Organoboronic acids are becoming increasingly important as
pharmaceutical agents, where they have been used for the o . . o
development of selective transporters of nucleosides, saccha-meChan'St'C details of this activity have not yet been reported.

rides, and nucleotidés;* as inhibitors of proteasés!! and as
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Boronic acids react with compounds containing 1,2- or 1,3-diols to form five- or six-membered cyclic
boronate esters, respectively, although many factors that influence these reactions are not well understood.
In the present study, density functional theory and second-order M#llesset (MP2) perturbation theory
were employed to examine the mechanism in which a primary aliphatic amine acts as an internal Lewis
base to catalyze the formation of a borasxygen—carbon linkage in the methanolysis ofM—CH,—
CH=CH-B(OH), to afford HLN—CH,—CH=CH—-B(OH)(OCH); solvent effects were assessed using
the polarized continuum model and explicit water molecules. In vaitwolowest-energy conformer of
H,N—CH,—CH=CH—B(OH), was a seven-membered, hydrogen-bonded ring structure in which the
boronic acid moiety had a planar, trigonal geometry. The catalytic role of the primary amine group in
the methanolysis of iN—CH,—CH=CH—B(OH), results from facilitation of a proton transfer from an
intermolecular B-O dative-bonded adduct between methanol and this boronic acid, rather than from the
formation of an intramolecular BN dative bond. In the absence of amine catalysis, transition states for
the rate-determining proton-transfer step in this methanolysis are-12.8 kcal/mol higher in energy.

In the reaction field of water, a five-memberee-B dative-bonded ring conformer of,N—CH,—CH=
CH—-B(OH), was lowest in energy at the MP2 level, but hydrated zwitterionic structures also appear to
play an important role in this complex aminoboronic acid/methanol association and ether formation. In
contrast to the PBE1PBE functional, B3LYP gave anomalous results for some steps in the methanolysis
when compared with those from the more robust, albeit expensive, ab initio MP2 method.

Introduction therapeutic agents in boron neutron capture therapy (BNCT)

for certain types of brain tumd#'® Recently, some boronic
acids have shown significant anti-HIV activit§ although the
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aldehyded? for carboxylic acid activatioA%2! for the asym-
metric syntheses of amino acitfand as templates in a variety
of synthetic protocold3 One of the more novel uses of boronic
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In synthetic medicinal chemistry, boronic acids are important
intermediates that have been widely used in Suzuki cross-
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acid derivatives is in the development of fluorescent and
colorimetric sensors for polyofs;28 where the boronic acid
moiety is utilized as a recognition motif because of its strong
interactions with diol€® In addition, the formation of cyclic
boronate esters from chiral diols yields a remarkably high
resolution of diastereotopic proton NMR signals, a property
useful for the determination of the enantiomeric integrity of the
chiral diols?®

The boronic acig-diol complexation process has been studied
experimentally for many yeaf&:3%-40 These studies have shown
that formation of the resulting five- or six-membered cyclic
boronate ester is fast when the boron atom is initially in a
tetrahedral (sf) environment, which occurs in basic aqueous
media! Wulff42 was the first to demonstrate that an amino
group in the vicinity of the boronic acid functionality can act
as aninternal Lewis base and lower the working pH of a boronic

Bhat et al.

for the formation of the cyclic boronic estef&In particular,

we investigate the reaction of (3-amino-1-propenyl)dihydroxy
borane, HN—CH,—CH=CH—-B(OH),, and methanol, kC—

OH, that forms [(3-amino-1-propenyl)monohydroxy]borane
methyl ether, HN—CH,—CH=CH—-B(OH)(OCH), and water;

the primary amine group in the reactant acid has the potential
to act as an internal Lewis bd$and catalyze the methanolysis.
In this study we provide a detailed analysis of the structure of
the aminoboronic acid #\—CH,—CH=CH—-B(OH), and dis-
cuss its interaction with methanol.

Computational Methods

Geometry optimizations of the molecules in this study were
performed using density functional theory (DFT) and second-order
Mgller—Plesset perturbation theory (MP2) in which all the electrons
were included in the correlation calculatitfiTwo different hybrid

acid-based sensor molecule. Subsequently, other neighboringunctionals were employed in this study: (1) B3LYP, Becke's three-
groups such as acetamido, pyridine, thiourea, and acetamidingparameter hybrid method that uses the dynamical correlation
have been shown to be effective in a similar capatityhis functional of Lee, Yang, and Pat¥#°and (2) PBE1PBE, a one-
finding has been exploited in recent years to develop practical parameter generalized gradient approximation (GGA) that uses the
molecular fluorescence saccharide sensors that function at, oPBE functional with a 25% exchange and 75% correlation weight-

near, neutral pH®:39.44

Many mechanistic factors associated with the formation of
boron—oxygen-carbon (B-O—C) bonds formed during the
reaction of a boronic acid and a vicinal diol are not well

