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Boron Tunneling in the “Weak” Bond-Stretch Isomerization

of N-B Lewis Adducts

Ashim Nandi*,” Naziha Tarannam*,”’ Daniela Rodrigues Silva,” ¢ Célia Fonseca Guerra,

Trevor A. Hamlin,*® and Sebastian Kozuch*®

Some nitrile-boron halide adducts exhibit a double-well
potential energy surface with two distinct minima: a “long
bond” geometry (LB, a van der Waals interaction mostly based
on electrostatics, but including a residual charge transfer
component) and a “short bond” structure (SB, a covalent dative
bond). This behavior can be considered as a “weak” form of
bond stretch isomerism. Our computations reveal that com-
plexes RCN-BX; (R=CH,, FCH,, BrCH,, and X=Cl, Br) exhibit a

1. Introduction

Bond-stretch isomerism (BSI), a term coined by Stohrer and
Hoffmann in the early 1970s, postulates the existence of two
molecular isomeric forms differing only in a specific bond
length; this is, in principle, caused by distinct electronic
configurations between both structures."” While several exper-
imental and theoretical studies invoked this concept to describe
isomeric metal oxo complexes differing only in their M=O bond
lengths,®® these studies were criticized claiming an incorrect
structural characterization.”'? To date, most studies on BSI
revolve around theoretical models and few experimental cases
are known 3

Donor-acceptor nitrile-boron RCN—BX; complexes (R=alkyl
or substituted alkyl group, X=halides, see scheme 1), offer a
class of species where a “weak” form of BSI can occur. The
chemistry of such complexes span many decades,"'*?® and their
structural and bonding properties are still an area of extensive
research both for experimentalists and theoreticians.?””” The
assignment of the bonding patterns in these complexes has
been challenging, generally viewed as comprising electrostatic,
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fast interconversion from LB to SB geometries even close to the
absolute zero thanks to a boron atom tunneling mechanism. The
computed half-lives of the meta-stable LB compounds vary
between minutes to nanoseconds at cryogenic conditions.
Accordingly, we predict that the long bond structures are
practically impossible to isolate or characterize, which agrees
with previous matrix-isolation experiments.

Long Bond ("LB") Short Bond ("SB")

X X X
R—C=N-- 'I? R—CEN—>B°\‘X
X X

R=CH;z; X=F ClorBr
R = FCH,, CICH, ; X = Cl

Scheme 1. Non-covalent long-bond (LB) and covalent dative short-bond (SB)
RCN—-BX; complexes, with the R and X substituent pairs studied herein.

covalent, dative, and/or charge-transfer interactions. All this
depends on the nature and length of the bond,””® blurring the
distinction between covalent and non-covalent interactions.
Moreover, sometimes both covalent and non-covalent possibil-
ities arise on the same species (scheme 1). Such an unusual
bonding situation was predicted in the adducts of BCl; with
MeCN, FCH,CN, and CICH.CN, characterized by two distinct
minima separated by a low but significant barrier. In these, the
N-B interacting distance varies between those of van der Waals
and covalent interactions.?>*
Previous computations®*” showed that the double-well
potentials of this class tend to have:
1) A long bond (“LB") meta-stable non-covalent interaction,
with an N-B bond length of ~2.6-2.9 A.
2) A short bond (“SB”) global minimum dative covalent
interaction, with an N—B distance of ~1.6 A.

The barriers between these two minima lie between 4 to
11 kJmol™" with respect to the meta-stable LB, and their
corresponding reaction energies are in the range of 5-
20 kJmol~".2** This would, in principle, make it possible to
observe both geometries if a high-temperature mixture of the
two configurations is fast-cooled to cryogenic conditions, keep-
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ing the system in the out-of-equilibrium original state by its
kinetic barrier. However, in stark contrast with this assumption,
matrix-isolation IR spectra revealed only the presence of the
short-bond structure with the authors speculating that the
elusive long-bond form might be masked by HCI impurities
forming H-bonded adducts.?**”

In this work, we propose that the reason for the
unsuccessful attempts of capturing and detecting the LB
structure even close to the absolute zero can be attributed to
heavy-atom quantum mechanical tunneling (QMT). QMT is a
well-known effect for hydrogen-based reactions, but only
recently it was established that “heavy” atom tunneling (i.e.
second-row atoms) can also play an important role for reactions
with low and, most importantly, narrow barriers.?'>¥ The LB to
SB reactions presented here indeed involve low barriers with
relatively short trajectories. However, they also require the
movement of heavy atoms, potentially hindering any realistic
QMT mechanism. While experimentally testing QMT is theoret-
ically doable by kinetic isotope effect (KIE) analysis, this would
be almost impossible since no isotopic substitution would make
the LB form stable enough. Therefore, only accurate computa-
tions can support the current hypothesis and validate our
prediction.

