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e formation from trimethylamine-
boranecarboxylate: DFT studies of SNi and
chelotropic mechanisms†

John W. Keller, *a Theppawut I. Ayudhya b and Nin N. Dingra b

Trimethylamine-boranecarboxylic acid (CH3)3N-BH2COOH and other amine carboxyboranes have been

observed to undergo slow decarbonylation in neutral aqueous solution. This reaction, when it occurs in vivo,

may have a therapeutic effect by delivering low concentrations of carbon monoxide over an extended period.

In order to identify a possible mechanistic pathway for decarbonylation, the smallest tertiary amine derivative

and its corresponding carboxylate ion were studied using CCSD(T)/PCM/6-311++G(2d,p)//M06-2X/PCM/6-

311++G(2d,p) model chemistry. The proposed mechanistic pathway begins with a trimethylamine

boranecarboxylate ion, which first undergoes an internal substitution reaction (SNi) to give free amine and the

carboxyborane anion BH2COO�. The latter cyclic ion then releases CO via a rapid chelotropic fragmentation.

The role of water solvent in these reactions was explored by structural and energetic analysis of hydrogen-

bonded complexes. It was found that complexation with water inhibits dissociation of trimethylamine by

stabilizing the trimethylamine carboxyborane anion, whereas water accelerates CO loss by stabilizing the polar

chelotropic transition state.
Introduction

Boron is ubiquitous in plants, where it is considered to play an
important role in maintaining cell wall structure and
membrane integrity.1,2 In animals, boron is acquired through
the diet and is essential for embryonic development.3,4 While
the majority of natural boron occurs as boric acid, a number of
synthetic organoboron compounds, the amine carboxyboranes,
have been under study for several years for their potential
medicinal effects. One such compound is trimethylamine bor-
anecarboxylic acid (TMA-BH2COOH), which has been shown to
have anti-inammatory, anti-neoplastic, and anti-osteoporotic
activities.5,6 The fundamental structural unit of amine carbox-
yboranes is an amine–boron coordinate covalent bond. This
type of bond allows structural modication by exchange of the
amine group,7,8 and as described herein, it has a strong effect on
the attached carboxyl moiety.

The main physiological effect of amine carboxyboranes is
thought to result from carbon monoxide released during
a fragmentation reaction that also forms the free amine and,
eventually, borate ion.7 Hence the designation as a carbon
monoxide releasing molecule, or CORM. Despite the obvious
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toxic effects of CO at high levels, CO at low concentrations has
been shown to be a transmitter molecule that performs critical
physiological functions.9–11 Although a product and kinetic
study has been reported,7 the mechanism of CO formation is
not known. The present computational study provides a simple
molecular model for trimethylamine boranecarboxylate frag-
mentation that provides insight into the kinetics of the reac-
tion. This information may be useful in the design of new
CORM pro-drugs.

Compounds containing the B–N dative bond have been the
subject of a number of theoretical studies.12–17 The studies have
shown that accurate prediction of geometry and energy in this
class of compounds requires the use of correlated ab initio
theory such as MP2 or a recent density functional theory using
an augmented and polarized basis set. Fisher et al. studied
several amine carboxyboranes, including TMA-BH2COOH, in an
attempt to correlate the computed B–N dissociation energies
with various physiological effects.15 In several cases there was
a negative correlation suggesting that a more facile B–N disso-
ciation is associated with a greater physiological effect. The
carboxylate forms of amine carboxyboranes were not studied.

