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Preface
The concept of Lewis acids and bases was proposed by G. N. Lewis in 1923, describing
a Lewis acid (or electrophilic reagent) as a chemical species containing an empty orbital
which is capable of accepting an electron pair from a Lewis base (regarded as a nucleophile),
forming a classical Lewis adduct. In frustrated Lewis pairs, the Lewis acidic and basic site
are sterically prevented from interaction and thus remain active to react with small molecules.
In addition, nucleophilicity describes the rate of the nucleophilic reaction and is thus a kinetic
property, whereas basicity (Lewis acids and bases) is a thermodynamic property. In this
thesis, we demonstrate the reactivity of both sterically unencumbered and encumbered Lewis
acids and bases in classical donor-acceptor reactivity, frustrated Lewis pair chemistry and in
single-electron transfer.
Diazonium salts typically react as masked sources of aryl cations after loss of N2.
However, the reactivity of diazonium salts as simple Lewis acids via coordination to the
terminal nitrogen atoms is less well described. In Chapter 1 we provide a complete overview
of the reactivity of diazonium salts as Lewis acids reacting with Lewis bases in classical
donor-acceptor reactivity, and highlight their ability to undergo single-electron transfer
(SET).

In Chapter 2 we demonstrate the reactivity of para substituted diazonium salts as Nbased Lewis acids towards Lewis bases like phosphines forming azophosphonium salts (I).
The difference in reactivity between amines (II) and phosphines will also be discussed. We
elaborate on the different mechanisms (donor-acceptor or SET) of these couplings, and
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additional insight is gained on the SET mechanism via the reactivity of the isoelectronic
[NO][BF4] salt towards tri-tert-butylphosphine.

Chapter 3 expands the knowledge of the azophosphonium salts and extends the variation
of the para substituent on the diazonium salt from electron-withdrawing to electron-donating.
The nature of the phosphine was also varied. The para substituents can be described by the
Hammett σ+ value. A correlation between σ+ and the

31P

NMR chemical shift will be

highlighted.
In Chapter 4 we illustrate the use of the geminal frustrated Lewis pair (FLP)
tBu2PCH2BPh2 towards terminal alkynes, nitriles and nitrilium ions. This reactivity can be
classified as donor-acceptor reactivity, and stable adducts with small molecules are formed.
The terminal alkynes form phosphonium borates upon C–H bond splitting (deprotonation;
III). The heterocycles derived from nitriles (IV) and nitrilium ions (V) look similar, but a
mechanistic investigation revealed differences in the FLP addition to these substrates.
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Lastly, in Chapter 5 we describe the cooperative action of a Lewis acidic and Lewis basic
site in a metal-ligand cooperativity (MLC VI) system and a frustrated Lewis pair (VII). A
comparison between the two systems towards CO2 reactivity and dimer formation is
elucidated.
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Chapter 1
Diazonium Salts as Nitrogen-Based Lewis Acids

Aryldiazonium salts are widely used in many organic transformations with displacement of
N2 or through addition to the terminal nitrogen. Such aryldiazonium salts can be viewed as
N-based Lewis acids that can react with Lewis bases to synthesize a wide variety of azo
compounds. Additionally, diazonium salts are known to undergo single-electron transfer and
release N2 forming an aryl radical, which results in different reactivity. Herein we provide a
concise overview of the reactivity of aryldiazonium salts undergoing classical donor-acceptor
reactivity or single-electron transfer.
Published in: Accepted in SynLett DOI: 10.1055/s-0037-1612109

1.1 Introduction
Diazonium salts[1] are organic compounds with the general formula [R-N≡N]+[X]–, in
which R can be an alkyl or aryl group, but in this chapter we only focus on the aryl. [X]- is
typically an organic or inorganic anion such as a halide, [BF4]– or [PF6]–. The reactivity of
diazonium salts is often dominated by the loss of the N2 moiety (Scheme 1).[ 2 ] In the
Sandmeyer reaction (I) the diazo group is replaced by a chlorine or bromine through the
addition of the corresponding cuprous halide to a diazonium salt, forming an aryl halide.[3,2]
Formation of arylchlorides or arylbromides is also feasible using copper powder with HCl or
HBr, referred to as the Gatterman reaction.[4,2] Aryl cyanides can be formed via the Sandmeyer reaction with the use of CuCN, yet here other metal complexes can be used.[5,2] Aryl
iodides can be prepared through the addition of hydroiodic acid or more commonly potassium
iodide (II),[ 6 ,2] and aryl fluorides are formed through thermal decomposition or photochemical induction of [BF4]– or [PF6]– with a diazonium salt in the Balz-Schiemann reaction
(III).[7,2] Mai showed that diazonium salts can be reduced by H3PO2 in water, forming the
corresponding benzene analogue (IV).[8,2]

Scheme 1. Overview reactions of displacement of N2 group of diazonium salts. I) Sandmeyer reaction; II)
replacement by iodide; III) Balz-Schiemann reaction; IV) reduction.

Thiols and thioethers can be formed in two steps from diazonium salts (Scheme 2).
Addition of potassium xanthate and gentle warming promotes loss of N2 and forms the
intermediate shown. Subsequent pyrolysis forms the ArSR product, whereas alkaline
hydrolysis yields the thiophenol derivative. This reaction is called the Leuckart thiophenol
reaction (V).[9,2]
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Scheme 2. Representation of the Leuckart thiophenol reaction. Temperature dependent on R-group and solvent
used.

In the Gomberg-Bachmann reaction (VI) an aryl group is coupled to the diazonium salt
in basic media,[10,2] and this can be carried out in an intramolecular fashion in the Pschorr
cyclization. Addition of a hydroxyl group and thus formation of phenols proceeds with the
heating of a highly acidic aqueous solution of the diazonium salt liberating an H+ (VII).[11,2]
In the Meerwein arylation (VIII) an electron poor alkene is coupled to the diazonium salt
with use of a metal salt, commonly a copper(II) salt.[12,2] The scope of the alkene as substrate
has been extended to a variety of olefins and even to electron-rich olefins.[2]

Scheme 3. Overview reactions of displacement of N2 group of diazonium salts. VI) Ar, OH–; VII) H2O, acidic
condition, Δ; VIII) electron poor alkene + catalyst.

In addition, the displacement of the N2 group, diazonium salts are able to react with
nucleophiles that add to the terminal nitrogen (Scheme 4).[2] Such reactions have been known
for several decades resulting in the formation of (di)azo compounds, for example
arenediazoethers from alkoxide ions (IX),[13 ,2] or triazenes from primary and secondary
aliphatic

and

aromatic

(or

heterocyclic)

amines

with

release

of

H+

(X).[2]

Arenediazosulfonates are formed from sulfite ions (XI); first the Z-isomer forms which is
slowly transformed into the E-isomer. Note, the Z-isomer is highly reactive and can rapidly
decompose into the starting materials. Diazonium salts with anions of sulfinic acids
([RSO(O)]–) in a slightly acidic aqueous medium form arenediazosulfones (XII).[14,2] Unstable
arenediazothioethers (XIII) are formed via the addition of thiolates, which decompose
13

(explosively) to N2 and the corresponding sulfide.[15,2] Lastly, with cyanide ions arenediazocyanides (XIV) are formed; here too, first the Z-isomer forms in a reversible manner which
slowly converts to the stable E-isomer.[16,2]

Scheme 4. Overview reactions of addition of nucleophiles that react as Lewis base to diazonium salts. IX) alkoxide
ions; X) various primary and secondary amines; XI) sulfite ion; XII) anions of sulfinic acids; XIII) thiolates; XIV)
cyanide ion.

Perhaps a more common and well-known reaction of a nucleophile which adds to the
terminal nitrogen is through electrophilic aromatic substitution (XV, Scheme 5), where the
para-position of the phenyl group of aniline or phenol, containing strongly activating
substituents, adds to the N2 of the diazonium salt.[2]

Scheme 5. Electrophilic aromatic substitution of an amine or phenol to a diazonium salt.
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1.2 Addition of Lewis bases
1.2.1 Coupling of imidazoles to diazonium salts
As the diazonium salt reacts as an electrophile, thermodynamically it can also be viewed
as an N-based Lewis acid that therefore should react with Lewis bases. Compounds IX, XI,
XII, XIII and XIV are examples of such reactivity, which is unusual reactivity for typical
nitrogen-based molecules that contain a lone pair and are thus seen as Lewis bases. However,
recent papers by Gandelman and Stephan demonstrated that nitrogen-based compounds can
be tuned as useful Lewis acids.[17] Generally, cationic azo dyes containing imidazolium
groups are produced via the coupling of an aromatic diazonium compound with an imidazole,
which acts as nucleophile, followed by alkylation (1, Scheme 6).[18-21] This coupling is similar
to the coupling of a diazonium salt to aniline or phenol (Scheme 5). Coupling followed by
alkylation was already patented in the end 1950s; Klingsberg and Lewis reported this
reactivity as the quaternization of N-alkylated imidazolium azo dyes.[18a] The alkylation can
be carried out in a stepwise manner; the first alkylation can be performed by dissolving the
azoimidazolium salt in an alkaline solution and adding an alkylating agent. As the product is
insoluble it precipitates out of the reaction mixture and is pure enough to directly use it in the
second alkylation step. The second alkylation conveniently proceeds with alkyl halide,
sulfate or arylsulfonate in an organic solvent. Through this route, the two groups on the
nitrogens can differ from each other.

Scheme 6. Schematic representation of the coupling of an aromatic diazonium compound with an imidazole,
followed by alkylation, R' can be similar to R'' (R', R'' = alkyl). X– counter ion.

Similar reactivity was described in the chemical literature by Baumann and Dehnert
(Scheme 7) where they reacted para-chlorobenzenediazonium chloride with the imidazole at
the 2-position of the ring forming 2, and subsequent addition of dimethyl sulfate resulted in
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cationic product 3 which is alkylated at the 1- and 3-position of the imidazole.[19] Along with
the alkylation, the counter ion chloride is exchanged for the methyl sulfate anion as the
chloride is rather labile. Simov reported the one-pot process in water for obtaining such
imidazolium cationic dyes and thus shortening the overall reaction time. Note, the coupling
of the imidazole to the diazonium salt proceeds at a pH between 8.5 and 9.[19]

Scheme 7. Coupling and alkylation described by Baumann and Dehnert.

This overall reaction was expanded and the alkylation can proceed with NaH and excess
alkyl iodide (MeI, EtI or PhCH2I) in dry THF affording the desired compounds with an iodide
as counter ion. Besides their use as dyes, these compounds are able to act as N,N-bidentate
ligands to a metal centre such as Cu(I) and Ag(I).[20]
From a synthetic point of view, if after the initial coupling and alkylation the
azoimidazolium salt holds a suitably reactive group (e.g. NHAc in 4, Scheme 8), then (after
deprotection if necessary) a second diazotization and subsequent coupling to an aryl
compound is feasible (6, Scheme 8).[21] This order may be reversed, thus first the aryl couples
to the diazonium salt and secondly the imidazole is coupled, followed by alkylation. This
class of compounds is mostly used for dyeing keratin fibres such as hair.
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Scheme 8. Coupling of an imidazole to a diazonium salt, followed by alkylation. Reduction of the NHAc group to
NH2 and subsequent diazotization and coupling to an aryl compound.

1.2.2 Coupling of N-heterocyclic carbenes to diazonium salts
Another way of accessing these azoimidazolium salts is by using carbenes as Lewis bases,
specifically N-heterocyclic carbenes (NHCs). This class of compound has made a significant
impact as they are excellent σ-donor ligands for transition metal complexes, they have been
used in the stabilization of low-valent main group species, are used as organocatalysts and
additionally are highly modular.[22]
Through the direct coupling of N-aryl or N-alkyl NHCs to diazonium salts, these strongly
coloured cationic azoimidazolium dyes can be accessed in a straightforward manner and
produced industrially (7, Scheme 9).[23] This reaction is well described in the patent literature
which states various R-groups on the nitrogens or backbone of the NHC are feasible as well
as variations in the diazonium salt. Examples in patents describe various syntheses that reveal
the in situ formation of the carbene through the use of an organic or inorganic base, once it
is added to the diazonium salt.[23] The imidazole derivative is added in slight excess (1.0 to
1.1 equiv) at 0 °C or room temperature and the azo compound is purified by column
chromatography.[23a]

17

Scheme 9. Direct coupling of an N-heterocyclic carbene with an aromatic diazonium compound (R = alkyl, aryl).
X– counter ion.

1.2.3 Coupling of phosphines to diazonium salts
The analogous use of phosphines as Lewis bases in the addition to aryldiazonium salts is
relatively underexplored, and only recently picked up interest. In 1953, Horner and Stöhr
reacted triphenylphosphine with a variety of diazonium chlorides in an alcoholic solvent
(methanol, ethanol or isopropanol) and obtained red azophosphonium chlorides A (R = H,
Me, Cl, NO2, CO2H, OMe, OC(O)Me, Scheme 10).[24] Further reaction with water resulted
in the formation of a triphenylaryl-hydrazyl phosphonium salt (9) and addition of
hydrochloric acid resulted in the formation of aryl hydrazines (10) and triphenylphosphine
oxide. Compound 8 is an unstable species and Horner and Stöhr already mentioned that a
second equivalent of triphenylphosphine is necessary to stabilize it. Compound 8 eliminates
N2 and decomposition results in substituted benzene (R-C6H5), N2, HCl and
triphenylphosphine oxide (Scheme 10, a). A few years later Horner and Hoffmann reported
the ratio between the diazonium salt and PPh3, as well as the use of dry solvents, turned out
to be of importance (Scheme 10, bottom), as different products could be formed, not all of
which are stable.[25] It is noteworthy that the chemistry of the formation of compound 10 has
only recently been described in the patent literature for its use in pharmacology.[26]

18

Scheme 10. Formation of triphenylaryl-hydrazyl phosphonium salt 9 and subsequently hydrazine 10 (top) and
ratio between the components (bottom).

Further research into the properties of the phosphine was performed by the group of
Sutton in 1974 where they reacted not only PPh3 but also trimethyl phosphite and
methyldiphenylphosphine with a range of diazonium salts (11, Figure 1).[27] The diazonium
tetrafluoroborate salts were dissolved in acetone and added to PPh3 at 0 °C, yet only the
electron-donating mesomeric substituents (NMe2 and OMe) in the para-position resulted in
the formation of isolable compounds, otherwise decomposition led to [ArPPh3][BF4] with
concomitant release of N2. The benefit of the electron-donating groups leads to the formation
of one large π-conjugated system, where the positive charge is not solely located on the
phosphorus moiety but can also be found on the nitrogen or oxygen atom of the parasubstituent, increasing the stability of the compound (Figure 1). A significant contribution of
the delocalization of the positive charge can be observed in the crystal structure (Figure 1,
X-ray structure). In the aryl ring C2–C3 and C5–C6 (C2–C3 1.342(8), C5–C6 1.351(8) Å)
are shorter compared to the other four bonds (1.415(8) to 1.429(8) Å). Also, the N1–N2 bond
is longer than the typical N=N bond (N1–N2 1.308(6), typical N=N bond 1.24 Å) and N3–
C4 is shorter than the N3-Cethyl bonds (N3–C4 1.336(7), N3-Cethyl1 1.490(9), N3–Cethyl2
1.473(8) Å), clearly showing the alternating long and short bonds throughout the crystal
structure.[ 28 ] Sutton and co-workers also reported on the improved stability for tri(pmethoxyphenyl)phosphine ((MeO)3P), whereas with methyldiphenylphosphine (MePh2P)
the compounds proved to be more unstable. This is attributed to the enhanced π-acceptor
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properties of phosphites relative to phosphines, leading to greater P–N multiple bonding
character, and thus enhanced stability, in the former.[27]

Figure 1. Example of azophosphonium salts by Sutton, (R = OMe, NEt2; R' = PPh3, PMePh2, P(p-OMe-Ph)3),
including the resonance structure and X-ray crystal structure (R = NEt2, displacement ellipsoids are set at 50%
probability, hydrogen atoms and counter ion omitted for clarity). Selected bond lengths [Å]: P1–N1 1.648(5), N1–
N2 1.308(6), N2–C1 1.356(7), C1–C2 1.413(8), C2–C3 1.342(8), C3–C4 1.429(8), C4–C5 1.429(8), C5–C6
1.351(8), C4–N2 1.415(8), N3–Cethyl1 1.490(9), N3–Cethyl2 1.473(8).

A

few

decades

later

tris(dimethylamino)phosphine

in
with

1997,

Wokaun

equimolar

amounts

and
of

co-workers
various

reacted
diazonium

tetrafluoroborate salts in acetonitrile (R = Cl, CN, SO2NH2, C(O)OEt; Figure 2) affording
the corresponding azophosphonium tetrafluoroborates 12 [p-R-PhN2(P(NMe2)3)][BF4] in
good yields, 80–95%, which can be handled in air.[29 ] In 1999, Flower and co-workers
obtained the azophosphonium salt 13 (R = 6-naphthalen-2-ol; Figure 2) in dry THF, which
they only characterized spectroscopically by phosphorus NMR spectroscopy (δ31P{1H} = 40
ppm).[30] Furthermore, Matsuda and co-workers obtained [(p-R-C6H4)N2(PR3)][BF4] (R = H,
CH3, MeO, F) upon reaction of the corresponding diazonium salt with (PPh3)4Pd, yet they
reported it as a sideproduct in their reaction.[31]
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Figure 2. Examples of azophosphonium salts.

