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In this study, several density functional theory
(DFT) and CBS-QB3 calculations were performed to
explore the properties of different conformers of
cyclic (alkyl) (amino) carbene (CAAC) borane
complexes with the chemical formula BH(C4NH5)2. In
2011, Kinjo et al. successfully synthesized a Lewis—
basic boron derivative using two saturated CAACs
(Kinjo et al., 2009). In this work, the properties of
the boron atom attached to two unsaturated CAACs and
two saturated CAACs were compared. According to our
results,

the unsaturated CAAC shows reduced proton affinity of
the boron atom as compared to the saturated CAAC;
the insertion of two C@C double bonds into CAAC makes
the BACcarbenic bonds stronger. The results of
natural bond orbital analysis indicated that the lone
pair of the central boron atom can be viewed as a
pure p-type p orbital.

Boron, DFT, Cyclic (alkyl) (amino) carbene, Natural
bond orbital analysis
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In this study, several density functional theory (DFT) and CBS-QB3 calculations were performed to
explore the properties of different conformers of cyclic (alkyl) (amino) carbene (CAAC) borane complexes
with the chemical formula BH(C4NHs),. In 2011, Kinjo et al. successfully synthesized a Lewis-basic boron
derivative using two saturated CAACs (Kinjo et al., 2009). In this work, the properties of the boron atom

attached to two unsaturated CAACs and two saturated CAACs were compared. According to our results,

the unsaturated CAAC shows reduced proton affinity of the boron atom as compared to the saturated

I,ff,{('ﬁf rds: CAAC; the insertion of two C=C double bonds into CAAC makes the B—C¢,;penic bonds stronger. The results
DET of natural bond orbital analysis indicated that the lone pair of the central boron atom can be viewed as a
CBS-QB3 pure m-type p orbital.

Cyclic (alkyl) (amino) carbene
Natural bond orbital analysis
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1. Introduction

Although boron is positioned adjacent to carbon in the periodic
table, it does not share the same degree of versatility as the latter
in chemical reactions. In contrast to the partially filled p orbitals of
carbon, boron has an empty p orbital that typically renders boron-
containing compounds Lewis acidic. Interestingly, it was shown
that a monovalent-boron center bearing an electron pair, such as
a borylene (Scheme 1), may have its valence electrons available
and act as a Lewis base instead [1-18]. For example, Timms found
that BF is reactive toward alkynes [1,2]. However, borylenes have
generally been considered as transient intermediates. For instance,
in their study on the metal reduction of arylboron dihalides,
Grigsby and Power determined that a borylene can undergo intra-
molecular insertions into C—C & bonds [3]. Moreover, according to
Ito et al., photoreaction of TbtB(SeMe), with benzyl and phenan-
threnequinone involves the borylene TbtB (Tbt: 2,4,6-tris|bis-(tri-
methylsilyl)methyl]phenyl) as a transient intermediate [4].
Recently, a NHC-stabilized borylene was identified as an interme-
diate in the photochemical isomerization of C,C-chelate BMes,
[5]. In order to stabilize borylenes, transition metals are typically
used in synthesis. Indeed, the chemistry of transition metal-boryl-
ene complexes is well developed and a number of reviews have
been published [6-11]. Similarly, nucleophilic carbenes, which
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can act simultaneously as o-donors and m-acceptors, have also
been employed to stabilize borylenes [12-16]. In particular, Kinjo
et al. synthesized neutral and basic boron derivatives employing
two cyclic (alkyl) (amino) carbenes (CAACs) to stabilize the parent
borylene (:B—H, see 1 in Scheme 1) [15,16]. Because of its sp-
hybridization, the parent borylene (with R=H, Scheme 1) is linear.

As the borylene accepts the two carbenic lone pairs in 1, the
lone pair of the central boron atom changes from a sp hybridized
orbital to a p orbital [15]. Two resonance structures are thus pos-
sible for 1, e.g., 1a and 1b (Scheme 1). In the former, a lone pair sits
on the central boron atom; in the latter, two valence electrons of
the boron atom are associated with the formation of a B=C double
bond. Remarkably, the existence of these resonance structures has
been confirmed by structural studies [15]. In 1, the boron atom is
believed to adopt a trigonal planar geometry with a bond length
of ~1.52 A with the carbenic carbon, which is in between the dis-
tance of the B—C single-bond in carbene-BH; complexes
(1.585+0.004 A) and that of the B=C double-bond (1.31-1.42 A)
of methyleneborane derivatives [15,19,20]. In addition, the basicity
of 1 has been demonstrated experimentally through protonation
by trifluoromethanesulfonic acid to form [1H]'[CF3SO3]~ [15].
Moreover, the proton affinity of 1 was estimated to be 1108.0 kJ/
mol from BP86/def2-SVP gas-phase calculations using zero-point
energy correction [15].