understood, particularly when an internal nitrogenous Lewis base

is in the proximity of the boronic acid grouf§:#°In this article,

ing.5%51 The GAUSSIAN 03 suite of prograrfiswas employed
throughout, and the internally stored 6-31tG** basis set, which
includes polarization and diffuse functions on all atoms, was used
for the final optimization$3-5% Frequency analyses were carried
out to determine whether the optimized structures were local minima
or transition states on the potential energy surface (PES) and to
evaluate thermal contributions necessary for the calculation of

we present results from a computational study using both density ¢4 ction enthalpies and free energies at 298 K. Intrinsic reaction

functional theory and second-order MgHté?lesset perturbation
theory to elucidate the mechanism involved in the formation of
a B—O—C linkage during the reaction of an aminoboronic acid
and a simple aliphatic alcohol; using a monol in place of a 1,2-
or 1,3-diol simplifies the calculations and focuses attention on
the formation of this linkage by eliminating issues such as the
differentiation between “stepwise” and “concerted” mechanisms
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coordinate calculations were performed for the transition states in
this study to clearly identify the corresponding local minima. Atomic
charges were obtained from natural population analyses (NPA), and
the wave functions were analyzed with the aid of natural bond
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(46) Bhat, K. L.; Hakik, S.; Carvo, J. N.; Marycz, D. M.; Bock, C. W.
J. Mol. Struct. (THEOCHEMP004 673 145.

(47) Mgller, C.; Plesset, M. S2ure Appl. Chem1934 46, 618.

(48) Becke, A. D.J. Chem. Phys1993 98, 5648.

(49) Lee, C.; Yang, W.; Parr, R. ®hys. Re. B: Condens. Mattet988
37, 785.

(50) Bhat, K. L.; Braz, V.; Laverty, E.; Bock, C. WI. Mol. Struct.
(THEOCHEM)2004 712, 9.

(51) Perdew, J. P.; Burke, K.; Ernzerhof, Mhys. Re. Lett. 1997, 78,
1396.

(52) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,
M. A.; Cheeseman, J. R.; Montgomery, J. A., Jr.; Vreven, T.; Kudin, K.
N.; Burant, J. C.; Millam, J. M.; lyengar, S. S.; Tomasi, J.; Barone, V.;
Mennucci, B.; Cossi, M.; Scalmani, G.; Rega, N.; Petersson, G. A,
Nakatsuji, H.; Hada, M.; Ehara, M.; Toyota, K.; Fukuda, R.; Hasegawa, J.;
Ishida, M.; Naskajima, T.; Honda, Y.; Kitao, O.; Nakai, H.; Klene, M.; Li,
X.; Knox, J. E.; Hratchian, H. P.; Cross, J. B.; Adamo, C.; Jaramillo, J.;
Gomperts, R.; Stratmann, R. E.; Yazyev, O.; Austin, A. J.; Cammi, R.;
Pomelli, C.; Ochterski, J. W.; Ayala, P. Y.; Morokuma, K.; Voth, G. A,;
Salvador, P.; Dannenberg, J. J.; Zakrzewski, V. G.; Dapprich, S.; Daniels,
A. D.; Strain, M. C.; Farkas, O.; Malick, D. K.; Rabuck, A. D.;
Raghavachari, K.; Foresman, J. B.; Ortiz, J. V.; Cui, Q.; Baboul, A. G.;
Clifford, S.; Cioslowski, J.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz,
P.; Komaromi, I.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A;;
Peng, C. Y.; Nanayakkara, A.; Challacombe, M.; Gill, P. M. G.; Johnson,
B.; Chen, W.; Wong, M. W.; Gonzalez, C.; Pople, J. Baussian 03Rev.
B.02; Gaussian Inc.: Pittsburgh, PA, 2003.

(53) Gordon, M. SChem. Phys. Lettl98Q 76, 163.

(54) Hariharan, P. C.; Pople, J. Aheor. Chim. Actdl 973 28, 213.

(55) Hehre, W. J.; Ditchfield, R.; Pople, J. A. Chem. Physl972 56,
2257.

(56) Carpenter, J. E.; Weinhold, &.Mol. Struct. (THEOCHEM1988
169 41.

(57) Foster, J. P.; Weinhold, B. Am. Chem. S0d.980 102 7211.

(58) Reed, A. E.; Curtiss, L. A.; Weinhold, Ehem. Re. 1988 88,
899.

(59) Reed, A. E.; Weinhold, Rl. Chem. Phys1983 78, 4066.

(60) Reed, A. E.; Weinstock, R. B.; Weinhold, F..Chem. Phys1985
83, 735.



Amine-Catalyzed BO—C Bond Formation

i

Figure 1. Optimized structures of conformersR{R(3) of H,N—
CH,—CH=CH—-B(OH),. (Atomic distances are given in angstroms
(A) at the B3LYP(PBE1PBE)[MP2] computational levels.)