Several organic decarbonylation reactions are known. For-
mic18 and lactic acids19 decarbonylate with strong acid catalysis,
which probably involve acylium ion intermediates. In the gas
phase, lactic acid undergoes thermal dehydration to a ketoox-
irane intermediate, which loses CO in a chelotropic reaction,
that is, a concerted fragmentation reaction where both bonds to
the carbonyl C are breaking in the transition state.20 Extrusion
of CO from medium-sized cyclic ketones leads to aromatic
This journal is © The Royal Society of Chemistry 2020
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Scheme 1 Two step mechanism for formation of carbon monoxide
and trimethylamine from trimethylamine carboxyborane.
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rings21,22 or non-aromatic alkenes.23,24 CO loss from the three-
membered ring precursors a-acetolactone25 and 2,3-di-t-butyl-
cyclopropanone26,27 has been observed in the gas phase.

In contrast to the forcing conditions employed in most
decarbonylations, amine carboxyborane decarbonylation
occurs, albeit slowly, in neutral or alkaline aqueous solution at
room temperature.7 The rate of decarbonylation of a given
CORM pro-drug under physiological conditions is a crucial
pharmacological feature: too fast, and a toxic dose of CO will be
delivered all at once; too slow, and the CORM will be excreted
before delivering the CO payload. The impetus for the present
study was a report that aqueous titration of TMA-BH2COOH
must be carried out at high speed “owing to a tendency for the
compounds to undergo hydrolysis as evidenced by formation of
gas bubbles”.28 The gases produced during titration were not
identied, but they are likely to be CO and H2. CO has been
identied as a hydrolysis product of TMA-BH2COOH7 and other
CORMs.29 The goal of this study is to rationalize the relatively
facile hydrolysis and decarbonylation reactions of TMA-BH2-
COOH, as well as assess the role of solvent water on reactivity.

We focus here on the decomposition chemistry of the
carboxylate form, TMA-BH2COO

�. A two-step dissociation-
chelotropic elimination mechanism is proposed that accounts
for the observed rate of decomposition of trimethylamine car-
boxyborane when explicit waters are included in the calculation.

Computational methods

Calculations used Gaussian 09 (ref. 30) soware. Geometry
optimization and frequency calculations used the M06-2X
functional, which has been shown to give low mean unsigned
errors when tested against several reaction barrier data-
bases,31,32 along with the polarizable continuum model (water,
epsilon ¼ 78.35).33 Four different basis sets were used: 6-
311++G(2d,p), and jun-, jul-, and aug-cc-pVTZ.34 Single point
energy calculations (CCSD(T)/PCM/6-311++G(2d,p)) used the
M06-2X/PCM/6-311++G(2d,p) geometry; unscaled thermal
corrections (298.15 K, 1 atm) were applied from frequency
calculations at the same level. Vibrational analysis of energy
minima showed all real frequencies. Transition structures
exhibited one imaginary vibration corresponding to the reac-
tion coordinate, with smooth conversion of transition states to
reactants and products in IRC calculations. Imaginary
frequencies were in the range of 180–490i cm�1 (Table S1 in the
ESI†). Quantum theory of atoms in molecules was carried out
with the AIMAll program;35 electron localization function (ELF)
surfaces were calculated and plotted with Multiwfn program
(version 3.6).36 Both programs using a formatted checkpoint le
from a Gaussian population calculation as input. The NBO 7.0
program was used for calculating natural bond orbitals, donor–
acceptor orbital interactions, and Wiberg bond orders.37 Gibbs
free energies of bi- and ter-molecular reactions were adjusted as
follows: DGo0

298 ¼ DGo
298 þ RT lnðQo0=QoÞ; where Qo0 is the reac-

tion quotient under standard condensed-phase conditions, i.e.,
all concentrations ¼ 1.0 M, and Qo is the reaction quotient with
all species at 1.0 atm pressure and 298.15 K, where the
concentration of an ideal gas ¼ 1/24.45 M ¼ 0.04090 M.
This journal is © The Royal Society of Chemistry 2020
Results and discussion