Although no experimental data about the CAAC with an unsat-
urated C=C bond are available, its analog, N-heterocyclic carbene
(NHC), exists in both saturated and unsaturated forms [21,22]. In
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2009, Chang and coworkers reported that the saturated NHC—Ir
complex [(sat-NHC—Bn)Ir(CO)(PR3)]Cl appears to be slightly more
active than the wunsaturated NHC—Ir complex [(un-
NHC—Bn)Ir(CO)(PR3)]Cl in catalyzing the amine N-alkylation with
alcohol, via a hydrogen-transfer reduction [23]. Although both
the sat-NHC—Bn and the un-NHC—Bn are characterized by the
same Ir—Ccarbenic bond length, they exert a different influence on
the electronic properties of the complex, resulting in different
catalysis efficiency. Therefore, the effect of inserting an unsatu-
rated C=C double bond into the CAAC on the basicity of the central
boron atom was explored in this study. In order to do so, sixteen
different density functional theory (DFT) methods and CBS-QB3
were employed to explore the electronic structures of the conform-
ers of BH(C4NHs),. Furthermore, a comparison between BH(C,4
NHs), and its saturated analog BH(C4NH7), was carried out. DFT
is a quantum mechanical modeling method used to investigate
the electronic structure of many-body systems such as atoms
and molecules. According to this theory, the properties of a
many-electron system can be determined using functionals, i.e.,
the functions of spatially dependent electron density. The rela-
tively low computational costs of DFT compared to that of the
post-SCF methods have made it the most popular method available
in condensed-matter physics, computational physics, and compu-
tational chemistry [24-28]. However, the accuracy of DFT may be
greatly improved by choosing appropriate exchange and correla-
tion interactions. Despite recent improvements, no systematic
approach has been proposed to improve DFT methods with the
aim of achieving a chosen level of accuracy. Therefore, sixteen
DFT methods are selected and compared with the CBS-QB3 results
in this study.

In particular, the CBS-QB3 data obtained for one of the conform-
ers (2 in Scheme 2) of the prototypical molecule BH(C4NHs),
indicate that 2 is not a minimum of the potential energy surface
[29], but represents a transition state with one imaginary fre-
quency. Visual inspection of the motion corresponding to the
imaginary frequency (Fig. 1) of 2 suggests that BH(C4NHs), pos-
sesses a minimum on its potential energy surface designated as 3
or 4 (Scheme 2). Indeed, the CBS-QB3 results indicate that both 3
and 4 are minima of the potential energy surface of BH(C4NHs),,
the relative energy (with respect to 2) of 3 and 4 being —20.6
and —30.7 k]/mol, respectively.
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| |
H H, H H,
/Cz 1|3' C\ /N B C\
HC \( CH  HC Y Y CH
\ L /A /
HC— ~—~CH HC/CH2 HN\CH
2 3
H
R
AN IS
HC CH
\ /
HC/CH2 HZC\CH
4

Scheme 2. Proposed conformers of the prototypical molecule BH(C4NHs),.

Fig. 1. Motion corresponding to the imaginary frequency of 2 calculated with the
CBS-QB3 method.

2. Computational details

All calculations performed in this work were carried out with
the Gaussian09 software [30]. The CBS-QB3 extrapolation-based

O
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N B N N _—8 N
Dipp = 2,6-diisopropylphenyl
1a
1b

Scheme 1. Structure of a borylene.
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composite method, applied on geometries optimized with the
B3LYP functional, shows a mean absolute error of 3.6 kJ/mol for
the G2 test set [29]; it was thus employed as a reference for the
investigation of the accuracy of the various DFT methods used in
this work.