To examine the influence of an aqueous environment on the
methanolysis of EN—CH,—CH=CH—-B(OH),, self-consistent
reaction field (SCRF) optimizations were performed on various
conformers of the reactants, products, and intermediates involved
in the process. These SCRF calculations were carried out using
the IEF polarizable continuum model (PCM) with radii obtained
from the universal force field (UFF), as implemented in GAUSS-
IAN 03.5261-64 Since continuum methods have some well-
established limitations in describing protic solveft& SCRF
calculations that include axplicitwater molecule were performed
in a few cases.

Results and Discussion

Total molecular energies, thermal corrections to 298 K, and
entropies for the molecules in this article are listed in Table 1S
of the Supporting Information.

A. Structure of H,N—CH,—CH=CH—B(OH),. Despite the
burgeoning interest in boronic acid chemistry, there are relatively
few experimental or computational data on the structure of
aminoboronic acids in which there is the potential to form an
intramolecular B-N dative bond”-¢8 Although the B-N bond
is isoelectronic with the €C bond, it is significantly weaker
as a result of poor orbital overlap. Nevertheless, there is evidenc
that such dative bonds can alter the pharmacological activity
of boronic acids and este?%7° Since no data were available
on the structure of PIN—CH,—CH=CH—B(OH),, we initially
optimized the geometry of a variety of its conformers. The
lowest-energy form, R, of this boronic acid in vacuo was

e
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observed in the crystal structure of an R,R-bisboronic acid by
Zhao et al® and predicted in gas-phase computational studies
of 2-aminocarbonylphenylboronic acid by Bhat efal.

The computational levels we employed in this investigation,
however, differed on which conformer ofsN—CH,—CH=
CH—B(OH), was closest in energy to B(in the gas phase:
(PBE1PBE)[MP2] favored a dative-bonded five-membered
(:N—C—C=C-B) cyclic structure, R¥), whereas B3LYP
favored an acyclic structure, B)( (see Figure 1); relative
energies of R()—R(3) are listed in Table 1. Differences among
these levels are not surprising, because there is evidence
suggesting that the B3LYP functional underestimates the
strength of dative bonds involving bor§hindeed, the optimized
B—N distance in RZ) is ~0.01 A longer at the B3LYP level
than it is at the MP2 level. Interestingly, we also found another
local minimum, R®'), on the B3LYP PES with the same basic
structure as R (see Figure 1), but where the-B\ distance,
2.65 A, was very long (experimentaHBN dative bond lengths
range from~1.76 to 1.84 £477); R(2') was 0.8 kcal/molower
in energy than RY). R(2'), however, was not found to be a local
minimum at the (PBE1PBE)[MP2] levels. Thus, B3LYP does
not find a substantial stabilizing effect from a-BN interaction
at a distance of 1.83 A. The gt index;/8 THCpa[%)], for the
tetrahedral character of the boron atom i2R49.4%(52.8%)-
[53.2%], indicates that it has substantial tetrahedral character.
However, the nitrogen and oxygen atoms in this boronic acid
all carry significant negative charge and these atoms are in
relatively close proximity in R{); the electrostatic repulsion in
this compact cyclic conformer certainly contributes to the fact
that it is not the global minimum on the PES of,N—CH,—
CH=CH—B(OH), in vacuo®®

Since the lengths of BN dative bonds are known to depend
on their environment? conformers R)—R(3) of H,N—CH,—
CH=CH-B(OH), were reoptimized in the reaction field of
water. The optimized BN bond length of R¥) was consistently
computed to be shorter in aqueous media than was it was in
vacuo (see Table 1); similar behavior has been observed with
the intermolecular adductdB:NHs.”80Interestingly, in aqueous
media the dative-bonded conformer2Rvas predicted to be
[2.2] kcal/mol lower in energy than the hydrogen-bonded

consistently found to be a seven-membered, hydrogen-bondecfonformer R{) at the [MP2] computational level; at the

ring structure in which the boronic acid moiety is in a trigonal
planar arrangement; see Figure 1; the calculateeéNHlistance
and O--H—O angle are indicative of a relatively strong
hydrogen bond!-72Such a seven-membered ring motif has been
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(PBE1PBE) level these conformers have nearly the same energy,
whereas at the B3LYP level B(is 3.6 kcal/molhigher in
energy than RK); conformer RB) is higher in energy than either
R(1) or R(2) at all three levels. Although the predicted energy
differences among conformers B{R(3) depend on the
computational methodology employed, they all suggest that the
dative-bonded conformer R plays a greater role in the
chemistry of HN—CH,—CH=CH—B(OH); in aqueous media
than it does in vacuo; explicitly hydrated zwitterionic forms of
this acid will be discussed latét.
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Table 1. Relative EnergiesF.e (kcal/mol), B—N Distances (A), andrccen and zeecs Torsional Angles (deg) for Selected
Conformers of H,N—CH,—CH,—CH=CH—B(OH),

vacuo agueous media (SCRF:PCM)

