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The stability of a variety of linear and cyclic (BN), (n = 1-3) adducts with N-heterocyclic carbene (ImMe;; ImMe, =
[(HCNMe),C:]), N-heterocyclic olefin (ImMe,CH,) and Wittig (Me3sPCH;) donors has been examined using M05-2X/cc-pVTZ
computations. The strength and nature of the bonds have been investigated using natural bond orbital (NBO) and atoms-
in-molecules (AIM) analyses. Complementary energy decomposition analysis (EDA-NOCV) has been carried out based on
BP86/TZ2P computations. In agreement with NBO and AIM analyses, the orbital interaction energy obtained from EDA con-
tributes at least 50% to the total attractive interactions for the carbon—boron bonds indicating their largely covalent nature. The
feasibility of isolating monomeric (BN), units using a donor/acceptor protocol was also investigated in a series of adducts of
the general form: LB-(BN),-BH3; and LB-(BN),-W(CO)s (n = 1-3; LB = Lewis bases). Moreover, EDA-NOCV analysis of
ImMe,-BN-W(CO)s and ImMe,-B3N3-W(CO)s shows that the carbene—boron bonds are stronger in the presence of W(CO)s
as a Lewis acid mainly because of a dramatic decrease in the amount of Pauli repulsion rather than an increase in the electro-

static/orbital attraction terms.

1 Introduction

Boron nitride materials (BN),, are isoelectronic with various
carbon allotropes (e.g., diamond, graphene, nanotubes), 1-3
however, they possess vastly different properties due to the
presence of polarized B-N linkages. Two specific proper-
ties, wide electronic band gaps (5.9 eV in hexagonal BN) and
chemical inertness,* make boron nitride of significant inter-
est for the electronics industry, with the construction of de-
vices based on BN/graphene heterostructures being a promis-
ing recent development.>® One drawback to the widespread
examination and application of BN materials is the harsh con-
ditions required for their syntheses, i.e., heating above 900 °C
and/or the use of plasma conditions. !> With these challenges
in mind, we have embarked on a program wherein complexes
of the general form [LB-BN], (n > 1; LB = Lewis base) might

t Electronic Supplementary Information (ESI) available: [NICS values for
all the B,N; and B3Nj3 species (Table S1), NBO results for all the species
(Tables S2-S9), M05-2X/cc-pVTZ computed gas phase XYZ coordinates for
all the structures (Table S10), BP86/TZ2P computed gas phase XYZ coor-
dinates for all the mono-substituted adducts (Table S11), M05-2X/cc-pVTZ
computed gas phase complexation energies for the Lewis acid bound adducts
(Table S12), M05-2X/cc-pVTZ optimized structures of the isolated species in
the gas phase (Figure S1), AIM results for all the species (Figure S2), and
frontier molecular orbitals of all the studied systems (Figure S3).]. See DOI:
10.1039/b000000x/
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be formed with suitable carbon-based donors. Upon heat-
ing in solution, the target [LB-BN], complexes could afford
bulk boron nitride and free Lewis base. To provide a solid
fundamental basis for future experimental explorations, we
present quantum mechanical computations on the Lewis base-
stabilized linear and cyclic boron nitride species (BN), (n =
1-3) including the donor-acceptor adducts LB-(BN),-LA (n =
1-3, LA = Lewis acid). Recent examples of stabilizing main
group element units (e.g., Sip) with the aid of strong carbon-
based donors are numerous in the literature.”"'> Moreover,
donor-acceptor stabilization has been used to great success
to isolate heavier group 13-15 element species, 62! while
related computational studies have been reported.?>%3 More
specifically, DFT predicted a significant thermodynamical sta-
bilization of group 13-15 cubane systems (e.g., B4N4) upon
addition of NH3 and BH3 as donor and acceptor molecules,
respectively.??

In this work we present our analyses of the bonding
within Lewis base-substituted boron nitride compounds in
the presence and/or absence of Lewis acid. Specifically we
examined the binding of the carbon-based donors, ImMe,
(ImMe, = [(HCNMe),C:]), ImMe,CH, and Me3;PCH; to
(BN),, units, given our use of their sterically hindered
analogues to bind/stabilize inorganic methylene and ethy-
lene units (EH, and HoEE'H,; E and E’= Si, Ge and/or
Sn). 142431 We also provide computations on LB-(BN),,-BH3
and LB-(BN),-W(CO)s adducts (n = 1-3) featuring coordi-
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nated (BN), units and show that this overall donor-acceptor
approach is a viable means of intercepting a complex of
molecular boron nitride. Finally, based on detailed EDA-
NOCYV computations, we will comment on the strength and
nature of both the carbene—boron and nitrogen—tungsten donor
acceptor bonds in the ImMe, substituted BN-W(CO); and
B3;N3-W(CO)s5 adducts.

2 Computational Methods

Geometry optimizations were performed using density func-
tional theory (DFT) with the M05-2X3? functional. The com-
putations employed the following basis sets: cc-pVTZ33-3* for
all period 1, 2 and 3 atoms and cc-pVTZ-PP, 3536 combined
with the corresponding small core (60 electrons) effective core
potential (ECP) for tungsten (W). The basis set and ECP for
tungsten were obtained from the Basis Set Exchange. 3”8 For
convenience, these computations are simply labeled as MO5-
2X/cc-pVTZ throughout the text. Triplet states for BN, linear
BNBN, and cyclic B,N, were computed using an UHF refer-
ence. For geometry optimizations, “Tight” convergence cri-
teria were applied: maximum force = 1.5 x 107> a.u., RMS
force = 1.0 x 107> a.u., maximum displacement = 6.0 x 107>,
and RMS displacement = 4.0 x 107>, The grid used for
numerical integration in DFT was set to “Ultrafine” with a
pruned grid of 99 radial shells and 590 angular points per shell.
Harmonic vibrational frequencies were computed analytically
at the same level of theory in order to characterize the station-
ary points as minima, representing equilibrium structures on
the potential energy surfaces.