The DFT methods selected for this study can be categorized as
follows: (1) six hybrid GGA functionals (B3LYP, B3P86, B3PW91,
MPWI1LYP, MPW1PW91, MPW1K); (2) six hybrid meta-GGA func-
tionals (M05, M06, M06-2X, PBE1KCIS, TPSSh, TPSS1KCIS); (3) two
long-range corrected functionals (wB97X, and wB97XD); (4) two
double-hybrid functionals (B2PLYP, and B2PLYPD) [31-47].

The double-¢ basis set D95V+** was combined with the selected
DFT methods [48] for geometry optimizations and subsequent
frequency calculations. All stationary points were identified as
equilibrium structures according to the number of imaginary fre-
quencies (NIMAG =0) or transition states (NIMAG=1). For the
transition states, motions corresponding to the imaginary frequen-
cies were visually checked. Zero-point energy (ZPE) corrections
were included. Natural bond orbital (NBO) analysis was performed
using NBO5.9 as implemented in Gaussian09 [49].

3. Results and discussion
3.1. Structures of 2, 3, and 4

Selected geometrical parameters of 2-4 (Scheme 2) are listed in
Tables S1-S3. Without the resonance structure like that of 1b
(Scheme 1), the two B—Ccarbenic bonds of 2, 3, and 4 should have
a donor-acceptor character. Therefore, the accuracy of the
optimized B—Ccarbenic bond lengths obtained by the selected DFT
functional in this study was compared to that obtained with a
more sophisticated method, MP4(DQ)/D95V+™. Our results
showed that the DFT-optimized B—Ccarpenic bond lengths are simi-
lar to the MP4-optimized ones. The B—Ccarpenic bond lengths calcu-
lated in the present study fall between the B—C single bond length
in carbene-BH; complexes (1.59 A) and the B=C double bond
length in methyleneborane derivatives (1.44 A) [50]. This may be
an indication that similar resonance structures, such as that of
1b (Scheme 1), may play an important role for the final geometry
of BH(C4NHs),. The similarity of the DFT-optimized B—Ccarbenic
bond lengths and the MP4-optimzied ones may indicate that both
methods give a similar importance to the resonance structure like
that of 1b (Scheme 1) for 2, 3, and 4. Furthermore, a comparison
between our calculated B—Ccarpenic bond lengths and the values
obtained from X-ray diffraction on 1 (1.5165 + 0.0015 A) revealed
that the B—Cearpenic bond length in BH(C4NHs), is shorter than that
observed in 1 [15]. All DFT methods showed that the sum of the
three angles around the central boron atom equals 360° in 2, 3,
and 4. This result is in agreement with X-ray crystallographic stud-
ies on 1, suggesting that the insertion of a double bond into CAACs
hardly affect the hybridization of the central boron atom, which is
sp? in all complexes.

The analysis of the vibrational frequencies of 2 showed that the
final structures of BH(C4NH5), obtained from all the selected DFT
methods are a minimum of the potential energy surface. This result
is, however, in contrast to what was found using the CBS-QB3
method. This may be due to the fact that when CBS-QB3 was used,
both the /N—Ccapenic—B—H angles were found to be 180°, unlike
those calculated with DFT.

The calculated dipole moments (debye), rotational constants
(GHz), and vibrational frequencies (cm~!) of 2 are listed in
Table S4. According to the calculated dipole moment, 2 was iden-
tified as a polar molecule. The asymmetric parameter (k) can be
obtained from the calculated rotational constants (Eq. (1)). When

K = 1, the molecule is an oblate symmetric top; when x = —1, the
molecule is a prolate symmetric top.

(2B—A-0)
o= (1)

According to all DFT calculations performed in this study, the
asymmetric parameter was estimated to be close to —1, which
indicates that 2 is a prolate symmetric top (Table S4).