conformer Erel B—N Tceen Tcees Erel B—N TceeN Tcees
R(1) B3LYP 0.0 3.248 42.2 2.0 0.0 3.197 29.7 2.4
(PBE1PBE) 0.0 3.207 39.3 2.8 +0.0, 3.162 28.3 3.0
[MP2] 0.0 3.249 57.8 2.4 +2.2 3.179 47.0 2.4
R(2) B3LYP +7.1 1.829 —6.6 —-1.4 +3.6 1.736 -6.9 -15
(PBE1PBE) +3.6 1.752 -8.2 -15 0.0 1.707 —6.6 -1.8
[MP2] +2.3 1.728 -12.0 -1.9 0.0 1.695 -10.6 -2.3
R(3) B3LYP +3.5 4.907 —-121.0 179.2 +3.0 4919 —-122.3 179.5
(PBE1PBE) +4.2 4.882 —-121.6 179.1 +4.0 4.896 —-123.2 179.6
[MP2] +4.8 4.878 —-118.7 178.9 +5.9 4.887 —-119.8 179.2

a A second local minimum RX) with a structure similar to that of R] was found in the gas phase at the B3LYP level. The five-memberedG:N
C=C-B) ring in R(2') is “open”; that is, the B-N distance is 2.65 A. This conformer is 0.8 kcal/nimlver in energy than R).

Teepo=(-12.7°)[-23.6°] vac
Teeno—(-7.6%)[-18.2°] aq

Teepo=(169.2°)[+65.6°] vac
Tocpo=(165.27)[+60.4°] aq

Teopo=(1103.47)[+99.2°] vac
Teepo=(+106.0°)[+101.5°] aq

AE=(+7.4)[+7.2]
AHI=(+6.8) vac

AGH=(+7.5)
R(1) : (2.845)[2.847) vac R(2)
AE*=(+8.6)[+7.9] (2.882)[2.892] aq
AH¥=(+7.8) aq
AGH=(+6.4)

TS(4)

Figure 2. Transition state (TSl)) for the conformer conversion B(—R(2) of H,N—CH,—CH=CH—B(OH),. (Atomic distances are
given in angstroms (A) , torsional angles are in degrépsand energies are in kcal/mol at the (PBE1PBE)[MP2] computational levels.)

Table 2. Reaction Energies (kcal/mol) for the Intramolecular Cyclization Reaction

vacuo aqueous SCRF
reaction AE AH°298 AGozgg AE AH°298 AGozgg
R(2) — P®) + H0 B3LYP +6.8 +4.6 —-5.6 +7.4 +4.7 —5.7
(PBE1PBE) +10.0 +7.6 —-2.8 +11.0 +8.3 —2.4
[MP2] +11.7R +12.6
reaction AE* AH* AG* AE* AH* AG*
R(2) — TS®6) B3LYP +30.8 +27.1 +28.2 +34.4 +30.2 +30.4
(PBE1PBE) +28.9 +25.2 +26.0 +33.1 +28.9 +29.5
[MP2] +30.3 +34.6

aAE is [+3.7] in vacuo and [9.2]kcal/mol in the reaction field of water at the [MP2] level for the reacti@h-R(P(5)---H20, where P)---H»0 is a

hydrogen-bonded adduct betweeb)Pdnd HO.

The transition state T8) for the interconversion of the
hydrogen-bonded and dative-bonded conformers) &{d R@),

B—N distances are generally found to be slightiggerin the
ether than in the acid both in vacuo and in aqueous media;

respectively, is shown in Figure 2. It involves a rotation about Franzen et &® have reported similar results for the-
the C-B bond and is (7.4)[7.2] kcal/mol higher in energy than (trimethylamino)phenylboronic acid/ester model system.

R(1) in vacuo and (8.6)[7.9] kcal/mol higher in energy in the

reaction field of water at the (PBE1PBE)[MP2] levéis.

the product ether, #f\—CH,—CH=CH—B(OH)(OCHs), mimic

B. Intramolecular Dehydration Reaction. Boronic acids

containing the EN—CH,—C--C—B(OH), structural unit, where
The structure and relative energies of various conformers of the G=-C bond is part of an aromatic system, can undergo

unimolecular dehydration in aprotic solvents to yield five-

those of the reactant acid: the co_rrespondi_ng Seven-membeFEdmembered heterocyclic structufé$>These experimental results
hydrogen-bonded ring structure is lowest in energy in vacuo, prompted us to establish the energetics of such an intramolec-

whereas a BN dative-bonded structure is lowest in energy in  ular process for bIN—CH,—CH=CH—B(OH),. We envisioned
aqueous media at the [MP2] level; see Tablé2&terestingly,

(83) In vacuo, however, no BN dative-bonded structure was found at
(81) Typically, SCRF methods are not as reliable in protic solvents such the B3LYP level, stressing again that care must be exercised in using this
as HO because the model assumes that the solvent molecules adopt allfunctional for both aminoboronic acids and ethers and, by implication, for
possible random orientations with respect to the scfute. esters.
(82) At the B3LYP level in vacuo, the conversion appears to occur in (84) Hawkins, R. T.; Blackham, A. Ul. Org. Chem1967, 32, 597.
two steps; the barrier for the initial step is 7.5 kcal/mol. (85) Hawkins, R. T.; Synder, H. R.. Am. Chem. S0d.96Q 82, 3863.
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AE!=+30.8(+28.9)[+30.3]
AH¥=+27.1(+25.2) vac
AGH=+28.2(+26.0)

