8938 J. Phys. Chem. R005,109, 8938-8943
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Density functional theory (B3LYP//6-3#1G*) calculations including PoisserBoltzmann (PB) implicit solvent

were applied to study the relative stability of triphenylboroxine (PhB&)h respect to its phenylboronic

acid monomers. In solution, formation of (PhBQy thermodynamically unfavorable; however, addition of

an amine base results in the formation of stable 1:1 adducts of (Rfe®@)amine. Formation of 1:2 adducts

is energetically unfavorable. We find that adduct formation is more exothermic than cleavage of the boroxine
ring back to its monomerse-Electron-withdrawing groups in the papmsition of the phenyl ring destabilize

the boroxine ring with respect to its monomers. However, para-substituents that are net electron-withdrawing
are found to stabilize formation of the 1:1 adduct.

Introduction begs the question: Why is the 1:1 complex favored over any
other stoichiometric permutation? Beckmann et al. have pos-
tulated that binding one ligand (and not two or three) affords
She largest reduction in boroxine ring strafOur calculations

do not support this hypothesis fully and point to the sensitivity
of calculation on a suitable choice of model compound.

a Last, it is worthwhile to make some conclusions regarding
the overall thermodynamics of the two-step reaction sequence.
Is the energetic favorability of the ligand binding (Step 2) large
enough to counteract the unfavorable nature of the boroxine
ring construction (Step 1)? Can one reliably generate, in high
yield, boroxine complexes starting from a mixture of monomeric

boronic acid and ligand? As we begin to explore functional

materials derived from organoboroxines, a full understanding
of the solution-state properties will be important.

We have applied density functional theory (DFT) at the
B3LYP//6-311G* level including PoissorBoltzmann (PB)
implicit solvent for all our calculations. The layout of the paper
is as follows. After the section on computational methods, we
discuss the choice of model system used to support the ring
strain argument proposed by Beckmann éf&Ve then present
the results of our calculations for the two equilibrium steps and
the effect of different para-substituents £XH, CHs, Cl, OMe,
sCF3, CHO, C(O)CH, SiMe;3) on the relative stabilities of the

boronic acid, boroxine, and 1:1 adducts of boroxds.

Boroxines are the dehydration product of organoboronic acids.
Boroxines have found commercial use in such diverse areas a
flame retardant materialsdopants that enhance lithium ion
transference in polymer electrolyt&s! and recently as boronic
acid alternatives in SuzukiMiyaura coupling reactions Al-
caraz et al. has also investigated boroxine-based compounds
nonlinear optical materiafs.

It is well-known that boroxines form isolatable adducts with
many nitrogen donor compounds including amifies, py-
ridines}? hydrazines? azaindoled! and even salen type
ligands!® At room temperature, amine and pyridine type ligands
are in fast exchange and NMR spectra are therefore time
averaged. Activation parameters for several different ligands
have been experimentally establisiéd.

In contrast to the ligand exchange kinetics, there are few
studies delineating the thermodynamics of the two-step reaction
sequencé’ boroxine construction from monomeric boronic
acids (Step 1, Figure 1) and subsequent boroxine complexation
by nitrogen donor compounds (Step 2, Figure 1). This compu-
tational study examines the thermodynamics of both reaction
steps individually. From these individual results we are able to
draw some general conclusions regarding the overall energetic
of an equilibrating mixture of boronic acid, boroxine, and ligand.

As our starting point, we exam_med aseries .Of para-substrFuted Finally, we present results investigating the effects of replacing
phenylboronlc acids in equilibrium W't_h their corresponding NH3; with pyridine, and the relative energetics for forming 1:2
boroxines. Several of the para-substituents were chosen 10, 4ducts with (PhBQ)

parallel experimental data published by Tokunaga et al. in which
they studied the impact of electron-donating or electron-
withdrawing groups on the equilibrium constahtsGood
agreement was found between experimental trends in boroxine All calculations were carried out using Jaguar?8.at the
formation constants and our computational results. B3LYPZ-24 flavor of density functional theory with a 6-331*