1.1. Theoretical Method

All geometries, electronic energies, and their derivatives were
computed at the M06-2X level in Gaussian 16.5” This functional
was found to be suitable in geometry and frequency predic-
tions against experimental gas-phase structures of these
complexes and provided good agreement with accurate post-
Hartree-Fock methods.®” Since direct dynamic tunneling com-
putations are time-demanding, a small but optimal basis set
was sought. We found that M06-2X/6-311+G(d) meets the
requirements, providing a close agreement with structural
parameters; the diffuse functions were included to improve the
accuracy of charge transfer interactions.”’2%2%®

Classical (i.e. non-QMT) reaction rates were computed using
canonical variational transition state theory (CVT),*® with QMT
contributions added with the small curvature tunneling
(SCT“* method; a step size of 0.001 Bohr and quantized
reactant state tunneling (QRST) for the reaction coordinate
mode were used.”” The M06-2X/6-311+G(d) electronic ener-
gies were corrected with a double layer method (the interpo-
lated single-point energy -ISPE-*®), where the energies of
reactants, products, and transition states were recomputed at
the CCSD(T)/CBS level (obtained from aug-cc-pVTZ and aug-cc-
pVQZ extrapolation with B coefficients of 5 and 3 for the HF
and post-HF correlation, except for Br where an aug-cc-pvTZ-PP
and aug-cc-pvQZ-PP basis set was employed). This double layer
method can only work when the underlying DFT surface is
geometrically correct,*** and the ab initio methods are of high
quality; there is no reason to suspect that these two conditions
are not fulfilled in these closed shell systems.®® Polyrate 17 was
used to compute all the rate constants,*” with Gaussrate* as
the interface between Polyrate and Gaussian. Noteworthy, while
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we consider our results reasonably accurate for gas phase, most
experiments are carried out in cryogenic matrices, where there
is a small but significant interaction between the solute and the
matrix (typically frozen noble gases). These interactions produce
anisotropic pressures, which tend to unsystematically accelerate
the rates”” (or even occasionally favoring the smaller SB in a
thermodynamic way in some matrix environments) and deviate
from gas phase predictions. Therefore, we consider the
presented rate constants as semiquantitative, although the
conclusions are still reliable even considering the medium
difference.

All the binding (BE), threshold (AE¥) and reaction (AE)
energies discussed here are CCSD(T)/CBS electronic energies
plus zero-point energies at the M06-2X/6-311+G(d) level. BEs
are taken with the individual monomer energies as reference.

The activation strain model (ASM)®°*¥ was used to charac-
terize the bonding mechanism in MeCN—BCl; and MeCN—BBr;.
In the ASM, the electronic binding energy is divided into two
major components: strain energy (AE,,,) that results from the
distortion of the monomers (i.e. MeCN and BX;) from their
equilibrium structure to the geometry they acquire in the
MeCN-BX; adduct, and the actual interaction energy (AE,,)
between the deformed monomers. AE,, is further decomposed
using the matching canonical energy decomposition analysis
(EDA)®*8 into three physically meaningful energy terms,
namely, the classical electrostatic interaction (AV,..), the steric
Pauli repulsion between closed-shell orbitals (AE;,,;), and the
stabilizing orbital interactions that account for donor-acceptor
interactions and polarization (AE,). The analysis started from
the optimized MeCN and BX; at a relatively large distance
(ren=3.5A). The fragments were then brought together by
decreasing the B-N bond to a distance shorter than in their
global energy minimum (r, w=1.0A). All energy terms are
projected onto E, the critical reaction coordinate, which allows
for the evaluation of how each energy component varies as a
function of the formation of the Lewis pairs. The adducts are
compared at the same point along this potential energy surface,
the so-called “consistent geometry”, to ensure that our
conclusions are not skewed by the fact the Lewis pairs have
different equilibrium bond lengths. The calculations were
performed using ZORA-MO06-2X/TZ2P"%%? as implemented in
the Amsterdam Density Functional (ADF) software.®**% The
open-source PyFrag 2019 program was used to expedite all
ASM and EDA analyses.”*® Additionally, Natural Bond Orbital
(NBO)**™ analyses were performed with NBO7 at the M06-2X/
6-311+G(d) level in MeCN—BX; (X=H, F, Cl, Br, see SI).

