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& Frustrated Lewis Pairs

Influence of the Lewis Acid/Base Pairs on the Reactivity of
Geminal E-CH2-E’ Frustrated Lewis Pairs**

Jorge Juan Cabrera-Trujillo and Israel Fern#ndez*[a]

Abstract: The influence of the nature of the acid/base pairs
on the reactivity of geminal frustrated Lewis pairs (FLPs)
(Me2E-CH2-E’Ph2) has been computationally explored within
the density functional theory framework. To this end, the di-
hydrogen-activation reaction, one of the most representative

processes in the chemistry of FLPs, has been selected. It is
found that the activation barrier of this transformation as

well as the geometry of the corresponding transition states
strongly depend on the nature of the E/E’ atoms (E =

Group 15 element, E’ = Group 13 element) in the sense that

lower barriers are associated with earlier transition states.

Our calculations identify the geminal N/Al FLP as the most
active system for the activation of dihydrogen. Moreover,
the barrier height can be further reduced by replacing the
phenyl group attached to the acidic atom by C6F5 or 3,5-

(CF3)2C6H3 (Fxyl) groups. The physical factors controlling the
computed reactivity trends are quantitatively described in

detail by means of the activation strain model of reactivity
combined with the energy decomposition analysis method.

Introduction

The chemistry of frustrated Lewis pairs (FLPs) has arguably ex-

perienced a tremendous development since the seminal report
by Stephan and co-workers in 2006.[1] These species are charac-
terized by having coordinatively unsaturated Lewis acidic and

basic atoms in either single molecules or bimolecular systems
where steric hindrance hampers the formation of a classical

donor–acceptor dative bond between them. Owing to this pe-
culiar bonding situation, FLPs exhibit a unique reactivity, which
allows, among other processes, the activation of different spe-
cies (e.g. , H2, CO, CO2, N2O, etc.) in stoichiometric and catalytic

reactions.[2]

Among the different FLPs described so far, geminal FLPs,
that is, systems where the Lewis acidic and basic atoms are
separated by a carbon atom, should be especially highlighted
(Scheme 1). Indeed, geminal P/Al[3] and P/B[4, 5] Lewis pairs have

attracted considerable interest quite recently due to their re-
markable activity in the activation of small molecules. In addi-

tion, other geminal FLPs based on N/B,[6] N/Al,[7] P/X[8] (X =

Group 14 element), and even P/Ga[9] have been prepared in
order to tune the Lewis acidity/basicity of the FLP antagonists

and consequently, to modify the activity of the system. Despite

that, the influence of the nature of the Lewis pairs on the reac-

tivity of the FLP is so far not fully understood, which is of cru-
cial importance for further development of FLPs.

To gain a deeper, quantitative insight into the relationship
between the nature of the active sites of geminal FLPs and
their reactivity, we explore herein the dihydrogen activation,

one of the most important and representative reactions in FLP
chemistry,[2, 10] mediated by geminal Me2E-CH2-E’Ph2 (E =

Group 15 element, E’ = Group 13 element) FLPs (Scheme 2). In
these systems, which are strongly related to the tBu2P-CH2-
BPh2 FLP experimentally described by Lammertsma and co-
workers,[5a] both the acidic and basic atoms will be modified to

identify the E/E’ combination leading to the most active gemi-
nal FLP (i.e. , which exhibits the lowest activation barrier for the
considered dihydrogen activation).

The computed reactivity trends will be analyzed in detail by
means of the activation strain model (ASM)[11] of reactivity in

combination with the energy decomposition analysis (EDA)
method.[12] This methodology has been particularly helpful

very recently to understand the factors controlling both the H2

activation and the subsequent dihydrogen release into multi-
ple bonds mediated by geminal B/N FLPs.[13, 14] Indeed, by

means of this state-of-the-art approach we have proposed an
orbital-controlled mechanism, complementary to the tradition-

al mechanisms suggested by P#pai et al.[15] and Grimme
et al. ,[16] where the degree of charge-transfer cooperativity be-
tween the key donor–acceptor orbital interactions, that is,

LP(N)!s*(H2) and s(H2)!pp(B), along the reaction coordinate
constitutes a suitable indicator of the reaction barrier.[13] In ad-

dition, a cooperative concerted, yet asynchronous, double hy-
drogen transfer mechanism was also found for the subsequent

hydrogenation of multiple bonds.[14]

[a] J. J. Cabrera-Trujillo, Prof. Dr. I. Fern#ndez
Departamento de Qu&mica Org#nica I and
Centro de Innovacijn en Qu&mica Avanzada (ORFEO-CINQA)
Facultad de Ciencias Qu&micas
Universidad Complutense de Madrid, 28040-Madrid (Spain)
E-mail : israel@quim.ucm.es

[**] E = Group 15 element ; E’ = Group 13 element.