Energy decomposition analyses (EDA) were performed for
all the mono-substituted complexes using the GGA BP86 den-
sity functional®**° and the TZ2P basis set;*! relativistic ef-
fects were considered for the tungsten atom using the ZORA
approximation. As originally developed by Morokuma,*?
Ziegler and Rauk,*? EDA analysis can provide valuable in-
sight into the nature and strength of a bond. It decomposes
the bond dissociation energy (D) between two fragments (A
and B) into the interaction energy (AEj,) and the preparation
energy (AEprep):

—De = AEjy + AEprcp- (1)

The preparation energy, which pertains to the amount of en-
ergy required to distort and/or electronically excite the two
fragments to their states in the complex, is defined as:

AEprep:EA_E?\“v‘EB_E%- (2)

Ex/p and Eg /p are the energies of the fragments for their ge-
ometries in the complex and as free ligands, respectively. To
obtain these energies, all of the boron nitride, Lewis basic

(LB) and Lewis acidic (LA) molecules as well as their com-
plexes were re-optimized at the BP86/TZ2P level of theory.
When the optimized geometries for the M05-2X/cc-pVTZ and
BP86/TZ2P methods were compared, no significant differ-
ences were observed, see discussion in Electronic Supplemen-
tary Information (ESI).

The interaction energy (AEj,) can be decomposed into
three terms: (1) the Pauli exchange repulsion term (AEp,yi),
(2) the electrostatic interaction energy (AFEesr) between
charge densities of the fragments, and (3) the orbital interac-
tion energy (AE,) which results from orbital mixing of the A
and B fragments:

AEint = AEPauli + AEelstat + AEorb- (3)

The first term (AEpay;) is always positive while in most cases
AE st and AEy, are negative. For more information regard-
ing this method and its application in studying chemical bonds
including donor-acceptor complexes the reader is referred to
the literature. 8

The natural orbitals for chemical valence (NOCV) approach
can be utilized to obtain both a qualitative and quantitative pic-
ture of the chemical bond (eq. 4).*° In this approach, the de-
formation density Ap (r) is decomposed into pairwise Y and
v _; complementary eigenfunctions (NOCVs) with eigenval-
ues of v; and v_; that have the same magnitude but opposite
sign:

N/2

Ap(r) = Y [~ w2 (r) + v (r)). (4)
k=1

Positive and negative values describe, respectively, density
accumulation and density depletion; the bond forms through
flowing electron density from the negative part of the molecule
(shown later in red color) to the positive part (shown in blue).
For quantitative results, one can represent the orbital interac-
tion energy in terms of the NOCV eigenvectors:

N/2
AEqp, = Vk [7in,—k + FE,?J o)

k=1
where F'3 _, and FZi are diagonal transition state Kohn-Sham
matrix elements over the corresponding NOCVs. Therefore,
equations 4 and 5 provide the qualitative and quantitative pic-
tures of a chemical bond even for asymmetric complexes. For
further details on this approach please see the original paper.*’
The nature of the bonding in the Lewis Base (LB) substi-
tuted adducts was also assessed using both natural bonding
orbital (NBO)*? and atoms-in-molecules (AIM)>! analyses.
NBO population analyses were done at the M05-2X/cc-pVTZ
level of theory by using the NBO suite available in Gaussian
09.°2 AIM analyses were carried out at the same level of the-
ory using the AIMALL software package.>® Nucleus inde-
pendent chemical shift (NICS)>* computations were also per-
formed using the gauge-independent atomic orbital (GIAO)

2| Journal Name, 2010, [vol]1—13

This journal is © The Royal Society of Chemistry [year]

Page 2 of 13



Page 3 of 13

Physical Chemistry Chemical Physics

LB
7N N
LB—B=N LB—B=N—B=N NN NN
A
LB LB
LB+BN LB-BNBN LB«B,N, LB,+ByN,
LB.__N_ LB
LB g-Nsg LB g Nog-LB \%f \\?/
N g0 N_ N
~p? — ~B”
B B B
LB
LB+B;N; LB,+B;N; LB;.B;N,
Me Me -
N N, H % H
= > [ > Me—P<
Lo DS =
\ b Me
Me Me
ImMe, ImMe,CH, Mes;PCH,

Fig. 1 Lewis base (LB) bound (BN), (n = 1-3) complexes
considered in this study.

method at the center of and 1 A above the ring at the MOS-
2X/cc-pVTZ level of theory. All the electronic structure calcu-
lations were performed using Gaussian 092 and ADF 2013
packages.

3 Results and Discussion

As mentioned in the Introduction, the use of N-heterocyclic
carbene (NHC),56’58 N-heterocyclic olefin (NHO)59’66 and
Wittig (R;PCR’ 5)316768 donors is becoming prevalent in
main group element chemistry. Accordingly ImMe,,
ImMe,CH, and Me3sPCH, were chosen as donors within the
boron nitride adduct series shown in Figure 1.

The isolated (BN), and (BN); species, as well as higher
oligomers, have been the subjects of numerous computa-
tional investigations;69’74 monomeric BN has also been stud-
ied extensively.””~77 The isolated systems are not the focus
of the present study, however, results for the isolated species
are reported for the corresponding isomers considered in the
complexes for completeness. The isolated (BN), (n = 1-3)
molecules are discussed in the ESI.

3.1 Geometries of the Lewis Base (LLB) Adducts

LB-(BN), (n= 1-3)

The MO05-2X/cc-pVTZ optimized geometries of the mono-
ligated boron nitride oligomers, LB-(BN), (n = 1-3), are de-
picted in Figure 2 (LB = ImMe,, ImMe,CH,, and Me; PCH»);
See Figure S1, ESI for the optimized structures of the isolated
species. In each case, the carbon-based donors were bound to
electron deficient boron sites, in line with prior adduct forma-
tion with amino-boranes (R,N-BH,).”838! The NHC-bound
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Fig. 2 M05-2X/cc-pVTZ optimized geometries including important
bond lengths and corresponding symmetries of the mono-substituted
adducts in the gas phase.

