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Abstract The encounter complex, i.e., the pre-organized assembly
consisting of a Lewis acid and a Lewis base, is a fundamental concept in
frustrated Lewis pair (FLP) chemistry. However, this donor–acceptor
complex is challenging to study due to its transient nature. Here, we
present a combined theoretical and experimental investigation on the
potential isolation of an encounter complex enabled by enhancement
of London dispersion forces between a sterically encumbered Lewis
acid and base pair. Guided by computational analyses, the FLP originat-
ing from the bulky triarylamine N(3,5-tBu2C6H3)3 and the novel triaryl-
borane B(3,5-tBu2C6H3)3 was investigated, leading to the isolation of a
1:1 co-crystal of both FLP components.

Key words frustrated Lewis pairs, encounter complex, London disper-
sion forces, Lewis acid, Lewis base

Since their discovery in 2006,1 the potential of frustrat-

ed Lewis pairs (FLPs) for the metal-free activation of small

molecules, such as H2 and CO2, has been extensively show-

cased.2 However, particularly for substrates like H2 that only

weakly interact with the individual FLP components, the

activation mechanism still remains ambiguous. This is due

to the weak interactions between the Lewis acid and Lewis

base in intermolecular FLPs resulting in highly fluxional

structures of low concentrations in solution, which are thus

challenging to study and characterize by spectroscopic

methods.3 A number of computational investigations sug-

gested the pre-organization of the FLP components to form

an encounter complex, in which the interaction is governed

by London dispersion forces between the bulky substitu-

ents (Figure 1a).4 The first experimental evidence for such

association was provided through 19F,1H HOESY NMR stud-

ies by Rocchigiani and co-workers revealing intermolecular

H–F interactions in concentrated solutions of archetypical

FLPs R3P/B(C6F5)3 (R = Mes, tBu).5 Further evidence of the

encounter complex in solution was provided by UV/Vis and

transient absorption spectroscopy. The detection of charge-

transfer bands of FLPs R3P/B(C6F5)3 established the equiva-

lence of encounter complexes with electron donor–acceptor

(EDA) complexes and allowed for the observation of radical

ion pairs resulting from photoinduced single-electron

transfer (SET) between the associated Lewis base and Lewis

acid by EPR spectroscopy.6 However, to date, solid-state

Figure 1  (a) Reversible association of the encounter complex in arche-
typical FLP systems. (b) London dispersion facilitated reversible di-
merization of all-meta-substituted triphenylmethyl radicals.8 Red-
dashed lines indicate London dispersion interactions.
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structures of intermolecular FLPs potentially revealing key

information on the FLP pre-organization have not yet been

crystallographically characterized.7

Schreiner and co-workers demonstrated that the revers-

ible head-to-head association of bulky, all-meta-substituted

triphenylmethyl radicals to the corresponding hexapheny-

lethane derivatives can be attributed to attractive London

dispersion forces between the meta substituents and that

the extent of stabilization of the dimeric structure can be

tuned depending on the quality of the dispersion energy

donor (Figure 1b).8

In line with our general interest in the reactivity and re-

action mechanisms of FLP systems,6,9 we envisioned the

utilization of London dispersion stabilization to increase

the attraction between the Lewis acid and the Lewis base of

an FLP, enhance the pre-organization of the FLP compo-

nents, which should increase its concentration in solution,

ultimately to enable the isolation and (solid-state) charac-

terization of the encounter complex. For this, we computa-

tionally investigated the stability of potential encounter

complexes containing all-meta-substituted triarylamines/-

phosphines and triarylboranes and studied promising com-

binations experimentally.

Employing an approach analogous to the London disper-

sion facilitated formation of all-meta-substituted hexa-

phenylethanes, we included triarylamines N(3,5-tBu2C6H3)3

and N(3,5-Ph2C6H3)3 as well as triarylphosphine P(3,5-

tBu2C6H3)3 as the Lewis basic component of potential FLPs

in our investigation. For the Lewis acidic counterpart all-

meta-substituted triarylboranes B(3,5-tBu2C6H3)3, B(3,5-

Ph2C6H3)3, and B(3,5-(CF3)2C6H3)3 as well as B(C6F5)3 were

selected. Moreover, archetypical FLP combinations

R3P/B(C6F5)3 (R = Mes, tBu) were included for comparison.