We then turned our attention to boroxine ligation (Step 2, basis set. We chose to run our calculations at a similar level of
Figure 1). Curiously, the vast majority of known solid-state theory and basis set as Beckmann et®ahs to facilitate
structures are 1:1 addu&&1416.18.1There are several examples comparative analysis. The electronic energy of the optimized
of difunctional ligands generating 2:3 boroxine:ligand com- gas-phase structures is designateg, The PB continuum
plexes, but in these cases, two of the ligands are filling space approximatiof®>26 was used to describe the effect of solvent.
not actually bindind. The preponderance of 1:1 stoichiometries In this approximation, a smooth solvent-accessible surface of
the solute is calculated by rolling a sphere of radiys, over
* Corresponding author. E-mail: jkua@sandiego.edu. the van der Waals surface. The solvent is represented as a
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Figure 1. Two-step reaction sequence of boroxine construction followed by adduct formation.

polarizable continuum surrounding the molecule with dielectric Previous Computational Work on Ring Strain

constante. For water as a solvent we used the default Jaguar . ) .

5.5 values of = 80.37 andRsoy = 1.40 A for the dielectric Previous computational work on boroxines has focused on
constant and probe radius, respectively. Charges are allowedhe aromaticity, localization of electron pairs, and ionicity of

to develop on the surface according to the electrostatic potentialthe kB_O bondsa1isr)1 the ring.kTheT,edstudiesl areh referedncet()j by
of the solute anck: then the polarized reaction field of the Beckmann et ai” To our knowledge, only the study by

solvent acts back on the quantum mechanical description of theBeckmann et al. has addressed the question of adduct formation

solute. The wave function of the complex is relaxed self- computationally. . )

consistently with the reaction field to solve the PB equations. _ TWo of the questions that Beckmann et al. aim to answer are
Although the forces on the quantum mechanical solute atoms (1) Why (RBO) rings are susceptible to cleavage compared to
due to the solvent can be calculated in the presence of thetheir 1:1 amine adducts and (2) why addition of amines to
solvent, in this work, the solvation energy was calculated at (RBO) rarely proceeds beyond 1:1 stoichiometry. Both argu-
the optimized gas-phase geometry. This is because there is littdeNts hinge on how much the-®>—B and O-B—0 angles
change between the gas-phase and implicit solvent-optimized'nthe ring differ from their ideal “unstrained” or “unconstrained

; ; ; counterparts. To find these ideal angles, calculations at the
geometries. The difference in energy between the unsolvated
and solvated structures is designategy. It is important to B3LYP//6-311+G* level were performed on O(Bj and HB-

note that in these calculations, water as an implicit solvent is _(Og)zthrespectlvslﬁ. Thg 'dial ?nlgles wereF:‘Eund t0-uE2> d
nonreactve. We chose to use water because the implicit solvent In bo case“s. elaxe po ential energy (PE) scans were use
parameters are well tested in the Jaguar progfam. to map the “energy cost” of deviating from the ideal angle.

. . _ .. Based on thexperimentabond angles of (PhB@)the total
The analytical Hessian was calculated at each optimized gy 4y energy was determined to be 19.5 kJ/mol on the basis of

geometry in the gas phase. The DFT gas-phase energies arg,q pg scan. In the adduct (PhB@)r, there is aet increase
then corrected for zero-point vibrations. The temperature- ¢4 five out of the six angles (the exception being the ®-0
dependent enthalpy correction term is straightforward to cal- angle of the tetrahedral B). Because the ideal angle being
culate from statistical mechanics. Assuming that the translational compared to is 125 the result is a reduction of ring strain from
and rotational corrections are a constant tirk@s that low- 14.7 to 8.7 kJ/mol on the basis of the PE scan. This decrease in
frequency vibrational modes will generally cancel out when girain energy is used to explain why the 1:1 amine adduct is
enthalpy differences are calculated, and that the vibrational |ggg susceptible to cleavage. No quantification is made of the
frequencies do not change appreciably in solution, we can energy cost in the reduction of the-®—0 angle (down to
calculateH;ogx. The sum of the zero point energy and enthalpy 113 3) of the tetrahedral B. It may have been excluded because
corrections to 298 K are collectively designateg,. The of the tetrahedral nature of the B. This would require some
calculated values OEeieo Esov and Ecorr are available in the  jystification because it is part of the ring. A better treatment
Supporting Information. The corresponding free-energy correc- might be to compare this angle to a reference compound such
tions in solution are much less reliaBfe?® Changes in free-  as HB(OH)(NHs), keeping in line with the model hydrides.
energy terms for translation and rotation are poorly defined in we calculated this compound to have ar-B-0O angle of
solution, particularly as the size of the molecule increases. 113.6, so perhaps the justification may be that there is little
Additional corrections to the free energy for concentration contribution to the ring strain from the tetrahedral B.
differentials among species (to obtain the chemical potential) T4 explain the observation of 1:1 preferred stoichiometry in
can be significant, especially if the solvent (water) participates the amine adduct, the authors claim that 1:2 and 1:3 adducts
in the reaction and is present in much higher concentration thanyguld “necessitate a decrease in the correspondin@ ©0

