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ABSTRACT: The nature of bonding in classical adducts and
frustrated Lewis pairs (FLPs) of oxorhenium and nitridorhenium
complexes with B(C6F5)3 was investigated computationally
(B3PW91-D3). These studies have revealed that the primary
noncovalent interaction (NCI) in the FLPs involves lone pair/π
interactions between the terminal MX bond and the aromatic
C6F5 ring in B(C6F5)3. Energy decomposition analyses on classical
adducts and FLPs reveal that these species can be defined by the
ratio (EOrb/ESteric) of covalent-to-noncovalent contributions to the
total interaction energy, EInt. This type of analysis reveals that
values for FLPs exist in a narrow range (1.2−2.5), with values for adducts significantly outside this range. The application of this
method to other main-group combinations of Lewis acids and bases that have been shown to exhibit FLP reactivity yields similar
results. These data suggest that similar NCIs are present in both transition-metal and main-group FLPs, especially where Lewis acids
such as B(C6F5)3 are utilized.

■ INTRODUCTION

In the past decade, frustrated Lewis pairs (FLPs) have emerged
as an important area of research.1−5 Many of these species are
efficient for the activation of small molecules, and some of
these species are catalytically active.2,6 FLPs have been most
prominently featured as species that can activate small
molecules such as hydrogen, and many Lewis acid/base
combinations have been shown to display this type of
reactivity.7 As such, there have been numerous reports on
the mechanism for H2 splitting by FLPs.8 These mechanisms
invariably involve the recognition that preorganization of the
donor and acceptor sites via noncovalent interactions (NCIs)
between the bulky substituents of the FLP is critical for the
stability of these species. Some studies have attempted to shed
light on the various factors influencing the formation and
stability of FLP systems9,10 and to assess the importance of
NCIs. The nature (structure and bonding) of chemical species
in the preorganized donor/acceptor sites is still not well
understand, however, because, unlike classical adducts, there is
no covalent bond between the acid/base moieties. Further,
there is a lack of systematic studies on the relative importance
of the different types of NCIs (hydrogen-bonding, dipole/
dipole interactions, etc.) and the extent of these varying types
of interactions in these systems.
Initial studies seemed to suggest that the occurrence of a

covalent bond between a Lewis acid and base precluded the
formation of a FLP. However, several Lewis acid/base adducts
have now been shown to exhibit FLP reactivity, suggesting that

the absence of a covalent bond between the Lewis acid and
base is not a requirement for reactivity.11−17 It is clear that
classical Lewis adducts and FLPs can exist in equilibrium, with
a FLP occurring on a continuum along the reaction coordinate
for Lewis acid−Lewis base bond formation, with bonding in an
adduct primarily covalent and bonding in the adduct primarily
noncovalent (Figure 1). However, there is no current method
that would allow for the assessment of where a given Lewis
acid/base pair combination is along this continuum.
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Figure 1. Equilibrium between classical adducts and FLPs.

Forum Articlepubs.acs.org/IC

© XXXX American Chemical Society
A

https://doi.org/10.1021/acs.inorgchem.1c00911
Inorg. Chem. XXXX, XXX, XXX−XXX

D
ow

nl
oa

de
d 

vi
a 

N
O

R
TH

 C
A

R
O

LI
N

A
 S

TA
TE

 U
N

IV
 o

n 
A

ug
us

t 3
0,

 2
02

1 
at

 1
2:

35
:3

8 
(U

TC
).

Se
e 

ht
tp

s:
//p

ub
s.a

cs
.o

rg
/s

ha
rin

gg
ui

de
lin

es
 fo

r o
pt

io
ns

 o
n 

ho
w

 to
 le

gi
tim

at
el

y 
sh

ar
e 

pu
bl

is
he

d 
ar

tic
le

s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Elon+A.+Ison"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Joshua+L.+Tubb"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.inorgchem.1c00911&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.1c00911?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.1c00911?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.1c00911?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.1c00911?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.1c00911?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/inocaj/current?ref=pdf
https://pubs.acs.org/toc/inocaj/current?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.1c00911?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.1c00911?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.1c00911?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.1c00911?fig=fig1&ref=pdf
pubs.acs.org/IC?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acs.inorgchem.1c00911?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/IC?ref=pdf
https://pubs.acs.org/IC?ref=pdf


