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Utilizing an intramolecular frustrated Lewis pair (FLP) decorated
with a strongly donating guanidino moiety enabled the formation
of a thermally remarkably stable FLP-CO adduct, which at 120°C
underwent CO migration to form an acyl borane. Both compounds
underwent rapid CO cleavage in the presence of strong
electrophiles leading to the selective formation of a range of new
1,2- and 1,3-benzazaboroles in good yields under mild conditions.

The deoxygenation of carbon monoxide (i.e. C=0 cleavage) is a
challenging chemical transformation of high relevance owing to its
involvement in the generation of hydrocarbon products through
Fischer-Tropsch chemistry.! To provide a better mechanistic
understanding, significant efforts have recently been made toward
the isolation and characterization of potential intermediates.?
Particularly main group element hydrides and anions, as well as low-
valent main group systems proved to be surprisingly effective in
reductively coupling CO to C-C bonded species, 3-° while only in rare
cases has the deoxygenation of CO been accomplished (Scheme
1).1011 For example, Stephan’s group reported the cleavage of CO
(from syngas) utilizing the frustrated Lewis pair (FLP)
B(CsFs)s/P(tBu)s. 12 Erker and co-workers disclosed the reaction of an
intramolecular FLP with CO and HB(C¢Fs), to give a bora-oxirane
species, which underwent CO bond cleavage upon exposure to H,.11°
Much less is known regarding carbon monoxide deoxygenation as a
synthetic strategy to selectively and predictably incorporate single
carbon atoms into organic molecules. Only Hillmann in his seminal
work and later Brown have successfully employed CO as a C-1
synthon in the synthesis of a range of aliphatic carbinols from
trialkylboranes (Scheme 2).22 Notably, these reactions were
proposed to proceed via insertion of CO into the B-C bond to
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intermediately form acyl boranes, but their involvement could not be
verified experimentally.13
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Scheme 2. Selective incorporation of single carbon atoms through carbon monoxide
bond cleavage.

We recently introduced intramolecular FLP 1 (Scheme 2) decorated
with a highly basic and strongly donating guanidino unit, which
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mediated the activation of E-H bonds in NHz;, HC=CH, and H,.}* We
envisioned that strong donation of the FLP to CO could substantially
weaken the C=0 bond thereby facilitating its full cleavage. Herein,
we will demonstrate that interactions of 1 with CO and electrophiles
will not only result in facile cleavage of the C=0 bond, this approach
also enables the regioselective incorporation of single carbons to
produce a range of new 1,2- and 1,3-benzazaboroles under mild
conditions.?>

Upon exposure of CO to a hexane solution of 1, a crystalline material
precipitated, which was identified as FLP-CO adduct 2 (85%) (Figure
1). Its 1B NMR spectrum displays a signal at -15 ppm confirming a
tetra-coordinated boron centre. The 3C NMR spectrum exhibits a
signal at 209.1 ppm, and the IR spectrum shows absorption at 1708
cm?, consistent with the presence of a C=0 group in the molecule.
The X-ray data confirmed the formation of a five-membered ring with
B1-C1 and C1-N1 distances of 1.639 and 1.501 A, resp. The most
striking feature is the C1-0O1 bond length of 1.212 A, which is one of
the longest for FLP-CO adducts reported ¢ and consistent with our
hypothesis that the interaction of CO with a strong donor and a weak
acceptor can substantially weaken the C=0 bond. Notable is the
thermal behaviour of 2. It does not release CO up to 80°C even after
heating overnight in C¢Dg. Most FLP-CO adducts are only stable at low
temperatures. However, at ca. 120°C, the solution turned yellow
with simultaneous formation of yellow crystals. The isolated crystals
were identified by NMR and IR spectroscopy as acyl borane 3 (50%
yield). Its connectivity was further supported by SC-XRD (Figure 1);
the C=0 bond [C1-01, 1.237 A] of 3 was found to be somewhat longer
than that of 2. Note that isolable acyl boranes derived from reactions
of CO with organo boranes have not been reported in the
literature.’

