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nia affinity for evaluating Lewis
acidity of organoboronates and
organoboronamides†

Hideya Tanaka, Masaaki Nakamoto and Hiroto Yoshida *

Lewis acidity of organoboronates [B(pin), B(neop), B(cat), B(eg), B(nad)] and organoboronamides [B(dan),

B(aam), B(mdan)] has been found to be unifiedly evaluated by computed ammonia affinity (AA), while

other methods [LUMO energies, global electrophilicity index (GEI), fluoride ion affinity (FIA)] were only

partially applicable. The relationships between the AA values and such structural characters including the

B–X bond lengths, the X–B–X angles, and the changes in the B–X bond lengths in the formation of the

ammonia adducts were also described.
Introduction

Organoboronic acids [R–B(OH)2] and diol-derived cyclic boro-
nates, e.g. pinacol [R–B(pin)] and neopentyl glycol boronates [R–
B(neop)] have proven to be invaluable organometallic reagents
in modern synthetic organic chemistry that are utilized for
diverse carbon–carbon and carbon–heteroatom bond-forming
reactions (Fig. 1A).1 Lewis acidity of their boron centers
usually governs the reactivities; most of the organoboron-based
transformations, regardless of catalytic/non-catalytic ones,
proceed through donor–acceptor interaction between Lewis
basic moieties and the Lewis acidic 2p empty orbital of the
boron centers. The characteristics, on the other hand, have led
to synthetic chemistry with such Lewis acidity-diminished,
“protected” boronamides as B(dan)2–4 and B(aam)4–6 (Fig. 1B):
the organoboronamides are generally reluctant to participate in
transmetalation and thus can be used for the Suginome's
boron-masking strategy, where Lewis acidic organoboronic
acids/boronates chemoselectively undergo Suzuki–Miyaura
coupling (SMC, Fig. 2A).2,6–8 The difference in boron-Lewis
acidity of unsymmetrical diborons [(amide)B–B(pin)] also
enables chemoselective s-bond metathesis with transition
metal complexes, resulting in various catalytic boronamide-
installation reactions (Fig. 2B),3,4,9–13 and furthermore the
Lewis acidity-diminishment with the boronamide moieties was
demonstrated to improve signicantly air- and/or water-
resistant properties of the respective H–B,14–16 2-pyridyl–
B10,11,17,18 and PhMe2Si–B19 compounds, being known to be
unstabilized in their Lewis acidic B(pin)-forms (Fig. 2C). The
stabilizing effect was also observed in hydrolysis of
nd Engineering, Hiroshima University,

: yhiroto@hiroshima-u.ac.jp
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phenylboranes, and only Ph–B(dan) remained completely intact
(Fig. 2D).20 It should also be noted that ease of the hydrolysis of
phenylboronates is dependent on the diol structures that could
affect their Lewis acidity.

Despite the diminished Lewis acidity of the boronamide
moieties, we found that Ar–B(aam)18 and Ar–B(mdan)21

smoothly underwent direct SMC under weak base conditions
(Fig. 2E), and moreover the use of a strong base, t-BuOK, could
activate even Ar–B(dan) toward direct SMC.21,22 All of the above
experimental results on the reactivity and the stability instinc-
tively indicate that the boron-Lewis acidity decreases in “B(diol)
> B(aam) z B(mdan) > B(dan)” order; however, theoretical
approaches to quantitative evaluation of the Lewis acidity of
these synthetically important organoboronic acid derivatives
have been underdeveloped. We have recently reported on
copper-catalyzed internal-selective boronamide-installation
reactions to terminal alkynes using (amide)B–B(pin), in which
the regioselectivity closely correlates with the degree of the
Fig. 1 (A) Boronates. (B) Boronamides.
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Fig. 2 (A) Boron-masking strategy. (B) s-Bond metathesis with
(amide)B–B(pin). (C) Stability of H–BX2, 2-pyridyl–BX2, and PhMe2Si–
BX2. (D) Stability of Ph–BX2 towards hydrolysis. (E) Reactivity in Suzuki–
Miyaura coupling.

