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This work examines theoretically the problem of the migration of borane groups between the nitrogen atoms
of pyrazolyl rings. We have studied as a model the BH, pyrazol-1-yl derivatives to determine the effects of
substituents on the pyrazole ring; also 1-(9-borabicyclo[3.3.1lnonan-9-yl)-1H-pyrazoles to compare the calculated
barriers with the experimental ones as well as to determine steric effects, i.e., how the buttressing effect
increases the rate. The interacting quantum atoms methodology has been used for partitioning the energy of
the systems in their stationary points into the contribution of pyrazole and BH, group and their mutual
interaction.
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Introduction

There is a classical problem in boron-nitrogen
chemistry that has only been partly solved. Pyraza-
boles, parent compound 1a, general formula 1b, exist
in equilibrium with two pyrazolylboranes 2a/2a’ and
2b/2b/, respectively, Figure 1.'~3 Structures 1 and 2
are identified in solid state by X-ray crystallography
and in solution by NMR. The use of NMR is based on
the fact that pyrazaboles 1b have a plane of symmetry
through C4 and C4’ (they also have a C, axis), the R*/R®
pairs of nuclei (*H and '3C), C3 and C5 (*3C) and N1/N2
("°N) are isochronous. On the other hand, the 2b/2b’
pyrazolylboranes are intrinsically asymmetric and
therefore the corresponding signals are anisochro-
nous. But if borotropy, which converts 2b to 2b’, is fast
on the NMR time scale, then these signals, depending
on differences between chemical shifts and on tem-
perature, become apparently isochronous. For distin-

Supporting information for this article is available on the
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guish between essential and an accidental isochrony,™”
we decided to study the process of borotropy.

The previous information corresponding to the
processes represented in Figure 1 can be divided in
three groups: i) equilibrium 1-2; ii) NMR experimental
data relating to 2; iii) previous theoretical calculations
concerning the borotropy of 2.

i) All available information on the equilibrium be-
tween 1 and 2 shows that there is never a mixture of
dimers 1 and monomers 2, and that they are always
either pyrazaboles or pyrazolylboranes.®! Classical
pyrazolylboranes, that is, those in which the boron
atom is attached to two carbon atoms, are only
isolated when steric effects prevent dimer formation.
This is not a kinetic effect because pyrazolylboranes
that have both a strong Lewis acid, the boron atom,
and a strong Lewis base, the lone pair at N2, always
associate to form a dimer. In the absence of steric
hindrance, the pyrazabole is formed with identical
N-B distances and C,, symmetry when R®*=R®. If steric
hindrance prevents the monomers from joining to
form a pyrazabole, they will form a loosely linked
asymmetric dimer (2b),. This is the reason why 1 and
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Figure 1. Monomers (pyrazolylboranes) and dimers (pyrazaboles). The numbering used for the pyrazaboles is not the standard but

the same as in the pyrazolylboranes.

2 never appear as a mixture in solution, having both a
dimeric structure (Figure 7).

ii) Three authors have reported all the NMR informa-
tion  about  pyrazolylboranes:  Niedenzu,~8
Yalpani,®~"" and Tamm.['>"3! Four papers by Niedenzu
etal®=8 concern 1,3-dimethyl-2-(1H-pyrazol-1-yl)-
1,3,2-diazaborinane 3 and 1,3-dimethyl-2-(1H-pyrazol-
1-yl)-1,3,2-diazaborolidines 4, 5 and 6 (Figure 2). These
compounds, due to the competition of the three N-
atoms surrounding the B-atoms that largely eliminates
the Lewis acidity of the boron!"” do not behave like
classical pyrazolylboranes and none of them present
borotropy: 'H, '*C and "N spectra in CD,Cl,, CDCl;
and neat, corresponds to monomers; the ''B signal,
between 24 and 29 ppm is typical of a tricoordinated
boron.

