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Bis(N-heterocyclic carbene)-borylene-mediated
heteroallene activation
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This study describes a bis(N-heterocyclic carbene)–borylene that

activates heteroallenes. The borylene undergoes a bora-Staudinger

reaction with azide to afford an NHC–iminoborane, and also

catalyzes the cyclotrimerization of isocyanates to give isocyanu-

rates. In the presence of excess pinacolborane, it catalyzes the

chemoselective hydroboration of isocyanates to form N-boryl

formamides.

Low-oxidation-state boron derivatives with pronounced electro-
philic and/or nucleophilic character effectively mimic transi-
tion metals in the activation of enthalpically strong bonds and
small molecules.1 In this context, borylenes R–B: (R = substi-
tuent), which contain a lone pair of electrons and two empty
orbitals, have captured significant attention.2 Free mono-
coordinate borylenes, such as H2N-B:, F-B: and Ph-B: are
transient and observed spectroscopically in inert gas matrices
at very low temperatures.3 The coordination of a Lewis base to
this Lewis-ambiphilic B(I) center can significantly enhance
borylene stability. In 2011, Bertrand and co-workers demon-
strated that the parent borylene H–B: can be stabilized by two
cyclic (alkyl)(amino)carbenes (cAACs), affording a borylene
complex featuring a nucleophilic B(I) center.4 Since then,
numerous three-coordinate borylenes supported by various
Lewis bases have been isolated, many of which exhibit remark-
able nucleophilic and reducing ability.5–11 By decreasing the
number of supporting Lewis bases, Bertrand, Stephan, and co-
workers subsequently showed that a stable two-coordinate
cAAC-aminoborylene complex displays transition-metal-like
activation of dihydrogen and carbon monoxide.12 Braunsch-
weig and co-workers further discovered that transient two-
coordinate cAAC-arylborylenes are capable of activating and

functionalizing dinitrogen.13 Driess et al. showed that a tran-
sient bis(two-coordinate NHC-borylene) mediated the deoxy-
genation of a –C–O–C– skeleton.14 More recently, alternative
strategies for the in situ generation of two-coordinate base-
stabilized borylenes through ligand dissociation of a bis-base-
stabilized three-coordinate borylene have emerged.15,16 Cum-
mins, Gilliard, and co-workers demonstrated that the thermal
extrusion of dinitrogen from a diazoborane produces a reactive
N-heterocyclic carbene (NHC)–mesitylborylene that can be trans-
ferred to suitable substrates.17 They also showed that transient
cAAC-haloborylenes can be released from boranorbornadienes.18

In addition, Braunschweig and co-workers reported the in situ
formation of two-coordinate cAAC-arylborylene, cAAC-boryl-
borylene and cAAC-cyclohexylborylene via the dissociation of
CO and phosphine ligands from their respective three-
coordinate borylene complexes.19–21

However, catalytic organic transformations mediated by low-
oxidation-state boron compounds remain surprisingly under-
explored. Two examples have been reported. First, Wang, Mo,
and co-workers illustrated that a bis(silylene)-amidoborylene
complex can serve as a precatalyst, reacting with CO2 to gen-
erate an oxo-bridged boryl-anion–silylium-cation species that
catalyzes the N-formylation of amines using CO2 and HBpin.22

Second, we showed that an N-phosphinoamidinato NHC-
diborene complex catalyzes the hydroboration of CO2 with
HBpin.23

Recently, we reported the bis(NHC)-arylborylene complex
[(IMe)2BMes] (1, IMe =:C{N(Me)C(Me)}2, Mes = mesityl) that
exhibits strong nucleophilic character and is capable of captur-
ing and stoichiometrically functionalizing carbon dioxide.24

Building on this reactivity, we hypothesized that compound 1
should also be competent for the functionalization and/or
catalytic transformation of other heteroallenes, namely, azide
and isocyanate.