Supporting information and the ORCID identification number(s) for the au-
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https ://doi.org/10.1002/chem.201804198.
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ABSTRACT: The influence of the nature of the group 14
elements (E = Si, Ge, Sn) on the reactivity of (F5C2)3E−
CH2−P(tBu)2 geminal frustrated Lewis pairs (FLPs) has been
computationally explored by means of density functional
theory calculations. To this end, the experimentally described
activation reactions of CO2 and phenyl isocyanate have been
investigated and compared to the analogous processes
involving the corresponding B/P geminal FLP. It is found
that the reactivity of these species is kinetically enhanced when going down the group 14 (Si < Ge < Sn). This trend of reactivity
is quantitatively analyzed in detail by means of the activation strain model of reactivity in combination with the energy
decomposition analysis method, which identify the interaction energy between the deformed reactants as the main factor
controlling the reactivity of these group 14 containing geminal FLPs.

■ INTRODUCTION

Since the seminal report by Stephan and co-workers in 2006 of
a metal-free molecule that was able to reversibly activate
dihydrogen,1 the chemistry of the so-called frustrated Lewis
pairs (FLPs) has experienced an impressive development.2−7

These species are typically composed of a simple combination
of a sterically encumbered Lewis acid and Lewis base, where
the severe steric demands hamper the formation of a classical
donor−acceptor bond. This particular bonding situation leads
to a unique reactivity which allows the relatively facile
activation of small molecules (such as H2, CO, CO2, N2O,
SO2, ...) or the metal-free hydrogenation of polar multiple
bonds, among other processes.2

Aiming at enhancing the activity of these systems, a good
number of different FLPs have been prepared. Among them,
geminal FLPs, i.e., systems where the donor/acceptor atoms
are separated by a carbon atom, should be especially
highlighted because their preorganized molecular structure
results in a significant enhancement of the reactivity as
compared to their corresponding intermolecular FLP counter-
parts.8−14 Although most of these geminal FLPs are typically
based on the combination of B/N and B/P pairs, other systems
including heavier group 13 elements15,16 or transition metal
fragments17−21 in their structures have been prepared to tune
the Lewis acidity/basicity of the FLP antagonists. In this sense,
Mitzel and co-workers have recently prepared a series of group
14 element containing neutral geminal FLPs, i.e., (F5C2)3E−
CH2−P(tBu)2, E = Si,22 Ge,23 Sn,24 which have been proven to
readily activate small molecules such as CO2, SO2, CS2, HCl,

or phenyl isocyanate (Scheme 1), therefore resembling the
reactivity of more traditional B/P FLPs.

Despite this evident similarity, very little is known about the
actual influence of the nature of the group 14 element on the
reactivity of these novel geminal FLPs. For this reason, herein
we decided to computationally explore the reactivity of these
species to gain detailed quantitative insight into the impact of
the nature of the group 14 element on the reactivity. To this
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Scheme 1. Reactivity of Group 14 Element Containing
Geminal FLPs Described by Mitzel and Co-workers22−24
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Aromaticity can enhance the reactivity
of P-donor/borole frustrated Lewis pairs†

Jorge Juan Cabrera-Trujillo and Israel Fernández *

Geminal frustrated Lewis pairs (FLPs) having a borole fragment as

the Lewis acid partner constitute really promising candidates to

achieve facile small molecule activation reactions. The predicted

enhanced reactivity of these species, as compared to more traditional

FLPs, finds its origin in the loss of the antiaromatic character of the

borole moiety along the reaction coordinate.

Frustrated Lewis pairs (FLPs) are species typically composed of
a pair of a sterically encumbered Lewis acid and Lewis base,
which prevents the formation of a classical donor–acceptor
bond between both centers.1 Due to this particular bonding
situation, these compounds exhibit a unique reactivity as a
result of the cooperative action of the FLP antagonists. Thus,
FLPs have emerged as potential metal-free catalysts able to,
among other processes, activate small molecules (H2, CO, CO2,
SO2, N2O, etc.).1 Owing to this rich reactivity, in most cases
restricted to transition metals, the chemistry of FLPs has
attracted much attention since the seminal report by Stephan
and co-workers in 2006.2

Much progress has been made, particularly in recent years,
to produce more active systems. Among them, intramolecular
FLPs (where the Lewis pairs are part of the same molecule)3 and
systems having transition-metal fragments in their structures4

should be specially highlighted. Despite that, the vast majority
of FLPs are still based on the combination of B/N or B/P pairs,
with the boron center typically attached to electron-withdrawing
substituents. Aiming at developing more active FLPs, herein we
shall introduce a novel concept in FLP chemistry: aromaticity as
the key factor enhancing the reactivity of FLPs.