2. Results and Discussion

2.1. Electronic Structure of the Donor-Acceptor Adducts

In contrast to most of the other systems considered, MeCN—BF,
shows a single minimum with a N-B bond distance of 1.77 A
(too long for a covalent bond, too short for a van der Waals

interaction), and a BE of —28.2kJmol™' (see Table 1). This
suggests that the system approaches a double-well profile but
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typical (but not obligatory) trend of a stronger covalent bond
compared to the van der Waals interaction. MeCN—BBr; has a
slightly longer LB and shorter SB than MeCN—BCl;, with deeper
wells (especially for SB, compare rows two and three in Table 1).

In the case of haloacetonitrile—BCl; complexes (R=FCH, or
CICH,), the N-B bond distances are almost invariant to one
another (entries 4 and 5 in Table 1) and slightly longer than in
the parent MeCN—BCl;. However, their binding energies are
significantly weaker in comparison to the parent complex for LB
but especially for SB. While the concept of charge transfer is
typically used in van der Waals interactions, let us remember
that a dative covalent bond can be considered as an extreme
case of charge transfer (see below). The BSI of these systems is,
therefore, less exergonic than in the acetonitrile complex,
producing a higher threshold energy, in accordance with
Hammond'’s principle.”

Next, to characterize the nature of the LB and SB complexes
in the MeCN—BX; Lewis donor-acceptor adducts (X=Cl, Br, see
Figure 1) we employed the activation strain model (ASM)**** in
combination with the matching energy decomposition analysis
(EDA).®*8 Figure 1a left nicely shows the formation of the LB
and SB minima separated by a low barrier (see Table 1 and S1).
The stronger BE of SB compared to LB complexes arises from an
increasingly stabilizing interaction energy AE;, (Figure 1a right)
between MeCN and BX; as the N—B separation decreases. Our
results demonstrate that the trend in AE,, stems mostly from
the orbital interactions AE,, as observed by the steepest
decrease in the AE, curve in Figure 1b right. Note that for LBs
the orbital interactions AE,; are less stabilizing than the electro-
static interactions AV, (e.g. for X=Br, AE; and AV
amount to —10.5 and —21.6 kimol™', respectively). This picture,
however, is gradually reversed as the N-B separation decreases
and the amount of charge transfer increases. For SBs, the
contribution from the AE,; is larger than that of the AV, (e.g.
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Table 1. RCN-BX; N-B bond distance for long-bond (LB), short bond (SB), and transition state (TS) structures in A, and their respective binding energies (BE)
along with threshold energies (from LB to TS, AE™) and reaction energies (AE,) in kJmol™, and transition state imaginary frequencies (v) in cm™'.
R X LB SB TS BEs BEss AE* AE, v
Me F - 1.77 - - —28.2 - - -
Me a 2.77 1.60 2.24 —~13.0 —343 33 —21.2 201/
Me Br 2.89 1.57 2.29 —-16.6 —51.1 3.5 —345 216i
FCH, a 2.84 1.62 2.15 —-11.0 —~15.9 9.0 —49 210i
CICH, a 2.83 1.61 2.16 -11.6 —204 7.7 -838 209i
2 e — MeoN-Bel, 180 0
actually results in a flat, barrierless potential. This is due to the Cw — MeGN_BBr, - »
fact that the B—F bond is the strongest along the series of 2
boron trihalides and, therefore, it is more energetically costly to 2 ¢ = =
deform BF; to the pyramidal geometry adopted in the SB 4 -0 40 AE,. 120 AE,,
complex. As a result, it leads to a longer B—N equilibrium bond -80 0 -160
701 [ | . h . h | ﬂ 1.0 25 4.0 1.0 25 4.0 1.0 25 4.0
length™ (in line with previous reports, where an extremely flat fealA s/ A fesl A
potential with two almost isoenergetic minima has been b
predicted for this species®”"7%), 0 0 ‘\ - .
MeCN-BCl; exhibits the above described double-well sur- L 1200 600 \ \\ 200
face with an N-B distance of 2.77 A for the LB, and 1.60 A for S 00 |/ 400 -400
the SB, in good agreement with previous computational Q 00 j 200 \ 600 |- //
results.” The binding energies of the LB and SB structures are - / AVeutn 0 Apaui 800 l A5
—13.0 kymol™" and —34.3 kimol™’, respectively; this shows the 10 25 40 a9 25 48 10 28 g
halA fug/ A gl A

Figure 1. a) Activation strain model (ASM) and b) energy decomposition
analysis (EDA) of the MeCN—BX; adducts (X=Cl, Br) as a function of the N-B
bond distance, computed at ZORA-M06-2X/TZ2P.
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for X=Br, AE; and AV, are, respectively, —512.4 and
—437.6 kimol™"), see Table S2 for data at consistent geometries.

