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ABSTRACT: Three-member ring boracyclopropanes (bori-
ranes) with N-heterocyclic carbene substituents were prepared
by a recently discovered route. H-atoms were selectively ab-
stracted from the boron atoms by t-butoxyl radicals and this
enabled boriranyl radicals to be detected and characterized by
EPR spectroscopy for the first time. Their EPR parameters
indicated they had planar n-character. From competition ex-
periments the rate constant for H-atom abstraction was deter-
mined and found to be about two orders of magnitude less
than for NHC-boranes. The B—H BDE of an NHC-borirane
was estimated to be about 95 kcal mol=.

Borirane is the nuclear analog of cyclopropane in which a BH
group replaces a CH2 group to give a “boracylopropane”’. Bori-
ranes are rare but recently severa preparative routes to Lewis
base stabilized boriranes have been described. In particular,
Braunschweig® and Wang? reported several stable N-heterocyclic
carbene subgtituted boriranes prepared from akenes. Further-
more, some of us discovered a direct synthetic route by means of
double hydroboration of acetylenedicarboxylate esters with NHC-
boranes.® The accessibility of these types of functionalized bori-
ranes opens the door to generating and spectroscopically charac-
terizing hitherto unknown three-member ring boriranyl radicals.

Figure 1 shows the parent structures of three-member ring radi-
cals centered on carbon, nitrogen and boron. The cyclopropyl
radical is the archetype, and Fessenden and Schuler’s classic EPR
study revealed that these are o-radicals with bent tetrahedral cen-
ters.~ Cyclopropyl radicals differ from most other akyl radicas,
which have planar n-character. Subsequent research showed that
their pyramidal structure engenders stereoisomers,- and that they
are thermodynamically less stable than methyl radicals.” Almost
the only other heteroatom-centered, three-member ring radicals to
be characterized are N-centered aziridinyls. In conspicuous con-
trast, these were found to be planar n-character radicals resem-
bling other sec-aminyl radicals.
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Figure 1. Structuresof parent three-member ring radicals

Boron is the atom immediately to the left of carbon on the Pe-
riodic Table so its derived radicals are of fundamental interest.
Boron has a valency and electronic structure that could support
either a five-electron boriranyl radical or Lewis base complexed,
seven-electron boriranyl radical. Despite their importance, bori-
ranyl radicals are unknown; apart from a computational study.
Here we report the first boriranyl radicals, generated as complexes
with N-heterocyclic carbene Lewis bases. The radicals are char-
acterized by EPR spectroscopy, caculations and competition
kinetics.

The NHC-boriranes 3a,b were obtained as the major products
from reactions of 1,3-diarylimidazol-2-ylidene boranes 1a,b with
dimethyl but-2-ynedioate 2 (dimethyl acetylenedicarboxylate) in
MeCN at 80 °C (Scheme 1) as described previously.® Pure sam-
ples of 3a,b were isolated by automated flash chromatography,
then recrystallized.

Previous research with NHC-boranes (NHC-BHzs) has shown
that H-atoms are selectively abstracted from the BHs groups by t-
BuO- radicals photochemically generated from di-t-butyl perox-
ide (DTBP).” Hydrogen atoms are generally bonded very strong-
ly to three-member rings®!" so it was not preordained that t-BuOs
would selectively remove the (B)-H atoms from compounds 3.
Alternative sites for attack by t-BuQOe include the benzylic hydro-
gen atoms of the N-aryl groups and the hydrogens of the methyl
esters.

Scheme 1. Preparation of Test NHC-Boriranes
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NHC-borirane 3a was sparingly soluble in t-butylbenzene.
When solutions of 3a and DTBP in this solvent were UV irradiat-
ed in the resonant cavity of a 9 GHz EPR spectrometer only the
spectrum of the neophyl radical (PhCMexCHz¢) was observed at
rt.'! Similarly, irradiation of suspensions of 3a in neat DTBP
afforded only radicals derived from DTBP. These results gave an
early indication that the B-H bond of 3a was not markedly weaker
than the primary C-H bonds of PhC(CHs3)s.