adducts of the BN chains, ImMe,-BN and ImMe,-BNBN,
each adopt linear Cyyme,—(BN), configurations; geometry
optimizations initiated with non-linear configurations return
to linearity. On the other hand, appreciably bent C-B-N
and intrachain N-B—N angles are found within the related
ImMe,>CH, and Me; PCH,-capped boron nitride adducts. For
example, the C—B-N angles of the ImMe,CH, substituted
BN and BNBN adducts are 162.57° and 152.26°, respectively,
and the C-B-N bond angles are 156.50° and 156.32° for the
corresponding Me;PCH, substituted analogues. In general,
within the monoadducts, the BoN, and B;N3 rings adopt pla-
nar geometries; the B3Nj rings in ImMe, and ImMe,CH, are
slightly puckered. The B—N bond lengths involving the donor-
bound boron atoms in these BN, and B3;Nj3 rings are each
ca. 0.12 A longer than the remaining B-N bonds involving
donor-free, two coordinate boron centers. This bond lengthen-
ing implies an increase in B-N 7-interactions and/or enhanced
ionic contribution to the B-N o-bonds. Within the ImMe,»
monoadduct series, the formally dative C-B linkages range
from 1.510 A in the terminal adduct ImMe,-BNBN to elon-
gated values of 1.560 and 1.612 A in the heterocyclic BN,
and B3;N3 adducts. For comparison, the C—B bond length
in the coordinatively saturated amino-borane adduct IPr-BH;-
NHDipp (IPr = [(HCNDipp),C:]; Dipp = 2,6-ProCsH3) was
determined to be 1.627(4) A.?! while in the diboryne adduct
IPr-B=B-IPr this bond length is 1.491(4) A (avg.).7 In gen-
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Fig. 3 M05-2X/cc-pVTZ optimized geometries and symmetries of
the di- and tri-substituted adducts in the gas phase (C—H bonds are
omitted in the case of (ImMe,CH;),-B,Nj for clarity).

eral the computed C-B bonds in the ImMe, adducts were
shorter by ca. 0.02 to 0.05 A compared to the correspond-
ing ImMe,;CH; and Me3;PCH, complexes; of note, it has been
found that N-heterocyclic carbenes are stronger 6-donors than
their N-heterocyclic olefin counterparts (such as IPrCHj).5?
The coordination of the Me3sPCH, units to boron leads to a
large increase in the ylidic P-C bond length from 1.672 A in
the free ligand to bond length values as long as 1.829 A in
Me;PCH,-BNBN. This observation could be traced to a re-
duction of HyC—P-C(c*) hyperconjugative interactions>!-32
in Me3PCHj as the terminal CH; unit participates in coordi-
nation to boron. The same phenomenon can be observed in
the case of the ImMe,CH, adducts: the terminal C-C bond
length increases from 1.353 A in the free ligand to 1.494
A in the BNBN substituted adduct ImMe,CH,-BNBN. For
the isolated ImMe,CH, and Me3;PCH, ligands, the P-C and
C-C bonds have Wiberg bond indices (WBIs) of 1.328 and
1.613, respectively, based on NBO analyses, see section 3.3.
These are reduced to 0.906-1.046 and 1.026—1.284, respec-
tively, upon binding of the (BN), ligands reflecting the loss
of double bond character, and, hence, the corresponding bond
elongation.

The M05-2X/cc-pVTZ optimized geometries of the di- and
tri-substituted adducts (LB-(BN),, n = 2 and 3) are depicted
in Figure 3. In general, addition of a second equivalent of
Lewis base to the BoN; and B3N3 units leads to elongation
of the average C-B bond length. The C-B bonds increase

in length by ca. 0.06-0.09 A for the BN, rings, while
a more modest increase of ca. 0.01 to 0.04 A was noted
upon binding two donors to a B3N3 unit. Despite the pla-
nar nature of the B,N; rings, the intraring B-N distances
within the bis-adducts (ImMe;),-B>N», (ImMe,CH»),-BoNo,
and (Me3;PCH>),-BoNj> all lie within a narrow range of 1.440
to 1.448 A and suggest the absence of strong B-N 7-
bonding. To compare, iminoboranes (RB=NR’) have B-N
triple bond lengths in the range of 1.23 to 1.26 A, 3380 while
the diborylamide anion [Mes,B=N=BMes,]~ (Mes = 2.,4,6-
MesCgH>), which has significant B=N double bond charac-
ter, has B-N lengths of 1.343(5) and 1.348(5) A.%7 The cen-
tral B3N3 units in each complex adopt nearly planar arrange-
ments with intraring B-N bond lengths that are typical for
short B-N single bonds (1.404 to 1.436 A). Each of the coor-
dinative C-B distances are slightly longer in (ImMe;)3-B3N3
(1.645 to 1.655 A) in relation to the values found in the
bisadduct (ImMe;);B3N3 (1.622 A). The ylide-bound tris
adducts (Me3PCH»)3-B3N3 and (ImMe,CH»)3-B3N3 feature
very long C—B bonds of 1.717-1.732 and 1.687-1.702 A, re-
spectively, suggesting that these species would have reduced
stability.

Very recently, Tai and Nguyen have studied the stability
of (ImMe;-B),, (n = 1-6) adducts using quantum mechanical
computations with the B3LYP method.® They attributed the
stability of these systems to the degree of 7 conjugation and
aromatic character within the core B, (n = 3-6) rings. In or-
der to probe the aromaticity in the (BN), rings, NICS anal-
yses of the free (singlet) BoN, and B3N3 molecules as well
as their adducts were performed using the GIAO method at
the M05-2X/cc-pVTZ level of theory. The NICS results were
compared to the corresponding values determined at the same
level of theory for well known aromatic benzene and anti-
aromatic cyclobutadiene molecules (Table S1, ESI) to exam-
ine changes in aromaticity upon binding of Lewis bases. NICS
data are sensitive to the position at which they are evaluated
and to interference from other parts of the molecule, especially
for non-planar compounds. >*> The changes in aromaticity/anti-
aromaticity are discussed in terms of NICS (1.00),, values, see
Table S1, ESI for complete NICS data. Interestingly, NICS
(1.00),, values show aromatic character for the free B,N; and
B3N3 molecules (—-15.12 and —6.51 ppm, respectively, com-
pared to —31.06 ppm for benzene). However, the free BoNj
loses aromatic character upon binding of one LB ligand (i.e.,
NICS (1.00)_, values of +2.55, +8.46, and +8.60 ppm for BoN;
complexed with MesPCH,, ImMe,, and ImMe,CH,, respec-
tively). For the doubly-bound adducts, (LB),-B,N», the BoNj
unit becomes significantly anti-aromatic: +12.62, +13.94,
and +9.04 ppm for the Me;PCH;, ImMe;, and ImMe,CH,
adducts, respectively (see Table S1, ESI). On the other hand,
B3Nj3 remains moderately aromatic upon attachment of 1, 2,
or 3 equivalents of Lewis base. The NICS (1.00)., decrease
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upon attaching two Lewis bases to the B;N3 ring with values
of —8.55 and -3.19 ppm for ImMe; and ImMe,CH, ligands,
respectively, but slightly increases from —6.95 ppm to —6.39
ppm upon attaching the second Me3PCH; ligand. For the case
of the three LB bound adducts, the NICS (1.00),, values all
increase (-2 to =3 ppm) upon attachment of the third ligand
(Table S1, ESI).

