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Abstract
Interactions between hindered Lewis acids and Lewis bases result in well-known frustrated Lewis pair

behavior. Recent research has tended to concentrate on very hindered systems, resulting in high levels of
activation, but not necessarily reactivity. In this article, we review the state-of-the-art and try to identify how
FLP chemistry may develop further to give a wider range of applicable catalytic reactions, i.e. through
softening both Lewis acid and base strengths, reducing hindrance and by controlling associative processes
through tether length and dynamic effects.

Classic FLP: Move to the boundary
with bifunctional
catalysis:
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1. Introduction

The discovery of new principles and concepts in science can be viewed from two different perspectives: 1,
how the new finding is different and separate from already existing data; and 2, how it is connected, and
which place it occupies, in the established system of knowledge. In this light, any new discovery, to a certain
extent, abstracts itself from the known by simply being novel. Unfortunately, this frequently leads to a degree
of isolation of new research areas from previously discovered fields. However, progress often occurs through
uniting principles, thus multiplying their potential. With this in mind, this article analyses the relatively novel
field of Frustrated Lewis Pair (FLP) chemistry and attempts to put it into a wider context that encapsulates
other areas and might impact the future of FLP chemistry.

Since the discovery of FLP behavior between hindered Lewis acids and Lewis bases, the underlying
principles have been used in multiple areas of inorganic, organometallic and organic chemistry. Nevertheless,
the majority of research in this field is still focused on developing significantly hindered, strongly Lewis acidic
and basic catalysts, especially for the activation of small molecules. The concept of FLP! emerged when
Stephan et al. synthesized the bifunctional compound 1,2 which contained both hindered, strong Lewis acid
and base functions, and reversibly reacted with hydrogen, yielding the phosphonium borate salt 2 (Scheme 1).
The steric inability of the Lewis acid (LA) and Lewis base (LB) to form adducts opened up the possibility to
activate small molecules,® which underwent asynchronously concerted,* or stepwise,” coordination to both LA
and LB centers and subsequent heterolysis. Since their discovery, FLPs have been shown to be capable of
reacting with a range of different substrates and perform various catalytic reactions.® In addition, the FLP
concept is beginning to be usefully viewed in context with previous research in the areas of bifunctional
catalysis and organometallic chemistry.” However, the goal of this review is to analyze how the scope of FLP
applications could be increased by widening that context even further. Indeed, it can be suggested that
softening Lewis acidity, basicity, steric requirements and tuning tether length between the components, is
likely to lead to improved performance and hence, wider applications in organic chemical reactions.
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Scheme 1. Discovery of Frustrated Lewis Pairs reactivity.
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2. Separate Lewis Acids and Bases in Comparison with FLP Chemistry

Many of the existing FLP examples incorporate B(CsFs)3 or its derivatives as the Lewis acid component. This
borane has been intensely used® in organic synthesis as a strong Lewis acid since its discovery,® and it is
important to investigate the parallels between FLP reactivity and reactions occurring with B(CeFs)s and its
derivatives alone.

Reaction of dimethyl acetylenedicarboxylate (DMAD) 3 with 2 equivalents of B(CsFs)3 4 proceeds via an
unusual rearrangement through a cumulene intermediate 6, leading to product 7 (Scheme 2a).}° The
intermediate, and the way it is formed, are reminiscent of a “traditional” FLP example of cyclic cumulene 11
formation from FLP 9 and ynone 8 (Scheme 2b).!! Similar 1,4-additions are shown as proceeding by two
different pathways: 1) through initial coordination of the B species to the carbonyl oxygen with subsequent
nucleophilic attack of the CgFs group onto the alkyne; or 2) initial nucleophilic attack of the P lone-pair onto
the alkyne with the following stabilization of product to give cyclic compound 11. However, it is also known,!!
that ynone 8 reacts with B(CsFs); 4 to yield the stable, chelated species 12 (Scheme 2c), and subsequent
treatment with '‘BusP leads to the zwitterionic product 13. It seems, that the more electron-withdrawing
carboxy substituent in intermediate 5 makes the nucleophilic attack of CeFs group on sp-carbon possible. In
the case of a phenyl group, the chelated boron adduct 12 is stable unless a stronger nucleophile, '‘BusP, is
introduced. These examples show the similarities in mechanisms of both free LA and FLP action.