We expanded this little knowledge about azophosphonium salts (see Chapter two and
three) by addition of the bulky, electron donating tri-tert-butylphosphine to various
aryldiazonium salts with para-substituents ranging from electron withdrawing to electron
donating groups (14, Scheme 11).[32] Addition of a slight excess of tBu3P (1.1 equiv) to the
para-substituted phenyldiazonium salts [(p-R-C6H4)N2][BF4] (R = NO2, Br, H, OMe, NMe2)
in acetonitrile at 0 °C resulted in the formation of intensely coloured compounds 14 ranging
from purple to pink to red/brown (R = NO2 to NMe2; Scheme 11), respectively, which can
be used as dyes. Removal of the solvent and subsequent addition of DCM and n-pentane
resulted in the precipitation of the desired solids, [(p-R-C6H4)N2(PtBu3)][BF4], which were
obtained in high yields (92–96%). X-ray crystallography of the tetraphenylborate analogue
confirmed the formation of [(p-H-C6H4)N2(PtBu3)][BPh4]. These azophosphonium salts are
air stable and experiments in D2O and 2M HCl, in which they dissolve poorly, revealed with
time only hydrolysis of the tetrafluoroborate anion leaving the azophosphonium cation intact.
The high tuneability of the diazonium salt directly relates to the colour of the
azophosphonium salt that can be substantiated by UV-vis spectroscopy, revealing two
absorption bands from λabs = 303–464 nm (π→π*) and λabs = 453–523 nm (n→π*).

Scheme 11. Reaction of aryldiazonium salt [(p-R-C6H4)N2][BF4] (R = NO2, Br, H, OMe, NMe2) with tBu3P,
isolated yield in brackets.
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Simultaneously, Stephan and co-workers reported the synthesis of new azophosphonium
salts (Scheme 12) by reacting diazonium salt [(p-Cl-C6H4)N2][BF4] with the bulky
phosphines tBu3P or Mes3P in DCM at room temperature, affording the azophosphonium
salts 15 [(p-Cl-C6H4)N2(PR3)][BF4] (R = tBu, Mes) which are purple and red coloured,
respectively.[ 33 ] Further reactivity of [(p-Cl-C6H4)N2(PMes3)][BF4] with addition of 1
equivalent of tBu3P resulted in the liberation of Mes3P and showing clean addition of tBu3P,
presumably owing to the greater Lewis basicity of the latter. Note, addition of 1 equivalent
of the less bulky Ph3P leads to the unstable species [(p-R-C6H4)N2(PPh3)][BF4] (R = H,[32]
Cl[33]) and upon addition of 2 equivalents bis-addition is observed, resulting in addition of
the phosphine to both nitrogen atoms in a pseudo-transoid disposition forming [(p-ClC6H4)N(PPh3)N(PPh3)][BF4][33], highlighting the necessity of bulky groups on the phosphine
for controlled mono-addition.

Scheme 12. Left: reaction of aryldiazonium salt [(p-Cl-C6H4)N2][BF4] with tBu3P or Mes3P, isolated yield in
brackets. Right: product of the bis-addition.

The scope of azophosphonium salts was extended by our group (see Chapter 3) by altering
the aryl ring as well as the phosphine showing the ready tuneability (Figure 3). For the use
of tri-tert-butylphosphine a wide range of stable adducts (16) can be synthesized in various
shades of purple, pink and red ([(p-R-C6H4)N2(PtBu3)][BF4] (R = CN, CF3, Cl, F, Ph,
OC(O)CH3, tBu, CH3, OPh, OiPr, NH2)). With the addition of trimesitylphosphine to selected
aryldiazonium salts (17 [(p-R-C6H4)N2(PMes3)][BF4] (R = NO2, Br, H, OMe, NMe2)), a
difference in colour is observed as lighter shades of colour are formed. Compounds 17 have
reduced stability owing to the less donating ability of PMes3 compared to PtBu3.
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Figure 3. Azophosphonium salts with PtBu3 and PMes3 (PtBu3: R = CN, CF3, Cl, F, Ph, OC(O)CH3, tBu, CH3,
OPh, OiPr, NH2; PMes3: R = NO2, Br, H, OMe, N(CH3)2).

1.2.4 Coupling of tertiary amines to diazonium salts
Notably, the use of tertiary amines as nucleophiles for the formation of azoammonium
salts are still elusive as they can undergo electrophilic aromatic substitution with aromatic
amines (18)[34] or undergo Hofmann elimination if β-hydrogens are present (19), like in
triisopropylamine, and thus form a triazene.[35] Yet, the formation of the triazene goes via the
azoammonium intermediate (Figure 4).

Figure 4. Reaction of aryldiazonium salt with tertiary amines; top: electrophilic aromatic substitution, bottom:
Hofmann elimination.

1.3 Radical use of diazonium salts
For the aromatic amines, if you block off the reactive para positions you could envision
getting nucleophilic attack by the nitrogen, yet instead single-electron transfer occurs.
Besides the reactivity of diazonium salts as a Lewis acid with a Lewis base, which is classical
donor-acceptor reactivity, they can undergo single-electron transfer (SET) from a reducing
agent. The diazonium ion is a useful oxidant that can undergo irreversible reduction in which
it forms the intermediate diazenyl radical (ArN=N•), which is a rather labile species and
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readily releases dinitrogen forming the aryl radical Ar• (also referred to as dediazoniation,
Scheme 13).[36,37]

Scheme 13. Arenediazonium salt undergoing one-electron reduction, formation of the intermediate diazenyl
radical before losing N2, counter ion omitted.

There are various ways of generating such an aryl radical: through thermal
decomposition, reduction at an electrode, photoinduction, radiolysis with γ-radiation, through
reduction by metal cations, or through anion induced dediazoniation. Yet, the most essential
element in all cases is that the redox potential of the reducing agent is strong enough to supply
a single electron to the diazonium salt. Consequently, for the anion induced case there is a
fine line of coupling of the nucleophile (the anion) to the diazonium salt forming the azocoupled product, or formation of the aryl radical via ArN2+ + Y– → ArN• + Y• (Y– is a
nucleophile and can be the solvent). The oxidation potential of the nucleophile and the
solvent features plays an important role, still the azo-coupled product may cleave into the
aryl radical photochemically or thermally.
1.3.1 Tertiary nitrogen as radical species
Horner and Stöhr reported in 1953 on the reaction of p-chloro- or p-nitrodiazonium salt
with triethylamine in methanol and observed the release of N2 (about 80% of product had
released N2; Scheme 14). Only a small amount of product could be isolated containing
chloro- or nitrobenzene (20) and formaldehyde (21), suggesting it reacted via a radical
pathway. They noted if you add a drop of triethylamine to dry diazonium salt it may
explode.[38]
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Scheme 14. Reaction of aryldiazonium salt with triethylamine in methanol as solvent (R = Cl, NO2). Counter ion
omitted.

Reaction of [PhN2][BF4] with tri-p-tolylamine leads to the formation of a blue colour,
which is evidence of the tri-p-tolylamine radical cation ([p-tol3N•+]) and can be confirmed by
EPR spectroscopy.[39,32] This notion stands in contrast to the reaction of a diazonium salt with
NPh3 (section 1.2.4), which undergoes two-electron transfer (or classical donor-acceptor
reactivity). We illustrated the more electron rich tri-p-tolylamine is more prone to oneelectron oxidation compared to triphenylamine as the oxidation potential is shifted to more
negative potentials (p-tol3N: Epox = 0.78V vs. Fc/Fc+, Ph3N: Epox = 0.97V vs. Fc/Fc+, Table
1) and thus easier to oxidize by the diazonium salt.[40] Besides, the reaction pathway for ptol3N towards electrophilic aromatic substitution is blocked through the addition of methylgroups to the para position. Investigation of the oxidation potential of triisopropylamine by
our group revealed the potential is too high (1.20 V vs. Fc/Fc+, Table 1) to be reduced by
phenyldiazonium tetrafluoroborate, making this classical donor-acceptor reactivity.
Table 1. Reduction and oxidation potentials of selected Lewis acids and Lewis bases.

Substrate

Epred in V vs Fc/Fc+[a]

PhN2+[41]

–0.10

NO+[41]

0.87

Epox in V vs Fc/Fc+[a,b]

p-tol3N[32]

0.78

Ph3N[32]

0.97

iPr3N[32]

1.20

tBu3P[32]

0.90

Ph3P[32]

1.23

[a] Fc+ = at 0.40 V. [b] CH3CN, 0.1M [nBu4N][PF6], glassy carbon working
electrode, v = 100 mVs-1.
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1.3.2 Tertiary phosphines as radical species
Tertiary phosphines are also able to undergo single-electron transfer. In 1991, Ohno and
co-workers reported on the reaction of p-nitrobenzenediazonium tetrafluoroborate ([p-NO2PhN2][BF4]) with triphenylphosphine (Ph3P) or triethyl phosphite ((EtO)3P) in an alcoholic
solvent at room temperature in air in the dark (Scheme 15).[42] First the aryl radical (22) and
the phosphine radical cation (23) are formed, which subsequently react to the benzene
derivative (24, major) with trace amounts of the coupled biaryl compound 25. Evidence for
a radical mechanism was provided with deuterium experiments and varying the ratio between
the two starting materials. Deuterium experiments with CH3OD and CD3OD showed the
hydrogen atom was abstracted from the methyl group of the alcohol solvent, and not from
the OH group. Upon hydrogen abstraction from the solvent methanol, •CH2OH, gets oxidized
by another equivalent of the diazonium salt, ultimately affording formaldehyde.
Subsequently, the radical cation R3P+• (23) reacts too with the solvent forming R3POR'• (the
alcohol releases H+ which adds to the counter ion) which upon release of R'• forms R3P=O
(26). Further investigations on the mechanism, supported by EPR, were conducted under
nitrogen or argon atmosphere as performing the reaction in air suppresses the formation of
24.[43–45]

Scheme 15. Reaction of p-nitrobenzenediazonium tetrafluoroborate with triphenylphosphine or triethyl phosphite
(R = Ph or OEt) in an alcoholic solvent. Major product 24 and traces of 25 observed. Counter ion BF4- omitted for
clarity.

For reaction with the phosphite (EtO)3P, additionally a coupled product (29) of the aryl
radical with the phosphine radical cation was observed. This was described as being formed
by analogy with the Arbuzov reaction (Scheme 16).[42]
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Scheme 16. Coupled product of aryl radical and phosphine radical cation in the Arbuzov reaction.

Follow-up chemistry by the same group showed expansion of the scope of the diazonium
salt to [(p-CH3-C6H4)N2][BF4] and the phosphines with trimethyl phosphite (P(OMe)3),
dimethyl phenylphosphonite (PhP(OMe)2) and methyl diphenylphosphinite (Ph2P(OMe)) to
investigate the influence of the phenyl groups on the phosphine.[43] No phenyl groups on the
phosphorus leads to the largest amount of coupled product 29, as the electron pair is mostly
centred on the phosphorus atom and not delocalized over the phenyl groups, lowering the
radical character and thus stabilizing the radical.
Comparing

[(p-NO2-C6H4)N2][BF4]

to

[(p-CH3-C6H4)N2][BF4]

or

[(p-CH3O-

C6H4)N2][BF4] revealed comparable yields to the reaction with the nitro-substituent,
indicating little influence of the electron donating or withdrawing abilities of the para
substituent.[44] Also, changing the solvent methanol to a 1:1 mixture methanol:acetonitrile
lowers the amount of product formed through coupling with methanol (24) and increases the
amount of coupled product 29. Variation of the alcohol solvent (methanol, ethanol,
cyclohexanol or propan-2-ol) influences the stability of the hydroxyalkyl radical and thus
influences the ratio between the formed products, with increased formation of 24 for less
stable hydroxyalkyl radicals.
Additionally, we investigated the reactivity, one- or two-electron transfer, of
triphenylphosphine and tri-tert-butylphosphine and confirmed both undergo a two-electron
Lewis acid-base coupling with the phenyldiazonium tetrafluoroborate.[32] Investigations of
the stronger oxidant nitrosonium tetrafluoroborate ([NO][BF4]; NO+: 0.87 V vs. Fc/Fc+,
PhN2+: –0.10 V vs. Fc/Fc+, Table 1), which is isoelectronic with the diazonium salt, resulted
in single-electron transfer as small amounts of a radical species could be detected by EPR.
We propose the nitrosyl-phosphine radical species tBu3P-NO•, formed by the capture of the
generated NO• with residual tBu3P (Scheme 17). The major product [tBu3PH][BF4], detected
by 31P NMR spectroscopy, is a result of quenching by subsequent reaction with acetonitrile
of the reactive radical cation intermediate tBu3P•+.
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Scheme 17. Generation of the radical species of the nitrosium cation with tri-tert-butylphosphine.

1.3.3 Azophosphonium salt as radical species
Stephan and co-workers illustrated the formed azophosphonium salt could be used in
follow-up chemistry forming a radical species (Scheme 18).[33] Dissolving the
azophosphonium salt 30 with tBu3P in DCM gave an immediate colour change of the solution
to dark red/brown upon addition of diphenyl disulfide. EPR spectroscopy indicated the
formation of a paramagnetic species 31 [(p-Cl-C6H4)N2(PtBu3)]•, which could also be formed
by reacting the azophosphonium salt directly with PhSNa, potassium metal or Cp2Co. The
EPR spectrum and the character of the LUMO indicate the unpaired electron is delocalized
across the PN2Ar fragment.

Scheme 18. Reaction of azophosphonium salt [(p-Cl-C6H4)N2(PtBu3)][BF4] with (SPh)2 and PtBu3. Note,
additionally an unidentifiable product was formed.

Cyclic voltammetry revealed a reversible reduction potential of the compounds [(p-ClC6H4)N2(PR3)][BF4] (R = tBu, Mes) at the potentials of –0.91 and –0.93 V versus Fc/Fc+,
respectively. K, Cp2Co and PhSNa all revealed to be strong enough reductants to reduce the
azophosphonium salts. This reduction is a reversible reaction as the radical species can be
oxidized back with [Cp2Fe][BF4] to the azophosphonium tetrafluoroborate salt.
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1.3.3 Azoimidazolium salt as radical species
Like the azophosphonium salts, the azoimidazolium salts are able to form a radical
species. Severin and co-workers investigated various azoimidazolium salts (Figure 5) as upon
irradiation of 32 with UV-light the 1H NMR signals were no longer observable, indicating a
paramagnetic species.[45] Cyclic voltammetry of 32 in acetonitrile revealed a reversible oneelectron reduction (E°’ = –0.89 V vs Fc/Fc+) and synthetically addition of potassium to the
azoimidazolium salt in THF revealed the formation of a neutral radical (Figure 5), which
upon oxidizing with I2 proved to be reversible. The phenyl analogue with mesityl groups on
the nitrogen (33) turned out to be remarkably stable under inert conditions and even after
exposure to air only relatively slow decomposition was observed. Severin commented on the
importance of the N-aryl substituents on the imidazole (Mes 33, 34 or Dipp 35) as the
reduction of compounds containing N-methyl or N-isopropyl substituents were not
successful. Computational studies and X-ray crystallography indicated 50% of the spin
density is located on the N2 moiety, with the largest value on the nitrogen linked to the aryl
group, thus the radical can be described as an aminyl radical.
Note these compounds are synthesized via a new route, addition of AlCl3 to NHC-N2O
and the corresponding arene,[46] and not the coupling of a diazonium salt with a carbene.

Figure 5. Top: reduction of the azoimidazolium salt to the neutral radical, bottom: 2 additional neutral radicals
through reduction of corresponding azoimidazolium salts. Counter ion omitted for clarity, Dipp = 2,6diisopropylphenyl.
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Stephan and co-workers reported on the analogy of their azophosphonium radical species
to these azoimidazolium radical species, indicating both class of compounds have similar
EPR spectra.[33,45] Moreover, both azo compounds can be reversibly reduced to their
corresponding aminyl radical species and both reductions can be performed with potassium
as reducing agent.

1.4 Summary and Outlook
Diazonium salts are important intermediates and can undergo various reactions, some of
which are well-established, like the Sandmeyer reaction or electrophilic aromatic substitution
with aniline. Two mechanisms for reactivity are identified in this research, firstly donoracceptor reactivity and thus adduct formation where the diazonium salts reacts like a Lewis
acid, and secondly where the diazonium salts act as an oxidant and hence undergo singleelectron transfer. Direct addition of Lewis bases towards aryldiazonium salts offers a facile
approach to azo compounds that can find applications as dyes. Azoimidazolium salts have
found widespread use in industry and are synthesized via two pathways: through the addition
of an imidazole followed by alkylation or through the direct addition of an N-heterocyclic
carbene. On the other hand, the synthesis of azophosphonium salts has only recently picked
up interest, and we have shown they have a readily tuneable synthesis. Yet, the
azoammonium salts still remain elusive. Reaction of a diazonium salt with a tertiary amine
or phosphine which undergoes single-electron transfer predominantly forms the
corresponding substituted benzene through release of N2 and by hydrogen abstraction from
the solvent of the formed aryl radical Ar•. Additionally, both azophosphonium salts and
azoimidazolium salts have been shown to find applications as one-electron acceptors and
form stable organic radicals. This overview shows great potential for the formation of a wide
variety of azo compounds and their use in radical chemistry.
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Chapter 2
Aryldiazonium Salts as Nitrogen-Based Lewis Acids:
Facile Synthesis of Tuneable Azophosphonium Salts

Abstract: Inspired by the commercially available azoimidazolium dyes (e.g. Basic Red 51)
that can be obtained from aryldiazonium salts and N-heterocyclic carbenes, we developed
the synthesis of a unique set of arylazophosphonium salts. A range of colours were obtained
by applying readily tuneable phosphine donor ligands and para substituted aryldiazonium
salts as nitrogen-based Lewis acids. With cyclic voltammetry, a general procedure was
designed to establish whether the reaction between a Lewis acid and a Lewis base occurs by
single-electron transfer or electron-pair transfer.
Published in: Angew. Chem. Int. Ed. 2018, 57, 11929–11933

2.1 Introduction
The metal-free activation and functionalization of dinitrogen is one of the key challenges
of modern main-group chemistry.[1,2] The low-lying N2 σ orbital (HOMO) and high-lying π*
orbital (LUMO) make dinitrogen a weak Lewis base and a weak Lewis acid and, therefore,
a relatively inert substrate (Figure 1).[2c] Inspired by the recently reported interaction of
boranes with metal–N2 complexes enabling facile N protonation,[3] borylation, and silylation,[4] Stephan and co-workers demonstrated that diphenyldiazomethane, a formal diphenylcarbene–N2 adduct, can function as a Lewis base (HOMO: –7.31 eV; Figure 1), forming a
labile adduct with B(C6F5)3.[5] While the direct interaction of dinitrogen with boranes has
only been observed spectroscopically under forcing conditions,[ 6 ] the use of transient
borylenes afforded a stable bis(borylene)–N2 complex as recently reported by Braunschweig
and co-workers.[7] We were intrigued by the reaction of the strongly Lewis acidic phenyl
cation with N2 that affords the phenyldiazonium ion in cryogenic argon matrices,[8] and found
that the planar C6H5+ activates N2 by greatly lowering its π* acceptor orbital (LUMO: from
1.30 (N2) to –6.24 eV; see Figure 1). This makes aryldiazonium salts suitable nitrogen-based
Lewis acids,[9] which we were keen on investigating.