The trends in AE,; can be rationalized in terms of the well-
known HOMO(base)-LUMO(acid) interaction (see Figure 2).
Note that the gross population (P of the BX; LUMO

—
®XO
; \ /
/ =Cre
. g e
H\ /Lumo .&
.\)c CaNCD) % s
Hy

HOMO ~. % /

PLumo Asyomo-Lumo {HOMO|LUMO)
X LB SB LB SB LB SB
Cl 0.01 0.55 11.2 9.6 0.13 0.46
Br 0.01 0.59 10.7 9.3 0.12 0.44

Figure 2. Schematic representation of the HOMO—LUMO interaction in the
MeCN-BX; along with gross population of the LUMO of BX; (in electrons),
orbital energy gap (in eV), and orbital overlap. Data at consistent geometries
with N—B distance as in the equilibrium geometries of the MeCN—BBr,
adduct. HOMO and LUMO of the a; irreducible representation of the G;,
symmetry.
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increases considerably from LB to SB (going from 0.01 to 0.55
and 0.59 electrons for X=Cl and Br, respectively), which can be
attributed to the larger charge-transfer observed for SB. The
AE, energy is more stabilizing at shorter N-B distances because
the (HOMO |LUMO) orbital overlap is larger, and the Agyomo.
Lumo €nergy gap is smaller (see Figure 2 and S1). For example,
for X=Br, note that (HOMO|LUMO) increases by 0.32 (from
0.12 to 0.44) and A& omo-Lumo decreases by 1.4 eV (from 10.7 to
9.3 eV) going from LB to SB. The latter is due to the fact that
the LUMO drops in energy as BX; deforms from the planar to
the pyramidal geometry (i.e. when going from an sp? to an
almost sp® rehybridization on the boron).”*”*! Noteworthy, the
NBO perturbational analysis on these MeCN-BX; systems
supports the ASM and EDA results concerning the orbital
interactions (see the detailed NBO discussion in the SI).

In the SB systems, the strength of the N-B bond also
significantly depends on the strain energy AE,.;, (see Figure 1a
middle and the fourth entry in Table S2). As demonstrated in
our previous work,” the N-B bond is stronger in the Lewis
adducts involving boron trihalides that can more easily
pyramidalize from its planar equilibrium geometry. The results
shown in Figure 1a are in line with this rationalization. The B—Br
bond is weaker than the B—Cl bond and, therefore, it requires
less energy to deform BBr; than BCl;, resulting in a more
stabilizing adduct with the former.”*7® For the LB complexes,
AE..in is nearly zero and does not contribute to the trend in AE.

2.2. Analysis of Tunneling Rates

Considering the low threshold energies and the high exergo-
nicity of our reactions, which in accord with Hammond’s rule
results in narrower barriers,” we ventured on the study of their
tunneling reaction rates. Our computed classical (CVT) rate
constants show that the LB to SB reaction for MeCN—BCl; would
be impossible at 4 K (k¥ =4x107**s7", entry 2 in Table 2), and
it is still negligible below 10K (klx=1x10""s""). However,
when adding the tunneling correction the reaction shows an
enormous acceleration, giving a fixed rate constant of 2x
107 s below 10 K; this indicates that the reaction is completely
driven by QMT from the ground-state vibrational level at these
temperatures. The Arrhenius plot in Figure 3 reveals a sharp
curvature when moving to the “deep-tunneling”, temperature-
independent rates (solid red line), which departs from the
classical values (dotted red line) below the ~50 K region. The
longest possible half-life (t.) for the LB geometry of MeCN-BCl;

Table 2. Computed rate constants without (ko) and with tunneling (ksc;)
for RCN-BX; in s™', and half-lives (t,,) in seconds for the LB to SB reactions
at4 kK

R X ker kecr ‘,

Me F - - -

Me cl 4%x107* 2x107 4x10°®
Me Br 2x107%* 1x107 6x1078
FCH, a 3x107% 5%1073 100
CICH, a 2x107% 08 08

ChemPhysChem 2021, 22, 1857-1862  www.chemphyschem.org
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= MeCN-BCl,
MeCN-BBr,
CICH,CN-BCl,

0.04 0.06 0.08 0.10
1T (KY)

Figure 3. Arrhenius plot for the rate constants without (CVT, dotted lines)
and with tunneling corrections (SCT, solid lines) for all the systems studied in
this work.

is 40 ns, showing that LB will probably be impossible to observe
experimentally, no matter how low we go in the temperature
scale. This “quantum tunneling instability” (QTI)"“>”""® can easily
explain the failure to detect the theoretically predicted LB
structure in cryogenic matrix isolation IR experiments.?”

