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The synthesis, characterization and x-ray analysis of
dichloro- and dibromo-borenium cations stabilized by a 4-
membered carbene are reported. The ligand’s structural
changes, atypical for similar systems, were caused by
coordination to electron deficient fragments and its CN,P
ring strain.

Introduction

The synthesis and reactivity of group 13 monocations,
especially three coordinate borenium cations, have recently
gained considerable interest.''" These boron species were
predominantly stabilized by N-heterocyclic carbenes (NHC, A,
Figure 1),*8%7 tertiary amines (B)*~*%*** and various
pyridines (C),22M355%® and have been used for borylation,’
hydroboration,* haloborylation,’ hydrosilylation,®
hydrogenation’ and Diels Alder transformations® of a diverse
range of substrates. With respect to NHC-stabilized borenium
cations, five-membered NHCs (A, n = 1, Figure 1) have been
mostly used while an example of a six-membered NHC-
stabilized (A, n= 2) borenium cation was also reported.21 In this
work we wish to communicate the synthesis and
characterization of a couple of dihaloborenium cations
stabilized by a 4-membered carbene ligand containing a
phosphine moiety in its backbone (D, Figure 1).'?

R = alkyl and/or aryl Ar = 2,6(Pr),CeHs

n=1or2 R "‘liprz
—hin P
N. N-p R_R @ Ar—N N—Ar
RN ROTN® N N
A B c D

This journal is © The Royal Society of Chemistry 2012

Madelyn Qin Yi Tay, Balasubramanian Murugesapandian, Yunpeng Lu, Rakesh
Ganguly, Kinjo Rei and Dragoslav Vidovi¢*

Figure 1. Most common neutral donor ligands (A, B and C)
used for stabilization of borenium cations, and the 4-membered
carbene (D) explored in this work.

Results and discussion

Even though free carbene D (Figure 1) has been isolated and fully
characterized we found it extremely difficult to handle.'?* Thus, the
carbene was prepared and used in situ by deprotonation of iminium
salt 1 in toluene (Scheme 1).' After addition of hexane and
filtration, either BCl; or BBr; were added resulting in the immediate
formation of a white precipitate. The dp values for these two
individual products were typical for other systems containing neutral
NHC-borane adducts (65 — 0.2 and — 17.5 ppm for 2a and 2b,
respectively, Scheme 1) and other 4-coordinate boron species
eliminating the possibility of spontaneous halide extrusion observed
for a borenium cation stabilized by an ortho-substituted pyridine.**
&3 The &p values for 2a (126.5 ppm) and 2b (128.3 ppm) were
upfield shifted with the respect to the same signal observed for 1
(135.0 ppm) but in a good agreement with a ruthenium complex
containing the same ligand.'?
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Table 1. Selected experimental and theoretical structural parameters for the free ligand, 2a, 3a and 3b.

Bond Distances (A) Angles (°)
BICI  CNuewo Bl-Xueme PINI  PIN2 | NON - Symar Suma o dof;‘c‘ﬁc"gsz
2a 1.633(6) 1359(6)  1.874(5)  1.794(3) 1.813(3) | 101.73) 351.6(3) 351.603) 357.5(4)
2a* 1.645 1.363 1.868 1.807 1.840 101.6 3553 352.4 357.4
3a 1.586(3) 1.342(3)  1.7152)  1.787(2) 1.852(2) | 103.6Q2) 360.0Q2) 344.8(2) 357.6(3)
3a* 1.594 1.346 1.739 1.826 1.903 104.8 348.3 359.2 357.2
3b* 157(1)  1.3438)  1.875(8)  1.785(6) 1.862(6) | 103.5(6) 360.0(6)  345.3(6) 357.2(8)
Ligand®  N/A  1.380(3) N/A 1772Q2)  17732) | 96.7(2)  355.1(3)  348.2(3) 356.4(4)
Ligand* N/A 1.382 N/A 1.803 1.807 97.3 357.8 3533 357.5

*Theoretical values for the optimized structures performed with the Gaussian 09 package using B3LYP method with 6-31(d,p) basis
set. *The solid state data might not be as reliable as in the other cases due to poor crystal quality.
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Scheme 1. General synthetic procedure. Reaction conditions: (a) 1.1
equiv of K[N(SiMes),] in toluene, hexane, 0.57 equiv BXj;. (b) 1.0
equiv of AlX; with respect to 2a/2b, DCM.

