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ABSTRACT: Selective cleavage of the B—O bond or B—H bond in HBpin
can be achieved by adjusting the pincer ligand of a phosphorus(III)
compound guided by a combination of theoretical prediction and
experimental verification. Theoretical calculations reveal that a pincer-
type phosphorus compound with an [ONO]*~ ligand reacts with HBpin, R
leading to cleavage of the stronger B—O bonds (AG°* = 23.2 keal mol™") io 7004
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rather than the weaker B—H bond (AG°* = 26.4 kcal mol™"). A pincer-type
phosphorus compound with a [NNN]*~ ligand reacts with HBpin, leading
to the weaker B—H bond cleavage (AG°¥ = 16.2 kcal mol™") rather than
cleavage of the stronger B—O bond (AG°* = 33.0 kcal mol™). The
theoretical prediction for B—O bond cleavage was verified experimentally,
and the final products were characterized by NMR, HRMS, and single-
crystal X-ray diffraction. The chemoselectivity of B—O bond cleavage was
also observed in the presence of B—C or B—B bonds in borane substrates.

B INTRODUCTION

The formation and cleavage of chemical bonds are fundamental
concepts in chemistry. Selective activation or cleavage of

attractive because the boron unit can be easily transformed to
another functional group and substituted borane compounds
have unique applications in Suzuki—Miyaura coupling reac-

chemical bonds provides a green approach to the synthesis of
value-added products and could revolutionize chemical syn-
thesis by creating completely new synthetic strategies. ~* Much
progress has been made in the activation of chemical bonds by d-
block transition-metal complexes,s_8 but transition metals are
usually expensive and environmentally unfriendly, and their use
increases the cost of chemical syntheses. Replacing the d-block
transition metals with the p-block main-group elements, which
are cheap, abundant, and environmentally friendly, is a
promising way to solve these problems.””"” In this context, a
variety of compounds containing main-group elements includ-
ing carbone and carbene,'*~"” low-valent species of group 13—
15 elements,'®~** and frustrated Lewis pairs (FLPs) 372% have
been reported.

In the past few decades, a series of pincer-type phosphorus
compounds have been reported.””~* For example, Arduengo
and co-workers found that the main-group phosphorus
compound (I) facilitates the activation of RO—H bonds
(Chart 1A).””*® This study has been extended to geometrically
constrained phosphorus system (II)*'~** and nonplanar
phosphorus triamide (III)**~** by the groups of Goicoechea
and Radosevich, respectively. Such phosphorus compounds
were found to be capable of activation of o bonds, such as N—H,
O—-H, or B—H. It has been shown theoretically and
experimentally that the electronics of the backbone of the
pincer ligand plays a crucial role in these reactions. Of the o-
bond activations, the B—H bond activation is particularly
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tions.**~*’ The activation of the H—Bpin bond by a nonplanar
phosphorus triamide (IIT) was reported by Radosevich et al. in
2017 (Chart 1B).*® This reaction was followed by the
hydroboration of imines to regenerate the catalyst, completing
the catalytic cycle. Hereafter, the triamide ligand is represented
by [NNN*". According to our previous theoretical works, "’
substituting the [NNN*~ ligand for an [ONO]*" ligand should
improve the activity of the pincer-type phosphorus compound in
the activation of ¢ bonds. In view of the importance of pincer
ligands in these reactions, a deep understanding of their
reactivity is necessary to expand their diversity.