3.2 Energies of the Lewis Base (LB) Bound LB-(BN), (n
= 1-3) Adducts

The total stabilization energies and Gibbs free energies of
the (BN), (n = 1-3) molecules upon complexation with the
three Lewis bases were computed using the M05-2X/cc-pVTZ
level of theory and the results are summarized in Table 1.
The sequential stabilization energies, AEeq., (AE 4+ ZPE ).,
and AGy,, , which take into account the impact of adding
one additional Lewis base to the existing (LB),-BoN; and
(LB)y-B3N3 (x = 0 — 2) complexes were also evaluated. No-
tably, in two separate articles, Jones, Frenking and co-workers
have studied the ImMe,- and phosphine-bound Group 13 el-
ement complexes along with their possible applications for
hydrogen storage.?>° More specifically, they found that the
Gibbs free energies of —29.8 and —45.8 kcal/mol for the MesP
and ImMe; bound BHj3 adducts, respectively, at the RI-
BP86/def2-TZVPP level of theory; which is very close to the
—46.9 kcal/mol computed for the latter complex, ImMe,-BH3,
at the M06-2X/cc-pVDZ level of theory.”! In another recent
study, Sarmah et al. examined complexes of normal and ab-
normal N-heterocyclic carbenes with Group 13 element based
Lewis acids (EX3; E = B, Al, Ga; X = H, F, Cl, OH, NH,,
CH3, CF3) and performed corresponding NBO and AIM anal-
yses of the adducts.®” They computed a complexation energy
of —49.2 kcal/mol at the B3LYP/6-31+G* level of theory for
the ImMe,-BH3 adduct which is close to the values found
previously by Frenking, Jones and co-workers %% as well as
Brown and coworkers.?! The complexation (stabilization) en-
ergy associated with the formation of our mono-substituted
(BN),, (n = 1-3) adducts was computed to be greater than —
100 kcal/mol for all species except the B3N3 adducts, where
zero-point corrected energies (AE + ZPE) are in the range of
—57.4 t0 —69.7 kcal/mol. The ZPE correction to the electronic
energies changes the value of AE by ~ 4-10 kcal/mol. The
Gibbs free energy differences are also lower than the ZPE cor-
rected values by ~ 10-40 kcal/mol. For the sake of brevity
and consistency, the Gibbs free energy differences will be dis-
cussed throughout the text. We will comment on the nature
of the formed carbene-boron bonds including their degrees of
ionic/covalent character based on EDA as well as NBO/AIM
analyses. The gap between the highest occupied molecular
orbital (HOMO) and the lowest unoccupied molecular orbital
(LUMO) increases for all of the boron nitride species upon

ImMe, m—
ImMe,CH,
MesPCH, m—

120
100 B
80 - |
60 - |
40 i
| || II 7
, l.
. . . . . .
BN

BNBN  BoNy(1) BoNy(2) BgNj(1) BsN3(2) B3Ng(3)

Sequential Stabilization Energy (kcal/mol)
o o o

o

Fig. 4 The computed M05-2X/cc-pVTZ sequential Gibbs free
stabilization energies (in kcal/mol) of all the adducts studied in this
work. Numbers in parenthesis denote the number of Lewis base
molecules attached to the B,N, and B3N3 molecules. See Table 1
for the values.

binding of the carbon-based ligands; the exceptions to this
trend are the B3N3 adducts (Figure S3, ESI). For B3N3, the
ImMe; and ImMe,CH; bound adducts exhibit a modest de-
crease in the HOMO-LUMO gap upon binding the first ligand
(for Me3sPCH, there is a small increase of =~ 0.3 eV) and then
for all ligands, there is a larger (= 1eV) decrease upon binding
the second and third ligands.

The free energies associated with the sequential addition
of Lewis base equivalents to molecular BoN; and B3N3
molecules (AGg,, ) follow the general trend that it becomes in-
creasingly less favorable to bind multiple donors to these rings
(Figure 4). This effect can be explained by a decrease in Lewis
acidity of the (BN),, rings as electron density is being donated
from the carbon-based ligands; this phenomenon can be eas-
ily observed from the gradual destabilization of the LUMO
energy levels of the BoN, and B3Nj3 rings after addition of
the Lewis bases (Figure S3). Overall, the binding of subse-
quent equivalents of Lewis base to the BN rings is exergonic,
however, a slightly disfavoured binding event was computed
for the formation of the tris adduct (ImMe,CH;)3-B3N3 (+3.4
kcal/mol), placing this species on the cusp of stability.

3.3 Bonding Properties through NBO and AIM Analyses

NBO and AIM computations were performed on all (BN),
species including their free and as well as their ligand bound
forms at the M05-2X/cc-pVTZ level of theory (see Table 2; for
the NBO and AIM analyses of the di- and tri-substituted com-
pounds see Tables S2-S9 and Figure S2, ESI, respectively).
The computed NBO atomic charges of the boron atoms show
a significant decrease (0.5 to 0.6 e~) upon attachment of the
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Table 1 Computed total@ and sequential<h) stabilization energies (in kcal/mol), with ZPE (AE + ZPE) and without ZPE (AE), and free

energies (AG®) at the M05-2X/cc-pVTZ level of theory.