NHC-borirane 3a (10 mg, 0.018 mmol) and DTBP (0.02 mL)
were then dispersed in benzene (0.5 mL) and the suspension was
sonicated. A 0.2 mL sample was transferred to a quartz tube (0.4
mm dia) and de-aerated by bubbling nitrogen for ca. 15 min.
This tube was irradiated in the resonant cavity of the EPR spec-
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trometer with unfiltered light from a 500 Watt high pressure Hg
arc lamp. EPR spectrawere scanned repeatedly at 280 K; the sum
of 150 such scans is displayed in Figure 2. A large broad centra
feature, most likely due to radicals trapped in the solid particlesin
the dispersion, was removed by digital filtration.

Figure 2. CW EPR Spectrum During UV Irradiation of 3a
and DTBP in PhH.

Two radicals are clearly present in the resulting spectrum. The
prominent quartet labeled “m” [a(3H) = 22.6 G] is due to methyl
radicals derived from B-scission of the initial t-BuOe radicals.
The best fit of the spectrum (R = 0.912) was obtained with Me»
(22 %) plus a second radical (78 %) with the EPR parameters
listed in Table 1.

Table 1. Experimental and Computed |sotropic EPR Pa-
rameters of Boriranyl Radicals.?

Radical E/I_Eror gfactor a(!B) a(@N) a(@H)  a(2H)
4a 280 20029 864 423 118 133
4a DFT1P 602 343 1270  -117
4a DFT2° 1181 408 1181  -1.23
4ps 280 20028 85 40 114 14
4b DFT3® 525 348 1204 122
4b DFT2° 1121 390 1125  -121
6f 300 20028 7.3 40  114H% 10

aHfsin Gauss. P DFT1 = UB3LY P/epr-ii//6-31+G(d,p). ¢ DFT2
= UB3LYP/6-31+G(d,p). 9 Tentative data: see supporting infor-
mation. ¢ DFT3 = UB3LY Plepr-iii//6-31+G(d,p).  comparision
radica 6 from H-abstraction  from  (1,3-bis(2,6-
diisopropylphenyl)-1H-imidazol-3-ium-2-yl)trihydroborate 5; see
ref. 9.

Scheme 2. Generation of Boriranyl Radicals®
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a) Conditions: UV irradiation of solutions of DTBP and 3 in
PhH at 280 K.

The mesityl-NHC-borirane 3b was even less soluble in PhH
than 3a, so the spectrum obtained from a sample of this, irradiated
with DTBP, was extremely weak. However, a tentative analysis
of this spectrum (see Supporting Information) yielded EPR pa-
rameters similar to those from reaction of 3a (see Table 1).

The EPR parameters obtained for the major species from each
experiment are appropriate for boriranyl radicals 4a and 4b
(Scheme 2). The EPR spectra from 4a,b decayed instantly on
shuttering the UV source so it follows both are transient, short-
lived species. This contrasts with dipp-NHC-BH2e radicals such
as 6 that show significant persistency.® The a('B) hyperfine
splitting (hfs) from 4a,b and hfs from the N- and H-atoms of the
NHC rings are, however, quite similar in magnitude to that of
dipp-NHC-BH2¢ (see Table 1). This supports the identification of
4 and suggests that the configurations around the B-atoms of the
two types of radical are similar planar n-type structures. Compar-
ison with amine-boryl radicals such as MesN-BH2+ also supports
this conclusion. Amine-boryl radicals are o-type radicals, pyram-
idal at the B-atom, and they have much larger a(*B) hfs [51.3
G]'2.

The DFT!” computed structure of 4a and the associated SOMO
are depicted in Figure 3 with hydrogen atoms omitted. The B-
atom forms part of a 3-member ring with all internal angles close
to the equilateral 60°. The 3-member ring and the NHC-ring are
nearly coplanar (dihedra « CNBC = 10.8°) and the main SOMO
density consists of a n-system spanning the B-atom and the NHC-
ring. Because of the high spin density on boron, 4a is aptly de-
scribed as a NHC-conjugated boriranyl radical (as opposed to a
boron-substituted NHC-radical). The EPR hfs, computed with
two DFT basis sets, are listed in Table 1 and agree reasonably
well with the experimental values.

