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ABSTRACT: The search is on for stable isolated borylenes.
Potential roles in modern synthetic chemistry for boron analogues
of carbenes continue to motivate interest in locating them. Using
density functional and ab initio methods, we posit and examine the
thermochemistry, and chemical bonding, including aromaticity, of
several classes of 5- and 6-membered borylenic rings. In these
systems, cyclization relies on dative bonding (ouroboric coordina-
tion) and 7 donation to a monovalent boron center from an
adjacent O center. Certain neutral five-membered rings (hetero-
cyclic cyclopentadienyl analogues) in particular are found to exhibit
exceptionally strong preferences for the singlet multiplicity, each with singlet—triplet (S—T) gaps in excess of 40 kcal'mol™". The
singlet five-membered rings with the largest S—T gaps and some of the six-membered rings show evidence of weak aromaticity.
Relationships of the form N = A" in line with Gordy’s and other functions linking bond order, N, and covalent bond length, are
identified for dative B«~O contacts, r, reinforced in rings by z-delocalization.

B INTRODUCTION

What are the necessary conditions for borylene stability? The
implicit analogy between carbenes, :CRR’, and neutral
borylenes as well as boryl anions (systems such as :B—R and
:BRR'", respectively)'~ motivates the ongoing search for
stable borylenes. This is not just because of the evident
electronic analogy between carbenes and borylenes, but
current difficulties in preparing (not to mention bottling)
neutral borylenes reminds us too of the initial difficulties in
finding stable carbenes.*”® That the barriers to the latter were
eventually overcome’ offers hope to some that thermodynamic
stability and kinetic persistence may be achievable for
borylenes as well. But boron is not carbon, and the path to
stable borylenes is evidently not straightforward.

Several simple free borylenes, such as :B—R for R = H,*°
F'“'"" CL'" Br,”® L'* and Ph,"° have been examined
extensively, some having been identified decades ago.'®**
“Note on the Spectrum of Boron Fluoride” was published in
1935,> for example, and referenced two slightly earlier and less
successful (ultraviolet) spectroscopic studies of BF.**** Those
investigations were motivated in part by the already extensive
data available on the isovalent CO and N, molecules, but
unlike N,, BF and other simple :B—R molecules tend to be
unstable and have been detected and probed primarily in the
gas phase or in inert matrices.*”>**"*’

Borylenes may be trapped, however, as ligands coordinated
in some way to metal, M, and other atomic centers in M=B—
R*7 or M«<B—R*"** type complexes, and there has been
impressive progress in those general directions.”**** A related
and equally intriguing class of borylene complexes are those in
which a BR fragment is stabilized by donation into one or both
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of the empty orbitals on the B center.”””>™** The growing
interest in the fundamental properties of borylenes has been
followed closely by efforts to identify (both experimentally and
computationally) practical applications of neutral borylenes
(and boryl anions®) in chemistry. Areas of progress along those
lines include the activation of chemical bonds (including C—H,
and C—C bonds)"**~* and boron-mediated CO activation
and N, fixation (for example, see refs 38 and 44—S1 and
references therein). The compounds that have found success in
such experimental applications beyond the gas phase, however,
are typically terminal metal complexes with coordinated
borylenes (M=B—R), as distinguished from free borylenes
(:B=R),* due to the high and rather indiscriminate reactivity
of the latter species.

Yet, the dream is alive. Despite earlier disputes about
mechanisms invoking methylborylene (obtained using
CH,BBr, with CgK or Na/K) as an intermediate in addition
and C—H insertion reactions,'’ reliable evidence is available
for borylenes as reactive intermediates.”*"*?*>*>> And the
search for more stable free borylenes is yielding already some
interesting computational insights: Lu et al. investigated the
electronic structures of several model :B—R species stabilized
by intra- and intermolecular coordination to N lone pairs or
carbenes,”* and Bharadwaz and Phukan identified tricyclic N-
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heterocyclic borylenes with singlet—triplet energy (S—T) gaps
of up to 30 kcal'mol™.>> The latter systems featured a central
six-membered (C;NBN) ring flanked (along the C—N bonds)
by two fused four-membered ylidic rings, with a covalent N—B:
bond and a ¢ dative :B«N bond in the six-membered central
ring.

We have been interested more recently in spontaneous
ouroboric cyclization by dative bonding, where one end of a
chain latches on to the other without breaking o-bonds.’**’
There are established experimental instances of B«O o-
bonding as a driver for self-healing in polymers (see refs S8 and
59, for example) and ring closure by boron(III)<—oxy6%en
dative bonding has been demonstrated repeatedly as well.”>°’
We propose in this contribution a series of neutral singlet
monocyclic borylenes based on an ouroboric B(I) <O bonding
motif. Large singlet—triplet gaps, several in excess of those
mentioned previously for N-heterocyclic borylenes, are
achieved by ¢ donation from an oxygen center to a boron(I)
center supported by some n-delocalization in five- and six-
membered rings. A (4n + 2) Hiickel number of electrons
confers in some cases a certain degree of aromaticity on the
minimum energy borylene rings.

B COMPUTATIONAL METHODS

We considered at the outset several unprecedented bonding
motifs for neutral five- and six-membered borylene type rings.
To identify the candidates that were most viable electronically
as singlet cyclic borylenes, structural optimizations and
harmonic vibrational frequency analyses were completed
using the B3LYP®* method (with the ultrafine grid as defined
in the Gaussian 09 suite of programs®’) paired with the
correlation-consistent triple-{ (cc-pVTZ)®* basis sets. That
level of theory allowed us to make contact with earlier
calculations on borylenes,”* but the systems that persisted as
singlet cyclic borylenes after that optimization were then
reoptimized at the B3LYP-D3BJ,**%>%° M06,°” M06-2X,°’
®B97XD,” and MP2(full)**”° levels of theory along with the
same basis sets. For the latter persistent ring systems, all
subsequent analyses have been carried out at the wB97XD
level, accounting more reliably (relative to the B3LYP method)
for dispersion.