3.2. Accuracy of selected DFT functionals

In order to explore the accuracy of the DFT methods, DFT results
were compared with those obtained using CBS-QB3. Conformer 2
was arbitrarily taken as the zero-energy point; the DFT-calculated
relative energies of 3 and 4 (Es_,», and E4_, in kJ/mol) are listed in
Table 1 as well as those computed with the CBS-QB3 method. All
methods employed in this work provided negative values for
Es_,, and E4_,,, indicating that both 3 and 4 are more stable than
2, with a stability trend of 4>3>2. To enable a quantitative
comparison, the relative deviations RD1 and RD2 were introduced
as follows:

_ |Es_»(DFT) — E5_,(CBS-QB3)|

RD1 = IE; 5 (CBS-QB3)| x 100% 2

RD — |Ea-2(DFT) — E4_>(CBS — QB3)|
|Es_>(CBS — QB3)|

x 100% (3)

where E3H2(DFI‘), E4‘,2(DFT), E3‘,2(CBS-QB3), and E4H2(CBS-QB3)
are the relative energies to conformer 2 of 3, and 4, calculated with
the DFT and CBS-QB3 method (Table 1).

In addition, the average relative deviation (ARD) was calculated
as:
ARD = w (@)

Data collected in Table 1 show that the addition of empirical
dispersion reduced the ARD of DFT, indicating a better
performance. For instance, inclusion of dispersion in B2PLYP
caused a reduction of ARD from 21.04% (B2PLYP) to 17.05%
(B2PLYPD). Similarly, ARDs for wB97X and wB97XD are 24.73%
and 18.49%, respectively. Data in Table 1 also show that the best
performing DFT method is PBE1KCIS, the ARD being the smallest,

Table 1
Es_,2, E4_.» (kJ/mol), RD1, RD2, and ARD of several DFT functionals.
E3_5° Ea.2” RD1° (%) RD2¢ (%) ARD® (%)

B3LYP -16.2 -25.8 21.27 15.70 18.49
B3P86 -16.9 -27.2 18.07 11.43 14.75
B3PW91 -16.6 -26.4 19.46 13.74 16.60
MPW1LYP -16.2 -25.9 21.37 1545 18.41
MPW1PW91 -16.7 -26.8 18.81 12.72 15.76
MPW1K -16.4 —26.6 20.17 13.24 16.70
MO5 -15.5 -25.5 24.61 16.97 20.79
MO06 -17.0 -27.3 17.27 11.08 14.18
MO06-2X -15.7 —26.0 23.74 15.06 19.40
PBE1KCIS -171 -27.5 16.96 10.33 13.64
TPSSh -16.7 —26.6 18.74 13.19 15.96
TPSS1KCIS -16.6 —26.6 19.15 13.34 16.25
B2PLYP -15.6 —-25.2 24.18 17.91 21.04
B2PLYPD -16.2 —26.7 21.18 12.92 17.05
wB97X -14.9 —-24.0 27.74 21.72 24.73
wB97XD -16.5 -25.5 20.03 16.96 18.49
CBS-QB3 -20.6 -30.7 - - -

2 E3.=E3) - E2).

b E, ,=FE@4)-E2).

¢ See Eq. (2).

4 See Eq. (3).

¢ See Eq. (4).
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13.64%. This finding demonstrates that the PBE1KCIS/D95V+** level
of theory can be used to provide an accurate theoretical description
of the electronic properties of BH(CAAC),. The following discussion
is therefore based only on data obtained at this level of theory.

3.3. Comparison of the calculated results obtained for 2-4

As shown by the PBE1KCIS-optimized dipole moment (debye),
rotational constants (GHz), and zero-point energy (hartree) in
Table 2, 2-4 can all be considered polar molecules, as their dipole
moments are not zero. Moreover, 2, 3, and 4 were all shown to be
prolate symmetric tops, as their asymmetric parameters are close
to —1.

Because different conformers may have a different reactivity
[51,52], we explored the possibility for the conformers 2, 3, and
4 to have different activities toward proton using PBE1KCIS/
D95V+**, The optimized geometries of the protonated complexes
(2H*, 3H', and 4H") are shown in Fig. S1, and structural data

Table 2
Calculated dipole moments (debye), rotational constants (GHz), asymmetric param-
eters (hartree), and zero-point energies (hartree) of 2, 3, and 4.

2 3 4
Dipole moment 3.13 1.88 0.0921
Rotational constants 3.52 3.54 3.52
0.560 0.553 0.555
0.490 0.481 0.482
Asymmetric parameter (k) -0.954 —0.953 -0.952
Zero-point energy 0.180 0.180 0.180

Table 3
Selected geometrical parameters of 2H"-4H" and proton affinity of 2-4 (bond length
in A, bond angle in °, and proton affinity in k]/mol).