the other species in solution. Furthermore, because the reactiongngles and may not be feasible because this would force an
being studied are in solution, the free energy being accountedynfavorable widening of BO—B angles”. It would have to

for comes from two different sources: thermal corrections and depend on how much the angles would widen (e.g., strain would
implicit solvent. Neither of these parameters is easily separable,actually be relieved if the BO—B angles widened from a
nor do they constitute all the required parts of the free energy number lower than the ideal up to the ideal). No numbers were
under our approximations of the system. used to support it even though PE scans were done.

Our reportedAH values are calculated from the difference The problem with the ring strain argument is that if the H
in solution-phase enthalpy between the reactants and productsattached to B in O(Bk), and HB(OHY} is replaced by a carbon-
These are calculated by adding to the electronic energies (1)containing group, the reference-®—-B and O-B—O “un-
zero point energy, (2) enthalpic thermal corrections to 298 K strained” angles change significantly. Because the boroxine of
and, (3) the free energy due to solvation. Even though the interest is (PhBQ) rather than (HBQ) the corresponding
solvation energy is to some extent a free-energy correction, it boronic acid model used should have been phenylboronic acid,
certainly does not account for all of the free energy. Hence, we or at least methylboronic acid. We repeated the calculations of
will retain the symbolAH in our results and discussion. the model compounds chosen by Beckmann et al., at the same
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Figure 2. Reference compounds for the-®—B angle. 3 —_— 2

level of theory and basis set, but replaced the H withy @hid

Ph. Although the optimized ©B—0O angle in HB(OHj is X
125.8 in agreement with the previous work, the optimized
angles decrease to 116 &nd 116.7 for CHsB(OH), and PhB-
(OH),. The optimized B-O—B angle in O(BH). is also 125.8

in agreement with the previous work, but when the following
model compounds shown in Figure 2 are used, the optimized TABLE 1: Energetics of Boroxine Trimer Formation

Figure 3. Formation of triphenylboroxme from the trimerization of
phenylboronic acid.

angles increase to an average of 138no hydrogen bond is AEaiec AEcor AE<oy AH
formed between the hydroxyl groups, the optimized @B X 1(kcal/mol)  (kcal/mol)  (kcal/mol)  (kcal/mol)
angles are 136%1and 135.4 for CH; and Ph, respectively. If a — _

hydrogen bond is formed, these angles are 1°34r@l 130.8. 8|Me 11535 _g:gg _g:gg ggﬁ
We also calculated the-€B—0 angle to be 115.7 and 114.3 CHs 13.11 —4.55 —-3.53 5.03
in the model compounds (GHB(OH),(NH3) and PhB(OHy H 1321 —2.74 —3.68 6.79
(NHa), representing the unstrained tetrahedral B. These angles SiMes 13.51 -1.01 —3.82 8.68
are quite close to the crystallographic 113@—-B—0 angle C(O)CH 12'2573 :i'gg :j'g g'gg
for the tetrahedral B in the (PhBPpyr adduct. CHO 14.76 ~101 —4.03 9.72

The ring strain argument is predicated on the following. From
the more precise of two sources of crystallographic &,  angles have a range of 116.016.7. Because these angles are
the O-B—0 and B-O—B angles of (PhBQ)are 119.3 and close to those found in the 1:1 adduct, we think ring strain does
120.3, respectively. (Our calculated angles are quite close: not play a major role in determining the lower stability of the
118.5 and 121.5, respectively.) Note that these angles ar&5 1:2 adduct.
below the “ideal” reference angle of 125Jpon binding of
pyridine to form the 1:1 adduct, there is an overall increase in
five of the six bond angles, not counting the tetrahedral B (where

the O-B—O angle decreases to 113 Jaccording to crystal- Equilibrium between Boronic Acid Monomers and Borox-
lographic data. The result is that these five angles are now inine Trimer. The trimerization of phenylboronic acid)(to form
the 120-122 range and thus closer to the ideal of 125his triphenylboroxine 2) is shown in Figure 3. The equilibrium
is interpreted as a decrease in strain energy, quantified by thegenerally lies to the left; i.e., formation of the trimer is
PE scan as 6.0 kJ/mol. disfavored.

