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Abstract: The chemistry of dicationic diboranes with two BII

atoms that are engaged in direct B� B bonding is by enlarge
unexplored, although these molecules have intriguing prop-
erties due to their combined Lewis acidic and electron-donor
properties. Unsymmetric dicationic diboranes are extremely
rare, but especially attractive due to their polarized B� B bond.
In this work we report the directed synthesis of several stable
unsymmetric dicationic diboranes by reaction between the
electron-rich ditriflato-diborane B2(hpp)2(OTf)2 (hpp=

1,3,4,6,7,8-hexahydro-2H-pyrimido[1,2-α]pyrimidinate) and

phosphino-pyridines, establishing B� N and B� P bonds with
the diborane concomitant with triflate elimination. In the case
of 2-((ditertbutylphosphino)methyl)pyridine, the B� N bond is
formed instantly, but the B� P bond formation requires (due
to steric constraints) several days at ambient conditions for
completion, creating an intermediate that could be used for
frustrated Lewis pair (FLP)-like chemistry. Here we test its
reaction with an aldehyde, and propose a new type of FLP-
like chemistry.

Introduction

BIII compounds like B(C6F5)3 are widely applied as Lewis acids.
[1,2]

In the last decades, they were especially used in frustrated
Lewis pair (FLP) chemistry, in combination with a Lewis base
bearing sterically-demanding substituents.[3–11] Due to their
increased Lewis acidity, BIII cations, usually classified as
boronium, borenium or borinium ions in dependence of their
coordination number (four, three or two, respectively),[12] are
especially attractive for a variety of applications.[13–17] However,
their high Lewis acidity could lead to undesired side reactions,
for example restricted functional group tolerance and vulner-
ability to moisture, that limit their use. Intense studies in the
last decades even succeeded in the isolation of some BIII

dications. On the other hand, much less is known about
monocationic BII compounds, and only a few dicationic BII

molecules have been reported.[18] Molecules with two sp3-
hybridized boron atoms are shown in Figure 1, and examples
with two sp2-hybridized boron atoms in Figure 2. All these
compounds are diboranes with a direct B-B bond. The first

dicationic diboron compound with sp3-hybridized BII atoms,
[B2(hpp)2(NMe2H)2]

2+ with a B� B bond length of 1.746(2) Å in
the solid state (see first Lewis structure in Figure 1a), with
hpp=1,3,4,6,7,8-hexahydro-2H-pyrimido[1,2-α]pyrimidinate),
was synthesized in 2007 by our group.[19] In 2016, Kinjo et al.[20]

reported a diboron(II) dication with one phenyl and two
formally neutral oxazol-2-ylidene units bound to each boron
atom (Figure 1a). With 1.841(8) Å, the B� B bond is significantly
longer than in the other known dicationic diboranes. Several
other dicationic diboranes were synthesized by replacing the
triflato (OTf) substituents in B2(hpp)2(OTf)2 by chelating neutral
donor ligands [for example, 1,2-bis(tetramethylguanidino)-
benzene, Figure 1b, or 2,2’-bipyridine].[21] A tetracationic BII

compound was also synthesized, in which two [B2(hpp)2]
2+ units

are bound to the tetrakisguanidine 1,4,5,8-tetrakis(tetrameth-
ylguanidino)-naphthalene (Figure 1c). Formally, dative bonds
could be drawn from the neutral substituents (for example,
amine, oxazol-2-ylidene or guanidine in Figure 1) to the boron
cation. However, in all these compounds a significant portion of
the positive charge is delocalized into the nitrogen donor units
(see, for example, the mesomeric structures in Figure 1b).
It was even possible to isolate some BII dications with sp2-

hybridized boron atoms. In Figure 2(a), representative examples
from the groups of Dehnicke,[22] Braunschweig[23] and Inoue[24]

are shown. Examples for BII dications with a bisguanidine
substituent and for a BII tetracation with a bridging tetrakisgua-
nidine substituent from our group are included in Figure 2(b).[25]

Moreover, we recently reported the first unsymmetric dicationic
diboranes with sp2-hybridized boron atoms (see Lewis struc-
tures in Figure 2c). The first compound in Figure 2(c), with a 1,2-
bis(tetramethylguanidino)-benzene donor, is the product of
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isomerization of the higher-energetic symmetric isomer shown
in Figure 2(b) in solution.[25]

In this work, new unsymmetric dicationic diboranes are
synthesized by formal addition of a ligand with two different
donor sites to the dication [B2(hpp)2]

2+ (see Figure 3), thereby
increasing the small number of known unsymmetric dicationic
diboranes. The dication [B2(hpp)2]

2+ is generated by triflate
elimination from the corresponding ditriflato-diborane
B2(hpp)2(OTf)2. It could not be isolated, since it immediately
dimerizes, in the absence of a donor molecule, to the
tetracation [B4(hpp)4]

4+, precipitating together with the counter-
ions from the solution.[26] According to quantum-chemical
calculations, [B2(hpp)2]

2+ has a planar B2N4 core.
[19] Figure 3

displays the Lewis structures of the new unsymmetric dicationic
diboranes synthesized in this work starting with the ditriflato-
diborane B2(hpp)2(OTf)2 and a phosphino-pyridine base. It will

be shown that all these dications are stable compounds at
ambient conditions. Interestingly, the reaction leading to 5 is
much slower than all other reactions; the intermediate 5int (see
Lewis structure in Figure 3) is formed immediately, but the ring
closing step to give 5 is opposed by a barrier due to steric
constraints. We will show that the intermediate 5int could be
used in a new type of frustrated Lewis pair (FLP)-like chemistry,
using for the first time dicationic diborane Lewis acids.[27] The
rapid formation of the B� N bond places the Lewis base close to
the Lewis acidic boron atom. Frustration is caused by steric
constraints in combination with a triflate elimination equili-
brium.