R(2) —; >
AE=+34.4(+33.1)[+34.6]
AH#=+30.2(+28.9) aq
AGI=+30.4(+29.5)

&
("

TS(6)

1.573(1.567)[1.569] vac
1.556(1.556)[1.560] aq
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P(5)

Figure 3. Unimolecular water elimination reaction for conformer2R¢f H,N—CH,—CH=CH—B(OH),. (Atomic distances are given in
angstroms (&), and energies are in kcal/mol at the B3LYP(PBE1PBE)[MP2] computational levels.)
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+14.0(+13.6)[+13.9]
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TS(6) P(5)+H,0
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Figure 4. Relative energy (kcal/mol) diagram for thelR{-R(2) conversion and the unimolecular dehydration of the dative-bonded conformer
R(2) of H_N—CH,—CH=CH—B(OH), in vacuo to give { HN—CH,—CH=CH—)B(OH), P§), at the B3LYP(PBE1PBE)[MP2] computational

levels.

the formation of a product ring structure-fiIN—CH,—CH=

CH-)B(OH), P6), from the compact reactant conformer2Rr(
The structure of the ring in BY was nearly planar; the

computed length of the BN bond was quite short-1.4 A,

during the process; no experimental thermochemical data are
available for comparison.

C.1.1. Catalyzed MechanismWe considered first a pathway

both in the gas phase and in the reaction field of water; NBO for the methanolysis of N —CH,—CH=CH—B(OH), in which
analyses indicated that it was a double bond. In vacuo, the valueghe primary amine group played a catalytic role. This mechanism

of AH%qg and AGP%gg for the elimination reaction weré-4.6-
(+7.6) and—5.6(—2.8) kcal/mol, respectively, at the B3LYP-
(PBE1PBE) levels. The transition state, B5for this process
is shown in Figure 3, and the value AG* in vacuo,+28.2-

was initiated from the lowest-energy, hydrogen-bonded con-
former R(); it involved a series of steps associated with

breaking the intramolecular-NH hydrogen bond in R{ and
orienting the methanol to form an intermolecular8 dative-

(+26.0) kecal/mol, was quite high; see Figure 4. In aqueous ponded adduct, ADY); see Figure 5A. The activation barriers
media the energetics of this unimolecular dehydration reaction ¢, separated R and HC—OH to AD(7) were relatively

were similar to those in vacuo; see Table 2.

C. Methanolysis of bN—CH,—CH=CH—-B(OH),. The
methanolysis of PN—CH,—CH=CH—B(OH),, in vacuo and
in aqueous media, will be discussed separately.

C.1. In Vacuo. Several mechanisms for the methanolysis,
H,N—CH,—CH=CH—-B(OH), + H3C—OH — HN—CH,—
CH=CH—-B(OH)—(OCHs) + H,0, were investigated. These

low in energy (see Figure 6), and the kinetics of the methanolysis
is controlled by a subsequent 1,3-proton transfer. The optimized
B—O(H)(CHg) distance in ADY) was relatively short, and NBO
analyses indicated the presence of-a@dative bond; the boron
atom had considerable tetrahedral character, the value of the
Hopft index being (59.3%)[63.7%] at the (PBE1PBE)[MP2]

mechanisms differ in the role played by the primary amine group levels’® Even though the methanol moiety also donates a
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A. AD TS

(1.956)

(1.649)  \
[1.667] /

@.156)
R(1) :
+ — (1.996)[2.000] "
H,C-OH

(1.729) (1.792) ..

(1.635)[1.622]/

(1.726)"

AE=(+12.3)[+11.8]

AH*=(+11.9)[+11.5] vac

AGH=(+12.5)[+12.2]
et il et 1

(1.919)[1.929]

. (1.877)[1.896]

—_—

(1.887)[1.880]

AD (7)

(1.802)[1.760]

29)[2.905]
(1.443)[1.443]
TS(8) AD P(9)

Figure 5. Catalyzed methanolysis mechanism for (A) the conversion of isolatéddr@l HC—OH to the dative-bonded adduct AD(
and (B) the 1,3-proton shift initiated from ADY leading to the product B). (Atomic distances are given in angstroms (A) and energies
are in kcal/mol at the B3LYP(PBE1PBE)[MP2] computational levels.)

hydrogen bond to the amine nitrogen atom in AR(t is only boron atom in TS{) compared to that in ADNW); the value of
(0.2)[3.9] kcal/mol lower in energy than the separated reac- the H®ft index jumped to (77.4%)[78.79%F.
tants86 This proton transfer leads to a hydrogen-bonded adduct