X R( B_Ccabenic)a éccarbenic_B_Ccarbenicn R(B_H)a AE of X +
H* - XH*

2 1583 (1.494) 1193 (1222) 1.220(1.205)  —1035

3 1.585(1.493) 118.2 (122.2) 1.221(1209) —1024

4  1581(1.491) 119.4(120.6) 1223 (1.212) -1014

2 Average values.

collected in Table 3. Our data showed that the B—C ampenic and
B—H bond lengths increase when the studied conformers are pro-
tonated, while the bond angle, ZCcarpenic—B—Ccarbenic, decreases. As
shown in Tables 3, 2 has the largest proton affinity, the overall
trend being 2>3>4.

Further data about the electronic properties of conformers 2, 3,
4, and protonated derivatives 2H", 3H", 4H" were produced by per-
forming the NBO analysis (Table 4). According to the NBO analyses
of 2, 3, and 4, the two B—Ccapenic bonds have the same bond order
value (larger than 1, calculated using the method developed by
Wiberg) [53], and resonance structures like that of Ib (Scheme 1)
are possible for all the studied conformers. If only structures like
that of 1a (Scheme 1) existed, the two B—Ccarpenic bonds of 2, 3,
and 4 would have a donor-acceptor character and bond orders
smaller than 1. The negative charge of the boron atom and the
positive charge of the carbenic center increased upon protonation
of BH(C4NHs),, indicating that the ionic character of the B—Ccarbenic
bond is strengthened by the addition of H*. In contrast, the cova-
lent character of the B—C arpenic bond decreased, in line with the
changes in the calculated bond order. A similar change in bond
order was estimated for the B—H bond. According to the NBO
analysis, a lone pair exists on the central boron atom of conformers
2-4, which can be viewed as a pure m-type p orbital (Table 4).

3.4. Comparison between 4 and its saturated analog SAT4

Additional PBE1KCIS calculations were performed in order to
compare 4, the most stable conformer of BH(C4NHs),, with its
saturated analog, SAT4. Their protonated complexes are also com-
pared in this study. The geometries of 4, 4H", SAT4, and SAT4H" are
displayed in Fig. 2. The optimized B—Cca;penic bond lengths in SAT4
are typically shorter than those of the X-ray structure of 1 [15].
This discrepancy may be attributed to two possible reasons: (i)
the effect of crystal packing, which is neglected in our gas-phase
calculations [54,55]; (ii) the steric hindrance caused by the cyclo-
hexyl groups in 1, which may play an important role in determin-
ing its final structure [15]. Moreover, saturated and unsaturated
CAACs form B—Ccarpenic bonds characterized by similar bond
lengths (Fig. 2); however, the Ccipenic—N bonds in SAT4 show
slightly smaller bond lengths than those in 4. Table 5 lists the
results of the NBO analysis of 4, 4H"*, SAT4, and SAT4H". Interest-
ingly, the lone pair of the boron atom in SAT4 can also be viewed

Table 4
Results of the NBO analysis of 2-4, and 2H"-4H".
q(B)? q(Cearbenic)’ BO(B—Ccarpenic)” BO(B—H)" Ep(B)° OP.p(B)! Hybrids of lone pair of boron atoms

2 —0.0826 0.0718 1.288 0.9544 0.0327 0.7150 s: 0.00%
p: 99.96%
d: 0.03%
f: 0.01%

3 —0.0792 0.0703 1.271 0.9558 0.0328 0.7223 s: 0.00%

0.0512 1.297 p: 99.96%

d: 0.03%
f: 0.01%

4 —0.0708 0.0596 1.281 0.9567 0.0307 0.7172 s: 0.00%
p: 99.93%
d: 0.04%
f: 0.03%

2H" —0.4292 0.3396 0.9860 0.8761 - - -

0.3224 0.9819 0.8945
3H* —0.4201 0.3329 0.9762 0.8939 - - -
4H" —0.4189 0.3319 0.9855 0.9462 - - -
0.8240

@ q(X) represents the charge on the X atom.

b BO is the abbreviation of bond order.

€ Eyp is the energy of the lone pair (eV).

d

OPyp is the occupancy of the lone pair.