Species AEtof(a) (AE + ZPE); o (@) AGOtot(a) AESqu(b) (AE + ZPE).&'qu(b) AGOseq.(b)
ImMe,-BN —144.1 -140.5 -131.1 - - -
ImMe,;CH,-BN -128.6 -123.8 -113.5 - - -
Me;PCH;-BN -145.7 -141.0 -130.7 - - -
ImMe,-BNBN -129.5 -124.9 -114.5 - - -
ImMe,;CH,-BNBN -126.6 -120.6 -107.7 - - -
Me;PCH,-BNBN —-145.3 -139.7 -127.0 - - -
ImMe,-B,N» -118.2 -114.8 -103.5 -118.2 -114.8 -103.5
(ImMe;),-B, N> -171.8 -165.9 -142.4 -53.6 -51.2 -38.9
ImMe,CH;,-B; N, -108.6 -104.0 -91.9 -108.6 -104.0 -91.9
(ImMe,CHj),-BoN,  -143.4 —-136.1 -109.6 -34.8 -32.0 -17.7
MesPCH;3-B, N, -121.8 -117.7 -106.6 -121.8 -117.7 -106.6
(Me3PCH3),-B;N; -172.5 -166.2 -142.7 -50.7 -48.4 -36.1
ImMe;-B3N3 =715 —68.7 -57.6 -71.5 —68.7 -57.6
(ImMe;);-B3N3 -122.9 -117.5 -92.6 -51.4 -48.9 -35.0
(ImMe;)3-B3N3 -153.6 -147.4 -109.9 -30.7 -29.9 -17.3
ImMe,CH,-B3N3 -61.0 -57.4 -45.4 -61.0 -57.4 -45.4
(ImMe,CHj);-B3N3 -97.9 -91.2 -65.3 -36.9 -33.8 -19.8
(ImMe,CH3)3-BsN3  -110.8 -102.0 -61.9 -12.9 -10.8 +3.4
Me3;PCH,-B3Nj3 -72.8 —69.7 -58.5 -72.8 —69.7 -58.5
(Me3PCHj3),-B3Nj -121.1 -116.3 -94.1 -48.4 -46.6 -35.6
(Me3PCHj3)3-B3Nj -141.5 —-133.1 -96.3 -21.1 -18.4 -4.6

(@ For the reaction: (BN), + x-LB — (LB),-(BN),, (n = 1-3, x = 1-3)
(®)For the reaction: LB,:(BN), + LB — (LB),4+1:(BN), (n=1-3,x=0-2)

Lewis bases. However, the change in charge of the bonding
carbon atom upon complexation is much more modest ca. 0.1
to 0.2 (Table 2 and Table S2, ESI). The charge transfer to
the boron center is highest for the ImMe; and lowest for the
MesPCH, substituted BN and BNBN adducts. For both BoN»
and B3N3 adducts, the highest charge transfer to the boron
atom belongs to the ImMe; and Me3sPCH; ligands, respec-
tively, but the lowest to the ImMe,CH; ligand (Table 2). Inter-
estingly, the NBO analysis does not show a significant charge
difference for the nitrogen atom attached to the boron center in
the LB-BN adducts compared to the isolated species (Tables
S2 and S3, ESI). On the other hand, in LB-BNBN adducts, the
terminal nitrogen gains about 0.4-0.8 electrons and the cen-
tral N atom loses about 0.2-0.4 electrons relative to the free
species. For B;Nj, the boron loses 0.1-0.2 electrons, while
the nitrogen shows a 0.4 electron gain upon complexation; the
changes in partial charges of B and N in B3N3 are very mod-
est ( 0.1-0.2 e™). Therefore, there is stronger electronic com-
munication in the BNBN complexes compared to the other
adducts. Also, the Wiberg bond index (WBI) shows the fol-

lowing trend for all the C—B bonds in the mono-substituted
adducts: LB-BNBN > LB-BN > LB-B;N, > LB-B3Nj3; a
rather similar trend can be observed for the AIM electron den-
sities (p) of these bonds (Table 2). On the other hand, the
trend of the WBI for the B-N bonds is LB-BN > LB-BNBN
> LB-BoNj; ~ LB-B3Njs.

Analysis of the energy density (H(r)) at the C-B and B-N
bond critical points shows that all of these bonds are predomi-
nantly covalent in character (i.e., negative values for Hc_p)
and H(z_y)). This data agrees well with the EDA-NOCV
results which will be discussed later and points to the ex-
istence of covalent bonding between the carbon donors and
boron acceptors, which is accompanied by 7m-backbonding in
these systems as previously noted in LB-BX3 (X = H, F, Cl)
adducts. >3** The computed value of the electron density (p)
for the C—B bonds also shows that its strength decreases in the
order of InMe, > Me;PCH, > ImMe,CHj in the case of the
BN, BNBN, and the BN, adducts. For the mono-substituted
B3N3 adducts, the trend in p is ImMe,CH, > ImMe; ~
MesPCH, (Table 2) although the differences in p are very

6| Journal Name, 2010, [vol]1-13

This journal is © The Royal Society of Chemistry [year]

Page 6 of 13



Page 7 of 13

Physical Chemistry Chemical Physics

Table 2 Selected NBO atomic charges of the carbene carbon and boron atoms (g¢ and gp) along with the total charge of the acceptor
molecules (qz4), Wiberg bond indices (WBI) of the C-B and B—N bonds, and the electron density (p) and energy density at the bond critical
points (Hc_p) and Hig_ ) for all the mono-substituted species at the M05-2X/cc-pVTZ level of theory. B-N values refer to bonds adjacent
to the carbene carbon atom. Values in parentheses correspond to two different B-N bonds connected to the carbene carbon atom.