This study is focused on the geometry and energy of trime-
thylamine carboxyborane and its corresponding carboxylate,
and the intermediates and transition states leading to decar-
bonylation in aqueous solution. In acidic solution, where
presumably the neutral form predominates, trimethylamine
carboxyborane is rather stable, surviving, for example, 8 h in
boiling 0.3 M aqueous HCl.38 Trimethylamine carboxyborane
has a pKa of 8.3 (ref. 28) due to the borate atom bonded directly
to the carboxyl group. Nevertheless, at physiological pH
a certain fraction will exist in the carboxylate form. For this
reason, and in order to explain the alkaline sensitivity observed
by Scheller,28 the carboxylate form was investigated. The results,
summarized in the Scheme 1 below, identied a two-step
decomposition pathway that begins with intramolecular
nucleophilic attack of the carboxylate 10 to give the amine and
a cyclic carboxyborane anion 2, which then undergoes
concerted CO loss leaving the borinate ion 3. The conjugate acid
of 3, borinic acid BH2OH, is known to be unstable in water,
where it is rapidly converted to boric acid or borate, the
observed nal boron-containing product.39 The reactions of
borinic acid were not studied. A van der Waals complex of tri-
methylamine and cyclic carboxyborane anion forms immedi-
ately aer N–B bond breakage (Fig. S1†). The van der Waals
complex energetics do not affect the rate of the forward SNi
reaction.

All reactants, products, and transition states were optimized
using various basis sets up to aug-cc-pVTZ. Energies are given in
Table S2;† cartesian coordinates are in Tables S3 and S4 in the
ESI.† Fig. S2† compares 33 bond distances, including N–B, B–O
and hydrogen bond O–H, for eleven molecules and transition
states for the four model chemistries. Very small differences
(�1mÅ) were seen among the jun-, jul-, and aug-cc-pVTZ values.
For the 33 distances in the table, the mean unsigned difference
between the 6-311++G(2d,p) distance and the average jun/jul/
aug-cc-pVTZ distance, was 4.8 mÅ.
TMA carboxyboranes

The optimized geometries of TMA carboxyborane and carbox-
ylate ion are similar: both contain coplanar C–O and N–B
bonds; however, the carboxylate form contains a signicant
interaction between the carboxylate O and B atoms (Fig. 1a and
b). The coplanar conformations place the distal O in both forms
near the backside of the N–B bond, where a donor–acceptor
interaction can occur between O and the N–B s* orbital (Fig. S3
in ESI†). In the carboxylate, the second-order perturbative
stabilization energy E(2) is much greater, 2.45 vs.
RSC Adv., 2020, 10, 16038–16044 | 16039



Fig. 1 Optimized geometries of (a) trimethylamine carboxyborane, (b) trimethylamine boranecarboxylate, (c) trimethylamine boranecarboxylate
SNi transition state, (d) carboxyborane anion, (e) carboxyborane anion chelotropic CO loss transition state, (f) water–trimethylamine bor-
anecarboxylate complex, (g) water–SNi transition state complex, (h) water–carboxyborane anion complex, and (i) water–carboxyborane anion
chelotropic transition state. Distance, Å; Wiberg bond order in parentheses. M06-2X/6-311++G(2d,p)/PCM-H2O.
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0.96 kcal mol�1, due to the carboxylate's higher negative charge
and p-type lone pair orbital that points more directly at B. The
main consequence of donation into the N–B s* orbital is to
lengthen and weaken the N–B bond, where the bond order is
decreased about 7% (0.565 vs. 0.606) compared to trimethyl-
amine carboxyborane. Thus, TMA carboxylate anion is poised
for nucleophilic attack on B by the carboxylate O.

SNi substitution

In the SNi transition state, intramolecular attack of the carbox-
ylate's distal O begins to form an O–B bond on the backside of
B, as the tertiary amine is being detached from the front side
(Fig. 1c). The three reacting atoms (O, B, and N) adopt
a nonlinear arrangement in the transition state due to the
formation of a three-member ring on the backside, while
maintaining good overlap of the B–N bond orbitals.