MeyN.2..NMe,

T

Figure 1. Formation and solid-state structures of 2 (left) and 3 (right). All H atoms are
omitted for clarity. Selected bond lengths [A]: 2, C1-01 1.212(2), N1-C8 1.367(2), N2-C8
1.338(2), N3-C8 1.330(2), N1-C2 1.427(2), N1-C1 1.501(2), C1-B1 1.639(2), C3-B1
1.624(2); 3, C1-01 1.237(3), N1-C8 1.365(4), N2-C8 1.338(4), N3-C8 1.342(4), N1-B1
1.665(4), C1-B1 1.617(4).
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Envisioning the carbonyl oxygen of FLP-CO adduct 2 to be sufficiently
Lewis basic, reactions with various electrophiles were investigated
(Scheme 3). While treatment of 2 with BPh; did not lead to any Lewis
acid-base interaction, interactions with B(CgFs); gave mixtures of
products. Gratifyingly, the reaction of 2 with Al(CsFs)s resulted in a
single product, which by NMR spectroscopy and SC-XRD was
identified as 1,3-benzazaborole 4 (75% yield). The 1B NMR spectrum
showed a broad signal at 43 ppm typical for a trigonal planar boron
environment. The 33C NMR spectrum of 4 revealed a new signal at
70.1 ppm attributable to an aliphatic quaternary carbon, while the
carbon signal of the CO carbon found in 2 at 209 ppm had
disappeared. The X-ray data confirmed the connectivity of the 1,3-
azaborole ring structure with exocyclic B-O-Al and bicyclo[3.3.1]non-
9-ylidene moieties being the most notable structural features. The
formation of 4 formation is the result of a two-fold alkyl migration
from the BBN framework to CO, by which the CO triple bond is
cleaved. The reaction of 2 with Me;sSiOTf proceeded similarly in
generating 3-trimethylsiloxy-1,3-benzaazaborole 5 in 76% yield.1®
Compound 5 is hydrolytically sensitive and smoothly converts in
“wet” benzene or toluene to borinic acid 6 in yields of 90%. Since
MesSiOTf does not react with FLP 1, borinic acid 6 can also be
synthesized in one pot from the reaction of 1 with Me3SiOTf and CO.
Subsequent hydrolysis with “wet” benzene affords 6 in overall yields
of 85%. The 3C NMR spectra of 5 and 6 show features similar to 4
with the quaternary borole ring carbons of the bicyclo[3.3.1]non-9-
ylidene moiety appearing at 72.6 (5) and 70.2 (6) ppm. The 'H NMR
spectrum of 6 in DMSO-Dg exhibits a signal at 11 ppm attributable to
an OH group, which is further supported by a broad absorption at
~3213 cm (solid) in the IR spectrum. The X-ray data of 4-6 (Figure 2)
show structural similarities with elongated N1-C1 (1.53-1.55 A) and
B1-C1 (ca. 1.63 A) distances. The exocyclic B1-O1 bonds of 5 [1.344
A] and 6 [1.349 A] are relatively short but longer than that of 4 with
1.322 A.
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Scheme 3. Reactions of 2 with electrophiles.
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Figure 2. Solid-state structures of 4 (left), 5 (centre) and 6 (right). Triflate anions of 5 and
6 and all H atoms except for OH of 6 are omitted for clarity. Selected bond lengths [A]
and angles [°]: 4, Al1-01 1.739(1), 01-B1 1.322(2), N1-C8 1.383(2), N1-C1 1.530(2), N2-
€8 1.331(2), N3-C8 1.335(2), C1-B1 1.627(2), B1-01-Al1 151.3(1); 5, Si1-01 1.656(1), O1-
B1 1.344(2), N1-C1 1.536(2), N1-C8 1.394(2), N2-C8 1.326(2), N3-C8 1.337(2), C1-B1
1.632(3), B1-01-Si1 145.4(1); 6, 01-B1 1.349(4), N1-C8 1.378(3), N1-C1 1.550(3), N2-C8
1.345(4), N3-C8 1.338(4), C1-B1 1.626(4).