Figure 1. Lewis structures of di- and tetracationic diboranes with sp3-hybridized boron atoms, with formally neutral amine or oxazol-2-ylidene substituents a)
and with bisguanidine b) and tetrakisguanidine c) substituents.
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Figure 2. Lewis structures of di- and tetracationic diboranes with sp2-hybridized boron atoms.

Figure 3. Lewis structures of the five new unsymmetric dicationic diboranes 1–5 synthesized in this work, the hypothetical diborane 6, and the intermediate 5int.
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Results and Discussion

Synthesis

Reaction of the ditriflato-diborane B2(hpp)2(OTf)2 with one of
the three applied diphenylphosphino-pyridines sketched in
Scheme 1 yielded the dicationic diboranes 1–3 in acceptable-
good isolated yields (82% for 1, 54% for 2, and 49% for 3,
Scheme 1). Both triflates are rapidly eliminated from the
ditriflato-diborane reagent. The reactions required only 30 min–
2 h for completion. Also, the new dicationic diborane 4, was
synthesized in only 3 h reaction time at room temperature in a
yield of 57% from the reaction of B2(hpp)2(OTf)2 with 2-(di-tert-
butylphosphino)pyridine. By contrast, reaction of the ditriflato-
diborane B2(hpp)2(OTf)2 with 2-((di-tert-butyl-phosphino)meth-
yl)pyridine (pyCH2PtBu2) to give 5 was much slower; 3 d were
required for completion. Eventually, pure 5 was isolated in a
yield of 80%. We abstained from the synthesis of the dicationic
diborane 6; the synthesis of the corresponding pyridylphos-
phine ligand by standard procedures turned out to be difficult,

and the analysis detailed below indicates that it should exhibit
no special properties other than those of compounds 1–5.
Further NMR experiments showed that the reaction to give

5 proceeds in two clearly distinguishable steps. The first step,
elimination of the first triflate and formation of a B� N bond
with the pyridine N atom to give intermediate 5int (Lewis
structure in Figure 4a) occurs instantly upon mixing the two
reagents together. In a second, much slower step, the B� P
bond is established and the second triflate eliminated to give 5
(Figure 4a). By contrast, no such intermediate, in which only the
pyridine N atom is bound directly to the diboron unit, could be
detected for compounds 1–4; substitution of the second triflate
by the phosphine is too fast to be followed by NMR
spectroscopy. On the other hand, the reaction progress for
5int!5 can easily be followed by 1H, 19F and 31P NMR
spectroscopy. The first 19F NMR spectrum, recorded immediately
after mixing the two reactants together (Figure 4a), showed a
signal at δ= � 78.78 ppm due to free triflate and another signal
at δ= � 77.70 ppm due to 5int in a ratio close to 1 :1. Within 3 d,
the signal of 5int vanished and the signal of free triflate gained
in intensity, indicating conversion into 5. In the 31P NMR

Scheme 1. Reaction of the ditriflato-diborane with different phosphino-pyridine bases.
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Figure 4. a) 19F NMR spectra (376.27 MHz, CD2Cl2) recorded for the conversion of 5int(OTf) (signals at δ= � 77.70 and � 78.78 ppm) to 5(OTf)2 (signal at
δ= � 78.78) after various reaction times. All intensities are normalized to the slight excess of ditriflato-diborane in the reaction mixture giving a signal at
δ= � 77.81 ppm. b) 31P NMR spectra (161.88 MHz, CD2Cl2) for the conversion of 5int (signal at δ=17.05 ppm) to 5 (signal at δ=23.62 ppm), recorded after
various reaction times.
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spectrum (Figure 4b) recorded immediately after reaction
initiation, one major signal at δ=17.05 ppm due to the
intermediate 5int appeared. For comparison, the signal of free
pyCH2PtBu2 shows at δ=36.27 ppm. The presence of a
multiplet signal arising from 31P–1H coupling (see zoom in the
inlet of Figure 4b) excludes a direct bonding to a boron nucleus
whose quadrupole spin would broaden the 31P NMR signal,
thereby prohibiting the observation of such a fine structure.
Here, too, the signal from 5int disappeared within 3 d; simulta-
neously, the broad signal at δ=23.62 ppm due to 5 grew in
intensity. The NMR spectra indicated that a portion of
pyCH2PtBu2 binds instantly with both the pyridine N atom and
the P atom to the diboron unit, resulting in immediate
formation of ca. 10% of 5 according to the 1H NMR data. To the
largest part (ca. 90%) reaction leads first to intermediate 5int,
that is slowly (within 3 d) converted to 5, allowing intervention
in this process (see below). The conversion of 5int to 5 even
takes place if THF or CH3CN is added to the solution, indicating
that these donor solvents do not prohibit reaction.
The evolution of the 19F NMR signal intensities due to 5int