To this end, we focused on a particular FLP, the geminal
tBu2P–CH2–BPh2 (1) system, synthesized by Slootweg, Lammertsma
and co-workers,5 whose preorganized structure results in a

remarkable reactivity for small molecule activations without
the need for strongly electron-withdrawing substituents attached
to the boron center. We computationally6 replaced the BPh2

moiety by the sterically hindered tetraphenyl-borole fragment
(2a, Scheme 1), whose antiaromatic nature was confirmed pre-
viously by Braunschweig, some of us and co-workers.7 Our initial
hypothesis follows: the gain of aromaticity in the borole moiety
during the activation of a small molecule (H2, CO2, CS2,
HCRCH, SiH4 and CH4 in our calculations, Scheme 1) should
result in a gain of stability in both the corresponding transition
state, therefore leading to a lower barrier transformation, and in
the final zwitterionic adduct, therefore making the process
thermodynamically more favourable.

In agreement with previous results involving the dihydrogen
activation mediated by the parent FLP 15 and related geminal
systems,8 our calculations confirm that the heterolytic H2-splitting
occurs in a concerted manner via a five-membered transition state
(TS-1) and through the formation of an initial van der Waals
reactant complex (RC-1) which lies ca. 2 kcal mol�1 above the
separate reactants (this energy difference becomes higher when
including thermal free energy corrections, see Fig. 1). Although
the computed reaction profile for the process involving the
4p-electrons borole-containing FLP 2a is rather similar, the
dihydrogen activation becomes both kinetically and thermo-
dynamically (DDEa = 5.5 kcal mol�1 and DDER = 12.5 kcal mol�1,
respect to the separated reactants) more favoured than the

Scheme 1 FLP-mediated small molecule activation reactions considered
herein.
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ABSTRACT: The role of carbones (CL2; L = phosphines vs carbenes) as
Lewis bases in dihydrogen (H2) activation reactions in the presence of the
Lewis acid B(C6F5)3 has been computationally explored by means of density
functional theory calculations. To this end, the interaction between H2 and the
[carbone···B(C6F5)3] pair along the reaction coordinate has been
quantitatively analyzed in detail and compared to the parent [tBu3P···
B(C6F5)3] frustrated Lewis pair. In addition, the influence on the reactivity of
both the nature of the central E atom and the surrounding ligands in ylidones
(EL2) has also been considered. It is found that the activation barrier of the H2
activation reaction as well as the geometry of the corresponding transition
states strongly depends on the nature of both E and L in the sense that lower
barriers are systematically associated with earlier transition states. Our
calculations identify heavier EL2 as the most active systems to achieve facile H2 activation reactions.

■ INTRODUCTION

The term “carbone” was coined by Frenking and co-workers to
refer to a family of divalent carbon(0) compounds CL2 whose
central carbon atom retains all four valence electrons as two
lone pairs and where bonding to the adjacent σ-donor ligands
(L) occurs mainly through donor−acceptor interactions (i.e., L
→ C0 ← L).1,2 Since the report by Ramirez and co-workers in
1961 on the first and most representative member of this
family of compounds, the parent hexaphenylcarbodiphosphor-
ane [C(PPh3)2],

3 a good number of carbon(0) species have
been prepared and fully characterized.4 In addition, this family
of compounds has also been expanded to systems having
heavier group 14 elements in their structures [also known as
ylidones (EL2)].

2a,5 Because of their peculiar bonding
situation, these species not only are potential donor ligands
in main-group compounds or transition-metal complexes but
also exhibit a rich and varied reactivity.2,4−6 For instance,
carbodicarbenes [carbones where L = carbene or N-
heterocyclic carbene (NHC)] have attracted considerable
attention because of their captodative behavior in catalysis.7

In this regard, Alcarazo and co-workers recently found that
the parent carbone, C(PPh3)2, can be used as a carbon-based
Lewis base in combination with the Lewis acid B(C6F5)3 to
form a highly active frustrated Lewis pair (FLP) able to
activate not only H−H bonds but also C−O, C−H, Si−H, and
C−F bonds (Scheme 1).8 This behavior therefore strongly
resembles that found for typical FLPs based mainly on P-based
Lewis bases [for instance, tBu3P/B(C6F5)3 or Mes3P/
B(C6F5)3].