The papers by Yalpani et al.®~"" report the dynamic
aspects (DNMR) of only three compounds of a large
series of 1-(9-borabicyclo[3.3.1]nonan-9-yl)-1H-pyra-
zoles, the 3,5-di-tert-butyl substituted ones 7-9 (Fig-
ure 2). These compounds at room temperature in 'H-
and "C-NMR in CDCl; at 200.1 and 50.3 MHz,
respectively, show only one set of signals for the tert-
butyl groups; however in *C-NMR at 75.5 MHz the
tert-butyl groups signal split and are well resolved. The
boron signals of Figure 2 compounds 7-9 appear in
the 63-65ppm range. Qualitatively, the borotropy
rate increases in the order 7>8>9, i.e., the buttress-
ing effect increases the rate.

Yalpani et al®="" described the following experi-
ments concerning 7: at 50.3 MHz at room temperature
in "*C-NMR there was only a set of signals for the tert-
butyl both the methyl groups and the pyrazole C3 and
C5 atoms; cooling to —80°C resulted in a partial
broadening and at —100°C all these carbon atoms are
well resolved. In these conditions the signals appear at
146.1 and 144.7 ppm (C3/C5) and 13.8 and 12.9 ppm
(methyl groups of ‘Bu3/'Bu5).

The last papers are those of Tamm et al.,['">'3 which
concern exclusively compound 10 (Figure 2). In the
range +25 and —100°C both 'H and "*C show only
one set of signals for the two tert-butyl groups using
200, 300 and 400 MHz instruments. Therefore the
borotropy of 10 is faster than that of 7. In this case,
the "B signal appears at +43.1 ppm.

iii) Regarding the previous theoretical calculations of
the borotropy of 2, already in 1990, Schleyer and
BiihI" calculated the complete borotropy profile of
the parent compound, as well as the chemical shifts of
the different nuclei (Figure 3). That way they showed
that 4a is a C; symmetry minimum much less stable
than the absolute minimum 2a; this was an important
result because Yalpani had considered that 4a could
be the absolute minimum. The relative values calcu-
lated at the MP2(FU)/6-31G*+ZPE level are for 2a
(0.0kJmol™"), 4a (51.9kJmol™") and for TS 3a
(75.7 kJ-mol ™). The calculated ''B chemical shifts were
2a (47.6 ppm), 3a (62.0 ppm), 4a (19.3 ppm), this last
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Figure 2. Diazaborinane 3, diazaborolidines 4-6, 1-(9-borabicyclo[3.3.1]nonan-9-yl)-3,5-di-tert-butyl-1H-pyrazoles 7-9 and 11 and

12 and 1-[bis(perfluorophenyl)boraneyll-3,5-di-tert-butyl-1H-pyrazole 10.

Z t A + N
) @ N N O
e N = NN —= N\_IN == | N-N —— N-N
\ H\“ ;VH ’ —_H
H H N H H
HH
2a 3a 4a 3a’ 2a’

Figure 3. The borotropic transformation of 2a into its degenerate isomer 2a’.

value rules out that 4a is the absolute minimum when
compared with the experimental values.

In 2005 we carried out a theoretical study of the
barriers to the 1 N- to 2 N- transfer of different groups
in pyrazole itself at different levels (B3LYP and MP2
with 6-31G* and 6-311G* basis sets)." Eight groups
were studied H, BH,, CH;, CHO, AlH,, SiH;, GaH, and
GeHjs. The BH, corresponds to 2a, where we obtained
at the MP2/6-311G*+ZPE for the two minima 2a

(0.0 kJ-mol™") and 4a (55.7 kJ-mol™") and for the TS 3a
(97.0 kJ-mol™"); these values are similar to those of
Schleyer." We decided to study the effects of the
substituents on the pyrazole ring keeping the boron
unsubstituted and the real case of the Yalpani
compounds 7 and 8 of Figure2 as well as other
compounds, 11 and 12 bearing different substituents
on the pyrazole ring, Figure 2.
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Results and Discussion
Estimation of the Experimental Barrier

Since Yalpani, Koster and Boese did not use their NMR
data® " to calculate any kinetic property, we used
the Eyring equation to do this. This equation!'®~'® s
AG;T =19.12xT¢ (10.324log Tc/ke, in J-mol™') where
Tc is the coalescence temperature in K, k¢ is the rate at
the T¢ (k¢ =m/\/2xAv=2.222xAv for uncoupled sites)
and Av is the difference in Hz between the two
signals.