MeO.__O (CeF5)2B—CeFs B(CeFs) e
2 B(CeFs)3 [ (CoF5),BO C ° OB(Cg¢Fs)
0 OMe 0 CeF 6F5)2 6" 5/2
a) || _4 Qﬁ R WA \ 7/
\
MeG o) MeO (7 OMe CeFs  CoFs
0~ “OMe ¥ CeFs. O
B (CeFs5)3B N - !
3 5 CeFs~ "CeFs
6
Mes,P---B(CgF5)
es,P---B(CqFs), /~\ / N\
S
0 9 Mes,R® B(CgFs)2 Mes,P®  B(CgFs),
b) ph%( _ k C) I
By Ph" Ney O AP
N Ph Y
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o 4 O—=B(C4Fs)s ‘Bu3P Ph O—B(CgFs5)3
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Scheme 2. Comparison of FLP and B(CeFs); reactivity.1%1?
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FLPs are known to activate terminal C-H bonds in alkynes, however, B(C¢Fs)s alone is known to show
similar reactivity with some alkynes.*?

Probably the most developed area of FLP reactivity is hydrogen activation and subsequent
hydrogenations. It is important to mention that metal-free hydrogen activation has been achieved by LAs,
namely anti-aromatic pentarylboroles alone,’®* and this approach was extended to make the process
reversible.'4

Hydrogen activation can also be achieved by a simple borane HB(CsFs),, which undergoes direct [2+2] o-
bond metathesis®® by H,. This borane also catalyzes hydrogenation of olefins via hydroboration of the
substrate, followed by hydrogenolysis of the B-H bond.®

It has also been shown that in FLP-mediated CO; reductions, the main role of activating substrates
belongs to the LA component,!’ though the LB plays a role in stabilizing the FLP*CO, complex. At the same
time, the LB actually hinders hydride transfer by donating its lone pair to the LUMO of CO,, making it less
electrophilic. It is also important to note that CO; activation can be achieved in some cases by separate LBs,
such as certain phosphines.*®

However, sometimes true FLP behavior may not be immediately obvious, as the LB role can be played by
the substrate itself, as in cases of hydrogenation of imines,’® amine-substituted benzenes?®® and N-
heterocycles.?! Or, in fact even the solvent may be sufficiently nucleophilic.??

Such examples suggest that FLP systems sometimes perform similarly to individual LAs or LBs, thus, it is
important to check the reactivity of substrates with the separate LAs and LBs, before making final conclusions
on FLP behavior. Nevertheless, many studies unambiguously show that FLP reactivity cannot be observed
without both the LA and LB present. For example, olefins do not react either with B(CeFs)s or with
phosphines,?> however, 1,2-addition of the LA and LB to the olefin occurs when all three components are
mixed together, and similar process is observed with dienes.?

3. “Frustration” and Reactivity of Lewis Pairs

One of the major and key features of FLP chemistry is the steric inability of the LA and LB to form a Lewis
adduct,? often referred to as a classical Lewis adduct (CLA). However, while reducing the reactivity of the LA
and LB towards each other, steric hindrance also limits substrate scope, since sterically more demanding
molecules are less likely to be activated.

The main question when classifying Lewis pairs as either "frustrated” or “not frustrated” is where to draw
the line that separates these terms. CLA formation is an equilibrium process,?> and thus there is both the
adduct and separate LA and LB species present in solution. Catalytic activity of such systems will be kinetically
determined, depending upon whether adduct dissociation, or LA-LB binding with substrate, or product
dissociation or other reaction step is faster (Scheme 3). If the exchange between LA-LB adduct and the
mixture of separate LA and LB is faster than the slowest step in the reaction, then even if the catalyst mainly
exists in adduct form, it can still be active. Thus, CLA formation between LA and LB should not necessarily lead
to a drop in catalytic performance of the FLP system.

Page 29 ©ARKAT USA, Inc



Arkivoc 2017, (i), 26-40 Arkhipenko, S. and Whiting, A.

if this is the slowest step ——> Lewis adduct formation is a problem

f—)%
bstrat subsequent product
LA~LB LA + LB —>srate_ >eq e, product + LA + LB
binding reaction steps  dissociation
Lewis
adduct K Y /

if any of these is the slowest step ——> Lewis adduct formation is not a problem
Scheme 3. Identifying when Lewis adduct formation has a negative impact on FLP activity.