Figure 1. Lewis acid (C6H5+) and base (Ph2C) augmented activation of N2, including the HOMO (bottom) and
LUMO (top) energies (in eV) calculated at the ωB97X-D/6-311+G(d,p) level of theory.[10]
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N-Coordination of diazonium salts to Lewis basic N-heterocyclic carbenes is well
established and affords the strongly coloured, industrially produced azoimidazolium salts
[RN2(NHC)][X] (X = Cl, BF4, PF6, etc.).[ 11 ] Surprisingly, to date the corresponding
azoammonium salts [RN2(NR3)][X] are unknown,[12] while the phosphine–diazonium Lewis
adducts have been barely studied. Thus far, Horner and Stöhr postulated the red
azophosphonium chlorides A (R = H, Me, Cl, NO2, CO2H, OMe, OC(O)Me; Figure 2) as
unstable species[ 13 ] that are susceptible to N2 elimination, affording the corresponding
arylphosphonium salts [ArPPh3][Cl].[14] Later, Yasui and co-workers found that aryldiazonium tetrafluoroborates are readily dediazoniated by triphenylphosphine by single-electron
transfer when mixed in alcoholic solvents at room temperature.[15,16] Flower and co-workers
synthesized B, but only reported its

31P

NMR resonance (δ31P{1H} = 40 ppm; R = 6-

naphthalen-2-ol),[17] and Wokaun and co-workers characterized C only spectroscopically (R
= Cl, CN, SO2NH2, C(O)OEt; Figure 2).[18] Herein, we report on the facile synthesis of readily
tuneable

azophosphonium

salts,

simply

from

phosphines

and

aryldiazonium

tetrafluoroborates in acetonitrile, and provide detailed mechanistic insight by experimental
and computational means. Related reactions of phenyldiazonium tetrafluoroborate with
tertiary amines have also been investigated.

Figure 2. Reported aryldiazonium–phosphine adducts.

2.2 Results and Discussion
We found that treatment of the phenyldiazonium salt [PhN2][BF4][19] with triphenylphosphine (1.0 equiv) in acetonitrile at 0 °C afforded the red azophosphonium salt
[PhN2(PPh3)][BF4] 1 (δ31P{1H} = 39.4 ppm; Scheme 1; ΔE = –43.5 kcal∙mol–1 at the ωB97XD/6-311+G(d,p) level of theory)[10] in near-quantitative yield after work-up; only a minor
side product could be detected by 31P NMR spectroscopy (ca. 2%; δ31P{1H} = 43.9 and 52.5
ppm, 3JP,P= 18.8 Hz),[10] which we tentatively ascribed to the bis-phosphine adduct
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[PhN(PPh3)N(PPh3)][BF4].[20] As Horner and Stöhr had indicated[13] that compound 1 is
unstable both in solution and in the solid state,[10] we resorted to the stronger and sterically
more encumbered donor tri-tert-butylphosphine, which, according to DFT calculations at the
ωB97X-D/ 6-311+G(d,p) level of theory, should provide a more stable product (ΔE = –53.2
kcal∙mol-1).[10] The reaction of phenyldiazonium tetrafluoroborate with tBu3P (1.1 equiv) in
acetonitrile resulted in an immediate colour change from colourless to pink and afforded
azophosphonium salt [PhN2(PtBu3)][BF4] 2a (δ31P{1H} = 69.4 ppm; Scheme 1) as the sole
product in 95% yield upon isolation. Gratifyingly, this cationic Lewis adduct is stable
towards air, moisture, and even an aqueous 2M HCl solution (only the tetrafluoroborate anion
hydrolysed over time).[21] The molecular structure of 2a (Figure 3),[22,23] determined by Xray crystal-structure analysis of suitable crystals of its tetraphenylborate analogue (obtained
after anion exchange with NaBPh4 in DCM),[10] displays an almost planar (P1-N1-N2-C1
173.4(7)°) trans arylazophosphonium moiety with a disordered azo group. The C–N and N–
N bond lengths (1.437(7) and 1.245(6) Å, respectively) are comparable to those of the related
arylazoimidazolium borates [ArN2(IMes)][BPh4] (Ar = Mes, o/p-ClC6H4) reported by
Severin and co-workers (C–N: 1.411(2)/1.395(4)/1.455(13); N–N: 1.265(2)/1.266(9)/1.24(2)
Å, respectively),[11e] illustrating that in these cationic azo dyes, phosphines behave similar to
carbenes.

Scheme 1. Synthesis of arylazophosphonium tetrafluoroborates 1 and 2a–e.
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Figure 3. Molecular structure of [(C6H5)N2(PtBu3)][BPh4] (2a-BPh4; displacement ellipsoids are set at 30%
probability, hydrogen atoms and the noncoordinating BPh4 anion are omitted for clarity, one disorder component is
shown). Selected bond lengths [Å] and torsion angles [°] (values for the second disorder component in square
brackets): P1–N1A 1.742(5) [1.766(7)], N1A–N2A 1.245(6) [1.245(8)], N2A–C1A 1.437(7) [1.439(8)]; P1–N1A–
N2A–C1A 173.4(7) [–167.3(11)].

As the colour of the arylazophosphonium salts can be readily tuned by changing the donor
ligand (1 (L = PPh3): red; 2a (L = tBu3P): pink), we next investigated the influence of the
para substituent on the arene ring on the photophysical properties of 2. Treatment of the 4substituted phenyldiazonium salts [(p-R-C6H4)N2][BF4] (R = NO2 (b), Br (c), OMe (d), NMe2
(e))[19] with tri-tert-butylphosphine (1.1 equiv) in acetonitrile afforded the intensely coloured
(from purple to red/brown) arylazophosphonium salts [(p-R-C6H4)N2(PtBu3)][BF4] 2b–e in
92–96% yield upon isolation (Scheme 1 and Figure 4).[10] Evidently, the para substituent has
a direct influence on the 31P NMR chemical shift as well as the colour (see Table 1 and Figure
4), which we further substantiated by UV/Vis spectroscopy. Compounds 2a–e show an
intense absorption maximum ranging from λmax = 303 to 464 nm along with a weak
absorption in the visible region at λmax = 453–523 nm that displays a gradual bathochromic
shift from electron-withdrawing to electron-donating para substituents (Table 1). Changing
the solvent from acetonitrile to DCM led to a small bathochromic shift (Δλmax = 4–11 nm),
indicating a minor influence of the solvent.[10] Time-dependent DFT calculations at the CAMB3LYP/TZ2P level of theory[10,24] reveal two low-lying excitations for 2a–e with σ→π* (ES1) and π→π* (E-S2) character. The first excitation corresponds to the HOMO→LUMO
transition (with 89–95% weight contribution) from the n orbital, which is an out-of-phase
combination of lone pairs on the two azo nitrogen atoms (Figure 16). As the azophosphonium
dyes are not perfectly planar, this excitation has non-zero oscillator due to the admixture of
π orbitals from the aromatic ring (TD-DFT: 508 nm, f = 0.0005 for 2a). The change in colour
is determined by the para substituents, which have a stabilizing effect on HOMO and
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HOMO-1 and to a lesser extent on the LUMO (Table 1). The second excitation (π→π*
transition) is allowed (295 nm, f = 0.5749 for 2a), but outside the visible range (except for
2e, R = NMe2). The π and π* orbitals involved in these two excitations are
bonding/antibonding orbitals centred mostly on the N=N moiety (Figure 16).

Figure 4. UV/Vis spectra and colours of azophosphonium salts 2a–e in solution (0.006M in CH3CN) and in the
solid state (from left to right: 2a, 2b, 2c, 2d, and 2e).
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Table 1. 31P{1H} NMR chemical shifts, optical properties and energies of frontier orbitals for azophosphonium
salts 2a–e.[a]

31P{1H}

[ppm]

λabs [nm][b]
(log εmax)

λabs [nm][c]
(log εmax)

HOMO-1
[eV]

HOMO
[eV]

LUMO
[eV]

2a

69.4

316 (4.21)

515 (2.16)

–12.1

–12.2

–4.3

2b

73.8

303 (4.29)

453 (2.68)
523 (2.26)[d]

–12.6

–12.8

–4.9

2c

70.3

336 (4.33)

517 (2.18)

–11.6

–12.2

–4.4

2d

65.8

373 (4.44)

500 (2.49)

–11.2

–11.9

–4.0

2e

59.6

464 (4.62)

– [e]

–10.3

–11.5

–3.8

[a] Absorption wavelength corresponding to the lowest energy transition (λabs); molar extinction coefficients (ε, M–1
cm–1, solvent: CH3CN); HOMO-1, HOMO and LUMO energies at wB97X-D/6-311+G(d,p), [b] π®π* transition,
[c] n®π* transition, [d] initial yellow colour turns in a few hours into pink and purple in a few days indicating
secondary interactions, [e] n®π* transition not visible.

Intuitively, the phosphine–diazonium Lewis adducts 1 and 2 are the result of classical
donor–acceptor reactivity. Yet, aryldiazonium salts are also known to undergo one-electron
reduction in the presence of organic electron donors, generating aryldiazo radicals (ArN2•).[25]
Subsequent radical coupling with the concomitantly formed phosphine radical cation (R3P•+)
presents an alternative pathway to afford these readily tuneable azophosphonium salts. As Nbased Lewis bases, such as arylamines, are known to undergo one-electron oxidation by
Lewis acids to generate the corresponding radical cations,[26] we also included triphenylamine
and triisopropylamine (tBu3N is still elusive)[27] in our mechanistic study.
In contrast to the reaction with triphenylphosphine, treatment of phenyldiazonium
tetrafluoroborate with triphenylamine yields azobenzene 3 (Scheme 2)[28] by electrophilic
aromatic substitution of the arylamine.[29] Blocking the para position resulted in a different
outcome. We discovered that treatment of [PhN2][BF4] with tri-p-tolylamine in CH3CN
afforded an immediate colour change to deep blue, characteristic of the formation of the
radical cation [p-tol3N•+], which was confirmed by EPR spectroscopy (Figure 14).[ 30 ]
Compared to the cyclic voltammogram of triphenylamine (Epox = 0.97V vs. Fc/Fc+), the
oxidation potential of the more electron-rich p-tolylamine is shifted to more negative
potentials (Epox = 0.78V vs. Fc/Fc+; Table 2), which supports the notion that tri-p-tolylamine
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is more prone to one-electron oxidation than triphenylamine (ΔG0 = 20.3 vs. 24.7 kcal∙mol–1,
respectively; Table 2).

Scheme 2. Reaction of [PhN2][BF4] with tertiary amines.
Table 2. Frontier molecular orbitals and oxidation potentials of selected Lewis bases (LB), incl. free energy
change for radical cation formation.
HOMO
[eV][a]

LUMO
[eV][a]

Epox (LB/LB•+)
vs. Fc/Fc+ [b]

DG0 = (Epox‧F) –
(Epred‧F) [c]

Ph3N

–7.10

0.95

0.97 V

24.7

p-tol3N

–6.80

1.04

0.78 V

20.3

iPr3N

–7.33

1.69

1.20 V

30.0

Ph3P

–7.97

0.92

1.23 V

30.7

tBu3P

–7.69

1.53

0.90 V

23.1

[a] Calculated at wB97X-D/6-311+G(d,p). [b] CH3CN, 0.1 M [nBu4N][PF6], glassy carbon working electrode, v =
100 mV s-1. [c] DG0 = –nF‧E0cell = –RTlnKeq; F = Faraday constant; Epred (PhN2+/PhN2•) = –0.10 V vs. Fc/Fc+.

Interestingly, the bulky triisopropylamine[31] provided a different reaction course. Treatment of phenyldiazonium tetrafluoroborate with iPr3N (2 equiv) in CH3CN resulted in the
formation

of

triazene

PhN=NNiPr2

5

(72%),[12b]

diisopropylammonium

borate

[H2NiPr2][BF4] (2 equiv; 92%), and propene (2 equiv; detected by MS), instead of the
anticipated amine–diazonium Lewis adduct [PhN2(NiPr3)][BF4] 4 (ΔE = –24.9 kcal∙mol–1;
Scheme 2).[10] Cyclic voltammetry shows that the reaction of triisopropylamine with
[PhN2][BF4] is, for thermodynamic reasons, unlikely to be initiated by single-electron
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transfer (Epox(iPr3N/iPr3N•+) = 1.20V vs. Fc/Fc+; ΔG0 = 30.0 kcal∙mol–1; Table 2). Therefore,
we postulate the transient azoammonium salt 4 to undergo Hofmann elimination, which is
commonly observed for sterically hindered tri-tert-alkylamines.[27]
Next, we recorded the cyclic voltammograms of triphenylphosphine (Epox = 1.13 V vs.
Fc/Fc+) and tri-tert-butylphosphine (Epox = 0.80 V vs. Fc/Fc+) in acetonitrile (0.1M
[nBu4N][PF6]) and compared them to the reduction potential of the phenyldiazonium cation
(Epred(PhN2+/PhN2•) = –0.10V vs. Fc/Fc+).[32] Based on the sizable free energy change for
radical cation formation by one-electron oxidation of the phosphines (ΔG0 > 23 kcal∙mol–1;
Table 2) and the facile formation of 1 and 2 at low temperatures (even at -20 °C),[10] we
conclude that these azophosphonium salts are most likely formed by a two-electron Lewis
acid–base coupling rather than single-electron transfer followed by radical coupling.
Oxidation of tri-tert-butylphosphine by single-electron transfer (SET) is feasible when
using stronger oxidants. Treatment of tBu3P with the nitrosonium salt [NO][BF4]
(Epred(NO+/NO•) = 0.87V vs. Fc/Fc+)[32] in acetonitrile resulted in the formation of
[tBu3PH][BF4] as the major product (δ31P = 56.1 ppm, 1JP,H = 445.6 Hz; Scheme 3),[10,33]
which could be attributed to H atom abstraction from the solvent by the reactive [tBu3P•+]
radical cation intermediate (ΔG0 = 0.7 kcal∙mol–1).[34] In addition, we detected small amounts
of a radical species by EPR spectroscopy (Scheme 3) that features a six-line pattern at
giso=2.0071, which is consistent with an organic doublet with hyperfine coupling interactions
(A) with nitrogen (ANiso = +29.55 MHz) and an I = ½ nucleus, likely phosphorus (APiso =
–34.10 MHz; Scheme 3).[10] We postulate this to be the nitrosyl–phosphine adduct tBu3P–
NO• (ΔE = -0.5 kcal∙mol–1),[10] which can be formed by the capture of the in situ generated
NO• by residual tBu3P.

Scheme 3. Reaction of tBu3P with [NO][BF4].
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Figure 5. Experimental (black) and simulated (red) EPR spectra of tBu3P–NO•. Simulated g value and hyperfine
coupling constants (A): giso = 2.0071, ANiso = +29.55 MHz, APiso = –34.10 MHz.

2.3 Conclusion
In summary, in acetonitrile, aryldiazonium salts react as nitrogen-based Lewis acids with
phosphines, enabling the facile synthesis of tuneable azophosphonium salts. The
corresponding azoammonium salts [RN2(NR3)][X] are still elusive, but should be accessible
with strongly donating tertiary amines that lack β-hydrogen atoms. We have shown that in
addition to the established donor–acceptor reactivity, Lewis acids and bases can undergo oneelectron processes, which will have profound impact on (frustrated) Lewis acid/base
chemistry and catalysis.[35] Currently, we are exploring the synthesis of azophosphonium
salts by the direct functionalization of dinitrogen with aryl cations[36] and phosphines.