and 5 with time allows to estimate the reaction rate (see
Supporting Information, Figure S20). The collected data is in
line with a first-order rate law with a rate constant k=4.94�
0.02 min� 1 and a reaction half-life t1/2=8.45�0.03 h; hence
more than 99.9% completion should be achieved after 10 t1/2=
84.5�0.3 h. The reaction was generally run for 5 d to ensure
quantitative conversion of 5int. Furthermore, the kinetic data
confirmed the observation from 1H NMR spectroscopy that
some 5 (12% according to the kinetic data from 19F NMR
spectroscopy) is instantly formed.
Intriguingly, the ring-closing step from the initially-formed

intermediate 5int to the end-product 5 is slow only for reaction
with pyCH2PtBu2. Here, the

1H NMR spectra recorded for 5int

proved to be informative. The intermediate gives rise to two
doublets at δ=1.18 ppm (3JHP=11.2 Hz) and 1.15 ppm (3JHP=
11.8 Hz) in the 1H NMR spectra at room temperature, with an
intensity ratio close to 1 :1 (Figure 5, blue curve). These doublets
originate from the tert-butyl groups and their coupling to the P
nucleus. On the other hand, the tert-butyl groups of free
pyCH2PtBu2 only give rise to one doublet (Figure 5, red curve).
Hence, the equivalence of the tert-butyl groups is removed in
5int. According to quantum-chemical calculations (B3LYP+D3/
def2-TZVP, see Supporting Information), the pyridine ring in 5int
is twisted with respect to the B� B bond (leading to a dihedral
angle B� B� N� C of 54.9°) and the phosphine residue points
away from the B� B axis. Hence, a rotation about the pyridine-
methylene bond, positioning the phosphorous atom close to
the boron center, is necessary to establish the B� P bond.
Apparently, a high barrier evoked by the sterically-demanding
tert-butyl groups opposes such a rotation. By contrast, the
sterically less-demanding phenyl groups in pyCH2PPh2 allow
fast formation of 2. Also, the formation of 4 does not require
such pre-positioning due to the lack of an alkyl spacer in
pyPtBu2. Hence, only for the reaction with pyCH2PtBu2, the
intermediate (5int) exhibits a high life-time. The steric constrains
imposed by the tert-butyl groups and the methylene linker, in
combination with the triflate elimination equilibrium, lead to a
remarkably slow ring closure reaction rate from 5int to 5,
allowing the use of 5int in FLP-like chemistry (see discussion
below).

Crystal structures

The triflate salts of all dicationic diboron compounds 1–5 are
stable at room temperature and could be stored for longer

Figure 5. 1H NMR spectrum (600.18 MHz, CD2Cl2) of free pyCH2PtBu2 (red) and 5int (blue) showing the signals due to the tert-butyl groups, recorded for a
mixture between pyCH2PtBu2 and B2(hpp)2(OTf)2 (after 2 h reaction time).
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periods without signs of decomposition, even in protic and
nucleophilic solvents such as ethanol. Crystals of 1 and 4
suitable for SCXRD were grown by layering a solution of the
triflate salts in CH2Cl2 with n-pentane. Crystals of 2 were
obtained by layering an ethanol solution with diethylether, and
crystals of 3 by layering a CH2Cl2 solution with diethylether.
Figure 6 displays the solid-state structures of the new unsym-
metric diboron dications with five-membered B2NCP rings
(compounds 1 and 4), six-membered B2NC2P ring (compound 2)
and seven-membered B2NC3P ring (compound 3); Table 1
includes selected structure parameters.[28] With increasing ring
size, the dihedral angle B� B� N� C (N and C atoms from the
pyridine ring) increases. Compounds 1 and 4 exhibit longer B� P
bonds, shorter B-B bonds, and smaller B� B� N and B� B� P angles
than 2 and 3, due to steric constraints imposed by the
inflexibility of the phosphino-pyridine. Electronic properties

In Table 2, the 11B and 31P NMR shifts for compounds 1–5 are
collected. As expected, two signals show in the 11B NMR spectra.
The signals with a positive chemical shift value are assigned to
the B atoms attached to the pyridine N atoms, and the other

Figure 6. Illustration of the solid-state structures of dications 1–4 in the triflate salts. Hydrogen atoms and counterions omitted. Displacement ellipsoids drawn
at the 50% probability level. Color code: C grey, B pink, N blue, P orange.