We studied theoretically the detailed mechanisms of cleavage
of the B—H and B—O bonds in HBpin by compounds II (1) and
III (2) and found that compound 1 with an [ONO]*" ligand
exclusively promotes the activation of the stronger B—O bond
over the weaker B—H bond in such reactions (Chart 1C). This
was further confirmed experimentally. Our research provides a
fundamental investigation of the chemoselective activation of
B—E bonds by main-group pincer-type phosphorus compounds.
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Chart 1. 6-Bond Activation by Pincer-Type Phosphorus
Compounds

A) E-H bond activation by pincer-type phosphorus compounds (E = OR or NHR)
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B COMPUTATIONAL DETAILS

All of the geometries were fully optimized by the density functional
theory (DFT) method with the BAPW91 density functional in solution
(benzene),**" where the empirical dispersion (D3) was considered.*
The solvent effect was considered with the conductor-like polarizable
continuum model (CPCM).**** Harmonic frequency calculations
were performed for each stationary structure to determine whether it is
an equilibrium structure (no imaginary frequencies) or a transition state

(one imaginary frequency). Calculations of the intrinsic reaction

coordinates (IRC) were carried out for each transition state to
determine whether or not it connects the reactant with the product in a
specific reaction step.”>*® In the calculations, the 6-31+G(2d) basis
set57 5% was used for the phosphorus atom and the 6-31+G(d,p) basis
sets*” were employed for the other atoms All of these calculations were
carried out by the Gaussian 16 program.®’ The Gibbs activation energy
(AG®¥) of a reaction was calculated as the difference in Gibbs energy
between the transition state (TS) and the most stable species, reactant
or intermediate, before the TS. The Gibbs reaction energy (AG®) was
calculated as the Gibbs energy difference between the product and the
reactant in a specific step.

B RESULTS AND DISCUSSION

HBpin Activation by [ONO]*~ Ligand Supported
Phosphorus Compound 1. In HBpin activation, compound
1°" transforms from a bent structure to a planar structure (1),
which is 2.1 kcal mol™ less stable (Figure 1). HBpin then
associates with 1’ to form 3 via the transition state TS, /3, with
AG°* and AG® values of 19.2 and 10.0 kcal mol™!, respectively.
When the reaction proceeds from TS, ,; to 3, the B—Ol1
distance significantly decreases from 1.964 to 1.477 A (Figure
2), indicating that a bond has been formed between B and O1.In
the meanwhile, O3 approaches the P atom, leading to a large
elongation of the B—O3 bond by 0.179 A. Due to these
geometrical changes, the B—H bond in the HBpin moiety in 3
becomes slightly longer by 0.016 A.

With 3 as the starting point, there are two possibilities. One is
B—H bond activation, which occurs through the transition state
TS;,4.pu to produce 4-BH, as shown by a red line in Figure 1.
When the reaction proceeds from 3 to TS;/,.py, the HBpin
moiety rotates along the B—O1 bond in order to bring the B—H
bond close to the phosphorus center (Figure 2). With this
rotation, the dihedral angle ZH—B—O1-P decreases from
101.4° to 55.9°, and the P—HI distance is significantly
shortened by 0.772 A. At the same time, the B—H bond is
moderately elongated from 1.208 to 1.244 A. In 4-BH, the
distance between B and H is elongated to 2.590 A and the P—H
distance is shortened to 1.439 A, indicating that the B—H bond
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Figure 1. Calculated Gibbs energy profiles for the B—O bond and B—H bond activation in HBpin by 1. The atom numbers of different oxygens are

given in purple.
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Figure 2. Theoretical optimized geometries for all species along the B—H bond activation by 1. Methyl groups in ‘Bu and some hydrogen atoms are
omitted for clarity. Distances are given in A. Gibbs energy changes are given in parentheses in kcal mol™.
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Figure 3. Theoretical optimized geometries for all species along the B—O bond activation by 1. The methyl group in ‘Bu and some hydrogen atoms are
omitted for clarity. Distances are given in A. Gibbs energy changes are shown parenthetically in kcal mol™".

has been broken and a P—H bond has been formed. The AG°*
and AG® values of this step are 26.4 and —27.8 kcal mol ™",
respectively.