A few recent examples exemplify the current understanding
in the field. A model for Lewis acid/base interaction in a FLP
was presented by Paṕai and co-workers, who used density
functional theory (DFT) calculations to suggest that the
associated complex in a tBu3P/B(C6F5)3 FLP system was
loosely maintained primarily by hydrogen bonding between H
atoms at tBu3P and F atoms at B(C6F5)3, together with some
additional stabilization from intermolecular dispersive inter-
actions.18 In later studies, molecular dynamics simulations
suggested that only a small fraction (∼2% at room temperature
in toluene) of the tBu3P/B(C6F5)3 species were associated
with each other.19

In 2009, Rhee and co-workers proposed an alternative
model for NCIs in FLPs. Noting that the presumed
stabilization from H−F hydrogen bonding was only ∼2 kcal/
mol per hydrogen bond when the P and B atoms were aligned
at an idealized angle of 180° and that, in the optimized
structure for this FLP, this angle is offset by 30°, it was
suggested that hydrogen bonding could only account for a
small percentage of the stabilization in FLPs. Instead, it was
proposed that the stabilization is driven by a lone pair (from
tBu3P) to π orbital [from the C6F5 group in B(C6F5)3]
interaction because a significant binding energy of ∼12 kcal/
mol was calculated using the SCS-MP2 methods.20 This value
is comparable to π/π interaction energies between small
aromatic compounds.21 Further, it was proposed that the soft
interaction causes an entropic stabilization in the FLP system
in comparison to classic Lewis pairs.
Compared to main-group FLP chemistry, transition-metal

FLPs are far less common.22 Transition-metal complexes and
their reactions are well established, and the ease of synthesis
and ligand modification allows for fine-tuning of the metal
center both sterically and electronically. Transition-metal FLPs
could also lead to the development of efficient catalytic systems
that are complementary to main-group FLPs.22 The concept of
transition-metal FLPs has been explored by the groups of
Wass, Erker, Stephan, and Berke, and examples of transition-
metal FLP complexes incorporating Ti,23 Zr,24,25 Hf,26 Ru,27

and Re28 have been reported. In addition, recently traditional
metal-only FLPs have been reported.29

Recently, our laboratory has developed a program based on
transition-metal oxo as the Lewis base component of FLPs. In
2013, we showed that oxorhenium complexes that incorporate
diamidoamine (DAAm; N ,N-bis(2-arylaminoethyl)-
methylamine, where aryl = C6F5 and Mes) and diamidopyr-
idine (DAP) ligands form classical Lewis acid/base adducts
with B(C6F5)3.

30 FLPs were generated from these adducts and
resulted in species that were active in the activation of
hydrogen and the catalytic hydrogenation of unactivated
olefins.31 The mechanism for olefin activation with catalysts
generated from ORe(MesDAP)(Ph) [MesDAP = [pyridine-
2,6-diylbis(methylene)]bis(mesitylamide)] and B(C6F5)3 is
summarized in Scheme 1 and involves the thermal generation
of a FLP from the classical adduct (C6F5)3B·ORe(MesDAP)-
(Ph), which then activates H2 and the olefinic substrate.
Despite these studies, the factors stabilizing the interaction
between ORe(MesDAP)(Ph) and B(C6F5)3 have not been
systematically investigated.
In this paper, we investigated the nature of the NCIs in FLPs

generated from oxo- and nitridorhenium complexes and the
Lewis acid B(C6F5)3. To do this, we performed energy
decomposition analysis (EDA) of the interaction energy
between the Lewis basic transition-metal complex and Lewis

acid. We also performed this analysis for several main-group
FLPs that utilize B(C6F5)3 as the Lewis acid component. These
calculations reveal that FLPs can be easily identified and
distinguished from classical Lewis adducts using this type of
EDA. Most importantly, data suggest that NCIs in transition-
metal FLPs are stabilized by similar interactions in main-group
FLPs that feature perfluorinated ligands in the Lewis acid
component.