Carboxyborane anion

In the proposed mechanism, trimethylamine is released with
simultaneous formation of the cyclic carboxyborane anion
(Fig. 1d). This ion is isosteric and isoelectronic with a-aceto-
lactone (Fig. S4†). The B–O bond of the former is longer and
weaker compared to the analogous bond in a-acetolactone. On
the other hand, the ring C–O bond of carboxyborane anion is
slightly shorter and stronger compared to a-acetolactone, which
is likely due to greater resonance interaction between the ring O
and C]O in carboxyborane anion.

Bonding in carboxyborane anion and a-acetolactone was
analyzed with the quantum theory of atoms in molecules
(QTAIM)40,41 using the PCM/M06-2X/6-311++G(2d,p) electron
density (Fig. S4†). When the electron density was plotted in the
plane of the ring, a region was identied between B and O in
BH2COO

� that has a rather at topography at the 0.2 e bohr�3

level: this region lacks the curvature necessary for detection of
a bond critical path and point. In contrast, a-acetolactone
16040 | RSC Adv., 2020, 10, 16038–16044
contains sufficient curvature in the C–O region to allow iden-
tication of bond and ring critical paths and points.

The weak B–O bond in carboxyborane anion makes possible
an O-interchange motion that involves either twisting around
the B–C bond, or rebonding the carbonyl O on the opposite face
of B. The BH2COO

� PES contains two C2v-symmetric transition
states for these interconversions: one with the BH2 and COO
groups coplanar (for the twisting motion), and the other with
these groups perpendicular (for the re-bonding motion)
(Fig. S5†). These transition states are respectively 13.5 and
5.8 kcal mol�1 above the cyclic structure. The analogous (C–O)
bond in a-acetolactone is stronger, and the barriers to twisting
and inversion are correspondingly higher: 43.9 and
25.4 kcal mol�1 respectively.
Chelotropic CO loss

In the DFT optimized model for the decarbonylation transition
state, CO is formed by concerted extrusion from the cyclic car-
boxyborane anion (Fig. 1e). The transition state is planar, with
the carbonyl group angledmore acutely relative to the B–O bond
(OCO angle of 115�), compared to carboxyborane anion (OCO
angle of 128�). In non-symmetric decarbonylation precursors,
the carbonyl group in the reactant is typically bent in the same
direction as the leaving CO molecule in the transition state.42

The extrusion is asymmetric, with the ring sO,C bond elongating
and weakening more at the transition state than sB,C. This is
due in part to electron donation by the in-plane carbonyl lone
pair into s*O;C because the latter is aligned with the acutely
angled carbonyl bond. The s*O;C orbital also accepts electrons
from sB,C, and at the same time the s*B;C orbital accepts elec-
trons from sO,C (Fig. S6†). These two interactions are comple-
mentary and synergistic: they comprise a closed charge-transfer
delocalization pattern that is characteristic of thermally allowed
cycloaddition reactions.43 Decarbonylation of three-membered-
ring carbonyl compounds has been classied as
This journal is © The Royal Society of Chemistry 2020
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a pseudopericyclic reaction.44,45 In the case of amine carbox-
yboranes this step must be fast with a relatively low activation
barrier because spectroscopic studies of CO release from TMA-
BH2COOH did not identify any B-containing precursor for CO
release.7

Chelotropic decarbonylation can in theory occur from any
three-membered ring containing a carbonyl group. Experi-
mentally, two such compounds have been reported to undergo
decarbonylation, a-acetolactone and trans-2,3-di-t-butylcyclo-
propanone. a-Acetolactone decarbonylation was observed
during collision induced mass spectroscopy of chloroacetate
ion.25 This experiment also allowed the authors to calculate the
heat of formation of a-acetolactone, which was �47.3 �
4.7 kcal mol�1. When combined with the heats of formation of
CO (�26.42 kcal mol�1), and formaldehyde
(�27.70 kcal mol�1),46,47 a DHo

rxn of �6.8 kcal mol�1 for a-ace-
tolactone decarbonylation can be derived. The M06-2X/6-
311++G(2d,p) value for the gas phase reaction is
�9.3 kcal mol�1. Fig. 2 shows the complete IRC trajectories for
these three decarbonylation reactions. Geometries and energies
(Fig. S9 and Tables S5–S7) are in the ESI.†