Another possible reaction pathway involves B—O bond
activation. As shown in Figure 1, the B—O3 bond activation
occurs through TS;/s to afford § (black line), in which the
phosphorus center and the [ONO]* ligand can be cooperative.
The AG°* value of this step is 14.4 kcal mol ™, which is much
lower than that of B—H bond activation (26.4 kcal mol™). This
indicates that the B—O3 bond activation is much more facile

than the B—H bond activation. In this step, the B—O3 activation
is slightly endothermic by 0.5 kcal mol™ due to the steric
repulsion between the pincer ligand and the diolate ligand (in
the syn form) in 5. Compound § easily transforms to a more
stable species (6), in which the diolate ligand and the pincer
ligand are in an anti orientation. This transformation reaction is
exothermic by 5.6 kcal mol™".

Nucleophilic attack of the chelating atom N1 of the [ONO]*
ligand to the boron atom through TS, affords 7 (Figure 1).
This process occurs easily and has AG°* and AG® values of 12.0

https://dx.doi.org/10.1021/acs.inorgchem.0c01920
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Figure 4. Calculated Gibbs energy profiles for the B—O bond and B—H bond activation in HBpin by 2.

and 3.5 kcal mol ™, respectively. Next, compound 8 is formed by
the second B—O bond cleavage. This step takes place through
TS, g, in which the B—0O4 and P—N1 bond distances increase to
1.645 and 2.266 A, respectively, and as a result, the P—O4 and
B—N1 distances are shortened to 1.834 and 1.549 A,
respectively (Figure 3). The AG°F and AG® values of this step
are 23.2 and —14.3 kcal mol ™, respectively, indicating that the
reaction is both thermodynamically and kinetically favorable.
On the other hand, the second B—O bond activation was
achieved by the nucleophilic attack of phosphorus to the boron
in compound 6. This pathway requires a moderate higher energy
for the rate-determining step (RDS) (30.7 kcal mol™!, Figure
S1), which has difficulty in occurring in experiments.

In the reaction of HBpin with the pincer-type phosphorus
compound 1 activation of the B—O bond (AG°F = 23.2 kcal
mol™" for the RDS) is therefore preferred over B—H bond
activation (A G°¥ = 26.4 kcal mol ™). However, the final product
(8) of the B—O activation is less stable than 4-BH (the product
of B—H bond activation, Figure 1) by 11.9 kcal mol™!, which
indicates that the activation of the B—O bond is preferred
kinetically.

HBpin Activation by [NNN]*~ Ligand Supported
Phosphorus Compound 2. In order to explore the ligand
influence on the reactivity, we investigated the reaction of HBpin
with 2, which carries a [NNN]*~ ligand.38 This reaction is
initiated by the coordination of HBpin with 2 (Figure 4). This
step proceeds through TS, 4 to afford the intermediate 9, where
the AG°* and AG° values are 13.1 and 11.5 kcal mol™},
respectively.

For the B—H bond activation, which occurs through TSy, gy
to produce a hydride phosphine compound (10-BH) with a
pendant borane unit, see the red line in Figure 4. In this step, the
phosphorus center and the amine unit work cooperatively. The
AG°* and AG® values of this step are 16.2 and —25.2 kcal mol ™},
respectively, indicating the B—H bond activation occurs easily
(see Figure S2 for geometry changes).

The other possible reaction starting from 9 is the B—O bond
activation (black line in Figure 4). First, 9 is transformed to the
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unstable species 11, in which the HBpin moiety rotates along the
B—N1 axis to bring the B—O bond toward the phosphorus
center. This step is endothermic by 3.0 kcal mol™". Then, the
first B—O bond cleavage by the phosphorus center through
TS,,1, affords 12, and the AG°¥ and AG°® values are 16.5 and
—0.8 kcal mol™, respectively. Compound 12 is not a stable
intermediate and is easily isomerized to 13 with a AG® value of
—2.4 kcal mol™". Subsequently, the second B—O bond is cleaved
through TS,;,,, to form a phosphorus pinacolato compound
(14). In this step, the reaction took place by insertion of a
phosphorus atom into the B—O bond. Compound 14 takes a
pentacoordinate (6°-P) geometry. The AG°¥ and AG® values
for the second B—O bond activation are 33.0 and 3.8 kcal mol ™/,
respectively, indicating that this is the RDS for the B—O bond
activation. In the final step, compound 18 is generated through
TS14/15- The AG°* and AG® values for this step are 22.3 and
—16.1 kecal mol™, respectively, indicating that the reaction is
thermodynamically favorable (see Figure S3 for geometry
changes). In addition, the N1 nucleophilic attack pathway was
also investigated (Figure S4). The RDS of this pathway is 33.3
kcal mol™!, which is less favorable than P nucleophilic attack
pathway (33.0 kcal mol™"). The above discussion indicates that
B—H bond activation by the [NNN]*" ligand supported pincer-
type phosphorus compound 2 is the more favorable than B—O
bond activation (Figure 4), which is consistent with the
experimental results.”® Such chemoselectivity is different from
the reaction between HBpin with the [ONOJ]*~ ligand
supported pincer-type phosphorus compound 1 (Figure 1).