9 Despite this evident similarity, very little is
known about the actual role of carbone in the bond activation

process compared to analogous transformations involving
either intermolecular or intramolecular P/B FLP systems.10

Recently, we combined state-of-the-art computational
methods known as the activation strain model (ASM) of
reactivity11 and energy decomposition analysis (EDA)12 to
gain more quantitative insight into the factors controlling the
dihydrogen (H2) activation reactions promoted by strongly
related intramolecular geminal FLPs.13 This approach allowed
us to propose an orbital-controlled mechanism, complemen-
tary to the widely accepted mechanisms suggested independ-
ently by Paṕai and co-workers14 and Grimme and co-
workers,15 where the degree of cooperativity between the
key donor−acceptor orbital interactions, i.e., LP(Lewis base)
→ σ*(H2) and σ(H2) → pz(Lewis acid), along the reaction
coordinate that can be used as an indicator of the reaction

Received: February 20, 2019
Published: May 24, 2019

Scheme 1. Activation Reactions Mediated by
Hexaphenylcarbodiphosphorane and B(C6F5)3 Described by
Alcarazo and Co-workers8
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Understanding the role of frustrated Lewis pairs as
ligands in transition metal-catalyzed reactions†

Jorge Juan Cabrera-Trujillo and Israel Fernández *

The role of frustrated Lewis pairs (FLPs) as ligands in gold(I) catalyzed-reactions has been computationally

investigated by using state-of-the-art density functional theory calculations. To this end, the nature of (P,

B)-FLP–transition metal interactions in different gold(I)-complexes has been first explored in detail with

the help of the energy decomposition analysis method, which allowed us to accurately quantify the so far

poorly understood Au⋯B interactions present in these species. The impact of such interactions on the

catalytic activity of gold(I)-complexes has been then evaluated by performing the Au(I)-catalyzed hydroar-

ylation reaction of phenylacetylene with mesitylene. With the help of the activation strain model of reac-

tivity, the factors governing the higher activity of Au(I)-complexes having a FLP as a ligand as compared to

that of the parent PPh3 system have also been quantitatively identified.

Introduction

Since the seminal work by Stephan and co-workers in 2006 on
reversible dihydrogen activation mediated by a system having a
Lewis acid and a Lewis base in its structure,1 the so-called fru-
strated Lewis pairs (FLPs) have emerged as powerful species to
activate small molecules under metal-free conditions in both
stoichiometric and catalytic reactions.2 These species are typi-
cally composed of a pair of sterically encumbered Lewis acidic
and Lewis basic centers, in either single molecules or bimole-
cular systems, which severely hampers the formation of a clas-
sical donor–acceptor bond between them. This peculiar
bonding situation is responsible for the unique and rich reac-
tivity of these compounds, which in many instances was tra-
ditionally restricted to transition metals.2

FLPs have also been used as ambiphilic ligands in tran-
sition metal chemistry.3,4 Interestingly, the presence of a Lewis
acid moiety nearby transition metals can significantly influ-
ence their reactivity. For instance, Bourissou and co-workers
reported that, in comparison with PPh3 as a ligand, FLP A
improved the efficiency of the Pd-catalyzed Suzuki–Miyaura
coupling of p-bromoanisole with PhB(OH)2 (Scheme 1a).5

Similarly, Liu and co-workers used related FLP B in the Pd-
catalyzed hydroboration of enynes (Scheme 1b).6 As compared
to the analogous process involving o-naphthalenyl phosphine,

FLP B not only improves the activity of the catalyst but also
provides a markedly different selectivity as a trans-hydrobora-
tion product is almost exclusively formed. In contrast, a 1,4-
hydroboration reaction product is formed in the analogous
reaction involving a phosphine lacking the Lewis acidic
fragment.

Related intramolecular FLPs have also been used as ligands
in gold(I)-catalyzed transformations such as, among others,
the intramolecular cyclization reactions of propargylamides7

or, quite recently, the intra- and intermolecular hydroamina-
tion reactions of alkynes (Scheme 1c).8 Based on X-ray diffrac-
tion studies, it is assumed that the interaction between the
strong Lewis acid moiety and the transition metal in either the
FLPAuX (X = Cl, NTf) complex or the active catalytic species
FLP(Au)+ significantly enhances the electrophilic properties of
the catalyst, which ultimately results in an enhancement of its
catalytic activity. Despite that, very little is known about the

Scheme 1 Representative examples of transition metal-catalyzed reac-
tions using FLPs as ligands.