2.4 Experimental Details
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. 1H and 13C{1H} NMR
spectra were recorded on a Bruker 500 NEO and internally referenced to the residual solvent
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resonances (CDCl3: 1H δ 7.26 ppm, 13C{1H} δ 77.16 ppm; CD3CN: 1H δ 1.94 ppm, 13C{1H}
δ 1.32, 118.26 ppm). 11B{1H}, 31P{1H} and 31P NMR spectra were recorded on a Bruker AV
400 or on a Bruker AV300-ll and externally referenced (BF3·OEt2, 85% H3PO4). 19F spectra
were recorded on a Bruker AV300-ll and externally referenced (CFCl3). Chemical shifts are
reported in ppm. Melting points of non-air-sensitive compounds were measured on a Büchi
M-565 melting point apparatus in open capillaries and are uncorrected. High resolution mass
spectra were recorded on a Bruker MicroTOF with ESI nebulizer (ESI). Mass spectra and
high resolution mass spectra were recorded inert on an AccuTOF GC v 4g, JMS-T100GCV,
Mass spectrometer (JEOL, Japan) with a LiFDi probe (FD/FI) equipped with a FD Emitter,
Linden CMS GmbH (Germany), FD 13 μm. Current rate 51.2 mA min–1 over 1.2 min and
typical measurement conditions are: counter electrode –10 kV, ion source 37 V. Cyclic
voltammetry measurements were performed in CH3CN (1 × 10–3 M) containing [N(nBu)4][PF6] (10–1 M) at room temperature with a scan rate of ν = 100 mV s–1 under an N2
atmosphere using a glassy carbon electrode. Glassy carbon electrodes were carefully polished
with diamond paste down to 1 μm and cleaned in acetone under sonication. All redox
potentials are referenced to Fc/Fc+. The EPR spectra were recorded on a Bruker EMX Xband spectrometer. The spectrum was analyzed and simulated using the W95EPR program
of Prof. F. Neese. IR spectra of air-stable compounds were recorded in air on a Bruker AlpaP. UV-vis spectra were recorded on UV-2600 Shimadzu spectrometer in a cell with a 2 mm
path length. Aniline was distilled prior to use under reduced pressure and stored under N2.
All other reagents were purchased from commercial resources and used without further
purification.
To dissolve PtBu3 in acetonitrile, sometimes a bit of heat was applied. All compounds
containing BF4 as counter ion are easily purified by crystallisation from vapour diffusion with
DCM/n-pentane.
Synthesis of benzenediazonium tetrafluoroborate.
[p-H-PhN2][BF4] was prepared according to B. L. Ferinage et al.[19b] The reaction was
performed under nitrogen with degassed water and [p-H-PhN2][BF4] was obtained in 74%
yield as a white solid.
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1H

NMR (400 MHz, CD3CN, 298 K): δ 8.47 (d, 3JH,H = 8.3 Hz, 2H; o-PhH), 8.27 (t, 3JH,H =

7.7 Hz, 1H; p-PhH), 7.94 (t, 3JH,H = 8.0 Hz, 2H; m-PhH). The product was stored at 4 °C in
the dark under N2 atmosphere to prevent degradation.
Synthesis of 2a ([p-H-PhN2(PtBu3)][BF4])
The following reaction was performed in the dark using aluminium foil. A solution of PtBu3
(70 mg, 0.346 mmol, 1.1 equiv) in acetonitrile (2 mL) was added dropwise to a solution of
benzenediazonium tetrafluoroborate [p-H-PhN2][BF4] (61 mg, 0.318 mmol, 1.0 equiv) in
acetonitrile (2 mL) at 0 °C. An immediate colour change from colourless to pink was
observed. The solution was stirred for 5 min. at 0 °C, and then allowed to warm to room
temperature in 1 h after which all volatiles were removed in vacuo. The product was purified
by the addition of DCM (0.5 mL), subsequent addition of n-pentane (15 mL) and stirring for
10 min. resulted in the precipitation of pink solids. The solids were collected by filtration,
additionally washed with n-pentane (2 x 5 mL) and evaporated to dryness to give 2a as a pink
powder in 95% yield (119 mg, 0.302 mmol).
Mp. (open capillary): 50–117 °C (decomposition).
1H

NMR (500.0 MHz, CDCl3, 298 K): δ 7.92 (d, 3JH,H = 8.1 Hz, 2H; o-PhH), 7.77 (t, 3JH,H =

7.4 Hz, 1H; p-PhH), 7.66 (t, 3JH,H = 7.7 Hz, 2H; m-PhH), 1.70 (d, 3JH,P = 14.6 Hz, 27H;
PC(CH3)3).
11B{1H}
13C

NMR (128.4 MHz, CDCl3, 299 K): δ –0.9 (s).

NMR (125.7 MHz, CDCl3, 298 K): δ 155.3 (d, 3JC,P = 39.3 Hz; ipso-PhC), 137.4 (s; p-

PhC), 130.3 (s; m-PhC), 123.8 (s; o-PhC), 42.5 (d, 1JC,P = 23.0 Hz; PC(CH3)3), 29.7 (s;
PC(CH3)3). 19F NMR (282.4 MHz, CDCl3, 299 K): δ –153.3 (s), –153.3 (s).
31P{1H}

NMR (162.0 MHz, CDCl3, 298 K): δ 69.4 (s; 98%), 50.7 (s; impurity,

presumably[tBu3PH][BF4], 2%)[37].
HR-MS (ESI): 307.2304 [2a – BF4]+. Calcd. for C18H32N2P1+ 307.2303.
HR-MS (ESI): 87.00340 [BF4]–. Calcd. for BF4– 87.00292. IR (cm–1): 2979 (w), 1484 (w),
1464 (w), 1436 (m), 1403 (w), 1379 (w), 1313 (w), 1281 (w), 1197 (w), 1173 (w), 1150 (m),
1091 (m), 1046 (s), 1034 (s), 942 (w), 933 (w), 863 (w), 790 (m), 776 (m), 687 (m), 638 (w),
627 (w), 519 (w), 497 (w), 478 (m), 425 (w).
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Synthesis of 2a-BPh4 ([p-H-PhN2(PtBu3)][BPh4])
A solution of 2a (72.5 mg, 0.184 mmol, 1.0 equiv) in DCM (1.5 mL) was added to NaBPh4
(69.2 mg, 0.202 mmol, 1.1 equiv). After stirring for 1.5 h a colour change from pink to more
purple was observed. The solution was filtered, rinsed with DCM (3 x 1 mL) and evaporated
to dryness to result 2a-BPh4 as a purple powder in 74% yield (85.4 mg, 0.136 mmol).
1H

NMR (500.0 MHz, CDCl3, 298 K): δ 7.84 (d, 3JH,H = 7.8 Hz, 2H; o-PhH-N2), 7.75 (t,

3J
H,H

= 7.4 Hz, 1H; p-PhH-N2), 7.60 (t, 3JH,H = 7.8 Hz, 2H; m-PhH-N2), 7.47–7.38 (m, 8H; o-

BPhH), 7.03 (t, 3JH,H = 7.3 Hz, 8H; m-BPhH), 6.89 (t, 3JH,H = 7.2 Hz, 4H; p-BPhH), 1.46 (d,
3J
H,P

= 14.5 Hz, 27H; PC(CH3)3).

11B{1H}
13C

NMR (160.4 MHz, CDCl3, 298 K): δ –6.5 (s).

NMR (125.7 MHz, CDCl3, 298 K): δ 164.3 (m; ipso-BPhC), 155.3 (d, 3JC,P = 39.2 Hz;

ipso-PhCN2), 137.7 (s, p-PhC-N2), 136.4 (s; o-BPhC), 130.4 (s; m-PhC-N2), 125.6 (s; mBPhC), 123.7 (s; o-PhCN2), 121.7 (s; p-BPhC), 42.3 (1JC,P = 23.0 Hz; PC(CH3)3), 29.6 (s;
PC(CH3)3).
31P{1H}

NMR (202.4 MHz, CDCl3, 298 K): δ 68.5 (s).

Synthesis of 2b ([p-NO2-PhN2(PtBu3)][BF4])
The following reaction was performed in the dark using aluminium foil. A solution of PtBu3
(133.1 mg, 0.559 mmol, 1.2 equiv) in acetonitrile (2 mL) was added dropwise to a suspension
of 4-nitrobenzenediazonium tetrafluoroborate [p-NO2-PhN2][BF4] (109.1 mg, 0.460 mmol,
1.0 equiv) in acetonitrile (2 mL) at –20 to –25 °C. An immediate colour change from light
yellow to purple was observed. The solution was stirred for 5 min. at –20 °C, and then
allowed to warm to room temperature in 1 h resulting in a brownish solution, after which all
volatiles were removed in vacuo. The product was purified by the addition of DCM (2 mL),
subsequent addition of n-pentane (30 mL) and stirring for 15 min. resulted in the precipitation
of purple solids. The solids were collected by filtration, additionally washed with n-pentane
(2 x 5 mL) and evaporated to dryness to give 2b as a purple powder in 94% yield (190 mg,
0.433 mmol). Upon addition of CD3CN to the purple solids results in a brownish solution.
Mp. (open capillary): 120–133 °C (decomposition).
1H

NMR (500.0 MHz, CD3CN, 298 K): δ 8.47, 8.46, 8.23, 8.21 (all four part of AA’BB’;

PhH), 1.71 (d, 3JH,P = 14.8 Hz, 27H; PC(CH3)3).
11B{1H}

NMR (128.4 MHz, CD3CN, 295 K): δ –1.19 (s).
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13C

NMR (125.7 MHz, CD3CN, 298 K): δ 157.1 (d, 3JC,P = 39.5 Hz; ipso-PhC-N2), 152.7 (s;

p-PhCNO2), 126.1 (s; o-PhC-N2), 125.9 (s; m-PhC-N2), 43.3 (d, 1JC,P = 21.7 Hz; PC(CH3)3),
29.8 (s; PC(CH3)3).
19F

NMR (282.4 MHz, CD3CN, 298 K): δ –151.8 (s), –151.8 (s).

31P{1H}

NMR (162.0 MHz, CD3CN, 295 K): δ 73.8 (s).

HR-MS (ESI): 352.2159 [2b – BF4]+. Calcd. for C18H31N3O2P1+ 352.2154.
IR (cm–1): 3107 (w), 2984 (w), 1608 (w), 1532 (m), 1487 (w), 1474 (w), 1404 (w), 1379 (w),
1343 (m), 1319 (w), 1283 (w), 1173 (w), 1150 (w), 1047 (s), 1026 (s), 981 (w), 931 (w), 864
(w), 840 (m), 799 (w), 778 (w), 747 (w), 684 (w), 664 (m), 623 (w), 518 (w), 492 (m), 479
(w), 438 (w).
Synthesis of 2c ([p-Br-PhN2(PtBu3)][BF4])
The following reaction was performed in the dark using aluminium foil. A solution of PtBu3
(79.5 mg, 0.393 mmol, 1.1 equiv) in acetonitrile (2 mL) was added dropwise to a solution of
4-bromobenzenediazonium tetrafluoroborate [p-Br-PhN2][BF4] (95.5 mg, 0.353 mmol, 1.0
equiv) in acetonitrile (2 mL) at 0 °C. An immediate colour change from beige to purple was
observed. The solution was stirred for 5 min. at 0 °C, and then allowed to warm to room
temperature in 1 h after which all volatiles were removed in vacuo. The product was purified
by the addition of DCM (0.5 mL), subsequent addition of n-pentane (15 mL) and stirring for
10 min. resulted in the precipitation of purple solids. The solids were collected by filtration,
additionally washed with n-pentane (2 x 5 mL) and evaporated to dryness to give 2c as a
purple powder in 96% yield (160 mg, 0.339 mmol).
Mp. (open capillary): 90–123 °C (decomposition).
1H

NMR (500.0 MHz, CDCl3, 298 K): δ 7.98, 7.85, 7.82, 7.80 (all four part of AA’BB’, 4H;

PhH), 1.71 (d, 3JH,P = 14.6 Hz, 27H; PC(CH3)3).
11B{1H}
13C

NMR (128.4 MHz, CDCl3, 299 K): δ –0.9 (s).

NMR (125.7.0 MHz, CDCl3, 298 K): δ 153.9 (d, 3JC,P = 39.8 Hz; ipso-PhC-N2), 133.8 (s;

o-PhCN2), 133.4 (s; p-PhC-Br), 125.1 (s; m-PhC-N2), 42.6 (d, 1JC,P = 22.7 Hz; PC(CH3)3),
29.8 (s; PC(CH3)3).
19F

NMR (282.4 MHz, CDCl3, 299 K): δ –153.1 (s), –153.2 (s).

31P{1H}

NMR (162.0 MHz, CDCl3, 296 K): δ 70.3 (s).

HR-MS (ESI): 385.1401 [2c – BF4]+. Calcd. for C18H31BrN2P1+ 385.1408.
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IR (cm–1): 3091 (w), 2980 (w), 1584 (w), 1572 (w), 1472 (m), 1447 (m), 1400 (m), 1376 (w),
1300 (w), 1283 (w), 1173 (w), 1151 (m), 1046 (s), 1025 (s), 1004 (s), 931 (w), 863 (m), 836
(m), 798 (m), 787 (w), 659 (m), 629 (m), 518 (w), 505 (w), 493 (m), 481 (m), 441 (w), 423 (w).
Synthesis of 2d ([p-MeO-PhN2(PtBu3)][BF4])
The following reaction was performed in the dark using aluminium foil. A solution of PtBu3
(106.2 mg, 0.525 mmol, 1.3 equiv) in acetonitrile (2 mL) was added dropwise to a solution
of 4-methoxybenzenediazonium tetrafluoroborate [p-MeO-PhN2]BF4] (89.3 mg, 0.402
mmol, 1.0 equiv) in acetonitrile (2 mL) at –20 to –25 °C. An immediate colour change from
colourless to red was observed. The solution was stirred for 5 min. at –20 °C, and then
allowed to warm to room temperature in 1 h after which all volatiles were removed in vacuo.
The product was purified by the addition of DCM (0.5 mL), subsequent addition of n-pentane
(15 mL) and stirring for 10 min. resulted in the precipitation of red solids. The solids were
collected by filtration, additionally washed with n-pentane (2 x 5 mL) and evaporated to
dryness to give 2d as a red powder in 92% yield (156.7 mg, 0.369 mmol).
Mp. (open capillary): 85–122 °C (decomposition).
1H

NMR (500.0 MHz, CDCl3, 298 K): δ 7.93, 7.91, 7.12, 7.10 (all four part of AA’MM’;

PhH), 3.96 (s, 3H; OCH3), 1.65 (d, 3JH,P = 14.3 Hz, 27H; PC(CH3)3).
11B{1H}
13C

NMR (128.4 MHz, CDCl3, 296 K): δ –0.9 (s).

NMR (125.7 MHz, CDCl3, 298 K): δ 167.9 (s; p-PhC-O CH3), 151.0 (d, 3JC,P = 40.8 Hz;

ipso-PhCN2), 127.1 (br. s; m-PhC-N2) , 115.6 (s; o-PhC-N2), 56.6 (s; OCH3), 42.1 (d, 1JC,P =
25.2 Hz; PC(CH3)3), 29.7 (s; PC(CH3)3).
19F

NMR (282.4 MHz, CDCl3, 298 K): δ –153.6 (s), –153.6 (s).

31P{1H}

NMR (162.0 MHz, CDCl3, 296 K): δ 65.8 (s).

HR-MS (ESI): 337.2415 [2d – BF4]+. Calcd. for C19H34N2O1P1+ 337.2409.
IR (cm–1): 3107 (w), 2978 (w), 1595 (m), 1574 (m), 1491 (w), 1475 (w), 1446 (w), 1395 (s),
1339 (w), 1295 (w), 1263 (m), 1217 (w), 1177 (w), 1138 (s), 1090 (m), 1047 (s), 1026 (s),
934 (w), 856 (s), 800 (s), 752 (s), 636 (m), 594 (w), 538 (w), 519 (w), 490 (s), 442 (w), 415
(w).
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Synthesis of 4-dimethylaminobenzenediazonium tetrafluoroborate ([p-Me2N-PhN2][BF4])
[p-Me2N-PhN2][BF4] was prepared according to a modified literature procedure.[38] 50 wt%
HBF4 (0.2 mL, 3.211 mmol, 3.2 eq) was added to a solution of N,N-dimethylpphenylenediamine (198.4 mg, 1.457 mmol, 1.0 eq) in acetone (6 mL) at 0 °C and stirred for
10 min. A colour change from red/brown to green to greyish was observed. Dropwise
addition of tert-butyl nitrite (0.2 mL, 1.682 mmol, 1.2 eq) and stirring for 15 min. resulted in
a colour change from purple to brown with some precipitation of solids. Addition of diethyl
ether (20 mL) while stirring resulted in a brown precipitation. The solids were filtered,
washed with diethyl ether (5 x 20 mL) and removal of the volatiles gave [p-Me2N-PhN2][BF4]
as a brown powder in 87% yield (299 mg, 1.272 mmol). The product was stored at 4 °C in
the dark under N2 atmosphere to prevent degradation.
1H

NMR (400.0 MHz, CD3CN, 299 K): δ 7.98 (d, 3JH,H = 9.7 Hz, 2H; PhH), 6.93 (d, 3JH,H =

9.7 Hz, 2H; PhH), 3.26 (s, 6H; N(CH3)2).
Synthesis of 2e ([p-Me2N-PhN2(PtBu3)][BF4])
The following reaction was performed in the dark using aluminium foil. A solution of PtBu3
(111.5 mg, 0.551 mmol, 1.2 equiv) in acetonitrile (2 mL) was added dropwise to a solution
of 4-(dimethylamino)benzenediazonium tetrafluoroborate [p-Me2N-PhN2][BF4] (110.6 mg,
0.471 mmol, 1.0 equiv) in acetonitrile (2 mL) at 0 °C. An immediate colour change from
white to brown/red was observed. The solution was stirred for 5 min. at 0 °C, and then
allowed to warm to room temperature in 1 h after which all volatiles were removed in vacuo.
The product was purified by the addition of DCM (0.5 mL), subsequent addition of n-pentane
(15 mL) and stirring for 10 min. resulted in the precipitation of red/brown solids. The solids
were collected by filtration, additionally washed with n-pentane (2 x 5 mL) and evaporated
to dryness to give 2e as a brown/red powder in 96% yield (198.2 mg, 0.453 mmol).
Mp. (open capillary): 120–147 °C (decomposition).
1H

NMR (500.0 MHz, CDCl3, 298 K): δ 7.76 (br. s, 2H; PhH), 6.81 (d, 3JH,H = 9.1 Hz, 2H;

PhH), 3.27 (s, 3H; N(CH3)2), 1.62 (d, 3JH,P = 13.7 Hz, 27H; PC(CH3)3).
11B{1H}
13C

NMR (128.4 MHz, CDCl3, 299 K): δ –0.9 (s).

NMR (125.7 MHz, CDCl3, 298 K): δ 157.3 (s; p-PhC-NMe2), 149.1 (d, 3JC,P = 41.4 Hz;

ipso-PhCN2), 112.4 (s; PhC-N2), 41.7 (d, 1JC,P =29.5 Hz; PC(CH3)3), 40.9 (s; N(CH3)3), 29.8
(s; PC(CH3)3); other PhC-N2 signal is unresolved.
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19F

NMR (282.4 MHz, CDCl3, 299 K): δ –153.5 (s), –153.6 (s).