Because ring strain is defined with reference to ideal Calculated energies for the trimerization of boronic acid
unstrained reference compounds, the choice of the referencemonomers are compiled in Table 1. The results are sorted by
compound becomes a very important factor. Because themagnitude ofAEge, The solution-phase enthalpy for trimer-
compounds being studied are organoboroxines whesre HR ization is given byAH = AEgiect+ AEcor + AEsow, WhereAEgjec
we think that the reference compounds incorporating the methyl is the change in electronic energy&cor is the change in energy
group are a better choice. Now, on the basis of the crystal- when zero point energy and enthalpy corrections to 298 K are
lographic data, it is no longer clear that the overall increase in taken into account, andlEs, is the change in solvation energy.
the five bond angles (excluding tetrahedral B) will lead to an  All AE. values are positive for the trimerization. Substit-
overall decrease in strain energy. Though increasing the uents in the para-position of the phenyl ring that are electron-
B—O—B angle brings it closer to the ideal, increasing the withdrawing in ther-system (CHO and C(O)GiihaveAEeiec
O—B—0 angle brings it further away from the ideal. The two values that are more positive (14.76 and 14.67 kcal/mol,
nontetrahedral ©B—0 bond angles from the crystallographic respectively) than that for H (13.21 kcal/mol). The LCF
data of the 1:1 adduct are 120.7 and 122The three B-O—B substituent is strongly electron-withdrawing in #néramework.
angles are 122.4, 121.3, and 119 Recall that in (PhBQ)the Its effect in thewr-system, via hyperconjugation of the F atoms,
crystallographic angles for-©B—0 and B-O—B were 119.3 is expected to be smaller because the F atoms have low
and 120.3, respectively. Therefore three out of the five angles polarizability and are not directly connected to the ringeec
are moving away from the ideal while two are moving toward for CF;is calculated to be 14.58 kcal/mol. Silyie not expected
the ideal. The sixth angle for the tetrahedral B remains close to to have much effect on the electronic properties of the system;
the ideal. as AEgec is 13.51 kcal/mol, it may be mildly electron-

On the basis of the different ideal “unstrained” angles from withdrawing. Because ring cleavage of the trimer (the reverse
our proposed model compounds, though we do not discountreaction in the equilibrium) begins with water donating its lone
that some release of ring strain may have a stabilizing effect pair into the p-orbital of B perpendicular to the plane of the
on the 1:1 adduct, we think that ring strain may be a less ring, it is no surprise that electron-withdrawing substituents
important effect than previously suggested. Although no crystal- destabilize the trimer. The effect is most dramatic when the
lographic data were found for the 1:2 adduct, we calculated the electron-withdrawing substituent acts through theystem.
O—B—0 and B-O—B angles in (PhBg)-2pyr. We considered On the basis of the argument above, electron-donating groups
both possible adducts with two pyridines bound to the same are expected to stabilize the boroxine ring, particularly if they
face or to opposite faces of the ring. The nontetrahedral anglescan do so through th&-system. This is true of both Cl and
are all between 121.1 and 1234nd the tetrahedral ©B—0 OMe with AEgjec values that are less positive (12.91 and 12.45

Results and Discussion
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Figure 5. Formation of the triphenylboroxine:ammonia adduct.
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TABLE 2: Energetics of 1:1 Adduct Formation

AEeler: AEcorr AEsolv AH
X (kcal/mol)  (kcal/mol)  (kcal/mol)  (kcal/mol)
OMe —4.46 2.10 —-3.81 —6.17
CHs —5.60 2.22 —2.96 —6.34
SiMes —6.40 2.23 —4.16 —8.33
H —6.45 2.20 —4.34 —8.59
Cl -7.51 2.29 —4.89 -10.11
C(O)CHs —8.63 2.29 —5.40 —-11.74
CHO —9.53 2.33 —5.62 —12.82
CK —9.78 1.79 —4.80 —-12.79

In the adduct, the “tetrahedral” B has a calculated B3-O
angle of 115.0, the two N-B—0O angles are 1027 and the
N—B—C angle is 105.2 The BsOz boroxine ring remains
relatively planar. Calculated\H values for the addition of
ammonia to2 to form the adducB are shown in Table 2AH
is partitioned into contributions from electronic energies, zero

generally classified as an electron-donating group and the OPoint energies and thermal corrections, and solvation energies,

atom can certainly donate electron density into thsystem.
Although CI is generally considered an electron-withdraw-
ing group, it is electron-withdrawing via the-framework
but electron-donating via the-system. CH, which is elec-
tron-donating through the-framework, and perhaps very mild-
ly through thesw-system via hyperconjugation, also has a
less positiveAEgec value of 13.11 kcal/mol compared to that
for H.

in the same way as discussed for Table 1.