These considerations are supported by multiple literature examples. It was found?® that a mixture of 2,6-
lutidine and B(CesFs)s can activate hydrogen and show typical FLP reactivity despite observing an equilibrium
between the free LA and LB and the CLA by NMR. Indeed, the two reaction pathways are not mutually
exclusive. Nevertheless, in this particular case, the activation of H, was slower than with other bases,
presumably due to the fact that some of both the LA and LB exist in an inactive state due to competitive CLA.?’
However, the same B(CecFs)s—2,6-lutidine system also activates CO, faster than B(CsFs)3—2,2,6,6-
tetramethylpiperidine,?® despite computational studies suggested that the latter combination of LA and LB
should be a more reactive FLP system.?’

From the thermodynamic point of view, it can be assumed that non-bonded LA and LB systems should in
general bind to substrates better than CLAs, because the energy needed for adduct dissociation reduces
reactivity.3° Nevertheless, CLAs are known to perform FLP chemistry through the equilibrium with free LA and
LB in solution.

4. Reactivity of Classic Lewis Adducts (CLAs)

Other examples of H; activation by mixtures of B(p-CeFsH)3 with different phosphines3! led to two important
conclusions. Firstly, the stronger and more hindered bases tend to yield FLPs that bind hydrogen irreversibly
and form phosphonium borate salts, and it is weaker basicity that becomes a requirement for liberation of
hydrogen from the salts formed. The similar effect was observed for ansa-aminoboranes®? and was shown to
be the result of reduced stability of ammonium hydridoborate formed, when a weaker Lewis basic component
was used. Secondly, in many cases, CLAs have only been shown to be inactive towards H; binding; the H-H
bond is particularly strong and thus, there is still a possibility for those adducts to activate lower energy bonds.

Alkynes react with both CLAs®? and cyclic double Lewis adducts, such as 14 (Scheme 4a).3* Complex 14
shows that breaking the two donor-acceptor bonds is possible and is driven by interaction with substrate
resulting in complex 16. Similar activity is observed for Al-P dimer 17 which reacts with CO>3> and other small
molecules (Scheme 4b).3® CO, can also be activated by CLAs,?” and indeed, as early as in 1978,38 it was
reported that for efficient catalysis, dimer formation of bifunctional species is actually preferred.

Both the structures of dimers 14 and 17 were identified by X-ray crystallography, and this leads to
another important conclusion that is often overlooked, i.e. the existence of interactions between LA and LB
centers in solid-state molecular structures of crystalline compounds does not necessarily mean that such
species predominate in solution, or equally that this is indicative of the absence of an equilibrium with the free
LA and LB. In fact, in some cases, this equilibrium cannot be observed, even by NMR spectroscopy. For
example, a mixture of B(CsFs)3 and PPhs activated alkynes,3® however, NMR spectra of the mixture showed no
presence of the adduct components.
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Scheme 4. FLP reactivity of LA-LB double adducts 14,3* 173¢ (a, b) and precursor compound 20*? (c) through
equilibrium with free LA and LB.

Following the same pattern, the weak adduct between EtsP and B(CeFs)s caused ring-opening of THF,*
and the adduct of dimethylbenzylamine with B(CeFs)s; reacted with H,, CO,, olefins, alkynes and diynes, again
due to an equilibrium which makes free LA and LB available for reaction.

A further demonstration of the importance of a facile LA+LB — CLA equilibrium comes from observations
of typical FLP reactivity of a precursor of a LA-LB system.?® The Piers borane 21 reacts with enamine 22 to give
the iminium salt 20 (Scheme 4c), which was isolated and characterized by NMR and X-ray spectroscopy.*?
However, exposure of 20 to dihydrogen causes precipitate of 24 within 5 minutes. This suggests that complex
20 exists in equilibrium with a mixture of free LA 21 and LB 22, which is also in equilibrium with a small
amount of “invisible” hydroboration product 23. The bifunctional aminoborane 23 is a typical FLP, capable of
binding H; to yield 24.