Fig. 3 Various methods for evaluating Lewis acidity of organoboronic
acid derivatives.
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Lewis acidity-diminishment that can be determined by theo-
retical calculation-based uoride ion affinity (FIA).12 Although
the calculated Lewis acidity order of the boronamide moieties
[B(aam) > B(mdan) > B(dan)] is in good agreement with the
above experimental results, the computed FIA turned out to be
inapplicable to comparison of the boron-Lewis acidity without
structural similarity; the FIA value of an experimentally more
2452 | RSC Adv., 2023, 13, 2451–2457
Lewis acidic B(pin) is much lower than those of the boronamide
moieties. Herein, we disclose that calculation-based ammonia
affinity (AA) provides a unied method for evaluating Lewis
acidity of organoboronates and organoboronamides, which
leads to a useful way of estimating such experimental behaviors
as reactivity, selectivity, and stability of diverse organoboron
compounds (Fig. 3).23,24
Computational methods

Geometry optimizations and frequency calculations were con-
ducted by using M06-2X25 with def2-SVP25–27 basis set on
Gaussian 16 Rev. A.03 program.28 We chose the M06-2X func-
tional, which has been well established to show accurate results
in the models including Lewis donor–acceptor interactions.29–31

The def2-SVP basis set was chosen because calculations can be
conducted with less computational resources as compared with
other basis sets such as def2-TZVP. Additionally, the def2-SVP
basis set is also applicable to other main group Lewis acids
such as organostannanes.32 All optimized structures were
conrmed to be local minima by verifying the absence of
imaginary frequencies. Energies of the orbitals, EHOMO and
ELUMO, and enthalpies, H, were obtained from geometry opti-
mizations at this level of theory.

Intrinsic Lewis acidity (iLA), which denotes Lewis acidity of
free Lewis acids without inuence of deformation energy
arising from formation of Lewis acid–base adducts,33 is usually
evaluated by energies of LUMO or global electrophilicity index
(GEI).33–36 GEI values, u, were calculated from the chemical
potential, m, and chemical hardness, h, as shown in eqn (1);
these values were obtained from energies of the HOMO and
LUMO orbitals (eqn (2) and (3)).37,38

u = m2/2h (1)

m = 1/2(EHOMO + ELUMO) (2)

h = ELUMO − EHOMO (3)

Although LUMO energies and GEI values have frequently
been used for estimating Lewis acidity of main group Lewis
acids and are rapidly accessible with less computational
resources, their use for comparing Lewis acids without
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Evaluation of Lewis acidity of phenylboronic acid derivatives by
theoretical calculation.
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structural similarity sometimes results in inaccurate estima-
tion.36 Therefore, our attention was focused on global Lewis
acidity (gLA) of organoboronic acid derivatives; gLA is evaluated
by various affinity scales including uoride ion affinity (FIA) and
ammonia affinity (AA).33,39 Owing to difficulties in calculating
accurate energies of a “naked” uoride ion, FIA values were
obtained by using the experimental FIA value of COF2
(209 kJ mol−1) as an anchor point in a (pseudo-)isodesmic
reaction at the same level of theory according to eqn (4)–(6).31,40

LA + COF3
− / [LA–F]− + COF2: DH

1 (4)

COF3
− / COF2 + F−: DH2 = 209 kJ mol−1 (5)

LA + F− / [LA–F]−: FIA = DH1 − DH2 (6)

On the other hand, AA values were obtained by non-
isodesmic methods according to eqn (7).39

AA = HLewis adduct − (HLewis acid + HNH3
) (7)

Although various affinity values usually become negative as
exothermic reactions, these values are oen expressed in posi-
tive numbers by convention.33 FIA values calculated at the M06-
2X/def2-SVP level of theory were used in this study for their
comparison with AA because diffuse functions were reported to
be neglectable for larger anions in FIA calculations.31 Indeed,
FIA values calculated at various levels of theory were found to
show nearly unchanged Lewis acidity order of phenylboronic
acid derivatives used in this study (Fig. S2†).

Results and discussion
Evaluation of Lewis acidity of organoboronic acid derivatives
by theoretical calculation

We rst calculated gLA (FIA) as well as iLA (LUMO energies and
GEI) of phenyl-boronamides [B(dan), B(aam), and B(mdan)] and
-boronates [B(pin), B(neop), B(cat), B(eg), and B(nad)20] (Table 1
or Fig. 4). All the calculated Lewis acidity of phenylboronates
showed good correlation with the Lewis acidity obtained by
Gutmann–Beckett (GB) method20,41,42 and the above experi-
mental results (Fig. 2); the calculated values of B(cat) and B(nad)
of strong Lewis acidity among the boronates uctuated
depending upon the methods. Although the FIA values were
found to be reasonable also in the case of phenylboronamides,
Table 1 Calculated ELUMO (eV), GEI (eV), FIA (kJ mol−1), and AA (kJ
mol−1) of phenylboronic acid derivatives

PhBX2 ELUMO GEI FIA AA

B(dan) −0.003 0.766 277.4 12.1
B(aam) −0.283 1.056 294.0 18.6
B(mdan) 0.264 0.665 301.8 21.5
B(neop) 0.330 0.889 252.8 23.7
B(pin) 0.219 0.943 265.6 36.2
B(eg) 0.174 0.965 258.4 36.3
B(cat) −0.275 1.073 322.8 54.7
B(nad) −0.280 0.981 334.7 64.8