Table 1. Energetic results from the literature (kJ-mol™").

HELVETICA

Thus, the following results were obtained: Av=
1.4 ppm=105.7Hz (C3/C5) and 0.9 ppm=68 Hz
(‘Bu3/Bu5);  Tc~—-90°C=183.15K;,  AGg35 =
38.9 kJ-mol™" (C3/C5) and 40.4 kJ-mol~" (‘Bu3/'Bu5), in
average for compound 7, AGig3qs =39.7+
0.8 k-mol ™.

The Case of the Parent Compound

The energetic results in kJ-mol™' of all previous
calculations are collected in Table 1T and the geometry
of the stationary points represented in Figure 4.

Level of theory 2a (Min1) 3a (TS1) 4a (Min2) 3a-4a
MP2(FC)/6-31 + G*//6-31G*1¥ 0.0 82.8 58.2 +246
MP2(FU)/6-31G*//6-31G*'4 0.0 85.4 544 +31.0
MP2(FU)/6-31G*//MP2(FU)/6-31G*14 0.0 83.3 54.8 +28.5
MP2(FU)/6-31G* + ZPE!'# 0.0 75.7 51.9 +23.8
B3LYP/6-31G* + ZPE!"™ 0.0 76.2 70.2 +6.0
MP2/6-311G* + ZPE!"™ 0.0 66.4 55.7 +10.7
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Figure 4. The stationary points of the parent compound, 1-boranyl-1H-pyrazole.
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Note that in Table 1 for the 3a—4a difference, there
are two kinds of values, one around 27 kJ-mol~' and
the other around 8 kJ-mol™', only partly associated
with the ZPE correction.

With regard to Table 1 (no TS2 calculations), the
results of Table 2 (a series, AE values) are similar to
those reported by Schleyer et al.™ not including ZPE,
the closest being MP2(FC)/6-31+ G*//6-31G*; the larg-
est difference concerns the Min2 value (71.6 kJ-mol™'
vs. 58.2 kJ-mol ™"

The three columns of values in Table 2, AE, AH and
AG, are related, AG=—(0.2£5.4)+(0.974+0.065) AE,
n=18, R’=0.934, AG=—(4.5+6.8)+(1.07340.088)
AH, n=18, R*=0.903 and AE=—(5.1+3.0)+(1.110+
0.039) AH, n=18, R*=0.981. From now on, we will
discuss only the AG values.

We have asked ourselves if these values follow a
Hammett relationship. The answer is no, the only
equation being Min2=—(1.34+1.3)4+(8.9+2.6) 0,, n=
6, R*=0.750, using the values relative to 4a; the
intercept is 1.3+ 1.3 that is close to 0 the value of g,
for R = H. With o, there is no correlation, R*=0.08;
both transition states are uncorrelated with either o,
or 0, (0.28<R’<0.60). Using Swain and Lupton
biparametric equation (field F and resonance R
effects)'2% only Min2 shows a correlation but with a
poor R? coefficient, also 0.750. Why is there a relation-
ship, although not good, with o, and not with o,? If,
as we will discuss below, Min1 is a neutral pyrazole
and Min2 is more like a pyrazolium salt, they are
related to the acid-base equilibria in pyrazoles where
the substituents on the pyrazole ring behave as
aromatic meta substituents.?