CLAs can also catalyze polymerization reactions.*®> Remarkably, the turnover frequency (TOF) for
polymerization of y-methyl-a-methylene-y-butyrolactone was shown to increase as the catalysts used were
changed from FLPs to CLA Ph3P—B(CsFs)s.** Systems in which steric hindrance was too great were inactive in
this type of polymerization reactions.

5. Benefits of Reducing Lewis Acidity and Basicity

It can now be seen that adduct formation does not necessarily lead to inactive FLP systems, and in many
cases, conversely increases the performance of Lewis pairs. However, if the equilibrium with free species is
slow or completely shifted to adduct, the Lewis pair system can indeed become inactive**, In these cases,
reducing the likelihood of adduct formation can be achieved through increasing steric hindrance of both LA
and LB. Unfortunately, this approach can lead to loss of activity, as availability of both the LA and the LB drops.
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This also means that the scope of possible reactions which FLPs can catalyze also becomes limited by steric
hindrance. Thus, another approach to avoid adduct formation can be the reduction of Lewis acidity and
basicity of FLP components, reducing the strength of LA—LB complexation. This can result in achieving multiple
other important goals.

Firstly, even though higher Lewis acidity and basicity can help accelerate substrate activation, it is the
rate-determining step that should be considered for tuning LA and LB strength for a particular reaction. In
general, high Lewis acidity and basicity slows down product dissociation from the catalyst.*® The adduct
formed between Lewis acid and substrate, as in case of CO, reduction*” or product, as with imine
hydrogenations,*®*° can be sufficiently strong that its dissociation can become a rate-determining step. Using
a weaker LA facilitates these reactions. Similarly, some FLPs can bind, for example, to benzaldehyde, forming a
stable, and thus supposedly, inactive zwitterionic adduct.>®

In the case of FLP-mediated hydrogenations, the rate-limiting step is not always the H, activation,’! but
can also be the hydrogen transfer.>? In cases where the rate determining step is the hydride transfer from
borohydride, use of a weaker LA again improves performance of the catalyst.>® Following the similar pattern,
PhB(CsFs); was found to be more effective than B(CeFs)s in transferring the OR group to tin in allylstannylation
reactions.>*

Secondly, use of B(CeFs)3, and some of its derivatives, may lead to undesirable ortho- or para-internal
catalyst activation,®® to protonolysis of the facile B-C¢Fs bond>®>” and migration of the pentafluorophenyl
group in known 1,1- and 1,3-carboborations of terminal alkynes.!?

Thirdly, the functional group®® and impurity>® tolerance of catalysts in FLP chemistry can in some cases be
an issue. While there are strategies, such as the use of scavengers, that help to increase impurity tolerance,*
reducing the reactivity of LA and LB can also help to improve this aspect of FLP catalysts. Careful tuning of the
Lewis acidity of the LA and steric requirements of both the LA and LB can even lead to FLP systems that are
tolerant to water present in “bench” quality solvents.??

It is inspiring to see that these principles are becoming more generally recognized and applied.
Introduction of two isopropyl groups onto nitrogen in weakly Lewis acidic and basic aminophenylboronic
compound 27 is already enough to shift the equilibrium of adduct formation to uncoordinated species,®
allowing catalysis of amide formation (Scheme 5a), and similar reactivity is observed even for N,N-dimethyl
derivative.®?! Attempts have been made to reduce the basicity of the LB component of FLPs by the introduction
of pentafluorophenyl substituents into the phosphines, which has provided compounds capable of good FLP
reactivity.®? Dihydrogen cleavage was achieved with an “inverse” FLP between a strong LB and a weak LA.%3
Dropping the Lewis acidity to the level of an aryl boronate, as in catalyst 29, still allowed activation and
subsequent hydroboration of CO; to take place (Scheme 5b);®* a result which again underlines the possibility
of using weaker LAs and LBs. Catalyst 31 participated in H; activation and provided a route to CO; reduction
(Scheme 5c¢),%® and even though it underwent protodeboronation to 32 in the process, the potential of using a
non-fluorinated, weakly acidic triarylborane (LA) and unhindered dimethylarylamine (LB) for achieving FLP
reactivity has been realized and is a promising development.
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Scheme 5. Weakly Lewis-acidic, weakly hindered compounds performing “bifunctional” and/or “FLP-type”
reactivity.