© 2023 The Author(s). Published by the Royal Society of Chemistry
their ELUMO and GEI values estimated that B(mdan) is the least
Lewis acidic in the order of B(aam) > B(dan) > B(mdan), being
inconsistent with the experimental results. On the other hand,
some uctuations were observed in the FIA-based Lewis acidity
order of B(aam) and B(mdan) at various levels of theory
(Fig. S2†). The above results revealed that the FIA would bemore
useful for evaluating the Lewis acidity of a broad range of
phenylboronic acid derivatives with structural similarity;
however, it faced serious limitations in comparing bor-
onamides with boronates: the FIA values of the aliphatic diol-
derived boronates [B(pin), B(neop), and B(eg)] became lower
than those of the boronamides. Because the FIA calculation
uses closely contact Lewis acid–uoride ion adducts, this
method may be inappropriate for the evaluation of the Lewis
acidity of the “protected” boronamides that are inherently
difficult to form the contact adducts,21 resulting in the over-
estimation of the Lewis acidity. Hence, our attention was
focused on computed gLA by employing loose Lewis acid–base
adducts, ammonia affinity (AA).39 As depicted in Fig. 4, the
calculated AA turned out to uniedly evaluate the Lewis acidity
of the boronamides and boronates; the Lewis acidity order
[B(aromatic diol) > B(aliphatic diol) > B(mdan) z B(aam) >
B(dan)] is in good agreement with the experimental results.43

Considering the presence of pPh to pB electron donation in
a Ph–B bond,24b it might be conceivable that the higher Lewis
acidity of PhB(mdan) than that of PhB(dan) arises from the Ph
moiety almost perpendicular to the plane of the B(mdan)
(dihedral angle of CorthoCipso–BN= 75.3°). However, AA values of
methylboronamides showed a similar trend [MeB(dan): 10.1 <
MeB(aam): 16.7 < MeB(mdan): 18.3 < MeB(pin): 28.8, see ESI†
RSC Adv., 2023, 13, 2451–2457 | 2453
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Table 2 Calculated AA (kJ mol−1), B–X bond (Å), X–B–X angle (°), and
DB–XNH3

bond (Å) of phenylboronic acid derivatives

PhBX2 AA B–X bond
X–B–X
angle DB–XNH3

bond

B(dan) 12.1 1.423 116.1 0.06
B(aam) 18.6 1.428 116.0 0.063
B(mdan) 21.5 1.431 118.8 0.067
B(iPdan) 21.6 1.434 120.4 0.072
B(Cydan) 22.1 1.433 120.4 0.075
B(Phdan) 29.1 1.435 117.8 0.079
B(cordan) 29.7 1.436 117.6 0.079
B(eedan) 49.2 1.440 117.7 0.089
B(eydan) 71.4 1.445 116.6 0.091
B(neop) 23.7 1.366 121.9 0.072
B(pin) 36.2 1.369 112.6 0.069
B(eg) 36.3 1.368 112.8 0.067
B(cat) 54.7 1.386 110.7 0.068
B(nad) 64.8 1.374 120.6 0.067
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View Article Online
for details], and thus we concluded that the Lewis acidity is
governed by the boronamide moieties.
Fig. 5 Correlation between AA and B–X bond length or X–B–X angle
Correlation between AA and B–X bond lengths of
phenylboronic acid derivatives

The validity of the AA for evaluating the Lewis acidity of the
phenylboronic acid derivatives was also conrmed by collating
them with the B–X bond lengths:44 the stronger the AA-based
Lewis acidity is, the longer the B–X bond lengths become
(Table 2 or Fig. 5). In general, shorter B–X bond lengths reect
weaker boron-Lewis acidity, because these clearly show effective
electron-donation from a lone pair on X to a vacant p orbital of
B.45–47 Although there might be non-covalent interactions
between ammonia and the coronene moiety in the ammonia–
PhB(cordan) adduct,48 the good correlation (AA values vs. B–X
bond lengths) clearly suggests that non-covalent interactions
would not affect the AA values.
of phenylboronic acid derivatives.
Correlation between AA and X–B–X angles of phenylboronic
acid derivatives