Kinetic data for trans-di-t-butylcyclopropanone decarbon-
ylation was obtained by Greene et al. who reported a half-life of
9.5 h at 150 �C;26,27 this rate corresponds to a free energy barrier
DG‡ of 34.2 kcal mol�1. Applying thermodynamic data from an
M06-2X/6-311++G(2d,p) frequency calculation at 423 K to
CCSD(T) energies of the reactant and transition state gives
a DG‡

423 value of 35.1 kcal mol�1.
The difference in the activation barriers between carbox-

yborane anion and trans-di-t-butylcyclopropanone in Fig. 2 may
be ascribed to greater CO-like bonding in the former transition
state and starting anion: these can be seen in electron locali-
zation function (ELF) cross-sections through the plane of the
three-membered ring (Fig. 3). The ELF measures the extent of
Fig. 2 Intrinsic reaction coordinate (IRC) trajectories for gas phase
decarbonylation of trans-2,3-di-t-butylcyclopropanone, a-aceto-
lactone, and carboxyborane anion. M06-2X/6-311++G(2d,p). DE‡

values: 40.4, 32.3, 26.4 kcal mol�1 respectively. DErxn values: �13.6,
�6.7, 12.4 kcal mol�1 respectively. BH2COO� decarbonylation is
endothermic in the gas phase, but exothermic in a polar solvent or
when complexed with water.

This journal is © The Royal Society of Chemistry 2020
spacial localization of an electron on a zero-to-one scale.48,49 The
carboxyborane anion transition state shows the departing CO
molecule with localized lone pair electrons similar to CO itself,
and the C–O bond almost completely retracted onto O. The di-t-
butylcyclopropane transition state, in contrast, is much closer
to the reactant structure: the short-side C–C bond and mid-ring
minimum are nearly intact, and the carbonyl lone pairs have the
p-type character of a ketone.
Aqueous solvation

The effects of water solvent on the structure and reactivity of
carboxyborane anions were assessed in two ways: by (1)
comparing structure and reactivity in the gas phase with that if
the aqueous polarizable continuum model (PCM),33 and (2)
including explicit water molecules in reacting structures and
transition states. Energy changes for all reactions including
hydration equilibria are shown in Table 1.

Solvation energies for most of the anions and transition
states were in the range of 55–60 kcal mol�1 with the exception
of TMA-BH2COO

� (dipole moment ¼ 17.4 D), where the calcu-
lated solvation energy was 73.9 kcal mol�1 (Table S2†). In
contrast, the calculated solvation energy for the SNi transition
state (dipole moment ¼ 12.3 D) was only 60.6 kcal mol�1. This
difference largely explains the increase in the SNi activation
barrier going from gas to aqueous phase, i.e., from 11.2 to
24.4 kcal mol�1 (Table 1, line 6). Therefore, aqueous solvation
slows the SNi reaction by selective, strong solvation of the polar
reactant. Aqueous solvation has the opposite effect on chelo-
tropic decarbonylation. In this case, the solvation energy of the
transition state is about 3 kcal mol�1 greater than for BH2COO

�,
Fig. 3 Electron localization function (ELF) plots of reactants and
transition states for CO loss from trans-2,3-di-t-butylcyclopropane (a
and b) and carboxyborane anion (c and d). ELF of carbonmonoxide (e).
For (a–d), cross-section is through the plane of the ring. M06-2X/6-
311++G(2d,p), gas phase.