■ RESULTS AND DISCUSSION
To understand the nature and extent of NCIs in FLPs
generated from oxorhenium complexes and B(C6F5)3, we
investigated these species with computational methods. To do
this, we investigated the equilibrium between the classical
adduct and FLP (Scheme 2).

The transition state (TS) for this equilibrium was located,
and the classical adduct and FLP were identified as minima
that were connected through vibrational analysis to this TS.
We have previously shown that the oxorhenium complexes
ORe(MesDAP)(X) (X = H, 1; Me, 2, Ph, 3) readily form
adducts with the Lewis acid B(C6F5)3.

31 From the X-ray crystal
structures for these species, a typical B−O bond length of 1.54
Å and a Re−O−B bond angle of 173° were observed.
Structures for these adducts were optimized by DFT

Scheme 1. Proposed Mechanism for the Hydrogenation of
Olefins with the FLP Generated from ORe(MesDAP)(Ph)
and A(C6F5)3 (A = B, Al)

Scheme 2. Equilibrium between the Classical Adduct and
FLP for B(C6F5)3/ORe(MesDAP)(Ph)
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(B3PW91-D3), and relaxed potential energy surface scans were
performed by varying the B−O bond lengths. These
calculations resulted in new minima where the oxorhenium
complex (Lewis base) and B(C6F5)3 (Lewis acid) were weakly
associated.31 Structures for the species (C6F5)3B·ORe-
(MesDAP)(X) (X = H, 4; Me, 5; Ph, 6) are depicted in Figure
2.

The most important characteristic of these structures is the
long B−O contacts (3.67 Å, X = H; 3.74 Å, X = Me; 3.65 Å, X
= Ph). In the optimized structure for these FLPs (typified by 6;
Figure 3), the aryl−boron−aryl angle is condensed (114°)

between two of the C6F5 rings and seems to directly interact
with the ReO bond. In contrast, the angle between other
aryl−boron−aryl bonds that do not directly interact with the
oxo ligand is approximately 123°. Close contacts between two
of the C6F5 rings and the oxo ligand are observed (2.81 Å for
one ring and 3.55 Å for the other). In addition, the empty p
orbital on boron is orthogonal to the oxo ligand.31 These data
suggest that there is a strong interaction between the lone pair
on the oxo ligand and the C6F5 ring in B(C6F5)3 structures.
To investigate this further, we performed a series of

calculations where the F atoms in 6 were systematically
replaced with H atoms. As shown in Figure 4, the distance
between ring 1 (originally at a distance of 2.81 Å) increases as
F atoms are replaced by H atoms. At the same time, the
distance between ring 2 (originally at a distance of 3.55 Å) and

the oxo ligand decreases. This further reinforces the idea that
the stabilizing interaction in these FLPs is likely due to an
attractive interaction between the lone pair on the oxo ligand
and the highly electron-deficient C6F5 rings in the Lewis acid
B(C6F5)3.
Unlike benzene, where the quadrupole moment is large and

negative (−29.0 × 10−40 C m2),32 the electronegativity of
fluorine results in a quadrupole moment for hexafluorobenzene
that is large and positive (31.7 × 10−40 C m2)32 (Figure 5).
The electrostatic interaction energy in the FLP between O
Re(MesDAP)(Ph) and B(C6F5)3 is therefore maximized, where
the positive quadrupole moment of the C6F5 ring interacts with
the negative quadrupole of the ReO bond (Figure 5).
To illustrate this further, a potential energy curve was

generated by performing a relaxed potential energy surface
scan and varying the distance of the ReO bond in O
Re(MesDAP)(Ph) to hexafluorobenzene, which was used as a
model for the C6F5 rings in the Lewis acid B(C6F5)3. As shown
in Figure 6, a minimum occurs at approximately 2.81 Å, similar
to the distance observed for ring 1 in the optimized structure
for 6. The data suggest that the polar nature of the ReO
bond in these complexes is critical in stabilizing the FLP 6.