Furthermore, compound 2a was crystallographically characterized
(Figure 1) and the values for the B1-C1 (1.633(6) A) and the average
B-Cl (1.847(7) A) bond distances are typical for analogous
compounds.?® The NCN bond angle (101.7(3)°) is slightly larger
than the corresponding angle observed for the already mentioned
ruthenium complex incorporating this carbene ligand.'”™ Also, the
non-planarity of the cyclic CN,P fragment was manifested by the
values for the sum of the angles around the endocyclic nitrogen
atoms of ~ 352° (Table 1 and Figure 1), which is consistent with the
analogous values observed for other compounds containing this
particular fragment. '*

Figure 1. Molecular structure of 2a. Thermal ellipsoids have been
drawn at the 30% probability. All hydrogen atoms and disordered
solvent molecules have been omitted for clarity.
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As expected, introducing 1.0 equiv of AICl;/AlBr; to a DCM
solution containing 2a/2b resulted in the formation of the target
borenium cations 3a/3b (Scheme 1) as evident by the oy values of
48.4 and 48.0 ppm, respectively, which are in excellent agreement
with analogous borenium cations.’* Formation of the corresponding
counter ions (8, of 106.3 and 84.0 ppm for AICl; and AlBry,
respectively) was also detected by *’Al NMR spectroscopy.
Additionally, *'P NMR spectroscopy provided more evidence for
depleted electron density at the newly formed cationic compounds as
the dp values for 3a (135.5 ppm) and 3b (136.1 ppm) were downfield
shifted with the respect to the precursors (2a: dp 126.5 ppm ; 2b: dp
128.3 ppm). Both cations have also been elucidated by single crystal
X-ray diffraction. Expected B1-C1 and the average B-X (X = Cl, Br)
bond distance shortenings were observed with regard to 2a and other
known precursors.”*¢ The NCN bond angles for 3a and 3b are
slightly larger than the same angle observed for 2a. The angles
defined by the BX, and CN2 planes are virtually identical for both
cations (47.6° and 47.3° for 3a and 3b, respectively) suggesting that
this particular angle is governed by the steric encumbrance of the
carbene substituents. Furthermore, the solid state structures showed
no evidence for cation-anion interactions as the shortest B X,pion)
(3a: 5.18 A; 3b: 5.21 A) distance for both ionic species was well
outside the sum of the van der Waals radii for B and X (vdWg.cj =
3.73 A; vdW g g, = 3.77 A).M

Figure 2. Molecular structures of 3a (left) and 3b (right). Thermal
ellipsoids have been drawn at the 30% probability. All hydrogen
atoms and the counter ion for both structures have been omitted for
clarity.
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However, the most intriguing observation about the solid state
analysis for both cations was planarity of one of the endocyclic N
atoms and noticeably different values for the P-N bond distances.
The sum of the angles around N1 for both borenium cations is
exactly 360° while for the other endocyclic N atom (N2 for both
compounds) the sum is around 345° (Table 1). In fact, according to
X-ray analyses all systems containing this ligand, including the free
ligand, exhibited different degrees of pyramidalization at the
endocyclic N atoms but none of them, apart from 3a and 3b, had one
of the N atoms strictly planar.'? It is noteworthy that solid state
analysis of the ruthenium complex containing this ligand revealed
that one of the N atom is almost planar suggesting similar electronic
properties between the ruthenium fragment and BX," moieties (see
below). Furthermore, the P1-N1 (3a: 1.787(2) A; 3b: 1.785(6) A)
bond distance is considerably shorter than the P1-N2 (3a: 1.852(2)
A; 3b: 1.862(6) A) while in the other systems two P-N bond
distances are virtually identical.' Initially, we postulated that these
observations were a result of the © electron delocalization along the
CNP fragment for 3a and 3b rather than the NCN fragment observed
for other similar systems.*®*™'2  However, after careful
examination of solid state data for all compounds containing this
particular ligand we concluded that the unequal N-pyramidalization
and the discrepancy of the endocyclic P-N bond distances were
primarily due to the coordination of a more electron deficient species
(BCl; vs BCL,") to the carbene ligand and the inherent CN,P ring
strain.