All AEgiec values are negative for formation of the adduct.
There is little difference iMEeiec (or AH for that matter) for
the SiMe substituent compared to H. The electron-donating
groups, CH and OCH, haveAE.cless negative<{5.60 and
—4.46 kcal/mol, respectively) than the value for Hg.45 kcal/
mol). This is not surprising because electron-donating groups
are expected to destabilize the buildup of negative charge on

Zero point energy and thermal enthalpic corrections decreasethe B due to dative covalent bonding from the lone pair in
the energy gap between reactants and products. Solvatioremmonia. The distinction betweem and 7 effects is not
energies also favor trimerization. After taking these into account, important once the adduct is formed from a thermodynamic

all the solution-phase enthalgyH values are still positive. If

standpoint (although it is expected to have an effect on the

the different substituents were ordered from least to most kinetics). Hence, we see that Cl does act primarily in its electron-
endothermic, there are some changes in the order comparingvithdrawing capacity, stabilizing the buildup of negative charge

AH and AEge¢ however, none of them change qualitatively in
comparison to the values for H. A substituent witEegec more
positive than that for H also hasH more positive than H and

vice versaASis also positive because three molecules of water

are released per trimerization; thu§AS is negative.

on B. Its AEqec value is more negative<{7.51 kcal/mol) than
for H. The same is true for the other electron-withdrawing
groups: Ck, CHO, and C(O)CHl

AEcor IS positive because zero point energy corrections are
positive (and larger than the thermal enthalpic correction) for

The equilibrium constant in Figure 3 has been measured via adduct formation. Solvation energies favor adduct formation.

NMR spectroscopy (in CDG) by Tokunaga et al. for six out
of the eight cases we have studiédCF; and CHO were not

The net result is that alAH values are negative. As observed

for the trimerization equilibrium above, there are some minor

included in the experimental study. Because we have not differences in the order wheAH and AEeec are compared,
calculated free energies in solution, our calculated energies aréhowever, none of them change qualitatively in comparison to
not directly comparable to experimental values. However, itis H. Once again we see that a substituent whBeec more
encouraging that the trends we observe in terms of the electron-negative than H also haSH more negative than H and vice
donating and -withdrawing capability of different substituents versa. Note thaASis negative for adduct formation; thusTAS

are in good agreement with experiment. Figure 4 compares ourwill be positive.

calculatedAEgiec values with—RT In Keq from experiment. In
particular, we find that the-donating capability of Cl is more
important than itgr-withdrawing ability. The same is observed

In all eight cases, the exothermiH for adduct formation
is larger in magnitude than the endothermil for trimeriza-

tion; i.e., the second equilibrium lies further to the right than

in experiment; i.e., Cl has a higher equilibrium constant than the first equilibrium lies to the left. This overall net reaction is

H.
Formation of 1:1 Boroxine-Amine Adducts. The reaction
between triphenylboroxine and NHo form a 1:1 adduct is

shown in Figure 6. The sum of the twAH values is shown in
Table 3.

The netAH values are all negative. Our results suggest that

shown in Figure 5 where Ph* indicates a para-substituted phenylformation of the boroxindNH3 adduct is stable with respect to
group. The equilibrium generally lies to the right, i.e., formation a solution of boronic acid monomers and free Nirisolution.

of the 1:1 adduct is favored.

