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Preface

Frustrated Lewis pairs (FLPs) combine a Lewis acidic and Lewis basic site to
activate small molecules, most notably dihydrogen and carbon dioxide. This grants
access to unique chemistry focused around activation and functionalization of such
small molecules whereby the FLPs show great potential as organocatalysts.
However, the exact manner in which the Lewis acidic and Lewis basic components
of the FLP systems interact with both each other and the small molecule substrate
is still a topic of much debate. To unlock the full potential of these unique systems
it is important to fully understand the mechanism by which they operate. This
thesis details an in-depth investigation of the interactions between Lewis acidic
and Lewis basic components of FLP systems focused on two main aspects: the
generation of radical via single-electron transfer and the role of London dispersion.

Thesis outline
Chapter one includes an overview of all reports of radicals within frustrated Lewis
pair systems which includes reactivity of FLP systems with radical substrates, the
use of pseudo-FLP systems, and radical formation via single-electron transfer
within the FLP systems.

9

Chapter two details how irradiation with visible light induces single-electron
transfer within archetypal frustrated Lewis pair systems using a combination of
both spectroscopic and computational methods. In addition, it details how
computations can be used to predict whether single-electron transfer will occur
thermally or photochemically.

In chapter three, radical formation within frustrated Lewis pair systems is
explored further. Potentially radical FLP systems are analyzed, utilizing the known
light dependency of Lewis base to Lewis acid single-electron transfer as a probe, to
provide insight on whether a single-electron transfer mechanism is active. This
reveals that, in cases for which radicals are observed, radical formation results
from Lewis acid activation of the substrate which facilitates subsequent singleelectron transfer.

Chapter four details the influence of London dispersion forces have in determining
the outcome of chemical transformations. It provides a complete literature
overview of efforts to quantify London dispersion forces and ways to utilize this
steric attraction as a design tool analogous to how its counterpart steric repulsion is
often employed.

Chapter five describes applying London dispersion forces to design a frustrated
Lewis pair system specifically tuned towards formation of a stable isolable van der
Waals complex. Initial synthetic steps towards this goal are also detailed featuring
development of a novel synthetic route to access unique triarylborane structures.

10
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Radicals in frustrated Lewis pair chemistry

Abstract: The recent discovery of radical formation within frustrated Lewis pair
(FLP) systems indicates single-electron transfer (SET) may play an important role in
their chemistry. This has sparked interest into the generation, analysis and
utilisation of radical species within FLP type systems. This chapter explores such
radical formation and provides in-depth insight into the SET events involved.

Published: F. Holtrop, A. R. Jupp, J. C. Slootweg, ‘Radicals in Frustrated Lewis
Pair Chemistry’ in Frustrated Lewis Pairs (Molecular Catalysis 2). Springer Nature
Switzerland. 2020. doi: 10.1007/978-3-030-58888-5
11
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1. Introduction

Scheme 1. General principle underlying FLP chemistry. Steric encumbrance disfavours Lewis adduct
formation, which preserves the reaction sites of both the Lewis acid and base allowing for FLP type
reactivity.

Frustrated Lewis pairs (FLPs) combine a Lewis acid, an electron pair acceptor, and
a Lewis base, an electron-pair donor, to access unique chemistry. Steric encumbrance
of both components is utilised to prevent classical Lewis adduct formation, which
preserves the reactivity of both the Lewis acidic and Lewis basic moieties (Scheme
1) and allows for synergistic activation of a plethora of small molecules including
CO2, CO, N2O, SO2, nitriles, alkenes, alkynes, and most notably H2.[1–7] The reactivity
of FLPs with H2, discovered in 2006 using a tetrafluorophenylene-bridged
phosphine borane system, gave rise to the field of FLP chemistry.[2] It was soon
demonstrated that more accessible phosphines (PtBu3 and PMes3) could also be
utilised in combination with the highly Lewis acidic B(C 6F5)3 to effect the reaction
with H2, generating the corresponding phosphonium borate.[8] This reactivity has
been successfully applied to achieve metal-free hydrogenation of a variety of
substrates including imines, ketones, and alkenes.[9–14] Early mechanistic
investigations of FLP-induced hydrogen cleavage concluded that it proceeds via
heterolytic cleavage, after which this became the accepted mechanism for all FLP
substrates.[15–21] The Lewis base donates two electrons to the substrate, and the latter

simultaneously donates two electrons to the Lewis acid (Scheme 2: top). However,
recent reports of single-electron transfer (SET) within FLP systems suggest that
radicals may play an important role.[16,17,22–27] This has sparked research into the
generation of radicals in FLP systems and whether such systems may be operating
via a homolytic cleavage mechanism. This chapter focuses on the recent reports of
radical formation within FLP systems and aims to offer an understanding of the SET
events involved in their generation as well as the application of such radicals.

Scheme 2. Proposed pathways for FLP chemistry. Top: 2e polar pathway featuring heterolytic substrate
cleavage. Bottom: 1e radical pathway featuring SET to generate a radical ion pair and subsequent
homolytic substrate cleavage.

1.1 Radicals in FLP chemistry
A radical mechanism for FLPs, featuring SET from the Lewis base to the Lewis acid
to generate a radical ion pair, and subsequent homolytic substrate cleavage (Scheme
2: bottom), was first proposed by Piers et al. in 2011.[23] However, it was promptly
dismissed as, although it had been shown that the archetypal Lewis acid B(C 6F5)3
was a potent single-electron oxidant,[28,29] the high ionisation energy of the typical
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Lewis bases (phosphines) was said only to allow for subnanomolar concentrations
of the radicals to be present.[23] However, in 2013, Wang et al. demonstrated that SET
between a bridged triphenylamine donor and B(C6F5)3 is feasible (see section 4.1) by
showing that this combination leads to generation of the corresponding amine
radical cation, as demonstrated by EPR spectroscopy.[30] Absence of an EPR signal
corresponding to B(C6F5)3•– was attributed to its known instability and rapid
degradation at ambient temperatures.[22] In 2017, Stephan et al. combined PMes3 and
B(C6F5)3 and observed small amounts of radical formation by EPR spectroscopy.[17]
Switching to the more Lewis acidic Al(C6F5)3 resulted in a much clearer EPR signal,
allowing for its unambiguous identification as PMes3•+. Neither B(C6F5)3•– nor
Al(C6F5)3•– were observed, which was again attributed to their known rapid
decomposition. It was postulated that radical formation was the result of an
equilibrium between the FLP and its corresponding radical ion pair, however, recent
reports by Slootweg et al. demonstrated that it is in fact photo-induced SET that leads
to this radical formation.[27] The exploration of radical species in FLP chemistry is a
relatively nascent field, but a summary of the progress so far will be discussed in
this chapter. The reactivity has been grouped into three different categories. Firstly,
this chapter will discuss radical substrates that have been combined with FLP
systems, and the subsequent investigations of the resulting radical species. Next, the
focus will be on radical pairs that have been generated by exchanging the Lewis base
of an FLP system for a single-electron donor, which forces a SET pathway. The final
section details SET within actual FLP systems, and provides the conceptual
framework for when SET occurs in FLP systems.

2. Reactions of FLP systems with radical substrates
One way of generating radical species within FLP systems is the reaction of the
Lewis acid and base with a radical substrate, or a substrate that will undergo a facile
transformation to generate radical species. This section focuses on these types of
systems for which the radical formation is substrate-based, rather than promoted by
the Lewis acid/Lewis base system.

2.1 Nitrous oxide (N2O)
In 2013, Stephan et al. reported formation of a radical ion pair 2 (Scheme 3), which
they named a ‘frustrated radical pair’, resulting from the reaction of R3P/Al(C6F5)3 (R
= Mes, tBu) (1:2 ratio) and nitrous oxide (N2O).[31] During this reaction the FLP is
proposed to initially add to the N2O forming 1, analogous to when B(C6F5)3 is used.[32]
However, in case of Al(C6F5)3 a second equivalent coordinates to the oxygen, after
which extrusion of N2 leads to formation of the radical ion pair 2. The oxygencentred Al–O–Al radical species is highly reactive, leading to rapid generation of the
OH-species via hydrogen abstraction from both the solvent (toluene) and the
phosphine, demonstrating the ability of such radical species to activate C–H bonds.
In case of PtBu3, the generated radical cation PtBu3•+ is highly reactive and only
species 1 was detected: the product resulting from hydrogen atom abstraction.
However, when PMes3 was used, the resulting PMes3•+ is sufficiently stable for both
detection by EPR spectroscopy and successful growing of single crystals of 3 suitable
for X-ray analysis. This work nicely exhibits how choosing N2O as a substrate adds
a significant thermodynamic driving force, namely nitrogen extrusion, to the
system, which creates an avenue for the generation of highly reactive radical species
capable of C–H bond cleavage.

15
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Scheme 3. Reactivity of phosphine/Al(C6F5)3 FLP systems with N2O. R = Mes or tBu. In the case of tBu,
the radical cation could not be observed due to degradation. HAT = hydrogen atom transfer.

2.2 Nitric oxide (NO)
Erker et al. demonstrated that vicinal P/B FLP system 5 rapidly captures NO, a
radical substrate, which leads to the formation of a persistent FLP–NO nitroxide
radical (Scheme 4).[33] This compound was characterized by both EPR spectroscopy
and X-ray analysis, and the data shows that the radical is markedly oxygencentered.[34,35] In addition, they report it undergoes typical reactions of the general
class of nitroxide radicals, including H-atom abstraction from toluene, and the
controlled nitroxide-mediated radical polymerization of styrene. This reactivity
shows that FLP systems can stabilize a radical species while preserving its
characteristic properties.

Scheme 4. Vicinal P/B FLP reaction with NO generating a stable nitroxide radical.

2.3 9,10-Phenanthrenequinone
The reaction of 9,10-phenanthrenquinone with B(C6F5)3 and H2 was shown by
Stephan et al. to result in the formation of radical species.[36] In this reaction, it is
proposed that 9,10-phenanthrenequinone and B(C6F5)3 first form an FLP system,
which induces H2 splitting and leads to the formation of 8 (Scheme 5). Subsequent
hydride transfer regenerates B(C6F5)3 and yields hydroquinone 9. The latter reacts
with another equivalent of 9,10-phenanthrenquinone to afford the radical
semiquinone 10,[37] to which B(C6F5)3 can coordinate. The subsequent loss of HC6F5
then leads to formation of the borocyclic radical product 12. The EPR spectrum of
the product was corroborated by the synthesis of the isotopically pure 12-10B from
B(C6F5)3.[38]

10

Scheme 5. Reaction of 9,10-phenanthrenquinone with B(C6F5)3 and H2 which results in the formation of a
stable borocyclic radical species.
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3. Radical generation using a ‘pseudo-FLP’
To explore the radical reactivity of FLP-type systems, many groups have opted to
ensure the reactivity proceeds via a radical pathway by shutting down the ‘classical’
polar pathways by exchanging the Lewis base for a single electron donor, most
commonly organometallic sandwich complexes like ferrocene. Although this is no
longer an FLP system, these ‘pseudo-FLP’ systems provide great insight into the
potential SET reactivity within FLPs. For this reason, these systems are included
within this chapter.

3.1 Reduction of ‘FLP’ Lewis acids B(C6F5)3 and Al(C6F5)3
As exchanging the Lewis base of an FLP for a single-electron donor can lead to
reduction of the Lewis acid, this first section analyses the single-electron reduction
of the archetypal Lewis acids used in FLP chemistry, B(C6F5)3 and its aluminium
analogue Al(C6F5)3, using sandwich complexes.

In 2001, Norton et al. reported that B(C6F5)3 could be reduced using
decamethylcobaltocene (Cp*2Co) yielding the B(C6F5)3•– radical anion (Scheme 6),
which could be observed by EPR spectroscopy (at –50 °C) and UV-Vis spectroscopy
(λ ≈ 600 nm).[28] In addition, they determined that the highly reactive radical anion
has a half-life of around 5 minutes at 0 °C in THF. The use of THF as the solvent
proved to be crucial for the stabilization of the radical anion, as later work by Ashley
et al. demonstrated that degradation of the radical anion is at least three orders of
magnitude more rapid in the weakly coordinating solvents dichloromethane and
difluorobenzene, which inhibits detection by EPR techniques.[22] Subsequent

analysis of the decomposition products showed that degradation is primarily due to
reaction with solvent.

Scheme 6. Reduction of B(C6F5)3 using decamethylcobaltocene to generate the corresponding B(C 6F5)3•–
radical anion.

The reduction of Al(C6F5)3, performed by Chen et al., was achieved by combining the
Lewis acid with ferrocene (Cp2Fe), a notably weaker donor than the Cp*2Co used to
reduce B(C6F5)3.[39] The reaction initially yields a stable adduct Cp2Fe·Al(C6F5)3,
contrasting the lack of interaction found when mixing B(C 6F5)3 and ferrocene
(Scheme 7).[40] Subsequent heating induces SET, which leads to the formation of the
Cp2Fe+ cation and thus also presumably the Al(C6F5)3•– radical anion, although the
latter was not detected by EPR spectroscopy. This is attributed to rapid degradation
of the radical anion, which is highly likely at 100 °C.

Scheme 7. Coordination of Al(C6F5)3 to ferrocene after which heating induces SET generating Al(C6F5)3•–

The instability and rapid degradation of both radical anion species B(C6F5)3•– and
Al(C6F5)3•– is often referenced to explain their absence in spectroscopic analyses. This
same rapid degradation is often overlooked when considering the mechanisms that
operate concerning radical generation and follow-up reactivity. This chapter aims to
review all cases that feature B(C6F5)3•– and Al(C6F5)3•– and analyse the likelihood of
their formation and/or participation in follow-up reactivity by comparing the
reaction conditions to the known data about their instability and rapid degradation.
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3.2 Pseudo-FLP reactivity
Agapie et al. reported that combining ferrocene with B(C6F5)3 leads to no reaction,
however, addition of oxygen leads to formation of B–O–O–B species (Scheme 8).[40]
Individually, both ferrocene and B(C6F5)3 are inert to O2, but cooperatively they are
able to reduce oxygen to a formally O2- moiety. Exchanging Cp2Fe for the stronger
reductant decamethylferrocene (Cp*2Fe) significantly increases the reaction rate,
indicating that donor strength plays an important role. Further investigation
showed that addition of Brønsted acids and bases did not influence the reactivity or
alter the products, leading to the conclusion that the mechanism proceeds via SET
rather than protonation/deprotonation. In addition, combining Cp*2Fe and B(C6F5)3
in the absence of oxygen was observed to yield SET and subsequent degradation of
the B(C6F5)3•– radical anion, albeit no more than 15% conversion over 24 h. Although
no mechanism is proposed, it is possible that the reaction proceeds with initial Lewis
acid coordination of B(C6F5)3 to O2, increasing it electron affinity, after which SET
takes place, analogous to the reaction proposed for Cp*2Fe/Al(C6F5)3 featured in the
next paragraph.

Scheme 8. Reactivity of pseudo-FLP Cp2Fe/B(C6F5)3 and its individual components with oxygen.

The reaction of Cp*2Fe/Al(C6F5)3 with oxygen is less selective. Stephan et al. reported
that this reaction yields a complex mixture from which they were able to isolate an
unusual dianionic species featuring an Al2O2 core.[41] The proposed mechanism
features initial Lewis acid coordination to O2 and subsequent reduction by Cp*2Fe to

afford an Al–O2–Al bridging species similar to that found for B(C 6F5)3 (Scheme 9).
However, rather than forming the analogous linear Al–O–O–Al species, an Al2O2
square core is formed, which is most likely favoured due to the larger coordination
sphere of aluminium compared to boron. Subsequent extrusion of 2 equivalents of
C6F5 radical yields intermediate 13, to which an additional 2 equivalents of Al(C6F5)3

•

coordinate to form the product 14 (Scheme 9).

Scheme 9. Reaction of pseudo-FLP Cp*2Fe/Al(C6F5)3 (1:2) with O2 (top). Proposed mechanism for the
reaction of Cp*2Fe/Al(C6F5)3 with O2 (bottom).

Other group 16 elements were also found to react readily with the pseudo-FLP
systems. Addition of elemental selenium to Cp*2Fe/Al(C6F5)3 afforded a product
analogous to the reaction with O2, featuring an Al2Se2 core (Scheme 10). Reaction
with elemental tellurium yielded a Al2Te2 structure, though in this case it features
an additional Al(C6F5)2 bridge that distorts the square-planar structure to form a
bicyclo[1,1,1]pentane-like

core

(Scheme

10).[41]

In

contrast,

reaction

of

Cp*2Fe/B(C6F5)3 with sulfur (S8) led to selective formation of a linear compound
21
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featuring a bent S7 chain bridging between two B(C6F5)3 moieties (Scheme 11). The
reaction using Cp*2Fe/Al(C6F5)3 and S8 was not described.

Scheme 10. Reactions of pseudo-FLP Cp*2Fe/Al(C6F5)3 (1:2) with selenium and tellurium.

Scheme 11. Reaction of Cp*2Fe/B(C6F5)3 with sulfur.

Stephan et al. also investigated the reactivity of such systems with other group 16
element–element bonds (O–O, S–S, Te–Te).[41] Slow addition of benzoyl peroxide to
a mixture of Cp*2Fe and B(C6F5)3 or Al(C6F5)3 leads to selective O–O bond cleavage
affording species 15 (Scheme 12a). This reaction can be formally viewed as homolytic
cleavage of the peroxide bond by transient B(C 6F5)3•–, although it is noted the
mechanism is likely more complicated. Indeed, as the B(C6F5)3•– species is known to
have an extremely short lifetime, it may be more plausible that the reactivity results
from Lewis acid coordination to the benzoyl peroxide which increases its accepting
properties and thus facilitates SET directly to the peroxide, analogous to the reaction
proposed for the reaction of Cp*2Fe/Al(C6F5)3 with O2 (vide infra). This is supported
by the observed interaction between benzoyl peroxide and B(C 6F5)3.

Scheme 12. Reaction of pseudo-FLPs Cp*2Fe/E(C6F5)3 (E = B, Al) with benzoyl peroxide (top) and di-tertbutyl peroxide (bottom).

In contrast to the reaction with benzoyl peroxide, mixing the pseudo-FLP with ditert-butyl peroxide does not lead to selective O–O bond cleavage but instead affords
bridged B–O(H)–B species 16 (Scheme 12b).[41] This is proposed to occur via O–O and
C–O bond cleavage that generates a transient B–O–B radical species. This species
abstracts a hydrogen atom from a tert-butyl radical which leads to formation of the
B–O(H)–B species 16 and isobutene, both of which were observed by NMR
spectroscopy.

S–S bonds are known to be susceptible to homolytic bond cleavage, and indeed the
combination of Cp*2Fe/B(C6F5)3 (1:2) was found to induce S–S bond cleavage in
diphenyl disulfide affording [Cp*2Fe][PhS–B(C6F5)3] (Scheme 13a).[41] Switching the
Lewis acid to Al(C6F5)3 (1:4) results in the formation of a different product, an Al–
S(Ph)–Al bridged species 17, which is thought to be the result of similar homolytic
bond cleavage and subsequent coordination of an additional equivalent of Al(C 6F5)3
(Scheme 13b). Diphenyl ditelluride exhibits similar reactivity and forms the
analogous Al–Te(Ph)–Al bridged species 18 (Scheme 13c).
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Scheme 13. Reactivity of Cp*2Fe/E(C6F5)3 (E = B, Al) with diphenyl disulfide and diphenyl ditelluride.

In an attempt to trap the transient radical species, Stephan et al. utilized a series of
radical

trapping

agents:

triphenyltin

hydride,

TEMPO

((2,2,6,6-

tetramethylpiperidin-1-yl)oxyl) and p-benzoquinone. Addition of Cp*2Fe to a
mixture of triphenyltin hydride and B(C6F5)3 led to the formation of Ph3SnSnPh3 and
[Cp*2Fe][HB(C6F5)3], the formal product of H-atom abstraction from Ph3SnH by
B(C6F5)3•– (Scheme 14a).[41] However, it must be noted that Ph3SnH and B(C6F5)3
interact in solution to form a Sn--H--B bridged complex,[42] which leads to the
possibility that SET directly from Cp*2Fe to this interaction complex could induce
homolytic Sn–H bond cleavage to form the observed products, thus circumventing
formation of the highly unstable B(C6F5)3•– radical anion. Combining Cp*2Fe/B(C6F5)3
(1:2) with TEMPO yields the expected formal addition product of B(C 6F5)3•– to the
TEMPO radical trap (Scheme 14b). It is noteworthy that TEMPO is known to
coordinate to B(C6F5)3,[43] and so it is again possible that this occurs prior to SET,
leading to reduction of the TEMPO–B(C6F5)3 complex, rather than of B(C6F5)3.
Fortunately, the reaction of Cp*2Fe/B(C6F5)3 with p-benzoquinone, which is also
known to coordinate to B(C6F5)3, provides some valuable insight. Stephan et al.
reported that combining these reagents in a 2:2:1 ratio leads to the formation of the

expected dianionic B–(O–C6H4–O)–B species (Scheme 14c).[17] Interestingly, Erker et
al. demonstrated that using a 1:2:1 ratio yields the analogous radical anion species,
featuring both B(C6F5)3 moieties strongly bound to the p-benzoquinone (Scheme
14d).[44] In addition, they reported that for a variety of different quinone species,
coordination to two equivalents of B(C6F5)3 leads to a significant shift in redox
potentials, which facilitates SET from a range of donors (Cp*2Fe, •CPh3, TEMPO).[44]
This supports the notion that the highly unstable B(C6F5)3•– is not an intermediate in
the pseudo-FLP type reactivity, but rather that B(C6F5)3 coordination to the substrate
facilitates reduction of the resulting adduct.

Scheme 14. Reactivity of Cp*2Fe/B(C6F5)3 with various radical trapping reagents.

Pseudo-FLP type reactivity was also exploited by the Severin group, who
demonstrated that this could be harnessed to react with N2O.[45] As seen in section
2.1, N2O can undergo N–O bond scission to liberate N2 and formally generate an
oxyl radical anion O•–. This process is known to be induced by single-electron
25
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reduction.[45] For reaction with N2O, Severin et al. initially utilized the strongly
reducing Cp*2Co to generate B(C6F5)3•–, after which the mixture was exposed to N2O.
This was performed in THF at low temperature (–78 °C) to prevent degradation of
the radical anion species. The reaction afforded [Cp*2Co][HO–B(C6F5)3] (Scheme 15),
indicating that N2O reduction and subsequent N–O bond rupture takes place. This
generates a [OB(C6F5)3]•– radical intermediate, which immediately abstracts a
hydrogen atom from a yet unknown source.

Scheme 15. Reduction of B(C6F5)3 using Cp*2Co and subsequent reactivity with N2O.

Investigation into using a less powerful reductant, Cp*2Fe, for the reduction of N2O
in presence of B(C6F5)3 was also explored.[45] Exposing a mixture of Cp*2Fe and
B(C6F5)3 to N2O in DCM at room temperature results in the slow formation (4% after
5 days) of a bridged B–(OH)–B species analogous to the Al–(OH)–Al species
observed by Stephan et al. when reacting a P/B type FLP with N2O (See section 2.1).[31]
It is key to note that the change of both temperature and solvent greatly decreases
the stability of B(C6F5)3•–, which suggests that in this case, a different mechanism is
active. Switching to the more Lewis acidic Al(C6F5)3 increases the reaction rate,
yielding the expected Al–(OH)–Al species 19 in addition to a permethylferrocene
dimer 20 (Scheme 16). The formation of the latter indicates that Cp*2Fe served as a
hydrogen source for formation of the bridged species. In the case of Al(C6F5)3, using
a weaker reductant, Cp2Fe, induced similar reactivity, though in this case hydrogen
abstraction from the ferrocene ring leads to formation of Al2O2 species 22, instead of
the dimer observed for Cp*2Fe (Scheme 17). The authors note ‘the fact that Al(C6F5)3
facilitates the reduction of N2O indicates interaction between the two,’ which was
further supported by the increase in solubility of Al(C6F5)3 in cyclohexane-d12 upon

addition of N2O, in addition to an observed upfield shift in the 19F-NMR spectrum.
This is again indicative of a mechanism in which the Lewis acid coordinates to the
substrate prior to the SET event.

Scheme 16. Reactivity of pseudo-FLP Cp*2Fe/Al(C6F5)3 with N2O.

Scheme 17. Reactivity of pseudo-FLP Cp2Fe/Al(C6F5)3 with N2O.
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4. Single-electron transfer within frustrated Lewis pair
systems
Radicals can be generated within frustrated Lewis pair systems through SET from
the Lewis base to the Lewis acid. This leads to formation of the corresponding radical
ion pair. This section explores examples of this phenomenon and aims to provide an
understanding of when SET occurs. Furthermore, this section analyses the nature of
the radical ion pairs and discusses recent developments of their application in
synthesis.

4.1 SET to generate radical ion pairs
In 2013, Wang et al. reported B(C6F5)3 reacting as a single-electron oxidant when
combined with the bridged triarylamine species 23 (Scheme 18).[30] Observation of
the triarylamine radical cation ion species 23•+ by EPR spectroscopy unambiguously
evidenced the occurrence of SET, although the corresponding B(C 6F5)3•– radical
anion was not observed. However, as we have seen in the previous section (See 3.1),
this is due to rapid degradation of this radical anion species under ambient
conditions. Initially, the SET process was reported to be slow, however, recently
Slootweg et al. showed that it is most likely photoinduced, and thus should be sped
up by increasing irradiation from daylight to a high-powered light emitting diode
(see section 4.2 for more details).[27] This reaction provided the first example of SET
from the Lewis base to the Lewis acid within an FLP system.

Scheme 18. Single-electron oxidation of bridged triphenylamine species 23 by B(C6F5)3.

Stephan et al. investigated the notion of SET within archetypal FLP systems
PMes3/E(C6F5)3 and PtBu3/E(C6F5)3 (E = B, Al).[17] After combining PMes3 and B(C6F5)3,
a small signal was observed by EPR spectroscopy, though unfortunately it was too
small to characterize. However, switching to the more Lewis acidic Al(C6F5)3 greatly
increased signal intensity, allowing for unambiguous assignment to PMes3•+,
evidencing SET within the FLP system. The absence of the Al(C6F5)3•– radical anion
was again attributed to the rapid degradation of this species. To further investigate
the PMes3/B(C6F5)3 system, it was combined with 2 equivalents of Ph3SnH. This
reaction afforded [Mes3PH][HB(C6F5)3] and Ph3SnSnPh3 (Scheme 19), which was
postulated to result from homolytic Sn–H bond cleavage by both PMes3•+ and
B(C6F5)3•–. Interestingly, switching the phosphine to PtBu3 yielded a notably different
set of products [tBu3PSnPh3][HB(C6F5)3] (Scheme 19), which was proposed to result
not from homolytic cleavage, but heterolytic cleavage of the Sn–H bond via a
nucleophilic attack of the tin centre by the phosphine.[17] This led to the proposal that
the archetypal FLPs PMes3/B(C6F5)3 and PtBu3/B(C6F5)3 were operating via different
mechanisms. However, recent insights have shown that SET from R3P to B(C6F5)3
does not significantly contribute to this reaction and that instead a polar reaction
pathway from [R3PSnPh3][HB(C6F5)3] to form [R3PH][HB(C6F5)3] and Ph3SnSnPh3 is
accessible.[42] The difference in product distribution arises from the difference in
thermodynamic stability of the products. Furthermore, Caputo et al. recently
showed that the bis(pentafluorophenyl)phenothiazylborane could be used for the
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dehydrocoupling of Ph3SnH to Ph3SnSnPh3, and computationally demonstrated that
the reaction proceeds via a 2-electron FLP-type pathway, and that all postulated
radical pathways were significantly higher in energy.[46]

Scheme 19. a) Reactivity of phosphine/B(C6F5)3 FLP systems with Ph3SnH. b) Dehydrocoupling of tin
hydrides by FLPs (R = Ph or nBu).