Structural optimizations and frequency analyses have been
carried out at the CCSD(T)”" level as well for certain small
model borylene, carbene, and analogous reference systems.
Those calculations (and experimental data in some cases)
provide a basis for assessing the reliability, for instance, of
singlet—triplet energy gap values obtained herein using some of
the other less computationally intensive methods. The
planarity, stability, and 7z electron counts in several of the
optimized borylenic ring systems examined implies &
delocalization in those species. Aromatic stabilization energies
(ASE)”” and nucleus independent chemical shift (NICS)”*
calculations have been performed to evaluate the aromatic
character of the rings. We report, specifically, scans of the zz-
tensor components of the NICS (NICS,,), which are
considered to be reliable indicators of aromaticity for small
ring systems.”* NICS scans that extend from the ring centroid
to 10.0 A in 0.2 A increments above and below the best-fit
plane for the ring of atoms have been generated. It was
necessary to locate the best-fit plane and to carry out this
assessment in both directions since, in some cases, the rings
were not completely flat or branching substituents reduced
symmetry. Representations of molecular structures and
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molecular orbital pictures in this work were obtained using
the GaussView’> and Chemcraft’® programs. Unless stated
otherwise, as in the case of any transition state structure, all
structural data are for minima, confirmed by vibrational
frequency analyses to have no imaginary frequency at the
relevant level of theory.

B RESULTS AND DISCUSSION

Borylene Considerations. We have examined a set of 72
cyclic borylenic systems based on eight proposed five- and six-
membered heterocyclic ring frameworks. The systems that we
considered, as summarized in Figure 1, have at least one valid
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Figure 1. Seventy-two candidate cyclic structures considered in this
work.

cyclic aromatic resonance form in which the ring is closed by a
dative (coordinate covalent) ¢ bond between a monovalent
boron and an oxygen center, and that B«<O o-bond is
reinforced potentially by 7-delocalization around the ring.

In the ouroboric electronic arrangements in Figure 1, all four
of the valence orbitals of the nominally sp* hybridized boron
center are potentially involved in bonding (with a covalent B—
N o bond, a dative B«~O ¢ bond, a p orbital engaged in some
degree of 7 delocalization, and a lone pair). If such a resonance
form is dominant, the localization of the lone pair is expected
to be a prominent feature of each system.

As drawn in Figure 1, the rings are able formally to satisfy
Hiickel’s rule by engaging a pair of electrons on O and the two
double bonds in 1—5 (Figure 1) or a pair of electrons each
from the O and N centers in 6—8 along with the one C=C
double bond in those structures. Yet, there are any number of
other potentially competitive resonance forms and nonplanar
conformations for many of the classes of structures shown in
Figure 1, so it was understood at the outset that the proposed
rings may be unstable relative to alternative bonding
arrangements.

https://doi.org/10.1021/acs.jpca.2c04249
J. Phys. Chem. A 2022, 126, 5173-5185
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Table 1. Twenty-Eight Singlet Cases Where Cyclic Borylene-like (B3LYP) Minimum Energy Structures Were Located

(Indicated by a Tick)”

R | B R'\“/B‘\O/"‘2 R‘\N/BV\T/"‘2 R‘\N/é\o/Rz

P I O G N
R! | R? 1 2 6 7

a.| H| H v v v e
b.l H |CH; v v Distorted ¢ v v
c.| H [CF; * Chain ? * *
d.|CHs;| H v v v Ve
e.|CHs3|CH3 v v v v
f.|CHs|CF; * Chain ? * *C
g.|CF;| H v v’ Distorted ¢ v Ve
h.|CF;|CH;| v Distorted | v Distorted ¢ v v
i. |CF;3|CFs * v Distorted ¢ Chain ® e

“Key: (*) The ring opens up with an O—B interatomic separation that is larger than 2.5 A, but the structure remains planar, indicative possibly of a
weak van der Waals type interaction between the O and B centers in the chain. Compare to the O—B contacts in the other planar structures which
are less than 1.75 A at the B3LYP level. (a) Optimized structure is a distorted ring. (b) The ring opens to form a chain. (c) The O-R* bond is out of
the plane of the ring. (d) Of the nine 3a—3i systems, only 3b, 3d, and 3e optimized to give a closed planar (3d) or distorted (3b, and 3e) ring as a
minimum energy structure. No cyclic borylene-like structure was obtained for systems 4, S, or 8.

Ring Stability. To assess, therefore, the stability of all
seventy-two species (1—8, with R!/R? substituents a—i in
Figure 1), we carried out full (singlet) geometry optimizations
and frequency analyses at the B3LYP level of theory using
conformations shown in Figure 1 as the initial geometries. For
those starting structures, the rings were planar and the B«O
contacts were between 1.60 and 2.00 A, which is above the
sum of the covalent radii of B and O (0.85 A + 0.63 A = 1.48
A)”” but well below the sum of the van der Waals radii of B
and O (2.08 A + 1.40 A = 3.48 A).”® The B3LYP method
neglects dispersion interactions, but we are primarily interested
at the start of this assessment in dative bonds with substantial
covalent contributions, and in that regard the use of the B3LYP
method at this point offers an advantage for screening. We
have found no previous report on intramolecular borylenes
with B«~O ouroboric contacts, but the use of the B3LYP
method at this stage makes contact as well with previous
investigations on potential borylenic systems.”*

The outcomes of our initial optimizations were quite
instructive. Only the bonding motifs labeled 1, 2, 3, 6, and 7
in Figure 1 gave any minimum energy structure that retained a
cyclic (be it planar or puckered) arrangement for any of their
nine substituent combinations (a—i). System 4 generally
recyclized by breaking the O—N bond and establishing a B—N
bond—forming, thus, a five-membered heterocycle with a
terminal O—R? substituent on a trivalent B center in the ring.”’
Structure 4c is an exception: the O—N bond remains intact,
and the ring atoms remain coplanar, but the dative bonding is
disrupted—with the B---O separation opening up to lengths
>2.0 A (which, as we confirm shortly, is too long for any
significant B« O dative bond). System § tended to break apart
to release an H—C=N unit and a chain of the remaining
atoms, and system 8 opens up by breaking the O—N bond
completely and unfurling in such a manner that B forms a
covalent bond to —O—R* and becomes trivalent by forming a
C=B double bond opposite that B—O bond.

Some of the substituted forms of 1, 2, 3, 6, and 7 also
optimized to nonplanar structures as well at the B3LYP level
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(Table 1). Cases b, d, and e converged to cyclic minimum
energy geometries for series 3, though only d (where R! = CH,
and R* = H) remained planar. Case 3a, however, and all of the
series 3 species with R' or R = CF; opened up (at the O—B
bond when R* = CF; and at O—C otherwise).