Table 1. Structure parameters (bond lengths in Å, bond angles in °) for the
four new unsymmetric dicationic diboranes 1–4 in the solid state.[28]

parameter 1[a] 2 3 4

B� B 1.698(3) 1.701(3) 1.726(4) 1.734(6) 1.705(3)
B� Npy 1.608(2) 1.608(3) 1.606(4) 1.611(5) 1.595(4)
B� P 1.963(2) 1.964(2) 1.949(3) 1.953(4) 2.009(3)
B� Ngua 1.507(3)

1.527(3)
1.515(3)
1.533(3)

1.513(3)
1.523(5)
1.521(3)
1.525(3)

1.517(4)
1.537(4)
1.545(4)
1.534(4)

1.529(5)
1.532(3)
1.540(6)
1.532(5)

1.527(3)
1.527(3)
1.524(3)
1.521(3)

B� B� Npy 112.2(1) 112.1(2) 120.8(2) 121.0(3) 112.2(2)
B� B� P 100.1(1) 99.8(1) 108.8(2) 110.5(3) 99.8(1)
B� P� C 97.16(9) 98.12(9) 99.5(1) 106.2(2) 97.0(1)
B� B� N� C 6.2(1) 5.7(1) 29.6(2) 57.5(5) 2.2(3)

[a] Two different molecules in the unit cell.
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signals, with a negative chemical shift value, to the B atoms
attached to the P atoms. This assignment is supported by the
results of quantum-chemical calculations (BP86+D3/def2-SVP,
see Table 2). The difference of the 11B NMR chemical shift
between the two boron atoms in the unsymmetric dications is
a valuable indicator for their different properties. Here, the
difference is largest for compounds 1 and 4 [Δδ(11B)=14.31
and 13.56 ppm, respectively] with the phosphino group directly
attached to the pyridine ring. In these two compounds, the
B� B� N and B� B� P angles are significantly smaller than in
compounds 2 and 3. For compounds 1–3 with phenyl groups,
the 31P NMR signal is shifted to higher field with respect to the
corresponding free phosphino-pyridine (Table 2). For com-
pound 1, the difference of the 31P NMR shift between the free
phosphino-pyridine (pyPPh2) and the dicationic diborane is
maximal [Δδ(31P)=20.85 ppm]. In the case of compounds 4 and
5 with tert-butyl groups, the 31P NMR signals are shifted in
opposite directions. For 4, the signal shifts to higher field, but
for 5 it shifts to lower field with respect to the corresponding
free phosphino-pyridines.
Some results of an NBO analysis (from B3LYP+D3/def2-

TZVP calculations) for the new unsymmetric dicationic dibor-
anes are included in Table 3. In the case of the closed-ring
structures 1–6, the B atom attached to the pyridine N atom
[denoted B(N)] carries a high positive formal charge, while the B
atom attached to P [denoted B(P)] carries a smaller positive
formal charge. The difference between the formal charges on
B(N) and B(P) is largest for compounds 2 and 3. The phosphorus
atom carries a particularly high formal charge (with a maximum
of 1.383 in 2), whereas the charge at the nitrogen atom is
slightly less negative than in the corresponding free phosphino-
pyridines [N(substrate)].

FLP-like chemistry – part a) theoretical studies

Prior to experiments, we carried out some quantum-chemical
calculations to obtain information about the Lewis acidity and
possible FLP-like chemistry of the new dicationic diboranes. In
these calculations, we applied the B3LYP+D3 method in
combination with the def2-TZVP basis set. We used this
combination previously for calculations on diboranes with
bridging guanidinate substituents,[29] and the general agree-
ment between calculated and experimental results was satisfy-
ing. First, the Gibbs free energy changes for B� P bond cleavage,
converting compounds 1–6 into their isomers 1iso–6iso with a
Lewis acidic B atom and a Lewis basic P atom, were inspected
(see Scheme 2 and Table 4). They are relatively low, being in the
range from 91 kJmol� 1 (1!1iso) to 138 kJmol

� 1 (5!5iso).
Furthermore, we calculated the thermodynamics and prod-

uct structures for the reactions of the new diboron dications
with dihydrogen. The Gibbs free energy change for hydro-
genation according to Scheme 2 varies significantly (Table 4)
from ΔG= � 98 kJmol� 1 and � 78 kJmol� 1 for compounds 6iso
and 5iso, respectively, and a maximum of +1 kJmol� 1 for 1iso.
To probe the Lewis acidity of the tri-coordinate boron atom

generated after B� P bond cleavage, we calculated the fluoride
ion affinity (FIA) for compounds 1iso–6iso, in which the B� P bond
is already cleaved, relative to that of the dication [B2(hpp)2]

2+

(Scheme 3 and Table 5). It should be noted that steric repulsion
between the pyridylphosphino and the fluorido substituents
reduces the significance of such calculations. The FIA values for
the isolated molecules (ɛr=1) are smaller than that of
[B2(hpp)2]

2+. On the other hand, the inclusion of the solvent
effect (ɛr=8.93 for CH2Cl2) turns the FIA values of 1iso–6iso to
larger values than for [B2(hpp)2]

2+, except for 4iso. Obviously, the
solvent effect is particularly large for the small dication

Table 2. Experimental (in CD2Cl2 solution) and calculated (BP86+D3/def2-
SVP) 11B and 31P NMR chemical shifts (in ppm) for compounds 1–5. For
comparison, the 31P NMR shifts for the free phosphino-pyridine [denoted
P(substrate)] are also included.