To begin our study, diisopropylphenyl azide (DippN3) was
examined. Compound 1 underwent the bora-Staudinger reaction
with DippN3 in toluene at room temperature for 4 h to afford
the NHC-iminoborane [(IMe)MesBQNDipp] (2, yield: 76%,
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Scheme 1), along with the displacement of N2 and IMe. Com-
pound 2 was isolated as a yellow crystalline solid from the
concentrated reaction mixture. Such Staudinger-type reactivity
of a three-coordinate bis(Lewis base)-stabilized borylene complex
to form a Lewis base-stabilized iminoborane through ligand
dissociation has not been reported before. Moreover, the dissocia-
tion of an NHC ligand from a borylene center is rare. In addition
to our method, carbene-iminoboranes are commonly synthesized
by 1,2-elimination of suitable boranamine precursors.25 The
11B{1H} NMR signal of compound 2 (22.0 ppm) is in the range
of reported 11B NMR signals of three-coordinate boron centers in
carbene-iminoborane complexes (12.4–24 ppm).26 The molecular
structure obtained via X-ray crystallography shows that the B–N
bond (1.355(5) Å, Fig. 1) is typical of a double bond.

The reactivity of compound 1 toward isocyanates was further
examined. Cyclotrimerization of the isocyanates was observed
using both stoichiometric and catalytic amounts of 1. These
results indicate that compound 1 exhibits catalytic activity. In
this context, 3 mol% of compound 1 was used to catalyze the
cyclotrimerization of the aryl isocyanate ArNCO (Ar = 4-CH3C6H4

(3a), Table 1), as well as its derivatives with electron-donating
(Ar = 4-MeOC6H4 (3b)) and electron-withdrawing substituents
(Ar = 4-FC6H4 (3c), 4-NCC6H4 (3d)) in C6D6 at room temperature
for 5 min, which afforded aryl isocyanurates 4a–4d in moderate-
to-high isolated yields (64–94%). As expected, a longer reaction
time was required for the catalytic cyclotrimerization of sterically
hindered mesityl isocyanate (3e), diisopropylphenyl isocyanate (3f),
and 1-naphthyl isocyanate (3g) to afford the corresponding pro-
ducts 4e–4g in good isolated yields (57–95%, TOF: 0.26–66 h�1).
Second, the cyclotrimerization of non-aromatic isocyanates,
namely, benzylisocyanate (4h), 4-methoxybenzylisocyanate (4i),
and 2,2-diphenylethyl isocyanate (4j), was also achieved in
moderate-to-high isolated yields (57–96%, TOF: 0.45–370 h�1).

Third, after the full conversion of p-tolyl isocyanate 4a, the
reaction mixture was analyzed using 11B{1H} NMR spectroscopy.
A major signal at �6.9 ppm was observed in the spectrum,
indicating the regeneration of compound 1 (Fig. S4). In the
catalysis, the borylene center in compound 1 attacks an isocya-
nate to form [(IMe)2(Mes)BC(NAr)(QO)] (I, Scheme 2). The
negatively charged nitrogen center subsequently attacks a sec-
ond isocyanate molecule to form [(IMe)2(Mes)B{C(QO)(NAr)}2]
(II). This reacts with a third isocyanate molecule to form
[(IMe)2(Mes)B{C(QO)(NAr)}3] (III), the terminal two-coordinated
nitrogen atom of which undergoes an intramolecular nucleophi-
lic attack on the boron-bonded carbonyl center to afford the six-
membered isocyanurate 4 and regenerate compound 1. Similar
mechanisms have been found in the catalytic cyclotrimerization

Scheme 1 Synthesis of 2.

Fig. 1 Molecular structure of 2 obtained by X-ray crystallography. Ther-
mal ellipsoids are shown at 50% probability. All hydrogen atoms have been
removed for clarity. Selected bond lengths (Å) and angles (deg): B1–
N3 1.355(5), B1–C1 1.616(5), C1–N1 1.362(4), C1–N2 1.346(4), C1–B1–N3
114.1(3), C20–B1–N3 129.8(3), C1–B1–C20 116.0(3).

Table 1 1-mediated catalytic cyclotrimerization of isocyanatesa

a Reaction conditions: isocyanate substrates (0.30 mmol), C6D6

(0.40 mL), catalyst 1 (3 mol%). b NMR yields were determined via
1H NMR spectroscopy based on the resonances of the products with
reference to the internal standards cyclohexane or 1,3,5-trimethoxy-
benzene. Isolated yields are reported in parentheses. All the catalytic
trials were repeated in triplicate.
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of isocyanates mediated by an NHC,27 N-heterocyclic olefin,28

proazaphosphatrane,29 2-phosphaethynolate anion30 and NHC-
silyliumylidene cation.31