A qualitative analysis of O~, H and NH; " substitu-
ent effects shows: i) concerning TS1, AG is 82.0, 78.5
and 79.4 kJ-mol™', respectively, indicates that the

HELVETICA

rotation of the BH, group about the B—N bond, with
its concomitant out-of-plane motion, is relatively
insensitive to the nature of R, the 4-substituent on the
pyrazolyl ring; ii) concerning Min2, AG is 61.0, 69.6 and
77.3 kJmol™!, respectively, corresponds to the fact
than in Min1 the pyrazolyl ring is neutral while in Min2
it is a pyrazolium cation that is stabilized by electron-
donor substituents (O, 8.6 kJ-mol™') and destabilized
by electron-withdrawing  substituents ~ (NH5¥,
—7.7 kJmol™), finally iii) in what concerns TS2, the
inversion of the BH, group between Min2 invertomers,
shows an effect of NH;™ of —1.2kJ-mol™" of un-
expected sign but very small and O of
—15.5 kJ-mol ™", this value indicates that the electron-
donor O~ destabilized the TS2 when compared with
that of R=H, 5a.

If we consider together the neutral and charged
species, the extreme values for TS1 are F (78.0) and O~
(92.0), difference A=14.0 kJ-mol~"; for Min2 are O~
(61.0) and NH;" (77.3), difference A=16.3 kJ-mol™’;
for TS2 are NO, (79.6) and NH, (88.5), difference A=
8.9 kJ-mol™', and for TS2-Min2 (5-4) are NH;" (5.6)
and O~ (36.2), difference A=30.6 klmol~'. The A
value for TS1 is too small to be analyzed, except to
indicate that the rotation of BH, about the N-B bond
does not depend too much on the substituent in
position 4. The Min2 for R=H has a value of
69.6 kJ-mol~', O~ stabilizes it by 8.6 kJ-mol™' and
NH;* destabilizes it by 7.7 kJ-mol~"; the N,N-disubsti-
tuted Min2 has a certain pyrazolium character com-
pared to the pyrazole character of Min1, thus an anion
should stabilized and a cation destabilized it. The TS2-
Min2 (5-4) difference is important, A=30.6 kJ-mol~’,
being larger for O~ than for NH;™; TS2, the flip-flop of
the BH, group between 4a and 4a’, show geometrical
modifications of the angles depending on the nature

Table 2. Relative energies (kJ-mol~") with respect to 2 (Min1). The substituent R is at the 4 position of the pyrazole ring.

a(R=H) c(F) d (NO,)

AE AH AG AE AH AG AE AH AG
3 (TS1) 81.6 77.1 78.5 80.9 76.3 78.0 81.9 77.3 78.6
4 (Min2) 71.6 70.1 69.6 72.0 70.3 70.0 75.0 73.5 723
5 (TS2) 80.8 77.2 81.7 86.4 82.6 87.0 78.6 749 79.6
5-4 9.2 7.1 12.1 14.4 12.3 17.0 3.6 1.4 7.3

e (NH,) £(0) g (NH; )

AE AH AG AE AH AG AE AH AG
3 (TS1) 82.6 77.7 78.9 849 80.1 82.0 85.1 80.9 79.4
4 (Min2) 72.6 70.9 70.7 61.9 60.2 61.0 84.2 82.8 77.3
5 (TS2) 90.8 87.0 88.5 97.2 92.3 97.2 86.3 82.7 829
5-4 18.2 16.1 17.8 353 32.1 36.2 2.1 —0.1 5.6
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of R (Table 3). The NBN, CNN and BNN angles show
small variations (<0.8°) and although the proton, R=H,
occupies a central position between O~ and NH;™,
they are useless to discuss the barriers.

On the other hand, the folding angle, C4-
‘(N—N)dummy'-B, (N-N)dummy is situated in the
middle of the N—N bond, changes from 180° in 5 to
49.3° (07), 39.7 (H) and 26.2° (NH; ™). There is a linear
relationship between AG and the cosine of the folding
angle: AG=(99.526.9) — (107.2+34.5) cos. (diff. 5-4),
n=3, R®=0.906, indicating, as expected, that the
flatter 4 is, the lower is the barrier.