In the other four promising categories examined (1, 2, 6, and
7; Table 1), the B3LYP planar rings were also disfavored when
R* = CFy; the optimized structures were either distorted
nonplanar rings, planar chains with exceptionally long O—B
contacts (>2.50 A, compared to <1.75 A in other rings), or
simple nonplanar molecular chains formed by an opening up of
the ring to leave no hint of any O—B interaction (see Table
1). We identify the various cases in Table 1, and we indicate as
well particular instances where the hybridization at the oxygen
center in 7 is such that the O—H bond (in 7a, 7d, and 7g) is
tilted somewhat out of the plane of the ring (see the “xyz” files
provided in the Supporting Information).

Overall, the borylene-like cyclic minimum energy geometries
for series 1, 2, 3, 6, and 7 were most stable for cases (a, b, d, e,
g and h) where R* = H, or CH;. Substituting for the —CF,
group at the O center is particularly destabilizing for the rings.
The substantial polarization of the electron density on O by
the electron-withdrawing —CF; substituent causes the O lone
pair to contract significantly and to become thus much less
available for coordination to B. In total, some 28 of the
structures were optimized in minimum energy cyclic geo-
metries, and those species are indicated by a tick in Table 1
with a footnote included for cases 3b, 3d, and 3e.

Borylene Multiplicity. We have focused so far on singlet
systems, and there is a great deal of evidence from simple linear
borylenes that the singlet forms tend to be more stable than
triplet alternatives,””** though triplet borylenes are not at all
unprecedented.*”>* To assess the multiplicity preferences and
the singlet—triplet gaps for all 28 of the optimized cyclic
species identified in Table 1, we reoptimized those minimum
energy structures as triplets at the same (B3LYP/cc-pVIZ)
level of theory (all without any geometrical constraint).
Additionally, we reoptimized the singlet B3LYP structures in

https://doi.org/10.1021/acs.jpca.2c04249
J. Phys. Chem. A 2022, 126, 5173-5185
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Table 2. Singlet-Triplet @B97XD/cc-pVTZ Free Energy Separations, AGs_1(298.15 K) = Ggipgiet — Guripler for Systems with
cyclic Singlet and Triplet Minima, Where the Singlet Is a Borylene-Type Species”
AGg_7(298.15K) /kcal-mol ™
R' R? 1 2 3 6 7

a. H H -2.39 3.32 - —20.80 —46.80

b. H CH; —1.64 3.96 —1.44 —19.23 —46.84

d. CH; H —4.58 0.66 —2.95° —20.05 —45.92

e. CH; CH; -3.49 1.41 —-2.92 —18.35 —46.20

g CF; H 0.70 6.56 - —17.64 —43.46

h. CF, CH, 1.88 7.35 - —16.38 —4343

i. CF, CF, - 10.66" - - -

“The singlet—triplet electronic energy difference (AEs_t), zero-point corrected values (A(E+ZPE) ¢_r), and enthalpies (AHs_1(298.15 K)) as
well are included in the Supporting Information. bDistorted singlet ring(s) at the @B97XD level. “The B«O contact in the triplet is quite long at

1.841 A, rendering the triplet system essentially an open flat chain.

Table 3. Singlet—Triplet Energy Separations, (AEg_y = E
with the cc-pVTZ Basis Set

singlet

— Egipler) for Series 7 Systems Using the Methods Listed along

series 7, AEg_r/kcal-mol™"

R! R? B3LYP B3LYP-D3BJ
a H H — -
b H CH, —46.5 —46.2
d CH, H - -
e CH, CH, —45.8 —45.7
g CF, H —43.4 —43.4
h CF, CH, —42.7 —41.9

“Energy calculation on a @B97XD optimized structure.

Mo6 MO06-2X wB97XD MP2(full) CCSD(T)“
- —46.4 —48.3 —48.8 =51.1
—47.0 —44.5 —48.2 —48.2 —49.9
- —45.5 —47.5 —48.1 —=50.0
—47.2 —44.2 —47.7 —47.8 —49.2
—45.7 —42.4 —44.1 —43.2 —46.5
—44.3 —40.8 —43.9 —42.9 —45.4

both the singlet and triplet states using the MP2(full) method
and the diverse group of density functional methods (B3LYP-
D3BJ, M06, M06-2X, and wB97XD) mentioned in the
methods section. The resulting data are included in the
Supporting Information (with coordinates in viewable “xyz”
files and energy data in Tables S1—S7). The singlet—triplet
(S—=T) free energy values (AGs_t = Ggpgier — Gisipler) Obtained
at the wB97XD level, which incorporates dispersion in a
coherent manner and more fully than the B3LYP method, are
included here as well (Table 2).

To afford ourselves and the reader some references for the
quality of the MP2(full) and density functional S—T gap data
for the rings, we computed S—T gaps as well for the
structurally simpler and computationally less demanding :BH,
:CH,, :NH,", and :SiH, species at the same levels of theory
mentioned above and at the CCSD(T)/cc-pVTZ level (see
Tables $8—S9). Experimental data are available for those small
species (see Table $S9)*°™® and we find that several of the
methods that we employed in this work provide S—T gaps
comparable to those obtained at the CCSD(T) level and from
experiment. Using the experimental data as our reference, we
find in fact that the density functional methods consistently
outperform the MP2(full) method in this regard. For :NH,",
for instance, with an experimental value of 30.1 + 0.2 kcal-
mol™ ** and a CCSD(T) value of 30.6 kcal-mol ™, the density
functional based methods return values within the range 33.1
< AGg_r/kcal'mol™ < 34.0 compared to 36.5 kcal'mol™ at
the MP2(full) level (Table S7).

Returning to the more involved ouroboric rings systems, it is
clear from the @B97XD data in Table 2, and the results shown
in the Supporting Information (Tables S1—S7) for other
methods, that several of the systems that we considered have
triplet rather than singlet minima. As for the simple cases
considered above, the MP2 method noticeably underestimates
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in some cases and overestimates in other cases the S—T gaps
relative to all of the other methods. This disagreement is
especially prominent in cases where the gaps are relatively
small, as in the case of series 2 (see Table S7).