For the computational analysis, initially, the structures of

encounter complexes for the different combinations of

Lewis acids and Lewis bases were optimized at the

B97XD/6-311+G(d,p)//B97XD/6-31G(d) level of theory,

and the formation energies were determined (Table 1).

Inspection of the obtained formation energies of en-

counter complexes obtained from all-meta-substituted tri-

arylamines as well as phosphines together with B(C6F5)3 al-

ready revealed a significantly increased stability (–20.32 to

–33.31 kcal mol–1) compared to the encounter complexes

arising from R3P/B(C6F5)3 (R = Mes –13.90 kcal mol–1, tBu –

13.87 kcal mol–1). Substitution of B(C6F5)3 leads to a further

increase in stability of the encounter complex, following

the order B(C6F5)3 < B(3,5-(CF3)2C6H3)3 < B(3,5-tBu2C6H3)3 <

B(3,5-Ph2C6H3)3. However, it must be noted that the exam-

ined P(3,5-tBu2C6H3)3/BR3 (R = C6F5, 3,5-(CF3)2C6H3, 3,5-

tBu2C6H3) combinations converged to the corresponding

classical P–B-bonded Lewis adducts as a result of the longer

P–B and P–C bond lengths, effectively reducing the steric

bulk of the phosphine. Therefore, the systems containing

P(3,5-tBu2C6H3)3 as the Lewis base are not suitable for fur-

ther experimental investigations of encounter complexes.

In contrast, the optimized structures containing the triaryl-

amines show no considerable amount of N–B interactions

as assessed by the essentially planar B centers and the large

N–B distances (3.693–4.502 Å). For instance, in case of

N(3,5-tBu2C6H3)3/B(3,5-tBu2C6H3)3 a N–B separation of

3.778 Å was obtained (Figure 2), which is in sharp contrast

Table 1  Encounter Complex-Formation Energies (kcal mol–1)a

Lewis base Lewis acid ΔEtot ΔEDisp

PMes3 B(C6F5)3 –13.90 – 7.95

PtBu3 B(C6F5)3 –13.87 – 5.60

N(3,5-tBu2C6H3)3 B(3,5-tBu2C6H3)3 –39.93 –25.33

B(3,5-Ph2C6H3)3 –43.73 –27.84

B(3,5-(CF3)2C6H3)3 –35.01 –20.71

B(C6F5)3 –20.32 –13.00

N(3,5-Ph2C6H3)3 B(3,5-tBu2C6H3)3 –46.60 –28.17

B(3,5-Ph2C6H3)3 –54.20 –32.49

B(3,5-(CF3)2C6H3)3 –40.85 –21.56

B(C6F5)3 –27.68 –15.66

P(3,5-tBu2C6H3)3 B(3,5-tBu2C6H3)3 –51.58 –26.80

B(3,5-(CF3)2C6H3)3 –53.80 –21.30

B(C6F5)3 –33.31 –13.55

a Calculated at the B97xD/6-311+G(d,p) level of theory.
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Figure 2  Computed (b97xD/6-311+G(d,p)) structure of the encoun-
ter complex from N(3,5-tBu2C6H3)3/B(3,5-tBu2C6H3)3
Synlett 2022, 33, 1122–1128



1124

F. Holtrop et al. ClusterSynlett
to the weakly bound classical Lewis pair lutidine/B(C6F5)3

that features a N–B bond length of 1.661(2) Å, as deter-

mined single-crystal X-ray crystallography.10

Having established the increased stability of the en-

counter complexes with Lewis acids and Lewis bases con-

taining dispersion energy donors, we aimed at a closer in-

spection and quantification of the London dispersion forces

between the Lewis acidic and Lewis basic fragments since

the initial computations only account for the total disper-

sion within the system, i.e., the intermolecular and intra-

molecular dispersion combined. Therefore, we performed

energy decomposition and fragment analyses (ADF; M06-

2X-D3/TZ2P) disclosing the interaction energies between

the FLP components (Table 2). Again, the FLPs R3P/B(C6F5)3

(R = Mes, tBu) were included as reference.