EDA. To gain a better understanding of the extent and
nature of NCIs in FLPs, the EDA of Morokuma and Ziegler, as
implemented in Gorelsky’s AOMix 6.0 program, was
utilized.32−35 In this method, the electronic interaction energy,
EInt, between two fragments is given by

= +

=
+

=

E E E

E

E

where electrostatic energy
exchange repulsion energy

where orbital interaction energy

Int Steric Orb

Steric

Orb

The ESteric term describes the relative impact of NCIs, while
the EOrb term describes the covalent interactions. For the ESteric
term, the electrostatic energy is attractive, while the exchange
repulsion energy is repulsive. This leads to situations where the
ESteric term can be either attractive or repulsive depending on
the dominating interaction. The EOrb term, on the other hand,
is always attractive.
EDA was performed on several main-group molecules that

have been shown to display FLP reactivity as well as the adduct
generated from the oxorhenium complex 3 and the
nitridorhenium complex (tBuPNP)Re(N)(Me)·B(C6F5)3
[PNP = bis[2-(di-tert-butylphosphanyl)ethyl]amide; Chart
1].11,13,14,17 The EDA results (Table 1) show that, for all

Figure 2. Optimized structures (B3PW91-D3) for (C6F5)3B·O
Re(MesDAP)(X) (X = H, 4; Me, 5; Ph, 6).

Figure 3. Optimized (B3PW91-D3) structures for the adduct and
FLP generated from B(C6F5)3·ORe(MesDAP)(Ph).

Figure 4. Plot showing the effect of fluorine substitution on the FLP
(C6F5)3B/ORe(MesDAP)(Ph). The two plots show the distance of
each ring in the B(C6F5)3 fragment to the oxo ligand. The distance to
ring 1 is in the left panel; the distance to ring 2 is in the right panel.
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adducts with B(C6F5)3, the total interaction energy, EInt,
contains one stabilizing contribution, the orbital interaction
energy, EOrb, and one repulsive term, ESteric (entries 1−6). This
is consistent with the presence of a covalent bond in these
adducts and steric repulsion as a result of bulky substituents on
both the Lewis acid and base.
In contrast, the EDA results for FLPs generated from these

adducts are depicted in Table 2 and show that the total
interaction energy, EInt, is composed of stabilizing contribu-
tions from both the orbital interaction energy and the ESteric
term. This is best illustrated by comparing the EOrb/ESteric
ratios for the adduct and FLP generated from 3 and B(C6F5)3.
For the adduct (Table 1, entry 5), the EOrb/ESteric ratio is −2.6.
In contrast, for the FLP, this ratio is 1.3 (Table 2, entry 9).
This latter result reflects the stabilizing contributions from the
ESteric term and is consistent with the fact that the electrostatic
energy is more significant than the exchange repulsion energy,
as illustrated by the lone pair/π interaction observed in 6. Lone
pair/π interactions are also evident in other rhenium species
because an EOrb/ESteric ratio of 1.8 was observed for the
nitridorhenium FLP (tBuPNP)Re(N)·B(C6F5)3 (7).

To examine this further, we performed similar analyses on
FLPs and adducts of group 13 analogues of B(C6F5)3,
specifically Al(C6F5)3 and Ga(C6F5)3, with the nitridorhenium
complex 7 as the Lewis base component. As shown in Table 1
(entries 7 and 8), the total interaction energies, EInt, for
adducts of aluminum and gallium Lewis acids are dominated
by the orbital interaction energy term, EOrb, while the ESteric
term is significantly smaller. This is consistent with the larger
radii of these atoms, and as a consequence, the longer Re
NM bonds in these adducts, which results in reduced steric
interactions between the tert-butyl substituents on the ligand
and the C6F5 groups on M(C6F5)3 (Figure 7).
EDA for the corresponding FLPs with 7 and Al(C6F5)3 and

Ga(C6F5)3 is shown in Table 2. In contrast to adducts, the EOrb
and ESteric terms are similar in sign and magnitude. The total

Figure 5. Electrostatic potential maps for benzene, hexafluorobenzene, and ORe(MesDAP)(Ph). Cartoons depict the electron density above and
below the plane.

Figure 6. Potential energy curve (B3PW91-D3) for the interaction of
ORe(MesDAP)(Ph) with C6F6.