Yet (excluding for the moment the MP2(full) values, which
return singlet preference in all cases (Tables S6 and S7)), the
density functional methods agree that the series 2 systems have
triplet ground states (with AGg_r close to zero in several cases
and generally less than 10 kcal'mol™). And the situation is
similar for cases where the R' = CF; for series 1 (i.e., 1g, and
1h). The other cases for series 1 and 3 are generally found to
prefer the singlet state, but with IAGg_l < 5.5 kcal'mol™ for
all of the density functional methods that we employed (Table
S7).

The singlet preference is unequivocal, however, and the
barriers are far more substantial for series 6 and 7. For the
former, AGg_r is between —14 to —21 kcal'mol™ by the
density functional methods, depending on the identities of R'
and R* (Tables 2 and S7), with some augmentation by 5 to 7
kcal'mol™ at the MP2 level (Table S7). And the situation is
even more remarkable for series 7 (Table 3)!

Those five-membered (series 7) ring systems show by far
the strongest preference for the singlet state (and, too, the best
agreement between the density functional and MP2(full)
methods); with —40 > AEg_/kcal-mol™' > —49 (Table 3; see
Table S7 for the corresponding AG values). We should
mention that the optimized triplet ring opens up in two cases
(7a, and 7d) for the B3LYP, B3LYP-D3B]J, and M06 methods,
but the ring persists in the other cases, and for immediate
comparison of the singlet—triplet gaps, we include herein the
AEg_r values (energy gaps without zero-point corrections) for
all of the relevant methods (Table 3). For comparison, we
include in Table 3 as well the computationally more
demanding CCSD(T) S—T energy gaps obtained for the

https://doi.org/10.1021/acs.jpca.2c04249
J. Phys. Chem. A 2022, 126, 5173-5185
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preoptimized wB97XD structures. Those CCSD(T) energies
are consistently a bit larger than the values obtained otherwise,
but even in that case, where the energies are between —45 and
—51 kcal-mol™ (Table 3), identical trends are observed in the
data; The singlet form is strongly preferred in all cases, and
AEq_r is largest for 7a and smallest when R, = CF; (7g and 7h
in Table 3). Of note, the magnitudes of the S—T gaps achieved
by these series 7 oxo-borylenes are surprisingly large compared
to that record values of ~—30.0 kcal‘mol™" obtained for (N-
heterocyclic) borylene rings posited in ref S5 (see Table S10).

Structure and Bonding. We focus, henceforth, only on
the series 6 and 7 systems. Both series feature a “N—B«Q”
fragment in the rings, have well-defined closed singlet rings for
all of the methods considered, and exhibit by far the largest S—
T gaps, with very strong preferences for the singlet multiplicity.

Unless stated otherwise, we include ®B97XD quality data in
the text, with results from other methods included in some
cases in the Supporting Information. We show in Table 4, the

Table 4. Key (wB97XD/cc-pVTZ) B—N, and B« O Bond
Distances of Singlet Borylene Rings for Series 6 and 7, All
with B<O < 1.72 A, and the Corresponding Wiberg Bond
Orders for B—N and B<O Contacts in Those Rings

bond distances, r/A

B—N B<O
R! R? 6 7 6 7
a H H 1.461 1.442 1.610 1.714
b H CH; 1.458 1.447 1.628 1.638
d CH; H 1.467 1.444 1.596 1.685
e CH, CH, 1.464 1.449 1.613 1.623
g CF; H 1.485 1.470 1.588 1.630
h CF; CH; 1.483 1.472 1.600 1.594
Wiberg bond orders, N
B—N B<~O
R! R? 6 7 6 7
a H H 0.853 0.921 0.465 0.407
b H CH; 0.852 0.920 0.441 0.443
d CH; H 0.813 0.887 0.478 0.427
e CH; CH; 0.807 0.882 0.452 0.452
g CF; H 0.784 0.826 0.479 0.465
h CF; CH; 0.779 0.821 0.457 0.472

computed B0 bond distances for the optimized series 6 and
7 ring structures. To be clear, we focus only on systems with
short B« O dative contacts (<1.75 A in Table 4)—systems in
which the geometries imply substantial charge transfers
between the O and B centers in the ring—and that criterion
is satisfied by all of the singlet rings that we have located for
both series 6 and 7.

For comparison with the structural data in Table 4, the
geometries of several simple complexes of small mono and
trivalent boron species (all optimized at the same (©B97XD/
cc-pVTZ) level) are reported in the Supporting Information
(Figure S1). The covalent B—C, B—N, and B—O bonds in the
simple molecules H,B—CH;, H,B—NH,, and H,B—OH are
1.554, 1.387, and 1.349 A, respectively. The short B—N and
B—O bond distances in those small reference molecules
compared to the B—C contact are explained of course not only
by the smaller atomic radii for N and O relative to C but also
by a significant double bond character in those B—N and B—O
contacts due to z-delocalization from N and O into the empty
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p orbital on boron. And that distinction from the B—C bond is
reflected too in slightly higher Wiberg bond orders (), which
are Ny_c = 0.98, Ng_y = 1.3, and Nj_g = 1.1. In contrast, the
B—N and B—O bonds in classical dative complexes H;B«
NH,;, and H;B<—OH, (Figure 2ab) are noticeably longer
1.647 and 1.719 A, respectively, with much smaller bond
orders: Ny, = 0.66 and Ng_q = 0.46.

H\ §H H\ y 1361 A - 16744
H\\\\\\' B<_N~ H\\\\\\' 84—0/ /\%BV}OHQ
H/ 1.647 A ” H/ 1.719A\H H,C”1.253 A

(@) ®) ©

Figure 2. Reference structures with dative ¢ B—O bonding and (in
part c) z-delocalization, to tri- and monovalent B centers (see
®B97XD structures in Figure S1). The bond energies (E(complex) —
E(base) + E(acid)) are —33.2 (B«<N), —16.6 (B«<0), and —5.7 (B«
0) in kcal/mol units.

Compared to the H;B«OH, dative bond, however, an
acyclic bonding arrangement that more closely approximates
the bonding arrangement at the B center in series 6 and 7
structures is the model borylene structure shown in Figure 2c.