The relative electronic energy contributions of the
pyrazole and the BH, groups calculated with the IQA
(interacting quantum atoms) methodology have been
gathered in Table 4. A more detailed table with the
contribution of the intra and inter-atomic energies of
each fragment, Coulomb potential and exchange-
correlation energy contributions of the Pz-BH, inter-
action energy, charge and volume variation of each
fragment are gathered in the supplementary material.

Helv. Chim. Acta 2023, 106, €202300090
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The numerical integration used in these calculations
produce a small error when the total electronic energy
is compared to the sum of the IQA terms. In these sets,
the absolute value of the error is always smaller than
2.5 kJ-mol™".

The most important component of Table4, in
absolute value, is in all cases the energy variation of
the interaction between the Pz and BH, fragments. It
presents destabilizing values between +57 and
+163 kJ-mol™~". The variation of the coulombic contri-
bution of the interaction Pz-BH, with respect to the
corresponding value of the Min 1 is always positive
(between 209 and 78 kJ-mol~") while the exchange
contribution is positive for TS1, with the exception of
the 3g structure, and negative for Min2 and TS2.

In contrast, the Pz and BH, fragments are stabilized
in the neutral molecules in Min2, TST and TS2 with
respect to Minl, with the exception of the Pz
component of d.

An analysis of the charge variation in the different
stationary points, shows that the Pz subunit loss

Table 3. Energy comparison between charged substituents and the parent compound, R=H.

R Angles [] TS2 5 Min2 4 Diff. 5-4 Diff. with R=H
o~ NBN 52.0 51.1 0.9 +0.2
(ol CNN 108.0 109.8 -1.8 -0.8
(o BNN 64.0 64.5 -0.5 -0.2
(ol C4-(N-N)dummy’-B 180 130.7 493 9.6
H NBN 50.6 49.9 0.7 0

H CNN 108.6 109.6 —-1.0 0
H BNN 64.7 65.0 —-0.3 0
H C4-(N-N)dummy’-B 180 140.3 39.7 0
NH; " NBN 48.9 48.6 0.3 -04
NH;* CNN 110.2 110.7 —-05 +0.5
NH;* BNN 65.4 65.6 -0.2 +0.1
NH; " C4-(N-N)dummy’-B 180 153.8 26.2 —135

Table 4. QA relative energies (kJ-mol~") with respect to 2 (Min1). The substituent R is at the 4 position of the pyrazole ring.

a(R=H) c(F) d (NO,)
Pz BH, Pz-BH," Pz BH, PzBH,” Pz BH, Pz-BH,"!
3 (TS1) —396 -295 151.7 -397 335 155.1 ~35.2 -36.9 152.9
4 (Min2) ~3.2 —67.0 1414 -45  —69.2 146.5 5.0 —67.2 137.2
5 (TS2) -11.0 —52.8 145.2 —-142  -568 158.0 -27 ~56.3 137.4
e (NHp) f(O7) g (NH;")
Pz BH, Pz-BH, Pz BH, Pz-BH,"! Pz BH, Pz-BH,"!
3(TS1) —45.7 -26.8 155.4 -373 106 112.2 ~5.7 ~70.0 158.5
4(Min2)  -112 —63.1 147.7 -42 ~59 726 146 -823 152.3
5 (TS2) -226 —48.0 163.1 9.8 31.2 56.7 5.9 ~78.8 158.5

& Energetic contribution of the pyrazole group with its substituent. ' Energetic contribution of the interaction between the

pyrazole group and BH,.
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charge in Min2, TS1 and TS2 with respect to Min 1
while the BH, group gain it in the neutral molecules
and in the NH;" derivative, g. In the case of the
anionic systems, f, the opposite is observed, a gain of
charge of the Pz and a lost of the BH, group.

The comparison of all the components listed in
Table 4 and in the supplementary material with the
relative energies of the Min2, TS1 and TS2 shows poor
correlations indicating that these energies are due to
an accumulative effect of all the components.