P.-Q. Huang, C.-H. Lai/Computational and Theoretical Chemistry 1051 (2015) 17-23 21

O 1,375\{?} D oafi g
) 1.517:“, 1206 \"x 1517
1.349° if 1 '1.349
.4 ;? ?% i
J - - C
4
SAT4 ~ g_/ ‘
o 1.492 1.492 r
A(l.SlS)Q(l.sH)
0% g Op  gE) S &
! 1231 4 7
1.530

Fig. 2. PBE1KCIS-optimized geometries of 4, 4H", SAT4, and SAT4H" (bond length in A, bond angle in °; boron in sky blue, carbon in green, nitrogen in blue, hydrogen in white;
the values in parentheses are those of the X-ray crystallographic study on 1). (For interpretation of the references to colour in this figure legend, the reader is referred to the

web version of this article.)

Table 5
NBO analysis of 4, 4H", SAT4, and SAT4H".
4 4H* SAT4 SAT4H"
q(B)? —-0.0708 -0.4189 -0.1189 -0.4116
q(Cearbenic)” 0.0596 0.3319 0.0707 03510
BO(B—Cearbenic)” 1.281 0.9855 1.295 0.9763
BO(B—H)" 0.9567 0.9462 0.9542 0.9537
0.8240 0.8257
Eip(B)* 0.0307 - 0.0412 -
OPp(B)¢ 0.7172 - 0.7752 -
Hybrids of lone pair s: 0.00% - s: 0.00% -
of boron atoms p: 99.93% p: 99.92%
d: 0.04% d: 0.05%
f: 0.03% f: 0.03%

@ q(X) represents the charge on the X atom.
b BO is the abbreviation of bond order.

¢ Eip is the energy of the lone pair (eV).

4 OPyp is the occupancy of the lone pair.

POOS o 7
O 0®©

OO .O&C

’ Q OO o *

HOMO = -().1399 eV
HOMO s -0.1481 eV SAT4

4

-0.0175 eV

LUMO

Fig. 3. Frontier orbitals of 4 and SAT4 (isodensity value = 0.05).

as a pure m-type p orbital, as observed in 4, however showing a
greater energy than that in 4. This finding is mirrored by the calcu-
lated proton affinity of SAT4 (1058.9 kj/mol), which is 44.6 k]J/mol
larger than that of 4.

Fig. 3 illustrates the frontier orbitals of 4 and SAT4, in which the
two highest occupied molecular orbitals (HOMOs) of 4 and SAT4
appear as a mixture of the lone pair of the central boron atom
and the 7+ orbitals of the two CAACs; the two lowest unoccupied
molecular orbitals (LUMOs) involve the 7 orbitals of the two
CAACs.

Inspired by a study of Rablen and coworkers, who used
high-level ab initio calculations to find possible differences in the
sequential B—C bond energies for borane [56], we explored this
aspect for both 4 and SAT4. The PBE1KCIS method was thus used
to calculate the sequential B—C¢ypenic bond dissociation energies
(BDEs), defined as in Eq. (5), where X = C4NHs, or C4NH7, and in
Eq. (6), where BH is considered in its singlet state.

BDE1 = E(BHX) + E(X) — E(BHX,) (5)
BDE2 = E(BH) + E(X) — E(BHX) (6)

BH(C,NHjs)

BH(C,NH,)

Fig. 4. PBE1KCIS-optimized geometries of BH(C4NHs), and BH(C4NH-) (bond length
in A, bond angle in °).
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The PBE1KCIS-optimized geometries of the fragments BH(C4NHs)
and BH(C4NH5) are depicted in Fig. 4. BDE1 and BDE2 of 4 and SAT4
were calculated to be 401.9 and 398.9 k]/mol, and 381.2 and
393.8 kJ/mol, respectively. The difference between BDE1 and
BDE2 (ABDE) in 4 is negligible (3.0 kJ/mol), considering the uncer-
tainty of the calculation method employed in this work [57]. ABDE
becomes significant for SAT4, —12.6 kJ/mol. This can be easily
rationalized by the fact that a partial double bond of a sp-hybrid-
ized boron with a sp2-hybridized carbon is stronger than that of
a sp?-hybridized boron with a sp?-hybridized carbon. A further
analysis showed that SAT4 has smaller BDE1 and BDE2 than 4,
by 20.8 k]/mol and 5.1 k]/mol, respectively (Table 6).