In that system, the borylene center is covalently bonded to a
nitrogen atom and forms a dative B«~O bond, which has a
computed (wB97XD) bond length of 1.674 A and a Wiberg
bond order of 0.42 (compare to 1.719 A and 0.46 for H;B«
OH,). That system in Figure 2c lacks both the constraints,
cyclic arrangement, and putative cyclic 7-delocalization of the
series 6 and 7 structures, but unlike H;B<~OH,, it combines
both the covalent B—N ¢ bond and the B«N 7z delocalization
(likely with some however weaker B«~O 7 contribution as
well, though that is not depicted in Figure 2c).

Incidentally, the short B—N contact in the complex in Figure
2¢ (1.361 A), has a bond order in excess of unity (Np_y = 1.2),
and the recovery of a B—N double bond and a lone pair on B
from an NBO analysis (using the NBO 3.1 program as
implemented in G09%%) supports the claim that some z-
bonding is at work in stabilizing the system, as we expect to be
the case as well in the cyclic series 6 and 7 structures. Along
with the B—N and B«O bond distances, the corresponding
Wiberg bond orders in series 6 and 7 ring structures are also
included in Table 4. The B—N bonds in the rings are longer
(by as much as 0.12 A) and the bond orders are smaller (by up
to 0.4) compared to the model chain complex in Figure 2c
(where r5_y = 1.361 A and Nj_y = 1.2). This suggests that the
extent of any reinforcement of the ¢ bonding in the ring by z-
delocalization may be somewhat lower for series 6 and 7
structures than it is in the acyclic system in Figure 2c.

The B«O bonds in the borylene rings (Table 4) are all
shorter than the dative bond to the trivalent B center in H;B«
OH, (Figure 2b), but they are more comparable to the B«<O
bond in the acyclic borylene species in Figure 2c. As a point of
comparison, ry._o = 1.685 A and Nj_g = 0.43 for structure 7d
(Table 4) and ry_o = 1.674 A and Ny_o = 0.42 for the
structure in Figure 2c.

As is typical, the bond orders vary indirectly with bond
distance in both series 6 and 7. This is apparent from a
comparison of N and r in Table 4 and from the graphs of N vs
r in Figure S2. A closer analysis of the relationship between
rg—o and Np_¢ is provided in the Supporting Information to
preserve here the focus on the structure and frontier electron
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distribution in the rings. We should point out here, however,
that in addition to the N and r data in Table 4, we expanded
the data set by computing and including in that graph of N vs r
(Figure S2) cases where R' = F, Cl, Br, OH, CN, and COH as
well for R? = H, or CH; (see Table S11). We exclude R* = CF,
since, as we pointed out above, no stable cyclic form was
obtained at all for any series 6 or 7 structure with the CF;
substituent on O.

That larger N vs r data set falls rather neatly into categories
on the graph (Figure S2) based on the identity of R? and we
have added best-fit lines of the form N = A-+~" along with the
corresponding equations and coefficients of determination.
That functional form was considered and employed here since
it matches the data set well and is in line with the functions
proposed by Gordy and others for covalent bonds,**® but it
has not been applied before for ouroboric dative bonds. That
inverse form, where N is the bond order and r is the bond
distance suits as well the chemical meanings of N and r; N is
always positive over the range of possible r values, and it moves
rapidly to zero as r increases.

Borylenic Character of the Rings. NBO analyses
performed on the optimized ring systems recover unequiv-
ocally the anticipated lone pair on B, each with the substantial
occupancies shown in Table S. The existence of a lone pair on

Table 5. Populations for the Lone Pair on B in the Singlet
Cyclic Borylene Systems

lone pair orbital populations

R! R? 6 7
a H H 1.95 1.94
b H CH, 1.94 1.93
d CH, H 1.95 1.94
e CH, CH, 1.93 1.93
g CF, H 1.95 1.93
h CF, CH, 1.93 1.93

the borylene center is expected based on the Lewis structures
shown in Figure 1, but the results in Table 5 quantify the
extent of the orbital localization, and we show in Figure 3 the
key canonical frontier orbital that is dominated by the lone
pair.

The figure features, for each optimized ring in series 6 and 7,
the molecular orbitals in which the bulk of the electron density
is concentrated primarily at the boron site away from the ring.
For all of the series 6 and 7 ring structures, this orbital turns

out to be the highest occupied molecular orbital (HOMO).
The fact that the lone pair is the HOMO of the molecule
indicates that in these neutral cyclic borylenes this lone pair is
the site in the molecule that will be most readily engaged in
reactions by direct attack by electrophiles. The reactivity of the
rings is not examined in detail in this work, and some
distribution of the lone pair electron density from B onto the
adjacent carbon center is a characteristic of all of the rings
(Figure 3), but the substantial localization of the electron
density on the B center for these systems is clear from Figure 3
and from the high (lone pair) orbital occupancies in each case
(Table 5).

Aromaticity in Ouroboric B—O Cyclized Borylenes.
All 72 of the singlet ring systems represented in Figure 1 have
resonance forms that allow potentially for z-electron
delocalization. For series 6 and 7, this would involve a
combination of lone pairs on O and N that are perpendicular
to the plane of the ring, and the electrons of the C=C double
bond shown in the resonance structures for 6 and 7 in Table 1
and Figure 3. It is already clear from our results for series 1 to
8 that the specific position of the heteroatoms in the ring and
the nature of R' and R* are decisive for the stability and
planarity of the ring, and will influence the extent of any 7-
electron delocalization in them as well. Given that the singlet
state is an excited state for all of the series 2 and some of the
series 1 ring structures and that there is only a marginal bias
toward the singlet form for other cyclic species in series 1 and
3, we wanted to look more closely at the potential roles of
aromaticity in motivating the far greater preference for the
singlet state that we observe here for series 6 and 7.

We have not located any other investigation of ouroboric
borylene rings closed by B«O bonds. So, although high
symmetry is not necessary for z-delocalization, and all of the
series 6 and 7 rings are planar (except that the terminal O—H
bond in 7a, 7d, and 7g each tilt somewhat out of the plane of
the ring), the extent of any aromaticity in the rings and the
potential impact on structural stability remains unclear.

We employed two strategies for estimating the aromatic
character of the systems: the isomerization stabilization energy
(ISE) method for assessing aromatic stabilization energies
(ASE)—a suggestion from a reviewer—and the nucleus
independent chemical shifts (NICS,,).