The combination of PMes3/E(C6F5) (E = B, Al) and 0.5 equivalents of tetrachloro-pbenzoquinone (TCQ) affords the dianionic (C6F5)3E–O–C6Cl4–O–E(C6F5)3 species
analogous to those observed for the reaction of pseudo-FLPs with quinones (see
section 3.2).[17] In addition, the formation of PMes3•+ is observed by EPR
spectroscopy, clearly evidencing the occurrence of a SET event. Analogy with the
pseudo-FLP systems and recent investigation by Slootweg et al. show this reaction
proceeds via coordination of B(C6F5)3 to the TCQ, which increases its electron affinity
and facilitates SET from the phosphine to the coordination adduct.[42] The reaction
of PMes3/E(C6F5) (E = B, Al) with 1 equivalent of TCQ proceeds to form mostly the
FLP addition product Mes3P–O–C6Cl4–O–E(C6F5)3. This is proposed to occur via the
radical coupling pathways shown in Scheme 20. Interestingly, combining
PtBu3/B(C6F5)3 with TCQ proceeds to rapidly form the analogous addition product.
Initially, this was proposed to proceed via ‘classic’ heterolytic FLP reactivity,
however, it has been postulated that that SET occurs in an analogous manner to the
PMes3 case, after which rapid radical coupling, driven by both the instability and the

reduced steric bulk of the PtBu3 radical cation, leads to formation of the addition
product.[42]

Scheme 20. Reactivity of tetrachloro-p-benzoquinone with B(C6F5)3 and PMes3.

Stephan et al. also reported SET using an FLP system featuring a Lewis acidic
nitrogen centre. Reaction of diazonium salt [p-ClC6H4-N=N][BF4] with PR3 afforded
diazonium cation 24, which features a Lewis acidic nitrogen centre, evidenced by its
Lewis adduct formation with another equivalent of PR3 (Scheme 21a).[47]
Interestingly, addition of diphenyl disulfide to the combination of Lewis acidic
diazonium 24 and PtBu3 yields [PhSPtBu3][BF4] and radical species 26 (Scheme 21b).
The delivery of PhS+ to the phosphine suggests heterolytic cleavage, although the
formation of the radical species evidences SET. The successful reduction of
diazonium 24 using NaSPh suggests that after heterolytic cleavage of PhS–SPh
forming [PhSPtBu3]+, SET occurs between the remaining thiolate fragment (SPh–)
and the diazonium species 24 leading to formation of the diazonium radical species
26 and SPh• (which dimerizes to PhS–SPh; Scheme 21c).
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Scheme 21. Lewis adduct formation between nitrogen centred Lewis acid 21 and a phosphine. (R = Ph,
tBu, Mes; Ar = p-ClC6H4)

Radical formation within Lewis acid/Lewis base combinations was further explored
by Klare and Müller et al., who reported SET for a variety of R3P/+SiR3 and R3P/+CPh3
systems (Scheme 22).[48] These stronger cationic Lewis acids induced facile SET
generating the corresponding radical ion pairs of which the phosphine radical
cations were observed by EPR spectroscopy. The silylium radicals were not
observed; this was attributed to their known short lifetimes under the reaction
conditions. In contrast, when using the trityl cation (CPh3+), a persistent radical is
formed, which allowed for the observation of both radical species of the
P(Tipp)3•+/•CPh3 radical pair by EPR spectroscopy.[48] Very recently, the Severin
group demonstrated that the phosphine Lewis base can be replaced by an Nheterocyclic carbene (NHC, specifically IDipp in this case).[49] This combination was
reported to undergo SET generating the corresponding radical ion pair, for which
the trityl radical was observed by EPR spectroscopy and the NHC •+ radical cation
by UV-Vis absorption spectroscopy (Scheme 23). Subsequent radical coupling at the
para-position of the trityl radical affords the observed product 27.

Scheme 22: SET reactivity observed for combination of different phosphines with cationic Lewis acids. R
= Mes, Tipp, C6F5, C6Me5, tBu (only in case of CPh3+). SiR’3+ = SiiPr3+, Si(C6Me5)3+, SitBuMe2+, SiEt3+

Scheme 23. Reaction of an NHC with trityl cation generating the corresponding radical pair and
subsequent radical coupling.

The final example of SET within this section features an exotic germanium centered
Lewis base 28 (Scheme 24). Müller et al. reported that combining this species with
B(C6F5)3 in toluene forms a deep purple solution, in which the corresponding radical
cation species 29 could be observed by EPR spectroscopy.[24] UV-Vis absorption
spectroscopy reveals an absorption at 544 nm, which was attributed to the B(C6F5)3•–
radical anion species, however, as this species is known to be highly unstable under
the reaction conditions with a lifetime too short to allow for analysis, this assignment
is debatable. The colour of the solution changes to dark red over the course of 6
hours, after which the Lewis adduct 30 is observed.[24] The authors conclude from
this that initial SET to form the radical ion pair must be occurring, after which the
radicals couple to form the Lewis adduct. However, it could also be possible that the
Lewis acid/Lewis base combination 28/B(C6F5)3 forms a charge-transfer complex that
is highly coloured (see section 4.2).
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Scheme 24. Reactivity of germanium centred Lewis base 28 with B(C6F5)3. Proposed reaction pathways
indicated by dashed arrows.

4.2 Photoinduced vs thermal single-electron transfer
The many examples of SET within FLP systems have prompted research into
determining the nature of the formation of the radical species. Slootweg et al.
performed computational analysis of various commonly used Lewis acids and
Lewis bases and determined that for archetypal P/B FLP systems there is a large
energy discrepancy between the FLPs and their corresponding radical ion pairs
(Scheme 25).[27] Further investigation then determined that SET within these P/B
systems (and analogous N/B systems) is photoinduced. The Lewis acid and Lewis
base components, which can be regarded as an electron donor and acceptor, form
an electron donor-acceptor (EDA) complex as described by Mulliken theory (Scheme
26).[50–52] This gives rise to a new absorption band, a charge transfer-band, observed
by UV-Vis absorption spectroscopy, for which irradiation induces SET from the
Lewis base to the Lewis acid, thereby generating the corresponding radical ion
pair.[27,53,54] For the archetypal FLP PMes3/B(C6F5)3, it is this EDA complex formation
that is responsible for the violet colour observed when mixing the two colourless

components. The discovery of a light-dependency of the radical ion pair generation
for these types of systems has provided a useful probe for determining the
mechanism of such FLPs with substrates. This method has been employed to
determine that the reaction of R3P/B(C6F5)3 systems with dihydrogen does not
proceed via significant contribution of a radical pathway.[42] In addition, it was
applied to determine the mechanism for the reaction R3P/B(C6F5)3 FLPs with Ph3SnH
discussed in the previous section.[42]

Scheme 25. Energy differences between electron donor and acceptors pairs R3P/B(C6F5)3 and their
corresponding radical ion pairs, calculated based on the ionisation potential of the donor and electron
affinity of the acceptor (DFT: SCRF: ωB97X-D/6-311+G(d,p) solvent = toluene).[27]

Scheme 26. Encounter complex/electron-donor acceptor complex formation within FLP chemistry which
can lead to SET generating the corresponding radical ion pair.

Switching to a stronger Lewis acid, and thus more potent electron acceptor, such as
CPh3, significantly reduces the energy gap between the electron donor/acceptor

+

combination and corresponding radical ion pair. This decrease was demonstrated to
allow for thermal SET in phosphine/trityl and amine/trityl based FLP systems,[27]
such as those reported by Müller et al. (vide supra).[48] These findings establish how
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computational analysis of the energy gap between donor/acceptor and the
corresponding radical ion pair can be utilized to understand and predict the nature
of SET within these systems. This discovery prompts re-evaluation of the examples
of SET viewed previously within this section as it is important to understand in
which cases SET proceeds thermally or photochemically. Analysis of the electron
affinities of the silylium cations reported by Müller et al. led to the conclusion that
the SET for phosphine/silylium systems also proceed thermally, albeit with a higher
thermodynamic penalty than the phosphine/trityl systems. For the NHC/trityl SET
observed by Severin et al., thermal SET would be expected due to the accepting
strength of the trityl cation and indeed the redox potentials of closely related
compounds IMes (Ered = –0.56 V vs Fc+/Fc) and [Ph3C][BF4] (Eox –0.11 V vs Fc/Fc+)
indicate this (ΔE = 10.4 kcal/mol).[55,56] In the case of the germylene/B(C6F5)3 system
25, redox potentials of both components are known (25: Ered = –0.36 V vs Fc+/Fc and
B(C6F5)3: Eox –1.52 V vs Fc/Fc+) and show that the energy required for SET is higher
than thermally feasible (43.4 kcal/mol), indicating that this process is likely
photoinduced. In addition, this could mean the observed absorption band at 544 nm
is actually the charge-transfer band corresponding to the photoinduced SET.

4.3 Applications in synthesis
So far, this chapter has detailed SET events within FLP type systems and analysed
the resulting radical species. Recently, such reactivity has been successfully
harnessed to drive catalytic C–C bond formation.[25,26] Ooi et al. reported the
photoinduced reaction of dimethylaniline 32 and methylvinylketone catalysed by
B(C6F5)3, yielding species 33.[26] They found that the dimethylaniline donor forms an
EDA-complex with B(C6F5)3, which upon irradiation leads to formation of the
corresponding radical ion pair: ArMe2N•+ and B(C6F5)3•–. This led to the proposal

that the reaction proceeds via photoinduced formation of ArMe2N•+ and B(C6F5)3•–,
after which the former reacts with methylvinylketone affording 33+. This species is
then reduced by B(C6F5)3•– to yield the product 33. However, due to the known rapid
degradation of B(C6F5)3•–, it seems unlikely that the reaction would proceed
efficiently if this species is a necessary intermediate. Analysis of the reactivity of
pseudo-FLP species Cp*2Fe/B(C6F5)3 with substrates featuring oxygen moieties (e.g.
quinones, N2O) showed these proceed via initial Lewis acid coordination at the
oxygen, after which SET leads to products formation (see section 3.2), thus
completely avoiding the formation of the unstable B(C6F5)3•– as a free species. This
mechanism was also shown for the reaction of P/B type FLP systems with
tetrachloro-p-quinone (see section 4.1). As methylvinylketone, the substrate utilised
by Ooi et al., features a Lewis basic carbonyl moiety, the SET is likely to operate via
this mechanism. In addition, Slootweg et al. demonstrated computationally that
Lewis acid coordination of B(C6F5)3 to methylvinylketone is feasible and leads to an
increase in electron affinity.[42] Subsequent EDA-complex formation between the
methylvinylketone-B(C6F5)3 adduct and dimethylphenylaniline 32 and irradiation
would lead to formation of radical species ArMe2N•+ and 34. Radical coupling and
release of B(C6F5)3 would then generate the products and regenerate the catalyst
(Scheme 27).
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Scheme 27. Possible reaction mechanism for the photoinduced radical coupling of dimethylanilines and
methylvinylketone. (R = Me or Br).

Melen et al. also utilised FLP based radical formation to drive C–C bond formation.[25]
They utilised PMes3/B(C6F5)3 to couple 35 and styrenes to form 37. They proposed,
though cautiously, that the reaction proceeds via SET from the Lewis base to the
Lewis acid, forming the Mes3P•+/B(C6F5)3•– radical ion pair. The borane radical anion
is then proposed to react with ester species 35, leading to expulsion of diarylmethyl
radical 40. Radical addition to the olefin and subsequent radical abstraction by
PMes3•+ then leads to formation of the product 37. As in the previous example, the
instability of the B(C6F5)3•– radical anion casts some doubt on this mechanism.
Similarly, Lewis acid coordination of B(C6F5)3 at the carbonyl has been demonstrated
to increase the electron affinity of species 35. SET from PMes3 to adduct 38 directly
leads to intermediate 39, after which product formation via radical addition and
hydrogen abstraction can occur, circumventing any formation of free B(C6F5)3•–.

Scheme 28. Possible reaction mechanism for the FLP facilitated radical coupling of ester species 35 and
styrenes.
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5. Concluding Remarks
This chapter has analysed the different occurrences of radical formation within FLP
systems that are being increasingly reported in literature, and provided mechanistic
insight into the circumstances when this occurs. The understanding of the different
types of radical formation will be highly beneficial for further development of this
field. The reactivity of FLPs with radical substrates showcases the ability of such
systems to capture radicals as well as form highly reactive radical species capable of
bond activation. Furthermore, use of pseudo-FLP systems, in which the Lewis base
is replaced by a single-electron donor, has been applied to force a single-electron
radical pathway within FLP systems, which has led to valuable insights regarding
both the mechanism and product formation occurring via radical pathways. This has
revealed that in many cases, reactivity proceeds via Lewis acid coordination to a
substrate thereby enhancing its electron affinity, which facilitates a subsequent
single-electron transfer event in which radical species are generated. This
mechanism circumvents direct SET from the Lewis base to the Lewis acid, and thus
avoids the formation of highly unstable radical anion species formed after reduction
of the Lewis acid. Recent developments in which radical FLP systems have been
used for C–C bond formation reactions are most likely operating via this type of
mechanism.

Direct SET from the Lewis base to the Lewis acid has been investigated and is
feasible under certain conditions. The energy difference between the Lewis
acid/Lewis base pair and the corresponding radical ion pair plays a crucial role in
determining the nature of this SET. In case of a large energy gap, the Lewis acid and
Lewis base can form an EDA-complex, after which irradiation leads to SET and thus

radical formation. However, if the energy gap is small, thermal SET becomes
feasible. This understanding prompts thorough analysis of previously reported and
future SET reactivity in FLP systems. Furthermore, knowing which systems require
light for photochemical formation of the radicals can lead to enhanced catalytic
activity and potential applications in photo-redox catalysis.

Although the formation of radical species within FLP systems is only a recent
discovery, understanding has recently developed significantly, which is likely to
allow for further rapid development of this field. In addition, the first reactions
utilising this type of reactivity for bond formation were reported earlier this year. It
will be interesting to see how this radical chemistry will be further utilised and how
this field will further develop.
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Table of Abbreviations
Cp
Cp*
Dipp
EDA-complex
EPR
FLP
HAT
IDipp
IMes
Mes
NHC
NMR
SET
TCQ
TEMPO
Tipp
trityl

cyclopentadienyl
pentamethylcyclopentadienyl
2,6-diisopropylphenyl
electron donor-acceptor complex
electron paramagnetic resonance
frustrated Lewis pair
hydrogen atom transfer
1,3-bis(2,6-diisopropylphenyl)imidazolidene
1,3-bis(2,4,6-trimethylphenyl)imidazolidene
2,4,6-trimethylphenyl
N-heterocyclic carbene
nuclear magnetic resonance
single-electron transfer
tetrachloro-p-benzoquinone
(2,2,6,6-tetramethylpiperidin-1-yl)oxyl
2,4,6-triisopropylphenyl
triphenylmethyl
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Chapter 2

Photoinduced and thermal single-electron
transfer to generate radicals from frustrated
Lewis pairs
Abstract: Archetypal phosphine/borane frustrated Lewis pairs (FLPs) are famed for
their ability to activate small molecules. The mechanism is generally believed to
involve two-electron processes. However, the detection of radical intermediates
indicates that single-electron transfer (SET) generating frustrated radical pairs could
also play an important role. These highly reactive radical species typically have
significantly higher energy than the FLP, which prompted this investigation into
their formation. Herein, we provide evidence that the classical phosphine/borane
combinations PMes3/B(C6F5)3 and PtBu3/B(C6F5)3 both form an electron donor–
acceptor (charge-transfer) complex that undergoes visible-light-induced SET to form
the corresponding highly reactive radical-ion pairs. Subsequently, we show that by
tuning the properties of the Lewis acid/base pair, the energy required for SET can be
reduced to become thermally accessible
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Introduction
Frustrated Lewis pair (FLP) chemistry is useful for the activation of a variety of small
molecules, most notably dihydrogen and carbon dioxide. [1] However, the activation
of less reactive substrates, such as dinitrogen or methane, remains a challenge. It is
generally accepted that FLP reactivity stems from the association of the electron
donor (D; Lewis base) and the electron acceptor (A; Lewis acid) to form an encounter
complex ([D--A]) that features a reactive pocket in which heterolytic bond cleavage
of the substrate occurs. [2] Interestingly, recent studies have revealed evidence for the
formation of radicals within such systems, which indicates that single-electron
transfer (SET) may also play an important role in Lewis acid/base chemistry. [2bc,3]
Such highly reactive radical species could be key to the activation of inert substrates,
which we were keen to investigate.

A SET mechanism within FLP chemistry was first suggested by Piers et. al.,[3b] as
B(C6F5)3 (BCF) is also known to act as a single-electron oxidant.[4] However, it was
noted that the disparity in redox potentials between PtBu3 and BCF would limit the
presence of radicals to subnanomolar concentrations for this archetypal FLP. [3b]
When combining PMes3 with BCF, Stephan and co-workers detected a very weak
signal by EPR spectroscopy in chlorobenzene, which they postulated to be the
PMes3•+ radical cation. Switching to the more Lewis acidic Al(C 6F5)3 resulted in
significantly larger signals accredited to the PMes3•+ radical cation (Scheme 1a).[2c]
The absence of radical anions (BCF•- and Al(C6F5)3•-) was attributed to the known
rapid degradation of these species through solvolytic pathways. [3a,5,6] Further
indications for a radical pathway were provided by the reaction of PMes 3/B(C6F5)3
with Ph3SnH, which afforded [Mes3PH][HB(C6F5)3] and Ph3Sn–SnPh3 instead of the
expected [Mes3PH][Ph3SnB(C6F5)3].[2c] Klare, Müller and co-workers also observed

radical formation when combining trityl (CPh3+) or silylium cations (SiR3+) with
phosphines (PMes3, P(C6F5)3, P(C6Me5)3 and PTipp3, Tipp = 2,4,6-triisopropylphenyl;
Scheme 1b).[7] In the case of trityl, both radical species (•CPh3 and R3P•+) were
persistent, allowing the detection of both components of the radical pair in solution.

Scheme 1. Literature examples of detected radicals (highlighted in boxes) in cooperative main-group
Lewis acid/base chemistry.[Error! Bookmark not defined.c,Error! Bookmark not defined.b,Error! Bookmark not defined.] R = Mes, Tipp,
C6F5, C6Me5, tBu (only in case of CPh3+). SiR’3+ = SiiPr3+, Si(C6Me5)3+, SitBuMe2+, SiEt3+.

Interestingly, when the analogous reactions of BCF, Al(C6F5)3 and SiR3+ were carried
out with PtBu3 as the Lewis base, no radical reactivity was observed. Klare, Müller
and co-workers accredited this to the higher ionisation energy of PtBu3 compared
with PMes3 (see Table S1 in the Experimental Section). Another challenge comes
from the fact that the PtBu3•+ radical cation is far less stable than its mesityl analogue,
decomposing rapidly at room temperature.[7,8] In addition to phosphines, amines are
also potent electron donors, with the amine radical cations, for example, formed by
visible-light photoredox catalysis, having been well explored recently.[9] Indeed,
Wang et al. reported on the one-electron oxidation of cyclic triarylamine NbAr3 by
B(C6F5)3 and isolated the corresponding radical cation (Scheme 1c).[4b] Furthermore,
while this manuscript was under revision, Ooi and co-workers reported on the
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photoinduced SET between B(C6F5)3 and N,N-dialkylanilines.[10] Again, the
BCF•- radical anion was not detected in either case.[3a,5]

These findings prompted us to focus on understanding SET processes (versus the
established concerted, polar pathways) in frustrated Lewis pair chemistry, [11]
ultimately allowing the rational design of reactive main-group radical-ion pairs
from the corresponding Lewis acid/base combinations by a single-electron shift.[3c,12]
Mulliken theory describes how interactions between donors and acceptors can lead
to the formation of electron donor–acceptor (EDA) complexes [D–A] that exhibit
characteristic absorption bands resulting from the promotion of an electron from the
donor component to the acceptor component in the EDA complex (Scheme 2).[13] It
is worth noting that these EDA complexes are analogous to the encounter (or van
der Waals) complexes proposed in FLP mechanistic pathways. Kochi and coworkers showed that such EDA complexes can be formed by mixing
tetracyanoethylene and anthracenes, and used picosecond laser spectroscopy to
demonstrate that specific irradiation of the charge-transfer (CT) band indeed
induces SET to generate the corresponding radical-ion pairs [D•+–A•–].[14,15] Note that
these radical species often undergo rapid back-electron transfer (BET) to regenerate
the starting donor–acceptor complex [D–A].

Scheme 2. Electron donor-acceptor complex formation and subsequent single-electron transfer to
generate the corresponding radical ion pair.

Results and discussion
In applying this knowledge to frustrated Lewis pairs, we first calculated the
ionisation energy (IED) and electron affinity (EAA)[7] for the archetypal FLP systems
PtBu3/BCF and PMes3/BCF at the SCRF/ωB97X-D/6-311+G(d,p) level of theory
(solvent = toluene).[16] This highlighted the fact that there is a large disparity between
the EAA of BCF (–3.03 eV) and the IED of PtBu3 (5.95 eV) and PMes3 (5.54 eV),
affording energy differences of 2.92 eV (67.2 kcal·mol-1) and 2.51 eV (57.8 kcal·mol-1),
respectively, between the Lewis acid/base pairs and the corresponding radical-ion
pairs (Figure 1). Overcoming such a large energy gap to generate these main-group
radicals by SET is, therefore, unlikely to be a thermal process. This prompted us to
further investigate these systems, employing both time-dependent DFT (TD-DFT)
calculations and a range of spectroscopic techniques, to shed light on the process of
radical formation.[17]

Figure 1. Calculated (DFT) energy needed to access radical ion pairs from frustrated Lewis pair systems
PtBu3/PMes3 and BCF.Error! Bookmark not defined.

It is known that mixing colourless solutions of PMes3 and BCF yields a violet
solution,[2c,18] which indicates that interaction with visible light (λ = 400–800 nm, ΔE=
71.4–35.7 kcal·mol-1) is occurring. Although the violet colour has previously been
suggested to result from the formation of radical species (PMes3•+),[2c] we postulated
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that this colour change is more likely to result from the formation of a visible-lightabsorbing EDA complex, generated in the ground state upon association of the
electron-rich phosphine and the electron-deficient borane. The absorption spectrum
of the phosphine–borane encounter complex PMes3–BCF, computed by TD-DFT at
the ωB97X-D/6-311++G(d,p) level of theory indeed features an additional absorption
band at a longer wavelength than the individual components (λ = 439 nm; see Figure
S1 in the Experimental section),[19] which is indicative of a CT band.[12] Analysis of
the frontier molecular orbitals of this encounter complex clearly showed that this CT
is from the phosphorus lone pair (HOMO; Figure 2) to the formally vacant p orbital
on boron (LUMO; Figure 2).[20] UV/Vis spectroscopic analysis of the violet solution
of PMes3/BCF in toluene (0.015 M) confirmed this hypothesis and revealed an
absorption band in the visible spectrum at λmax = 534 nm (Figure 3a), which
corresponds to a vertical excitation energy of 53.5 kcal·mol-1 (S0→S1 transition).

Figure 2. Frontier molecular orbitals of the PMes3/BCF encounter complex (ωB97X-D/6-311G(d,p)).
Iso-value = 0.05.

Figure 3. a) UV-Vis spectrum of PMes3/BCF (both components: 1.5 x 10-2 M in toluene) compared to the
separate components (1.5 x 10-2 M). b) Experimental EPR spectrum of PMes3/BCF in toluene measured at
30 K during irradiation with visible light (390–500 nm) and simulated EPR spectrum. c) Transient
absorption spectrum measured after pulsed excitation of PMes3/BCF with 530 nm light.

To investigate whether irradiation of the coloured EDA complex induces SET, we
designed an EPR experiment featuring a light source within the spectrometer. Lowtemperature (30 K) analysis of a violet PMes3/BCF frozen toluene (0.06 M) solution
prepared in the dark showed no radical formation, clearly evidencing that the violet
colour is not generated by radicals. During irradiation with visible light (390–500
nm) for 90 s, an intense EPR signal corresponding to a superposition of two radical
species was observed (Figure 3b). The broad signal at g = 2.005, with a featureless
signal at 30 K that shows no resolved hyperfine coupling interactions, is attributed
to the BCF•– radical anion.[15] The other four lines stem from the axially symmetric
PMes3•+ radical cation (gꓕ = 2.0055, g‖ = 2.0015) exhibiting hyperfine coupling (Aꓕ =
550 MHz, A‖ = 1170 MHz) with the I = ½ phosphorus nucleus; similar spectra have
been previously reported in nitrile solvents (Aꓕ = 427–480 MHz, A‖ = 1128–1157
MHz).[21] When we stopped irradiating the sample, both radicals remained visible
with the signal intensity having only decayed by about 25% after 6 min at 30 K. We
postulate that this relative longevity can be ascribed to the formation of separate
PMes3•+ and BCF•– radical ions by electron tunnelling through the frozen solvent. [22]
Upon removal of the sample from the EPR spectrometer, an intense, dark-purple
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colour could be observed, which quickly reverted back to violet as the sample
thawed.