†Electronic supplementary information (ESI) available: Table S1 and Fig. S1,
Cartesian coordinates (in Å) and total energies of all the stationary points dis-
cussed in the text. See DOI: 10.1039/C9DT04806E
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Understanding the C@F Bond Activation Mediated by Frustrated
Lewis Pairs: Crucial Role of Non-covalent Interactions

Jorge Juan Cabrera-Trujillo and Israel Fern#ndez*[a]

Abstract: The activation of a single C@F bond in di- and tri-
fluoromethyl groups by frustrated Lewis pairs (FLPs) has
been computationally explored by means of Density Func-
tional Theory calculations. It is found that in this activation
reaction the FLP partners exhibit a peculiar cooperative

action, which is markedly different from related FLP-mediat-
ed processes, and where non-covalent interactions estab-

lished between the Lewis base and the substrate play a deci-
sive role. In addition, the process proceeds through the in-

termediacy of a hypervalent species featuring a pentacoordi-

nate carbon atom, which is rare in the chemistry of FLPs.
The physical factors controlling this process as well as the
bonding situation of these hypervalent intermediates have
been quantitatively analyzed in detail by using state-of-the-

art computational methods to not only rationalize the mech-
anism of the transformation but also to guide experimental-

ists towards the realization of these so far elusive hyperva-
lent systems.

Introduction

The discovery in 2006 by Stephan and co-workers that combi-
nations of sterically encumbered Lewis acids and bases can ac-

tivate dihydrogen[1] constituted the starting point of the so-
called Frustrated Lewis Pairs (FLPs) chemistry. Owing to the co-
operative action of the FLP antagonists, where the formation

of a donor–acceptor bond between them is precluded, these
species exhibit a unique and rich reactivity, which in most

cases is restricted to transition-metal complexes.[2, 3] Since the
seminal work by Stephan, impressive progress in this field has
been made. As a result, a good number of highly active FLPs
have been developed including, among others, intramolecular

species[4] or systems having transition-metal fragments in their
structures.[5] In addition, the number of applications of FLPs
has broadened significantly, particularly in recent years.
Indeed, FLPs have been not only successfully applied to acti-
vate different small molecules (H2, CO, CO2, N2O, SO2, etc.) but

also have been used in asymmetric syntheses[6] and polymeri-
zation reactions.[7] More recently, the concept of FLPs has been

even applied towards the development of heterogeneous cata-
lysts and new materials,[8] which clearly illustrates the current
growing interest in this area of main group chemistry.

In this regard, FLPs were recently applied by Young and co-
workers to activate a single C@F bond in di- and trifluorometh-

yl groups (Scheme 1).[9–11,12] The use of FLPs in this reaction
constitutes an elegant solution to the longstanding problem

of multiple C@F functionalizations typically observed in Lewis
acid-catalyzed reactions, which derives from the lower reactivi-

ty of the polyfluoride starting materials with respect to their
substituted products.[13] In contrast, the resulting phosphonium
or pyridinium salts formed in this novel FLP-mediated process

are “deactivated” intermediates that can be further functional-
ized by nucleophilic substitutions or electrophilic transfer reac-
tions, therefore leading to a wide variety of products with po-
tential applications in medicinal chemistry or materials sci-

ence.[9–11]

Despite the evident synthetic potential of this transforma-
tion, which can be even performed catalytically in the Lewis
acid by the addition of TMSNTf2 as a fluoride sequestering
agent,[10,14] very little is known about the actual role of the FLP

in the process. For this reason, we decided to gain a detailed
understanding of the unknown cooperative action of the FLP

partners in the transformation. The physical factors controlling
this novel and synthetically useful FLP-mediated C@F activation
reaction will be quantitatively analyzed by the combination of

[a] J. J. Cabrera-Trujillo, Prof. Dr. I. Fern#ndez
Departamento de Qu&mica Org#nica I and
Centro de Innovacijn en Qu&mica Avanzada (ORFEO-CINQA)
Facultad de Ciencias Qu&micas
Universidad Complutense de Madrid
28040 Madrid (Spain)
E-mail : Israel@quim.ucm.es

Supporting information and the ORCID identification numbers for the
authors of this article can be found under:
https://doi.org/10.1002/chem.202004733.

Scheme 1. Mono-selective functionalization of C@F bonds in di- and trifluor-
omethyl groups described by Young and co-workers (see refs. [9]–[11]).
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