Due to the ability of compound 1 to demonstrate catalytic
cyclotrimerization, we attempted to explore the catalytic hydro-
boration of isocyanates with HBpin. 1 mol% of compound 1
could not catalyze the hydroboration of p-tolyl isocyanate with
1 equivalent of HBpin, as catalytic cyclotrimerization occurred
(entry 1, Table 2). Upon increasing the amount of HBpin to
5 equivalents, the catalytic hydroboration of p-tolyl isocyanate
proceeded smoothly at room temperature, giving the corres-
ponding N-borylated formamide with 19% conversion (entry 2,
Table 2). This indicates that the presence of excess HBpin

prevents intermediate I (Scheme 2) from reacting with the
second molecule of isocyanate. Optimizing the catalyst loading
of compound 1 to 5 mol% further improved the reaction
outcome, increasing the conversion of the N-borylated forma-
mide to 96%.

With the optimized parameters in hand, the scope and
selectivity were then investigated (Table 3). The hydroboration
of aromatic isocyanates containing electron-donating and
electron-withdrawing substituents converted them to the
respective N-borylated formamides (5a–5h, isolated yields of
7a–7h: 62–92%). Non-aromatic isocyanates were also hydrobo-
rated to their respective N-borylated formamides (5i–5j, isolated
yields of 7i–7j: 88–96%). Interestingly, although the hydrobora-
tion of aromatic isocyanates afforded small quantities of the
N-,O-bis(boryl) hemiaminal species, the hydroboration of non-
aromatic isocyanates yielded the N-borylated formamide
exclusively.

The catalytic mechanism for the 1-catalyzed hydroboration of
phenyl isocyanate was studied using DFT calculations
(Scheme 3). The borylene center in 1 first attacks the carbon
atom of phenyl isocyanate through TS1 (DG‡ = 19.2 kcal mol�1)
to form [(IMe)2(Mes)BC(NPh)(QO)] (Int 1, DG =�2.2 kcal mol�1).

Scheme 2 Proposed mechanism of the catalytic cyclotrimerization of
isocyanates.

Table 2 Catalytic optimization of the hydroboration of p-tolyl isocyanate
with HBpin

Entry Y (mol%) n (eq.) T (1C) Time (h)

Yield (%)

5aa 6ab

1 1 1 25 8 o1 o1
2 1 5 25 5 19 6
3 3 5 25 6 93 7
4c 5 5 25 6 96 6

Reaction conditions: required amount of isocyanate substrates
(0.30 mmol), required amount of 1 (1, 3 or 5 mol%), required amount
of HBpin (0.30 or 1.50 mmol) and C6D6 (0.40 mL) in a J-Young NMR
tube. a NMR yield of N-borylated formamide 5a was determined via
1H NMR spectroscopy based on isocyanate consumption and the
appearance of the NC(QO)H signal. b NMR yield of N-,O-bis(boryl)-
hemiaminal 6a was determined via 1H NMR spectroscopy based on N-
borylated formamide consumption and the appearance of the NCH2OB-
pin signal. The catalytic trials were repeated in triplicate. c Optimized
conditions.

Table 3 Scope of isocyanate substratesa

a Reaction conditions: Isocyanate substrate (0.30 mmol), C6D6 (0.40 mL),
catalyst 1 (5 mol%). b NMR yields of 5 were determined via 1H NMR
spectroscopy based on isocyanate consumption and the appearance of
the NC(QO)H signal. Isolated yields of 7 are reported in parentheses. All
the catalytic trials were repeated in triplicate.
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The negatively charged nitrogen center subsequently attacks
the boron center of HBpin, while the hydrogen atom of HBpin
attacks the carbonyl group via a 4-membered-ring transition
state (TS2, DG‡ = 27.0 kcal mol�1), which leads to the
formation of product 5Ph and regeneration of catalyst 1
(DG = �22.3 kcal mol�1).

In conclusion, bis(N-heterocyclic carbene)-mesitylborylene 1
mediated the bora-Staudinger reaction with azide to form the
NHC-iminoborane, as well as the catalytic cyclotrimerization
and chemoselective hydroboration of isocyanates to form iso-
cyanurates and N-borylated formamides, respectively.
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Rang, M. Heinz, P. D. Engel, I. Krummenacher, M. Arrowsmith,
A. Hermann, A. Matler, A. Rempel, R. Witte, H. Braunschweig,
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