6. Other Approaches to Avoid Lewis Adduct Formation

Apart from reducing Lewis acidity and basicity, other methods of preventing Lewis adduct formation between
LA and LB are known.

Possibly the most straightforward approach is simply to prevent contact between free LA and LB, by for
example, performing reactions in a stepwise manner. Pre-activation of substrate with the LA, followed by
subsequent addition of the LB was used for polymerizing a divinyl monomer.%® The existence of a borane-
olefin Van der Waals complex in the FLP-mediated reactions with alkenes®” and knowledge of the stepwise
character of N,O capture by phosphine-borane FLPs,®® also suggests that these reactions might be attempted
stepwise. However, this approach can only be applied for non-interlinked FLPs.

Connecting the LA and LB centers with a carefully designed linkage can lead to a reduction in
intramolecular adduct formation,®® however, the possibility for intermolecular coordination should always be
considered.

The energy mismatch of LA and LB orbitals was presumed to enhance reactivity with H,.”® Applying
“electronic” rather than steric frustration was investigated for metal-ligand multiple-bond complexes, and
reactivity similar to that of FLP systems was observed.”?

Altering temperature is another tool for manipulating FLP reactivity. “Thermally induced frustration””?
can be observed, when the heating of adduct allows its dissociation and hence, FLP system can become
active.” The opposite situation was also reported,’* i.e. that adduct formation was shown to be irreversible at
RT, but that FLP reactivity could be observed at -78 °C. An example of a photo-induced dissociation of a LA—LB
adduct is also known.”>
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Increasing the H, pressure has also been used to initiate its activation by using the unhindered
combination of Me;NH and BHs.”® This combination of LA and LB forms an adduct which is inactive to
hydrogen at ambient pressures.

Solvent can play a role in stabilizing FLP adducts, by preventing adduct formation.”” In a different
example, the introduction of a polyether macrocycle to a reaction medium did not prevent adduct formation,
but resulted in stabilizing the product of H; activation and thus facilitated this process.”®

7. Importance of Link between LA and LB Centers

It is important to note that, according to definition,”® bifunctional catalysis is catalysis by bifunctional species,
meaning all of the FLP consisting of separate LA and LB should rather be viewed as acting in concerted
processes.

Catalysts with linked reaction sites lose less entropy when reacting with substrates than do unbound
systems,2® which improves the reactivity of the connected FLPs®* and allows utilization of weaker LA and LB.

Tuning the tether type and length between the two reactive centers is known to have a major effect on
bifunctional catalysis. Pyrrolidin-2-ylalkylboronic acids 35, 37 and 39 showed dramatically different reactivity
as the length of alkyl chain between LA and LB centers was varied.®® Homoboroproline 35 was identified as
efficient catalyst for enamine-mediated aldol formation with high enantiomeric selectivity (Scheme 6a).
Increasing the carbon chain length by one methylene group in 37 led to a drop in reactivity and total loss of
asymmetric induction (Scheme 6b), while increasing it further by one more CH; in 39 completely switched off
catalysis of single aldol formation, at the same time opening access to double aldol product (Scheme 6c).
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o) @"" OH O

N
/©)J\H (0] H, Cle 35 20 mol. % /@/k)‘\
a) + >
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0 E%\%_/_/ OH O OH
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33 34 °

Scheme 6. Impact of tether length between LA and LB centers on reactivity.
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The same applies to FLP systems and for example, it was shown that similar geminal and vicinal P-B pairs
show different reactivity towards cinnamaldehyde.®! Changing tether length between 2, 3 and 4 methylene
groups had a major effect on FLP reactivity of phosphinoboranes.®? Preorganization of the LA and LB in
geminal methylene-bridged phosphinoboranes allowed reactions with H, and CO>* even though two phenyl
substituents on boron rendered LA center much less acidic than in well-studied pentafluorophenyl substituted
boranes.

8. Conclusion

In conclusion, the performance of FLPs is not necessarily diminished by decreasing steric demand or LA and LB
strength. In fact, reactivity can be tuned and certainly increased by that approach. Indeed, because Lewis
adduct formation is always an equilibrium process, it can be proposed that subtlety of FLP design, i.e.
introducing milder Lewis acidity and basicity, reducing hindrance and careful adjustment of tether length
between reactive centers, should lead to improved selectivity, reactivity and a significantly increased scope of
FLP applications.
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