Table 2  Calculated Interaction Energies (kcal mol–1) between Lewis 
Acid and Lewis Base in the Encounter Complexes of Studied FLPsa

Exchanging the phosphine of FLP systems R3P/B(C6F5)3

(R = Mes –3.89 kcal mol–1, tBu –3.14 kcal mol–1) for all-

meta-substituted amines N(3,5-tBu2C6H3)3 (–6.31 kcal

mol–1) and N(3,5-Ph2C6H3)3 (–6.42 kcal mol–1) leads to a

doubling of the amount of London dispersion stabilization

between the FLP components in the encounter complex. Al-

tering the Lewis acid to B(3,5-(CF3)2C6H3)3 (–8.52 (tBu),

–8.19 (Ph) kcal mol–1) only shows a marginal increase in

dispersion interactions compared to B(C6F5)3, whereas em-

ploying all-meta-substituted boranes B(3,5-tBu2C6H3)3

(–11.45 (tBu), –11.68 (Ph) kcal mol–1) and B(3,5-Ph2C6H3)3

(–11.79 (tBu), –11.83 (Ph) kcal mol–1) effects a further dou-

bling of the amount of London dispersion stabilization. The

calculations moreover revealed no significant differences in

the dispersion energy for the all-meta-Ph and all-meta-tBu

systems making these combinations equally promising can-

didates for experimental investigations. By installing dis-

persion energy donors on both Lewis acid and Lewis base, a

total increase in the dispersion stabilization of approxi-

mately 8 kcal mol–1 was achieved according to the gas-

phase computations. Recent studies demonstrated that dis-

persion interactions are attenuated in solution to a large ex-

tent (about 70%),11 which results in an expected increased

stabilization of the encounter complex comprising all-

meta-substituted triarylamines and boranes in solution of

approximately 2.5 kcal mol–1 via interfragment dispersion

interactions. This stabilization of the encounter complex is

still significant and could lead to a shift in the equilibrium

and an increased encounter complex concentration in solu-

tion.

Since the interfragment interactions in the N(3,5-

R2C6H3)3/B(3,5-R2C6H3)3 systems mostly correspond to Lon-

don dispersion forces with negligible contributions from

the N–B interaction, we furthermore calculated the forma-

tion energies of the homodimers N(3,5-R2C6H3)3/N(3,5-

R2C6H3)3 and B(3,5-R2C6H3)3/B(3,5-R2C6H3)3 and examined

the fragment interactions by energy decomposition analy-

sis (Table 3).

Table 3  Homodimer Formationa and Fragment Interactionb Energies 
(kcal mol–1)

The computational analysis revealed similar formation

and dispersion interaction energies for the amine–amine

(–11.55 (tBu), –11.91 (Ph) kcal mol–1) and borane–borane

(–11.31 (tBu), –11.90 (Ph) kcal mol–1) dimers as for the

amine–borane systems, suggesting that amine–borane en-

counter complex and homodimer formation are equally fa-

vored.

As a result of the computational analysis, we investigat-

ed combinations consisting of all-meta-tBu-substituted tri-

arylamine N(3,5-tBu2C6H3)3 as the Lewis base and triarylbo-

ranes B(3,5-(CF3)2C6H3)3 and B(3,5-tBu2C6H3)3 as Lewis ac-

ids in the subsequent experimental investigation.12 Amine

N(3,5-tBu2C6H3)3 was synthesized according to a literature

procedure.13 For purposes of comparison, single crystals of

N(3,5-tBu2C6H3)3 were grown from pentane at –30 °C and

the solid-state structure was determined by single-crystal

X-ray structure analysis. The crystal structure of the cur-

rent pentane solvate is isostructural with the toluene sol-

vate of the corresponding hydrocarbon.14 The central nitro-

gen atom and one phenyl ring are located on a twofold axis.