RSC Adv., 2020, 10, 16038–16044 | 16041



Table 1 Energy changes of trimethylamine boranecarboxylate SNi and carboxyborane chelotropic reactions, and reaction barriers for transition state
(t.s.) formation (kcal mol�1)

M06-2X/6-311++G(2d,p)a CCSD(T)b

Gas phase PCM-H2O PCM-H2O

DGo
298 DEelect DHo

298 DSo/e.u. DGo
298 DGo

298 DGo0
298

c

T-BH2COO
� / T + BH2COO

�d �2.79 28.01 24.93 42.77 12.18 14.42 16.31
T-BH2COO

� / T + CO + BH2O
� �3.99 31.17 25.35 1.87 1.87 �5.50 �3.61

T-BH2COO
� + H2O / T-BH2COO(H2O)

� �9.60 �11.00 �9.76 �30.92 �0.53 0.63 �1.27
T-BH2COO

� + 2H2O / T-BH2COO(H2O)2
� �16.22 �18.67 �15.88 �58.23 1.49 3.01 �0.78

T-BH2COO
� + 3H2O / T-BH2COO(H2O)3

� �23.61 �27.97 �23.60 �85.74 1.93 4.13 �1.56
T-BH2COO

� / T/BH2COO
� (t.s.) 11.16 29.66 27.25 9.14 24.52 24.40

T-BH2COO(H2O)
� / T/BH2COO(H2O)

� (t.s.) 14.68 34.08 31.58 16.56 26.64 25.87
T-BH2COO(H2O)2

� / T/BH2COO(H2O)2
� (t.s.) 17.92 36.35 34.03 19.29 30.51 26.25

T-BH2COO(H2O)3
� / T/BH2COO(H2O)3

� (t.s.) 19.74 37.95 35.28 19.86 29.36 28.25
T-BH2COO(H2O)

� / T + BH2COO(H2O)
� 4.98 33.10 30.01 48.99 15.95 17.27 19.17

T-BH2COO(H2O)2
� / T + BH2COO(H2O)2

� 6.58 36.17 33.06 51.78 17.62 18.35 20.25
T-BH2COO(H2O)3

� / T + BH2COO(H2O)3
� 11.01 39.25 36.44 43.99 22.14 22.52 23.75

T-BH2COO(H2O)
� / T + CO + BH2O(H2O)

� �6.57 30.94 25.11 83.75 0.14 �6.88 �3.10
BH2COO

� / CO/BH2O
� (t.s.) 23.48 23.15 21.24 1.55 20.78 15.82

BH2COO(H2O)
� / CO/BH2O(H2O)

� (t.s.) 17.79 17.11 15.04 �0.78 15.27 11.74
BH2COO(H2O)2

� / CO/BH2O(H2O)2
� (t.s.) 13.68 12.38 10.35 �3.12 11.28 8.44

BH2COO(H2O)3
� / CO/BH2O(H2O)3

� (t.s.) 10.67 11.19 9.07 �4.48 10.40 7.89
BH2COO

� + H2O / BH2COO(H2O)
� �3.99 �5.39 �4.05 �24.70 3.32 3.48 1.59

BH2COO
� + 2H2O / BH2COO(H2O)2

� �6.85 �10.51 �7.75 �49.22 6.94 6.94 3.16
BH2COO

� + 3H2O / BH2COO(H2O)3
� �9.06 �19.01 �14.27 �84.34 10.89 11.56 5.88

BH2COO
� / BH2O

� + CO �1.20 3.16 0.42 �10.31 �10.31 �19.92 �18.03
BH2COO(H2O)

� / BH2O(H2O)
� + CO �9.39 �2.68 �5.52 34.76 �15.89 �24.16 �22.26

BH2COO(H2O)2
� / BH2O(H2O)2

� + CO �15.14 �7.26 �10.07 33.11 �19.94 �27.32 �25.43
BH2COO(H2O)3

� / BH2O(H2O)3
� + CO �17.03 �6.26 �9.17 38.88 �20.76 �27.90 �26.00

BH2O
� + H2O / BH2O(H2O)

