the heats of formation at

298 K listed in the JANAF and Gurvich et al. [11] com-

pilations have typically employed structural parameters,

bond energies, and/or vibrational frequencies adopted from

a variety of related molecules, making it difficult to assess

the reliability of these tabulated values. In this article, we

investigated the structures of a variety of monosubstituted

boroxines and their corresponding boronic acids, as well as

the reactions that lead to their interconversion via

dehydration.

We have shown the following:

(1) Although the endo–exo conformer of the boronic acids

is usually the lowest energy form, see Table 2, interactions

between the hydroxyl hydrogen atoms of the boronic acid

moiety and the substituent can significantly stabilize the anti

conformer, e.g., R=COO- or NO2, and make it the lowest

energy form. The barriers for the endo–exo ? anti conver-

sion for the acids in this study range from6.1 to 10.4 kcal/mol

at the MP2/aug-cc-pVTZ level. (2) The O–B–O angle for the

acids increases for the second- and third-period hydride sub-

stituents as the electronegativity increases; the character of the

NBOs is clearly in accord with Bent’s rule [39]. (3) For the

second- and third-period hydrides and the electron-donating

groups we considered, the ipso angle for the boroxine is

greater than theO–B–O angle in the correspondingmonomer;

for the electron-withdrawing groups, there are cases with the

ipso angle greater and lesser than the O–B–O angle in the

correspondingmonomer. (4) The boroxinewithR=COO- has

a distinctive structure with the carbon atom and one of the two

oxygen atoms nearly equidistant from the ipso boron atom

forming a three-membered CBO ring perpendicular to the

nominal plane of the boroxine core. (5) The ipso angles in the

monosubstituted boroxines vary from 109.8� (R=O-) to

128.0� (R=NH3
?); the ipso angles for the electron-donating

groups in Table 1A.3 are less than 120�, whereas the ipso

angles for the electron-withdrawing groups in Table 1A.4 are

greater than 120�. (6) With the exception of R=O-, the reac-

tions R–B(OH)2 ? 2 H–B(OH)2 ? RH2B3O3 ? 3 H2O are

predicted to be endothermic; the values of DH0
298 for the

electron-donating groups are generally smaller than for the

electron-withdrawing groups. (7) For the second-period sub-

stituents with lone pairs, H2N, HO, and F, DH0
298 increases as

the r-electron withdrawing p-electron donating capacity of

the group increases. (8) For many of the boronic acids and

boroxines in this article, the heats of formation calculated at

the G3 level of theory listed in Table 4 are the first estimates

available for this fundamental property of these compounds;

the lack of experimental data for comparisonmakes it difficult

to assess the accuracy of these values. This highlights the

important work of Grant and Dixon [41], Schlegel and Harris

[48], Duan et al. [37], and Karton andMartin [37, 49] in using

high-level calculations to improve the accuracy of heats of

formation for boron compounds.
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Stanton JF (2006) ChemPhysChem 7:1664–1667

47. Hansch C, Leo A (1979) Substituent constants for correlation

analysis in chemistry and biology. Wiley-Interscience, New York

48. Schlegel HB, Harris SJ (1994) J Phys Chem 98:11178–11180

49. Karton A, Martin JML (2007) J Phys Chem A 111:5936–5944

1162 Struct Chem (2015) 26:1151–1162

123


	A computational investigation of monosubstituted boroxines(RH2B3O3): structure and formation
	Abstract
	Introduction
	Computational methods
	Boronic acids
	Structures
	Charges

	Heats of formation

	Boroxines
	Structures
	Charges
	Heats of formation

	Boroxine formation from boronic acid dehydration

	Concluding remarks
	Acknowledgments
	References