Because the number of moles of reactants and products are equal
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TABLE 3: Net AH for Formation of 1:1 Adduct from NHg
Boronic Acid Monomers When NH; Is Present H
Ph__ O _Ph* *\.BPh* 4a
R netAH (kcal/mol) B B - o
<2 B
OMe -0.15 J> $ prd S0 Fnh0
SiMes -0.35 g7 = NH
CHs ~131 [+ 2N N :
H ~1.80 P \\\ __o—4§
— * N
e 22 z gl ol
Cl —4.73
CK; —5.16 NH3

Figure 7. Net reaction for 1:2 adduct formation.
in this net reaction, the entropic terms cancel out to some extent _
(although not necessarily completely). Hence, for this net TABLE 4: Formation of 1:1 and 1:2 Adducts between
reaction, we expect a closer correspondence between ourBOIrOXIne and NH; or Pyridine

calculatedAH values and experimentally measured equilibrium AEeiec AUcor AEsow AH
constants. There are no experimental measurements for these _amine  (kcal/mol)  (kcal/mol)  (kcal/mol) (kcal/mol)
thermodynamic data to our knowledgfeNote, however, that NH; —6.45 2.20 —4.34 —8.59
the netAH values are also much smaller; therefore even small g mna ELaC)) —g-ég ;‘r-gg J—rggg —g-gg
differences in the entropic terms may contribute more signifi- oyr 3 (0P 451 110 _397 718
cantly. 2 pyr (fac) 0.36 1.62 12.34 14.32
The most exothermic n&H values come from the-frame- 2 pyr (opp) —4.56 2.45 16.41 14.30

work electron-withdrawing substituents (€&nd ClI), although
the other electron-withdrawing substituents (CHO and C(O)- Conclusions
CHa) are also more exothermic than H. The electron-donating
substituents (and SiMghave netAH values less exothermic
than H. Because some of these latter values are close to zero
using a different solvent may tip the balance in favor of the
boronic acid monomers over the 1:1 adduct.

Formation of 1:2 Adducts. Two possible 1:2 adducts can
be formed. The second NHan be added to the same face on
the same boroxine as the first Nhbr it can be added to the
opposite face. The net reactions for 1:2 adduct formation are
shown in Figure 7. If both Ngimolecules attach to the same
face @a), the boroxine ring puckers on the MHound side of

From our DFT calculations we find that the trimerization of
phenylboronic acids to form boroxine rings is thermodynami-
tally unfavorable. The formation of stable 1:1 adducts, but not
1:2 adducts, in the presence of amine, however, is found to be
highly favorable. These two observations are in good agreement
with experimental results. In addition, we find that substitution
of m-electron-withdrawing groups in the para-position of the
phenyl ring further destabilizes the trimer with respect to its
monomers, whereas the opposite is observed freatectron-
donors. To form the adduct, we find that net electron-

he ring. If N h ite f he ri . withdrawing and electron-donating ability of the para-substit-
the ring. H attaches to opposite facetn], the ring remains uents is important in stabilizing or destabilizing the boron that

relatively planar. binds the amine.

~ Relative energies for forming the 1:2 adducts are compiled  ye are in the process of identifying key intermediates in the
in Table 4.AEeecfor binding two NH to the same face is4.10  equilibrium mixture of boronic acids, boroxines, amine, and

kcal/mol (or an average of 2.05 kcal/mol per Ni). To the  5qducts via both NMR spectroscopy and further calculations.
opposite faceAEeec= —8.69 kcal/mol (0r—4.35 kcal/mol per - These calculations will include studying the effects of different

NHs). This suggests thatb is more stable thasain terms of  golvents and determining activation energy barriers between

gas-phase binding. Solvation, however, favda over 4b intermediates.
because binding two NHmolecules to the same face results in
a more polar adduct. The net result is tidi = —5.43 and Acknowledgment. This research was supported by a Camille

—5.23 kcal/mol for the formation ofa and 4b, reSpeCtiVer, and Henry Dreyfus Foundation Start_up Award (‘]K), University

from boroxine. This is less exothermic than forming the 1:1 of San Diego startup funds (JK), and an award from Research
adduct AH = —8.59 kcal/mol); i.e., the 1:2 adduct is less stable Corporation (P.M.1.).

than the 1:1 adduct. (Loss in entropy would further destabilize
the 1:2 adduct.) In addition, because the formation of boroxine  Supporting Information Available: Calculated values of
from boronic acid monomers hasH = +6.79 kcal/mol, we Eeleo Esov andEgor, and Cartesian coordinates of all structures.

expect that formation of the 1:2 adduct is thermodynamically This material is available free of charge via the Internet at http:/
disfavored and is expected not to be observed in solution, exceptpubs.acs.org.
perhaps when a huge excess of ligand is present.
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