Next, we employed transient absorption spectroscopy [23] to record the absorption
spectra of the PMes3•+/BCF•– radical-ion pair and determine its lifetime. Using a
toluene solution of PMes3/BCF (0.04 M) at room temperature, short laser pulse (<200
fs; λ = 530 nm) excitation of the CT band and subsequent time-resolved picosecond
spectroscopy allowed us to detect a broad absorption band (λmax = 620 nm; Figure
3c), which we assign to a superposition of the individual absorption spectra of
PMes3•+ and BCF•– (λ ≈ 600 nm in PhCN[24] and λ ≈ 600 nm in THF,[5] respectively).
Decay analysis of this transient absorption showed that the photogenerated radicalion pair has a lifetime[25] of 237 ps at room temperature, due to rapid BET to the
ground-state EDA complex in solution. Formally, CT-band excitation produces
optical electron transfer, that is, direct population of the CT state ([D•+–A•–]) within
the laser pulse.[26] These findings evidence, for the first time, unequivocally that
visible light is a necessity to access the PMes3•+/BCF•– radical-ion pair. Note that the
instability of BCF•– in combination with the light-dependence and short lifetime of
the radical-ion pair indicates that the PMes3•+/BCF•– pair will be available in minute
quantities and thus is unlikely to account for the follow-up chemistry reported
recently.[2c,3d,10]

Because for a series of donors interacting with a common acceptor, the energies of
the CT transitions (hνCT) vary proportionally with the donor ionisation energies (IE D;
Figure 1),[13b] we expect the same SET process for the PtBu3/BCF combination to be
feasible using light, albeit of higher energy.[2c] Indeed, mixing the two colourless FLP
components PtBu3 and BCF (0.015 M in toluene) resulted directly in a pale-yellow

solution,[27] UV/Vis spectroscopic analysis of which also revealed an additional
broad absorption band (λ ≈ 400 nm; Figure 4a) that partly overlaps with the
absorptions of the separate species; the CT band of the PtBu3/BCF EDA complex is
expected in this region. However, it is also known that PtBu3 and B(C6F5)3 slowly
react to form the yellow (λ = 372 nm) para-addition product,[26] which, although not
visible by 19F NMR spectroscopy, could also be present in low concentrations in this
region, hampering unambiguous assignment of the new absorption band. EPR
spectroscopy at 30 K of a PtBu3/BCF frozen toluene (6 x 10–5 M) solution, freshly
prepared in the dark, showed no radicals. Yet, to our delight, during irradiation with
visible light (390–500 nm) for 90 s, EPR signals corresponding to PtBu3•+ and BCF•–
radical ions were observed (Figure 4b), thereby confirming the existence of a CT
band in the visible region. Again, the BCF•– radical ion comprises a featureless broad
signal at g = 2.005, and the remaining four lines result from the axially symmetric
PtBu3•+ radical cation (gꓕ = 2.0065, g‖ = 2.0012) with hyperfine coupling (Aꓕ = 580 MHz,
A‖ = 1365 MHz) with the I = ½ phosphorus nucleus.[8] This time, after irradiation, the
EPR signals decay notably faster than those of PMes 3/BCF, with a 50% decline in
intensity after 6 min at 30 K. Similarly, faster decay was observed when the sample
was removed from the EPR spectrometer, as the dark-purple colour instantly
reverted back to pale yellow upon thawing. Ultrafast transient absorption
spectroscopy confirmed these observations and showed that excitation of the CT
band (<200 fs laser pulse; λ = 400 nm) affords the absorption bands of the
PtBu3•+/BCF•– radical ions (λmax = 680 nm; Figure 4c) that disappear rapidly (lifetime
= 6 ps) after the laser pulse. This short lifetime, resulting from facile BET, prevents
significant diffusive separation and subsequent chemistry, [13c,22] which accounts for
the lack of radical chemistry observed for this FLP system.
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Figure 4. a) UV-Vis spectrum of PtBu3/BCF (both components: 1.5 x 10-2 M in toluene) compared to the
separate components (1.5 x 10-2 M). Inset shows colour of the solution. b) Experimental EPR spectrum of
PtBu3/BCF in toluene measured at 30 K during irradiation with visible light (390–500 nm) and simulated
EPR spectrum. c) Transient absorption spectrum measured after pulsed excitation of PtBu3/BCF with 530
nm light.

Intrigued by the formation of the stable, deep-blue NbAr3•+ radical cation when the
bridged triphenylamine NbAr3 was treated with BCF in DCM at room temperature
for 72 h (Scheme 1c),[4b,28] we expanded our studies by varying the Lewis base to
incorporate triphenylamine (NPh3) and tri-p-tolylamine (NpTol3). Calculation of
their ionisation energies (IED = 5.94 eV for NPh3 and 5.67 eV for NpTol3) at the ωB97XD/6-311+G(d,p) level of theory showed again a large disparity with the EAA of BCF
(–3.03 eV), affording energy gaps of 2.91 eV (67.1 kcal·mol-1) and 2.64 eV (60.7
kcal·mol-1), respectively, between the Lewis acid/base pairs and the corresponding
radical ions, which indicates that the needed SET again requires visible light. Indeed,
the CT band of the EDA complex was detected by UV/Vis spectroscopy for both
NPh3/BCF and NpTol3/BCF in toluene (0.015 M; λmax = 500 and 420 nm, respectively;
see Figures S17–S19 in the Experimental section). Interestingly, for NpTol3/BCF, the
UV/Vis spectrum changed over time and after 5 h at room temperature the
absorption bands of the stable pTol3N•+ radical cation were also observed (λmax = 590
and 690 nm; see Figure S19).[29,30] EPR analysis confirmed that mixing NPh3 or NpTol3
with BCF yields no SET in the dark, although irradiation with visible light (390–500
nm) promoted photoinduced SET to generate the corresponding radical-ion pair, the
amine radical cations being observed at room temperature (see Figures S27 and

S28).[31] The absence of BCF•– is attributed to its known rapid degradation in solution
at room temperature,[3a,5] which is the driving force for the build-up of the amine
radical cation as it prevents regeneration of the ground-state EDA complex by BET
(Scheme 3). Because the computed ionisation energy for the bridged triarylamine
NbAr3 (5.67 eV) is equal to that of NpTol3 (5.67 eV),[15] these findings strongly suggest
that the SET reported[4b] by Wang et al. between the triarylamine NbAr3 and BCF also
proceeds photochemically, and that performing this reaction in broad daylight (or
by using a high-power light-emitting diode (LED)) will be beneficial.

Scheme 3. Single-electron transfer to afford the high energy radical ion pair, which via decomposition of
either the radical cation or the radical anion forms the corresponding stable radical ion selectively.

Next, we selected the bulky tris(3,5-dinitro-2,4,6-trimethylphenyl)borane as the
Lewis acid (abbreviated as B(NO2-Mes)3, EAA = –3.04 eV; Figure 5), which has a
similar electron affinity to the archetypal borane B(C 6F5)3 (EAA = –3.03 eV; Figure 5).
The former can be reduced with sodium metal32 to afford the persistent radical anion
B(NO2-Mes)3•–.[33] We postulated that this borane radical anion should also be
accessible from an EDA complex by photoinduced SET when a suitable Lewis base
is used. For this, we selected PtBu3 (IED = 5.95 eV),[27] because the energy gap between
the corresponding FLP and the PtBu3•+/B(NO2-Mes)3•– radical-ion pair is 2.91 eV
(IED + EAA, 66.9 kcal·mol-1). We could not detect a CT band by UV/Vis spectroscopy;
the appearance of a small band corresponding to the dark-red B(NO2-Mes)3•– radical
anion (510 nm) was the only peak observable that was not attributable to the separate
phosphine or borane (see Figure S14 in the Experimental section). However, we
irradiated a pale-yellow solution of PtBu3/B(NO2-Mes)3 in DCM (0.03 M) with 455
nm light (2.2 W, LED), avoiding excitation of the separate Lewis acid and base
(λ < 420 nm), and were delighted to see that facile SET took place within 3 h at room
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temperature to generate a dark-red solution of B(NO2-Mes)3•– (confirmed by EPR
spectroscopy, see Figure S24), facilitated by the degradation of the highly unstable
PtBu3•+ radical cation (70% conversion, Scheme 3 and Figure S25). This is a proof of
principle for the use of Lewis bases as sacrificial one-electron donors in the
photochemical reduction of boranes.

Figure 5. Ionisation Energies (IED, top) and electron affinities (EAA, bottom) of donors and acceptors
typical for FLP chemistry at the SCRF/ωB97X-D/6-311+G(d,p) level of theory. Solvent = toluene.

In light of the foregoing findings, we were also keen to target the generation of
radical pairs from Lewis acids and bases through thermal SET by using FLPs for
which the energy difference between donor–acceptor and radical pair is smaller, to
show that this generates a fundamentally different situation involving equilibria.
The combination of PTipp3 or PMes3 with the strongly Lewis acidic trityl cation
(+CPh3), previously reported by Klare, Müller and co-workers, serves as an ideal
starting point (Scheme 1b).[7] In both these cases, the radicals obtained by SET at
room temperature (PR3•+ and •CPh3) were detected by EPR spectroscopy,[7] and we
were keen to elucidate whether this process is general and also occurs in the dark.
Note that the high sensitivity of EPR spectroscopy allows for detection of persistent
radicals in concentrations as low as 10–8 M. For a 0.06 M solution, this corresponds
to an equilibrium with an energy gap (ΔG) of around 9 kcal·mol-1 (0.4 eV) between
the ground-state EDA complex and the radical pair, leading to the formation of
measurable amounts of radicals (according to its Boltzmann distribution). [15] Indeed,
combining PMes3 with the trityl source [Ph3C][B(C6F5)4] (IED + EAA = 0.3 eV (7.0
kcal·mol-1); Figure 5) in toluene in the absence of light resulted in facile SET and

detection of the corresponding phosphoniumyl PMes 3•+/•CPh3 radical pair by EPR
spectroscopy (see Figures S29 and S30).[7] As the trityl radical is in equilibrium with
its quinoid-type dimer, Gomberg dimerisation provides an additional driving force
towards the radical side of the equilibrium (ΔG = –4.7 kcal·mol-1; Figure 6).[34]

Figure 6. Energy diagram showing thermal single-electron-transfer equilibrium for the NpTol3/+CPh3
EDA pair. For computational details, see figure 5.

Finally, we were curious as to whether we also could achieve the one-electron
oxidation of amines through thermal SET simply by using the trityl cation as the
Lewis acid in the dark. Although the energy gap between the EDA pairs formed by
combining the arylamines NPh3 or NpTol3 with [Ph3C][B(C6F5)4] and the
corresponding radical pairs (ΔG (ΔE) = 14.4 (16.3) and 8.9 (10.0) kcal·mol-1,
respectively; Figure 6) are close to or exceed the threshold for detection by EPR
spectroscopy, Gomberg dimerisation drives the equilibrium to the right, allowing
for observation of the radical species (Figure 6). As the trityl radical is mostly present
as Gomberg’s dimer, the EPR spectrum is dominated by the amine radical cations
(see Figures S32 and S33).

57

Chapter 2

Conclusion
We have shown that the encounter complexes in FLP chemistry can also be
described as EDA complexes, and are susceptible to photoinduced SET to form the
corresponding radical pairs. This knowledge has resulted, for the first time, in the
controlled generation and detection of the radical-ion pairs of the archetypal FLPs
PMes3/BCF and PtBu3/BCF through visible-light-induced SET. This study will allow
us to directly probe any FLP-type reaction facilitated by these systems and
determine whether they proceed via radical-pair formation. Furthermore, we have
demonstrated that the energy gap between the EDA complex and the corresponding
radical pair can be readily tuned to proceed thermally by changing the Lewis acid
and base components. It is therefore possible to predict the nature of the SET
between two donor–acceptor species by simple analysis of their ionisation energy
and electron affinity. In addition, this work has provided important insights for
understanding and controlling the generation of highly reactive radical pairs by
photoinduced or thermal SET, which we are currently applying to the design of new
radical-ion pairs with photophysical properties tuned for exploiting radical
reactivity. We envision such systems could be highly beneficial for designing FLPs
suitable for the activation of inert substrates as well as the development of maingroup photoredox catalysis.[35]

Experimental section
Experimental Procedures
General considerations
All manipulations regarding the preparation of air-sensitive compounds were
carried out under an atmosphere of dry nitrogen using standard Schlenk and drybox
techniques. Solvents were purified, dried and degassed according to standard
procedures. The EPR spectra were recorded on a Bruker EMX X-band spectrometer
and further analyzed and simulated using the W95EPR program of Prof. F. Neese.
UV/Vis

absorption

spectrophotometer.

spectra

were

recorded

using

Tris(3,5-dinitromesityl)borane

a
was

Shimadzu

UV-2700

obtained

from

trimesitylborane via literature procedure.[S1] The following reagents were purchased
from commercial sources: BCF (>98%, TCI chemicals), PMes3 (97%, Sigma Aldrich),
PtBu3 (98%, Sigma Aldrich), Np-Tol3 (>98.0%, TCI chemicals), NPh3 (>99% Acros
Organics), [Ph3C][B(C6F5)4] (97%, Alfa Aesar) and used without further purification.

Computational details: Ionization potentials and electron affinities
All structures in this section were optimized at the ωB97X-D/6-31G(d) level of theory
after which single point calculations were performed using the 6-311+G(d,p) level in
combination with different functionals (ωB97X-D and M06-2X, of which the latter
was used for direct comparison with the work of Müller et al.)(See Table S1)[S2-S4]
using Gaussian 09, Revision D01. [S5] Solvent was taken into account where specified
by applying Self-Consistent Reaction Field (SCRF) method using the polarizable
continuum model. The table show that values obtained using the ωB97X-D and M062X functionals are similar, resulting in the same trends and conclusions. In the paper
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we refer to the ωB97X-D/6-311+G(d,p) with a solvent correction for toluene as this is
most relevant for our experimental work which was mostly performed in this
solvent.

Table S1. Ionization potentials and electron affinities for different donors and acceptors
calculating using different functionals and PCM solvent corrections

Functional
Solvent

ωB97X-D

ωB97X-D

ωB97X-D

M06-2X

M06-2X

None

toluene

C6H5Cl

C6H5Cl

None

Ionization potentials
PMes3

6.29

5.54

5.25

5.38

6.42

PtBu3

6.93

5.95

5.55

5.62

6.99

NPh3

6.81

5.94

5.59

5.74

6.95

NpTol3

6.46

5.67

5.35

5.49

6.60

NbAr3

6.46

5.67

5.36

5.51

6.60

Electron affinities
BCF
B(NO2-Mes)3
CPh3

+

ΔE in eV

-2.31

-3.03

-3.31

-3.59

-2.59

-2.55

-3.04

-3.22

-3.51

-2.83

-6.09

-5.23

-4.89

-4.94

-6.15

Table S2. Energy differences between electron donor-acceptor pair (D + A) and their corresponding
radical ion pairs (D•+ + A•-) calculated using different functionals and PCM solvent corrections.

Functional

ωB97X-D

ωB97X-D

ωB97X-D

M06-2X

M06-2X

None

toluene

C6H5Cl

C6H5Cl

None

PMes3

91.3

57.8

44.35

41.33

88.12

PtBu3

106.0

67.2

51.30

46.59

101.28

NPh3

103.3

67.1

52.25

49.41

100.23

NpTol3

95.3

60.7

46.67

43.72

92.12

NbAr3

95.2

60.8

46.88

44.14

92.15

PMes3

86.1

57.6

46.53

43.25

82.63

PtBu3

100.8

67.2

53.47

48.51

95.79

NPh3

98.1

67.1

54.43

51.33

94.75

NpTol3

90.1

60.5

48.84

45.64

86.63

PMes3

4.4

7.0

8.28

10.13

6.31

PtBu3

19.1

16.4

15.22

15.39

19.48

NPh3

16.4

16.3

16.17

18.21

18.44

NpTol3

8.4

10.0

10.80

12.52

10.32

Solvent
BCF

B(NO2-Mes)3

CPh3

+

ΔE in kcal/mol
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Table S3. Energy differences between FRP and FLP for selected donor and acceptor combinations and
corresponding EPR observations.
Stability D[a]

Stability A[a]

SET

Observed

57.8

unstable

persistent

hν

PMes3•+ and
BCF•-

30 K

5.95

67.2

unstable

unstable

hν

PtBu3•+ and
BCF•-

30 K

NPh3

5.94

67.1

unstable

persistent

hν

NPh3•+

r.t

NpTol3

5.67

60.7

unstable

persistent

hν

NpTol3•+

r.t

NbAr3

5.67

60.8

unstable

persistent[g]

hν[f]

NbAr3•+

r.t

PMes3

5.54

57.6

persistent

persistent

hν

None[d]

PtBu3

5.95

67.2

persistent

unstable

hν

B(NO2Mes)3•-

NPh3

5.94

67.1

persistent

persistent

hν [e]

None[e]

NpTol3

5.67

60.5

persistent

persistent

hν [e]

None[e]

PMes3

5.54

7.0

persistent [b]

persistent

Δ

PMes3•+ and
CPh3•

r.t

PtBu3

5.95

16.4

persistent [b]

unstable

Δ

CPh3•

r.t

NPh3

5.94

16.3

persistent [b]

persistent

Δ

NPh3•+

r.t

10.0

[b]

Δ

NpTol3•+

r.t

Acceptor

EAA

Donor

ID

ΔE

BCF

-3.03

PMes3

5.54

PtBu3

B(NO2Mes)3

CPh3+

-3.04

-5.24

NpTol3

5.67

persistent

persistent

Temp.

r.t

ΔE in kcal/mol calculated at SCRF/ωB97X-D/6-311+G(d,p) level of theory, solvent: toluene. [a] stability of radical at r.t.
in toluene solution [b] Gomberg dimerization occurs [c] EPR at 30 K [d] Radicals react with each other [e] BET is
expected to regenerate starting FLP [f] predicted based on the ΔE and results reported by Wang et al.[S6] [g] stability in
DCM

Computational details: Predicted UV-Vis spectra
All structures in this section were optimized at ωB97X-D/6-311G(d,p)[S2,S3] using
Gaussian 09, Revision D01.[S5] ZPE and Gibbs free energies (G°) were obtained from
frequency analyses performed at the same level of theory. Coordinates are given
in the last section of this SI. TD-DFT analyses were performed at the ωB97X-D/6311++G(d,p) level of theory. The first 20 vertical excitations were calculated to
generate the absorption spectra. As the first states are most relevant, the first 4 are
given below. In all cases no solvent was taken into account.
Calculated absorption spectra (TD-DFT: ωB97X-D/6-311++G(d,p))

PMes₃/BCF
PMes₃/BCF

Abosrbance

PMes₃

200

BCF

300

400

500

600

Wavelength (nm)

Figure S1. Calculated absorption spectra for PMes3/BCF and the separate components
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PtBu₃/BCF
PtBu₃/BCF

Absorbance

PtBu₃

200

BCF

300

400

500

600

Wavelength (nm)

Figure S2. Calculated absorption spectra for PtBu3/BCF and the separate components

Table S4. Calculated vertical excitations (first 4) for B(C6F5)3

Wavelength (nm)

Oscillator strength

Excited state 1

393.32

0.0240

Excited state 2

289.24

0.0220

Excited state 3

289.24

0.0218

Excited state 4

281.90

0.2836

Table S5. Calculated vertical excitations (first 4) for PMes3

Wavelength (nm)

Oscillator strength

Excited state 1

279.00

0.2341

Excited state 2

278.91

0.2339

Excited state 3

249.99

0.0000

Excited state 4

249.72

0.0154

Table S6. Calculated vertical excitations (first 4) for PtBu3

Wavelength (nm)

Oscillator strength

Excited state 1

214.09

0.0777

Excited state 2

200.70

0.0675

Excited state 3

200.68

0.0674

Excited state 4

193.87

0.0052

Table S7. Calculated vertical excitations (first 4) for PMes3/B(C6F5)3

Wavelength (nm)

Oscillator strength

CT-band

438.96

0.0184

Excited state 2

298.44

0.0235

Excited state 3

293.46

0.0118

Excited state 4

291.76

0.0184

65

Chapter 2

Table S8. Calculated vertical excitations (first 4) for PtBu3/B(C6F5)3

Wavelength (nm)

Oscillator strength

CT-band

399.84

0.0719

Excited state 2

293.25

0.0279

Excited state 3

286.93

0.0152

Excited state 4

286.92

0.0150

Figure S3. Frontier molecular orbitals (HOMO, left, and LUMO, right) of the PMes 3/BCF encounter
complex (ωB97X-D/6-311G(d,p))

Figure S4. Frontier molecular orbitals (HOMO, left, and LUMO, right) of the PtBu3/BCF encounter
complex (ωB97X-D/6-311G(d,p))
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Figure S5. Electron hole (left) and electron density (right) resulting from excitation of the CT-band of
PMes3/B(C6F5)3.

Figure S6. Electron hole (left) and electron density (right) resulting from excitation of the CT-band of
PtBu3/B(C6F5)3.

Orbital contribution to CT-band excitation for PMes3/B(C6F5)3:
#

2

229 -> 230 Coeff.: 0.69422 Contri.: 96.3883%

#

1

223 -> 230 Coeff.: -0.11022 Contri.:

2.4297%

229 = HOMO, 2230 = LUMO

Orbital contribution to CT-band excitation for PtBu3/B(C6F5)3:
#

1

181 -> 182 Coeff.: 0.70158 Contri.: 98.4429%

181 = HOMO, 182 = LUMO
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Predicted UV-Vis spectra PR3/ B(NO2-Mes)3
The predicted spectra for these combinations of phosphine and borane do not clearly
show the predict CT-band as these lie close to the predicted absorptions for the
individual components and are computed to have a low oscillator strength.
Therefore, the calculated CT-band and the next 3 absorptions of the P/B
combinations are given as well.

PtBu3/B(NO2-Mes)3
PtBu₃/B(NO₂-Mes)₃

Absorbance

PtBu₃

200

B(NO₂-Mes)₃

300

400

500

600

Wavelength (nm)

Figure S7. Calculated absorption spectra for PtBu3/B(NO2-Mes)3 and the separate components
Table S9. Calculated vertical excitations for PtBu3/B(NO2-Mes)3

Wavelength (nm)

Oscillator strength

CT-band

342.74

0.0105

Excited state 2

317.18

0.0075

Excited state 3

316.98

0.0075

Excited state 4

316.80

0.0011

PMes₃/B(NO₂-Mes)₃
PMes₃/B(NO₂-Mes)₃

Absorbance

PMes₃

200

B(NO₂-Mes)₃

300

400

500

600

Wavelength (nm)
Figure S8. Calculated absorption spectra for PMes3/B(NO2-Mes)3 and the separate components
Table S10. Calculated vertical excitations for PtBu3/B(NO2-Mes)3

Wavelength (nm)

Oscillator strength

CT-band

380.35

0.0055

Excited state 2

317.56

0.0060

Excited state 3

316.87

0.0104

Excited state 4

316.67

0.0031

Table S11. Calculated vertical excitations for B(NO2-Mes)3

Wavelength (nm)

Oscillator strength

Excited state 1

315.88

0.0104

Excited state 2

315.87

0.0104

Excited state 3

315.63

0.0001

Excited state 4

313.35

0.0051
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Figure S9. Frontier molecular orbitals of the PMes3/B(NO2-Mes)3 encounter complex (ωB97X-D/6311G(d,p))

Figure S10. Frontier molecular orbitals of the PtBu3/B(NO2-Mes)3 encounter complex (ωB97X-D/6311G(d,p)).

Figure S11. Electron hole (left) and electron density (right) resulting from excitation of the CT-band of
PMes3/B(NO2-Mes)3.

Figure S12. Electron hole (left) and electron density (right) resulting from excitation of the CT-band of
PtBu3/B(NO2-Mes)3.
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Orbital contribution to CT-band excitation for PMes3/B(C6F5)3:
#

2

271 -> 272 Coeff.: 0.69310 Contri.: 96.0775%

#

1

265 -> 272 Coeff.: 0.10485 Contri.:

2.1987%

271 = HOMO, 272 = LUMO

Orbital contribution to CT-band excitation for PtBu3/B(C6F5)3:
#

1

223 -> 224 Coeff.: 0.69565 Contri.: 96.7858%

223 = HOMO, 224 = LUMO

SOMOs

Figure S13. SOMOs of the different radicals formed after excitation of the CT-complexes. PMes3•+ (top
left), PtBu3•+ (top right), B(C6F5)3•– (bottom left), B(NO2-Mes)3•– (bottom right).
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UV-Vis absorption spectroscopy
PtBu3/B(NO2-Mes)3
In this case no CT-band is observed. The UV-Vis spectrum features the build-up of
the B(NO2-Mes)3•- radical anion around 500 nm. This is the result of SET and
subsequent degradation of the PtBu3•+ radical cation which prevents BET. The
B(NO2-Mes)3•- radical anion grows slowly, as can be seen in Figure S14. Over 24
hours the signal becomes very clear (Figure S15).

Figure S14. UV-Vis spectrum of PtBu3/B(NO2-Mes)3 (both components: 1.5 x 10-2 M in DCM) compared
to the separate components (1.5 x 10-2 M)

Figure S15. UV-Vis spectrum of PtBu3/B(NO2-Mes)3 (both components: 1.5 x 10-2 M in DCM) at 3 different
time intervals. 0 min is directly after making the sample in the glovebox and transferring it to the
spectrometer.

Figure S16. UV-Vis spectrum of PtBu3/B(NO2-Mes)3 (both components: 1.5 x 10-2 M in DCM) at 4 different
time intervals. 0 min is directly after making the sample in the glovebox and transferring it to the
spectrometer. Picture (right) taken after 24 h.
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NPh3/BCF and Np-Tol3/BCF
In the case of NPh3/BCF, a very weak CT-band is observed. Np-Tol3 features a much
stronger CT-band and bands corresponding to the amine radical cation (Np-Tol3•+)[S7]
which builds-up over time as the sample is exposed to more light. This makes the
sample turn rapidly from yellow to green (within a few minutes) and then to blue.

Figure S17. UV-Vis spectrum of NPh3/BCF (both components: 1.5 x 10-2 M in toluene) compared to the
separate components (1.5 x 10-2 M)

Figure S18. UV-Vis spectrum of Np-Tol3/BCF (both components: 1.5 x 10-2 M in toluene) compared to the
separate components (1.5 x 10-2 M). Picture shows colour a minute after preparing the sample.
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Figure S19. UV-Vis spectrum of Np-Tol3/BCF (both components: 1.5 x 10-2 M in toluene) immediately after
making the sample, 15 minutes later and 5 hours later. Picture (right) shows the colour after several hours

EPR procedures
EPR procedure (PMes3/BCF and PtBu3/BCF) at 30 K
The phosphine (PMes3 or PtBu3: 0.03 mmol, 1 eq) and borane (BCF: 0.03 mmol, 1 eq)
were dissolved together in 0.5 mL toluene. An EPR sample of this solution was
frozen using liquid nitrogen before being placed in the EPR spectrometer where it
was kept at 30 K during all measurements. The sample was measured before, during,
immediately after, and 6 minutes after a 90 second irradiation with visible light
(390nm – 500nm). It is worth noting that the colour from the radical dissipates
immediately on thawing the solution.

Figure S20. EPR spectrum of PMes3/BCF in toluene at 30K, measured before, during and after irradiation
with visible light (390–500 nm).
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Table S12. EPR experiment acquisition details for PMes3/BCF

Microwave

Modulation

Power (mW)

frequency (GHz)

amplitude (G)

Before hν

9.375552

2.000

0.6325

During hν

9.375449

2.000

0.6325

After hν

9.375447

2.000

0.6325

6 min after hν

9.375510

2.000

0.6325

Figure S21. EPR spectrum of PtBu3/BCF in toluene at 30 K, measured before, during and after irradiation
with visible light (390 nm – 500 nm)

Table S13. EPR experiment acquisition details for PtBu3/BCF

Microwave frequency

Modulation amplitude

(GHz)

(G)

Before hν

9.376670

8.000

6.325

During hν

9.376565

8.000

6.325

After hν

9.376594

8.000

6.325

6 min after hν

9.376624

8.000

6.325
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EPR control experiments (PMes3/BCF and PtBu3/BCF)

Figure S22. EPR spectra in toluene at 30 K during irradiation with visible light (390 – 500 nm) for PMes3
and BCF separately and together. The sample is dark purple when removed from the EPR (right) but
reverts back to pink within seconds.

Table S14. EPR experiment acquisition details for the separate phosphines and borane.