� �12.18 �11.23 �10.00 �25.93 �2.26 �0.76 �2.65
BH2O

� + 2H2O / BH2O(H2O)2
� �20.78 �20.93 �18.24 �52.11 �2.69 �0.46 �4.24

BH2O
� + 3H2O / BH2O(H2O)3

� �24.89 �28.44 �23.85 �81.46 0.45 3.59 �2.10

a H298 ¼ Eelect + ZPVE + thermal-correction-to-298 + RT, where T is temperature in K, and R ¼ gas constant. Thermal correction ¼ Etr + Evib + Erot +
Eelec, where Etr¼ 3RT/2, Erot¼ 3RT/2, Eelecz 0.000, Evib¼ RSqi[0.5 + (exp(qi/T)� 1)] with qi¼ vibrational temperature of the ith vibration;G298¼H298
� TStot.

b H298,CCSD(T) ¼ Eelect,CCSD(t) + (ZPVE + thermal-correction)M06-2X + RT; and G298,CCSD(t) ¼ H298,CCSD(T) � TStot,M06-2X.
c Corrected to 1 M

standard state. d T ¼ TMA, trimethylamine.
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while the activation barrier for this reaction decreases about the
same amount going from gas to aqueous phase (Table 1, line
14).

The geometries of gas- and aqueous-phase transition states
of the two steps (Fig. S2 in ESI†) are consistent with the reac-
tivity differences described above; as outlined here, they also
follow the Hammond Postulate.50 In the gas-phase SNi transi-
tion state, the forming O–B bond is 0.14 Å longer and the
breaking B–N bond is 0.14 Å shorter than those bonds in the
aqueous transition state. That is, the SNi transition state of the
faster (gas phase) reaction is more reactant-like. In the gas-
phase CO-loss transition state, the forming O–B double bond
is 0.04 Å shorter and the breaking B–C bond is 0.13 Å longer
than those bonds in the aqueous transition state. That is, the
CO-loss transition state of the slower (gas phase) reaction is
more product-like.

Explicit solvent interactions were studied using complexes of
one, two, and three waters with reactants and transition states.
Single water complexes are shown in Fig. 1; two and three water
complexes are shown in Fig. S2 and S7.† The optimized water
complexes provide an approximation of the actual solvation
16042 | RSC Adv., 2020, 10, 16038–16044
shell, which is likely to contain even more water. For example,
a recent molecular dynamics study of BH4

� hydrolysis showed
that BH4

� is solvated by an average of six water molecules.39

Nevertheless, the DFT-optimized complexes exemplify the
structural effects of hydrogen bonding. In case of TMA-BH2-
COO� + H2O complex (Fig. 1f), the O-to-B donor–acceptor
interaction is weaker and the B–N bond is shorter and stronger
compared to the uncomplexed ion (Fig. 1b). In the SNi transition
state that follows (Fig. 1g), the hydrogen bonds become longer
and weaker than in the starting complex. Taken together, these
waters increase the SNi activation barrier by several kcal mol�1.
In contrast, the hydrogen bonded waters decrease the chelo-
tropic activation barrier (compare Fig. 1h, i and Table 1, lines
14, 15). In this step the transition state is more polar than the
starting carboxyborane anion, and thus the hydrogen bond
become stronger and shorter.