Species qc qB qa  WBIc p WBIz_ p(c—p) H(c_p) p(ra_n) H(rp_p)
ImMe,-BN +0.203 +0.230 -0.524 0.944 2.622 0.179 -0.175 0.300 -0.324
ImMe,CH,-BN -0.821 +0.367 —0.551 0.772 2.656 0.163 —0.158 0.298 —0.324
Me;PCH,-BN -1.046 +0.382 -0.565 0.872 2.604 0.166 -0.162 0.299 -0.325
ImMe,-BNBN +0.140 +0.608 —0.553 0.966 2.062 0.189 —0.193 0.290 -0.295
ImMe,CH,-BNBN  -0.794 +0.838 -0.628 0.898 2.018 0.180 -0.184 0.298 -0.320
Mes;PCH,-BNBN -1.075 +0.858 -0.603 0.931 1.997 0.185 -0.191 0.298 -0.322
ImMe,-B,N» +0.235 +0.654 —0.651 0.861 0.998 0.171 -0.170 0.192 -0.199
ImMe,CH,-B,N, -0.738 +0.783 -0.622 0.801 0.969 0.166 -0.168 0.189 -0.194
Me;PCH, By N> -1.037 +0.769 —-0.622 0.840 1.096 (0.846) 0.167 —0.168 0.204 (0.172) -0.214 (-0.171)
ImMe;-B3N3 +0.251 +0.749 -0.592 0.837 1.082 0.154 -0.149 0.192 (0.192) -0.192
ImMe,CH,-B3N3 -0.763 +0.863 —0.578 0.749 1.022 (1.096) 0.157 —0.157 0.184 (0.185) -0.183 (-0.182)
Me3PCH,-B3Nj -1.062 +0.690 -0.572 0.689 1.145 (1.143) 0.154 —0.152 0.194 (0.255) -0.195 (-0.179)

small (< 0.003 e™). The p values for the B-N bonds in each
of the adducts increase from 0.185 e~ to 0.300 e~ on going
from the B3Nj3 adducts to the BN adducts, in line with the cor-
responding increase in WBI values for these species. From the
optimized geometries, we found that the C—B bond length in-
creases upon substituting more Lewis bases. AIM data are in
agreement with the geometries as, for example, the p value for
this bond decreases from 0.154 e~ in the ImMe;-B3N3 com-
plex t0 0.136-0.139 e~ in (ImMe;)3-B3N3 while the C—B bond
length increases from 1.612 A to ~ 1.650 A (Figure S2, ESI,
and Figures 2 and 3). This trend mirrors the variation in sta-
bilization energies, and indicate that the interaction between
the Lewis base and the boron atoms becomes weaker in the
presence of added equivalents of donor. The p values of the
C-B bonds for (ImMe,CH3),,-B3N3 and (Me3;PCH>),,-B3N3
also decrease by going from mono- to tri-substituted adducts:
from 0.157 e~ to 0.120 e~ and from 0.154 e to 0.127 e™,
respectively (Figure S2, ESI); a trend reflected in the corre-
sponding C-B bond length.

3.4 Energy Decomposition Analysis (EDA-NOCYV)

To understand the nature of the bonding between different
Lewis bases and the cyclic and acyclic boron nitride oligomers
(LB-(BN),,, n = 1-3), EDA-NOCV computations were per-
formed using the GGA BP86 functional and the TZ2P basis
set (Table 3). For brevity, we only focus on the most stabi-
lized and least stabilized boron nitride species, i.e., LB-BN
and LB-B3N3, respectively. The order of bond dissociation
energies (D,) for the different Lewis bases follows the se-
ries ImMe, > Me3sPCH, > ImMe,CH,. More specifically,

the C-B bonds in the ImMe, substituted adducts are 4.3-21.7
kcal/mol stronger than their MesPCH; and ImMe,CH; ana-
logues. For a given boron nitride adduct, there is a clear cor-
relation between C—B bond length on one hand and bond dis-
sociation energy and Pauli repulsion values on the other hand
(Table 3).

The percentage contribution of the electrostatic attraction
(AE,;51qr) and orbital interaction (AE,,) terms to the total at-
tractive energies are also provided in Table 3. Overall, the
orbital interaction makes a significant contribution to the to-
tal attractive energy (more than 50%) in all complexes ex-
cept ImMe;-B3N3 where it is 49.1%. This high contribution
indicates that C—B bonds retain substantial covalent charac-
ter which is in agreement with our NBO/AIM results dis-
cussed above. The percentage contributions of the ¢ and &
orbitals to the total orbital interaction are shown in Table 3
while the relevant deformation densities (Ap) are depicted in
Figure 5. Notably, the ImMe,CH>-B3N3 adduct shows the
lowest m-contribution to the C-B orbital interaction (3.2%)
amongst the compounds investigated, while in contrast, the
ImMe,-BN and ImMe,CH;,-BN adducts show the highest de-
gree of m-character with 22.6% and 19.2% contributions, re-
spectively. Thus from both Table 3 and Figure 5 it is evi-
dent that m-backbonding between the boron nitride oligomers
and the carbon-based ligands can be quite significant in some
cases. The preparation energy (AEprp), the difference be-
tween the fragment energies in their complexed and free ge-
ometries, is the lowest for the ImMe;,-BN while it is the high-
est for the ImMe, CH,-B3N3 adduct.

Our -D, values for the carbene—boron bonds are signif-
icantly more negative than the reported —D, values for the
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Table 3 Computed EDA-NOCYV components (in kcal/mol) for the C—B bonds of the BN and B3 N3 substituted systems at the BP86/TZ2P
level of theory. The C-B bond lengths (R, in A) are also provided for all the complexes.(”)

ImMe,; BN ImMe,CHy-BN  MesPCH-BN  ImMe,-B3N3 ImMeCH,-BsN3  Me3PCH,-B3Nj3

AE;, ~136.1 —127.9 —135.8 938 —845 —94.4

AE pai 211.6 187.7 215.1 203.9 1735 1913
AE 510 -168.3 -139.3 -168.2 -151.5 -116.2 -139.0
(48.4%) (44.1%) (47.9%) (50.9%) (45.0%) (48.7%)

AE,,;,\®) -179.3 -176.3 -182.7 -146.2 -141.8 -146.7
(51.6%) (55.9%) (52.1%) (49.1%) (55.0%) (51.3%)

AE ') ~115.8 -131.0 ~130.6 ~112.9 ~118.9 ~121.5
(64.6%) (74.3%) (71.5%) (77.2%) (83.9%) (82.8%)

AE, ) -40.5 -33.8 -25.2 -16.7 45 -7.6
(22.6%) (19.2%) (13.8%) (11.4%) (3.2%) (5.2%)

AE o5t ) -19.5 -11.5 269 -16.6 -18.4 -17.6
(12.8%) (6.5%) (14.7%) (11.4%) (12.9%) (12.0%)

AE prep 1.7 15.2 8.6 26.8 31.8 31.7
D, ~134.4 -112.7 -127.2 -67.0 -52.7 -62.7

R 1.508 1.582 1.569 1.605 1.658 1.647

(@) For molecular orbitals and deformation densities see Figure 5. ®) Percentage contributions to the total attractive interactions (AE, ;54 + AE,,;) provided in
parenthesis. © Percentage contributions to the total orbital interactions AE,,;, provided in parenthesis.