Origin of the Selective Activation of the B—O Bond
over the B—H Bond by 1. To shed light on the reason for the
selective activation of the B—O bond over the B—H bond by 1,
charge decomposition analyses (CDA) were performed on the
transition states TS; ;g (B—H bond activation) and TS; 5 (B—
O bond activation).”" Generally, MOs of a total system AB can
be represented by a linear combination of MOs of fragments A
and B (see eq 1)

$(AB) = Y Cheh (A) + Y, Chh(B) "

https://dx.doi.org/10.1021/acs.inorgchem.0c01920
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where ¢,(AB) represents the ith MO of the complex AB, ¢,,(A)
and ¢, (B) are the mth MO and nth MO of fragments A and B,
respectively, and C%, and C2 are the expansion coefficients of
¢,,(A) and @,(B), respectively. The populations of ¢,,(A) and
@,(B) can be obtained from these coefficients C2, and C2. In
these analyses, TS;,, gy and TS;,5 were separated into two
moieties, distorted 1 and HBpin. The orbital energies and
corresponding orbital populations of molecular orbitals that take
part in the charge transfer processes were provided in Figure S.

In TS;/4pw the populations on the empty p orbital (the
LUMO of the HBpin moiety) are the B atom considerably
increased to 0.346 e, as shown in Figure Sa. Meanwhile,
populations on the HOMO of the 1 moiety, which mainly lies on
the tert-butylphenoxy group moderately decrease to 1.838 e.
This indicates that the charge transfer occurs mainly from the
tert-butylphenoxy group in 1 to the empty p orbital of the B atom
in HBpin (CT1). On the other hand, the populations of the B—
H o-bonding orbital (HOMO of the HBpin moiety) decrease to
1.940 e and that of the P—O z* orbital (LUMO of the 1 moiety)
increases to 0.153 e. This suggests that the charge transfer
(CT2) occurs from the B—H o-bonding orbital to the P—O #*
antibonding orbital of 1. Both of those CTs contribute to a
weakening of the B—H o bond. CT1 (0.346 e) is clearly much
larger than CT2 (0.153 e), indicating that the former plays a
dominant role in the B—H bond activation.

In TS5, CT1 occurs mainly from the P—O 7-bonding orbital
(HOMO) of 1 to the B—O z*antibonding orbital (LUMO of
the HBpin moiety), and the empty p orbital of B is the main
component (Figure Sb). As a result of CT1, the population of
the B—O #* antibonding orbital increases significantly to 0.502
e and the populations of the P—O z-bonding orbital of 1
decrease considerably to 1.602 e. On the other hand, CT2
occurs from the occupied p orbital of the O atom (HOMO) in
the HBpin moiety to the P—O 7* antibonding orbital (LUMO)
of 1. In this process, the populations of the p orbital of the O
atom in the HBpin moiety decrease to 1.735 e and the
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populations on the P—O #* antibonding orbital of 1 increase to
0.849 e. As shown in Figure Sb, CT2 (0.849 e) is much larger
than CT1 (0.502 e), which plays a crucial role in the B—O bond
activation.