31P{1H}

NMR (162.0 MHz, CDCl3, 299 K): δ 59.6 (s; product, 94%), 51.5 (s; impurity,

presumably [tBu3PH][BF4], 4%)[37].
HR-MS (ESI): 350.27116 [2e – BF4]+. Calcd. for C20H37N3P1+ 350.27251.
IR (cm–1): 2978 (w), 2922 (w), 1607 (m), 1548 (w), 1485 (w), 1398 (w), 1378 (w), 1317 (w),
1287 (m), 1263 (s), 1179 (w), 1148 (s), 1085 (m), 1046 (s), 1022 (s), 935 (m), 869 (w), 837
(w), 786 (s), 720 (m), 634 (w), 582 (w), 547 (w), 519 (w), 505 (w), 482 (m), 418 (w).
Synthesis of NiPr3
Triisopropylamine was prepared according to a modified literature procedure.[ 39 ] Diisopropylamine (70 mL, 0.5 mol, 1.0 equiv) with H2O (40 mL) were added to a flask with reflux
condenser and cooled to 0 °C. Cold formic acid (60 mL, 1.6 mol, 3.2 equiv) and subsequently
acetone (50 mL, 0.52 mol, 1.0 equiv) were slowly added through the reflux condenser while
stirring. The colourless solution was refluxed for 1 h. Concentrated hydrochloric acid (30
mL) was added, the solution cooled and extracted 3 times with petroleum ether (60 mL). The
petroleum ether fractions were discarded. The aqueous phase was made basic with saturated
aqueous NaOH while cooling. A colourless organic phase separated. The aqueous phase was
extracted twice with Et2O (75 mL), and combined with the initial separated organic layer and
washed once with brine (45 mL). The ether phase is dried over sodium sulfate and the solvent
was evaporated. Once most of the ether had been evaporated the rest was evaporated while
the solution was cooled at 0 °C to prevent much loss of the formed triisopropylamine.
Triisopropylamine was formed as a colourless to slightly yellowish solution in 5% isolated
yield (3.6 g, 0.025 mol).
Synthesis of 5 ([pHPhN2NiPr2])
To a solution of benzenediazonium tetrafluoroborate [PhN2][BF4] (87.8 mg, 0.457 mmol, 1.0
equiv) in acetonitrile (4 mL) at 0 °C was added dropwise triisopropylamine (200 μL, 2.420
mmol, 2.3 equiv). An colour change from colourless to yellow to orange was observed. The
solution was stirred for 5 min. at 0 °C, and then allowed to warm to room temperature in 1 h
after which all volatiles were removed in vacuo. The product was purified by addition of
DCM (0.5 mL), subsequent addition of n-pentane (15 mL) and stirring for 10 min. resulted
in the precipitation of orange solids and a yellow solution. The solids were collected by
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filtration, additionally washed with n-pentane (2 x 5 mL) and both the filtrate and residue
were evaporated to dryness. Compound 5, the filtrate, PhN=N-NiPr2, gave a yellow/orange
powder in 72% yield (67.5 mg, 0.329 mmol).
The residue, [H2NiPr2][BF4], gave an orange powder in 92% yield (80.1 mg, 0.424 mmol).
If a smaller excess is used of the amine, white solids are obtained for the residue.
Note: The addition of 1 equivalent of NiPr3 led to exactly half the conversion of the
benzenediazonium salt.
5, filtrate[40]
1H

NMR (400.0 MHz, CD3CN, 299 K): δ 7.42–7.19 (m, 4H; o-PhH and m-PhH), 7.19–6.88

(m, 1H; p-PhH), 5.20 (br. s, 1H; NCH(CH3)2) , 4.08 (br. s, 1H; NCH(CH3)2), 1.29 (br. s, 12H;
NCH(CH3)2).
[H2NiPr2][BF4], residue[41]
1H

NMR (400.0 MHz, CD3CN, 299 K): δ 6.28 (br. s, 2H; NH), 3.47 (hept, 3JH,P = 6.5 Hz,

2H; NCH(CH3)2), 1.29 (d, 3JH,P = 6.5 Hz, 12H; NCH(CH3)2).
11B{1H}

NMR (96.28 MHz, CDCl3, 293 K): δ –1.2 (s). 19F NMR (282.4 MHz, CDCl3, 299

K): δ –151.2 (s), –151.2 (s).
Detection of propene by LiFDi
The following reaction was performed in a glovebox. To a solution of benzenediazonium
tetrafluoroborate [pPhN2][BF4] (20 mg, 0.104, 1.0 equiv) in 0.2 mL CH3CN was added
triisopropylamine (40 μL, 0.208 mmol, 2 equiv) along the side of the vial, after which the
vial was closed immediately. Gentle shaking of the vials resulted in the formation of an
orange solution. The headspace was analysed using LiDFi MS by which propene could be
detected. HR-MS (LiFDi): 42.0356 [C3H6]. Calcd. for C3H6 42.0470.
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Reaction of [NO][BF4] with PtBu3
A solution of PtBu3 (35 mg, 0.173 mmol, 1.0 equiv) in acetonitrile (0.8 mL) was added
dropwise to a solution of nitrosium tetrafluoroborate [NO][BF4] (20 mg, 0.171 mmol, 1.0
equiv) in acetonitrile (0.7 mL) at –30 °C. A colour change from colourless to green/yellowish
was observed. The solution was stirred for 15 min. at –30 °C, and then allowed to warm to
room temperature in 1 h, leading to a light yellow solution. The reaction mixture was stirred
for an additional 20 hours, resulting in a colour change from light yellow to colourless.
Hardly any change was observed in the 31P{1H} or 31P NMR spectrum; only the peak round
99 ppm broadened. Mass measurement by LiFDi gave the following masses: 201.2, 203.2,
218.2, 259.3, 338.2, 432.3, 450.3, 493.4, 508.4. For analyses of these fragments, see below.
The in situ mass measurement, which is similarly prepared to the EPR sample, was recorded
by the LiFDi of an equimolar mixture of PtBu3 and [NO][BF4] in CH3CN in the glovebox. A
colour change to light yellow was observed. The sample was measured approximately 15
minutes after preparation. Measured masses: 161.1, 201.2, 202.2, 216.2, 218.2, 235.2, 259.3,
418.4, 434.4.
Plausible species are:
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Stability tests
Stability test of 2c in D2O at room temperature, compound dissolves poorly. 1H, 31P{1H},
11B{1H}

and 19F NMR spectra shown at t = 0 hours (top in each frame) and after 21 days

(bottom in each frame).

Figure 6. Spectra shown at t = 0 hours and after 21 days in D2O. Top left 1H NMR (300.1 MHz), top right 31P{1H}
NMR (121.0 MHz), bottom left 11B{1H} NMR (96.3 MHz) and bottom right 19F NMR (282.4 MHz). Spectra shown
at t = 0 hours (top in each frame) and after 21 days (bottom in each frame).
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Stability test of 2c in 2M HCl at room temperature, compound dissolves poorly. 31P{1H},
11B{1H}

and 19F spectra shown after 7 months (Figure 7).

Figure 7. From top to bottom: 31P{1H} NMR (121.0 MHz), 11B{1H} NMR (96.3 MHz), 19F NMR (282.4 MHz), in
all cases no deuterated solvent was used.

UV-vis spectroscopy
UV-vis spectra are recorded in a 0.2 cm vial in dry CH3CN (Figure 8, Figure 9) or dry DCM
(Figure 10) in air. Scanned wavelength 900 to 250 nm with a scan speed of fast and sampling
interval of 0.2. To be able to clearly see the absorption band in the visible light region of the
compounds in dry CH3CN, they were measured in a higher concentration from 700 to 250
nm. All other parameters were left unchanged.
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UV-vis CH3CN
Table 3. Photophysical properties in dry CH3CN.

Compound

Rgroup

λabs [nm]
Absorption 1[a]

Log ε [M–1 cm–1]
Absorption 1[a]

λabs [nm]
Absorption 2[b]

Log ε [M–1 cm–1]
Absorption 2[b]

2a

H

316

4.21

515

2.16

2b

NO2

303

4.29

453
523[c]

2.68
2.26[c]

2c

Br

336

4.33

517

2.18

2d

MeO

373

4.44

500

2.49

2e

Me2N

464

4.62

– [d]

– [d]

[a] Absorption wavelength corresponding to the lowest energy transition (λabs). [b] Absorption wavelength
corresponding to the highest energy transition (λabs). [c] The colour of 2b changes over time, first the solution has a
dark yellow colour after which it changes to pink which is measured after 1 day. The solution turns more purple
over time. [d] n®π* transition not visible.

Figure 8. Colours of the 1st absorption peak in dry CH3CN solutions of 2a–e and their normalized UV-vis spectra.
For values of λabs and log ε see Table 3.
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Figure 9. Colours of the 2nd absorption peak in dry CH3CN solutions of the para substituted benzenediazonium
phosphine adducts 2a–d and their normalized UV-vis spectra. For values of λabs and log ε see Table 3.

UV-vis DCM
Table 4. Optical properties in dry DCM.

Compound

R-group

λabs [nm]
Absorption 1[a]

Log ε [M–1 cm–1]
Absorption 1[a]

2a

H

323

4.25

2b

NO2

308

4.30

2c

Br

347

4.38

2d

MeO

382

4.48

2e

Me2N

468

5.66

[a] Absorption wavelength corresponding to the lowest energy transition (λabs; π®π*).
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Figure 10. Colours of the dry DCM solutions of the para substituted benzenediazonium phosphine adducts 2a–e
and their normalized UV-vis spectra. For values of λabs and log ε see Table 4.

Figure 11. Left top: colours of azophosphonium salts in solution (from left to right: 2a,b,c,d,e; 0.006M in CH3CN)
and right top: 2b at t = 0 and after 4 days. Bottom: colours of azophosphonium salts in the solid state (from left to
right: 2a,b,c,d,e).
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Cyclic voltammetry
Cyclic voltammetry measurements were performed in CH3CN (1 × 10–3 M) containing [N(nBu)4][PF6] (10–1 M) at room temperature with a scan rate of ν = 100 mV s–1 under an N2
atmosphere using a glassy carbon working electrode. As counter electrode and reference
electrode leak free Ag/Ag+ was used. Glassy carbon electrodes were carefully polished with
diamond paste down to 1 μm and cleaned in acetone under sonication. All redox potentials
are referenced to Fc/Fc+.
Cyclic voltammograms were recorded of triphenylphosphine (PPh3), tri-tert-butylphosphine
(PtBu3), triphenylamine (NPh3), tri-p-tolylamine (N-p-tolyl3) and triisopropylamine (NiPr3).
Equations:
R3E•• → R3E•+ + e-

(1)

ArN2+ + e- → ArN2•

(2)

ArN2+ + R3E•• → R3E•+ + ArN2•

(3)

• = radical
•• = lone pair
E = P or N.
Formula:
ΔG30 = ΔG20 – ΔG10 = Epox * F + Epred * F
F = Faraday constant 23.06 kcal mol–1 V–1
Example elaborated for N-p-tolyl3:
1 = 0.79 V

→

ΔG10 = –0.79 * F

2 = –0.10 V

→

ΔG20 = 0.10 * F

ΔG30 = ΔG20 – ΔG10 = 0.10 * F – (–0.78) * F = 0.88 * F = 84.9 kJ mol–1 = 20.3 kcal mol–1
ΔG3 stands for the Gibbs free energy that it costs to transfer the electron. Positive value of
Gibbs free energy reveal the endergonic nature of redox processes.
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Table 5. Formal potentials (V vs Fc/Fc+) of various amines and phosphines, benzenediazonium tetrafluoroborate
and nitrosonium tetrafluoroborate. HOMO/LUMO energies (in eV) calculated using Guassian 09, Revision
D.01[45] at the ωb97X-D/6-311+G(d,p)[43,44] level of theory.

Substrate

Potential [Epox in
V vs Fc+/Fc] [a]

ΔG3 [kcal mol–1]
for PhN2+

ΔG3 [kcal mol–1]
For NO+

HOMO [eV]

LUMO [eV]

PhN2+[32] [b]

–0.10

–

–

–14.60

–6.24

NO+[32] [b]

0.87

–

–

–27.39

–10.97

N-p-tolyl3

0.78

20.3

–2.1

–6.80

1.04

[a]

NPh3

0.97

24.7

2.3

–7.10

0.95

NiPr3

1.20

30.0

7.6

–7.33

1.69

PtBu3

0.90

23.1

0.7

–7.69

1.53

PPh3

1.23

30.7

8.3

–7.97

0.92

Fc+

= at 0.40 V. [b] Oxidizing agents are reduced so cathodic instead of anodic.

Cyclic voltammetry showed two reversible one-electron reduction waves for NPh3 and
Nptolyl3 in CH3CN. PPh3, PtBu3 and NiPr3 showed no reversible one-electron reductions in
CH3CN.

Figure 12. Cyclic voltammetry of amines in acetonitrile.
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Figure 13. Cyclic voltammetry of phosphines in acetonitrile.

Electron paramagnetic resonance
EPR parameters were calculated with the ORCA[42] program system at the B3LYP/TZ2P
level, using the coordinates from the structures optimized in Gaussian at ωB97X-D/6311+G(d,p) level as input.
Benzendiazonium tetrafluoroborate with tri-p-tolylamine
The room temperature X-Band EPR spectrum of an equimolar mixture of tri-p-tolylamine
with benzenediazonium tetrafluoroborate in CH3CN is displayed in Figure 14. Microwave
frequency = 9.392640 GHz. Power = 0.6325 mW. Modulation amplitude = 4.000 G. Colour
of the solution is blue, which turns green over time.
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Figure 14. Experimental room temperature X-band EPR spectrum of tri-p-tolylamine with benzenediazonium
tetrafluoroborate in CH3CN.

Nitrosonium tetrafluoroborate with tri-tert-butylphosphine
The room temperature X-band EPR spectrum of an equimolar mixture of PtBu3 and
[NO][BF4] in CH3CN was recorded and is displayed in Figure 15. The observed six-line
pattern at giso = 2.0071 can be interpreted as an organic doublet with hyperfine coupling
interactions (A) with nitrogen (ANiso = +29.55 MHz) and phosphorus (APiso = –34.10 MHz).
Table 6 shows the DFT calculated giso and A values for the proposed ON-PtBu3 adduct.
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Figure 15. Experimental (black) and simulated (red) room temperature X-band EPR spectrum of PtBu3 and
[NO][BF4] in CH3CN. Microwave frequency = 9.393934 GHz. Power = 6.325 mW. Modulation amplitude = 1.008
G. Simulated g value and hyperfine coupling constants (A): giso = 2.0071, ANiso = +29.55 MHz, APiso = –34.10 MHz.

Table 6. Simulated and calculated (ORCA B3LYP/def2-TZVP on a Gaussian ωB97X-D/6-311+G(d,p) geometry
optimised neutral doublet of ON–PtBu3) g and A values.
giso

ANiso (MHz)

APiso (MHz)

Simulated

2.0071

+29.55

–34.10

Calculated

2.0089

+10.4870

–58.7510

Table 7 displays the calculated EPR g and A values for several possible structures which were
considered in elucidating the EPR spectrum. Besides Hyperfine Coupling Interactions (HFI)
with nitrogen, coupling to 1H and 31P was considered. As can be seen in entry 1 and 2, a
cationic HNO• or NOH• species seems highly unlikely, as the HFI with 1H is much larger
than measured experimentally. HFI to 31P in neutral tBu3P-NO• afforded ANiso and APiso values
which are reasonably close to the experimental values. Differences in the calculated
structures between Gaussian and TURBOMOLE (entry 3, 4, 5, 6, 7) and the use of dispersion
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corrections (entry 4 and 5) were shortly evaluated, and did not affect the calculated A values
significantly. Di-cationic tBu3P-NO• also affords A values close to the experimentally
observed HFI, however, we deem the presence of such a species unlikely as the DFT
optimized structures show cleavage of the P-N bond (entry 8 and 9). The presence of dicationic tBu3P1-N•O-P2tBu3 is also unlikely, as HFI with both 31P nuclei would be observed
experimentally (entry 10). Cationic tBu2P-NO• (entry 11) is unlikely, as the calculated APiso
value is much larger than experimentally observed. tBuNO• (entry 12) is unlikely as the C-N
bond cleaves upon geometry optimization. Lastly, geometry optimization of tBu3P-ON•
(entry 13) affords tBu3P-NO• as the most stable product. In conclusion, based on these
calculations we propose cationic tBu3P-NO• as the most likely radical species in solution.
Table 7. Performed calculations and general summary of the results. All EPR parameters were calculated with
ORCA at the B3LYP/def2-TZVP level of theory.
Entry

Species

Optimization parameters

1

HNO• (cation)

ωB97X-D/6-311+G(d,p)

2

NOH• (cation)

ωB97X-D/6-311+G(d,p)

3

tBu3P–NO• (neutral)

ωB97X-D/6-311+G(d,p)

4

tBu3P–NO• (neutral)

5

tBu3P–NO• (neutral)

6

tBu3P–NO• (neutral)

B3LYP/6-311+G(d,p)

7

tBu3P–NO• (neutral)

Optimized in three different ways
- ωB97X-D/6-311+G(d,p)
- B3LYP/6-311+G(d,p)
- B3LYP/def2-TZVP SCF in
TURBOMOLE

8

tBu3P–NO• (di-cation)

B3LYP/def2-TZVP geom. opt. with
TURBOMOLE

9

tBu3P–NO• (di-cation)

B3LYP/def2-TZVP/disp3 geom. opt.
with TURBOMOLE

10

tBu3P1–N•O–P2tBu3
(di-cation)

11

tBu2P–NO• (cation)

Optimized in two different ways
- ωB97X-D/6-311+G(d,p)
- B3LYP/def2-TZVP/disp3 geom.
opt. in TURBOMOLE
B3LYP/def2-TZVP geom. opt. in
TURBOMOLE

B3LYP/def2-TZVP/disp3 geom. opt.
with TURBOMOLE
B3LYP/def2-TZVP/disp3 geom. opt.
with TURBOMOLE
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Calculated g and A (MHz)
values
giso = 1.9984, ANiso = 111.77,
AHiso = 357.39
giso = 1.9972, ANiso = 19.18,
AHiso = 253.59
giso = 2.0089, ANiso = 10.49, APiso
= –58.75
giso = 2.0093, ANiso = 10.53, APiso
= –58.61
giso = 20092, ANiso = 10.45, APiso
= –59.62
giso = 2.0084, ANiso = 10.84, APiso
= –64.66
giso = 2.0084, ANiso = 10.84, APiso
= –64.66
giso = 1.9995, ANiso = 37.77, APiso
= 14.46. P-N bond length =
2.17 Å
giso = 1.9992, ANiso = 39.76, APiso
= 3.42. P-N bond length = 2.12
Å
giso = 2.0056, ANiso = 27.15,
AP1iso = –68.44, AP2iso = –15.28
giso = 2.0002, ANiso = 60.83, APiso
= –142.79

tBuNO•

12
13

(cation)

tBu3P–ON• (neutral)

B3LYP/def2-TZVP/disp3 geom. opt.
with TURBOMOLE

Forms a near-planar
carbocation-NO adduct.
Multiple large and small HFI
with protons.