The structure of the transition state, Bj(for the rate- between the product ether, ;N—CH,—CH=CH—B(OH)-
determining, proton-transfer step in the methanolysis is shown (OCH), and HO that is (12.6)[11.1] kcal/mol lower in energy
in Figure 5B. The role of the amine group in this transition
state is clearly to facilitate the proton transfer; indeed, the proton  (87) For a more basic tertiary amine, wittNH replaced by-N(CHs)z,

being transferred was onhky1.05 A from the nitrogen atom the analogous transition state is only (7.5) kcal/mol higher in energy than
: ' the corresponding reactants at the (PBE1PBE) computational level.

and its distance from each of the oxygen atoms involved in the (88) Details of this catalyzed mechanism are somewhat different when
transfer was~1.9 A. Thus, the structure of T8(suggests that  the B3LYP functional is employed. Starting from the (PBE1PBE) geometry
an—NHzt moiety is effectively present, and the net NPA charge 0f AD(7), the B3LYP optimization resulted in a hydrogen-bonded adduct

. i . in which the boronic acid moiety is trigonal planar; this adduct is (3.4)
on this group, £0.62)[+0.628], supports this interpretation. kcal/mol lower in energy than separatedlRénd HHC—OH, and no B-O

Despite the zwitterionic-like structure of T§(in vacuo, it was dative bond is present in the NBO analysis of this structure. Thus, the hybrid
only (12.0)[7.9] kcal/mol higher in energy than the isolated B3LYP functional appears to underestimate the strength of a dative bond

involving boron when compared to the corresponding ab initio MP2 result.
reactants at the (PBE1PBE)MP?Z] levels, and the free energyA stable dative-bonded form was located on the B3LYP PES when the

of activation from AD(), (+12.5)[+12.2] kcal/mol, was  conformation of the boronic acid moiety was changed to eliminate the
relatively low; see Table & It is important to note that there  intramolecular hydrogen bond between the two hydroxyl groups bound to
was a significant increase in the tetrahedral character of thethe boron atom, but it is 8.2 kcal/mol higher in energy thad)Rind
methanol. The proton transfer from this adduct proceeds in two steps: the

methanolic hydrogen is first transferred to the nitrogen at&@n=t 2.5

(86) When the-CHjz group in AD(7) is replaced by-H, and the structure kcal/mol), leading to a stable zwitterion, and then one of the protons
is reoptimized, the resulting R)---H,O adduct is held together by hydrogen  originally covalently bound to the nitrogen is transferred to one of the
bonds only. hydroxyl groups on the boron ator&{(= 4.9 kcal/mol).




Amine-Catalyzed BO—C Bond Formation Organometallics, Vol. 25, No. 10, 200833

15
TS (8)
(+12.0)[+7.9]

10
3
£
= (+5.2)[+2.0]
g 5
>
2
5 (0.0)
o R(1) + H;C-OH +0.3(-0.6) (-0.1) Ap(7) P(9) +H,0
£ (-0.2)-3.9] (-0:5)
[]
[

-5

-3.5(-4.7)
-5.6(-6.6)[-8.0]
-10

Reaction Coordinate

Figure 6. Relative energy (kcal/mol) diagram for the catalyzed methanolysis of conformgmoRH,N—CH,—CH=CH—B(OH), at the
B3LYP(PBE1PBE)[MP2] computational levels.

Table 3. Reaction Energetics (kcal/mol) for the Intermolecular Dehydration Reaction

vacuo
reaction AE AH®59g AG®598
R(1) + HsC—OH — P(©) + H,0 B3LYP +6.8 +5.6 +5.7
(PBE1PBE) +5.2 +4.0 +5.3
[MP2] +2.0
reaction AEF AH* AG*
AD(7) — TS(8) (catalyzed) B3LYP
(PBE1PBE) +12.3 +11.9 +12.5
MP2] +11.8 +11.5 +12.2
AD(11) — TS(10) (uncatalyzed) B3LYP
(PBE1PBE) +29.2 +25.6 +30.1
[MP2] 427.8
AD(13) — TS(12) (uncatalyzed) B3LYP +35.3 +31.4 +33.7
(PBE1PBE) +30.9 +27.2 +29.0
[MP2]