The nitrogen geometry is planar with an angle sum of

Lewis base Lewis acid Eint,tot Eint,Disp

PMes3 B(C6F5)3 –13.17 – 3.89

PtBu3 B(C6F5)3 –13.90 – 3.14

N(3,5-tBu2C6H3)3 B(3,5-tBu2C6H3)3 –40.44 –11.45

B(3,5-Ph2C6H3)3 –40.76 –11.68

B(3,5-(CF3)2C6H3)3 –32.59 – 8.52

B(C6F5)3 –20.89 – 6.31

N(3,5-Ph2C6H3)3 B(3,5-tBu2C6H3)3 –41.00 –11.79

B(3,5-Ph2C6H3)3 –47.32 –11.83

B(3,5-(CF3)2C6H3)3 –34.82 – 8.19

B(C6F5)3 –26.79 – 6.42

a Calculated at the M06-2X-D3/TZ2P level of theory.

R Complex ΔEtot ΔEDisp Eint,tot Eint,Disp

3,5-tBu2C6H3 NR3/BR3 –39.93 –25.33 –40.44 –11.45

NR3/NR3 –41.03 –26.09 –39.57 –11.55

BR3/BR3 –37.54 –23.61 –37.99 –11.31

3,5-Ph2C6H3 NR3/BR3 –54.20 –32.49 –47.32 –11.83

NR3/NR3 –54.20 –31.14 –45.73 –11.91

BR3/BR3 –54.00 –33.54 –45.60 –11.90

a Calculated at the B97xD/6-311+G(d,p) level of theory.
b Calculated at the M06-2X-D3/TZ2P level of theory.
Synlett 2022, 33, 1122–1128
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360.0(3)° and N–C distances of 1.430(3) Å and 1.424(2) Å.

The aryl groups are arranged propeller-like with C–N–C–C

torsion angles of –39.37(15)° and –35.3(2)°. Two of the

tBu groups were refined with a disorder model (Figure 3).

The crystal structure contains no intermolecular N···N dis-

tances shorter than 10 Å.

Figure 3  Displacement ellipsoid plot of N(3,5-tBu2C6H3)3 in the crystal 
(50% probability level). Only the major disorder component is shown. 
Hydrogen atoms and pentane solvent molecule are omitted for clarity. 
Symmetry code i: -x, y, ½-z.

B(3,5-(CF3)2C6H3)3 was obtained following a literature

procedure,15 whereas B(3,5-tBu2C6H3)3 could not be ob-

tained in an analogous manner due to the formation of

complex product mixtures from which the borane could

not be isolated. However, the synthesis of B(3,5-tBu2C6H3)3

was achieved via a modified synthetic route for BPh3 devel-

oped by Lammertsma et al.16 First, Na[B(3,5-tBu2C6H3)4]

(11B NMR:  = –4.72) was synthesized by reaction of NaBF4

with four equivalents of Li(3,5-tBu2C6H3). Subsequently,

[Me3NH][B(3,5-tBu2C6H3)4] was generated in situ by cation

exchange using [Me3NH]Cl, which spontaneously elimi-

nates NMe3 and 1,3-tBu2C6H4 with formation of B(3,5-

tBu2C6H3)3 upon treatment with THF.17 It was found,

though, that B(3,5-tBu2C6H3)3 is highly susceptible towards

decomposition upon workup of the reaction mixture. Isola-

tion of B(3,5-tBu2C6H3)3 was achieved by addition of 2,2,6,6-

tetramethylpiperidine to the THF solution to scavenge any

residual protons, removal of volatiles, and extraction into

Et2O, from which colorless X-ray quality single crystals

were obtained after storage at –30 °C (Scheme 1).18

Borane B(3,5-tBu2C6H3)3 features the expected signals

for the aryl groups in its 1H and 13C{1H} NMR spectra. The
11B NMR spectrum exhibits a broad resonance at 68.4 ppm,

comparable to that of BPh3 (67.8 ppm).16 The molecular

structure of B(3,5-tBu2C6H3)3 determined by X-ray crystal-

structure determination features the expected trigonal-pla-

nar coordination geometry at B with an angle sum of

360.1(4)°. Here, the boron atom is on a general position

without symmetry. The propeller-like arrangement of the

aryl substituents can be seen in the C–B–C–C torsion angles

of –31.4(4)°, –32.6(4), and –34.7(4)°. The B–C bond lengths

are in the range of 1.558(4)–1.570(4) Å (Figure 4). The over-

all geometry is highly similar to that of N(3,5-tBu2C6H3)3.