Aromatic Stabilization Energy Analysis. The isomer-
ization stabilization energy (ISE) method for computing
aromatic stabilization energies’” assesses aromaticity by
disrupting the presumed 7z delocalization in a methyl-
substituted unsaturated ring by an isodesmic methyl—

Series/ Substituents

R!

RZ

R! B R?
~v \o/

1L

Figure 3. Semitransparent representations of the frontier molecular orbitals in the singlet rings for series 6 and 7 (each, incidentally, the HOMO)
that is dominated by the lone pair on B (the orbital pictures are oriented in the same ways as the structures shown on the far left above, with B at

the top and the O center on the right).
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Figure 4. Structural isomers considered for assessing aromatic stabilization energies (ASE) in singlet rings using the isomerization stabilization
energy (ISE) method. In several cases,* substitution and disruption of z-bonding in the ring, in the methylene isomers, led to ring opening.

methylene rearrangement that saturates a point on the ring. A
negative energy difference between the unsaturated ring and its
locally saturated isomer (by the definition, AE,g; = Eppethyi—
E petiytene < 0) implies some degree of aromatic stabilization of
the former. A simple example using benzene is shown at the
top in Figure 4, and we include in the figure the isomers that
we assessed for series 6 and 7 as well.

In each case, the two isomers considered are an (ostensibly)
aromatic, methyl-substituted, ring and the nonaromatic
methylene form. Unlike the benzene case, series 6 and 7
structures are unsymmetrical, so we had to consider both
substitution options about the C=C double bond.

This methyl-to-methylene isomerization is a structurally
invasive strategy for assessing aromaticity; however. it
mandates a degree of rehybridization at atomic centers
(introducing an sp® C and an exo-double bond on the far
right in Figure 4) and associated changes in the strain,
interatomic separations, and electron distribution in the ring.
For a covalently bound ring such as benzene, those changes do
not substantially compromise the integrity of the ring, but—as
it turns out—they can for ouroboric rings. For the rings closed
by B«O dative bonds in Figure 4, the substitutions are
destabilizing for several of the rings, especially for the series 6
compounds.

In both cases for series 6 (isomerization (Iso.) ii and iii in
Figure 4), the methyl-substituted rings remain planar and
closed, but the methylene forms open up at the B«~O bond
and planarity is typically sacrificed as well as the system relaxes
to a new minimum energy chain geometry. It was not possible
therefore to meaningfully assess ASE value for those species.
Without setting out to do so, therefore, our efforts here
demonstrate limitations to invasive strategies for assessing
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aromaticity in the cases where the ¢ framework is supported by
dative bonds (or even weaker interactions potentially such as
hydrogen or halogen bonds). More critically perhaps, it
highlights as well the challenge with preparing cyclic dative
species (including but not limited to borylenes) and modifying
them even at sites on the ring that are far from the site of the
actual dative bond.

For Series 7, a similar outcome is observed for the
methylene forms for Iso. iv, except for the cases where R' =
CF;. For Iso. v in Figure 4, however, where the methyl/
methylene substitution is one carbon away from the N center,
all of the rings optimized as planar cyclic structures with short
B<O contacts (<1.72 A), and the data are summarized in
Tables 6 and S12.

For an aromatic system, the expectation is that the value will
be negative by the definition we have used here for ASE,”* with
increasingly positive values as we move to a nonaromatic
arrangements and large positive values for unambiguously
antiaromatic cases (see the ASE values for benzene and
cyclobutadiene in Table 6). Our results in Table 6 indicate
thus that system 7 may be slightly aromatic—though only
marginally so relative to benzene. The asymmetry of the
electron density is reflected in the sensitivity of both the ASE
values and the stability of the substituted rings themselves to
the position (Iso. iv vs v) of the methyl/methylene
substitutions. The stability of these B<~O cyclized borylenes
is quite sensitive to the composition of the rings, including
local substitutions, and we say more shortly about potential
roles for electron-withdrawing and -donating groups for
maintaining or enhancing ring stability in these borylenes.

NICS Analysis. As we mentioned in methods section,
NICS,, data are a useful indicator of aromaticity, especially

https://doi.org/10.1021/acs.jpca.2c04249
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Table 6. (wB97XD/cc-pVTZ) Aromatic Stabilization Free
Energies (ASE = Eme,hy,-Eme,hy,m) for Isomerizations
Depicted in Figure 4 Where both the Optimized Methyl and
Methylene Forms Are Borylene Rings

methylene — met%'lyl ASE/kcal-

mol
R! R? 7 (Iso. (iv)* 7 (Iso. (v)

a H H - -2.5
b H CH, - -3.1
d CH, H - —09
e CH, CH, - —14
g CF, H -5.7" -32
h CF, CH, —47 -37
benzene —34.8°

cyclobutadiene 34.1

“In several cases, the methylene substituted structure optimized to a
nonplanar borylene chain. ®The methylene substituted structure for
“Iso. iv” g optimizes as a ring, but with a rather long B~ O distance of
1.727 A. “This benzene value has been corrected for the so-called
anti—syn diene mismatch by adding the difference in energy between
the 2-methyl-1,3-cyclohexadiene (syn) and 3-Methylenecyclohexene
(anti) as prescribed in ref 72.

when considered along an extension beyond the center of the
ring rather than at an isolated point at the center of or above
the ring. We have computed and plotted for all of the
optimized ground state singlet rings for systems 6 and 7 the z-
components of the nucleus independent chemical shifts
(NICS,,) (see Figures S and S3).

For each system, the x—y plane contains the centroid and
average positions of the five or six atoms in the ring, and the z-
direction is perpendicular to that plane. The NICS_, curves are
plotted from the centroid through to 10 A above and below
each ring in 0.2 A intervals. The bidirectional assessment is
redundant for completely planar species, but it is necessary for
planar rings with out-of-plane or polyatomic substituents—
including 7a, 7d, and 7g where the O—H bond is not in the
plane of the ring. Yet, we can already confirm (see Figure S)
that this out-of-plane displacement of the terminal O—H bond
or other such features has relatively little impact on the
symmetry of the NICS_, curves. For comparison with the
borylene data, we include in Figure 5 the NICS,, curves for
both benzene and cyclobutadiene, quintessential examples of
aromatic and antiaromatic compounds, respectively.