Chart 1. Main-Group Molecules as Well as Oxorhenium and
Nitridorhenium Complexes Used as Lewis Bases in FLPs
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interaction energy is composed two attractive terms (EOrb and
ESteric) and significantly, the ratio EOrb/ESteric is 1.4. This is
consistent with the absence of covalent bonds in the FLP
structures, and, importantly, the data suggest that similar types
of NCIs are present in the oxo complexes 3 and nitrido
complexes 7.
In contrast, for classical Lewis adducts, the EOrb/ESteric ratios

were significantly outside this range (Table 1). These data
indicate that while there is a continuum of values for the EOrb/
ESteric ratios, the structures that can be regarded as FLPs fall
within a very narrow range. Thus, this type of EDA can be used
to quickly characterize whether a given combination of Lewis
acid and Lewis base forms an FLP or an adduct. To illustrate
this, we have also evaluated the rhenium hydride HRe(NO)-
(P(iPr3)2)Br (8), which with B(C6F5)3, was reported to display
FLP reactivity in its reactions with CO2.

28 As shown in Table
1, the adduct of 8 and B(C6F5)3 has an EOrb/ESteric ratio of
−3.3, while the FLP generated from this combination has an
EOrb/ESteric ratio of 1.9 (Table 2). Inspection of the optimized
structures (Figure 8) reveals the presence of a strong B−H
bond (1.36 Å), while in the FLP, an NCI between the Re−H
fragment and a perfluorinated aryl ring from B(C6F5)3 is
observed (3.15 Å).

Table 1. EDA for Classical Lewis Adducts with M(C6F5)3
(M = B, Al, Ga) and Several Main-Group Lewis Bases as
Well as the Oxorhenium Complex 3 and Nitridorhenium
Complex 7a

entry complex EInt
b EOrb

b ESteric
b EOrb/ESteric

1 lutidine −68.2 −105.4 37.2 −2.8
2 NHCc −106.3 −125.9 19.6 −6.4
3 NMe2Bn −62.3 −82.8 20.5 −4.0
4 tBuBnNH −80.2 −107.0 26.8 −4.0
5 3 −75.1 −121.8 46.7 −2.6
6 7 −97.2 −149.7 52.5 −2.8
7 7d −90.1 −81.1 −9.0 9.0
8 7e −78.2 −76.2 −2.0 37.5
9 8 −83.68 −119.5 35.8 −3.3

aCalculations performed with the B3PW91-D3 functional and 6-311G
basis set with B(C6F5)3 as the Lewis acid.

bEnergies are in kcal/mol.
cNHC = 1,3-di-tert-butyl-1H-imidazol-3-ium-2-ide. dCalculations
with Al(C6F5)3.

eCalculations with Ga(C6F5)3.

Table 2. EDA for FLPs with M(C6F5)3 (M = B, Al, Ga) and
Several Main-Group Lewis Bases as Well as the Oxorhenium
Complex 3 and Nitridorhenium Complex 7a

entry complex EInt
b EOrb

b ESteric
b EOrb/ESteric

1 lutidine −16.3 −9.8 −6.5 1.5
2 NHCc −16.9 −10.2 −6.7 1.5
3 NMe2Bn −14.7 −10.5 −4.2 2.5
4 quinoline −15.2 −8.3 −6.9 1.2
5 tBuBnNH −17.5 −11.9 −5.6 2.1
6 Ph3P −21.5 −11.8 −9.7 1.2
7 Mes3P −25.2 −13.9 −11.3 1.2
8 tBu3P −21.9 −13.8 −8.1 1.7
9 3 −32.7 −18.4 −14. 1.3
10 7 −31.3 −19.9 −11.4 1.8
11 7d −35.6 −20.8 −14.8 1.4
12 7e −35.6 −20.8 −14.8 1.4
13 8 −34.9 −22.8 −12.1 1.9

aCalculations performed with the B3PW91-D3 functional and 6-311G
basis set with B(C6F5)3 as the Lewis acid.

bEnergies are in kcal/mol.
cNHC = 1,3-di-tert-butyl-1H-imidazol-3-ium-2-ide. dCalculations
with Al(C6F5)3.

eCalculations with Ga(C6F5)3.