The Case of Yalpani’'s Compounds

The three columns of Table 5 are related, AG=—(3.3+
2.0)+(1.016+0.035) AE, n=13, R*=0.987, AG=(2.0+
1.9)4(1.029+0.036) AH, n=13, R?=0.987 and AE=
(5.3+0.8)+(1.110£0.016) AH, n=13, R*=0.997. If the
values of Tables 2 and 4 were treated together the
regression equation became AG=-(2941.5)+
(1.00840.021) AE, n=31, R>=0.988, AG=(3.2+£1.6) +
(0.98240.024) AH, n=31, R*=0.983 and AE=(6.1+
1.0)+(0.974+0.014) AH, n=31, R*=0.994.

For compound 7, as we have noted before,
AGig315" =39.740.8 kJ-mol™'; our calculations corre-
sponding to TS2 (that that lead to a coalescence of the
tert-butyl groups) is 39.7 kJmol~". In the case of
compound 8 the barrier decreases till 32.1 kJ-mol~" in
agreement with the fact that the buttressing effect
decreases the barrier.

There is no experimental information on com-
pounds 11 and 12. In the case of 7 (two tert-butyl
groups) the barrier is 39.7 kJ-mol™', replacing the tert-
butyl groups by methyl groups, 12, and by H-atoms,
11, the barrier increases considerably, 58.8 and
88.6 kJ-mol ™', respectively. These barriers are linearly
correlated with steric effects; using Taft Eg values,
—1.54 (tert-butyl), 0 (methyl), 1.24 (H),*>?! the equa-
tion is barrier=(64.1+3.8) +(17.443.3) E;, n=3, R*=
0.965.

The IQA analysis of the stationary points (see
Supporting Information) of these compounds shows
that the interaction azole-boron is positive and the

Table 5. Relative energies (kJ-mol™") with respect to Min1.

HELVETICA

dominant effect with a positive coulombic contribu-
tion is, in most cases, the negative one of the
exchange in agreement with the results obtained for
the model compounds (Table 4).

Conclusions

Borotropy occurs through a second minimum with the
B atom linked to both N atoms; the TSs are close in
energy to the second minimum, except in the case of
O™. Using literature NMR data, we have calculated for
the first time a barrier of AGg35° =39.7+
0.8 kJ-mol™! for compound 7; since this is also our
calculated value, this agreement supports our other
calculated barriers. These values have been analyzed
using different approaches such as LFER (Hammett
and Swain & Lupton), buttressing effects, IQA, to
provide a quantitative image of borotropy.

Computational Methods

The geometry of the systems has been optimized with
the M06-2X2* functional and the aug-cc-pVDZ®! basis
set. Frequency calculations have been carried out to
confirm that the systems obtained correspond to
energetic minima. These calculations have been
carried out with the Gaussian-16 program.=2®!

The interacting quantum atoms (IQA)
methodology,’??® rooted in the quantum theory of
atoms in molecules,'”=3" has been used to partition
the electronic energy of the systems in their stationary
points into the contribution of pyrazole, BR, group
and the interaction of both using the AIMAII
program.B? This methodology allows an exact parti-
tion, within the integration error, of the total electronic
energy in mono-atomic and di-atomic terms. Adding
the terms corresponding to a fragment, its energetic
contribution can be calculated. Likewise using the di-

11 (unsubstituted) 12 (3,5-diMe) 7 (3,5-di-'Bu) 8 (3,5-di-Bu, 4Me)

AE AH AG AE AH AG AE AH AG AE AH AG
Min2 729 69.2 727 58.2 53.2 51.8 27.0 215 247 14.4 10.8 10.6
TS1 75.7 69.7 75.6 78.9 72.0 726 335 263 333 21.9 16.9 21.1
TS2 85.4 795 88.6 64.2 57.2 58.8 448 37.1 39.7 346 29.1 32.1

@ The calculation with PCM(CHCl5) at 183.15 K provide almost identical results.
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atomic terms between two fragments, their interaction
energy is obtained.
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