ωB97X-D/6-311+G(d,p)

Converges to tBu3P-NO•

Computational Details
All structures were optimized at ωB97X-D/6-311+G(d,p)[43,44] using Gaussian 09, Revision
D.01.[45] ZPE and Gibbs free energies (G°) were obtained from frequency analyses performed
at the same level of theory. For all compounds containing the counter anion, [BF4]– was
omitted in the calculations. For all structures like p-R-PhN2PR’3 the energies and coordinates
of the Z-isomer is given. The TD-DFT analyses were performed at the CAMB3LYP[46]/TZ2P[47] level of theory using ADF2016.102[48]. In all cases no solvent was taken
into account.
Table 8. Vertical excitation energies (VEE) and oscillator strengths calculated with ADF at CAM-B3LYP/TZ2P
level of theory.

Compound

R-group

λabs [nm]

Oscillator
strength f

Transition

2a

H

295

0.5749

π → π*

508

0.0005

n → π*

290

0.7361

π → π*

522

0.0005

n → π*

325

0.7564

π → π*

509

0.0005

n → π*

337

0.8390

π → π*

497

0.0008

n → π*

373

1.0240

π → π*

483

0.0015

n → π*

2b

2c

2d

2e

NO2

Br

MeO

Me2N
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n:

π:

π*:

Figure 16. Representations of the orbitals (n, π and π*) are shown, performed with ADF at CAM-B3LYP/TZ2P
level of theory.

Table 9. Molecular orbitals including the representation of the orbital, calculations at ωB97X-D/6-311+G(d,p).

Compound

R-group

Molecular orbital

E [eV]

Representation

2a

H

HOMO-1

–12.2

π

HOMO

–12.1

n

LUMO

–4.3

π*

HOMO-1

–12.8

π

HOMO

–12.6

n

LUMO

–4.9

π*

HOMO-1

–12.2

n

HOMO

–11.6

π

LUMO

–4.4

π*

HOMO-1

–11.9

n

HOMO

–11.2

π

2b

2c

2d

2e

NO2

Br

MeO

Me2N

LUMO

–4.0

π*

HOMO-1

–11.5

n

HOMO

–10.3

π

LUMO

–3.8

π*
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X-ray Crystal Structure Determinations 2a
[C18H32N2P] [C24H20B], Fw = 626.63, red-brown plate, 0.16 ´ 0.09 ´ 0.04 mm3, monoclinic,
P21/c (no. 14), a = 14.6635(7), b = 10.8154(6), c = 23.2003(14) Å, b = 99.075(2) °, V =
3633.3(3) Å3, Z = 2, Dx = 1.146 g/cm3, µ = 0.11 mm–1. 32572 Reflections were measured on
a Bruker Kappa ApexII diffractometer with sealed tube and Triumph monochromator (l =
0.71073 Å) at a temperature of 150(2) K up to a resolution of (sin q/l)max = 0.61 Å-1. The
Eval15 software[49] was used for the intensity integration. A multiscan absorption correction
and scaling was performed with SADABS[50] (correction range 0.64-0.75). 6751 Reflections
were unique (Rint = 0.091), of which 3347 were observed [I>2s(I)]. The structure was solved
with Patterson superposition methods using SHELXT.[ 51 ] Least-squares refinement was
performed with SHELXL-2018[52] against F2 of all reflections. Non-hydrogen atoms were
refined freely with anisotropic displacement parameters. Hydrogen atoms were introduced in
calculated positions and refined with a riding model. The cation is disordered about the azo
bond and was refined with two orientations in a ratio of 0.593(8):0.407(8). 497 Parameters
were refined with 221 restraints (distances, angles and displacement parameters of the
disordered moieties). R1/wR2 [I > 2s(I)]: 0.0633 / 0.1334. R1/wR2 [all refl.]: 0.1510 / 0.1689.
S = 1.010. Residual electron density between –0.18 and 0.29 e/Å3. Geometry calculations
and checking for higher symmetry was performed with the PLATON program.[53]
CCDC 1846991 contains the supplementary crystallographic data for this paper. These data
can be obtained free of charge from The Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif.
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Chapter 3
Facile Synthesis of Tuneable Azophosphonium Salts
– part 2

Abstract: Azophosphonium salts have a facile synthesis and can be readily tuned at the para
position of the aryl group and at the phosphorus position with the use of bulky phosphines,
leading to a range of coloured compounds. A relation between the Hammett σ+para constant
and the colour and 31P NMR chemical shift was explored. The compounds were characterized
by NMR spectroscopy, UV-vis spectroscopy and single-crystal X-ray crystallography.
Published in: Accepted in Eur. J. Inorg. Chem. DOI 10.1002/ejic.201801546

3.1 Introduction
Aryldiazonium salts [ArN2][X] are potent nitrogen-based Lewis acids that react as
electrophiles in a plethora of transformations, of which the formation of azo dyes is one of
the key applications.[1] For example, the commercially available Basic Red 51 (A, Figure 1)
that is used for the dying of synthetic and natural fibres[2] is produced by the coupling of the
corresponding diazonium salt with an imidazole, followed by alkylation.[3] Alternatively, Ncoordination of diazonium salts to Lewis basic N-heterocyclic carbenes (NHCs) directly
affords the strongly coloured azoimidazolium salts [RN2(NHC)][X], such as B.[4,5]

Figure 1. Reported azoimidazolium salts (A, B) and azophosphonium salts (C, D, E).

While the cationic NHC–diazonium Lewis adducts are of industrial relevance, the
corresponding phosphine derivatives have received little attention. In 1953, Horner and Stöhr
described the red azophosphonium chlorides C (R = H, Me, Cl, NO2, CO2H, OMe,
OC(O)Me), with PPh3 as the Lewis base, as unstable species.[6] Four decades later, Wokaun
and co-workers observed a red colour upon addition of tris(dimethylamino)phosphine to
aromatic diazonium tetrafluoroborate salts and characterized the formed adducts (D)
spectroscopically (R’ = N(Me)2, R = p-Cl, o-Cl, o-CH3+p-Cl, p-C(O)OEt, p-SO2NH2, pCN).[7] Subsequently, Flower and co-workers reported the 31P{1H} NMR chemical shift of E
(δ31P{1H} = 40; R = 6-naphthalen-2-ol).[

8 ]

Very recently, the investigation of

azophosphonium salts has picked up interest. Stephan and co-workers reported on the
synthesis of D (R’ = Mes, tBu, R = p-Cl) exhibiting red and purple colours, respectively.[9]
Subsequent reduction of these compounds leads to the reversible formation of stable
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nitrogen-based radicals. Concurrently, we described the synthesis of the azophosphonium
salt D (R’ = tBu, p-R = NO2, Br, H, OCH3, N(CH3)2), displaying colours ranging from purple
to red/brown.[10]
Herein, we extend these findings and target the synthesis of an array of azophosphonium
salts by treatment of para substituted aryldiazonium salts with the sterically encumbered
phosphines tBu3P and Mes3P. In addition, we sought to rationalize the effect of the aryl
substituent on the physical properties of the products, including colour and

31P

NMR

chemical shift. The Hammett σpara value expresses the electron donating or withdrawing
ability of the para substituent on the aryl group. However, this parameter does not correlate
well in systems where the substituent is conjugated with the reactive site (Figure 2), and the
σ+para constant has been used previously to account for the resonance stabilization of a
positive charge.[11] We demonstrate that the σ+para constant correlates well with the colour and
spectroscopic properties of a range of azophosphonium salts. This allows facile access to
tuneable systems that can be used as dyes or precursors to stable nitrogen-based radicals.[9]

Figure 2. Resonance structures I and II showing mesomeric stabilisation of the positive charge by electrondonating substituents.

3.2 Results and Discussion
To explore the substituent effect on the 31P NMR chemical shift as well as the colour of
this novel class of azo dyes, we expanded the scope of the para substituted
arylazophosphonium salts [(p-R-C6H4)N2(PtBu3)][BF4] 1 (Scheme 1).[10] Reaction of 16 psubstituted benzenediazonium salts with tri-tert-butylphosphine (1.1 equiv) in acetonitrile
afforded many shades of intensely coloured phosphine–diazonium adducts [(p-RC6H4)N2(PtBu3)][BF4] 1a–p, ranging from purple, to pink, red, and red/brown (Figure 3,
Figure 4), which were isolated in moderate to good yields (55–97%, Scheme 1, Table 1).
Note that the purity of the diazonium salts used was crucial, as without prior recrystallisation
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we observed the formation of [tBu3PH][BF4], which results from protonation of the
phosphine by remaining HBF4 that was used in the synthesis of the diazonium salt.

Scheme 1. Synthesis of arylazophosphonium tetrafluoroborates 1, R = NO2 (a), CN (b), CF3 (c), Br (d), Cl (e), H
(f), F (g), C6H5 (h), OC(O)CH3 (i), C(CH3)3 (j), CH3 (k), OC6H5 (l), OCH3 (m), OCH(CH3)2 (n), NH2 (o), N(CH3)2 (p).

Table 1. s+ values for the para substituents, isolated yields, N–N bond distances and 31P{1H} NMR chemical
shifts for azophosphonium salts 1a–p.
p-R

σ+para value[a]

Yield [%]

N-N distance
[Å][b]

31P{1H}

1a[c]

NO2

0.79

94

1.243

73.5

1b

CN

0.66

96

1.244

73.0

1c

CF3

0.61

56

1.244

72.2

1d[c]

Br

0.15

96

1.248

70.3

1e

Cl

0.11

83

1.249

70.1

1f[c]

H

0.00

95

1.248

69.4

1g

F

–0.07

71

1.249

69.4

1h

C6H5

–0.18

61

1.252

68.6

1i

OC(O)CH3

–0.19

94

1.250

69.4

1j

C(CH3)3

–0.26

86

1.251

68.1

1k

CH3

–0.31

82

1.251

68.0

1l

OC6H5

–0.50

55

1.257

67.9

1m[c]

OCH3

–0.78

92

1.257

65.9

1n

OCH(CH3)2

–0.85

68

1.259

65.4

1o

NH2

–1.30

97

1.264

59.4

1p[c]

N(CH3)2

–1.70

96

1.268

59.5

[ppm]

[a] see reference 11. [b] Calculated at the ωB97X-D/6-311+G(d,p) level of theory. [c] see reference 10.
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Intriguingly, the electron donating and withdrawing ability of the para substituent can be
found in the computed bond distances (Table 1, Table 6 chapter 3.4) and follows the trend of
the σ+para parameter. A greater contribution from resonance structure II (Figure 2) can be
observed for the more electron donating substituents as the N–N bond distance elongates (N–
N: 1a 1.243, 1p 1.268 Å) and shortening of the P–N and N–C bonds occurs (P–N: 1a 1.742,
1p 1.710 Å; N–C: 1a 1.417, 1p 1.371 Å, see Table 6 for further data). The same effect is also
manifested in the greater alternation of C–C bond lengths (between long and short bonds) in
the aryl ring. These data indicate a significant contribution from resonance form II for
electron donating para substituents.[14]

Figure 3. Colours of azophosphonium salts 1a–p in solution (0.006M in CH3CN, note 1a after 1 week).
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Figure 4. Colours of azophosphonium salts 1a–p in the solid state.

UV-vis spectroscopy for compounds 1a–p, measured in CH3CN, displays an intense
absorption maximum ranging from λmax = 300–464 nm corresponding to the π→π* transition
(Figure 5).[10] In general, a bathochromic shift can be observed for the position of the
absorption going from electron-withdrawing (1a) to electron-donating (1q). A shift in the
λmax is observed for para substituent Ph (1h), OR (1l, 1m, 1n) and NR2 (1o, 1p) due to the
mesomeric effect (+M) as the lone pair (or π-system) can be donated into the ring. This is
strongest for the most electron donating group, NR2, resulting in the highest shift in λmax (1o
435 nm, 1p 464 nm). Compounds 1a–p also show a weak absorption in the visible region
from λmax = 527–497 nm (n→π*).[14] Here the overall trend is a gradual hypsochromic shift
from electron-withdrawing to the electron-donating para substituent in 1a–p (Table 1). This
is reflected in the colours of the compounds in solution, as various shades of purple, pink,
red and lastly red/brown are seen (1a to 1p, Figure 3), yet some outliers in the series can be
observed (e.g. 1j and 1k). For 1h and 1i the mesomeric effect plays a crucial role, whereas
this is not possible in the case of 1j and 1k.
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Figure 5. UV-vis spectra of azophosphonium salts 1a–p.

The azophosphonium salts 1a–p are ordered according to the Hammett σ+para values of
their para substituent to highlight the substituent effect (Table 1). In our set of 16 tri-tertbutylphosphine–diazonium adducts, the σ+para constant ranges from 0.79 (1a) for the electronwithdrawing NO2 group to –1.70 (1p) for the electron-donating N(CH3)2 substituent (Table
1).[11] Likewise, the 31P{1H} chemical shift ranges from 73.5 ppm (1a) to 59.5 ppm (1p),
where the phosphorus resonance shifts upfield as the substituent becomes more electron
donating and thereby stabilizes the positively charged phosphorus moiety to a greater extent
via resonance. The Hammett plot of the σ+para value against the 31P{1H} NMR chemical shift
of 1 shows a linear correlation (R2 = 0.953; Figure 6), with only R = NH2 (1o) as an outlier.
This is likely due to the interaction of the coordinating solvent acetonitrile with the acidic
protons on the NH2 group, which stabilizes resonance structure II (from Figure 2) to a greater
extent and leads to a more upfield 31P NMR resonance. As expected, comparing the 31P{1H}
NMR chemical shifts with the non-corrected σpara constant results in a poorer fitted linear
correlation (R2 = 0.882; Figure 10) with multiple outliers, highlighting the suitability of the
σ+para parameters for these systems.
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Figure 6. Hammett plot of the σ+para constants against the 31P NMR chemical shift of azophosphonium salts 1a–p.

To gain more insight into the dependence of the para substituent on the n→π* and π→π*
excitations, we resorted to ωB97X-D/6-311+G(d,p) calculations. While the energy levels of
n (HOMO) and π* (LUMO) decreases from 1a (n: –12.6, π*: –4.9 eV; Table 2) to 1p (n: –
11.5, π*: –3.8 eV), the n→π* excitation gap remains the same (~7.8 eV). For the π (HOMO1) to π* (LUMO) excitation overall a slight decrease is observed (1a, n: –12.8, π*: –4.9 eV;
1p, n: –10.3, π*: –3.8 eV), yet the π→π* excitation gap differs for all cases (from 1c: 8.0
(biggest) to 1p: 6.5 (smallest) eV), still, here too overall a decrease is observed from 1a to
1p (–7.9 to –6.5 eV, respectively). The energies obtained from the calculations are not
accurate enough to correlate these to UV-vis absorption bands[12], for which time-dependent
DFT calculations are required (see chapter 3.4 Computational Details).
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Table 2. Optical properties and energies of the frontier orbitals for azophosphonium salts 1a–p.

p-R

λabs [nm][a]
(log ξmax)

λabs [nm][b]
(log ξmax)

HOMO-1
[eV]

HOMO
[eV]

LUMO
[eV]

1a[c]

NO2

303 (4.29)

523 (2.26)[d]

–12.8

–12.6

–4.9

1b

CN

310 (4.15)

527 (3.10)

–12.4

–12.5

–4.8

1c

CF3

300 (4.12)

522 (3.02)

–12.6

–12.4

–4.6

1d[c]

Br

336 (4.33)

517 (2.18)

–11.6

–12.2

–4.4

1e

Cl

331 (4.32)

516 (3.16)

–11.8

–12.2

–4.4

1f[c]

H

316 (4.21)

515 (2.16)

–12.2

–12.1

–4.3

1g

F

323 (4.22)

510 (3.10)

–12.1

–12.2

–4.4

1h

C6H5

372 (4.38)

507 (3.46)

–10.8

–12.0

–4.2

1i

OC(O)CH3

329 (3.59)

520 (3.19)

–11.7

–12.1

–4.2

1j

C(CH3)3

337 (4.35)

513 (3.23)

–11.6

–12.0

–4.1

1k

CH3

337 (4.31)

513 (3.19)

–11.8

–12.0

–4.2

1l

OC6H5

368 (4.43)

504 (3.42)

–11.1

–11.8

–4.0

1m[c]

OCH3

373 (4.44)

500 (2.49)

–11.2

–11.9

–4.0

1n

OCH(CH3)2

379 (4.47)

497 (3.55)

1o

NH2

435 (4.69)

1p[c]

N(CH3)2

464 (4.62)

–11.0

–11.8

–4.0

–

[e]

–10.7

–11.7

–3.9

–

[e]

–10.3

–11.5

–3.8

[a] π→π* transition. [b] n→π* transition. [c] See reference 10. [d] Data recorded after 1 day. For more information,
see reference 10. [e] n→π* transition not visible.