On comparison of the CT's in Figure 5, both CT1 and CT2 in
the B—O bond activation are much larger than those in the B—H
bond activation, which makes the cleavage of the B—O bond
easier in comparison to that of the B—H bond. This is because
the HOMO—LUMO gaps in CT1 (2.13 eV) and CT2 (2.78 eV)
are much smaller in TS;/5 in comparison to those in TS;,, gy
(3.93 and 5.82 €V, respectively). MO analyses of the transition
state for the B—H bond (TSy, 0.5u) and B—O bond
(TSy1/12-8u) activation by compound 2 were also computed
(see Figures SS and S6). The electronic process of the B—H
bond and B—O bond cleavages of HBpin by 2 are consistent
with the electron process of compound 1, suggesting that
electron transfer from 2 to HBpin plays a dominant role in the
B—H bond cleavage. Conversely, the electron transfer from
HBpin to compound 2 plays a dominant role in the B—O bond
cleavage.

To probe the origins of the chemoselectivity, we investigated
the global electrophilicity (@°) and the global nucleophilicity
(N°) of 1 and 2. As shown in Table 1, the global electrophilicity
of 1" is 1.44 eV while the @° value of 2 is 0.67 eV, suggesting that
1’ is a stronger electrophile than compound 2 and compound 1’
prefers to activate the B—O bond rather than the B—H bond.

Experimental Results. To verify the calculated results, we
examined the reaction of compound 1 with HBpin (Scheme 1).

Table 1. Calculated Global Electrophilicity @° and Global
Nucleophilicity N° (in eV) for 1, 1/, and 2

reactivity index 1 1’ 2
®° 1.01 1.44 0.67
N° 3.60 3.35 4.18
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On the basis of the in situ *'P{'"H} NMR spectrum, a new single
peak at 0 143.6 ppm appeared slowly after 1 was mixed with
HBpin at 90 °C. Compound 1 was completely consumed after
24 h, and after workup, 8 was isolated in 80% yield.

Both the *'P{'"H} and *'P NMR spectra of 8 show only a
single resonance, indicating that there is no proton attached to
the P atom. However, the "'B{'"H} and ''B spectra of compound
8 exhibit a singlet and a doublet at § 22.2 ppm, indicating that a
proton is attached to the boron atom. The signal of this proton
was observed at § 5.29 ppm in the "H NMR spectrum. 1 can also
react with HBcat to give 16 in 85% yield, and the NMR spectra
are similar to those of 8. Consistent with the theoretical
calculations, only the two B—O bond activated product was
observed in the reactions of 1 with HBpin or HBcat. Attempts to
trap the possible intermediate, such as compound 6 in Figure 1,
were unsuccessful.

The structure of 8 was confirmed by high-resolution mass
spectrometry (HRMS) and single-crystal X-ray diffraction.’” As
shown in Figure 6, the P atom in 8 exhibits a triangular-
pyramidal geometry, which is different from the C; configuration
of the phosphorus center in compound 1. However, the
formation of compound 8 requires cleavage of two B—O bonds
and formation of new B—N and B—O bonds. In this reaction,
compound 1 exhibits a reaction mode different from that of the
pincer-type phosphorus compound bearing a [NNN]*~ ligand,
which preferably activates the B—H bond in HBpin.”® The
activation of the B—O bond is particularly uncommon; there are
only a few examples of B—O bond activation promoted by main-
group eélglggents63’64 or rare-earth metals and transition-metal
species. ™’

In order to further explore the selectivity of compound 1 to
B—E bond activation, we examined the reaction of 1 with
substrates containing both B—O and B—C or B—B bonds. As
shown in Scheme 2, compound 1 reacts with pyrimidine-5-
boronic acid pinacol ester and 2-fluoropyridine-4-boronic acid
pinacol, producing 17 and 18 in 73% and 82% isolated yields,
respectively. In addition, from a mixture of 1 with diboronic acid
pinacol ester and biscatechol boronate, the two B—O bond
activated products 19 and 20 were isolated. Unfortunately,
attempts to react either 19 or 20 with compound 1 were
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unsuccessful, probably due to the greater steric hindrance of 19
and 20. The new species (19 and 20) were fully characterized by
NMR spectroscopy and HRMS (see the Supporting Informa-
tion). Their NMR spectra are very similar to those of 8 and 16,
suggesting that these species have a structure similar to those
formed by the B—O bond cleavage, whereas the B—B and B—C
bonds in the substrates were unreactive.