ImMe,-BN

tiwe sig0 1ige

Aps AE=-13.6

H3B-NH3 (-31.9 kcal/mol) and H3B—NMes (—36.2 kcal/mol)
bonds computed at the BP86/TZ2P level of theory.>~*> Ton-
ner and Frenking have shown that replacing ammonia with
the ImMe, ligand to form the ImMe,-BH3 adduct changes the

A AE=-1158 49 AE= 269 -D, to —57.9 kcal/mol computed at the same level.”® Also,

y ImeCHa BN the amount of 7-backbonding in NH3-BH3, NMes-BH3, and
ImMe,-BH3 are 10.1%, 13.0%, and 9.4%, respectively. The

¢ o« ¢ values are comparable to each other for all these three systems
NpiAE=-1310  NpjAE=-118  Ap;AE=-136 and are close to the corresponding value for the InMe;-B3N3

MesPCH,-BN

Aps; AE=-130.6 Apn AE =-16.0 Apg; AE=-9.2

ImMe -BsN3

4 e

Apo; AE =-112.9 Aps AE=-11.3

ImMe ;CH2-B3N3

Apg; AE=-112.9 Aps AE=-2.0 Aps AE=-25

MesPCH2-BsN3

M G N

Aps; AE =-121.5 Aps AE=-3.7 Aps AE=-3.9

Fig. 5 Deformation densities (Ap) associated with the most
important pairwise orbital interactions for C—B bond formation of
different Lewis base substituted BN and B3;N3 adducts. The charge
flow is from red — blue. Energies in kcal/mol are also provided.

complex (Table 3).

3.5 Stabilization through Donor-Acceptor Interactions

The HOMOs of both the ImMe,-BN and ImMe,;-BNBN
adducts have 7 character localized on the (terminal) BN unit
as well as on the ImMe; ring (Figure 6). On the other hand,
the HOMO-4 of both complexes shows a directional lone pair
on the terminal nitrogen atom (with some mixing with a B-N
o bond) ready to be captured by a Lewis acid (LA). Herein we
consider the previously employed donor-acceptor approach
for stabilizing highly reactive heavier Group 14 element di-
hydrides, 14 by using BH3 and W(CO)s5 as Lewis acids (LA)
and ImMe; as a Lewis base. The M05-2X optimized Lewis
acid/base bound (BN), complexes as well as their complexa-
tion Gibbs free energies are shown in Figure 7 (for a compari-
son between their electronic energies and Gibbs free energies
see Table S12, ESI). The C-B bond lengths in the Lewis acid
bound adducts ImMe;-BN-LA and ImMe,-BNBN-LA (LA =
BH3 and W(CO)s) are in the narrow range of 1.513 to 1.517
A and are nearly identical to the values found in the Lewis
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W-C =2.051 (2.053)
C-0=1.140

ImMe,-BN-BH3
-35.2 -46.6 -41.5

ImMe,'BN-W(CO)s

N-C = 1.336 (1.339)

W-C = 2,013 (2.088)
C-0=1.134(1.150)

ImMe: BaN2-W(CO)s

-38.1 2213 30.6

N-C = 1337 (1.338) ¢
W-C = 2.020-2.072
C-0=1.136-1.147

ImMe;'B3N3-BHs-ortho  ImMez B3N3-W(CO)s-ortho

N-C = 1337 (1.340)

ImMe,-BNBN-W(CO)s ImMe;-BaN2-BH3
-55.6 -27.0

N-C = 1.344 (1.346)

N-C = 1.344 (1.346)

) W-C = 2.052 (2.054)
C-0=1.138 (1.139)

ImMe:-B3N3-BHs-para

ImMe:'B3N3-W(CO)s-para
-10.7 -26.2

Fig. 7 M05-2X/cc-pVTZ optimized geometries and Gibbs free energies of the BH3 and W(CO)5 substituted boron nitride adducts in the gas

phase (C-H bonds are omitted for clarity).

ImMe,'BN
é*d ‘(,’ 2
2 =y
- A
Fa >
B; (LUMO) B; (HOMO) A; (HOMO-4)
-0.030 -6.857 -10.729
ImMe,’BNBN
Q '] 3‘*) *"7‘
LRy
e
b > P
B; (LUMO) B; (HOMO) B, (HOMO-4)
-1.635 -5.483 -10.672

Fig. 6 M05-2X/cc-pVTZ computed relevant MOs for the
ImMe;,-BN and ImMe,-BNBN substituted adducts in the gas phase.
Symmetries as well as energies (in eV) are also provided.

acid free BN and BNBN adducts (1.517 and 1.510 A, respec-
tively). However, in the donor-acceptor complexes, the B-N
bond lengths in BN and BNBN slightly increase by 0.001-
0.035 A showing (modest) 7-electron transfer from the B-N
bond to the LA molecule. The computed N-B and N-W bond
lengths for the BN and BNBN adducts (1.521-1.627 A and
2.155-2.332 A, respectively) are shorter than the BPS6/TZ2P
values for the H3N-BH3 and H3N-W(CO)5 complexes (1.657
and 2.350 A, respectively) due to a change in hybridization at

nitrogen from sp> to formally sp. %>

Overall, W(CO)s appears to be a stronger Lewis acid com-
pared to BH3 as the AG® values for the former adduct series
are more favorable (negative) by 9.3-15.5 kcal/mol (Figure
7); a similar conclusion regarding the relative Lewis acidity of
W(CO)s versus BH3 has been made previously.*® These re-
sults support our experimental results within the IPr-GeH,-LA
complexes (LA = BH3 and W(CO)s5) where the W(CO)s
adduct is more stable. >

The impact of complexing ImMe, and BH3; molecules
concurrently to the B;N, and B3N3 units was studied.
More specifically, the Gibbs free energies for the addi-
tion of the ImMe; ligand to the ImMe,-B,N,-(BH3), and
(ImMe;),-B3sN3-(BH3); adducts to form the fully saturated
(ImMez)2~B2N2~(BH3)2 and (ImM62)3-B3N3~(BH3)3 com-
plexes were found to be —74.2 and —60.9 kcal/mol, respec-
tively (Table S10, ESI).