1 2 3 4 5

B(N) 9.99 4.08 4.79 9.40 3.62
B(P) � 4.32 � 6.14 � 6.59 � 4.16 � 4.38
P 16.84 � 4.41 � 7.93 47.83 23.67
P(substrate) � 4.01 � 11.22 � 15.69 39.05 36.27
B(N) calc. 8.93 2.30 4.55 7.87 1.36
B(P) calc. � 3.78 � 6.85 � 7.02 � 4.49 � 4.20

Table 3. Results of a natural bond orbital (NBO) analysis (from B3LYP/def2-TZVP calculations). Formal charges (in e) for compounds 1–6 focusing on the
central N� B� B� P unit.

Compound P N B(P) B(N) P(substrate)[b] N(substrate)[b]

1 1.327 � 0.395 0.113 0.552 0.787 � 0.428
2 1.383 � 0.413 0.081 0.586 0.831 � 0.424
3 1.349 � 0.425 0.091 0.614 0.801 � 0.437
4 1.293 � 0.405 0.169 0.538 0.800 � 0.431
5 1.356 � 0.423 0.141 0.578 0.816 � 0.425
5iso [a] 0.794 � 0.421 0.794 0.454 0.816 � 0.425
6 1.296 � 0.434 0.208 0.590 0.781 � 0.433

[a] See Lewis structure in Scheme 2 and discussion in the next section. [b] Values for the free phosphino-pyridines.

Table 4. Gibbs free energy changes (ΔG0 in kJmol� 1 at 298 K, 1 bar) for
B� P bond cleavage of 1–6 to give 1iso–6iso and hydrogenation of 1iso–6iso
(reactions in Scheme 2), calculated with B3LYP+D3/def2-TZVP.

Compound B� P bond cleavage Hydrogenation

1 91 1
2 120 � 32
3 132 � 47
4 103 � 22
5 138 � 78
6 125 � 98
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[B2(hpp)2]
2+. Although of limited use due to the differences in

charge, we also included the FIA values relative to that of the
trimethylsilyl cation (TMS+). For the isolated compounds (ɛr=1,
gas-phase), the FIA values of the dicationic diboranes are larger
than that of TMS+ for 2iso, 3iso, 5iso and 6iso, but all values are
smaller than that of TMS+ upon inclusion of the solvent effect
with COSMO (ɛr=8.93 for CH2Cl2). Obviously, the solvation
energy is larger for the dicationic diboranes 1iso–6iso than for the
monocationic TMS+. One could see that the introduction of a
methylene (CH2) spacer between pyridyl and phosphorus
increases the FIA (higher FIA of 2iso in comparison to 1iso, and of

5iso in comparison to 4iso), but further extension of the spacer
does not further increase the FIA.
According to the NBO analysis (see Table 3), the formation

of the B� N bond to the pyridyl moiety only slightly changes the
formal charge at the corresponding boron atom. The high FIA is
in part caused by the special structure. To elaborate on this
point, the three bond angles (N� B� N, N� B� B and B� B� N)
around the three-coordinate boron atom in 5iso are compared
with the corresponding angles in 5int with a four-coordinate
boron atom (see Supporting Information, Table S1). The angle
sum at the boron atom increases upon loss of the triflato group

Scheme 2. Test reactions studied in quantum-chemical calculations (B3LYP+D3/def2-TZVP) to obtain information about the possible FLP-like reactivity of the
dicationic diboranes. The illustration of the structure (C grey, B pink, N blue, P orange, H atoms omitted) calculated for 5iso highlights the non-planarity at the
tri-coordinate boron atom (see discussion).

Scheme 3. Test reaction to evaluate the FIA of compounds 1iso–6iso compared to [B2(hpp)2]
2+.
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(316.0° for 5int, 349.2° for 5iso), but the steric constraints imposed
by the two bridging hpp substituents prohibit a planar
coordination mode of the tri-coordinate boron atom in 5iso.
Consequently, the Lewis acidity increases.[30] Moreover, accord-
ing to the NBO analysis for 5iso (Table 3), the three-coordinate B
atom [denoted B(P)] carries a high positive charge.

FLP-like chemistry – part b) experimental studies

To test the possible FLP-like chemistry, we used the reaction
with para-methylbenzaldehyde, since stoichiometric reactions

with aldehydes were drawn on frequently to probe the FLP
properties.[31–35] Activation of aldehydes can easily be followed
via 1H NMR spectroscopy through the loss of the characteristic
aldehyde hydrogen signal. Especially, para-methylbenzaldehyde
turned out to be ideally suited.[32–35] Its bonding to an FLP leads
to a characteristic upfield shift of the chemical shift value for
the methyl group in the 1H NMR spectra. Furthermore, the
process could be followed by the two clearly distinguishable
aromatic signals. It turned out that none of the compounds 1–5
reacts with an aldehyde. Based on the quantum-chemical
calculations, we postulate that kinetic rather than thermody-
namic factors prohibit the reaction of compound 5 with para-
methylbenzaldehyde to the “aldehyde activation product” 7
(Scheme 4a). Indeed, the reaction was calculated to be
exergonic with B3LYP+D3/def2-TZVP (ΔG= � 12 kJmol� 1). The
four-coordinate boron atoms in 1–5 only allow substrate
binding after B� P bond cleavage (SN1 mechanism), causing a
high reaction barrier. Also, no FLP-like chemistry occurs if
potential substrates such as para-methylbenzaldehyde (Sche-
me 4b), carbon dioxide, acetone or para-formaldehyde are
added to mixtures of the ditriflato-diborane and two equiv-
alents of tri-tert-butylphosphane. The corresponding NMR
spectra only showed signs of decomposition or unselective
reactions. We showed previously that tri-tert-butylphosphane
does not react with a cationic diborane with bridging hpp
substituents, [B2H(hpp)2]