IR spectroscopy can also be used to probe the different resonance structures, as the N–N
vibrations will be influence by the different para-R groups. However, distinguishing
experimentally between the vibrations proved to be difficult, therefore we resorted again to
calculations at the ωB97X-D/6-311+G(d,p) level of theory. These calculation revealed an N2
vibration that is coupled to the adjacent phenyl group due to the conjugated π-system.[14] A
decrease in N–N stretching frequency is observed going from 1a (1605 cm–1) to 1q (1538
cm–1), owing to the weakening of the N=N bond by the electron donating groups.
We next investigated the influence of the substituents on phosphorus by using another
bulky tertiary phosphine, namely trimesitylphosphine. For this we chose five different para
substituents ranging from the most electron donating to the most electron withdrawing,
namely NO2, Br, H, OCH3 and N(CH3)2. The reaction of p-substituted benzenediazonium
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tetrafluoroborate [(p-R-C6H4)N2][BF4]) with PMes3 (1.1 equiv) at 0 °C in acetonitrile resulted
in coloured (from pale purple, to pale pink, to orange) arylazophosphonium salts [(p-RC6H4)N2(PMes3)][BF4] 2a,d,f,m in 79–98% isolated yield (Scheme 2, Figure 7). However,
treatment

of

p-dimethylaminobenzenediazonium

tetrafluoroborate

[(p-(CH3)2N-

C6H4)N2][BF4]) with PMes3 in acetonitrile did not result in full conversion to the
azophosphonium product 2p. Yet, full conversion could be achieved by employing
dichloromethane (DCM) as the solvent, in addition to a small amount of [HPMes3][BF4]
impurity detectable in the 31P NMR spectrum. The electron-donating N(CH3)2 group results
in a less Lewis acidic diazonium salt, affording an equilibrium between bound PMes3 and
free PMes3 in acetonitrile as here an interplay between solvated and thus stabilized diazonium
salt versus the donating ability of the phosphine is paramount. Stephan and co-workers
previously demonstrated this lability for [(p-Cl-C6H4)N2(PMes3)][BF4], as the PMes3 could
be replaced by the addition of the stronger Lewis base PtBu3.[9] Here too, for the most electron
donating para substituent more contribution of the resonance form II (Figure 2) is observed
which can be seen in, among others, the N–N bond distances as it elongates going from 2a
to 2p (N–N: 2a 1.233, 2p 1.252 Å, Table 7 chapter 3.4).[14]

Scheme 2. Synthesis of arylazophosphonium tetrafluoroborates 2, R = NO2 (a), Br (d), H (f), O(CH3) (m),
N(CH3)2 (p). Solvent: acetonitrile for 2a,d,f,m, DCM for 2p.

DFT calculations at the ωB97X-D/6-311+G(d,p) level of theory concur with the less
donating ability of PMes3 (HOMO: PMes3 –7.13 eV, PtBu3 –7.69 eV). Likewise, the addition
of PMes3 leads to a slightly less thermodynamically stable product compared to the tri-tertbutylphosphine arylazophosphonium salt (2f ΔE = –48.2 kcal∙mol–1, 1f ΔE = –53.2 kcal∙mol–
1

at the ωB97X-D/6-311+G(d,p) level of theory, respectively).
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Figure 7. Colours of azophosphonium salts 2a,d,f,m,p in solution (0.006M in CH3CN; 2p in dry DCM) and in the
solid state.

The colours of trimesitylphosphine-diazonium adducts 2 were quantified using UV-vis
spectroscopy and revealed an intense absorption maximum ranging from λmax = 295–462 nm
(π→π* transition) which displays a bathochromic shift from 2a to 2p (Table 3).[13] Here too,
a weak absorption in the visible region is observed with λmax = 472–500 nm (n→π*
transition), which displays a hypsochromic shift from 2a to 2p. In addition, more intense
absorption peaks (including shoulders) are observed which are attributed to absorptions
related to the mesityl groups (Figure 8).[14] Comparing 1f to 2f reveals a hypsochromic shift
for both absorptions (1f: π→π* λabs = 316, n→π* λabs = 512; 2f: π→π* λabs = 304, n→π* λabs
= 485 nm). This difference in colour in the arylazophosphonium salts is evidently also
observed by eye, 1f is pink whereas 2f is pale pink (Figure 3, Figure 7).

81

Figure 8. UV-vis spectra of azophosphonium salts 2a,d,f,m,p measured in MeCN, 2p in DCM.

Table 3. s+ Values for the para substituents used in this study, 31P{1H} NMR chemical shifts, optical properties
and energies of the frontier orbitals for azophosphonium salts 2a,d,f,m,p.

p-R

σ+para
value

31P{1H}

[a]

[ppm]

λabs
[nm][b]
(log ξmax)

λabs
[nm][c]
(log ξmax)

HOMO-1
[eV]

HOMO
[eV]

LUMO
[eV]

2a

NO2

0.79

46.9

295 (4.39)

500 (2.26)

–12.6

–12.2

–4.3

2d

Br

0.15

45.2

332 (4.28)

488 (2.32)

–11.3

–12.0

–3.8

2f

H

0.00

44.7

304 (4.22)

485 (2.21)

–12.0

–11.9

–3.7

2m

OCH3

–0.78

42.7

312 (4.63)

472 (2.56)

–10.9

–11.8

–3.5

2p

N(CH3)2

–1.7

39.9

462 (4.35)

–9.9

–11.5

–3.3

–

[c]

[a] See reference 11. [a] π→π* transition. [b] n→π* transition. [c] n→π* transition not visible.

We resorted again to DFT calculations at the ωB97X-D/6-311+G(d,p) level of theory and
here the same trend as for 1a to 1q is observed. A decrease in the value of n (HOMO) to π*
(LUMO) (2a n: –12.2, π* –4.3 eV, 2p n: –11.5, π* –3.3 eV) with a similar excitation gap of
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around 8.2 kcal mol–1 is revealed. For the π→π* excitation (HOMO-1 to LUMO) the same
holds, overall a decrease is observed from 2a to 2p (2a π: –12.6, π* –4.3 eV, Δ –8.3; 2p π: –
9.9.3, π* –3.8 eV, Δ –6.6) probing the effect of the R-group on the molecular orbitals.
The molecular structures 2d, 2f, 2m obtained by single-crystal X-ray structure
determinations (Figure 9) show in all cases the trans arylazophosphonium moiety. The N–N
bond lengths for 2d (1.249(2) Å), 2f (1.2437(17) Å) and Stephan’s [(p-ClC6H4)N2(PMes3)][BF4] (1.244(2) Å) are within 3σ of each other and so are not significantly
different.[9] Previously, we reported on the single-crystal X-ray structure of 1f (with a
different borate counterion, [BPh4]–),[10] which allows a comparison of bond metrics between
azophosphonium salts with different substituents on the phosphorus centre (PMes3 (2f) vs.
PtBu3 (1f)). The pertinent bond distances are statistically similar for both species: N–N [2f
1.2437(17), 1f 1.245(6) Å], C–N [2f 1.4316(19), 1f 1.437(7) Å] and P–N [2f 1.7545(12), 1f
1.742(5) Å]. However, a change in planarity is found in the P1–N2–N1–C1 angle {2f –
178.18(9)° vs. 1f 173.4(7) [–167.3(11)° (second disorder component)]}.

Figure 9. Molecular structures of 2d,f,m [p-R-(C6H5)N2(PMes3)][BF4] (displacement ellipsoids are set at 30%
probability, hydrogen atoms, disordered solvent molecules and noncoordinating BF4 anion are omitted for clarity).
Selected bond length [Å] and torsion angles [°] for 2d: P1–N2 1.7544(14), N2–N1 1.249(2), N1–C1 1.424(2); P1–
N2–N1–C1 –176.60(11). 2f: P1–N2 1.7545(12), N2–N1 1.2437(17), N1–C1 1.4316(19); P1–N2–N1–C1 –178.18(9).
2m: P1–N2 1.736(2), N2–N1 1.214(3), N1–C1 1.432(3); P1–N2–N1–C1 –177.86(17).
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3.3 Conclusion
In conclusion, the tuneability of the azophosphonium salts on both the aryl ring and
phosphine has been extended, showing the ease and tolerance of this synthetic protocol. The
physical properties of the arylazophosphonium salts [(p-R-C6H4)N2(PR’3)][BF4] have been
rationalised using the σ+para Hammett constant, and probed using 31P NMR spectroscopy, UVvis spectroscopy and density functional methods. We anticipate this chemistry is a versatile
entry point for the design of highly tuneable diazo compounds that can find application as
dyes or as one-electron acceptors for the synthesis of stabilized radicals.

3.4 Experimental Details
All manipulations regarding the preparation of air-sensitive compounds were carried out
under an atmosphere of dry nitrogen or argon using standard Schlenk and drybox techniques.
Solvents were purified, dried and degassed according to standard procedures. 1H and 13C{1H}
NMR spectra were recorded on a Bruker 500 NEO or a Bruker AV300-II and internally
referenced to the residual solvent resonances (CDCl3: 1H δ 7.26 ppm, 13C{1H} δ 77.16 ppm;
CD3CN: 1H δ 1.94 ppm, 13C{1H} δ 1.32, 118.26 ppm; (CD3)2SO: 1H δ 2.50 ppm). 11B{1H}
and 31P{1H} NMR spectra were recorded on a Bruker 500 NEO and externally referenced
(BF3·OEt2, 85% H3PO4, respectively). 19F NMR spectra were recorded on a Bruker AV300ll and externally referenced (CFCl3). Chemical shifts are reported in ppm. Melting points
were measured on samples in open capillaries on a Büchi M-565 melting point apparatus and
are uncorrected. High resolution mass spectra were recorded on a Bruker MicroTOF with
ESI nebulizer (ESI) or were recorded on an AccuTOF GC v 4g, JMS-T100GCV, Mass
spectrometer (JEOL, Japan) with a FD Emitter, Carbotec GmbH (Germany), FD 13 μm.
Current rate 51.2 mA/min over 1.2 min and typical measurement conditions are: counter
electrode –10kV, Ion source 37V. IR spectra of air-stable compounds were recorded in air
on a Bruker Alpa-P. UV-vis spectra were recorded on a UV-2600 Shimadzu spectrometer in
a cell with a 2 mm path length. All reagents were purchased from commercial resources and
used without further purification. To dissolve PtBu3 in acetonitrile, sometimes a bit of heat
was applied. 1a, 1d, 1f, 1m and 1p were prepared according to literature procedures.[10] All
diazonium salts were stored under nitrogen at 4 °C or –20 °C.
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Synthesis of p-acetoxy aniline
[p-CH3(O)CO-PhNH2] was prepared according to Manna et al.[15] p-Nitrophenyl acetate
(200.7 mg, 1.108 mmol, 1.0 equiv) was dissolved in ethyl acetate (4 mL) and Pd/C (10%, 5.8
mg, 0.005 mmol) was added. The mixture was stirred under an hydrogen atmosphere and the
reaction progress was checked with TLC (petroleum ether : ethyl acetate = 3 : 1.1). After full
conversion (47 h), the mixture was filtered, washed with ethyl acetate (2 x 1 mL) and
evaporated to dryness to give [p-CH3(O)CO-PhNH2] as a brown oil in 98% yield (164.0 mg,
1.085 mmol). 1H NMR (300.1 MHz, CDCl3, 295 K) δ 6.86 (d, 3JH,H = 8.8 Hz, 2H; PhH), 6.66
(d, 3JH,H = 8.7 Hz, 2H; PhH), 3.63 (br. s, 2H; NH2), 2.26 (s, 3H; CH3(O)CO).
Aryldiazonium salt synthesis: method A
To the para substituted aniline (2.0 mmol, 1.0 equiv) in water (1 mL) was added 50 wt. %
aq. HBF4 (0.68 mL). The mixture was cooled in an ice bath and a solution of NaNO2 (2.0
mmol, 1.0 equiv) in water (0.4 mmol) was added dropwise. The mixture was stirred for 45
min. at 0 °C after which the precipitate was collected by filtration, washed with diethyl ether
(4 x 20 mL) and dried in vacuo to afford the desired crude para substituted diazonium salt
[p-R-PhN2][BF4].[16,17]
Aryldiazonium salt synthesis: method B
To the para substituted aniline (2.0 mmol, 1.0 equiv) in ethanol (1 mL) was added 50 wt. %
aq. HBF4 (4.0 mmol, 2.0 equiv). The mixture was cooled in an ice bath and tert-butyl nitrite
(4.0 mmol, 2.0 equiv) was added dropwise. The mixture was stirred for 1 h at 0 °C after
which the precipitate was collected by filtration, washed with diethyl ether (3 x 20 mL) and
dried in vacuo to afford the desired crude para substituted diazonium salt [p-RPhN2][BF4].[18]
If no precipitate had formed diethyl ether was added resulting in the formation of solids.
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Purification of the aryldiazonium salt: method A
The crude product was dissolved in a minimal amount of acetonitrile, filtered if necessary,
and recrystallized by addition of diethyl ether until no more precipitate formed, after which
the solids were filtered, washed with diethyl ether (4 x 20 mL) and dried in vacuo to afford
the para substituted diazonium salt [p-R-PhN2][BF4].
Purification of the aryldiazonium salt: method B
The crude product was dissolved in a minimal amount of acetone, filtered if necessary, and
recrystallized by addition of diethyl ether until no more precipitate formed, after which the
solids were filtered, washed with diethyl ether (4 x 20 mL) and dried in vacuo to afford the
para substituted diazonium salt [p-R-PhN2][BF4].
Synthesis of p-cyanobenzenediazonium tetrafluoroborate [p-NC-PhN2][BF4][16,17]
[p-NC-PhN2][BF4] was synthesized using method A starting with 4-aminobenzonitrile (237.3
mg, 2.0 mmol, 1.0 equiv), which afforded the crude product as a white powder in 64% (279.2
mg, 1.287 mmol). Purification by method A afforded [p-NC-PhN2][BF4] as a white powder
in 45% yield (194.0 mg, 0.894 mmol). 1H NMR (300.0 MHz, (CD3)2SO, 299 K): δ 8.84 (d,
3J
H,H

= 8.4 Hz, 2H; PhH), 8.46 (d, 3JH,H = 8.5 Hz, 2H; PhH).

Synthesis of p-trifluorobenzenediazonium tetrafluoroborate [p-F3C-PhN2][BF4][17,18]
[p-F3C-PhN2][BF4] was synthesized using method A starting with 4-(trifluoromethyl)aniline
(0.25 mL, 2.0 mmol, 1.0 equiv), which afforded the crude product as a yellow powder in 53%
(273.9 mg, 1.053 mmol). Purification by method A afforded [p-CF3-PhN2][BF4] as a white
powder in 34% yield (176.0 mg, 0.677 mmol). 1H NMR (300.0 MHz, CD3CN, 293 K): δ 8.69
(d, 3JH,H = 8.5 Hz, 2H; PhH), 8.23 (d, 3JH,H = 8.5 Hz, 2H; PhH).
Synthesis of p-chlorobenzenediazonium tetrafluoroborate [p-Cl-PhN2][BF4][16,17,18]
[p-Cl-PhN2][BF4] was synthesized using method A starting with 4-chloroaniline (255.9 mg,
2.0 mmol, 1.0 equiv), which afforded the crude product as a white powder in 73% (331.8 mg,
1.47 mmol). Purification by method A afforded [p-Cl-PhN2][BF4] as a white powder in 58%
yield (261.5 mg, 1.16 mmol). 1H NMR (300.1 MHz, CD3CN, 299K): δ 8.46 (d, 3JH,H = 8.8
Hz, 2H; PhH), 7.94 (d, 3JH,H = 8.7 Hz, 2H; PhH).
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Synthesis of p-fluorobenzenediazonium tetrafluoroborate [p-F-PhN2][BF4][17,18]
[p-F-PhN2][BF4] was synthesized using method A starting with 4-fluoroaniline (239.3 mg,
2.2 mmol, 1.0 equiv), which afforded the crude product as a white powder in 49% (221.8 mg,
1.056 mmol). Purification by method A afforded [p-F-PhN2][BF4] as a white powder in 43%
yield (195.0 mg, 0.929 mmol). 1H NMR (300.0 MHz, CD3CN, 299 K): δ 8.71–8.40 (m, 2H;
PhH), 7.69–7.55 (m, 2H; PhH).
Synthesis of p-phenylbenzenediazonium tetrafluoroborate [p-C6H5-PhN2][BF4][18]
[p-Ph-PhN2][BF4] was synthesized using method B starting with 4-aminobiphenyl (370.8
mg, 2.2 mmol, 1.0 equiv), which afforded the crude product as a slightly brownish powder
in 70% (410.3 mg, 1.531 mmol). Purification by method B afforded [p-Ph-PhN2][BF4] as a
pale red powder in 59% yield (344.1 mg, 1.284 mmol). 1H NMR (300.1 MHz, CD3CN, 298
K) δ 8.52 (d, 3JH,H = 8.5 Hz, 2H; N2PhH), 8.18 (d, 3JH,H = 8.6 Hz, 2H; N2PhH), 7.83 (m, 2H;
PhH), 7.60 (m, 3H; PhH and p-PhH).
Synthesis of p-acetoxybenzenediazonium tetrafluoroborate [p-CH3(O)CO-PhN2][BF4][16]
[p-CH3(O)CO-PhN2][BF4] was synthesized using method A starting with p-aminophenyl
acetate (160.5 mg, 1.022 mmol, 1.0 equiv), which afforded the crude product as a slightly
purple powder in 55% (146.3 mg, 0.585 mmol). Purification by method B afforded [pCH3(O)CO-PhN2][BF4] as a slightly yellow powder in 39% yield (103.9 mg, 0.416 mmol).
1H