3.6 EDA-NOCY for BN and B3;N; LB/LA Substituted
Adducts

To further study the impact of adding a Lewis acid on stabi-
lizing BN and B3N3 molecules, C-B and N-W bonds in the
ImMe,-BN-W(CO)s and ImMe,-B3N3-W(CO)5 adducts were
examined using the EDA-NOCV approach (Figure 8); their
corresponding deformation densities are presented in Figure
8.

Comparing the interaction energies in the BN and the B3 N3
adducts reveals that the C—B bond becomes 36.5 kcal/mol
stronger upon W(CO)s Lewis acid attachment in the former

This journal is © The Royal Society of Chemistry [year]
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C-B (ImMeBN)

C—B (ImiB;N5)

i x e

Aps; AE = —115.8 Apy; AE = —26.9 Apy; AE=-136 Apo; AE = -112.9 Ap,; AE =-11.3

C—B (IMMgBN-W(CO))

C—B (ImMeB;3N3-W(CO)s)

Apo; AE=—113.5 Apy AE=—23.7 Apy AE=—7.2

N-W (ImMeg BN-W(CO))

Apx;, AE=—10.7

Aps; AE=-31.6

Aps; AE=—118.8 Apy AE=—10.9

N-W (ImMe-BsN3-W(CO)s)

Aps; AE=—-26.7  Ap,; AE=-26.9

Fig. 9 Deformation densities (Ap) associated with the most important pairwise orbital interactions for the C—B and N-W bond formations in
the ImMe;-BN-W(CO)s5 and ImMe;-B3N3-W(CO)5 adducts. The charge flow is from red — blue. Energies in kcal/mol are also provided.

ImMe,-BN-W(CO)s

ImMe, B:N3W(CO)s

Fig. 8 Different fragments (shown in green and red colors) utilized
for the EDA-NOCYV computations of the C—B and N-W bonds in
the ImMe,-BN-W(CO)5 and ImMe;-B3N3-W(CO)5 adducts.

adduct, but surprisingly it becomes 1.8 kcal/mol weaker in
the latter (Figure 7). More specifically, addition of tung-
sten pentacarbonyl as a Lewis acid significantly decreases the
Pauli repulsion portion of the C—B bond; from 211.6 kcal/mol
in ImMe;,-BN to 151.1 kcal/mol in ImMe,-BN-W(CO)5 but
increases it from 203.9 kal/mol in ImMe;-B3N3 to 220.7
kcal/mol in ImMe,-B3N3-W(CO)5 (Figure 7). Lewis acid at-
tachment also decreases the contribution of electrostatic and
orbital interactions by 13.9 and 9.9 kcal/mol for ImMe,-BN
adduct but it increases them to 6.6 and 8.4 kcal/mol for the
ImMe,-B3N3 adduct. An inspection of the ¢ and & orbital
interaction components for the C—B bonds in the BN adduct
proves that the decrease in AE,,;, upon bonding to the Lewis
acid comes mainly from the decrease of 7-backbonding rather
than o-donation. Moreover, comparing the percent contribu-
tion of the AE,,;, component to the total interaction energy
confirms the ionic nature of the N—W bonds (35.6 % and 43.2
% for the BN and B3N3 adducts, respectively). It is also
worthwhile mentioning that no stationary point was found for
the BN-W(CO)5; or B3N3-W(CO)s adducts which points to-
wards the instability of the N—W bond in these species in the

Table 4 Computed EDA-NOCV components (in kcal/mol) for the
C-B and N-W bonds of the ImMe,-BN-W(CO)5 and
ImMe,-B3N3-W(CO)5 adducts at the BPS6/TZ2P level of theory.
The analogous values for the C—B bonds without Lewis acid are also
provided in parenthesis. See Figure 8 for the corresponding
fragments.

TmMe, BN-W(CO); ImMe, B;N;-W(CO)s
C-B N-W CB N-W

AE,  -1726 (-136.1) 576  —92.0(938) 451
AEpuy 1511 (2116) 1065  203.9(220.7)  113.0
AEugw 1544 (-1683) -105.7 -151.5(-158.1) -89.8

AE,,  -1694(-1793) -584 —1462(-154.6) —68.3
AE,ps -1135(-1158) -31.6 —1129(-118.8) -26.7
AE,,n  -309(-40.5)  -107  -167(-109) 269

AE, s —250(195)  —161  -16.6(=249) —147

absence of the Lewis base.

Given that the free energies of complexation associated with
coordinating ImMe,-BN and ImMe;-BNBN units by BH3 and
W(CO)s are quite favorable, Lewis acid coordination can pro-
vide even more stability for these highly elusive boron nitride
species, 33798 and research towards preparing these com-
pounds in the laboratory is ongoing.

4 Conclusions

A variety of acyclic and cyclic (BN), (n = 1-3) adducts with
different Lewis bases including an N-heterocyclic carbene, an
N-heterocyclic olefin and a Wittig donor were examined us-
ing M05-2X/cc-pVTZ computations. Considering the Gibbs
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free energies, values greater than —50 kcal/mol were found for
the complexation energies. From the NBO, AIM and EDA-
NOCYV approaches, the existence of a polar covalent bond be-
tween carbene and boron atom was confirmed in each adduct
studied. On the other hand, computed NPA charges illus-
trated rather significant amounts of charge transfer from the
carbene center towards the boron atom upon C—B bond forma-
tion. A donor-acceptor strategy, in analogy with our synthesis
of heavier group 14 element dihydride adducts,'* show that
LB-(BN),W(CO)s (n = 1-3) complexes could be experimen-
tally achievable. Finally, both the C—B donor and N-W accep-
tor bonds were decomposed into their o and 7 bonding com-
ponents in the ImMe; substituted BN and B3N3 adducts with
and without W(CO)s as a Lewis acid. Analysis of the EDA-
NOCYV results in these adducts showed that the carbene—boron
bonds are stronger in the presence of W(CO)s as a Lewis
acid mainly because of a dramatic decrease in Pauli repulsion
rather than an increase in the electrostatic/orbital attraction.
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