The molecular structures of 18 and 20 were further confirmed
by single-crystal X-ray diffraction (Figure 7). The most salient
feature of 18 is the triangular-pyramidal phosphorus center,
which is connected to three oxygen atoms. The newly formed
B—O and B—N bonds are in the same plane as the 2-
fluoropyridine-4-boron moiety and the benzene ring of the
ligand. As in the structures of 8 and 18, the phosphorus atom in
20 adopts a triangular-pyramidal configuration with a bond
angle total of 290.57°, which is smaller than those in 8 (296.16°)
and 18 (296.52°). The six atoms N, B1, 04, B2, 05, and O6 in
compound 20 are noncoplanar, probably due to excessive steric
repulsion. The formation of these products clearly proceeds
through the cleavage of two B—O bonds. No B—H, B—B, or B—
C bond cleavage products were observed, even at higher
temperatures. Therefore, 1 is more reactive with a stronger B—O
bond in comparison to species containing B—H, B—B, or B—C
bonds.

The selective activation of the B—O bond to form 17 and 19
was investigated by DFT calculations. As illustrated in Table 2,
the AG°* values for the activation of B—O bonds by compound
1 are 19.7 and 20.6 kcal mol ™, which are lower than those of the
corresponding B—C (24.6 kcal mol™") and B—B (30.4 kcal
mol ') bonds. Moreover, the AG°¥ values for the activation of
B—C and B—B bonds by compound 2 are 21.4 and 21.1 kcal
mol ™', which are lower than those of the corresponding B—O
(33.6 and 29.4 kcal mol ™/, respectively) bond. This is consistent
with the result that compound 1 with a [ONO]*" ligand prefers
to activate the stronger B—O bond, while compound 2 with
[NNN]*~ prefers to activate the weaker B—B and B—C bonds
(see Figures S7—S10 for more details).

B CONCLUSION

In this work, theoretical calculations show that two different
pincer-type phosphorus(IlI) compounds (1 and 2) exhibit

different reaction modes when they are confronted with the
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Table 2. AG°* and AG® Values for the Activation of B—C, B—
B, and B—O Bonds by Compounds 1 and 2“

0

AG*(B-C) AG°(B-C) AG°*(B-0) AG°(B-O)
1 24.6 -13.4 19.7 -1.7
2 21.4 -9.2 33.6 -1.4

o 0
j:o/B_B\ot

AG*(B-B) AG°(B-B) AG°*(B-0)  AG°(B-O)
1 30.4 19.6 20.6 72
2 21.1 -14.0 29.4 -4.4

“The Gibbs energies are given in kcal mol ™.

same substrate. The former, with an [ONO]*~ ligand, prefers
selective activation of the B—O bond over the weaker B—H, B—
B, or B—C bonds in a variety of pinacol- and catechol-ligated
boron compounds, and this was confirmed experimentally. In
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contrast, compound 2, with a [NNN]*~ ligand, prefers cleavage
of B—H, B—B, or B—C bonds over cleavage of the B—O bond.
The origin of the chemoselectivity of the B—O bond cleavage by
compound 1 is the charge transfer, which is stronger than those
involved in the B—H bond cleavage. This is because the
HOMO-LUMO gap for the B—O bond in 1 is smaller.
Experimentally, compound 8 was isolated by the reaction of
compound 1 with HBpin. If the B—H bond in the borane
substrate changes to a B—C or B—B bond, the chemoselectivity
of B—O bond cleavage was retained.
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