We next investigated correlation between the AA values and
X–B–X angles; Sporzyński reported that the geometric param-
eter (O–B–O angle) was a major factor for the Lewis acidity of
diol-derived organoboronates that was experimentally evalu-
ated by the GB method, and that those having O–B–O angle
close to 120° exhibited the weaker Lewis acidity because of
energetically unfavorable planar (sp2)-to-tetrahedral (sp3)
interconversion.41 Besides, they concluded that the differences
in the Lewis acidity were not caused by any electronic effect
originating from the diol moieties. A similar correlation was
also observed between the AA values and the O–B–O angles of
the phenylboronates, except for the B(nad) with 120.6° O–B–O
angle that showed the highest AA value. In stark contrast, there
was almost no correlation between the AA values and the N–B–N
angles of the phenylboronamides, suggesting that X–B–X bond
angles are not always a major factor affecting boron-Lewis
acidity.
2454 | RSC Adv., 2023, 13, 2451–2457
Optimized structures of ammonia/uoride adducts of
phenylboronic acid derivatives

The optimized structures of the ammonia–phenylboronamide
adducts were found to undergo less planar-to-tetrahedral
interconversion than those of the uoride adducts (Fig. 6B vs.
Fig. 6C), whereas the planar-to-tetrahedral interconversion in
forming the ammonia/uoride adducts was almost similar in
the cases of the Lewis acidic phenylboronates (PhB(pin)F−,
140.3°; PhB(pin)NH3, 138.9°, see ESI† for details).49 The inter-
conversion generally causes increase in the B–X lengths;50 we
next investigated relationship between the FIA or AA values and
the changes in the B–X bond lengths (DB–XF− or DB–XNH3

) in the
formation of the adducts. There was almost no correlation
between the FIA values and DB–XF− [DB–XF−: phenylboronates,
0.111 Å–0.119 Å; B(dan) (0.106 Å)z B(aam) (0.106 Å) > B(mdan)
(0.102 Å), see ESI† for details]. On the other hand, good corre-
lation could be found between the AA values and DB–XNH3

of the
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 (A) Optimized structures of phenylboronamides. (B) Optimized
structures of fluoride–phenylboronamide adducts. (C) Optimized
structures of ammonia–phenylboronamide adducts.

Fig. 8 (A) and (C) Hydrolysis tests. (B) AA of PhB(aam)H+. (D) Direct
SMC of PhB(mdan) under weak base conditions.
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phenylboronamides, although this was not applied to the phe-
nylboronates (Table 2 or Fig. 7). These results may be ascribable
to the relatively planar optimized structures of the ammonia–
phenylboronamide adducts, in which the electron-donation
inuence from the N atoms to the B center was properly
reected.51
Experimental demonstration of the predicted Lewis acidity of
the phenylboronamides

According to the AA analysis, B(aam) is the second least Lewis
acidic, and this has been well supported by its chemoselectivity
(Fig. 2B) and stabilizing effect (Fig. 2C); however, PhB(aam) was
reported to be readily hydrolyzed as compared with more Lewis
acidic PhB(pin) (Fig. 8A).5 Assuming that the hydrolysis of the
B(aam) moiety exceptionally proceeds not through direct attack
of water to the boron center that is markedly affected by boron-
Lewis acidity but through protonation of the amide carbonyl
Fig. 7 Correlation between AA and DB–XNH3
of phenylboronic acid

derivatives.

© 2023 The Author(s). Published by the Royal Society of Chemistry
group, we calculated the AA of PhB(aam)H+ to observe consid-
erable increase in its value (Fig. 8B, 79.3 kJ mol−1) that could
result in the fast hydrolysis. Since amide carbonyl groups have
been well established to be easily protonated52 and hydrogen
bonding of the B(aam)moiety was reported,53 we concluded that
the behavior of the B(aam) moiety in the presence of water is
totally different from that under non-aqueous conditions. On
the other hand, the Lewis acidity-diminished B(mdan) moiety
having no carbonyl group, whose AA value is like that of the
B(aam), was demonstrated to show excellent stability toward
hydrolysis (Fig. 8C). In addition to the fact that PhB(mdan) can
undergo direct SMC under weak base conditions (Fig. 8D),21 its
high water-resistant property that can be estimated by the AA
analysis would be of high synthetic practicality.
Conclusions

We have demonstrated that Lewis acidity of various organo-
boronates and organoboronamides can be accurately evaluated
by theoretical calculation-based ammonia affinity (AA) in
a unied manner. In particular, the AA is superior to the FIA in
evaluating the boronamide-Lewis acidity, because electron-
donation inuence from the N atoms to the B center can
properly be reected in the optimized ammonia–phenyl-
boronamide adducts. The predicted Lewis acidity diminish-
ment of the B(mdan) moiety by the AA was reproduced
experimentally by its high stability towards hydrolysis, and
furthermore its slightly Lewis acidic character (AA =

21.5 kJ mol−1) compared with the B(dan) moiety (AA =

12.1 kJ mol−1) leads to the direct SMC under weak base
conditions.54
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41 A. Adamczyk-Woźniak, M. Jakubczyk, P. Jankowski,
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