The series 6 structures each yield nearly identical NICS,,
curves, all consistent with weakly- to nonaromatic character.

Cyclobutadiene

NICS,, / ppm

Distance from Ring Centroid / A

1 2 3 4

b

NICS,, / ppm ., 4

- - L L Benzene
-11-10 9 -8 -7 6 -5 4 -3 2 -1 0 1 2 3 4 5 6 7 8 9 10 11
Distance from Ring Centroid / A
= 13 . - .
&n AN WL & R ° R?
= N (o) = S~ AN ~
N9 N N O
%) %)
IS l S
z. X _-BH z. —

Distance from Ring Centroid / A

& = 9 10 11
Class 6 Class 7
b o b .
29 d e d e
4 g i ¥ s
15+ h e -15 1 h e
| a.| b.| d. | e. g. h.
R'[H| H |CHs[ CH; | CF; | CF;
R2|H|CH;| H [CH;| H [CH;

Figure 5. (wB97XD/cc-pVTZ) NICS,, plots for cyclobutadiene, benzene, and optimized singlet rings of 6 and 7.
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Table 7. (WB97XD/cc-pVTZ) Energy, and Free Energy Differences, AG

(298.16K)= Gy~ Gepainy between the

chain—rin,
Reference Borylene Chains” and the Ring, Where All Values Are in kcal'mol_lg
a | b | d e g | h a | b | d e g h
R! > H | H |CH;3|CHs|CF; | CF; R!' > H | H |CH;3|CHs|CF; | CF;
R*> H |CH3| H |CH;| H |[CH; R? > H |CHs3| H |CH3;| H |[CH;
Series 6 (Chain)’ Series 6 (Chain)?
OR?AE|-5.18-6.17-3.85]-4.69-4.40|-5.24 H AE[-2.54/-2.32}-3.20|-3.43|-4.19-4.08
| /\/ —OR?
BH .~
R"N/§/ RAI\_]
B AG|-0.87|-1.89|-0.77|-1.60|-1.35|-2.44 :g AG|0.76]0.85-0.11|-0.42|-1.25[-1.34
B 8
Series 7 (Chain)?| Series 7 (Chain)?
0—R? [AE[0.52]-2.33|1.83|-1.02|0.87|-2.55 R AE|[1.09[-0.75[2.44|0.59|1.52]-0.73
J— o]
N_/ —/
o 2 AG|{2.06|-0.23[3.10(0.65|1.84-0.91 Pl AG|2.4010.24|3.46(1.06(2.29(-0.37
8 g3

“Key: (a) Chains generated by optimizing the E isomer (obtained by breaking the dative B«~O bond and rotating about the C=C double bond in
the ring). (b) Alternative chains optimized starting from an isomer modified by a reorientation at the O end of the chain.

Reaction Coordinates
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Figure 6. Combination of two internal reaction coordinate (IRC) paths that, together, take us from the ouroboric ring (IRC (b) on the right) to a
simple chain (IRC (a) on the left) for singlet structure 6a. The end of one IRC path and the start of the other is the same shallow intervening
minimum. The higher transition structure is used as the reference (E = 0).

The profiles for this set of molecules are midway between
those of cyclobutadiene and aromatic benzene, but with
negative NICS_, values at and beyond 1 A, and an extremum at
~—7 ppm compared to —30 ppm for benzene. A substantial
modification to 6, however—i.e. eliminating the B—H
fragment, which increases ring strain but reduces the ring
size without changing the m-electron count—gives system 7,
and enhances aromaticity noticeably. Those planar five-
membered ring structures (system 7; Figure 5), exhibit by
far the greatest degree of singlet stability of all of the rings that
we considered (see Tables 2 and 3), and are unequivocally—to
the extent that the NICS_, is an adequate measure—the most
aromatic singlet cyclic borylenes identified in this work.

To date, no isolated cyclic borylene has been prepared
experimentally—neither singlet nor triplet, neutral, or
otherwise. We consider some of the species examined and
proposed herein to be worthy candidates for consideration as
possible synthetic targets in the exploration for stable aromatic
singlet borylenes. Of note, the system 7 singlet bonding motif,
though strained and sensitive to substituent choice, manages in
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several cases a massive singlet—triplet gap and offers up some
evidence of aromatic stabilization as well (Figure S).

Other Considerations I: Competing Chain Forms.
There are many possible local chain-type isomers that can be
envisioned for the ouroboric rings considered here, if the
dative B«~O bond is disrupted. One such isomer may be
generated for series 6 and 7 structures by breaking the dative
bond and carrying out a Z to E isomerization about the C=C
double bond. We do not undertake an exhaustive scan of the
potential energy surface, but we consider here the ring
formation energy starting from that E isomer (on the left in
Table 7) as well as another case that is a simple chain rotomer
(on the right in Table 7; with coordinates included in the
Supporting Information), and the resulting energies are shown
in Tables 7 and S13.

We find that the rings are generally separated from the
unstrained chains by a few kcal-mol™', with differences in the
relative stability of the chain and the ring depending on the
identities of R' and R% Notable, there is a general preference
for the ring form for series 6. As we noted at the outset,
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Table 8. Impact of Bulky Substituents on Bond Distances (in A Units Obtained at the (#B97XD/cc-pVTZ) Level) in Series 6

and 7 Singlet Rings”

R! F CF, CH, tert-butyl Ph H Ph

R? tert-butyl tert-butyl tert-butyl tert-butyl tert-butyl tert-butyl Ph

series 6 B-N 1.445 1.474 1.456 1.470 1.467 1.448 1.471

B<O 1.571 1.605 1.649 1.588 1.624 1.669 1.674

series 7 B-N 1.438 1.465 1.440 1371 1.380 1.381 1.408
B<O 1.615 1.612 1.682 (3.223)° (3.164)" (2.809)“ (2.637)"

“Certain structures open up at the B0 bond (“Open” is defined here as having a B---O separation in excess of ~1.75 A, especially—as is the case

here—if that structure is so distorted as well that planarity is lost.).

however, several of the ring motifs considered (such as series §
and 8) are quite unstable relative to chain forms. For the series
7 systems, the rings are competitive minima, but 7h—with the
electron-withdrawing R' and electron-donating R* fragments
(CF; and CHj, respectively)—is the only case for that series
where ring formation is exergonic relative to the chain isomers
considered.