In the brominated MeCN—BBr; adduct (entry 3 in Table 2),
with a 0.2 kJmol™' higher barrier than MeCN-BCl;, we see a
similar curved Arrhenius graph (green line in Figure 3) with
ki, =1x10"s™", corresponding to a t, of 60ns at 4 K. Since
there are no reported experimental studies on this system, we
can predict that similar to the chlorinated system, even if this
complex is attempted to be synthesized and characterized, it
would be impossible to capture and detect the LB form due to
heavy-atom QMT.

For the monosubstituted FCH,CN-BCl; and CICH,CN-BCl,
(4" and 5™ entries in Table 2), it was reported that the IR studies
of these systems in nitrogen and/or neon matrices matched
only the short-bonded complex.” Classical CVT rates show that
the BSI reaction of the fluorinated case would be negligible
below 30K (see Figure 3). However, including tunneling the
reaction is feasible even close to absolute zero, with t:, of circa
2 minutes at 4 K and 4 seconds at 30 K, possibly too short to be
detected (unless carrying out a fast IR spectra immediately after
deposition of the complex).”® Similar conclusions were also
reached for CICH,CN-BCl;, with a maximum t, of 1s. In all
these cases we predict that the difficulties to observe the non-
covalently bonded LB systems can be attributed to quantum
tunneling instabilities.*777®!

2.3. Kinetic Isotope Effect

To understand which atom contributes the most to the
tunneling process, we carried out a kinetic isotope effect (KIE)
analysis on MeCN—BCl;. As the tunneling probability typically
depends on the collective motion of all the atoms involved in
the reaction, we looked at their displacement vectors in the

© 2021 Wiley-VCH GmbH
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transition state to identify the atoms with the wider movement
in that region.**”?®” |n principle there should be a correlation
between the magnitude of these vectors and the KIE, and
indeed we see a correlation between these magnitudes in
Figure 4. The highest KIE and the most significant vector reside
in the boron, and therefore in the N-B bond-stretch we can
safely say that this is the “tunneling-determining atom”, in a
rare case of boron-atom tunneling.”

Note that to keep the symmetry we studied the KIEs
substituting all the equivalent atoms together (i.e. the three
hydrogens by three deuteriums, or the three *Cl by three ¥Cl);
taken like this, the individual KIEs for these atoms was
approximated by the cube root of the triply substituted KIE.
Figure 4 depicts the KIE versus the inverse of the temperature,
showing a flat curve below 10 K for all atoms (i.e. ground state
tunneling), reaching 1.43 for H/D, 1.38 for '°B/"'B, and smaller
values for the other atoms. Interestingly, nitrogen and hydrogen
produce an inverse KIE at high temperatures due to their
influence on the ZPE, but this effect is overcome by the mass
effect on the tunneling rates at low temperatures. Note that
due to the large H/D mass difference which produces enormous
KIEs, the value for hydrogen cannot be compared to the other
ratios.®"

3. Conclusions

For the studied systems of acetonitrile-boron halides
(MeCN-BX;, X=Cl, Br) and haloacetonitrile-boron chlorides
(RCN—BCl;, R=CICH,, BrCH,), the adducts present a “weak form”
of bond-stretch isomerism between a van der Waals interaction
and a dative covalent bond. Computational analysis through
the activation strain model, energy decomposition analysis, and
natural bond analysis showed that these two minima in the
potential energy surface occur due to an interplay between
bond-distance dependent electrostatic and charge transfer

1.5
3H
1.4
B
1.3

KIE
Y
0
H

11 N
3CI
1.0
0.9
0.00 0.05 0.10 0.15 0.20
1T (K1)

Figure 4. Kinetic isotope effects of MeCN—BCl, for '°B/"'B, "“N/"N, *CI/¥’Cl,
12C/C, and H/D substitutions, along with the activated complex showing
the displacement vectors of the imaginary frequency.
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interactions working in opposition to the pyramidalization
strain of the boron species.

Despite the appearance of these two theoretical minima,
we proposed that the “long bond” configuration is probably
impossible to detect experimentally even close to the absolute
zero thanks to a tunneling mechanism that will swiftly turn it
into the “short bond” structure. The flat Arrhenius curve below
10 K and the kinetic isotope effects analysis indicate that the
rearrangement between these isomers is driven by boron atom
tunneling. This prediction is consistent with previous exper-
imental studies where the meta-stable, long bond structures
were not detected in matrix-isolation setups. As such, we
recommend considering the potential role of quantum tunnel-
ing when seeking elusive metastable species at cryogenic
conditions; it might be that the nature of such compounds is
more ephemeral than we suppose.
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