Since our aforementioned attempts with B(CsFs)s as Lewis acid were
unsuccessful, B(OCgFs)s, its more oxophilic congener, was reacted
with 2 in CgDg (Scheme 4). The reaction proceeded smoothly at 25°C
with formation of 1,3-benzaazaborole 7 as the major product (Figure
3). NMR spectroscopic analysis of the reaction revealed the presence
of a by-product, which upon heating for ca. 2 hours at 80°C became
the sole product. Characterization by NMR spectroscopy and SC-XRD
(Figure 3) confirmed the formation of 1,2-benzaazaborole 8, the
isomer of 7. While both isomers showed similar *H and 3B NMR
spectroscopic features, the 3C NMR spectra revealed marked
chemical shift differences for the quaternary carbons with 68.7 (7)
and 38.5 (8) ppm. Note that the 1,3-boroles 4 and 5 did not undergo
isomerization to the respective 1,2-boroles at 80°C. Puzzled by the
unexpected formation of isomer 8, we wondered whether acyl
borane 3 would also undergo skeletal rearrangements in the
presence of strong Lewis acids. In fact, treatment of B(OCgFs)3 with 3
at 25°Cin CgDg proceeded smoothly in quantitatively generating 8 in
solution. Note that the isomer 1,3-benzazaborole 7 was not detected
throughout the reaction suggesting the conversion of acyl borane 3
to 8 not to proceed via 7.
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Scheme 4. Reactions of 2 and 3 with B(OC4Fs)s.
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Figure 3. Solid-state structures of 7 (left) and 8 (right). All H atoms are omitted for clarity.
Selected bond lengths [A]: 7, 01-B1 1.332(2), 01-B2 1.455(2), N1-C8 1.385(2), N2-C8
1.336(2), N3-C8 1.334(2), C1-B1 1.616(2), N1-C1 1.534(2); 8, N1-B1 1.478(2), O1-B1
1.329(2), 01-B2 1.446(2), C1-B1 1.613(2), N1-C8 1.380(2), N2-C8 1.336(2), N3-C8
1.328(2).

The ability of 3 to undergo CO bond cleavage, prompted us to
investigate interactions with other electrophiles (Scheme 5). B(C¢Fs)s
and Al(CgFs); reacted smoothly with 3 at 25°C to generate 1,2-
benzazaboroles 9 and 10, resp. Also MesSiOTf, MeOTf, and HNTf,,
upon reacting with 3, resp., at 25°C caused the CO moiety to be
cleaved smoothly providing the 1,2-benzazaboroles 11-13 in good
yields. 13C NMR spectroscopic analysis of the isolated 1,2-
benzazaboroles 9-13 revealed singlets of the quaternary azaborole
ring carbons ranging from 38-42 ppm, similar to what was found for
8(5=138.5 ppm). A broad singlet in the 'H NMR spectrum at 7.76 ppm
and broad absorption in the IR spectrum at 3303 cm™ confirmed the
presence of an OH group in 13. The SC-XRD data of 8, 10, and 12
(Figures 3 and 4) confirmed the connectivity of the 1,2-
benzazaborole structures and revealed full cleavage of CO with the
formation of two new C-C bonds. The central boron atoms adopt
trigonal planar geometries, and the most notable bond parameters
are the relatively short B1-01 bond lengths for 8 [1.329 A] and 10
[1.316 A], which are relatively close to reported distances for Lewis
acid stabilized B=O double bonds ranging from 1.29-1.33 A.1°
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Scheme 5. Reaction of 3 with electrophiles.
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Figure 4. Solid-state structures of 10 (left) and 12 (right). All H atoms are omitted for
clarity. Selected bond lengths [A]: 10, N1-B1 1.510(2), 01-B1 1.316(2), 01-B2 1.478(2),
C1-B1 1.622(2), N1-C8 1.370(2), N2-C8 1.333(2), N3-C8 1.340(2); 12, 01-C21 1.436(3),
01-B1 1.349(3), N1-C8 1.398(3), N1-B1 1.441(3), N2-C8 1.327(3), N3-C8 1.327(2), C1-B1
1.614(3).

In summary, we report the facile cleavage of the carbon monoxide
triple bond mediated by an intramolecular FLP featuring a strongly
donating guanidino unit. This FLP system is capable of strongly
binding to CO to form a remarkably stable FLP-CO adduct, which at
120°C isomerizes via CO migration to an acyl borane. Both
compounds, FLP-CO adduct and acyl borane smoothly react with
strong organic and organometallic electrophiles to selectively form a
range of new 1,2-and 1,3-benzazaborole salts in excellent yields.
Given that carbon monoxide is an inexpensive and readily available
C-1 source, CO bond cleavage offers an alternative and promising
approach toward the targeted design of organic and organometallic
molecules and materials as highlighted by the one-pot synthesis of
borinic acid 6.2° We are currently working to extend the scope of this
new transformation to B/N heterocycles with other substituents at
boron and nitrogen.
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