+, due to steric constraints.[36] The

Table 5. FIA of 1iso–6iso relative to that of [B2(hpp)2]
2+ and relative to the

trimethylsilyl cation (TMS+) calculated with B3LYP+D3/def2-TZVP (� ΔH0 in
kJmol� 1, at 298 K and 1 bar, for the reaction in Scheme 3) with and without
inclusion of the solvent effect (COSMO, ɛr=8.93 for CH2Cl2). A positive
value means that the FIA is higher than that of [B2(hpp)2]

2+ or TMS+,
respectively.

FIA vs. [B2(hpp)2]
2+ FIA vs. TMS+

Compound ɛr=1 ɛr=8.93 ɛr=1 ɛr=8.93

1iso � 47 3 � 16 � 121
2iso � 25 24 5 � 99
3iso � 14 33 16 � 91
4iso � 59 � 15 � 29 � 139
5iso � 15 29 16 � 95
6iso � 15 27 15 � 97

Scheme 4. Unsuccessful attempts to activate para-methylbenzaldehyde with a) dicationic diborane 5, and b) a mixture of the ditriflatodiborane B2(hpp)2(OTf)2
and tri-tert-butylphosphane.

Chemistry—A European Journal 
Research Article
doi.org/10.1002/chem.202104016

Chem. Eur. J. 2022, 28, e202104016 (10 of 17) © 2022 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH

Wiley VCH Freitag, 25.02.2022

2213 / 236149 [S. 96/103] 1



ditriflato-diborane did not show any signs of reaction with tri-
tert-butylphosphane either.
Next, we added para-methylbenzaldehyde immediately to

5int, formed quantitatively in a freshly prepared equimolar
mixture of B2(hpp)2(OTf)2 and pyCH2PtBu2. Here, we finally
observed an FLP-like chemistry as sketched in Scheme 5,
leading to the desired new “aldehyde activation product” 7.
Since our experiments showed that 7 reacts further with
aldehyde, we applied a dearth of the aldehyde (ca. 0.44 equiv.).
After 1 d, all pyCH2PtBu2 was consumed, and the aldehyde
addition product 7 quantitatively formed. Obviously, aldehyde
activation is significantly faster than ring closure to 5.
Eventually, within 5 d the residual molecules of 5int reacted to
the inactive ring product 5, yielding a mixture of ca. 41% of 7
and 59% of 5. Please note that this yield was entailed by using
the dearth of the aldehyde to avoid subsequent reaction of
activated aldehyde with free aldehyde. The previously described
immediate formation of ca. 10% of 5 upon mixing
B2(hpp)2(OTf)2 and pyCH2PtBu2 together, the slowly proceeding
ring closing process from 5int to 5, and the reaction of 7 with
excess para-methylbenzaldehyde prohibit a higher yield of
aldehyde activation product, although the applied aldehyde is
quantitatively activated. In the following, the NMR spectra
assigned to 7 will be discussed in detail.
Figures 8 and 9 show representative NMR spectra. Although

the reaction with the aldehyde is completed in 1 d, we
generally waited 5 d to ensure full conversion of 5int, either to 7

or to 5. First, the aldehyde hydrogen signal of para-meth-
ylbenzaldehyde at δ=9.94 ppm is absent in the 1H NMR of the
reaction mixture, indicating complete aldehyde conversion. The
aromatic region of the 1H NMR spectra indeed showed the sole
presence of two distinct molecules (Figure 7a). The signals at
δ=8.73 and 8.28 ppm and some signals in the multiplet at δ=

7.98 ppm belong to the inactive ring product 5. According to
COSY NMR measurements, the signals at δ=8.68, 8.47 and
8.24 ppm and some signals in the multiplet at δ=7.98 ppm
belong to a second species with a pyridyl entity, identified as
the activation product 7. Furthermore, the signals at δ=7.54
and 7.20 ppm, with twice the intensity of the antecedent
signals, are assigned to 7. A singlet at δ=5.67 ppm is due to a
hydrogen atom without neighboring hydrogens in the structure
assigned to 7 (Figure 7b). The corresponding carbon nucleus
gives rise to a doublet in the 13C{1H} NMR spectrum at δ=

76.3 ppm, verifying its bonding to a P nucleus, in line with the
Lewis structure of 7. Furthermore, two signals at δ=4.80 and
4.62 ppm indicate the presence of two diastereotopic hydrogen
atoms bound to the same C atom according to HSQC measure-
ments (see Supporting Information, Figure S16). This is similar
to the results obtained for compound 3; for its seven-
membered ring structure no racemization of the ring structure
is observed, leading to distinct signals in the 1H NMR spectrum
for the hydrogens in the ethylene bridge as well as for the
hydrogens in the different phenyl entities. Since 7 exhibits an
eight-membered ring, a similar effect is expected.