We have been unable to trace (in a single transit) complete
paths from the chain forms to the rings by internal reaction
coordinate (IRC)*” analyses, even for series 6, because of
the high barrier to rotation about the double bond and
intervening chain-like minima associated with other rotations
about other single bonds in the chains. We have had success,
however, in assessing the nature of the barriers separating the
simplest series 6 ring, 6a, from a shallow local minimum en
route to a chain form (far left in Figure 6) and, separately, the
rest of the path from that local minimum to the ring (far right
Figure 6).

IRC calculations typically do not afford a full optimization of
the end points on the paths, so the relative energies of the
transition structures of both IRCs are used to position the
curves on the graphs, using the higher energy transition
structure as reference (E = 0 in Figure 6). The final chain
structure on the left in Figure 6 is indeed to the E isomer for 6a
on the left in Table 7. So, the ring formation or cyclization
energy computed for 6a (—S5.18 kcal'mol™ in Table 7) is
consistent with the energy difference between the chain and
ring ends of the composite energy profile in Figure 6.

Other Considerations Il: Bulkier Substituents. A
reviewer asked, not unreasonably, about a possible role for
bulky substituents. It is well-known that bulky substituents can
protect carbenes and other weaker or potentially reactive
centers in molecules, such as dative bonds. We know that for
certain Arduengo carbenes, bulk is not crucial to stability,*” but
no information is available on that count yet for ouroboric
cyclic borylenes such as those introduced here, and we have
already pointed out in previous sections the relative sensitivity
of some of the series 6 and 7 rings to perturbations, even to
local substitutions. We have examined thus a number of
substituted series 6 and 7 rings, all confirmed as minima
through vibrational frequency analyses, with bulkier (tert-butyl,
and phenyl) substituents at the R' or R* positions (Table 8).
We identified earlier the need for electron-donating sub-
stituents at R* for ring stability, hence our choice of the tert-
butyl group. But we consider the less electron-donating —Ph
group as well, and we use the chance to assess too the influence
of the simple electron-withdrawing F substituent at R'.

An investigation of reactivity warrants a separate inves-
tigation, but our results reveal a simple pattern for the extent of
the dative bonding in the rings. Namely, (i) for a given pair of
substituents, the less strained six-membered ring (series 6)

5182

leads to shorter B«~O contacts and more significant B<O
bonding (cf. Tables 4 and S11), (ii) steric repulsion between
bulky groups is more consequential and potentially disruptive
for the five membered rings, and even in the absence of such
effects, (iii) the cyclization of the B« O ouroboric borylenes
are favored by the presence of a strong c-acceptor (electron-
withdrawing) R' substituent (such as R' = F or CF; in Table
8) and a strong o-donating R substituent on O on the base
side of the ring. These patterns are evident in the opening up
of the rings here for series 7 (Table 8) when the bulky electron
donating tert-butyl or —Ph groups are at both R' and R?
positions on the series 7 ring (R'<R? steric repulsion and the
absence of a sufficiently strong electron-withdrawing R'
substituent at N evidently outstrips any benefit from having
the strong o-donating tert-butyl fragment at R?).

In brief, series 6 is the more resilient of the two bonding
motifs, with relatively short B«~O contacts in each case. The
quite short B<-O bond for R' = R* = t-butyl for series 6 is an
anomaly, but otherwise the shortest dative bonds are obtained
when R' = F and CF;, and R* = t-butyl; the electron-
withdrawing R' substituents favor cyclization and strong
bonding in these ring systems. In both series 6 and 7,
substitution on O for “R*” groups that are weak donors (on the
right in Table 8) is universally destabilizing for bonding,
leading to noticeably longer bonds in series 6 and a complete
unraveling of the ring in some cases for series 7.

Overall, we find that both series 6 and 7 rings show promise
as motifs for stable cyclic borylenes, but R' and R* must be
selected carefully to ensure ring persistence and favorable
thermodynamic profiles.

B SUMMARY AND OUTLOOK

Classes of neutral five- and six-membered cyclic borylenes
(rings with a boron(I) center), each with six z-electrons in
analogy to the cyclopentadienyl anion and benzene, have been
proposed and examined. In each case, ring closure is achieved
formally by the donation of an oxygen lone pair into one of the
two empty orbitals on the monovalent boron center. The
outcome is a ring with a Hiickel number of 7-electrons, with
the dative B«~O bond reinforced to some modest extent at
best by m-delocalization. One instance is the

:B -NR'-CH=CH-OR’ ring (by one view, a modification
of 1,3 oxazole) in which the monovalent boron center is
covalently bound to N while accepting a lone pair from the O
to form a five-membered ring with terminal substituents R'
and R? on N and O, respectively (see Figure 1).

The presence and position of heteroatoms in the ring, and
the identity of R' and R* are shown to be critical for the
stability and planarity of the rings. Of 72 five and six-

membered ring species examined, 28 minimum energy singlet
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borylene rings have been located. The cases where R'/R* = H
or CH; are the favorable substitution patterns across several
different ring motifs. R' = CF; and R* = CH; in which the
electron donor is on the O center is quite favorable as well.
Where R* = CF; or some other strong electron-withdrawing
substituent is on O, cyclization is frustrated in almost every
case. Equations of the form N = A%, a dative analogue of
Gordy’s equation,® give excellent fits for the Wiberg bond
orders, N, as functions of the B«~O bond distances, r, in the
rings.

In a number of cases, triplet rings are found to be more
stable than their singlet ring counterparts. Yet, the most
remarkable singlet—triplet gaps (IAEg_| > 40.0 kcal-mol ™) are
observed for the five membered rings mentioned above, which
prefer the singlet state and exhibit as well some degree of
aromaticity. This is so, even as strain and the weakness of
dative bonding in those ring (i.e., relative to both a six-
membered ouroboric ring and fully covalent rings such as
benzene) makes cyclization quite sensitive to the position and
identity of substituents.

Our results suggest that there is some hope yet for ouroboric
boron analogues of carbenes. What remains to be uncovered is
an effective synthetic route to such systems. The preparation of
ouroboric borylene species would represent a grand leap
beyond the small §as-phase free borylenes that have already
been identified.”*>” The final word on the accessibility of the
systems considered in this work and elsewhere,>® must come,
thus, from experimental exploration.
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