Again, there are no intermolecular B···B distances shorter

than 10 Å.

With the Lewis acids and Lewis base in hand, encounter

complex formation was investigated. Mixing solutions of

N(3,5-tBu2C6H3)3 and B(3,5-(CF3)2C6H3)3 in toluene or di-

chloromethane initially yielded a pale yellow solution

which gradually turned dark blue over the course of several

hours. As the dark blue color is characteristic of triaryl-

amine radical cations, EPR analysis was conducted. The X-

band EPR spectrum (Figure 5) of this solution revealed a

Scheme 1  Synthesis of B(3,5-tBu2C6H3)3

B
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Ar

NaBF4
4 ArLi

Na
Ar– 4 LiF

[Me3NH]Cl
– NaCl
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Ar Ar

Ar = 3,5-tBu2C6H3

Figure 4  Displacement ellipsoid plot of B(3,5-tBu2C6H3)3 in the crystal 
(50% probability level). Only the major disorder component is shown. 
Hydrogen atoms and diethyl ether solvent molecule are omitted for 
clarity.
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signal featuring a multitude of hyperfine coupling interac-

tions characteristic for an organic radical in a doublet spin

system, indicating formation of +•N(3,5-tBu2C6H3)3.

Figure 5  Simulated (red) and experimental (black) X-band EPR spec-
trum of +•N(3,5-tBu2C6H3)3 in dichloromethane (capillary) at room tem-
perature. Experimental parameters; microwave frequency 9.388019 
GHz, power 0.7962 mW, modulation amplitude; 1.000 G. Simulation 
parameters; S = ½, giso = 2.0042, A14N

iso = 21.5777 MHz, 6 × A1H-ortho
iso = 

–6.0593, 3 × A1H-para
iso = –15.4771, lw = 0.067165.

Satisfactory simulation of the experimental spectrum

was achieved with giso = 2.0042 and inclusion of hyperfine

coupling interactions with nitrogen (A14N
iso = 21.58 MHz),

six equivalent protons (ortho-protons on the aryl moieties

of the amine; A1H-ortho
iso = –6.06 MHz), and another three

equivalent protons (para protons on the aryl moieties of the

amine; A1H-para
iso = –15.48 MHz) consistent with the pres-

ence of +•N(3,5-tBu2C6H3)3. Moreover, the calculated EPR pa-

rameters for +•N(3,5-tBu2C6H3)3 by DFT (giso = 2.0030, A14N
iso

= 21.20 MHz, A1H-ortho
iso = –6.18 MHz, A1H-para

iso = –9.18 MHz)

are in reasonable agreement with the simulated data. Fur-

ther support was obtained by independent generation of
+•N(3,5-tBu2C6H3)3 via the oxidation of N(3,5-tBu2C6H3)3

with Cu(ClO4)2
19 and simulation of the obtained spectra

(Figures S9, S10), which can be achieved with the same hy-

perfine coupling constants and a giso value of 2.0028. The

formation of +•N(3,5-tBu2C6H3)3 in the reaction of N(3,5-

tBu2C6H3)3 and B(3,5-(CF3)2C6H3)3 is in line with previous

reports on the one-electron oxidation of triarylamines by

B(C6F5)3
20 and our investigation on photoinduced SET in FLP

systems,6 driven by rapid decomposition of the correspond-

ing triarylborane radical anion via solvolytic pathways.21

This photolability is expected to complicate characteriza-

tion and isolation of the corresponding encounter complex.