Scheme 5. Possible pathway of the reaction between the ditriflato-diborane B2(hpp)2(OTf)2 and pyCH2PtBu2 to give first 5int (“FLP resting state”), from which
5iso is generated in a triflate elimination equilibrium. 5int is either converted through 5iso in a very slow reaction to 5, or activates the aldehyde (para-
methylbenzaldehyde) to give 7. R= tBu.
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Figure 7. Sections a) between δ=9.0 and 7.0 ppm typical for aromatic protons, and b) between δ=6.0 and 4.2 ppm of the 1H NMR spectrum (600.18 MHz,
CD2Cl2), recorded after 5 d for a mixture of the ditriflato-diborane and PyCH2PtBu2 to which para-methylbenzaldehyde was added. The spectra indicate the
sole presence of molecules 7 and 5. The solvent signal is highlighted by an asterisk.
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Two signals appear in the 31P NMR spectrum (Figure 8a). The
signal at δ=23.62 ppm is due to the ring product 5. The second
signal at δ=57.39 ppm shows fine coupling, indicating the
absence of a bond to a B atom which would, as in 5, broaden
the signal and suppress the observation of a coupling pattern.
Therefore, this second signal is assigned to the activation
product 7. The 11B NMR spectrum shows, besides the signals at
δ=3.50 and � 4.44 ppm from 5, a signal at higher shift values
assigned to 7 (Figure 8b, black curve). A second 11B NMR signal
from the unsymmetric activation product 7 emerges after
subtraction of the 11B NMR spectrum of 5 (Figure 8b, red curve).
Thus, signals at δ=5.92 and 3.34 ppm belong to 7 (Figure 8b,
green curve).
Furthermore, all signals due to the 31 distinguishable

carbon atoms in 7 are observed in the 13C{1H} NMR spectrum
(see Supporting Information, Figures S17 and S18). Thus, the
spectra clearly confirm reaction to 7.
Excess of para-methylbenzaldehyde led to a new singlet

signal at δ=5.75 ppm in the 1H NMR spectrum (see Supporting
Information, Figure S19). The corresponding 13C{1H} NMR signal
at δ=85.8 ppm did not show any CP coupling, indicating loss
of the C� P bond. Moreover, a new 31P NMR signal emerged at
δ=41.94 ppm, and a further minor doublet signal (1JPH=

463 Hz) grew in at δ=44.90 ppm (see Supporting Information,
Figure S19), indicating the formation of a P� H bond. Unfortu-
nately, so far the resulting product could neither be isolated
nor identified.
Interestingly, only one isomer is detected for the activation

product 7. On the other hand, two distinct diastereomers are
possible, depending on the pre-orientation of 5int and the mode
of attack (re or si face) at the para-methylbenzaldehyde
(Figure 9a). Quantum-chemical calculations (B3LYP+D3/def2-
TZVP) indicate that isomer 7A is energetically favored by ΔG=

� 17 kJmol� 1. Furthermore, compared to 5 and para-meth-
ylbenzaldehyde, isomer 7A is exergonic (ΔG= � 12 kJmol� 1),
but isomer 7B endergonic (ΔG= +5 kJmol� 1), explaining the
exclusive formation of isomer 7A.
To obtain additional information, we calculated the NMR

shifts for both isomers of 7. The former aldehyde carbon is
calculated to show at δ=86.5 ppm for isomer 7A and δ=

83.1 ppm for isomer 7B in the 13C{1H} spectra, whereas the
experimental 13C{1H} spectrum shows a signal at δ=76.3 ppm
in CD2Cl2 solution. Although the calculated values deviate from
the experimental ones, both calculation and experiment found
a signal in an area quite unusual for 13C signals. The calculations
indicate that the signals from the two isomers should differ in
their chemical shifts (see Supporting Information, Table S2).
Therefore, they are consistent with the formation of only one
isomer, being the thermodynamically favored compound 7A.

Proposal for a new type of FLP-like chemistry

The results presented in the last section clearly show that 5int
displays FLP-like chemistry. An aldehyde is bound by the
combined Lewis acidic and Lewis basic properties of 5iso,
formed in a triflate elimination equilibrium from 5int. The Lewis

acidic site is not blocked by the triflate substituent, since triflate
is readily eliminated. The results also show that binding of the
pyridyl moiety is crucial for the FLP system. It enables the
formation of an intramolecular FLP system, placing the
phosphorus Lewis base close to the boron Lewis acid, and
simultaneously oppresses side reactions. The application of the
new compound in FLP-like chemistry requires the presence of a
hemilabile (triflato) substituent, that could easily be eliminated.
The formation of the B-P bond has to be prohibited, since
substrate activation by the four-coordinate boron atom is
kinetically disfavored (Scheme 5). The undesired B� P ring
closure reaction is hampered by the steric constraints imposed
by the alkyl spacer and the two tert-butyl substituents on the P
atom, in combination with the slow triflate elimination equili-
brium. The triflato substituent acts as a “protecting group”, that
prohibits undesired reaction channels.
Based on these results, we propose a new type of FLP-like

reactivity, as sketched in Scheme 6, relying for the first time on
the Lewis acidity of dicationic diboranes.
The peculiarities of this new type could be summarized as

follows.
1) A molecule with two Lewis basic sites B1 and B2 (a pyridyl
and a phosphino group) is used, one accomplishing
bonding to the diboron compound (B1, the pyridyl group)
and the other being responsible for substrate activation (B2,
the phosphino group). Here, the pyridyl group turned out to
be the ideal choice for B1; it rapidly forms a bond to one of
the boron atoms, and leads to a high positive charge on the
diboron unit, thereby increasing its Lewis acidity.