Microwave frequency

Modulation amplitude

Power (mW)

(GHz)

(G)

PMes3

9.360534

2.000

6.325

PtBu3

9.362350

2.000

6.325

BCF

9.383787

2.000

6.325

EPR procedure PtBu3/B(NO2-Mes)3
The phosphine (tBu3P: 0.03 mmol, 1 eq) and borane (B(NO2-Mes)3: 0.03 mmol, 1 eq)
were dissolved together in 0.5 mL dichloromethane to yield a pale yellow solution.
Two samples were prepared of which one was kept in the dark while the other was
irradiated with 455 nm light (High power LEDS: OSRAM Oslon SSL 80) for 3 hours
using the LED-setup described below (Figure S43). The dark sample showed no
change whereas the irradiated sample became dark red and

P-NMR showed

31

indication of degradation of the PtBu3•+ radical cation with a conversion of 70%. EPR
spectroscopy showed evidence of the B(NO2-Mes)3•- radical anion.

Figure S23. EPR spectra in toluene at 30 K during irradiation with visible light (390 – 500 nm) for PtBu3
and BCF separately and together
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Figure S24. EPR spectrum of PtBu3/B(NO2-Mes)3 in DCM at ambient temperature of a sample irradiated
(455 nm) for 3h and sample kept in the dark.
Table S15. EPR experiment acquisition details for PtBu3/B(NO2-Mes)3

Microwave frequency

Modulation amplitude

(GHz)

(G)

Power (mW)

Light

9.386084

2.000

6.325

Dark

9.387073

2.000

6.325

Figure S25. 31P-NMR spectrum of PtBu3/B(NO2-Mes)3 in DCM at ambient temperature after 3h irradiation
(455 nm)

87

Chapter 2

EPR procedure (NpTol3/BCF) at 80 K
The amine (NpTol3, 0.03 mmol, 1 eq) and borane (BCF: 0.03 mmol, 1 eq) were
dissolved together in 0.5 mL toluene. An EPR sample of this solution was frozen
using liquid nitrogen before being placed in the EPR spectrometer where it was kept
at 80 K during all measurements. The sample was measured before, during,
immediately after, and 6 minutes after a 90 second irradiation with visible light
(390nm – 500nm). 80 K was used instead of 30 K to see whether slightly elevating
the temperature would lead to visible hyperfine. However, the signal shows no clear
hyperfine, which in combination with both radicals (NpTol3•+ and BCF•-) having a
very similar g-value makes it impossible to determine whether both radicals
(NpTol3•+ and BCF•-) are being observed.

Figure S26. EPR spectrum of NPh3/BCF in toluene at ambient temperature, measured before, during and
after irradiation with visible light (390–500 nm)
Table S16. EPR experiment acquisition details for Np-Tol3/BCF at 80 K

Microwave frequency

Modulation amplitude

(GHz)

(G)

Before hν

9.376183

2.000

0.07962

During hν

9.376084

2.000

0.07962

After hν

9.376105

2.000

0.07962

6 min after hν

9.375510

2.000

0.07962
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EPR procedure (NPh3/BCF and Np-Tol3/BCF) at rt.
The amine (Ph3N or pTol3N: 0.03 mmol, 1 eq) and borane (BCF: 0.03 mmol, 1 eq) were
dissolved together in 0.5 mL toluene. An EPR sample of this solution was measured
at room temperature. The sample was measured before, during, and immediately
after a 90 second irradiation with visible light (390nm – 500nm). The spectra during
and immediately after irradiation showed the same results.

Figure S27. EPR spectrum of NPh3/BCF in toluene at ambient temperature, measured before, during and
after irradiation with visible light (390–500 nm)
Table S17. EPR experiment acquisition details for NPh3/BCF

Microwave frequency

Modulation amplitude

Power (mW)

(GHz)

(G)

Before hν

9.652317

4.000

0.6325

During hν

9.652120

2.000

0.6325

After hν

9.652145

2.000

0.6325

Figure S28. EPR spectrum of NpTol3/BCF in toluene at ambient temperature, measured before, during
and after irradiation with visible light (390–500 nm)
Table S18. EPR experiment acquisition details for NpTol3/BCF

Microwave frequency

Modulation amplitude

(GHz)

(G)

Before hν

9.651501

4.000

0.6325

During hν

9.651357

4.000

0.6325

After hν

9.651263

4.000

0.6325
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EPR

procedure

(PMes3/[Ph3C][B(C6F5)4],

PtBu3/[Ph3C][B(C6F5)4],

NPh3/[Ph3C][B(C6F5)4] and Np-Tol3/[Ph3C][B(C6F5)4]) at rt.
The phosphine or amine (PMes3, PtBu3, NPh3 or Np-Tol3: 0.03 mmol, 1 eq) and trityl
source ([Ph3C][B(C6F5)4]: 0.03 mmol, 1 eq) were dissolved together in 0.5 mL toluene.
An EPR sample of this solution measured at room temperature. Samples prepared
in the light and the dark showed the exact same results.

Figure S29. EPR spectrum of PMes3/[Ph3C][B(C6F5)4] in toluene at ambient temperature.

Figure S30. EPR spectrum of PMes3/[Ph3C][B(C6F5)4] in toluene at ambient temperature zoomed in.

Figure S31. EPR spectrum of PtBu3/[Ph3C][B(C6F5)4] in toluene at ambient temperature.
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Figure S32. EPR spectrum of NPh3/[Ph3C][B(C6F5)4] in toluene at ambient temperature.

Figure S33. EPR spectrum of pTol3N/[Ph3C][B(C6F5)4] in toluene at ambient temperature.

Table S19. EPR experiment acquisition details for phosphine or amine/ +CPh3 combinations.
Microwave

Modulation

frequency (GHz)

amplitude (G)

Power (mW)

PMes3/+CPh3

9.381985

4.000

0.6325

PMes3/+CPh3

9.381995

1.000

0.6325

PtBu3/+CPh3

9.381213

1.000

0.6325

NPh3/+CPh3

9.383135

1.000

0.6325

9.380745

1.000

0.6325

Zoom

+

Np-Tol3/ CPh3
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Calculations EPR concentrations:

Boltzmann distribution: F2/F1 = eΔE/kT
(For which F2/F1 is the population ratio between the two energy levels)
For PMes3/+CPh3:
ΔE = 7.0 kcal/mol
1 kcal/mol = 4.184 kJ/mol = 6.9477 x 10 -21 J / molecule
ΔE = 4.86339 x 10-20 J
F2/F1 = 7.35153 x 10-6 / 1
So ratio PMes3/+CPh3 : PMes3•+/•CPh3

=

1 : 7.35153 x 10-6

For the EPR measurement, the starting concentration was 0.03 M
Concentration of radicals = 0.06 / (1 + 7.35153 x 10-6) * 7.35153 x 10-6 = 4.411 x 10-7 M
As EPR spectrometers can measure concentrations down to 10 -8 M this thus gives
measurable concentrations of both radicals.[S8]

Calculations Gomberg dimerisation concentrations:
For Dimer/•CPh3:
ΔE = 4.8 kcal/mol
1 kcal/mol = 4.184 kJ/mol = 6.9477 x 10 -21 J / molecule
ΔE = 3.265419 x 10-20 J
F2/F1 = 3.57. x 10-4 / 1
So ratio Dimer : •CPh3

=

1 : 3.5 x 10-4

EPR analysis of possible para-addition (PtBu + B(C6F5)3) radicals:

Figure S34. Para-addition product of PtBu3 and B(C6F5)3 and possible radical derivatives.

As PtBu3 and B(C6F5)3 are know to slowly react to form para-addition product A, we
analysed the possibility of light inducing radical formation starting from species A
and comparing this with the EPR spectra we obtained (Figure S34).

We measured directly after mixing the Lewis acid and Lewis base to avoid, or at
least minimize the formation of compound A. We have confirmed this by NMR
spectroscopy as we could not detect A directly after mixing tBu3P and B(C6F5)3. We
realize that it is reported[S9] that over time tBu3P and B(C6F5)3 react to form species A
which exhibits an absorption band at 372 nm. However, the combination of our UVVis data with our EPR data leads us to the conclusion that we are observing SET
between tBu3P and B(C6F5)3 rather than excitation of species A. Excitation of A would
lead to generation of biradical B for which the EPR signal would feature a much
smaller coupling to 31P than observed in the EPR spectrum (See Table S20). A radical
generated from species A that would be reasonably be able to match the EPR is data
is P-centered radical C. However, the two ways this could be generated are both
unlikely to occur.
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Firstly, species A would itself have to form a CT-complex (with either another
equivalent of A or B(C6F5)3, which would then be excited to form C. As species A is
present in only minute concentrations directly after addition of PtBu3 to B(C6F5)3
(when these measurements were taken) the probability of enough of A forming CTcomplexes for the resulting radicals to be visible by EPR is very low. Secondly, C
could be generated by SET from PtBu3 to B(C6F5)3 to generate PtBu3•+, and
subsequent through solvent tunneling to generate radical C and regenerate PtBu3.
However, this is also unlikely as the ionization potential of A is much higher than
that of PtBu3 (6.53 eV vs 5.95 eV respectively; ωb97xD/6-311+G(d,p); solvent =
toluene) making such an electron transfer energetically disfavoured and thus
unlikely. In addition, for radical C we would expect coupling to a 19F nucleus, which
we do not observe by EPR. These findings lead us to conclude that although we
cannot exclude A being formed over time and thus added to the absorption band
observed by UV-Vis, we can still conclude that a CT-band analogous to the one
found for PMes3/B(C6F5)3, must be present by analysing the EPR of the radicals
generated by visible light irradiation.

Table S20. EPR experiment acquisition details for phosphine or amine/+CPh3 combinations

Species

Observed:
Lit [S10]:

tBu3

P•+

A31P1

A31P2

A31P3

(MHz)

(MHz)

(MHz)

1365

580

580

1205

851

851

Measured neat, not in a solvent

Other coupling

Computed spectral data
tBu3P•+

1266

375

375

3 x 1H (27-32 MHz)

B

661

234

221

Small coupling to 1H, 10/11B, 19F

C

1354

445

447

2 x 1H (24-41 MHz) and 2 x 19F (5-74 MHz)

Transient absorption spectroscopy
The femtosecond transient absorption experiments were performed with a SpectraPhysics Hurricane Ti:sapphire regenerative amplifier system with a repetition rate
of 1 kHz, a pulse width of < 200 fs fwhm, and a wavelength of 800 nm. An optical
parametric amplifier (OPA 800CF) was used to generate visible pump pulses either
by sum-frequency mixing the idler and the 800 nm pump (for making 530 nm) or via
frequency-doubling (for making 400 nm). The probe white light with a spectrum
spanning 450 nm to 750 nm was produced via supercontinuum generation by
attenuating and then focusing 4% of the fundamental into a sapphire plate. A Berek
Polarizer (New Focus) was included in the setup in order to provide the magic-angle
conditions of the polarization of the pump and probe pulses. The probe light was
passed twice through a delay line (Physik Instrumente, M-531DD) that provides an
experimental time window of 3.6 ns. The samples were prepared in a glove-box
under oxygen-free conditions and placed in quartz cuvettes with 2 mm path lengths
(Hellma). After passing through the probe light, the remaining probe light was
dispersed by a 150 mm spectrograph (Princeton Instrument SP2150 with a 300 lines
per mm grating) and detected with a single-diode array detector (Hammamatsu
NMOS S3901-512Q). The readout was done using fast electronics (TEC5). A chopper
synchronized to run at ¼ the frequency of the pump (~250 Hz) was used to block
every third and fourth pump pulse. The difference absorption spectra were obtained
by subtracting the un-pumped absorption spectra from the pumped absorption
spectra. The transient data matrices were fitted to sequential kinetic model in python
using the least squares method from the SciPy library.[S11]
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Sample Preparations
PMes3/BCF (530 nm)
A 0.04 M (of each component) solution of trimesitylphosphine and BCF in toluene
was prepared.

PtBu3/BCF (400 nm)
A 0.2 M (of each component) solution of tri-tert-butylphosphine and BCF in toluene
was prepared.

PMes3 / BCF

X

103

Figure S35. Raw transient matrix for transient absorption measurements of the 0.04 M solution of
PMes3/BCF in toluene.

Figure S36. Linear Transient Plot for 0.04 M solution of PMes3/BCF in toluene after excitation at 530 nm.
This is the same figure as shown in the main manuscript. (Figure 3c)
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Figure S37. Normalized data from figure S35 fitted to a sequential model with two species. t1 = 10.19 +/0.24 ps, t2 = 194.17 +/- 0.05 ps

X 103

Figure S38. Fitted curve of data from Figure S35 at 617 nm

PtBu3 / BCF

X

103

Figure S39. Raw transient matrix for measurements of 0.2 M solution of PtBu3/BCF in toluene

Figure S40. Linear transient data for 0.2 M solution of PtBu3/BCF in toluene after excitation at 400 nm.
This is the same figure as shown in the main manuscript. (Figure 4: right)
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Figure S41. Normalized data from figure S39 fitted to a sequential model with two species. t1 = 1.93 +/0.24 ps, t2 = 5.33 +/- 0.02 ps

3

X 10

Figure S42. Fitted curve of data from Figure S39 at 677 nm

LED- setup
The LED setup used to irradiate the sample consisted of a LED plate and watercooled block which keeps the samples at near ambient temperature. The cooling
block is mounted on the LED plate after which flat bottomed Schlenks are placed
into the holes of the cooling plate. These Schlenks are made to fit exactly so that
cooling functions properly.

Figure S43. LED plate and water-cooled block (left) used to setup the irradiation setup as shown right.
455 nm irradiation depicted
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Mes3P + B(NO2-Mes)3
Trimesitylphosphine (9.7 mg, 0.025 mmol, 1.0 eq.) and tris(3,5-dinitromesityl)borane
(16 mg, 0.025 mmol, 1.0 eq.) were added together in 1 mL DCM to yield a pale yellow
solution. Two samples were prepared of which one was kept in the dark while the
other was irradiated with 455 nm light (High power LEDS: OSRAM Oslon SSL 80)
for 3 days using the LED-setup described above. The dark sample showed no change
in

P-NMR

31

whereas

the

irradiated

sample

shows

full

conversion

to

trimesitylphosphine oxide. As the only source of oxygen atoms in the sample is the
tris(3,5-dinitromesityl)borane, we postulate that the oxygen originated from this
species.

As no reaction occurs in darkness, the reaction must be light induced. We propose
that light induced single-electron-transfer takes place generating the borane radical
anion B(NO2-Mes)3•- and phosphonium radical cation Mes3P•+. Such phosphonium
radical cations are known to be highly oxophilic[S12] which drives the subsequent
reaction with the oxygen atoms on the borane radical anion. This mechanism is
currently under further investigation.

Figure S44. 31P-NMR spectra of PMes3/B(NO2-Mes)3 after 3 days in the dark (left) and irradiated with 455
nm light (right).
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Chapter 3

Single-electron transfer in frustrated Lewis pair
chemistry
Abstract: Frustrated Lewis pairs (FLPs) are well known for their ability to activate
small molecules. Recent reports of radical formation within such systems indicate
single-electron transfer (SET) could play an important role in their chemistry.
Herein, we investigate radical formation upon reacting FLP systems with
dihydrogen, triphenyltin hydride, or tetrachloro-1,4-benzoquinone (TCQ) both
experimentally and computationally to determine the nature of the single-electron
transfer (SET) events; that is, being direct SET to B(C6F5)3 or not. The reactions of
H2 and Ph3SnH with archetypal P/B FLP systems do not proceed via a radical
mechanism. In contrast, reaction with TCQ proceeds via SET, which is only feasible
by Lewis acid coordination to the substrate. Furthermore, SET from the Lewis base
to the Lewis acid–substrate adduct may be prevalent in other reported examples of
radical FLP chemistry, which provides important design principles for radical maingroup chemistry.

Published: F. Holtrop, A. R. Jupp, B. J. Kooij, N. P. van Leest, B. de Bruin, J. C.
Slootweg, Angew. Chem. Int. Ed. 2020, 59, 22210-22216
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Introduction
Frustrated Lewis pairs (FLPs) combine a Lewis acidic electron-pair acceptor and a
Lewis basic electron-pair donor to activate small molecules, most notably H2 and
CO2, granting access to fascinating main group chemistry and catalysis. [1] It is
generally accepted that the FLP components cooperatively interact with the
substrate to facilitate heterolytic bond cleavage; [2] however, recent reports suggest
that radicals may play an important role too and, in some cases, provide alternative
homolytic pathways.[2b,c,3] Stephan et al. reported the detection of a weak radical
signal by electron paramagnetic resonance (EPR) spectroscopy for the archetypal
FLP PMes3/B(C6F5)3 (Mes = 2,4,6-triphenylmethyl), and after switching the Lewis
acid to Al(C6F5)3 found a similar, yet much clearer, EPR signal that could be
unambiguously attributed to the phosphine radical cation (PMes3•+).[2c] Furthermore,
reaction

of

PMes3/B(C6F5)3

with

Ph3SnH

resulted

in

formation

of

[Mes3PH][HB(C6F5)3] and Ph3SnSnPh3, instead of the [Mes3P-SnPh3][HB(C6F5)3]
product that would be expected for heterolytic cleavage of the Sn–H bond.[2c] In the
case of PtBu3/B(C6F5)3, for which no radicals were detected in the reaction mixture,
indeed [tBu3P-SnPh3][HB(C6F5)3] was obtained, corresponding to nucleophilic
substitution at tin (Scheme 1a). As the difference in products was proposed to be
caused by a change in mechanism (homolytic vs. heterolytic), this led to the use of
Ph3SnH as a probe for determining the mechanistic nature of FLP reactions. [2c,4]
Furthermore, Stephan et al. determined that reacting PMes3/B(C6F5)3 with
tetrachloro-1,4-benzoquinone (TCQ) leads to radical formation after observation of
PMes3•+ by EPR spectroscopy (Scheme 1b).[2c,5] Furthermore, Melen et al. recently
reported that the PMes3/B(C6F5)3 pair can be utilized to facilitate C–C bond formation
by coupling diarylmethyl groups to styrenes via a mechanism involving singleelectron transfer (SET; Scheme 1c).[6] Ooi et al. also achieved C– C bond formation

using an amine/B(C6F5)3 system to couple methylvinylketone to the amine
employing catalytic amounts of borane (Scheme 1d).[7] They also showed that the
reaction requires light and proceeds via radical species which they postulated to be
the result of photo-induced SET from the amine directly to B(C6F5)3 yielding the
corresponding radical ion pair [amine•+, B(C6F5)3•–]. Subsequent addition of this
species to the substrate was proposed, which then led to product formation.

Scheme 1. a) Different pathways proposed by Stephan et al. for reactions of FLPs with Ph3SnH; b)
Reactivity observed by Stephan et al. for Mes3P/B(C6F5)3 with tetrachloro-1,4-quinone (TCQ); c) Reactivity
observed by Melen et al. (ArF = Ph, p-F-Ph or fluorene; Ar = variety of aryl groups, see ref [Error!
Bookmark not defined.]; d) Reactivity observed by Ooi et al. utilising catalytic B(C6F5)3 (10 mol%) (R =
Me or Br); e) Light dependence for radical ion pair generation from archetypal FLP systems observed by
Slootweg et al. (For P: R = Mes or tBu, for N: R = Ph or p-Me-Ph).
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Recently, we demonstrated the generality of SET for FLP type donor–acceptor
systems[8,9] and showed that for common P/B FLPs (PMes3/B(C6F5)3 and
PtBu3/B(C6F5)3) and analogous N/B systems visible light is required to induce SET to
generate the corresponding transient radical ion pairs (Scheme 1e).[10] This light
dependence provides an excellent probe for determining whether an FLP reaction
proceeds via a radical mechanism or via concerted, polar pathways, as carrying out
the reaction in the absence of light precludes the formation of the radical ion pair.
The work presented herein focuses on applying this notion to investigate the
reaction of archetypal FLPs with the substrates H2, Ph3SnH and TCQ. In addition,
we analyzed the nature of the initial single-electron transfer event that is responsible
for the radical chemistry observed by Melen et al. and Ooi et al. For all cases, we
determine whether the boron Lewis acid is directly involved in SET, or plays a
facilitating role by enhancing the oxidizing power of the substrate. [11]

Results and discussion
First, we assessed the influence of light on the reaction of PMes3 and B(C6F5)3 with
H2 (1 atm), which is known to generate the corresponding phosphonium borate
[Mes3PH][HB(C6F5)3].[12] We previously showed that this combination of donor
(PMes3) and acceptor (B(C6F5)3) forms a violet charge-transfer complex in solution
from which the corresponding radical ion pair [PMes3•+, B(C6F5)3•–] is generated by
irradiating this electron donor–acceptor (EDA) complex with visible light (534
nm).[10] Thus, if formation of this radical ion pair is a significantly contributing factor
in hydrogen splitting, the reaction should exhibit a change in reaction rate
depending on the absence or presence of light. Comparison of reaction samples kept
in the dark or irradiated (534 nm, 2.2 W LEDs; Scheme 2) whilst stirring for 2.5 hours
showed

near-identical

conversions

to

the

phosphonium

[Mes3PH][HB(C6F5)3], and again after 4 hours, as determined by

borate
P-NMR

31

spectroscopy (Experimental section, Figures S1, S2).[13] These data show that the
reaction is not light dependent and therefore the formation of the radical ion pair
does not significantly influence the reaction kinetics. This finding suggests that the
photo-stationary concentration of the radical ion pair [PMes3•+, B(C6F5)3•–] is too low
and/or its lifetime is too short to significantly influence the reaction rate. Indeed, this
charge-separated state lies much higher in energy (54.4 kcal·mol-1) than the neutral
donor-acceptor pair [PMes3, B(C6F5)3] and undergoes rapid back-electron transfer
(lifetime = 237 ps) as determined by transient absorption spectroscopy to regenerate
the FLP,[10] thus preventing build-up of a concentration of radicals large enough to
influence the reaction kinetics. This leads to the conclusion that the splitting of
dihydrogen by PMes3 and B(C6F5)3 proceeds via a two-electron, heterolytic pathway,
even when the reaction is performed in ambient light.[2e–g]
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Scheme 2. Reactivity of PMes3/B(C6F5)3 with H2 for which no light dependence was observed.

Next, we probed the reaction between PMes3/B(C6F5)3 and Ph3SnH (2 equiv) to
analyse

whether

light

affects

the

formation

of

phosphonium

borate

[Mes3PH][HB(C6F5)3] and Ph3Sn–SnPh3. We found that the reaction proceeds rapidly
in both darkness and ambient light and, in both cases, within minutes full conversion
to [Mes3PH][HB(C6F5)3] and Ph3Sn–SnPh3 was observed by multi-nuclear NMR
spectroscopy (δ31P = –28.6, δ11B = –26.1, δ119Sn = –131.7; Experimental section, Figure
S5–S9; Scheme 1a). This suggests that also in this case radicals are not responsible
for the reaction outcome.

But how is [Mes3PH][HB(C6F5)3] formed when using Ph3SnH instead of H2? For this,
changing the phosphine to PtBu3 provided insight. Addition of 1 equiv of Ph3SnH to
PtBu3/B(C6F5)3 in C6H5Cl at room temperature instantly led to heterolytic cleavage of
the Sn–H bond and the formation of [tBu3P-SnPh3][HB(C6F5)3] (δ31P = 65.8, 1JP-Sn =
90 Hz; Scheme 3; Experimental section, Figure S10), supporting the observations by
Stephan et al.[2c] We noted, however, that when more Ph3SnH (up to 2.5 equiv) was
used, the reaction continued and after 20 hours [tBu3PH][HB(C6F5)3] (δ31P = 58.1,
1 P-H

J

= 410 Hz; Experimental section, Figure S12) as well as Ph3Sn-SnPh3 (Scheme 3;

Experimental section, Figure S14) was observed.[13] We also noted that this reaction
proceeds equally in the absence of light, in ambient light, or under direct irradiation
of the charge-transfer band of [PtBu3, B(C6F5)3] (400 nm, 2.2 W LED). These findings
show that for both phosphines R3P (R = Mes and tBu) a polar, heterolytic mechanism

is operative and that the initial product [R3P-SnPh3][HB(C6F5)3] can convert into
[R3PH][HB(C6F5)3] in the presence of Ph3SnH.

Scheme 3. Reactivity of PtBu3/B(C6F5)3 with Ph3SnH.

To elucidate the heterolytic splitting of Ph3SnH in more detail, we first combined it
with B(C6F5)3 in calculations and found the formation of an adduct with a bridging
hydride [Ph3Sn–H–B(C6F5)3] (ΔE = –21.3, ΔG°298K = –1.9 kcal·mol-1; Figure 1, left),
which is analogous to the key, transient intermediate in the B(C 6F5)3-catalyzed
hydrosilylation.[14] We also observed the [Ph3Sn–H–B(C6F5)3] adduct in C6H5Cl
solution by 19F-NMR spectroscopy that shows a decrease in resonance difference
between the meta- and para-fluorines (Δδ 18.2 to 13.7 ppm), which is indicative of a
transition from a trigonal planar borane to a more tetrahedral geometry. [15]
Furthermore, 119Sn-NMR spectroscopy supports this notion, the clear downfield shift
indicates a more electron deficient Sn nucleus (δ = 165 to 130 ppm; Experimental
section, Figure S15, S16).[16] These observations evidence activation of the tin hydride
by B(C6F5)3, making it more susceptible to nucleophilic attack by a phosphine in an
SN2 fashion to produce the initial [R3P-SnPh3][HB(C6F5)3] species.
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Figure 1. Computed structure for the adducts of Ph3SnH with B(C6F5)3 (left) and Ph3Sn+ (right) featuring
a bridging hydride (DFT: ωB97X-D/def2-TZVP). Selected bond lengths and angles: Ph3Sn–H–B(C6F5)3:
Sn–H 1.83 Å; B–H 1.37 Å; Sn–H–B 180°. [Ph3Sn–H–SnPh3]+: Both Sn–H 1.87 Å; Sn–H–B 147°.

To investigate the subsequent reaction steps and determine the influence of the Psubstituent (Mes vs. tBu), we again employed computational chemistry (ωB97XD/def2-TZVP; [HB(C6F5)3]– anion omitted),[15] which highlighted a formal metathesis
reaction of the [R3P–SnPh3]+ cation with Ph3Sn–H, reminiscent of reactions between
tin hydrides and neutral stannyl phosphines.[17] When using PMes3 (Figure 2, in
green), [Mes3P-SnPh3]+ undergoes a facile reaction with Ph3SnH to afford the
bridging hydride [Ph3Sn–H–SnPh3]+ (ΔE‡TS1 ≈ 9, ΔE = –4.9 kcal·mol-1),[15] akin to the
tin hydride-B(C6F5)3 adduct (Figure 1). Subsequent deprotonation by the liberated
phosphine, which induces Sn–Sn bond formation (ΔE‡TS2 = 19.9, ΔE = –13.1
kcal·mol-1), affords [Mes3PH]+ and Ph3Sn–SnPh3. This reaction profile supports the
notion that [Mes3P–SnPh3][HB(C6F5)3] is a transient, unobserved intermediate in the
formation of [Mes3PH][HB(C6F5)3].[2c]

Figure 2. Proposed reaction mechanism based on DFT calculations at the ωB97X-D/def2-TZVP level of
theory. R = tBu (blue, dashed) or Mes (green, dotted). [HB(C6F5)3]- anion has been omitted for clarity.