than TSB); no B—O dative-bonded adduct between the products involved an intramolecular, seven-membered, hydrogen-bonded
could be located. On the other hand, removing th® Ihoiety ring structure similar to that found in R), and it was (0.8)
from this adduct and geometry optimizing the remaining kcal/mol lower in energy than the dative-bonded form of the
structure gave the BN dative-bonded product BY at the product, P9).
(PBE1PBE)[MP2] computational levels; see Figure 5B and The second uncatalyzed mechanism had the amine group
Table 2S. The BN distance in this product is (1.80)[1.76] A,  positioned so that it could not interact directly with either the
and a B-N dative-bonding orbital is evident in the NBO boronic acid moiety or the methanolic hydrogen atom. The
analysis of Pg). transition state, T3@), is shown in Figure 7B; the correspond-
C.1.1. Uncatalyzed MechanismsTwo gas-phase mecha- ing adduct, ADL3), between HN—CH,—CH=CH—B(OH),
nisms for the methanolysis of N—CH,—CH=CH—B(OH), and HC—OH, was doubly hydrogen-bonded rather than dative-
were investigated in which the amine group did not play a direct bonded. The structure of ADRB) and the HN—CH,—CH=
catalytic role. The first of these was biased to keep the seven-CH—B(OH), reactant involved an intramolecular-HC
membered hydrogen-bonded ring structure ib)R{tact during hydrogen bond in a six-membered ring motif; this conformer
the process. The transition state, T§( for the rate-determining  of the acid is (6.0) kcal/mol higher in energy tharlR(TS(12)
proton-transfer step is shown in Figure 7A; the corresponding is (21.7) kcal/mol higher in energy than the separated reactants,
adduct, AD(1), which was (6.1)[7.1] kcal/mol lower in energy  and itis (15.7)[17.3] kcal/mol higher in energy than B5(he
than the isolated reactants, was hydrogen-bonded rather tharether product generated via this mechanism also involves a six-
dative-bonded. T3Q) involved a compact four-membered ring; membered ring with an ©@HC hydrogen bond; it is (2.9) kcal/

for example, the proton being transferred was erly2 A from mol higher in energy than BY.
the two oxygen atoms involved comparec.9 A in TS@), The number of rotatable bonds in,MCH,—CH=CH—
and the value of the Hijt index for the boron atom in T3(), B(OH), and the potential for intramolecular/intermolecular

(53.1%)[53.7%] at the (PBE1PBE)[MP2] levels, was more than hydrogen- and dative-bond formation suggest that other mech-
20% lower than it is in TSB). TS(L0) was (23.1)[20.7] kcal/ anisms for the methanolysis are possible; those described above,
mol higher in energy than separatedlRénd methanol, and it  however, are likely to be representative. Our results indicate
was (11.0)[12.8] kcal/mol higher in energy on the PES than that transition states for the rate-determining proton-transfer step
TS(@®). The ether product, #l—CH,—CH=CH—B(OH)(OCH), for the methanolysis of iN—CH,—CH=CH—B(OH), in vacuo
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A,
AE=(-6.1)[-7.1] AE*=(+29.2)[+27.8] :
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Figure 7. Uncatalyzed methanolysis mechanism for (A) the conversion of isolatgdaR@l HC—OH to the corresponding hydrogen-

bonded conformer of the product and@®and (B) the conversion of a six-membered hydrogen-bonded conformer of the reaghint, H

CH,—CH=CH—-B(OH), and HiC—OH, to the corresponding conformer of the product an® HAtomic distances are given in angstroms
(A) and energies are in kcal/mol at the B3LYP(PBE1PBE)[MP2] computational levels.)

are significantly higher in energy;(11—16)[13—17] kcal/mol, C.2. In Aqueous Media. Many factors involved in the

in the absence of an internal primary amine to act as a Lewis association of boronic acids with diols in aqueous media,
base. To further validate this conclusion, we located the particularly when a nitrogenous base is proximal to the boron
transition state for a 1,3-proton shift involved in the methanolysis center, are not well understood; for example, Franzen &t al.
of the related compoundd4@—CH=CH—B(OH),, in whichno recently suggested thatB\ dative bonds mayot be present
amine group is available to act in a catalytic role; the transition in the structures of boronate esters formed betw@amino-
state is (21.5) kcal/mol higher in energy than the separated methylphenyl boronic acids and saccharide molecules due to
reactants at the (PBEL1PBE) level, which is in accord with our competing solvolysis processes. Even less is known about the
results for the uncatalyzed methanolysis mechanismsifH analogous association of boronic acids with aliphatic alcohols
CH,—CH=CH—B(OH),. in aqueous solution. As noted above for the free acid, the seven-
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Figure 8. Structures of the zwitterionsgN™—CH,—CH=CH—-B(OH);~ and kN*—CH,—CH=CH—B(OH),(OCHs)~. (Atomic distances
are given in angstroms (A) at the B3LYP(PBE1PBE)[MP2] computational levels.)

membered hydrogen-bonded and the five-membered dative-solvent water molecules rather than with the formation of

bonded ring conformers, R and R@), respectively, are
predicted to be closer in energy in the reaction field of water

intramolecular B-N dative bonds.
We also investigated a mechanism for the methanolysis of

than they are in vacuo, and the dative-bonded form is predicted H,N—CH,—CH=CH—B(OH). in the reaction field of water that

to be lower in energy than the hydrogen-bonded form at the was biased to keep the seven-membered, hydrogen-bonded ring
[MP2] level; see Table 1. These calculations, however, were structure of R{) intact; the transition state for this pathway,
carried out using a continuum model, and the results are moreanalogous to that of T$(), was (29.8) kcal/mol higher in

representative of a high-dielectric aprotic solvent than of water,
which can form specific, directional bonds.