2) The Lewis-acidic, four-coordinate boron atom in 5int used for
the FLP-like chemistry is bound to a hemilabile substituent
(triflate), creating an “FLP resting state” from which the
strong boron Lewis acid is generated in equilibrium. Due to
the four-coordinate boron atom, substitution reactions must
follow an SN1 mechanism. The readily eliminated hemilabile
substituent in the “FLP resting state” stabilizes the diboron
reagent, protects the Lewis acidic site from attack by other
nucleophiles, and increases the selectivity.

3) Steric constraints, imposed by the alkyl spacer between the
pyridyl and a phosphino group with sterically-demanding
substituents, lead to a significant barrier for the undesired
B� P ring closure reaction.

4) The Lewis acidity of the boron atom after triflate elimination
is further increased by its non-planarity, imposed by the
bridging hpp substituents.
The Lewis-basic sites B1 and B2 and the linker between

them are valuable parameters to tune the reactivity. A pyridyl
group is an optimal choice for B1, as it binds very fast to the B
atom, endues the diboron unit with a positive charge that
increases its Lewis acidity, and places the B2 base close to the
boron atom.

Conclusion

Starting with the ditriflato-diborane B2(hpp)2(OTf)2 with two
highly-electron donating bridging hpp substituents (hpp=
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Figure 8. a) 31P NMR spectrum (242.96 MHz, CD2Cl2), recorded for a mixture of B2(hpp)2(OTf)2 and PyCH2PtBu2, to which para-methylbenzaldehyde was added,
showing signals due to 5 and 7. b) 11B NMR spectrum (192.56 MHz, CD2Cl2) of the same reaction mixture taken after 5 d (black). Upon subtraction of the
signals from 5 at δ=3.50 and � 4.44 ppm (red), the signals at δ=5.92 and 3.34 ppm due to 7 emerge (green).
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1,3,4,6,7,8-hexahydro-2H-pyrimido[1,2-α]pyrimidinate) and two
tetra-coordinate boron atoms, several new, stable, unsymmetric
dicationic diboranes were synthesized by reaction with

phosphino-pyridine molecules that provide two Lewis basic
sites to bind to the two boron atoms of the diboron unit. In SN1
reactions, the triflato groups are successively substituted. First,

Figure 9. a) Illustration of the calculated structures for isomers 7 A and 7B (B3LYP+D3/def2-TZVP), resulting from activation of para-methyl-benzene by 5int in
a re (7 A) or si face attack (7B). b) Structural influence of the different pre-orientations of 5int on the resulting activation product. The different enantiomers of
the adduct require opposite re/si face attack to form corresponding product enantiomers. Thus, re face or si face attack is not a criterion to discriminate
between the two isomers.
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the pyridine N atom is bound in a fast reaction to one of the
boron atoms, creating a monocationic diborane in which the
positive charge is localized on the diboron unit. Then, a second
SN1 reaction leads to elimination of the second triflate and
formation of the B� P bond. The properties of the resulting new
dicationic diboranes were evaluated, and the experimental
analysis complemented by quantum-chemical calculations.
Formation of the dicationic diboranes generally proceeds

fast, the only exception being the reaction with 2-((di-tert-
butylphosphino)methyl)pyridine. In this case, substitution of the
first triflate by the phosphino-pyridine is fast, resulting in the
intermediate 5int, in which only the pyridine N atom is bound to
the diboron unit. The substitution of the second triflate and
formation of the B� P bond to give 5 is slow, requiring 3 d for
completion. The intermediate 5int represents a type of “FLP
resting state”, that could be used for molecule activation. As
example, we reacted the intermediate with para-meth-
ylbenzaldehyde to give quantitatively the activation product 7.
Based on the results of this work, we suggest a new type of
FLP-like reactivity as outlined in Scheme 6, resorting for the first
time to dicationic diboranes as Lewis acids. The formation of
the bond between B1 and the diborane creates a stable “FLP
resting state”, from which the active form is generated in an

elimination equilibrium. The positive charge imposed by the
neutral B1 base and the non-planarity of the boron acid in the
active form further boost the Lewis acidity of the boron atom.
In the future we want to extend our work in this direction

with the aim to establish dicationic diboranes as Lewis acidic
components in FLP-like chemistry. In contrast to monoboranes,
the diborane is capable to pre-orient the Lewis-base by binding
to a second Lewis-basic site of the same molecule. In future
work, we also try to combine FLP-like substrate activation with
electron-transfer from the diboron unit to the substrate.
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