Changing the phosphine to PtBu3 has a significant impact. First, the formation the
bridging hydride [Ph3Sn–H–SnPh3]+ is now endothermic (ΔE‡TS1 = 14.1, ΔE = 9.5
kcal·mol-1; Figure 2, in blue) and the subsequent deprotonation faces a sizeable
barrier (ΔE‡TS2 = 30.9, ΔE = –0.2 kcal·mol-1). The near thermoneutral reaction profile
and high barrier accounts for the slow and modest formation of [tBu3PH][HB(C6F5)3]
and explains why the [tBu3P-SnPh3][HB(C6F5)3] intermediate can be isolated after
short reaction times and immediate work-up.[2c]

To support the intermediacy of the bridging [Ph3Sn–H–SnPh3]+ cation, we combined
[Ph3C][B(C6F5)4] with 2 equiv of Ph3SnH in C6H5Cl at –35°C in order to access this
species by hydride abstraction (Scheme 4). Indeed, after 1 hour, the characteristic
yellow color of the trityl cation disappeared, and an expected downfield shift of the
aromatic 1H nuclei of the Ph3Sn species in combination with a broadening of the
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hydride peak at 6.91 ppm was observed by 1H NMR spectroscopy (Experimental
section, Figures S20, S21).[15] In addition, the spectrum evidenced formation of
triphenylmethane (δ1H = 5.55).[18] As predicted by DFT, subsequent addition of
PMes3 led to formation of [Mes3PH][B(C6F5)4] by deprotonation, as observed by 1Hand

P-NMR spectroscopy (Experimental section, Figure S23, S24), and the

31

formation of Ph3Sn–SnPh3, evidenced by
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Sn NMR spectroscopy (Experimental

section, Figure S25). Addition of PtBu3 instead of PMes3 afforded both
[tBu3PH][B(C6F5)4] and [tBu3P-SnPh3][B(C6F5)4] according to 31P-NMR spectroscopy
(approx. 4:5 ratio; Experimental section, Figure S26), since both the forward and
reverse pathways (in blue, Figure 2) have accessible barriers (21.4 and 4.6 kcal·mol-1,
respectively); this yields the thermodynamically controlled product distribution.
These findings demonstrate that after heterolytic Sn–H bond cleavage to form [R3PSnPh3][HB(C6F5)3],

subsequent

bond

metathesis

leads

to

formation

of

[R3PH][HB(C6F5)3] via a bridging hydride intermediate and highlights that the
complete reaction of PMes3/B(C6F5)3 and PtBu3/B(C6F5)3 with Ph3SnH is accessible via
heterolytic polar pathways.

Scheme 4. Hydride abstraction from Ph3SnH using [Ph3C][B(C6F5)4] and subsequent reaction with PMes3.

Next, we set out to analyze the reaction of PMes3/B(C6F5)3 with tetrachloro-1,4benzoquinone (TCQ) for which Stephan et al. detected radical formation (PMes3•+)
by EPR spectroscopy.[2c] They postulated that this proceeds via SET from PMes3 to
B(C6F5)3 to form the corresponding radical ion pair [PMes3•+, B(C6F5)3•–], after which
2 equiv of B(C6F5)3•– react with the quinone to form dianion 7, while 1 equiv of
B(C6F5)3•– affords the neutral adduct Mes3P-TCQ-B(C6F5)3 4 (Scheme 5).[2c] We

performed this reaction in the absence of light and found that the reaction still
proceeds rapidly, forming a deep purple solution for which EPR spectroscopy
confirmed the formation of PMes3•+ (two-line signal simulated with giso = 2.0050, Aiso
= 670.00 MHz),[2c,19] but also showed for the first time a featureless signal (giso = 2.0058)
that we attribute to a TCQ centered radical anion, most likely TCQ-B(C6F5)3•+ (Figure
3). Furthermore, we noted an unknown smaller third signal, which was also
reported by Müller and Klare et al. when combining PMes3 and the strongly
accepting silyl and trityl cations.[20,21]

Figure 3. Experimental EPR spectrum (bottom) for reaction of PMes3, B(C6F5)3 and TCQ (2:2:1) and
simulated spectra for PMes3•+, TCQ-B(C6F5)3•– and the third smaller signal. See SI for experimental and
simulation parameters. HFI = hyperfine interaction.

So, how is it possible that radicals are formed in the dark? Clearly, a strong electron
acceptor is required to oxidise PMes3 (IED = 5.25 eV; SCRF[15]/ωB97X-D/6–311+G(d,p),
solvent = chlorobenzene) and neither B(C6F5)3 nor TCQ are suitable (EA = 3.31 and
4.45 eV, respectively)[15] to accommodate the needed thermal SET. Yet, B(C 6F5)3 can
coordinate to one of the carbonyl moieties of TCQ, affording the corresponding
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Lewis adduct TCQ-B(C6F5)3, which has an increased electron affinity (EA = 5.57 eV)
and therefore should be capable of oxidizing PMes3.[11] Note that such interactions
between a Lewis acid and a carbonyl moiety are typically exploited in photo-redox
catalysis to facilitate SET events.[22] As the carbonyl moieties of TCQ are electron
poor, the interaction with B(C6F5)3 is weak (ΔE = –4.6, ΔG°298K = 10.7 kcal·mol-1)
leading to an equilibrium featuring low concentrations of the TCQ-B(C6F5)3 adduct,
which supports the notion of Stephan et al. that no interaction between B(C6F5)3 and
TCQ is observable by NMR spectroscopy.[2c] However, in presence of PMes3, the
transient TCQ-B(C6F5)3 adduct will undergo SET from the PMes3 HOMO to the TCQB(C6F5)3 LUMO (Scheme 5, left) generating the radical ion pair [PMes3•+, TCQB(C6F5)3•–] 3, which drives the equilibrium towards the TCQ-B(C6F5)3 adduct
(Scheme 5b, blue). Subsequent radical coupling of PMes3•+ and TCQ-B(C6F5)3•– via a
computed 8 kcal·mol-1 (ΔG°298^K) barrier leads to the formation of Mes3P-TCQB(C6F5)3 4 as observed experimentally by Stephan et al. (Scheme 5b, black).[2c] This
mechanism highlights that, rather than directly participating in SET, B(C 6F5)3 is
facilitating the process by increasing the electron affinity of the quinone acceptor.

Scheme 5. a) Orbitals involved in the SET between PMes3 and the TCQ-B(C6F5)3 adduct). b) Reaction
scheme featuring all possible pathways for the reaction of TCQ, B(C6F5)3 and PMes3.

As TCQ features two carbonyl moieties, coordination of two B(C 6F5)3 molecules can
also occur prior to SET (2à5 ΔE = –16.0, ΔG°298K = –2.9 kcal·mol-1; coordination after
SET is unlikely: 3à6 ΔE=2.7, ΔG°298K = 18.8 kcal·mol-1), yielding radical ion pair
[PMes3•+, (C6F5)3B-TCQ-B(C6F5)3•–] 6 (Scheme 5b, green). The radical anion of 6 has a
high electron affinity (EA = 6.11 eV), which allows another SET from a second equiv
of PMes3 to generate dianion 7.[2c] To complete the picture, dianion 7 is in equilibrium
with TCQ-B(C6F5)3•– radical anion 3 (ΔE = 5.2, ΔG°298K = 2.3 kcal·mol-1, Scheme 5b,
purple) that can, as noted earlier, undergo radical coupling with PMes 3•+ to form 4
(ΔE = –48.9, ΔG°298K = –20.4 kcal·mol-1; Scheme 5b, black).

Changing the phosphine to PtBu3 was shown by Stephan et al. to only yield the tBu3P
–TCQ–B(C6F5)3 adduct, akin to 4, without detectable radicals or dianion 7, which
could indicate a different mechanism. The ionization energy of tBu3P (IED = 5.54 eV),
however, suggests that SET from the phosphine to the TCQ-B(C6F5)3 adduct (EA =
5.57 eV) is still feasible. In this case, though, the subsequent radical coupling is
barrierless,[23] which leads to the immediate formation of tBu3P-TCQ-B(C6F5)3 (ΔE =
–56.5, ΔG°298K = –20.4 kcal·mol-1) and prevents detection of radical species or
subsequent reactivity to form dianion 7. This shows that, similar to our findings for
Ph3SnH, changing from PMes3 to PtBu3 does not alter the mechanism, but merely the
energy levels along the reaction path leading to observation of radical intermediates
for PMes3, but not in case of PtBu3.

Since the groups of Melen and Ooi recently reported FLP type reactions featuring
radical formation when using B(C6F5)3 and carbonyl containing substrates,[6,7] we
postulated that also in these cases Lewis acid coordination to the substrate could
increase its electron acceptor capacity and promote SET (Scheme 6). Indeed, for
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methylvinylketone (MVK), the substrate utilized by Ooi et al. (Scheme 1d),[7] we
found that B(C6F5)3 forms an adduct (ΔE = –16.3, ΔG°298K = 0.9 kcal·mol-1;
SCRF/ωB97X-D/6–311+G(d,p), solvent = dichloroethane) and increases its electron
affinity from 1.43 to 2.73 eV (Scheme 7, left). This decreases the energy gap between
the ground state amine donor (IED = 5.11 eV; R = Me; Scheme 1d) and
methylvinylketone acceptor pair to the corresponding radical ion pair [amine •+,
MVK-B(C6F5)3•–] from 3.68 to 2.38 eV, which results in visible light induced (1.5–3.1
eV, 400–800 nm) SET becoming feasible. Indeed, Ooi et al. used 400 nm light to
promote this reaction. In case of substrate 9, used by Melen et al. (Scheme 1c),[6] we
found a similar result. Binding of B(C6F5)3 (ΔE = –19.1, ΔG°298K = –0.2 kcal·mol-1;
SCRF/ωB97X-D/6–311+G(d,p), solvent = THF) increases the electron affinity from
2.31 to 3.56 eV (Scheme 7, right) bringing the energy required for SET (with PMes 3
as donor) down from 2.89 to 1.74 eV. This reduced energy gap (40.0 kcal·mol-1) is still
sizeable and suggests that, also in this case, the SET is photo-induced and thus
performing this reaction in broad daylight (or using a high-power LED) will be
beneficial. These results, in combination with the transient nature of the highly
reactive B(C6F5)3•– species in solution,[3a,24] make it highly plausible that also for these
systems, B(C6F5)3 is facilitating SET through binding to the substrate and increasing
its electron affinity, instead of participating directly in SET.

Scheme 6. Lewis acid coordination to a carbonyl moiety facilitating SET. LB = Lewis base.

Scheme 7. Change in electron affinity when B(C6F5)3 coordinates and the resulting LUMO for two
different B(C6F5)3-coordinated substrates.
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Conclusion
Although the archetypal PMes3/B(C6F5)3 and PtBu3/B(C6F5)3 FLP systems can form
high energy radical ion pairs via photo-induced single-electron transfer, we found
that this pathway is not a major contributor in the reaction with H 2 or Ph3SnH, and
that in both cases the reactions occur via polar, heterolytic mechanisms.
Furthermore, we discovered that the SET reactivity observed for FLP systems with
substrates featuring carbonyl moieties is not the result of SET from the Lewis base
directly to the borane Lewis acid. Instead, adduct formation between the Lewis acid
and substrate activates the substrate for SET, after which electron donor-acceptor
complex formation with the Lewis base provides the corresponding radical ion pair,
via either thermal or photoinduced SET, depending on the energy required. To
promote radical reactivity in cases based on photoinduced SET, it is thus important
to locate the CT-band arising after Lewis acid coordination to determine the optimal
wavelength for irradiation of reaction mixtures. These important mechanistic
insights are of fundamental importance for both efficient usage of current radical
FLP systems as well as the design of novel radical FLP systems and new examples
of main-group redox catalysis,[25] which we are currently exploring in our
laboratories.

Experimental section
Experimental Procedures
General considerations
All manipulations regarding the preparation of air-sensitive compounds were
carried out under an atmosphere of dry nitrogen using standard Schlenk and drybox
techniques. Solvents were purified, dried and degassed according to standard
procedures. The EPR spectra were recorded on a Bruker EMX X-band spectrometer
and further analyzed and simulated using EasySpin.[S1] The following reagents were
purchased from commercial sources: B(C6F5)3 (>98%, TCI chemicals), PMes3 (97%,
Sigma Aldrich), PtBu3 (98%, Sigma Aldrich), [Ph3C][B(C6F5)4] (97%, Alfa Aesar), TCQ
(99%, Sigma Aldrich), Ph3SnH (97%, Sigma Aldrich), and used without further
purification.
Reactivity: H2 splitting
Trimesitylphosphine

(15.5

mg,

0.04

mmol,

1.0

equiv.)

and

tris(pentafluorophenyl)borane (20.5 mg, 0.04 mmol, 1.0 equiv.) were added together
in 1 mL chlorobenzene to yield a pink solution. A freeze-pump-thaw cycle was
employed to degas the solution after which the solution was brought under 1 atm of
H2. Half the samples were kept in the dark while the other half was irradiated with
530 nm light (High power LEDS: OSRAM Oslon SSL 80). After 2,5 h and 4 h one of
each reaction type (dark and irradiated) was analysed by

P-NMR to determine

31

conversion. Conversions in the dark and under irradiation were equal. This method
was chosen after monitoring the reaction in a J-Young NMR tube was found to lead
to a very slow reaction, most likely due to the slow diffusion of H 2 into the solution.
Therefore using the NMR monitoring method we were not measuring the rate of the
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reaction but the diffusion speed of H2 and so a different protocol was designed. For
completeness, the conversions obtained using the first method are also given below.

Figure S1. 31P-NMR spectra of PMes3/B(C6F5)3 + H2 after 2.5 h in the dark (left) and irradiated with 530
nm light (right)

Figure S2. 31P-NMR spectra of PMes3/B(C6F5)3 + H2 after 4 h in the dark (left) and irradiated with 530 nm
light (right)

25

Conversion (%)

20

15

10
530 nm
Dark

5
0
0

50

100

150

Time200
(min)

250

300

350

400

Figure S3. Conversions obtained for the PMes3/BCF reactions in the dark and under 530 nm irradiation
monitored over time in a J-Young NMR tube.
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LED-setup
The LED setup used to irradiate the sample consisted of a LED plate and watercooled block which keeps the samples at near ambient temperature. The cooling
block is mounted on the LED plate after which flat bottomed Schlenks are placed
into the holes of the cooling plate. These Schlenks are made to fit exactly so that
cooling functions properly.

Figure S4. LED plate and water-cooled block (left) used to setup the irradiation setup as shown right. 455
nm irradiation depicted

Reactivity: Tin hydride reactivity
PMes3/BCF + Ph3SnH
Trimesitylphosphine

(23.3

mg,

0.06

mmol,

1.0

equiv.)

and

tris(pentafluorophenyl)borane (30.4 mg, 0.06 mmol, 1.0 equiv.) were added together
in 2 mL chlorobenzene. This solution was added to either 1.0 equiv. or 2.5 equiv.
Ph3SnH (21.2 mg, 0.06 mmol, 1.0 equiv.; 53 mg, 0.15 mmol, 2.5 equiv.). In case of 1.0
equiv., 50% conversion to [Mes3PH][H(BC6F5)3] was observed. The 2.5 equiv.
experiment was performed in both darkness and ambient light for which in both
cases full conversion to [Mes3PH][H(BC6F5)3] was observed.

Figure S5. 31P-NMR spectra of PMes3/B(C6F5)3 + 1.0 equiv. Ph3SnH

Figure S6. 31P-NMR spectrum of PMes3/B(C6F5)3 + 2.5 equiv. Ph3SnH in ambient light

131

Chapter 3

Figure S7. 31P-NMR spectrum of PMes3/B(C6F5)3 + 2.5 equiv. Ph3SnH in darkness

Figure S8. 11B-NMR spectrum of PMes3/B(C6F5)3 + 2.5 equiv. Ph3SnH in darkness

Figure S9. 119Sn-NMR spectrum of PMes3/B(C6F5)3 + 2.5 equiv. Ph3SnH in darkness

PtBu3/BCF + Ph3SnH
Tri-t-butylphosphine

(12.0

mg,

0.06

mmol,

1.0

equiv.)

and

tris(pentafluorophenyl)borane (30.4 mg, 0.06 mmol, 1.0 equiv.) were added together
in 2 mL chlorobenzene. This solution was added to Ph3SnH (21.2 mg, 0.06 mmol, 1.0
equiv.) or (53 mg, 0.15 mmol, 2.5 equiv.). The 2.5 equiv. Ph3SnH experiment was
stirred overnight.

Figure S10. 31P{H}-NMR spectrum of 1.0 equiv. PtBu3/B(C6F5)3 + 1.0 equiv. Ph3SnH
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Figure S11. 119Sn-NMR spectrum of 1.0 equiv. PtBu3/B(C6F5)3 + 1.0 equiv. Ph3SnH

Figure S12. 31P{H}-NMR spectrum of 1.0 equiv. PtBu3/B(C6F5)3 + 2.5 equiv. Ph3SnH after overnight stirring

Figure S13. 31P-NMR spectrum of 1.0 equiv. PtBu3/B(C6F5)3 + 2.5 equiv. Ph3SnH after overnight stirring

Figure S14. 119Sn-NMR spectrum of 1.0 equiv. PtBu3/B(C6F5)3 + 2.5 equiv. Ph3SnH after overnight stirring
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Control experiment: Ph3SnH + B(C6F5)3
Tris(pentafluorophenyl)borane (15.2 mg, 0.03 mmol, 1.0 equiv.) and Ph3SnH (10.6
mg, 0.03 mmol, 1.0 equiv.) were added together in 1 mL chlorobenzene. NMR
analysis shows the tin hydride interacts with the borane causing a significant shift
in both

Sn- (from -163 to -130 ppm) and 19F-NMR (para-F peak from -142 to 149

119

ppm).[S2]

Figure S15. 119Sn-NMR B(C6F5)3 + Ph3SnH

Figure S16. 19F-NMR B(C6F5)3 + Ph3SnH

Figure S17. 119Sn-NMR Ph3SnH in C6D5Cl

Figure S18. 11B-NMR B(C6F5)3 + Ph3SnH
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Figure S19. 1H-NMR B(C6F5)3 + Ph3SnH

Figure S20. 1H-NMR Ph3SnH in C6D5Cl

[Ph3C][B(C6F5)4] + Ph3SnH + PR3
Triphenyltin hydride (36 mg, 0.1 mmol, 1.0 equiv.) was dissolved in 0.7 mL
chlorobenzene. This was added to [Ph3C][B(C6F5)4 (46 mg, 0.05 mmol, 0.5 equiv.) at 35 °C. During subsequent stirring (30 min) the yellow colour disappeared and a
white suspension formed. Subsequent addition of phosphine (PMes 3: 20 mg, 0.05
mmol, 0.5 equiv.; PtBu3: 10 mg, 0.05 mmol, 0.5 equiv.) was performed at -35 °C after
which the reaction mixture was slowly allowed to warm to room temperature over
1 hour.
.

Figure S21. 1H-NMR [Ph3C][B(C6F5)4] + 2 equiv. Ph3SnH in C6D5Cl
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Figure S22. 119Sn-NMR [Ph3C][B(C6F5)4] + 2 equiv. Ph3SnH in C6D5Cl

Addition of PMes3

Figure S23. 1H-NMR [Ph3C][B(C6F5)4] + 2 equiv. Ph3SnH in C6D5Cl + PMes3

Figure S24. 31P-NMR [Ph3C][B(C6F5)4] + 2 equiv. Ph3SnH in C6D5Cl + PMes3
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Figure S25. 119Sn-NMR [Ph3C][B(C6F5)4] + 2 equiv. Ph3SnH in C6D5Cl + PMes3

Addition of PtBu3

Figure S26. 31P{1H}-NMR [Ph3C][B(C6F5)4] + 2 equiv. Ph3SnH in C6D5Cl + PtBu3

Figure S27. 31P-NMR [Ph3C][B(C6F5)4] + 2 equiv. Ph3SnH in C6D5Cl + PtBu3
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Reactivity: tetrachloro-1,4-benzoquinone (TCQ) reactivity
TCQ + B(C6F5)3 + PMes3
Trispentafluorophenylborane (15 mg, 0.03 mmol, 1.0 equiv.) was dissolved in 1.0 mL
toluene and added to TCQ (3.7 mg, 0.015 mmol, 0.5 equiv.; 7.4 mg, 0.03 mmol, 1.0
equiv.). This solution was then added to solid trimesitylphosphine (11.7 mg, 0.03
mmol, 1.0 equiv.). The reaction mixtures turned purple immediately. Preparing the
sample in the dark yields the same result (Figures S28-29). To enhance the signal, the
2:2:1 experiment was repeated using a higher concentration prepared by mixing
trispentafluorophenylborane (30 mg, 0.06 mmol, 1.0 equiv.), TCQ (7.4 mg, 0.03
mmol, 0.5 equiv.) and trimesitylphosphine (23.4 mg, 0.06 mmol, 1.0 equiv.) in 0.5 mL
toluene (See Figure 3 of the main manuscript, also given below).

Figure S28. EPR spectrum of TCQ + BCF + PMes3 (1:1:1) in toluene at ambient temperature.

Figure S29. EPR spectrum of TCQ + BCF + PMes3 (1:2:2) in toluene at ambient temperature.
Table S1. EPR experiment acquisition details for TCQ + BCF + PMes3

Microwave frequency

Modulation amplitude

(GHz)

(G)

1:1:1

9.643922

4.000

0.6325

1:2:2

9.645737

4.000

0.6325
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Simulation parameters for Figure 3 in the main text:

Figure 3. Copy of Figure 3: Experimental EPR spectrum (bottom) for reaction of PMes3, B(C6F5)3 and TCQ
(2:2:1) and simulated spectra for PMes3•+, TCQ-B(C6F5)3•– and the third smaller signal.

Blue line: PMes3•+ (hyperfine coupling interaction with one I = ½ nucleus, which we
attribute to 31P coupling): giso = 2.0050, Aiso = 670.00, 1.00 mT Gaussian and 1.00 mT
Lorentzian line width.

Red line: [TCQ-B(C6F5)3]•‒. No hyperfine coupling interactions observed. giso = 2.0058,
0.70 mT Gaussian line width.

Green line: signals seem to correspond to a species with two 31P nuclei coupling to
the unpaired electron, or a species with two uncoupled (i.e. non-interacting)
unpaired electrons, of which one shows hyperfine coupling to a

P nucleus.

31

Simulation of this species was performed by consideration of hyperfine coupling to
two 31P nuclei. giso = 2.0060, AP1iso = AP2iso = 465.00 MHz. 1.50 mT Lorentzian line width.

Table S2. EPR experiment acquisition details for TCQ + BCF + PMes3 (2:2:1) in toluene at room
temperature.

1:1:1

Microwave frequency

Modulation amplitude

(GHz)

(G)

9.643975

4.000
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Computational details: FLP reactivity with triphenyltin hydride
All structures concerning the FLP reactivity with triphenyltin hydride were
optimized at ωB97X-D/def2-svp[S3,S4] using Gaussian 09, Revision D01.[S5] Zero point
energy (ZPE) and Gibbs free energy corrections (G°) were obtained from frequency
analyses performed at this level of theory. Energy levels were obtained from singlepoint calculations at the ωB97X-D/def2-tzvp level of theory.

Approximated transition state TS1 Mes
Unfortunately, we were unable to locate the exact transition state for this specific
case. However, the linear transit performed (varying the P-Sn distance) shows a clear
increase in energy as the distance decreases, after which a sharp drop in energy
occurs around 3.09 Å which strongly indicates the presence of a transition state at
this point. Attempts to perform transition state searches on this structure were
unsuccessful, even after a more detailed linear transit (smaller steps) was performed
to zoom in on the region of focus (See Figures S30 and S31). This gave a more detailed
indication of the exact position of the transition state, but unfortunately transition
search calculations still failed. Attempts to locate the transition state using both
QST2 and QST3 algorithms were also unsuccessful.

Due to these issues we

performed a single-point calculation on the highest point of the linear transit to
approximate the energy of the transition state. As the exact energy of this transition
state is not of great influence to the mechanistic proposal, we found this
approximation to be sufficient.
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Figure S30. Linear transit shortening the P-Sn bond length; stepsize = 0.002 Å
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Figure S31. Linear transit shortening the P-Sn bond length; stepsize = 0.0004 Å
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Computational details: Ionisation potentials and electron affinities
All structures concerning the ionisation potentials and electron affinities were
optimized at the ωB97X-D/6-31G(d) level of theory after which single point
calculations were performed using Gaussian 09, Revision D01[S5] at the ωB97X-D/6311+G(d,p) level of theory.[S4,S6] Solvent was taken into account where specified by
applying Self-Consistent Reaction Field (SCRF) method using the polarizable
continuum model.

Minimum-energy crossing points (MECPs) were calculated

using the method developed by Harvey et al. after which a frequency analysis was
perfomed applying another method developed within the same group.[S7,S8]

Table S3. Ionization potentials and electron affinities for different donors and acceptors
calculating using different functionals and PCM solvent corrections

Functional
Solvent

ωB97X-D

ωB97X-D

ωB97X-D

ωB97X-D

C6H5Cl

Toluene

THF

DCE

Ionization potentials
PMes3

5.25

5.54

5.20

PtBu3

5.55

5.95

Me2N-Ph-Me

5.36

5.23

Me2N-Ph-Br

5.66

5.51

Electron affinities
TCQ

4.45

4.02

TCQ-B(C6F5)3

5.57

5.34

(C6F5)3B-TCQ-B(C6F5)3

4.75

4.54

[(C6F5)3B-TCQ-B(C6F5)3]•–

6.11

5.39

MVK

1.08

1.26

MVK-B(C6F5)3

2.58

2.65

9

2.24

2.31

9-B(C6F5)3

3.42

3.45

B(C6F5)3

3.31

3.03

ΔE in eV
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Table S4. Calculated energy for adduct formation between the substrate and B(C 6F5)3

BCF

ΔE

ΔG

TCQ

-4.6

10.7

TCQ-B(C6F5)3

-16.0

-2.9

2.7

18.8

MVK

-16.3

0.88

9

-19.1

-0.2

[TCQ-B(C6F5)3]•–

ΔE and ΔG in kcal/mol
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Chapter 4

Steric attraction: a force to be reckoned with

Abstract: London dispersion forces (steric attraction) were often neglected as they
were considered insignificantly small, especially in solution. However, recent
studies show that, although individual London dispersion forces are small, many
molecular systems feature significant net stabilisation by steric attraction which can
greatly influence their chemistry. This indicates that it could be very useful to control
the influence of London dispersion on molecular systems to manipulate chemical
transformations. This chapter details recent efforts to quantify and control steric
attraction (London dispersion) and develop its application in chemistry.

Published: F. Holtrop, K. W. Visscher, A. R. Jupp, J. C. Slootweg. ‘London
dispersion: a force to be reckoned with’ in Advances in Physical Organic
Chemistry. Elsevier Ltd. 2020, 54, 119-141. doi: 10.1016/bs.apoc.2020.08.001
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1. Introduction
London dispersion forces, first described by Fritz London,[1] are the attractive part
of van der Waals forces resulting from an electron correlation effect. Their highly
significant role in the formation of condensed matter has been recognised since the
early contributions of van der Waals.[2] Traditionally in chemistry, London
dispersion forces were often neglected as they were commonly considered to be only
a minor contributor to the energetics of molecular systems.[3–8] However, recent
studies have shown that London dispersion forces greatly influence the stability of
molecules and outcomes of chemical transformations.[3–8] This suggests that
manipulation of London dispersion forces within molecular systems could be
utilised as a valuable design tool within synthetic chemistry and catalysis. To make
this possible, it is important to understand the origin of London dispersion forces
and develop methods to quantify their influence and analyse which functional
groups can be applied to tune the magnitude of the interaction.