Figure 7. Optimized structures (B3PW91-D3) for the adducts and FLPs for 7 and the Lewis acids M(C6F5)3: (a) M = B, adduct (top), FLP
(bottom); (b) M = Ga, adduct (top), FLP (bottom); (c) M = Al, adduct (top), FLP (bottom). tert-Butyl substituents are shown as wireframes for
clarity.

Figure 8. Optimized structures (B3PW91-D3) for adducts and FLPs
for 8 and the Lewis acid B(C6F5)3: (a) adduct; (b) FLP. Isopropyl
substituents are shown as wireframes for clarity.
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This type of analysis can also be correlated with reactivity, as
we have recently shown with complexes [DAAmRe(CO)-
(NCCH3)2]

+ [DAAm = N ,N-bis(2-arylaminoethyl)-
methylamine; aryl = C6F5, Ph, Mes], which generate FLPs/
adducts with organosilanes and are catalytically active for the
hydrosilylation of benzaldehyde.33 The most active catalyst
(aryl = C6F5) has a EOrb/ESteric ratio 1.1, while catalysts with
phenyl and mesityl substituents have less FLP character with
ratios of −2.4 and 7.9, respectively, which is consistent with
their diminished reactivity. To expand on this, the EOrb/ESteric
ratios for Lewis acid/base combinations consisting of the
group 13 Lewis acids M(C6F5)3 (M = B, Ga, Al) and
Me2PhSiH were obtained. Again, the TS for the conversion of
covalently bound species to noncovalently bound species was
obtained, and EDA of the minima associated with the TS was
performed. Minima associated with this transformation
included species that contained covalently bound Si−H/M
bonds with M−H bond lengths of 1.52, 1.75, and 1.80 Å for
the B, Ga, and Al species, respectively. These species are best
characterized as adducts and display EOrb/ESteric ratios of −2.3,
−6.6, and −51.3 (entries 4−6) for the B, Ga, and Al species
(Table 3). These adducts are in equilibrium with species that

do not contain a Si−H/M bond, as shown in Figure 9. The
EDA results (Table 3) for the B, Ga, and Al species are 1.2,
−13.4, and −123, respectively. Only the B(C6F5)3/silane
combinations are known to catalyze the hydrosilylation of
ketones.34

The optimized structures for noncovalently bound M-
(C6F5)3 (M = B, Ga, Al) species are depicted in Figure 9. In
addition, natural bond orbital (NBO)35 analysis reveals donor/
acceptor interactions between the aromatic π orbitals from the
Me2PhSiH donor to the empty p orbital in M(C6F5)3 (Figure
10). The second-order perturbation stabilization energy,

ΔE(2), is 0.46, 20.14, and 21.75 kcal/mol respectively for
the B, Ga, and Al species; i.e., the stabilization from the
aromatic p electrons to the empty p orbital is strongest for Ga
and Al. Consistent with this, the M−C bond lengths of 3.71,
2.41, and 2.40 Å for B, Ga, and Al, respectively, were observed
for these species. The bond lengths for Ga and Al are larger

Table 3. EDA for Lewis Acid/Base Combinations
Consisting of the Group 13 Lewis Acids M(C6F5)3 (M = B,
Ga, Al) and Me2PhSiH

a

entry M(C6F5)3
M−H covalent

bond EInt EOrb ESteric

EOrb/
ESteric

1 M = Al no −40.2 −40.5 0.33 −123
2 M = B no −16.4 −8.8 −7.6 1.2
3 M = Ga no −34.2 −36.9 2.8 −13.4
4 M = Al yes −35.2 −35.9 0.7 −51.3
5 M = B yes −30.1 −52.5 22.4 −2.3
6 M = Ga yes −32.3 −38.1 5.8 −6.6

aCalculations were performed with the B3PW91-D3 functional and 6-
311G basis set.

Figure 9. Optimized structures (B3PW91-D3) for Lewis acid/base combinations consisting of the group 13 Lewis acids M(C6F5)3 (M = B, Ga, Al)
and Me2PhSiH. For molecules in the top row, there is a covalent bond between the Lewis acid and Si−H. In the bottom row, no Si−H/M bond is
evident.