To gain further insight into the importance of solvolysis,
SCRF geometry optimizations were performed for conformers
of H;N—CH,—CH=CH—-B(OH), and hN—CH,—CH=CH—
B(OH)(OCHp) in the presence of an explicit water molecule.
The boron atoms in the resulting zwitteriongN¥—CH,—CH=
CH—B(OH)3~, Z(14), and HN*~CH,—CH=CH—B(OH),-
(OCHs)™, Z(15), are nearly tetracoordinated (see Figure 8); the
values of the Hpft index were 83.2%(82.8%)[82.7%)] and
83.0%(83.1%)[81.7%], respectively. Using the lowest-energy
B—N dative-bonded conformers of ;,N—CH,—CH=CH-—
B(OH), and HN—CH,—CH=CH—-B(OH)(OCH;), SCRF cal-
culations indicated that the simple hydration reactiong\H
CHz—CH=CH—B(OH)z + H20 - +H;),N—(:Hz—(:H=CH—
B(OH);~ and hN—CH,—CH=CH—B(OH)(OCHs) + H,0O —
*H3N—CH,—CH=CH—B(OH),(OCH;s)~, are nearly thermo-
neutral; the values oAE are +0.3(—0.5)[-0.1] and+0.3(—
0.6)[+0.3] kcal/mol, respectively, at the B3LYP(PBE1PBE)-
[MP2] levels. Furthermore, the exchange reactiditsN—CH,—
CH=CH-B(OH);~ + H3C—OH — *H3N—CH,—CH=CH-—
B(OH),(OCHg)~ + H20, is also nearly thermoneutral in the
reaction field of water; the values &E, AH®,95, and AG®,95
are (-0.2), (—0.5), and {1.3) kcal/mol, respectively, showing
that the methyl group has only a modest influence on the
stability of the zwitterion. Transition states for the conversion
of the zwitterion*HsN—CH,—CH=CH—B(OH),(OCHj)~ into
the acid HN—CH,—CH=CH—B(OH), and HsC—OH, or into
the ether IN—CH,—CH=CH—-B(OH)(OCH;) and HO, are
only (2.3) kcal/mol and (4.2) kcal/mol, respectively, higher in
energy than™HzN—CH,—CH=CH—B(OH)(OCHs)~. These

energy than RY) and methanol at the SCRF (PBE1PBE) level.

Concluding Remarks

Experimentally, it is well established that the formation of
boronate esters from boronic acids and vicinal diols is sensitive
to pH and that internal Lewis bases can be effective in
lowering the pH required to form stable boronic aediol
complexes243Results of the calculations reported in this article
for the methanolysis of the aminoboronic acigN+CH,—CH=
CH—B(OH), to form the ether bN—CH,—CH=CH—B(OH)-
(OCHg), in which the primary aliphatic amine acts as an internal
Lewis base to catalyze the process, provide computational
support and mechanistic insight into these experimental findings.

The structure of BN—CH,—CH=CH—B(OH), has not been
established experimentally. In vacuo the lowest-energy con-
former, R(l), was a seven-membered, hydrogen-bonded ring
structuré”."3 at the computational levels we employed; a five-
membered B-N dative-bonded conformer, R), was found to
be [2.3] kcal/molhigherin energy at the [MP2] computational
level, suggesting that the-B\ dative bond in this case was
somewhat weaker than a hydrogen bond. By contrast, SCRF
calculations in agueous media findr({o be [2.3] kcal/mol
lower in energy than RY).

In vacuo, the catalytic role of the primary amine group in
the methanolysis of #N—CH,—CH=CH—B(OH), results from
facilitation of a proton transfer from an intermolecular-8
dative-bonded adduct between methanol and this boronic acid
(see Figure 5) rather than from the formation of an intramo-
lecular B-N dative-bonded structure. In two distinct mecha-
nisms for the methanolysis, in which the amine group was

results indicate that zwitterionic species of aminoboronic acids positioned to reduce its effectiveness as a catalyst, the transition
and ethers, in which there is no-Bl dative bond in the states for the proton-transfer step were [12.8] and [17.3] kcal/
structure, may play a more important role in the aqueous mol higher in energy than the corresponding transition state for
chemistry of these acids than previously thought. This finding the catalyzed reaction. In agueous media, the competition
is in accord with those of Franzen et @ who found that the between seven-membered hydrogen-bonded, five-membered
mechanism of action for the electron-transfer quenching of B—N dative-bonded, and hydrated zwitterionic species appears
anthracene fluorescence involves explicit interactions with to be rather complex. Additional experimental and computational
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results will be necessary to identify the influence of these various agreement with those obtained from ab initio MP2 calculations
species on chemosensor and therapeutic function. Molecularand, thus, appears to be an economical alternative for modeling
dynamics simulations of an aminoboronic acid in an aqueous more extended boronic acid systems.

environment would be useful, but the available molecular
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