1.1 Steric attraction vs steric repulsion
The concept of steric repulsion is ubiquitous throughout chemistry and is often
referred to when analysing the stability and reactivity of molecular systems.
Intuitively, steric repulsion, resulting from Pauli repulsion, is an easily understood
concept as it corresponds to everyday observations in the macroscopic world: two
things cannot be in the same place. If you push two objects towards each other, at a
certain point pushing them closer together will become impossible as a repulsive
force will inhibit this. On the other hand, steric attraction, resulting from London
dispersion, is far less intuitive as it has no classical macroscopic counterpart. Yet this
attraction between atoms also plays an important role in determining how molecules

interact. Fritz London determined that London dispersion forces scaled by
approximately a factor r-6, for which r is the distance between the two bodies.[9] This
factor was later incorporated into the well-known Lennard-Jones potential to
approximate intermolecular potential energies between a pair of neutral atoms or
molecules.[10,11] This potential also includes a Pauli repulsion term that scales by
factor r-12, which results in a potential as shown in Figure 1. As the distance between
two atoms decreases, attractive London dispersion forces dominate (factor r-6) to
create a favourable drop in potential energy. However, further decreasing the
interatomic distance, although increasing London dispersion forces, results in a
steep climb in the potential energy as Pauli repulsion (factor r-12) becomes the main
factor contributing to the interaction. This illustrates that interatomic distance is
highly important for both steric attraction and repulsion and that positioning atoms
at the right distance (corresponding to the minimum in Figure 1) will result in steric
attraction.

Figure 1. Schematic form of a Lennard-Jones potential showing how the potential energy of a pair of
interacting atoms corresponds to the distance between them.
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1.2 London dispersion forces and their hidden significance
London dispersion forces are the result of electron correlation; the movement of a
single electron being influenced by the presence of other electrons.[12] Two molecules
at infinite distance have their own individual wavefunctions (ψ1 and ψ2), however,
if they move closer together the wavefunctions will influence each other. The
probability of an instantaneous dipole in any direction remains the equal, however,
if ψ1 were to collapse with a dipole in a certain direction, the probability of ψ2 also
collapsing with a dipole in that direction is increased; the dipole resulting from ψ1
induces a dipole in ψ2 leading to a small attractive force. A conceptually easier
interpretation is that molecules form random dipole moments in every direction all
the time. However, if molecules are close together this induces a dipole in the
neighbouring molecule, resulting in a small attractive force between these two
dipoles: the London dispersion force (Figure 2). The magnitude of this attractive
force is mostly determined by three factors: polarizability, the number of electrons
and the distance between the two bodies.[12] Polarizability plays an important role as
this describes the amount of influence an induced dipole has on a neighbouring
molecule; the ease with which that neighbouring molecule is polarized. As larger
systems exhibit higher polarizability due to having a larger volume inhabited by
more electrons, London dispersion becomes more pronounced for larger systems. In
addition, if a system has more electrons, the amount of interactions that can occur
increases, which in turn leads to an increase in the total London dispersion force.

Figure 2. Attractive London dispersion forces generated by induced dipole-dipole interactions.

Individual London dispersion forces are often very weak, which has led to it
commonly being regarded as an insignificant force.[3–5] This view is further
strengthened by the notion that solvation negates any steric attraction between
solvated molecules, thus making it irrelevant for chemistry occurring in solution.[13]
Furthermore, as London dispersion forces result from a quantum-mechanical
phenomenon, it has no classical counterpart, which makes it more difficult to model
and allocate to a specific functional group within a molecule hampering its use as a
design tool.[4] However, the importance of London dispersion forces within
molecular systems has become much more apparent within the last decade as
methods for quantifying London dispersion both theoretically and experimentally
have developed significantly. This has led to the realisation that many small London
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dispersion forces can result in a large net steric attraction. In addition, it has been
shown that although London dispersion forces are less pronounced in solution, they
remain an important factor (vide infra).[13] This chapter features recent developments
of both experimental and theoretical methods of analysing the influence of London
dispersion forces on molecular systems, and focuses on examples of their
implementation as a design tool.

2. Quantifying London dispersion forces
2.1 Computing London dispersion forces
To study London dispersion forces, it is desirable to have a good computational
model in order quantify these effects. The development of the Kohn-Sham equations
in 1965 birthed the field of density functional theory (DFT).[14,15] DFT became a
reliable and cheap ab initio method and a widely used tool to analyse many aspects
of chemistry. This method features an approximation regarding the exchangecorrelation term, which means that the London dispersion force, which arises from
correlation, is highly susceptible to inaccuracies using this method. The
development of Local Density Approximation (LDA), which assumes that local
density can be treated as a uniform electron gas, improved on DFT in general, but
not regarding London dispersion forces. The method underestimates the exchange
energy by such a large amount that the resulting errors exceed the values of the total
correlation energy.[15] To improve on this, a method was developed which extracts
the exchange-correlation energy not only from the electron density, but also utilises
the derivative of the density. This method is called the Generalized Gradient
Approximation (GGA) and is the most commonly applied form of DFT.[16] However,
since it only accounts for local density and its derivative, it fails to describe London
dispersion forces as these interactions take place over distances too large to have a
significant overlap of electron densities. Thus the most applied form of DFT is
inherently unsuitable to describe London dispersion forces.[17] Another relatively
cheap computational method often applied to analyse energies of molecular systems
is Hartree-Fock (HF) theory.[15] Unfortunately, as this method is a mean-field
approximation, it also intrinsically fails to describe electron correlation. As a result,
hybrid-functionals, DFT functionals that partially consist of HF exchange, such as
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the commonly used B3LYP, are also ill-equipped to describe London dispersion
forces.

Scheme 1. Cheap computational methods that are inherently flawed for computing London dispersion
forces combine to form commonly used hybrid functionals.

Fortunately, several methods, such as Møller-Plesset perturbation theory, coupled
cluster theory, and configuration interaction, have been developed to account for
electron correlation within a molecular system.[15] However, the computational cost
of these methods, especially for coupled cluster and configuration interaction, is
significantly higher than for DFT and HF, making them only applicable to small
systems. Unfortunately, it is the larger systems with more electrons that are most
likely to have significant London dispersion forces, and these large systems are too
computationally expensive to calculate via these methods. The simplest MøllerPlesset perturbative technique, MP2, is relatively cheap when compared to coupled
cluster theory; however, it features other drawbacks, and the effect of the London
dispersion force is often greatly overestimated.[15] As these computational methods
take into account correlation, it is important to note that although all dispersion
interactions are a result of correlation, not all correlation is the London dispersion
force.
Nowadays, it is common practice to add a dispersion term, often Grimme’s DFTD3,[18] explicitly to DFT calculations; this term has been benchmarked extensively
against coupled-cluster calculations. The DFT-D3 correction employs a combination
of time-dependant (TD)-DFT, which accurately describe long-range interactions,

and empirically derived values for short-range interactions to give reasonable
estimates of dispersion; however, the accuracy of the calculation is heavily
influenced by the chosen functional and by the system itself. Furthermore, the
method offers the opportunity to study the effects of dispersion by comparing
results in which the correction was used versus those in which it was not. However,
in reality, all effects are intertwined, and such a distinction is not always as clear-cut
as it might appear in these studies. Ironically, in less precise computational methods
such as Molecular Mechanics, dispersion interactions are treated relatively well,
albeit approximately, as they usually include a Lennard-Jones 12-6 potential
featuring an r-6 term, an empirically derived approximation, as described in section
1.1.[10,19]
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2.2 Experimentally quantifying London dispersion
Experimentally quantifying the London dispersion force is a challenging task, as it
cannot be measured directly, and solvent effects vastly complicate the system.
Nevertheless, a few different methods to quantify London dispersion forces have
been reported.[20] One approach is to utilise a system featuring two states in
equilibrium, of which one can be stabilized by London dispersion. The shift in
equilibrium due to different molecular groups can then be used as a measure of the
stabilisation due to the London dispersion forces arising from that particular group.
Cockroft et al. applied this approach utilising a molecular balance. [6] The balance,
depicted in scheme 2, features a slowly rotating bond with characteristic NMR
signals corresponding to the unfolded and folded states. Analysis of the change in
equilibrium when installing alkyl chains (R1 = hexyl, R2 = heptyl) at the R-positions
was used to determine the amount of alkyl-alkyl chain interaction within these
systems in a wide variety of different solvents. They reported very small dispersion
interactions (< 1 kcal/mol) in all cases, which contrasted both computational analysis
and estimates of dispersion interaction derived from enthalpies of vaporization.
From these results they concluded that competitive dispersion interactions with
solvent largely cancel out any dispersion interactions between the alkyl chains. It
must be noted that the conformational flexibility of linear alkyl chains is likely to
result in a high entropic penalty for adopting a conformation favourable for
dispersion interactions, and that by using better dispersion energy donors it has
been shown that significant dispersion interactions can still occur in solvent, as we
will see further in this section.

Scheme 2. Molecular balance used by Cockcroft et al. featuring two states of which one (left) is stabilised
by London dispersion forces.

A similar approach for quantifying London dispersion forces was used by both
Anderson et al. and Berg et al., who utilised different forms of isomerism to generate
an equilibrium that is directly influenced by London dispersion forces.[21] Anderson
et

al.

used

1,6-dialkylcyclooctatetraenes

that

equilibrate

with

their

1,4-

dialkylcyclooctatetraene isomers via a bond-shift process which is slow on an NMR
timescale (Scheme 3). The 1,6-isomer, featuring the R-groups in close proximity to
each other, can be stabilised by London dispersion interactions between the Rgroups. Varying the size of the R-group (Me, Et, iPr and tBu) showed a clear trend:
larger alkyl group result in the equilibrium shifting towards the 1,6-isomer which
features the alkyl groups close together. Berg et al. observed a similar trend when
analysing the equilibrium between the syn- and anti-conformers of thiobarbiturates
with various R-substituents at low temperature (Scheme 4).[22] It must be noted that
in both studies the magnitude of measured London dispersion stabilisation is small
(<1 kcal/mol) which is to be expected as both model systems place the interacting Rgroups at relatively large distances.
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Scheme 3. 1,4-dialkylcyclootatetraene isomerisation to form dispersion-stabilised 1,6-dialkylcyclooctatetraenes. R = Me, Et, iPr or tBu.

Scheme 4. Equilibrium between syn- and anti-conformers of thiobarbiturates of which the syn- conformer
is stabilised by London dispersion forces.

Albrecht et al. exploited the dimerization equilibrium of catecholate-based
hierarchically formed triply bridged helicates (Scheme 5) to a similar effect.[23] As
the dimer features a threefold interaction of the R-groups, London dispersion forces
are more pronounced than in the previous examples. This study also features a much
broader scope of alkyl R-groups, which leads to the observation of interesting trends.
For linear alkyl substituents, extending the chain from 3 to 7 carbons increases
stabilisation of the dimer. Further extension to 12 leads to a decrease as the entropic
penalty, resulting from the conformational flexibility of the linear chains, exceeds
the enthalpic gain generated by dispersion interactions. Installing more rigid
cycloalkane substituents significantly reduces the entropic penalty.

Scheme 5. Dimerization equilibrium of hierarchically formed triply bridged helicates. Two out of the
three dispersion interactions are shown with arrows.

Wegner et al. utilised a different, non-equilibrium strategy to analyse the influence
of London dispersion. Azobenzene switches are well-known for their ability to
photo-switch between the ground-state E- and higher lying Z-isomer. The relative
instability of the latter is often attributed to steric repulsion between its substituents;
however, Wegner et al. demonstrated that increasing steric bulk leads to stabilisation
of the Z-isomer via dispersion interactions between the substituents.[24] Stepwise
variation of the alkyl substituents on the meta-position of the azobenzene derivatives
from methyl to adamantyl (Scheme 6a) leads to a large increase of the half-life of the
corresponding Z-isomer. Computational modelling of both isomers and the
transition state showed that the E-isomer exhibits negligible London dispersion
forces between the R-groups whereas both the Z-isomer and transition state are
stabilised by London dispersion. In the case of the Z-isomer, in which the R-groups
are positioned closer together, this stabilisation is significantly more than in the
transition state; this leads to an increase in the barrier for Z- to E-isomerisation and
thus an increase in kinetic stability (Scheme 6b). Further investigation using linear
alkyls chains revealed a trend similar to that observed by Albrecht et al. (vide supra):
increasing chain length from methyl to butyl significantly stabilises the Z-isomer.
Further increasing the chain length first results in a small decrease in stability
(pentyl, hexyl), after which the half-life returns to values similar to that found for
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butyl (heptyl, octyl). These findings again demonstrate that an increase in alkyl chain
length and the concomitant increase in conformational flexibility results in a higher
entropic penalty for adopting a conformation optimal for dispersion interactions,
which counteracts the dispersion driven stabilisation of increased substituent bulk.

Scheme 6. a) Azobenzene switch features an E- and Z-isomer of which the latter is stabilised by London
dispersion forces between the R-groups (simplistically indicated using arrows). b) Energy diagram
illustrating that the Z-isomer exhibits more London dispersion stabilisation than the transition state.

The most extensive experimental investigation to date was published by Chen et al.
who utilised proton-bound N-heterocyclic dimers to examine the dispersion
contributions of a wide variety of different substituents in both gas-phase and
solution.[13] Free dissociation energies in dichloromethane solutions were
determined by NMR spectroscopy by measurement of the equilibrium constants
similar to the methods used in previous examples. Gas-phase dissociation energies
were determined by threshold collision-induced-dissociation measurements. The
results showed that the attractive part of the intermolecular potential due to London
dispersion forces is a significant contributor to the bond-dissociation energy in the
gas phase as the size of substituents is increased, resulting in chemically relevant
increments of up to 10 kcal/mol for molecules in the range of 50-100 heavy (nonhydrogen) atoms. In addition, Chen et al. demonstrated that in dichloromethane
solution, London dispersion forces are attenuated by approximately 70% through
compensatory interactions with solvent molecules meaning that, although
weakened, London dispersion interaction remains chemically relevant in solution. [13]
Further comparison with computations revealed that commonly used implicit

solvent models (SMD and COSMO-RS) do not adequately describe the London
dispersion attenuation trends in free energy of bond dissociation, especially in cases
with high London dispersion contributions.[13]

Scheme 7. Formation of proton-bound N-heterocyclic dimers (in this case based on pyridine) stabilised
by London dispersion forces.
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3. Interactions dominated by London dispersion forces
London dispersion forces have often been overlooked in solution-phase chemistry,
for the reasons discussed in previous sections. In addition, a number of well-known
interactions between molecules that are dominated by London dispersion forces are
known by different names. This section focuses on such molecular interactions in
which London dispersion forces ‘secretly’ play an important role.

3.1 Hydrophobic interactions
Hydrophobic interaction is a term frequently used in biochemistry to describe the
attractive interaction between the hydrophobic parts of a system (e.g. proteins);
these interactions are the result of London dispersion. Although the exclusion of
water from hydrophobic pockets is caused both by entropic contributions and the
preference of the water molecules to interact with each other through favourable
hydrogen bond formation, the attraction between the hydrophobic parts is the result
of London dispersion forces. These attractive forces play a significant role in the
stabilisation and folding of proteins.[25]

3.2 π-π stacking
The tendency of aromatic molecules to stack is often attributed to an effect known
as π-π stacking. This name suggests significant involvement of π-orbitals, which
gives the impression that orbital interactions are the main contributor. However,
since all bonding orbitals are filled, interaction between these orbitals will be
repulsive. This becomes clear when examining benzene molecules, which do not
stack on top of each other, but instead favour a T-shaped geometry resulting from
favourable dispersion governed CH-π interactions (Figure 3. Stacked (left), T-

shaped (center), and displaced stacked (right) geometries of the benzene dimer.).
Even in larger aromatic systems, which do not favour a T-geometry, the dimers form
a displaced complex, further suggesting that π-orbital interactions are not
responsible for the stacking tendency.[26] An investigation by Grimme showed that
polycyclic aromatic hydrocarbons ‘stack’ due to their planar shape, which allows for
optimal positioning for maximising dispersion while keeping Pauli repulsion to a
minimum, generating a strong net attractive force.[27] This contrasts the HunterSanders model[28] which (over)emphasises quadrupole-quadrupole electrostatic
interactions.[27]

Favourable aryl-aryl interactions, as well as similar dispersion

driven CH-π interactions, have been demonstrated to play an important role in the
stereoselectivity of numerous catalytic processes including dihydroxylations,
transfer hydrogenations, acyl transfer reactions, and Diels-Alder reactions.[29–40]

Figure 3. Stacked (left), T- shaped (center), and displaced stacked (right) geometries of the benzene dimer.

3.3 Aurophilicity
Aurophilicity, the tendency of closed-shell gold complexes to aggregate, is another
phenomenon in which London dispersion forces play a major role.[41] Hartree-Fock
calculations, which do not account for dispersion (see section 2.1) performed on such
closed-shell aggregates find no attractive interaction, suggesting that aurophilicity
is mainly the result of electron correlation.[42] A closer analysis reveals that this is not
surprising. Gold atoms are relatively small, due to the lanthanide contraction, but
contain a large number of electrons. In addition, due to relativistic effects, the s and
p orbitals are contracted and the d orbitals are extended. This means that gold atoms
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can approach each other without generating a lot of Pauli repulsion, yet due to the
large of number of electrons there are many induced dipoles resulting in strong
London dispersion interactions between the gold atoms. These interactions favour
Au—Au bond formation and thus aggregation. Although this type interaction is the
strongest for gold atoms, it is also present in similar atoms like platinum, silver, and
palladium.[43–45]

Figure 4. Schematic representation of aurophilicity resulting from the small atomic radius and large
number of electrons present in gold atoms.

3.4 Halogen/chalcogen bonding
A relatively newly explored tool in supramolecular chemistry is halogen or
chalcogen bonding, which

describes the interaction between two (partially)

negatively charged atoms from groups 17 and 16 in the periodic table,
respectively.[46] However, due to the anisotropic distribution of the electron cloud on
one atom, there is a small positively charged region, the σ-hole, that can than interact

with the other negative atom. While in this case, electrostatic effects are certainly
important and often used to rationalize this interaction and the resulting geometries,
energy decomposition analysis shows that London dispersion forces also provide a
significant contribution. In some case, the dispersion interactions are even larger
than the electrostatic forces, as found by Hobza et al. in their computational
investigation of the binding of formaldehyde to chloro- and bromomethane.[47] The
importance of dispersion for these dimers was further highlighted by the finding
that Hartree-Fock calculations, which do not account for dispersion (see section 2.1),
do not find bonding interaction between these molecules, which indicates that the
favourable interaction is the result of electron correlation. [47] Counterintuitively, the
partial contribution of dispersion decreases when exchanging bromomethane for the
larger iodomethane, in which case electrostatic effects become the major contributor
in its interaction with formaldehyde. However, closer analysis reveals that enlarging
the bromine to iodine does result in increased dispersion, but it also enlarges the σhole which greatly increases electrostatic interaction resulting in the latter becoming
the larger contributing force. These examples highlight the importance of proper
analysis of dispersion forces to be able to recognise in which cases it provides
significant contribution to bonding interactions.

Figure 5. Interaction of halomethane with formaldehyde.
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4. London dispersion as a design tool
The previous sections have described how London dispersion forces can be analysed
and quantified, and discussed some special interactions in which London dispersion
forces play an important role. This section focuses on reports in which London
dispersion forces have been utilised to access interesting chemistry. This does not
include the numerous examples of organic and organometallic systems that have
recently been reinvestigated and found to have major contributions from London
dispersion forces that determine their stability and reactivity – excellent reviews on
this topic have recently been published.[7,8] Rather, the section features examples in
which dispersion forces have been actively used to access unique structures and
bonding situations as well as to enhance or tune reactivity.

4.1 Stabilisation by steric attraction
Increasing the steric bulk around a bond is usually associated with bond weakening
due to increased Pauli repulsion, often referred to as steric repulsion. However,
Schreiner et al. showed that an increase in steric bulk can be used to generate large
amounts of attractive London dispersion force: steric attraction.[48,49] This was
demonstrated by analysing the effect of installing t-butyl groups at the metapositions of hexaphenylethane. Hexaphenylethane remains an elusive molecule as
all attempts at its synthesis have failed; instead, the dimerization of the
triphenylmethyl radical (CPh3, also known as trityl) leads to a quinoid dimer often
known as Gomberg’s dimer.[50,51] This is often attributed to large Pauli repulsion
between the phenyl groups around the central C–C bond preventing bond
formation. It is thus remarkable that addition of t-butyl groups at the meta-positions
of all phenyl groups results in the formation of a stable hexaphenylethane derivative

(Scheme 8). This stability is the result of large amounts of London dispersion forces
between the t-butyl groups, which stabilise the C–C bond and showcase the power
of London dispersion forces.[52] Further investigation shows that altering the metasubstituents (Me, iPr, tBu, Cy, Ph, Ad; Figure 6a) leads to the expected trend of
increased steric bulk leading to increased dispersion with gas-phase Londondispersion contributions calculations ranging from 37.5 (for R = Me) to 96.3 kcal/mol
(for R = Ad). [53] Synthesis of all variants generated the expected equilibria between
Ar3C radicals and Ar3C–CAr3 species, for which it was unfortunately not possible to
quantify the equilibrium constants. Further increase of the steric bulk around a C–C
bond was analysed by employing diamondoid structures (Figure 6b).[49,54] These
bulky diamondoids generate large amounts of dispersion forces enabling the
formation of very long C–C bonds (>1.70 Å vs 1.54 Å average C–C bond). These
examples demonstrate that steric attraction can have an enormous effect on the
stability of molecular systems.

Scheme 8. Reactivity of triphenylmethyl radical (top) compared to its all-meta-t-butyl substituted
analogue (bottom).
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Figure 6. a) all-meta-substituted hexaphenylethane structures for which stability is determined by the Rsubstituents. R = Me, iPr, tBu, Cy, Ph or Ad. b) Diamondoid structures in which London dispersion forces
help stabilise the longest known C–C bond.

To further showcase the power of dispersion forces, Schreiner et al. synthesised allmeta-tBu-substituted triphenylmethane and showed that this crystallises as a dimer
(Figure 7).[55] Within this dimeric structure, the central hydrogen atoms, which have
no bonding interaction, are at a distance of just 1.57 Å. This is the result of large
dispersion forces between the t-butyl groups generating an attractive force large
enough to favour pushing the hydrogen atoms together, in spite of the Pauli
repulsion between them. An energy decomposition analysis of the dimer estimates
the stabilizing London dispersion contribution within this molecular system to be
around 52 kcal/mol; significantly higher than electrostatic and orbital interactions.

Figure 7. Dimer formation of all-meta-tBu-substituted triphenylmethane driven by large dispersion
interactions between the tert-butyl groups.

4.2 Dispersion enhanced catalysis
Catalysis is a highly important field in chemistry which revolves around the
lowering of barriers between starting material and product. As transition states are
usually more polarizable due to their weakened bonds, stabilisation by London
dispersion forces can be more pronounced.[56] Increasing stabilisation in the
transition state, but not the ground state, effectively lowers the reaction barrier,
which facilitates reactivity. This has been proposed to be one of the reasons enzymes
are so efficient: they surround a reactant with a very large number of electrons, thus
inducing large amounts of dispersion forces that decreases the energy gap towards
transition states.[57] Furthermore, investigations of transition metal-based catalysis
have revealed that London dispersion forces play a significant role within many
known catalytic processes.[58,59] Notably, dispersion effects are of importance in
palladium-catalyzed cross-coupling reactions for which they greatly influence the
ligand dissociation process of Pd(PPh3)4.[60] In addition, London dispersion effects
play an important role in agostic interactions, which are ubiquitous in transition
metal-based catalysis.[61] Although the influence of London dispersion forces has
been recognised, few examples of its use as a design tool have been reported.

Buchwald et al. were able to employ London dispersion forces to facilitate coppercatalysed hydroamination.[62] Using a computational analysis, they were able to
determine that dispersion interactions between the bidentate phosphine ligand and
the olefin substrate play a key role in stabilising the transition state of the ratedetermining step. Increasing the dispersion interaction by addition of bulky groups
(tBu) to the phosphine ligand was found to lower the transition state, leading to
increased product formation. Further optimisation of the hydroamination showed
that for the best reactivity, dispersion stabilisation using bulky substituents on one
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side of the ligand, combined with strongly withdrawing groups on the other,
facilitates the best results.[63] This study shows that tuning London dispersion forces
can be integrated into the toolbox used for catalyst optimisation.

Figure 8. Copper-catalysed hydroamination rate-determining transition state stabilised by London
dispersion between ligand tert-butyl groups and olefin substrate.

4.3 Fullerenes
Carbon allotrope C60 is a compound that is highly polarizable and has a large number
of electrons, which makes it highly suited for generating a large amount of
dispersion forces.[64,65] The impact of London dispersion forces in the Diels-Alder
(5,5) cycloaddition of fullerenes and dienes has recently been explored in a
theoretical study.[66] While analysing the reaction with cyclopentadiene as the
substrate, it was found that taking into account dispersion by Grimme’s dispersion
correction drastically alters the potential energy surface leading to a significant
decrease in the energy barrier. This effect was even more pronounced for larger
dienes and remained when the fullerene was substituted for a nanotube.

Fullerenes can also be deployed as catalysts in the anionic Diels-Alder reaction,
which results in stereoselective transformations.[67] The authors attribute the
effectiveness of the catalyst to anion-π interactions, although the precise origin of

this interaction is still a topic for debate. There have been computational studies
conducted on small π systems (benzene, triazine, etc.) for which it appears that there
is some multi-covalent character, but non-covalent interactions were also found to
play an important role.[68] The energy gained by these interactions is similar to
cation-π interactions. However, while the energy gain for cation-π interaction is
dominated by the Debye interaction, London dispersion interactions play a
substantial role for the anion-π interactions.[69] An anion is typically more
polarizable than a cation, which fits the trends we have seen so far: increasing
polarizability results in more dispersion. Due to the increased size and thus
polarizability of fullerenes, these large molecules have exceptional anion-π
interaction capabilities, as both Debye interaction and London dispersion benefit
from the increase of induced dipole moments. However, despite the promising
capabilities of fullerenes, the catalytic properties remain largely unexplored.[70,71]
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5. Concluding remarks
This chapter has analysed the possibility of using London dispersion forces as a
design tool for the optimisation of chemical transformations. Although London
dispersion forces have been recognised for decades, they are often neglected as a
result of two main issues. Firstly, there is a wide-spread misconception that London
dispersion forces are insignificantly small, especially in solution, and thus not
chemically relevant. In this chapter, we have seen many examples of interactions in
which the London dispersion force not only contributes significantly, but dominates
the interaction between molecules and determines the outcome of chemical
transformation. Furthermore, although solvation does decrease the influence of
London dispersion through competitive London dispersion interactions with
solvent molecules, this is not to an extent that London dispersion becomes irrelevant.
Secondly, London dispersion is often deemed too complicated to be efficiently
applied as a design tool. This is partly the result of common computational methods
being ill-equipped to deal with dispersion effects. However, recent development of
dispersion corrections for computational methods have made it easier to account for
dispersion forces. In addition, experimental studies have provided valuable insight
into how molecules can be tuned to favour dispersion interactions. This has
demonstrated that, by positioning steric bulk in the right position, steric bulk can be
used to generate massive attractive forces leading to stabilisation of unique bonding
situations. Furthermore, the increased polarizability of transition states makes these
ideal targets for stabilisation by London dispersion forces. Although the first steps
have been made towards utilising this effect in catalysis, further understanding of
the fundamental forces should lead to further development of this very potent
application of London dispersion forces as a design tool.