Use of larger basis sets than 6-311++G(2d,p) has little effect
on the calculated geometry or reactivity in these hydrogen
bonded systems. Energy changes for SNi and chelotropic CO-
loss reactions are nearly identical—to within about
1 kcal mol�1—whether calculations were carried out using M06-
This journal is © The Royal Society of Chemistry 2020
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2X/PCM-H2O/6-311++G(2d,p), or M06-2X/PCM-H2O/jun-, jul-, or
aug-cc-pVTZ (Fig. S8 in ESI†).
Reaction energy prole and associated rate constants

Relative Gibbs free energies of the reactants, transition states,
and products are plotted in Fig. 4. The relative free energies of
starting trimethylamine carboxyborane anion and the various
anion–water complexes are set to zero, which is reasonable
given that the waters serve merely to solvate the reacting ions,
and do not participate directly in bond formation. In general,
we see that trimethylamine carboxyborane anion dissociates in
an endothermic reaction to form trimethylamine and carbox-
yborane anion BH2COO

�, followed by exothermic chelotropic
CO extrusion to borinate ion. The free energy proles in Fig. 4
were constructed assuming all species are at the standard state
of 1.0 M, and suggest that the second step is rate limiting.
However, if the reactant concentration is milli- or micomolar, as
expected under experimental or physiological conditions, the
relative free energies of the carboxyborane intermediate and the
subsequent unimolecular CO-loss transition state is lowered by
3 to 5 kcal mol�1. In other words, a low concentration of reac-
tant leads, aer dissociation, to a corresponding low concen-
tration of free amine, vastly increasing the thermodynamic
barrier for reversal of the rst step. Finally, if one assumes
a realistic water concentration of 55.4 M, trimethylamine car-
boxyborane anion trihydrate will comprise more than 99.5% of
the reactant species. This results in approximately 86% of the
ux of the rst step traversing the trihydrate barrier (green in
Fig. 4).

The rate constant for amine dissociation from trihydrated TMA-
BH2COO

� anion, calculated from transition state theory (k ¼
(kBT/h)[exp(�DG‡/RT)]) and the 28.25 kcal mol�1 barrier, is 4.39 �
10�5 h�1 at 298 K, or 2.89� 10�4 h�1 at 310 K. Ayudhya et al. used
NMR tomeasure the rate of hydrolysis of TMA-BH2COOH at 310 K
and physiological pH,7 observing 0.74% reaction aer 12.0 days,
yielding a rst-order rate constant of 2.6� 10�5 h�1. If the reaction
occurred via the TMA-BH2COO

� ion (in any hydrated form), and if
Fig. 4 Energy changes for CO production via SNi displacement of
trimethylamine from TMA-BH2COO�, followed by chelotropic loss of
CO, with all species bound to 0, 1, 2 or 3 waters. Crosshatched lines are
transition states; solid lines are energy minima. Energy levels after
dissociation include Go

298(TMA).

This journal is © The Royal Society of Chemistry 2020
9.1% of the trimethylamine carboxyborane were present in the
anion form (pH ¼ 7.3 with a pKa of 8.38 (ref. 28)), then the cor-
rected rate constant would be 2.8� 10�4 h�1. This corresponds to
an activation barrier of 28.2 kcal mol�1.

Conclusions

The close correspondence here of calculated and experimental
activation barriers is fortuitous, since the trimethylamine car-
boxyborane anion trihydrate approximates a larger multi-water
cluster that probably exists in solution. Nevertheless, the fact
that the numbers are close suggests that much of the physical
environment of TMA-BH2COO

� in water solution has been
captured by the DFT and ab initio calculations. In addition,
these results highlight the important role of the hydration shell
in controlling the rate of fragmentation of amine carboxybor-
anes and CO loss from the intermediate carboxyborane anion.
Importantly, obtaining the most accurate activation barrier
required using a water cluster and polarizable continuum. It is
likely that variations in solvation play a major role in deter-
mining the reactivity of this class of compounds. Although tri-
methylamine carboxyborane decarbonylates exceedingly slowly,
other related compounds that have fewer waters of hydration
may react faster. Finally, noting that in the gas phase, activation
barriers for SNi substitution are 10–12 kcal mol�1 less than in
water (Table 1, column 1), these calculations suggest that faster
reactions may occur in less polar environments such as non-
polar solvents, protein complexes, or membranes.
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