Crystallization of an encounter complex with exclusion of

light proved unsuccessful. Therefore, we focused on B(3,5-

tBu2C6H3)3 as Lewis acid. The decreased Lewis acidity and

electron affinity of B(3,5-tBu2C6H3)3 leads to a large energy

gap for the excitation of the charge-transfer complex to the

corresponding radicals (ΔE = 4.26 eV (291 nm); Table S1)

preventing visible-light-induced SET.

Mixing solutions of N(3,5-tBu2C6H3)3 and B(3,5-

tBu2C6H3)3 in toluene produced a colorless solution and 1H

NMR spectroscopic analysis only showed the presence of

the starting materials as typically observed for FLP sys-

tems.22 Attempts to observe a potential pre-organization of

the FLP in solution by 1H,1H NOESY NMR studies revealed

no through-space correlations between the protons of the

Lewis acid and the Lewis base. This could be a result of the

limited solubility of the FLP and its components precluding

analysis of highly concentrated solutions as used by Rocchi-

giani and co-workers.5 Moreover, homodimer association

could further reduce the effective concentration of Lewis

acid–Lewis base couples in solution. However, due the lim-

ited solubility, crystallization of colorless crystals was

achieved from both toluene and n-pentane solutions.23 The

X-ray crystal-structure determination of the N(3,5-

tBu2C6H3)3/B(3,5-tBu2C6H3)3 crystals showed that these

crystals are isostructural to the pentane solvate of N(3,5-

tBu2C6H3)3 described above (see the Supporting Informa-

tion). In addition to sharp Bragg reflections these crystals

showed diffuse peaks for reflections with ℓ = odd (Figure

S15). Due to similar X-ray scattering factors of nitrogen and

boron, it was not possible to assign these centers unambig-

uously and thus resolve substitutional disorder of the cen-

tral atom, which is why the occupancy was set to ½ for both

elements. The formation of a co-crystal is supported by

NMR spectroscopic analysis of the isolated crystals showing

a 1:1 mixture of N(3,5-tBu2C6H3)3 and B(3,5-tBu2C6H3)3

(Figures S11, S12), which proves the presence of both com-

ponents in the crystal lattice. Moreover, the IR spectrum of

the isolated crystals (Figure S13) exhibits features found in

the IR spectra of both separate components (Figures S1, S8),

while the melting point (224 °C) lies between those of

N(3,5-tBu2C6H3)3 (201 °C) and B(3,5-tBu2C6H3)3 (255 °C).

The random stacking of both components in the crystal lat-

tice yielding an overall 1:1 ratio of Lewis acid and Lewis

base most likely results from the almost identical shapes of

N(3,5-tBu2C6H3)3 and B(3,5-tBu2C6H3)3 and the computed

similar hetero- and homofragment dispersion interaction

energies between the components of the FLP (Table 3) re-

sulting in no significant driving force towards an alternat-

ing pattern. Still, this result emphasizes the importance of

London dispersion forces in FLP chemistry and the possibil-

ity of crystallizing the encounter complex.

On the basis of computational analyses, which showed

that the London dispersion forces between the components

of FLP systems can be significantly enhanced by judicious

choice of the substituents at the Lewis acid and Lewis base,

we investigated the formation of encounter complexes in

two amine–borane FLP systems experimentally. In case of
Synlett 2022, 33, 1122–1128
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N(3,5-tBu2C6H3)3/B(3,5-(CF3)2C6H3)3 it was shown that pho-

toinduced SET can be generally observed in FLPs with

matching electron affinities and ionization potentials. For

the N(3,5-tBu2C6H3)3/B(3,5-tBu2C6H3)3 FLP system a co-

crystal containing both components was obtained, which

showed positional disorder of the B and N centers due to

random arrangement of the individual components in the

crystal. This moreover showed the potential for homodimer

formation in dispersion interaction-governed systems. This

work represents an important contribution to the structur-

al characterization of an intermolecular FLP and the struc-

tural verification of the concept of the encounter complex

in FLP chemistry. Future investigations will focus on the use

of dissimilar Lewis acids and Lewis bases to favor heterof-

ragment interactions and ultimately allow the unambigu-

ous identification of an encounter complex in the crystal-

line state.
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