Table of Abbreviations
DFT
GGA
HF
LDA
MP
NMR

Density functional theory
Generalised gradient approximation
Hartree-Fock
Local density approximation
Møller-Plesset
Nuclear magnetic resonance
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Chapter 5

Towards the synthesis of a frustrated Lewis pair
van der Waals complex

Abstract: Frustrated Lewis pairs (FLPs) are well known for their ability to activate
small molecules, most notably CO2 and H2. However, the mechanism by which this
occurs is still under investigation, especially in cases for which the substrate cannot
reasonably coordinate to either the Lewis acid or Lewis base component of the FLP
(e.g. H2). Computational investigations have led to a proposed reaction pathway in
which the Lewis acid and Lewis base first form a van der Waals complex which
features a reactive pocket inside which reactivity with the substrate occurs. Such van
der Waals complexes, held together by London dispersion forces, are only present
is low concentrations for archetypal R3P/B(C6F5)3 FLP systems which hampers their
characterisation. This work focuses on the synthesis of novel FLP systems designed
to feature increased London dispersion forces between the Lewis acid and base
components aimed at generating a stable, isolable van der Waals complex.
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Introduction
Frustrated Lewis pairs (FLPs) are well known for their ability to activate small
molecules, most notably CO2 and H2.[1–7] However, the mechanism by which this
occurs is still under investigation, especially in cases for which the substrate cannot
reasonably coordinate to either the Lewis acid or Lewis base component of the FLP
(e.g. H2).[8,9] Computational investigations have led to the proposal that the Lewis
acid and Lewis base form a van der Waals complex, held together by London
dispersion forces between the bulky substituents, featuring a reactive pocket in
which activation of the substrate occurs[10–12] (see Scheme 1). NMR studies by
Macchioni et al. utilising 19F,1H-HOESY techniques support this notion by showing
that the components of archetypal PR3/B(C6F5)3 (R = 2,4,6-trimethylphenyl or tBu)
FLPs associate in highly concentrated solutions.[13] In addition, we reported the in
situ formation of van der Waals complexes, also termed charge-transfer or encounter
complexes, by demonstrating that photo-induced single-electron transfer occurs
within these complexes formed by association of the Lewis acid and Lewis base
components in solution.[14,15] However, for these archetypal R3P/B(C6F5)3 FLP systems
association is weak which results in only low concentrations of the van der Waals
complex forming which hampers further characterisation of such species. This work
focuses on increasing the London dispersion between the FLP components to
generate a stable, isolable van der Waals FLP complex.

Scheme 1. Van der Waals complexation in archetypal frustrated Lewis pair systems, driven by attractive
London dispersion between the substituents, facilitating hydrogen splitting.

Results and Discusion
Schreiner et al. demonstrated that addition of bulky substituents to the elusive
hexaphenylethane structure allows for synthesis of stable Ar3C–CAr3 analogues as
this leads to significant stabilization through increased London dispersion (see
Figure 1a).[16–18] Variation of substituents showed that stabilization greatly increases
with steric bulk with tert-butyl, phenyl and adamantyl proving to be the most
efficient dispersion energy donors. In addition, Schreiner et al. showcased the large
attractive dispersion force generated by such substituents through the synthesis of
all-meta-substituted triphenylmethane dimer (see Figure 1b) which features the
shortest H-H distance between two non-bonding hydrogen atoms; the structure is
squeezed together by London dispersion attraction between the

bulky

substituents.[19] Utilising this knowledge we designed analogous FLP systems E(mR1-Ar)3/B(m-R2-Ar)3 (See Figure 2) by substitution of the central carbon atoms for
Lewis basic pnictogen and Lewis acidic boron atoms and computationally
investigated the stability of potential van der Waals complexes before setting out
towards their synthesis. In addition, fluorinated Lewis acids B(C6F5)3 and B(m-CF3Ar)3 typically used in FLP chemistry were investigated.
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Figure 1. a) Hexaphenylethane structures investigated by Schreiner et al. of which the tert-butyl derivative
could be isolated. R = Me, iPr, Cy, tBu, Ad. b) Shortest H–H distance generated by London dispersion
forces (blue).

Figure 2. E(m-R1-Ar)3/B(m-R2-Ar)3 frustrated Lewis pair system tuned to maximise dispersion to stabilise
the corresponding van der Waals complex. R1 = tBu, Ph. R2 = tBu, Ph, CF3. E = N, P.

Table 1. Calculated (Gaussian: ωb97xD/6-311+G(d,p)) van der Waals complex formation energies for
different combinations of Lewis acids and Lewis bases. ΔE values in kcal·mol -1
Lewis Base

Lewis acid

ΔEtot

ΔEDisp

N(m-tBu-Ar)3

B(m-tBu-Ar)3
B(m-CF3-Ar)3
B(C6F5)3
B(m-Ph-Ar)3

-39.93
-35.01
-20.32
-43.73

-25.33
-20.71
-13.00
-27.84

P(m-tBu-Ar)3

B(m-tBu-Ar)3
B(m-CF3-Ar)3
B(C6F5)3

-51.58
-53.80
-33.31

-26.80
-21.30
-13.55

N(m-Ph-Ar)3

B(m-tBu-Ar)3
B(m-CF3-Ar)3
B(C6F5)3
B(m-Ph-Ar)3

-46.60
-40.85
-27.68
-54.20

-28.17
-21.56
-15.66
-32.49

PMes3
PtBu3

B(C6F5)3
B(C6F5)3

-13.90
-13.87

-7.95
-5.60

3.778

Figure 3. Computed structure of the van der Waals complex formed by combining N(m-tBu-Ar)3 and
B(m-tBu-Ar)
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Initial computational analysis using the Gaussian program at the ωb97xD/6311+G(d,p) level of theory revealed that accounting for dispersion results in a
significant increase in stabilisation with increasing substituent size (C6F5 < m-CF3-Ar
< m-tBu-Ar and m-Ph-Ar). For both N,B and P,B systems the increase in dispersion
is remarkably similar (see Table 1). However, in contrast to their Ar 3N, BAr3
analogues, all new Ar3P, BAr3 combinations converged to their corresponding P-B
Lewis adducts; a result of the greater length of a P-B bond (≈2.0 Å vs ≈1.5 Å for NB), making these unsuitable for the synthesis the desired van der Waals complexes.
This was confirmed by experimental work demonstrating that the combination of
P(m-tBu-Ar)3 and B(m-tBu-Ar)3 leads to the formation of insoluble solids reminiscent
of Ph3P-BPh3. As the initial computations can only account for the total dispersion
within the entire system, we also employed the Amsterdam Density Functional
program to perform an energy decomposition and fragment analysis (M06-2XD3/TZVP) to quantify dispersion interactions between the Lewis acidic and Lewis
basic fragments of the target van der Waals complexes. This revealed that
exchanging the Lewis base of archetypal PR3/B(C6F5)3 FLP systems for N(m-tBu-Ar)3
or N(m-Ph-Ar)3 doubles the amount of attractive dispersion between the Lewis acid
and Lewis base (see Table 2). Additionally, tuning the Lewis acid to feature m-tBuAr or m-Ph-Ar substituents further increases dispersion by another almost two-fold
(see Table 2) yielding a total increase of approximately 8 kcal·mol-1. It must be noted
that the effects of dispersion stabilization are greatly attenuated in solution (around
70%),[20,21] which results in an expected increased stabilization via dispersion of
approximately 2.5 kcal/mol. This remains a significant stabilization to the van der
Waals complex side of the solution equilibrium, which we aim to drive in this
direction.

Table 2. Calculated (ADF: M06-2X-D3/TZVP) interaction energies between the Lewis acid and Lewis
basic fragments of the van der Waals complexes. ΔE values in kcal·mol-1
Lewis Base

Lewis acid

Frag int:
ΔEtotal

Frag int:
ΔEdisp

N(m-tBu-Ar)3

B(m-tBu-Ar)3
B(m-CF3-Ar)3
B(C6F5)3
B(m-Ph-Ar)3

-40.44
-32.59
-20.89
-40.76

-11.45
-8.52
-6.31
-11.68

N(m-Ph-Ar)3

B(m-tBu-Ar)3
B(m-CF3-Ar)3
B(C6F5)3
B(m-Ph-Ar)3

-41.00
-34.82
-26.79
-47.32

-11.79
-8.19
-6.42
-11.83

PMes3
PtBu3

B(C6F5)3
B(C6F5)3

-13.17
-13.90

-3.89
-3.14

For the experimental investigation we first analysed the combination of N(m-tBuAr)3, obtained via Buchwald Hartwig amination (see Scheme 2a), with the
fluorinated Lewis acids: commercially available B(C6F5)3,

and B(m-CF3-Ar)3,

obtained by reaction of m-CF3-ArMgBr and BF3·OEt2 using a procedure reported by
Tamm et al.[22] (see Scheme 2b). In both cases, initial mixing resulted in the formation
of a lightly yellow solution which turned blue over time (several hours). EPR
analysis of this solution revealed a clear signal featuring a multitude of hyperfine
couplings indicating radical formation. The signal was determined to correspond to
the N(m-tBu-Ar)3•+ radical cation by comparison with EPR analysis of a reaction of
N(m-tBu-Ar)3 with Cu(OCl4)2·6H2O; a known method to generate radical cations of
the triphenylamine derivatives.[23] These findings are comparable to our previous
findings for PR3/B(C6F5)3 and NR3/B(C6F5)3 systems for which we have shown radical
formation occurs via charge-transfer complex formation and subsequent photoinduced single-electron transfer.[14,15] As this photo-lability is likely to hamper
analysis and isolation of the van der Waals (or charge-transfer) complex, we
proceeded to focus on the non-fluorinated Lewis acids B(m-tBu-Ar)3 and B(m-Ph-
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Ar)3 as their decreased Lewis acidity would prevent visible light inducing singleelectron transfer by increasing the energy gap required for the excitation of the
charge-transfer complex to the corresponding radical ion pair (from ΔE ≈ 60
kcal·mol-1 (≈ 480 nm) for N(m-tBu-Ar)3/B(C6F5)3 to ΔE ≈ 87–98 kcal·mol-1 (330–290 nm)
for N(m-tBu-Ar)3/B(m-Ph-Ar)3 and N(m-tBu-Ar)3/B(m-tBu-Ar)3 (see Table S1).

Scheme 2. a) Synthesis of N(m-tBu-Ar)3 via Buchwald-Hartwig amination. b) Synthesis of B(m-CF3-Ar)3
using a literature procedure by Tamm et al.[22]

Figure 4. EPR spectrum of N(m-tBu-Ar)3•+ in toluene at rt.

First attempts to obtain B(m-tBu-Ar)3 and B(m-Ph-Ar)3 via reactions of aryl lithium
or aryl Grignard reagents with BX3 (X = F or Cl) yielded complex product mixtures
from which the desired compounds could not be isolated due to their sensitive
nature restricting the available methods of purification. However, inspired by a
synthesis for BPh3 developed by Lammertsma et al.[24], a synthetic route was
developed. Firstly, the corresponding aryl lithium species is reacted with NaBF4
yielding a tetraarylborate: NaBAr’4 (11B-NMR: δ = -4.72 (R = tBu), δ = -3.56 (R = Ph)).
Next, a cation exchange is performed by dissolving the NaBAr’ 4 in acetonitrile and
adding Me3NHCl. This generates [Me3NH][BAr’4] which is isolated by filtration and
in vacuo removal of the solvent. Analysis by 1H-NMR spectroscopy showed that all
signals remain identical to those of NaBAr’4 albeit with the addition of a signal at
2.72 ppm corresponding to the Me3NH+ cation. In case of Ar’ = m-tBu-Ph, addition
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of tetrahydrofuran induces proton transfer from the Me 3NH+ cation to the [BAr’4]anion which leads to formation of Me3N, Ar’-H and the desired BAr’3 product, as
observed when performed in THF-d8 (see Figure 5). It must be noted that the product
is highly susceptible to decomposition within this reaction mixture; removal of
solvent by evaporation leads to product decomposition. To avoid decomposition,
tetramethylpiperidine, a hindered base, was added to scavenge any accessible
protons. Subsequent evaporation of solvent and pentane extraction yields a mixture
of the B(m-tBu-Ar)3 (11B-NMR: δ = 68.35) product and Ar’-H. The latter is slowly
removed by keeping under vacuum for several hours. Crystals of B(m-tBu-Ar)3
suitable for X-ray diffraction were grown in Et2O at –20 °C. The X-ray structure
features the expected trigonal planar boron centre and propellor-like orientation of
the aryl groups (see Figure 3). In case of B(m-Ph-Ar)3, the proton transfer within the
[Me3NH][BAr’4] salt is induced thermally; heating to 200 °C under vacuum yields
the desired B(m-Ph-Ar)3 product. However, B(m-Ph-Ar)3 was found poorly soluble
in all solvents which severely hampers further purification, analysis and any
attempts to form van der Waals complexes with Ar3N species.

Scheme 3. Synthetic route used to access B(m-R-Ar)3 species. Ar’ = m-R-Ar, R = tBu, Ph. aR = Ph, bR = tBu.

Figure 5. 1H-NMR spectrum showing the formation of BAr’3, Ar’ and Me3N after mixing NaBAr’4 in THFd8. Ar’ = m-tBu-Ar.

C29
B1
C1
C15

Figure 6. Molecular structure of B(m-tBu-Ar)3 as determined by X-ray diffraction. Hydrogen atoms have
been omitted for clarity. The t-butyl group centre left features minor distortion. An Et2O solvent molecule
is featured on the right. Selected bond lengths and angles: B1-C1 1.558 Å, B1-C15 1,558 Å, B1-C29 1.570
Å, C1-B1-C15 121.09°, C1-B1-C15 119.24°, C15-B1-C29 119.67°.
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H1H-NOESY-NMR analysis of 1:1 solutions of N(m-tBu-Ar)3 and B(m-tBu-Ar)3 did

1

not show through space correlations between nuclei of the Lewis acid and Lewis
base. However, it must be noted that due to the limited solubility of the components
(<1 mM) concentrations of the magnitude used by Macchioni et al. for the detection
of 1H19F-HOESY interactions (220–230 mM) could not be achieve.[13] Crystallisation
was achieved from both toluene and alkane solutions yielding large colourless
crystals. After isolation and resolvation, 1H-NMR analysis showed a 1:1 ratio of both
Lewis acid and Lewis base components indicating the presence of both components
within the crystal lattice. Unfortunately, the crystal structure could not be solved by
X-ray analysis due to disorder within the crystals making it impossible to determine
the structure of the central atom.[25] It must be noted that the unit cell of the crystal
was determined to be highly similar to that of N(m-tBu-Ar)3. As N(m-tBu-Ar)3 and
B(m-tBu-Ar)3 are almost identical in shape and their interaction dominated by
London dispersion, we postulate that both components are stacked within the
crystal lattice in a random order which prevents resolution of the crystal structure
but yields an overall 1:1 ratio of the components. Computational analysis (ADF:
M06-2X-D3/TZVP) confirms that interactions between the individual components
(Ar3N--NAr3 and Ar3B--BAr3) are equally favourable to the analogous heterointeractions (Ar3N--BAr3) (see Table 3). This supports the notion that both
components would stack randomly within the crystal lattice as there is no significant
driving force towards an alternating pattern.

Table 3. Calculated interaction energies between heterodimers and their corresponding homodimers.
aGaussian ωb97xD/6-311+G(d,p)) method. bADF M06-2X-D3/TZVP method. Values in kcal·mol -1
ΔEa:
ΔEdisp (ΔEtot)

R
m-tBu-Ar

m-Ph-Ar

Frag Intb:
ΔEdisp (ΔEtot)

NR3--BR3

-25.33 (-39.93)

-11.45 (-40.44)

NR3--NR3
BR3--BR3

-26.09 (-41.03)
-23.61 (-37.54)

-11.55 (-39.57)
-11.31 (-37.99)

NR3--BR3

-32.49 (-54.20)

-11.83 (-47.32)

NR3--NR3
BR3--BR3

-31.14 (-54.20)
-33.54 (-54.00)

-11.91 (-45.73)
-11.90 (-45.60)

Conclusion
In summary, we have designed an N,B FLP system tuned to feature enhanced
London dispersion forces between the substituents with the aim to favour van der
Waals complex formation between the Lewis acid and Lewis base components.
Computational analysis showed that the use of m-R-Ar (R = tBu or Ph) substituents
greatly increases the amount of attractive dispersion force between both
components. Synthesis of the Lewis acidic B(m-R-Ar)3 components proved
challenging but was achieved via a novel synthetic route utilising the corresponding
tetraarylborate salts. Combining N(m-tBu-Ar)3 and B(m-tBu-Ar)3 did result in
formation of crystals featuring both Lewis acidic and Lewis basic components,
however, X-ray analysis was unsuccessful due to disorder within the crystals. This
is likely the result of randomly ordered stacking of the amine and borane
components. This notion is further supported by computational analysis showing
amine-amine and borane-borane interactions to be equally favourable as amineborane stacking. To circumvent this problem future design of FLP systems aimed at
forming isolable van der Waals complexes should focus on generating a driving
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force for heterocomponent complexation. A first step towards this end would be
removing the symmetry present in the flat Ar3E (E = B, N, P) structures to
differentiate between front- and back faces of the molecule thus both creating a
preferential side of approach and hindering self-stacking. Utilisation of an ‘enzymelike’ docking system whereby the Lewis acid and Lewis base components are tuned
to interlock like puzzle pieces would provide a strategy for maximising surface
interaction, and thus dispersion, between the components whilst also favouring
heterocomponent interactions over self-stacking. However, such intricate molecular
design is likely to yield significant challenges both computationally and
synthetically.

Figure 7. Schematic representation of puzzle piece strategy for favouring heterocomponent van der Waals
complexation between two components. LA = Lewis acid, LB = Lewis base.

Experimental section
Experimental Procedures
General considerations
All manipulations regarding the preparation of air-sensitive compounds were
carried out under an atmosphere of dry nitrogen using standard Schlenk and drybox
techniques. Solvents were purified, dried and degassed according to standard
procedures. The EPR spectra were recorded on a Bruker EMX X-band spectrometer.
NMR spectra were measured on a Bruker DRX 500 or Bruker AMX 400 spectrometer
at room temperature. 1H,
(SiMe4,

BF3!OEt2,

11

and

B, and
85%

P-NMR spectra were externally referenced

31

H3PO4,

respectively).

Tris(3,5-di-tert-

butyl)phenylphosphine was obtained via literature procedure.[S1]

Synthesis
Amines N(m-R-Ar)3
Tris-(3,5-di-tert-butyl)phenylamine[S2]
Palladium acetate (45 mg, 0.2 mmol, 0.04 equiv), tris-tert-butylphosphine (31 mg,
0.25 mmol, 0.05 equiv) and hydroxylamine O-benzyl ether (0.58 mL, 5.0 mmol, 1.0
equiv), aryl iodide (5.38 g, 20.0 mmol, 4.0 equiv) and sodium tert-butoxide (2.40 g,
25.0 mmol, 5.0 equiv) were mixed with 50 mL dry toluene. The mixture was refluxed
for 5 days. Next, 30 mL 2M HCl was added slowly and stirred for 1h. The water layer
was separated from the organic layer after which DCM (2 x 100 mL) was used for
further extraction from the aqueous layer. The combined organic layers were dried
with MgSO4 after which all volatiles were removed in vacuo yielding crude product
as a brown solid. Purification by column chromatography (CHCl3: hexane 1:4)
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yielded pure product as a white solid (1.20 g, 2.15 mmol, 43%). Single crystals were
obtained from a saturated toluene solution at -30 °C.

H-NMR (500 MHz, CDCl3): δ = 1.23 (s, 54H), 6.93 (s, 6H), 6.99 (s, 3H)

1

C-NMR (125.7 MHz, CDCl3): δ = 31.45 (C(CH3)3), 34.85 (C(CH3)3), 115.84 (p-Ar),

13

118.31 (o-Ar), 147.27 (i-Ar), 150.92 (m-Ar)

Tris-(3,5-diphenyl)phenylamine[S3]
Palladium acetate (6.6 mg, 0.030 mmol, 0.1 equiv) and 9 mg tris-tert-butylphosphine
(9 mg, 0.044 mmol, 0.15 equiv) were dissolved in 15 mL dry toluene. This mixture
was stirred for 15 minutes after which sodium tert-butoxide (14.1 mg, 1.97 mmol, 5.0
equiv) was added, followed by 3,5-diadamantyl-bromo-benzene (500 mg, 1.18
mmol, 4.0 equiv) and 34 µL hydroxylamine O-benzyl ether (34 µL, 0.30 mmol, 1,0
equiv). The reaction mixture refluxed for 3 days after which it was quenched with
20 mL 2M HCl. The aqueous and organic layers were separated after which DCM (2
x 30 mL) was used for extraction from the aqueous layer. The combined organic
layers were dried with MgSO4. All volatile components were removed in vacuo to
yield crude product. Purification by column chromatography (CHCl3: hexane 1:4)
yielded pure product as a white solid.

H-NMR (400 MHz, CDCl3): δ = 7.59 (d, 3JHH = 7.5 Hz, 12H), 7.52 (s, 3H), 7.48 (s, 6H),

1

7.41 (t, 3JHH = 7.4 Hz, 12H), 7.33 (t, 3JHH = 7.2 Hz, 6H).

Borates NaB(m-R-Ar)4 and boranes B(m-R-Ar)3
Sodium tetra-(3,5-di-tert-butylphenyl)-borate
Magnesium (0.8 g, 33 mmol, 8.25 equiv) was suspended in 20 mL dry THF. A
solution of 3,5-diphenylbenzenebromine (5.38 g, 20.0 mmol, 5.0 equiv) in 20 mL THF
was added. The reaction mixture was stirred for 3 h, during which a brown greyish
mixture formed. The mixture was added to a suspension of NaBF4 (0.44 g, 4.0 mmol,
1.0 equiv) in 10 mL THF via a capillary leaving behind chunks of excess magnesium.
The reaction mixture was refluxed overnight after which it was quenched with 100
mL saturated aqueous Na2CO3 solution. The resulting cream white suspension was
filtered after which the aqueous and organic layers of the filtrate were separated.
The aqueous layer was extracted with 3 x 100 mL MeCN. The combined organic
layers were dried over MgSO4. All volatile components were removed in vacuo
yielding product as a white solid (2.34 g, 2.96 mmol, 74%).

H-NMR (500 MHz, CD3CN): δ = 1.24 (m, 72H), 6.90 (s, 4H), 7.45 (s, 8H).

1

B-NMR (160.4 MHz, CD3CN): δ = -4.72.

11

C-NMR (125.7 MHz, CDCl3): δ = 32.29 (C(CH3)3), 35.26 (C(CH3)3), 115.81 (p-Ar),

13

130.90 (o-Ar), 147.19 (m-Ar), 165.78 (q, ipso-Ar)

Tris(3,5-di-tert-butyl)phenylborane
Sodium tetra-(3,5-di-tert-butyl)phenylborate (477 mg, 0.5 mmol, 1.0 equiv) was
dissolved in 10 mL dry MeCN. Me3NHCl (50 mg, 0.55 mmol, 1.1 equiv) yielding a
white suspension which was stirred for 3h and subsequently filtered over celite. All
volatiles were removed from the filtrate in vacuo. 40 mL THF was added to the white
solid

which

slowly

dissolved.

After
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tetramethylpiperidine (0.93 mL, 0.55 mmol, 1.1 equiv) was added after which the
mixture was stirred for another 1 h. Next, all volatiles were removed in vacuo after
which the product was extracted into pentane (3 x 20 mL). Evaporation of the solvent
in vacuo yielded product as a white solid (260 mg, 0.45 mmol, 90%). Single crystals
were grown from a saturated Et2O solution at -30 °C.

H-NMR (500 MHz, CDCl3): δ = 1.35 (s, 54H), 7.51 (s, 6H), 7.60 (d, 3H).

1

B-NMR (160.4 MHz, CDCl3): δ = 68.4 ppm. Note this peak is very broad and so very

11

lengthy measurements (overnight, 20000 scans) are required to make it visible.
C-NMR (125.7 MHz, CDCl3): δ = 31.67 (C(CH3)3), 34.87 (C(CH3)3), 124.87 (p-Ar),

13

133.56 (o-Ar), 148.69 (m-Ar)
HRMS (LIFDI): calcd for C42H63B1 578.5030, found: 578.5028

Sodium tetra(3,5-diphenyl)phenylborate
Magnesium (72 mg, 2.95 mmol, 9.2 equiv) was suspended in 5 mL dry THF. 558 mg
3,5-diphenylbenzenebromine (558 mg, 1.8 mmol, 5.6 equiv) was added. The reaction
mixture stirred for 3 h, during which a brown greyish mixture formed. The mixture
was added to a suspension of NaBF4 (35 mg, 0.32 mmol, 1.0 equiv) in 1 mL THF via
a capillary leaving behind chunks of excess magnesium. The reaction mixture stirred
overnight after which it was quenched with 10 mL saturated aqueous Na2CO3
solution. The resulting cream white suspension was filtered after which the aqueous
and organic layers of the filtrate were separated. The aqueous layer was extracted 5
times with 10 mL DCM. The combined organic layers were dried over MgSO4. All
volatile components were removed in vacuo. The white product was recrystallized
from DCM/hexane (1:1).

H-NMR (400 MHz, CDCl3): δ = 7.94 (m, 4 H), 7.63 (d, 3JHH = 7.2 Hz, 16H), 7.48 (s, 4H),

1

7.38 (t, 3JHH = 7.9 Hz, 4H), 7.28 (t, 3JHH = 8.2 Hz, 2H).
B-NMR (128.3 MHz, CDCl3): δ = -3.56.

11

Tris(3,5-diphenyl)phenylborane
Sodium tetra-3,5-diphenylbenzene-borate (47.7 mg, 0.05 mmol, 1.0 equiv) was
dissolved in 10 mL dry MeCN. Me3NHCl (5.04 mg, 0.055 mmol, 1.1 equiv) was
added yielding a white suspension that was stirred for 3h and subsequently filtered
over celite. All volatiles were removed from the filtrate in vacuo. The residue was
than heated to 200 °C under vacuum for 3 h yielding the product as a white solid.

H-NMR (400 MHz, CD3CN): δ = 8.58 (s, 6H), 8.13 (s, 3H), 7.84 (d, 3JHH = 6.0 Hz, 12H),

1

7.57 (t, 3JHH = 8.2 Hz, 12H), 7.47 (t, 3JHH = 7.4 Hz, 6H).
11

B-NMR (128.3 MHz, CD3CN): no visible peak. Due to low solubility, it was not

possible to measure higher concentrations which, in contrast to the B(m-tBu-Ph)3
case, means long measurements (overnight, 20000 scans) gave no visible peak.