Figure 10. NBOs for M(C6F5)3 (M = B, Ga, Al) interacting with
Me2PhSiH. Plots depict donor/acceptor interactions from the
Me2PhSiH donor [NBO = 159 (a), 173 (b), and 160 (c)] to the
empty orbital (lone valency) on M in M(C6F5)3 [NBO = 174 (a), 187
(b), and 181 (c)]. Plots are depicted with an isovalue of 0.045. The
second-order perturbation stabilization energy, ΔE(2), was obtained
from the NBO 7.0 program,35 as implemented in Gaussian 09.
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than the sum of the covalent radii for Ga, Al, and C atoms and
longer than the average Ga−C (1.993 ± 0.069 Å) and Al−C
(2.00 ± 0.038 Å) bond lengths.36 Thus, the presence of
covalent bonds in these species is somewhat ambiguous.
However, EDA suggests that the interaction energy, EInt, is
dominated by the orbital interaction energy, EOrb, which
represents covalent bonding, while the noncovalent ESteric term
is quite small. Thus, the Ga and Al analogues are stabilized by
weak covalent interactions between the Me2PhSiH aromatic
groups and the empty p orbitals on Ga and Al. The EOrb/ESteric
ratios of −13.4 and −133 obtained for these species justifiably
place them outside the desired range for reactive FLPs.
The B analogue, on the other hand, appears to be stabilized

by aromatic π/π interactions between the one aryl ring on
Me2PhSiH and one perfluorinated ring in B(C6F5)3. There is
unambiguously no B−C bond within this species, and NBO
analysis reveals a minimal overlap of the aromatic π orbitals in
Me2PhSiH and the empty p orbital on B. Most importantly
from EDA, the two components of the interaction energy, EOrb
and ESteric, are almost equal and result in an EOrb/ESteric ratio of
1.2. Thus, of the three minima generated from the adducts
Me2PhSiH and M(C6F5)3, only the B analogue can be regarded
as an FLP. Indeed, it is only this species, when combined with
organosilanes, that has been shown to exhibit FLP reactivity.
These results suggest that, for a variety of FLPs, the EOrb/ESteric
ratio occurs within a narrow range of values, which reflects the
fact than in these species the contribution from NCIs is
significant and the contribution of covalent bonding to the
overall interaction energy is diminished.
Inspection of the structures for many main-group FLPs

reveals that they are stabilized by a variety of NCIs. As shown
in Figure 11, lone pair/π interactions are observed in FLPs

generated from tBuBnNH, tBu3P, and B(C6F5)3. For species
generated from quinoline and lutidine, aromatic donors/
acceptors are observed. Hydrogen-bonding interactions are
observed for the FLP generated from the NHC Lewis base 1,3-
di-tert-butyl-1H-imidazol-3-ium-2-ide and the Lewis acid
B(3,5-(CF3)-(C6H3))3. Importantly, the EOrb/ESteric ratios for
these FLPs fall within a very narrow range of 1.2−2.5 (Table
1), while the ratios for adducts are significantly outside this

range (Table 2), regardless of the nature of the NCI. Thus,
partitioning of the interaction energy into the two terms EOrb
and ESteric allows for the rapid assessment of the relative
magnitudes of covalent versus noncovalent bonding inter-
actions because all NCIs are absorbed into the ESteric term.

■ CONCLUSIONS

Lone pair/π interactions account for the stability of FLPs
generated from oxo- and nitridorhenium complexes and the
Lewis acids M(C6F5)3 (M = B, Al, Ga). The stabilizing
interaction in these FLPs is likely due to an attractive
interaction between the lone pair on the oxo/nitrido ligand
and the highly electron-deficient C6F5 rings in the Lewis acid
M(C6F5)3. EDA of the interaction energy between the Lewis
basic transition-metal complex and the Lewis acid reveals that
FLPs can be easily identified and distinguished from classical
Lewis adducts by examining the ratio of the orbital interaction
energy, EOrb, to the electrostatic and exchange repulsion
energy, ESteric. This analysis suggests that FLPs display EOrb/
ESteric ratios in the narrow range of 1.2−2.5 and species that are
best described as adducts exhibit EOrb/ESteric ratios significantly
outside this range. We have shown in the case of species
derived from the Lewis acids M(C6F5)3 (M = B, Ga, Al) and
Me2PhSiH that these ratios can be correlated with reactivity, in
that only the B derivative displays an FLP in the desired range
and is the only species in this family that is catalytically active
for the hydrosilylation of ketones. We anticipate that this type
of analysis may be used for other Lewis acid/base
combinations to assess the correlation of the EOrb/ESteric
parameter with reactivity.
The analysis emphasizes the relative amount of covalent/