First of all, it was suggested that strict planarization at both N atoms
might not be possible due to the CN,P ring strain.'*® Secondly, an
increase in the bond angle at the central carbon, known as the
carbene angle (Z/NCN in this case), for 6 valence electron carbenes
decreases the HOMO-LUMO gap and, consequently, increases the
o-donating properties of the ligand."”> Solid state data analysis
revealed that the value for the carbene angle systematically increased
from 96.7(2)° for the free carbene to 101.7(3)° for 2a and even
further to 103.6(2)° for 3a presumably to compensate for a more
Lewis acidic moiety being coordinated to the ligand (Table 1). It
could then be postulated that one of the N atoms planarized in order
to increase its electron donation to the central C atom and minimize
the effect(s) of the increased electron depletion. Planarization of the
second N atom would have resulted in a completely flat CN,P
fragment which, as suggested, might not be possible due to the ring
strain. In fact, it seems that the CN,P fragment tends to keep a
constant degree of the ring strain as the sum of the endocyclic angles
(~ 357°, Table 1) remain virtually constant regardless of the ligand’s
structural changes caused by its coordination chemistry.'?

Density Functional Theory (DFT; using the Gaussian 09 package,
B3LYP method and 6-31(d,p) basis set) studies involving the free
ligand, 2a and 3a replicated their structural features including the
systematic increase in the carbene angle (Table 1) suggesting a
decrease in the HOMO-LUMO gap of the ligand moiety.'® This was
confirmed by the energy-only calculations performed by using the
ligand’s coordinates from the solid state analyses of the free ligand,
2a and 3a. These calculations illustrated a methodical (i) increase in
the energy of the HOMO (- 5.076, - 4411 and - 4.336 eV for

This journal is © The Royal Society of Chemistry 2012
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ligand’s coordinates taken from the free ligand, 2a and 3a,
respectively), (ii) decrease in the energy of the LUMO (0.017, -
0.007 and - 0.012 eV) and, hence, (iii) decrease in the HOMO-
LUMO gap (5.093, 4.404 and 4.324 eV) of the ligand moiety
creating not only a better o-donor but also a better m-acceptor. In
fact, decreasing the energy of the unoccupied orbitals seemed to play
the key role in increasing the average value for the P-N bond
distance. According to the natural bonding orbital (NBO) analysis
the average electron population of the P-N antibonding orbitals
increased with the coordination of electron deficient species (Table
2) resulting in longer P-N,,. bond distances (Table 1). Moreover,
unequal electron population of the two P-N antibonding orbitals,
resulting in noticeably different values for the P-N bond distances
observed for the borocations, were thought to be also attributed to
the CN,P ring strain as in the case of the endocyclic N atom
flattening. Therefore, coordination of the carbene ligand to electron
deficient species forced the ligand to become more nucleophilic by
undergoing certain structural changes. These changes were not
uniform with respect to the geometry around the endocyclic N atoms
and the values for the P-N bond distances presumably due to the
restriction in the CN,P ring strain.

Table 2. Electron population of the P-N antibonding orbitals as
observed by the NBO analysis.

PI1-N1 P1-N2
Ligand  0.13959 0.14741
2a 0.11115 0.19573
3a 0.15595 0.28012

In summary, we have successfully prepared dichloro- and dibromo-
borenium cations stabilized by a four-membered NHC containing a
P atom in its endocyclic backbone. Single crystal X-ray diffraction
analysis and theoretical studies suggested that the observed non-
uniform CN,P ring-based structural changes of the carbene moiety
for the borocations were a result of the coordination of electron
deficient moieties BX," (X = Cl, Br) and the CN,P ring strain.
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