Combining E(m-R-Ar)3 and B(m-R-Ar)3
N(m-tBu-Ar)3/B(m-tBu-Ar)3
Equimolar amounts of N(m-tBu-Ar)3 (14 mg, 0.024 mmol, 1.0 equiv) and B(m-tBuAr)3 (14 mg, 0.024 mmol, 1.0 equiv) were dissolved in 1 mL of solvent. Toluene and
pentane solutions were cooled to -30 °C which successfully induced crystallisation
yielding colourless crystals. Solutions in CD2Cl2 and toluene-d8 were used for 1H,1HNOESY NMR analysis. However, no interactions between the two components were
visible. Low solubility prevented increase of concentration.
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Figure S1. 1H NMR spectrum of N(m-tBu-Ar)3/B(m-tBu-Ar)3

P(m-tBu-Ph)3/B(m-tBu-Ph)3
Equimolar amounts of P(m-tBu-Ar)3 (14 mg, 0.024 mmol, 1.0 equiv) and B(m-tBu-Ar)3
(14 mg, 0.024 mmol, 1.0 equiv) were separately dissolved in 0.5 mL DCM. The two
solutions were added together during which a crystalline white solid formed. This
solid was insoluble in all available solvents (incl. DMSO, MeCN, DMF, HFIP, THF,
o-dichlorobenzene, DME) preventing further characterisation. Attempts to grow
single crystals by layering the solutions of the phosphine and borane was not
successful.

EPR analysis
N(m-tBu-Ar)3 (0.03 mmol, 1 equiv) and B(m-CF3-Ar)3 (0.03 mmol, 1 equiv) were
dissolved together in 0.5 mL toluene. Upon mixing a yellow solution formed which
slowly turns blue resulting in a dark blue solution after 24 h. EPR analysis of the
dark blue solution showed clear formation of the N(m-tBu-Ar)3•+ radical.

X-ray analysis
N(m-tBu-Ph)3

Figure S2. Molecular structure of N(m-tBu-Ar)3 as determined by X-ray diffraction

207

Chapter 5

Figure S3. Unit cell stacking of N(m-tBu-Ar)3 as determined by X-ray diffraction.

B(m-tBu-Ph)3

Figure S4. Molecular structure of B(m-tBu-Ar)3 as determined by X-ray diffraction.
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Figure S5. Unit cell stacking of N(m-tBu-Ar)3 as determined by X-ray diffraction.

N(m-tBu-Ar)3/B(m-tBu-Ar)3
The crystals of the van der Waals complex of N(m-tBu-Ar)3/B(m-tBu-Ar)3, although
looking pristine, could not be used to determine the exact structure due to disorder.
Crystallisations were performed in toluene and pentane, however, the change in
solvent did not results in measurable crystals. This section gives the correspondence
with the crystallographer dr. Lutz to provide additional details on this situation.

Figure S6. Preliminary plot of N(m-tBu-Ar)3/B(m-tBu-Ar)3 crystals measured by X-ray diffraction

The picture above shows a preliminary plot. The full lines represent the major, the
dashed lines the minor disorder components. The central atom is common to both
components. As you can see in structure measured after crystallization from
pentane, the pentane molecules are located in solvent channels. It is difficult to
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predict, if hexane or heptane are sufficient to change this. The outside shape of the
molecule is approximately a disc. Probably this promotes disorder. Changing the
substitution pattern would need to change the (average) molecular shape. The
consequences are again difficult to predict but it is certainly worth a try.
a)

b)

c)

d)

e)

Figure S7. Measurement of different crystals, a) N(m-tBu-Ar)3. b-d): N(m-tBu-Ar)3/B(m-tBu-Ar)3
crystallised from pentane, e) N(m-tBu-Ar)3/B(m-tBu-Ar)3 crystallised from toluene.

Unfortunately, the crystal grown in toluene did not give much improvement. From
the measured diffraction data it is possible to reconstruct non-distorted projections
in selected lattice planes. It turns out that the lattice plane h1l is quite instructive.
Figure S7 shows these images for all the measured structures. Structure S7a is the
(twinned) structure of the amine crystal. There is nearly no diffuse scattering. This
is therefore the only image that differs. All other structures show significant diffuse
scattering. Structures S7b-d are from pentane, structure S7e is from toluene. Overall,
the reconstructions look very similar. The obtained structures are therefore also very
similar and severely disordered.
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Figure S8. Unit cell of N(m-tBu-Ar)3

The picture above shows two molecules in the unit cell of N(m-tBu-Ar)3. In the later
structures of N(m-tBu-Ar)3/B(m-tBu-Ar)3 from pentane and toluene the c-axis
appears to halved. The two molecules then occupy the same position. We see a
central atom with "six" partially occupied substituents. Of course, the c-axis is not
truly halved. All the intensities with a halved index are now diffuse. The magnitude
of these diffuse intensities is quite significant.

Computational analysis
All structures in this section were optimized at the ωB97X-D/6-31G(d) level of theory
after which single point calculations were performed using the ωB97X-D/6311+G(d,p)[S4.S5] using Gaussian 09, Revision D01.[S6] Solvent was taken into account
where specified by applying Self-Consistent Reaction Field (SCRF) method using the
polarizable continuum model. Fragment analysis was performed at the M062X/TZVP level of theory employing the Amsterdam Density Functional program.[S7S10]

Ionisation potentials/Electron affinities
Table S1. Ionisation potentials and electron affinities of different Lewis acid and Lewis base components
and the energies required to access their corresponding radical ion pairs.

Functional: ωB97X-D
Solvent:
toluene

ΔE in
eV

Ionization potentials

Energies to access radical ion pairs

PMes3

5.54

ΔE (eV)

ΔE (nm)

PtBu3

5.95

PMes3

B(C6F5)3

2.51

494

N(m-tBu-Ar)3

5.61

PtBu3

B(C6F5)3

2.92

425

Electron affinities
B(C6F5)3

-3.03.

N(m-tBu-Ar)3

B(C6F5)3

2.58

480

B(m-CF3-Ar)3

-2.79

N(m-tBu-Ar)3

B(m-CF3-Ar)3

2.82

440

B(m-tBu3-Ar)3

-1.35

N(m-tBu-Ar)3

B(m-tBu3-Ar)3

4.26

291

B(m-Ph-Ar)3

-1.81

N(m-tBu-Ar)3

B(m-Ph-Ar)3

3.80

326
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Summary

Frustrated Lewis pairs (FLPs) combine a Lewis acid, an electron pair acceptor, and
a Lewis base, an electron-pair donor, to access unique chemistry. Steric
encumbrance of both components is utilised to prevent classical Lewis adduct
formation, which preserves the reactivity of both the Lewis acidic and Lewis basic
moieties and allows for synergistic activation of a plethora of small molecules,
most notably H2 and CO2. This reactivity has been successfully applied to achieve
metal-free hydrogenation of a variety of substrates including imines, ketones, and
alkenes. However, the exact mechanism by which FLP systems activate small
molecules is still a topic of debate. Gaining mechanistic insight into the functioning
of these systems is of great importance to further explore their unique chemistry
and unlock their full potential as organocatalysts. In this PhD thesis entitled
“Radicals and London dispersion in frustrated Lewis pair chemistry” two highly
important aspects that influence the mechanism and reactivity of FLP systems have
been discussed: radical formation, and London dispersion forces.
Chapter 1 addressed the rising number of reports of radical formation within FLP
systems and discussed the different mechanisms via which the radical species are
obtained. Firstly, FLP systems can react with a radical substrate yielding an FLPsubstrate radical species. Additionally, radicals can be generated via singleelectron transfer between the Lewis acid and Lewis basic components of an FLP.
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To favour this interaction ‘pseudo-FLP’ systems, FLP systems for which the Lewis
basic component has been exchanged for a non-Lewis basic single-electron donor
(e.g. ferrocene), have been employed. This allows for analysis of the follow-up
reactivity of the resulting radicals with various substrates. Reports of singleelectron transfer from the Lewis base to the Lewis acid of FLP systems were also
discussed, important insights into which were the focus of the next two chapters.

The origin of radical formation within archetypal FLP systems (R3P/B(C6F5)3) was
thoroughly analysed in Chapter 2. Computational analysis (SCRF/ωB97X-D/6311+G(d,p) (solvent = toluene)) revealed a large energy discrepancy between the
Lewis acid and Lewis base components of the FLP and their corresponding radical
ion pair. TD-DFT (ωB97X-D/6-311++G(d,p)) analysis of the FLP’s interaction
complex (R3P--B(C6F5)3) indicated the presence of a charge-transfer band within the
visible light region corresponding to single-electron transfer from the phosphine to
the borane. Subsequent analysis using UV-Vis spectroscopy confirmed the
existence of the absorption band in the visible region after which EPR spectroscopy
and transient absorption spectroscopy were employed to show that irradiation of
this band does indeed lead to formation of the corresponding radical ion pairs.

Chapter 3 utilises the finding that for archetypal P/B FLP systems light is required
to access the corresponding radicals to analyse known examples of frustrated
Lewis pair reactions to determine whether single-electron transfer from the Lewis
base to the Lewis acid is involved in the mechanism. For the reaction of P/B FLP
systems with tin hydride species, the observation of rapid reaction in darkness
indicated that this reaction does not proceed via single-electron transfer after
which computational investigation (ωB97X-D/def2-TZVP) revealed a polar
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mechanism involving a bridging hydride (Sn--H--Sn) species. Investigation of P/B
FLP reactivity with tetrachloro-p-quinone showed that, rather than single-electron
transfer from the phosphine to the borane leading to radical formation, the Lewis
acidic borane activates the quinone substrate via coordination to the carbonyl
moiety which leads to enhanced electron accepting properties. This facilitates
thermal single-electron transfer from the phosphine directly to the quinone.
Furthermore, computational investigation (SCRF/ωB97X-D/6-311+G(d,p) (solvent =
toluene)) indicate that this mechanism, whereby the Lewis acid activates the
substrate prior to single-electron transfer, is also the operational for previously
reported radical FLP catalysis involving substrates featuring a carbonyl moiety.

In Chapter 4, the focus moved to the influence of London dispersion forces on
chemical transformations. Although often overlooked, most likely due to the
complexity of London dispersion interactions which makes modelling and thus
predicting them highly challenging, London dispersion has a decisive influence on
a number of crucial chemical interactions including π-π stacking, aurophilicity,
and hydrophobic interactions. In addition, both experimental and computational
efforts to quantify London dispersion forces are leading to the realisation that these
interactions can be used as a design tool for molecular systems which has led to
this strategy being employed for both the stabilisation of unique bonding
situations and the synthesis of dispersion enhanced catalytic systems.

Chapter 5 focuses on the design and synthesis of an FLP system which will
generate a stable van der Waals interaction complex, held together by increased
London dispersion forces, with the aim of fully characterising this system to
further understanding of the influence of London dispersion forces on FLP
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systems. To generate the increase London dispersion force bulky m-R-Ar groups
were utilised as computations (M06-2X-D3/TZVP) indicated these to be highly
effective. This led to the development of a novel synthetic route to access the
corresponding B(m-R-Ar)3 triarylborane species from the corresponding Grignard
species and NaBF4 which react to form the corresponding NaB(m-R-Ar)4 salt. A
cation exchange using Me3NHCl and subsequent proton transfer then yield the
desired B(m-R-Ar)3 product. Combination of these Lewis acids with analogous
N(m-R-Ar)3 Lewis bases to selectively form and characterise the corresponding van
der Waals complexes was not yet successful.
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Samenvatting

Gefrustreerde Lewis paren (FLPs) maken gebruik van een combinatie van een
Lewiszuur, een electron-paar donor, en een Lewisbase, een electron paar acceptor,
om unieke chemie mogelijk te maken. Door toepassing van sterische hinder wordt
vorming van het klassieke Lewisadduct voorkomen, waardoor de reactiviteit van
zowel het Lewiszuur als de Lewisbase wordt behouden waardoor een synergische
interactie van beide componenten met een substraat mogelijk is. Dit is toegepast
voor de activatie van een groot aantal moleculen, met name H2 en CO2. Vervolgens
is er gebruik gemaakt van deze reactiviteit om metaal-vrije hydrogenatie van
verschillende substraten (o.a imines, ketonen, en alkenen) te bewerkstelligen.
Echter is het precieze mechanisme voor de activatie van zulke moleculen nog altijd
onduidelijk. Voor het volledig benutten van de potentie van deze zeer interessante
FLPs is het belangrijk om inzicht te krijgen in de mechanistische werking van deze
systemen. In deze PhD thesis getiteld “Radicals and London dispersion in
frustrated Lewis pair chemistry” worden twee belangrijke aspecten belicht die
invloed hebben op de mechanistische werking van FLP systemen: de vorming van
radicalen, en London dispersie.
In hoofdstuk 1 is een overzicht gegeven van radicaalvorming in FLP systemen.
Hiervoor zijn drie verschillende mechanismes mogelijk. Ten eerste kunnen FLPs
reageren met radicale substraten om zo een radicaal FLP-substraat product te
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vormen. Verder kunnen radicalen gevormd worden door middel van een
electronoverdracht van de Lewisbase naar het Lewiszuur . Om dit te bevorderen is
er gebruik gemaakt van ‘pseudo-FLP’ systemen, een FLP systeem waarbij de
Lewisbasische component is vervangen door een niet-basische electron donor (bijv.
ferroceen). Hiermee kan de reactiviteit van de radicalen die ontstaan na
electronoverdracht makkelijker worden onderzocht. Electronoverdracht van de
Lewisbase naar de Lewiszuur in een FLP systeem is recent ook waargenomen; dit
soort radicaalvorming binnen FLP systemen is de focus van de volgende twee
hoofdstukken.

De vorming van radicalen in de meest gebruikte FLP systems (R3P/B(C6F5)3) is in
detail geanalyseerd in hoofdstuk 2. Uit computationele analyse (SCRF/ωB97X-D/6311+G(d,p) (oplosmiddel = tolueen)) bleek dat er een groot energetisch verschil zit
tussen de Lewiszuur en Lewisbase componenten van een FLP en het bijbehorende
radicaal ion paar. TD-DFT (ωB97X-D/6-311++G(d,p)) analyse van het interactie
complex van het FLP systeem (R3P--B(C6F5)3) wees uit dat dit systeem
absorptieband

in

het

zichtbare

licht

bezit

voor

een

overgang

waarbij

ladingsoverdracht optreedt. Deze correspondeerdt met de overdracht van een
electron van het phosphine naar het boraan. Vervolganalyse met UV-Vis
spectroscopie bevestigde de aanwezigheid van een absorptieband in het zichtbare
spectrum waarna verdere analyse met zowel EPR spectroscopie als tijdsopgeloste
absorptiespectroscopie

bevestigde

dat

bestraling

van

deze

absorptieband

inderdaad leidt tot de voorspelde electronoverdracht en dus vorming van het
bijbehorende radical ion paar.
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In hoofdstuk 3 wordt er gebruik gemaakt van de notie dat de meest gebruikte P/B
FLP systemen licht nodig is voor de vorming van de bijbehorende radicaal ion
paren om verschillende bekende FLP reacties te analyseren om te bepalen of deze
verlopen via een mechanisme waarin electronoverdacht van Lewisbase naar
Lewiszuur voorkomt. Voor de reactie van P/B FLP systemen met tinhydrides wees
het snelle verloop van de reacties in het donker erop dat deze niet verlopen via
electronoverdracht. Verdere computionele analyse (ωB97X-D/def2-TZVP) leidde
tot de bevinding dat de reactie verloopt via een polair mechanisme waarbij er een
bruggende hydride (Sn--H--Sn) wordt gevormd. Uit het onderzoek van de FLP
reacties met tetrachloro-p-chinon bleek dat deze niet via directe electronoverdacht
van de Lewisbase naar het Lewiszuur verlopen, maar dat het Lewiszuur
coordineert aan de carbonyl van het substraat waardoor deze een sterkere
electronacceptor wordt en thermische electronoverdracht van de Lewisbase naar
het chinon mogelijk is. Uitgebreid computationeel onderzoek (SCRF/ωB97X-D/6311+G(d,p) (oplosmiddel = toluene)) laat vervolgens zien dat dit mechanisme,
waarbij

het

Lewiszuur

het

substraat

activeert

waarna

vervolgens

electronoverdracht kan plaatsvinden, ook operationeel is voor andere voorbeelden
van FLP katalyse uit de literatuur waarbij gebruikt wordt gemaakt van een
substraat met een carbonyl groep.

In hoofdstuk

4 verschuift de focus naar de manier waarop London

dispersiekrachten

chemische

transformaties

beinvloeden.

Dit

wordt

vaak

onderschat, waarschijnlijk door de complexiteit van de London dispersieinteracties
die het lastig maakt om deze interacties te modelleren en dus te voorspellen. Echter
spelen London dispersiekrachten een beslissende rol bij het tot stand komen van
een aantal zeer belangrijke chemische verschijnselen waaronder π-π stacking,
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aurophiliciteit, en hydrofobe interacties. Verder worden er steeds nieuwe manieren
ontwikkeld

om,

zowel

computationeel

als

experimenteel,

London

dispersiekrachten te kwantificeren. Dit leidt langzaam tot de realisatie dat het
mogelijk is om gebruik te maken van deze attractieve krachten bij het ontwerpen
van moleculaire systemen. Deze ontwerpstrategie is succesvol toegepast voor
zowel het stabiliseren van unieke bindingssituaties als de synthese van door
dispersie verbeterde katalysatoren.

Hoofdstuk 5 focust op het ontwerpen en synthetiseren van een FLP systeem dat
leidt tot de vorming van een stabiel van der Waals interactiecomplex. Hierbij
wordt gebruik gemaakt van vergrootte London dispersiekrachten om zo het
complex te stabiliseren met als doel om zo het van der Waals complex volledig te
kunnen karakteriseren en de invloed van London dispersie op dit soort FLP
systemen beter in kaart te brengen. Om meer London dispersiekrachten tussen de
FLP componenten te genereren wordt er gebruik gemaakt van grote m-R-Ar
groepen nadat computationele analyse (M06-2X-D3/TZVP) uitwees dat zeer
effectief zou zijn. Dit leidde tot de ontwikkeling van een nieuwe syntheseroute om
de

bijbehorende

B(m-R-Ar)3

triarylboranen

te

verkrijgen

vanuit

het

overeenkomstige Grignardreagens en NaBF4. Deze reageren tot het bijbehorende
NaB(m-R-Ar)4

salt

waarna

een

kation

uitwisseling

met

Me3NHCl

en

daaropvolgende proton overdracht leidde tot de vorming van het gewenste B(m-RAr)3 product. Het combineren van deze nieuwe Lewiszuren met de analoge N(m-RAr)3 Lewisbasen om zo de bijbehorende van der Waals complexen te karacteriseren
is nog niet volledig afgerond.

226

Acknowledgements
Firstly, I would like to thank my promotor, Chris Slootweg, for recognising my
potential as a student and providing me with the opportunity to flourish during
my PhD studies. I greatly appreciated your patience, support, and the calm
manner in which you handled situations. Your faith in both me, and the radical
systems we worked with seems to have paid off nicely and I am very proud of the
results we have achieved together.

I would also very much like to thank my co-promotor, Andy Jupp, for all the ways
he contributed to my PhD. You were an invaluable addition to our research group,
providing so much chemistry know-how which you were always happy to share.
In addition, you always helped tone down my radical wording to make it
acceptable for publishing without kicking any shins. Thanks for all the help, for
some great times, and for making conferences legendary.

Next, I would like to thank my other co-promotor, Jan van Maarseveen, firstly for
allowing me to experience an amazing glider flight, but also for all his support
during my PhD studies. Your endless enthusiasm is truly inspiring!

I am also grateful to prof. Bas de Bruin and prof. Fred Brouwer, both for agreeing
to be on my doctoral committee but also for the highly useful and enjoyable
collaborations during my studies. Thank you for providing both useful insights
and access to essential equipment that greatly contributed to the success of this
227

thesis. Of course, I would also like to extend this thanks to EPR Klaas and Laser
Max who were both invaluable to this collaboration. Thank you both for all the
time and effort you spent on this research!

In addition, I would also like to thank the other members of my doctoral
committee, dr. Thibault Cantat, prof. Jan Paradies, dr. Edwin Otten and prof. Joost
Reek, for taking the time to read and assess this thesis.

Of course, I would also like to thank my army of students, Daniel, Josje, Anna,
Jelle, Klaas, Bastiaan, and Jens, for all their hard work contributing to my thesis.
Although I often complained about the ‘burden of students’, especially after certain
glovebox incidents, the PhD experience would have been nowhere near as fun
without all of you! I thank you all for the ‘gezelligheid’ you provided in the lab,
each in your own way. Many thanks for all the special moments: facepalms,
memes, breakages, breakthroughs and, much needed borrels.

A special thanks to all my colleagues of the Slootweg group. Devin and Evi, I am
glad we got to experience the ‘joys’ of FLPs together. Tania, I enjoyed working
with you and I am still honoured you chose me to be your paranymph. Feriel, your
ambition is inspiring, thank you for making evening in the lab a pleasure. Steven,
the original SusPhos student, it was great fun having you in the lab. Glad you kept
returning for more! Bas (de Jong), I would very much like to thank you for all your
support in the lab, without you, many experiments would not have been possible. I
admire your passion for making the lab run smoothly and your constant efforts to
improve on that. Andreas, even though you left us after the move, I still feel you
belong in this list, as part of you will always be in the Slootweg group. Thank you

228

for all your support regarding computations and for you highly critical analysis
that drive people towards excellence.

I would also like to thank the colleagues we left behind at the VU, Mark, Tom,
Leon, Jaap, Jeroen and Jos. I learnt a lot from all of you, like how it is important to
sometimes take a jump in the base bath to avoid the inevitable ‘verzuring.’ Mark
and Tom, a special thanks to you, the great times with you as my supervisors are a
large part of why I started this PhD.

Further thanks to all the members of the SOC group (of course including BioCat),
Wen, Kananat, Simone, Vivi, Roel, Gaston, Yolanda, Maria, Jan, Vasilis, Wesley,
Arnout, Martin, Nick, Hans and Manuela, for making me feel very welcome after
the move, and for all the good times after. Yolanda, I hope your ears have
recovered from our lovely time together in the lab. Wen, it was great always
having you to me in the lab, I would like to thank you for all the time you kept an
eye on my students. Vivi, I enjoyed having you in our group and sharing our
thoughts on ‘the joys of chemistry’.

Next, I would like to thank the many students who, although not my own,
contributed greatly to the fun environment of the lab. First of all, the Sus de Vosjes,
Matthew, Tommy, Aranka, Hannah, Ilja, Maggie and Mika. Although you were
always taking up so much lab space with ridiculously large stuff, it was always a
pleasure to have you around. Matthew, a special thanks to you. I enjoyed your
calm and fun presence in the lab and I am glad you returned multiple times and
that you were always up for a beer run and another borrel. I would also like to
thank Chim (de klimaap), Bono, Marco, Tom, Nicole, Bart, Thomas, Larissa and

229

Katie for being great students and contributing to a great group atmosphere
during their time with us. Katie, 1,2… worm! It was really fun having you in the
group, always keep dancing to Taylor! A very special thanks to Brendan, Pim, Vera
and Kit, my friends, I am really glad I met you during POC, and later at SOC.
Thank you for all the great times at borrels and board games. I consider your
friendships as some of the greatest gains of this PhD.

Of course, I would also like to thank our downstairs neighbours at HomKat, Joeri,
Johan, Xander, Raoul, Eddy, Kai, Tom, Marie, Marianne, Eline and Lotte, for all
their support whenever I needed assistance or equipment from their labs. In
addition, I would like to thank the homkatters for some excellent friday evenings
and conferences, they would not have been the same without you guys!

My wonderful paranymphs, I would also very much like to thank you both. Bas,
you will always be my greatest student, Singing Disney songs and enjoying NSP
with you was truly the best part of the lab experience! One simply cannot be
unhappy about a failed experiment when singing along to Mulan. I also want to
thank you for a certain once in a lifetime whiskey experience, proost! Marissa, my
big sister at work, my desk neighbour, you were always looking out for me and I
am very grateful for that. Your ambition is truly inspiring and I am amazed at your
ability to get things done. I thank you for all your kindness and support. You
always believed in me. I do not think I could have done this without you!

230

I would also like to thank my family, Papa, Mama, Joep and Fleur, for always
being there for me and always supporting me. You are the foundation upon which
my success is built.

Finally, I would like to thank my cats. Cat, I am so grateful for all your love and
support, you helped me get through so much. Meeting you was one of the best
parts of this PhD. Noodle, my home-office buddy, your snuggles made writing a
thesis so much better, you will forever be the bestest boy!

231

232

List of Publications
Part of this thesis:
(1) F. Holtrop,1-5 A. R. Jupp,1,3 N. P. van Leest,5 M. Paradiz-Dominguez,5 R. M.
Williams,7 A. M. Brouwer,7 B. de Bruin,7 A. W. Ehlers,6,7 J. C. Slootweg.1,7,8
Photoinduced and Thermal Single-Electron Transfer to Generate Radicals
from Frustrated Lewis Pairs. Chem. Eur. J. 2020, 26, 9005-9011
(2) F. Holtrop,1-5 A. R. Jupp,1,3,8 B. J. Kooij,2 N. P. van Leest,5 B. de Bruin,7 J. C.
Slootweg.1,8,9 Single-Electron Transfer in Frustrated Lewis Pair Chemistry.
Angew. Chem. Int. Ed. 2020, 59, 22210-22216
(3) F. Holtrop,1,3 A. R. Jupp,1,7,8 J. C. Slootweg,,1,7,8 ‘Radicals in Frustrated Lewis
Pair Chemistry’ in Frustrated Lewis Pairs (Molecular Catalysis 2). Springer
Nature Switzerland. 2020. doi: 10.1007/978-3-030-58888-5
(4) F. Holtrop,1,3 K. W. Visscher,1,3 A. R. Jupp,1,7 J. C. Slootweg.1,7,8 ‘London
dispersion: a force to be reckoned with’ in Advances in Physical Organic
Chemistry. Elsevier Ltd. 2020, 54, 119-141. doi: 10.1016/bs.apoc.2020.08.001
Outside of this thesis:
(1) M. K. Rong, F. Holtrop, J. C. Slootweg, K. Lammertsma. Enlightening
developments in 1,3-P,N-ligand-stabilized multinuclear complexes: A shift
from catalysis to photoluminescence. Coord. Chem. Rev. 2019, 382, 57-68.
(2) M. K. Rong, F. Holtrop, J. C. Slootweg, K. Lammertsma. 1,3-P,N hybrid
ligands in mononuclear coordination chemistry and homogeneous catalysis.
Coord. Chem. Rev. 2019, 380, 1-16.
(3) T. van Dijk, M. S. Bakker, F. Holtrop, M. Nieger, J. C. Slootweg, K.
Lammertsma. Base-Stabilized Nitrilium Ions as Convenient Imine Synthons.
Org. Lett. 2015, 17, 1461-1464
(4) M. K. Rong, F. Holtrop, E. O. Bobylev, M. Nieger, A. W. Ehlers, J. C. Slootweg,
K. Lammertsma. Atypical and asymmetric 1,3-P,N ligands: synthesis,
coordination and catalytic performance of cycloiminophosphanes. Chem. Eur.
J. 2021, doi: 10.1002/chem.202101921
233

1

Conceptual ideas

2

Experimental work

3

Preparation of the manuscript

4

Computational studies

5

Spectroscopic studies

6

Supervision of computational studies

7

Feedback on the manuscript

8

Project supervision

234