NCIs rather than the absolute strength of any one contribution
to bonding. These calculations do not require a tremendous
amount of computational resources and will be useful for
practitioners in this field. Most importantly, data suggest that
similar ratios are also evident in FLPs and adducts composed
of main-group Lewis bases and the traditional Lewis acid
B(C6F5)3. Further, data suggest that NCIs in transition-metal
and main-group FLPs that incorporate Lewis acids with
perfluorinated ligands are similar in nature. Given the extensive
utilization of B(C6F5)3 and their derivatives in FLP chemistry,
this type of simple analysis is potentially useful for the design
of new catalytic systems.

■ EXPERIMENTAL SECTION
Computational Methods. Theoretical calculations have been

carried out using the Gaussian 0937 implementation of B3PW9138,39

density functional theory with the D3 version of Grimme’s empirical
dispersion correction.40 All geometry optimizations were carried out
in the gas phase using tight convergence criteria (“opt = tight”) and
pruned ultrafine grids (“Int = ultrafine”). The basis set for Re was the
small-core (311111, 22111, 411) → [6s5p3d] Stuttgart−Dresden
basis set and relativistic effective core potential (RECP) combination
(SDD) with an additional f polarization function.41−54 The 6-
31G(d,p) basis set was used for all other atoms.55

From the optimized structures of the adducts, relaxed potential
energy surface scans were performed by increasing the bond distance
between the Lewis acid (LA) and Lewis base (LB) until there was no
longer a bond between the fragments. The maximum from this scan
was then used to generate a guess for the TS for the equilibrium
reaction:

− − −H IooLA LB LA LB
TS

Figure 11. NCIs in FLPs generated from B(C6F5)3 and (a) lutidene,
(b) quinoline, (c) tBuBnNH, (d) Mes3P, (e) NHC = 1,3-di-tert-butyl-
1H-imidazol-3-ium-2-ide with B[3,5-(CF3)(C6H3)], and (f) tBu3P.
Close contacts (Å) lutidine (aromatic)−aromatic (C6F5)3B (3.45);
quinoline (aromatic)−aromatic (C6F5)3B (3.60); tBuBnNH (lp)−
aromatic (C6F5)3B (3.17 and 3.40); Mes3P (aromatic)−aromatic
(C6F5)3B (3.70); NHC (lp)−B[3,5-(CF3)(C6H3)] (H) (2.27); tBu3P
(lp)−aromatic (C6F5)3B (3.46 and 3.49).

Inorganic Chemistry pubs.acs.org/IC Forum Article

https://doi.org/10.1021/acs.inorgchem.1c00911
Inorg. Chem. XXXX, XXX, XXX−XXX

G

https://pubs.acs.org/doi/10.1021/acs.inorgchem.1c00911?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.1c00911?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.1c00911?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.1c00911?fig=fig11&ref=pdf
pubs.acs.org/IC?ref=pdf
https://doi.org/10.1021/acs.inorgchem.1c00911?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


The TS structure was then fully optimized, and analytical frequency
calculations were performed to ensure a first-order saddle point. The
minima associated with each TS were determined by animation of the
imaginary frequency. In addition, analytical frequency calculations
were used to ensure a zeroth-order saddle point (a local minimum).
NBO analysis was performed with NBO 7.0,35 as implemented in the
Gaussian 09 program. Mulliken population analyses and EDA were
performed using AOMix 6.90.56,57 Energetics and EDA were
calculated on the gas-phase-optimized structures, as described above
with the 6-311G(d,p)58 basis set for nontransition metals and the
SDD basis set with an added f polarization function on Re.
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