Moreover, the hybridization of the central boron atom in 4 and
SAT4 changed from sp? to sp, when one carbene was removed. In
addition, the NBO analysis on BH(C4NHs) and BH(C4NH;),
displayed in Table 7, provided two important information: (i) the
bond order between boron and the carbenic center is 1.718 and
1.699 for BH(C4NHs) and BH(C4NHj7), respectively; (ii) the lone pair
on the central boron atom for BH(C4NHs) and BH(C4NH7) can also
be viewed as a pure m-type p orbital.

Table 6
BDE1, BDE2 (kJ/mol) of 4 and SAT4.
4 SAT4
BDE1 401.9 381.2 (-20.8)"
BDE2 398.9 393.8 (-5.1)°
ABDE 3.0 -12.6

2 The value in brackets was calculated as BDE1(SAT4) — BDE1(4).
b The value in brackets was calculated as BDE2(SAT4) — BDE2(4).

Table 7
Results of the NBO analysis of BH(C4NH5), BH(C4NH7), and BH.

BH(C,NHs) B(C,NH,) BH
q(B)* 0.5004 0.4553 0.3400
q(Cearbenic)* ~0.3744 03693 -
BO(B—Cearpenic)” 1.718 1.699 -
BO(B—H)" 0.9902 0.9898 0.8896
Erp(B)° 0.0525 0.0532 -0.3679
OP,p(B)? 0.0412 0.0474 1.998
Hybrids of lone pair of boron atoms  s: 0.02% s: 0.09% s: 89.13%
p: 99.61% p: 99.48%  p: 10.85%
d: 0.31% d: 0.37% d: 0.01%
f: 0.06% f: 0.06% f: 0.01%

a
b

q(X) represents the charge on the X atom.
BO is the abbreviation of bond order.

€ Epp is the energy of the lone pair (eV).

4 OPyp is the occupancy of the lone pair.

BH + X (X = C,NHj, or C,NH,)

BDE?2 = BE(spB-g°C partial double bond) +
4Erp

BHX + X (X = C,NHj, or C,NH,)

BDE] = BE(p’B-9°C partial double bond) +

4 or SAT4

Scheme 3. Schematic representation of the sequential B—Ccapenic bond dissocia-
tions of 4 and SAT4.

The sequential B—Ccapenic bond dissociations of 4 and SAT4 are
depicted in Scheme 3, where BE represents the bond energy, AEyg
the energy involving the hybridization of the central boron atom
change from sp? to sp, AE;p the energy associated to the jump of
the lone pair electrons of the boron atom from a m-type p orbital
to a sp-hybridized orbital. We are currently investigating the
factors that may influence these energetic values.

4. Conclusions

In this work, several properties of CAAC borane complexes were
explored by performing calculations with several DFT methods.
The comparison of these calculations with those carried out with
CBS-QB3 showed that PBE1KCIS is the best performing DFT method
for the studied complexes. The following conclusions can then be
drawn from the calculations carried out with the PBE1KCIS method
on saturated and unsaturated BH(CAAC), complexes:

(1) Among the three conformers studied in this work (2, 3, 4 in
Scheme 2), 4 was found to be the most stable.

(2) Although its analog, NHC, exists in both saturated and unsat-
urated forms, the existence of CAAC in the unsaturated form
(containing a C=C double bond) has not be proven yet. In
this study, the unsaturated CAAC is predicted to reduce the
proton affinity of BH(CAAC),; in addition, the B—Ccarbenic
bonds are stronger.

(3) According to the results of the NBO analysis, a lone pair
exists on the boron atom in BH(CAAC),, which can be viewed
as a pure 7m-type p orbital of boron.

(4) While the sequential B—Ccpenic bond energies of 4 are
nearly the same, our calculations indicate that those of
SAT4 differ by 12.6 kJ/mol.

Kinjo et al. concluded that compounds such as 1 (Scheme 1) can
act as Lewis bases, in a manner similar to those of amines and
phosphines [15]. However, boron has a lower electronegativity
than nitrogen and phosphorus. Therefore, it can be concluded that
BH(CAAC), is a strong electron-donating ligand for transition
metals. The extensive characterization of the electronic properties
of these carbene-stabilized borylenes carried out in this work
provides a clear rationalization for this conclusion.
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