Figure 3. DFT Computed Structures and SOMOs of NHC-
Boriranyl 4a, 1-Phenylcyclopropyl & Archetype Boriranyl
Radicals

The NHC-borane radical 6 was shown to have a n-system simi-
lar to that of the benzyl radical.!” The analogous model for NHC-
borirane 4a is the 1-phenylcyclopropyl radical, the DFT computed
structure and SOMO of which are aso in Figure 3. 1-
Phenylcyclopropyl is a planar n-delocalized radical; the Ph ring
suppresses the o-character associated with the cyclopropyl radica
itself. The n-system of 4a is very similar to that of the 1-
phenylcyclopropyl radical (Figure 3) with the NHC ring taking
the place of the Ph ring. Possibly this is an indication that in 4a
the NHC group suppresses c-character that would be present in an
unsubstituted boriranyl radical. The structure and SOMO of the
archetype unsubstituted boriranyl radical c-C2H2B* were therefore
also computed (Figure 3).!” These do indeed show a large o-
orbital associated with the B-atom. The huge computed EPR
a('B) for c-C2H2B* of 218.9 G was further indication of its o-
character.

The EPR experiments qualitatively show that H-atom abstrac-

tion from the NHC-boriranes 3a,b by t-butoxyl radicals is consid-
erably dower than from NHC-borane 6. To quantify this step,
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competition experiments were carried out with 2-methoxy-2-
methylpropane (t-BuOCHs); a substrate expected to be of compa-
rable reactivity to 3a. EPR spectra containing signals from radi-
ca 4a and the t-BuOCH?2* radical were obtained. From the EPR
spectra of solutions containing known concentrations of 3a and t-
BuOCHSs the ratio of the two radicals was determined and the
results were averaged (details in the Supporting Information). The
ratio kn(3a)/kn(t-BUOCHS3) = 2.24 at 280 K was then obtained by
the method described prevously.® Arrhenius parameters for ku(t-
BuOCH3s) were published by Roberts and co-workers,'" and
hence the rate constant for H-atom abstraction from borirane 3a
by t-BuOe radicals was found to be:
kn(3a) = 1.3 x10° M~1s? at 280 K

Comparison of this with the two independent determinations of
the rate constant for H-atom abstraction from NHC-borane 5, i.e.
ku(5) = 9.5 x 107 and < 1.4 x 108 M1s at 293 K,%!" shows that
abstraction of the (B)-H atom from the 3-membered ring is 2
orders of magnitude slower than from (B)Hs. The kn for H-atom
abstraction from secondary CHz in an n-alkane by t-BuOe is~ 1 x
108 M-1st,!P H-abstraction from cyclopropane is known to be
dower than this. It follows that the borirane (B)-H is somewhat
more reactive to H-abstraction than is cyclopropyl-H.

An estimate of the bond dissociation energy (BDE) of B-H in
3a can be obtained by applying an Evans-Polanyi (E-P) type rela
tionship. A plot of the logarithms of published rate constants for
H-abstraction from various substrates'® vs. the corresponding
X—H BDEs produces the following E-P relationship (see Support-
ing Information):

BDE(X-H)/kcal mol =-3.373 x log(kn) + 116.04

Use of this equation with kn(3a) furnished an estimate of 95.5
kcal mol* for the BDE of the B-H bond in the NHC-substituted
borirane 3a. Use of this E-P relationship with kn for NHC-borane
6 (see above) afforded a B-H BDE of 88.6 kcal mol in close
agreement with the previous estimate® of 88 kcal mol=. This
adds confidence to the validity of the estimates.

The computed BDE of the B-H bond in MeB—-H is 104-105
kcal mol=.2" Comparing this to the BDE of [1, NHC substitution
reduces B—H BDESs by about 16 kcal mol=t. Likewise, the NHC
substituent in 3a probably reduces its B-H BDE by a comparable
amount. If so, then the B-H BDE of unsubstituted borirane itself
(C2HsB) would be about 110 kcal mol=t. Thus, B-H bonds in 3-
member rings would be ~5 kcal mol= stronger than in straight
chain boranes. This makes good sense because the C-H BDE of
cyclopropane (106.3 kcal mol) is also ~5 kcal mol stronger
than that of straight chain hydrocarbons.

H-Atoms were indeed selectively abstracted by t-butoxyl radi-
cals from the recently prepared NHC-ligated boriranes 3. This
enabled NHC-boriranyl radicals to be experimentally observed
and spectroscopicaly characterized for the first time. This re-
vealed them to be planar n-type species resembling 1-
phenylcyclopropyl radicals. From competition experiments, ab-
straction of (B)-H from NHC-boriranes turned out to be about 2
orders of magnitude sower that (B)-H abstraction from NHC-
boranes. Thus the B—H bond in a 3-member ring resembled the
C-H bond in being stronger than in open chain analogs.
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