NMR (300.1 MHz, CD3CN, 293 K) δ 8.53 (d, 3JH,H = 9.2 Hz, 2H; PhH), 7.69 (d, 3JH,H =

9.3 Hz, 2H; PhH), 2.35 (s, 3H; CH3(O)CO).
Synthesis of p-tert-butylbenzenediazonium tetrafluoroborate [p-(CH3)3C-PhN2][BF4][17,18]
[p-(CH3)3-PhN2][BF4] was synthesized using method A starting with 4-tert-butylaniline
(347.8 mg, 2.3 mmol, 1.0 equiv), which afforded the crude product as a white powder in 80%
(461.6 mg, 1.861 mmol). Purification by method B afforded [p-(CH3)3-PhN2][BF4] as a white
powder in 63% yield (361.8 mg, 1.459 mmol). 1H NMR (300.1 MHz, CD3CN, 294 K): δ 8.39
(d, 3JH,H = 9.0 Hz, 2H; PhH), 7.96 (d, 3JH,H = 9.1 Hz, 2H; PhH), 1.38 (s, 9H; C(CH3)3).
Synthesis of p-methylbenzenediazonium tetrafluoroborate [p-CH3-PhN2][BF4][17,18]
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[p-CH3-PhN2][BF4] was synthesized using method A starting with p-toluidine (214.3 mg, 2.0
mmol, 1.0 equiv), which afforded the crude product as a white powder in 62% (196.0 mg,
0.952 mmol). Purification by method B afforded [p-CH3-PhN2][BF4] as a white powder in
47% yield (196 mg, 0.952 mmol). 1H NMR (300.1 MHz, CD3CN, 294 K): δ 8.35 (d, 3JH,H =
8.4 Hz, 2H; PhH), 7.73 (d, 3JH,H = 8.4 Hz, 2H; PhH), 2.61 (s, 3H; CH3).
Synthesis of p-phenoxybenzenediazonium tetrafluoroborate [p-C6H5O-PhN2][BF4][18]
[p-PhO-PhN2][BF4] was synthesized using method B starting with 4-phenoxyaniline (376.6
mg, 2.0 mmol, 1.0 equiv), which afforded the crude product as a purple powder in 100%
(578.3 mg, 2.036 mmol). Purification by method B afforded [p-PhO-PhN2][BF4] as a white
powder in 82% yield (473.4 mg, 1.667 mmol). 1H NMR (300.1 MHz, CD3CN, 295 K) δ 8.41
(d, 3JH,H = 9.4 Hz, 2H; N2PhH), 7.56 (t, 3JH,H = 7.7 Hz, 2H; m-OPhH), 7.42 (t, 3JH,H = 7.5 Hz,
1H; p-OPhH), 7.28 (d, 3JH,H = 9.4 Hz, 2H; o-OPhH), 7.23 (d, 3JH,H = 7.4 Hz, 2H; N2PhH).
Synthesis of p-isopropoxybenzenediazonium tetrafluoroborate [p-(CH3)2HCO-PhN2][BF4][19]
[p-iPrO-PhN2][BF4] was synthesized using method A starting with 4-isopropoxyaniline (0.35
mL, 2.4 mmol, 1.0 equiv), which afforded the crude product as a slightly purple powder in
93% (555.9 mg, 2.224 mmol). During the synthesis an additional 1.5 mL of water was added
to improve stirring. Purification by method B afforded [p-iPrO-PhN2][BF4] as a white powder
in 86% yield (518.0 mg, 2.072 mmol). 1H NMR (300.1 MHz, CD3CN, 293 K) δ 8.36 (d, 3JH,H
= 9.1 Hz, 2H; PhH), 7.28 (d, 3JH,H = 9.1 Hz, 2H; PhH), 4.94 (sept, 3JH,H = 6.0 Hz, 1H;
(CH3)2CH), 1.40 (d, 3JH,H = 6.0 Hz, 6H; (CH3)2CH).
Synthesis of p-aminobenzenediazonium tetrafluoroborate [p-H2N-PhN2][BF4]
[p-H2N-PhN2][BF4] was prepared according to a modified literature procedure of Y. Yagci
et al.[20] under inert conditions. 50 wt% HBF4 (0.97 mL, 7.7 mmol, 1.1 equiv) was added to
a solution of p-phenylenediamine (759.3 mg, 7.0 mmol, 1.0 equiv) in acetone (10 mL) at 0
°C and a colour change from light pink to green/yellow was observed. After 10 min., tertbutyl nitrite (0.97 mL, 8.4 mmol, 1.2 equiv) was added dropwise and the colour changed to
brown. The reaction mixture was stirred for 15 min. after which diethyl ether (30 mL) was
added and brown solids precipitated, which were filtered, washed with diethyl ether (6 x 20
mL) and dried in vacuo resulting in the isolation of a brown powder in 93% yield (1353.8
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mg, 6.542 mmol). Subsequently, the crude product was dissolved in a minimal amount of
acetonitrile (10 mL), filtered and precipitated by the addition of diethyl ether (60 mL) after
which the solids were filtered, washed with diethyl ether (6 x 20 mL) and dried in vacuo to
give [p-H2N-PhN2][BF4] as a brown powder in 85% yield (1230.0 mg, 5.944 mmol). 1H NMR
(300.0 MHz, (CD3)2SO, 299 K): δ 8.50–7.80 (m, 4H; PhH), 6.82 (s, 2H; NH2).
General Procedure for the synthesis of the arylazophosphonium salts 1a to 1p
These reactions were performed in the dark using aluminium foil wrapping to protect the
reaction mixture from exposure to sunlight. A solution of PtBu3 (0.440 mmol, 1.1 equiv) in
acetonitrile (2 mL) was added dropwise to a solution of the corresponding para substituted
diazonium tetrafluoroborate [p-R-PhN2][BF4] (0.400 mmol, 1.0 equiv) in acetonitrile (2 mL)
at 0 °C. The solution was stirred for 5 min. at 0 °C and then allowed to warm to room
temperature in 1 h after which all volatiles were removed in vacuo. The product was purified
by addition of DCM (0.5 mL), subsequent addition of n-pentane (15 mL) and stirring for 10
min. resulted in the precipitation of solids. These solids were collected by filtration, washed
with n-pentane (2 x 5 mL) and evaporated to dryness to afford the desired arylazophosphonium
compound.
Note: the syntheses of 1a, 1d, 1f, 1m and 1p are described in reference 10. To compare all
31P{1H}

data the following compounds were measured on a 500 MHz NMR (31P{1H}: 202.6

MHz). 1a 31P{1H} NMR (202.4 MHz, CDCl3, 299 K): δ 73.4 (s; no impurity observed). 1d
31P{1H}

NMR (202.4 MHz, CDCl3, 299 K): δ 72.9 (s; no impurity observed). 1f 31P{1H}

NMR (202.4 MHz, CDCl3, 299 K): δ 69.4 (s; no impurity observed). 1m
(202.4 MHz, CDCl3

31P{1H}

NMR

, 299 K): δ 65.9 (s; no impurity observed). 1p 31P{1H} NMR (202.4 MHz,

CDCl3, 299 K): δ 59.5 (s; product, 97%), 50.3 (s; impurity [tBu3PH][BF4], 3%).
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Synthesis of [p-NC-PhN2(PtBu3)][BF4] (1b)
[p-NC-PhN2(PtBu3)][BF4] was synthesised from p-cyanobenzenediazonium tetrafluoroborate [p-NC-PhN2][BF4] (101 mg, 0.466 mmol, 1.0 equiv) and isolated as a purple powder
in 96% yield (186.5 mg, 0.445 mmol). M.p. (open capillary): 121–129 °C (decomposition).
1H

NMR (500.0 MHz, CDCl3, 298 K): δ 8.14, 8.12, 7.96, 7.94 (AB-type, 4H; PhH), 1.71 (d,

3J
H,P

= 14.9 Hz, 27H; C(CH3)3). 11B{1H} NMR (160.4 MHz, CDCl3, 298 K): δ –1.0 (s). 13C

NMR (125.7 MHz, CDCl3, 298 K): δ 155.5 (d, 3JC,P = 39.5 Hz; ipso-PhC-N2), 134.2 (s; oPhC-N2), 124.3 (s; m-PhC-N2), 119.1 (s; CN), 117.5 (s; p-PhC-N2), 42.7 (d, 1JC,P = 21.5 Hz;
PC(CH3)3), 29.7 (s; PC(CH3)3). 19F NMR (282.4 MHz, CDCl3, 298 K): δ –152.5 (s), –152.2
(s). 31P{1H} NMR (202.4 MHz, CDCl3, 298 K): δ 72.9 (s; product, 98%), 51.8 (s; impurity
[tBu3PH][BF4], 2%). HR-MS (ESI): calcd for C19H31N3P1 (M – BF4) 332.2256, found
332.2249 [p-CN-PhN2(PtBu3)]+. IR (cm–1): 2985 (w), 2229 (w), 1467 (w), 1404 (w), 13778
(w), 1307 (w), 1288 (w), 1174 (w), 1147 (w), 1048 (s), 1027 (s), 933 (w), 865 (w), 848 (m),
802 (w), 791 (w), 716 (w), 644 (w), 628 (w), 554 (w), 519 (w), 494 (m), 439 (w).
Synthesis of [p-F3C-PhN2(PtBu3)][BF4] (1c)
[p-F3C-PhN2(PtBu3)][BF4] was synthesised from p-(trifluoromethyl)benzenediazonium
tetrafluoroborate [p-F3C-PhN2][BF4] (81.4 mg, 0.313 mmol, 1.0 equiv) and isolated as a
purple powder in 56% yield (81.4 mg, 0.176 mmol). M.p. (open capillary): 109–119 °C
(decomposition). 1H NMR (500.0 MHz, CDCl3, 298 K): δ 8.13, 812, 7.92, 7.90 (AB-type,
4H; PhH), 1.71 (d, 3JH,P = 14.8 Hz, 27H; C(CH3)3). 11B{1H} NMR (160.4 MHz, CDCl3, 299
K): δ –1.0 (s). 13C NMR (125.7 MHz, CDCl3, 298 K): δ 156.0 (d, 3JC,P = 39.5 Hz; ipso-PhCN2), 137.1 (q, 2JC,F = 32.1 Hz; p-PhC-N2), 127.5 (s; m-PhC- N2), 124.1 (s; o-PhC-N2), 123.2
(q, 1JC,F = 273.4 Hz; CF3), 42.7 (d, 1JC,P = 21.7 Hz; PC(CH3)3), 29.7 (s; PC(CH3)3). 19F NMR
(282.4 MHz, CDCl3, 299 K): –63.2 (s; CF3), –152.8 (s; BF4), –152.9 (s; BF4). 31P{1H} NMR
(202.4 MHz, CDCl3, 299 K): δ 72.2 (s; product, 99%), 51.6 (s; impurity [tBu3PH][BF4], 1%).
HR-MS (ESI): calcd for C19H31F3N2P1 (M – BF4) 375.2177, found 375.2170 [p-CF3PhN2(PtBu3)]+. IR (cm–1): 2983 (w), 1612 (w), 1470 (w), 1403 (w), 1378 (w), 1320 (m), 1175
(m), 1154 (w), 1136 (m), 1047 (s), 1027 (s), 1008 (m), 931 (w), 854 (m), 798 (m), 737 (w),
650 (m), 624 (w), 595 (w), 519 (w), 485 (w), 419 (w).
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Synthesis of [p-Cl-PhN2(PtBu3)][BF4] (1e)
[p-Cl-PhN2(PtBu3)][BF4] was synthesised from p-chlorobenzenediazonium tetrafluoroborate
[p-Cl-PhN2][BF4] (89.1 mg, 0.394 mmol, 1.0 equiv) and isolated as a dark pink powder in
83% yield (140.8 mg, 0.328 mmol). M.p. (open capillary): 116–122 °C (decomposition). 1H
NMR (500.0 MHz, CDCl3, 299 K): δ 7.95, 7.93, 7.63, 7.62 (AB-type, 4H; PhH), 1.69 (d,
3J
H,P

= 14.7 Hz, 27H; C(CH3)3). 11B{1H} NMR (160.4 MHz, CDCl3, 299 K): δ –1.0 (s). 13C

NMR (125.7 MHz, CDCl3, 299 K): δ 153.6 (d, 3JC,P = 39.8 Hz; ipso-PhC-N2), 144.6 (s; pPhC-N2), 130.7 (s; o-PhC-N2), 125.1 (s; m-PhC-N2), 42.5 (d, 1JC,P = 22.9 Hz; PC(CH3)3), 29.7
(s; PC(CH3)3). 19F NMR (282.4 MHz, CDCl3, 298 K): δ –152.9 (s), –153.0 (s). 31P{1H} NMR
(202.4 MHz, CDCl3, 299 K): δ 70.1 (s; product, 98%), 51.6 (s; impurity [tBu3PH][BF4], 2%).
HR-MS (ESI): calcd for C18H31Cl1N2P1 (M – BF4) 341.1913, found 341.1906 [p-ClPhN2(PtBu3)]+. IR (cm–1): 2982 (w), 1573 (w), 1475 (m), 1448 (w), 1402 (w), 1376 (w), 1300
(w), 1283 (w), 1173 (w), 1149 (w), 1084 (m), 1048 (s), 1026 (s), 1007 (m), 932 (w), 862 (w),
838 (m), 800 (w), 786 (w), 680 (m), 631 (w), 518 (w), 494 (w), 482 (m), 441 (w), 424 (w).
Synthesis of [p-F-PhN2(PtBu3)][BF4] (1g)
[p-F-PhN2(PtBu3)][BF4] was synthesised from p-fluorobenzenediazonium tetrafluoroborate
[p-F-PhN2][BF4] (78.6 mg, 0.374 mmol, 1.0 equiv) and isolated as a dark pink powder in
71% yield (109.1 mg, 0.265 mmol). M.p. (open capillary): 105–118 °C (decomposition). 1H
NMR (500.0 MHz, CDCl3, 298 K): δ 8.06 (dd, 3JH,H = 8.8 Hz, 4JH,F = 5.1 Hz, 2H; o-PhH),
7.36 (t, 3JH,H = 8.3 Hz, 3JH,F = 8.3 Hz, 2H; m-PhH), 1.72 (d, 3JH,P = 14.6 Hz; C(CH3)3). 11B{1H}
NMR (160.4 MHz, CDCl3, 298 K): δ –1.0 (s). 13C NMR (125.7 MHz, CDCl3, 298 K): δ 168.3
(d, 1JC,F = 263.1 Hz; p-PhC-N2), 152.3 (d, 3JC,P = 39.8 Hz; ipso-PhC-N2), 126.9 (d, 3JC,F =
10.5 Hz; o-PhC-N2), 117.7 (d, 2JC,F = 23.4 Hz; m-PhC-N2), 42.5 (d, 1JC,P = 23.2 Hz;
PC(CH3)3), 29.7 (s; PC(CH3)3). 19F NMR (282.4 MHz, CDCl3, 293 K): δ 69.4 (s; p-F-Ph),
–153.1 (s; BF4), –153.2 (s; BF4).

31P{1H}

NMR (202.4 MHz, CDCl3, 298 K): δ 69.4 (s;

product, 99%), 51.6 (s; impurity [tBu3PH][BF4], 1%). HR-MS (ESI): calcd for C18H31F1N2P1
(M – BF4) 325.2209, found 325.2198 [p-F-PhN2(PtBu3)]+. IR (cm–1): 2982 (w), 1590 (w),
1487 (w), 1450 (w), 1414 (w), 1402 (w), 1380 (w), 1319 (w), 1283 (w), 1233 (m), 1175 (w),
1138 (m), 1045 (s), 1025 (s), 999 (m), 930 (w), 877 (w), 854 (m), 816 (w), 800 (w), 757 (m),
635 (w), 585 (w), 519 (w), 486 (w), 459 (w), 420 (w).
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Synthesis of [p-C6H5-PhN2(PtBu3)][BF4] (1h)
[p-Ph-PhN2(PtBu3)][BF4] was synthesised from p-phenylbenzenediazonium tetrafluoroborate [p-Ph-PhN2][BF4] (66.1 mg, 0.247 mmol, 1.0 equiv) and isolated as a red powder in
61% yield (71.0 mg, 0.151 mmol). M.p. (open capillary): 119–123 oC (decomposition). 1H
NMR (500.0 MHz, CDCl3, 298 K) δ 8.05, 8.03, 7.90, 7.88 (AB-type, 4H; PhH-N2), 7.69 (d,
3J
H,H

= 7.1 Hz, 2H; o-PhH), 7.51 (t, 3JH,H = 7.3 Hz, 2H; m-PhH), 7.48–7.41 (m, 1H; p-PhH),

1.74 (d, 3JH,P = 14.4 Hz, 27H; PC(CH3)3). 11B{1H} NMR (160.4 MHz, CDCl3, 298 K) δ –0.9
(s). 13C NMR (125.7 MHz, CDCl3, 298 K) δ 154.6 (d, 3JC,P = 39.8 Hz; ipso-PhC-N2), 150.3
(s; ipso-PhC), 138.7 (s; p-PhC-N2), 129.6 (s; p-PhC), 129.4 (s; m-PhC), 128.8 (s; o-PhC-N2),
127.6 (s; o-PhC), 124.7 (s; m-PhC-N2), 42.6 (d, 1JC,P = 23.4 Hz; PC(CH3)3), 29.8 (s;
PC(CH3)3). 19F NMR (282.4 MHz, CDCl3, 299 K) δ –153.2 (s), –153.2 (s). 31P{1H} NMR
(202.4 MHz, CDCl3, 298 K) δ 68.6 (s; product, 98%), 51.0 (s; impurity [tBu3PH][BF4], 2%).
HR-MS (ESI): calcd for C24H36N2P (M – BF4) 383.2616, found 383.2632 [p-PhPhN2(PtBu3)]+. IR (cm–1): 2984 (w), 1597 (w), 1479 (m), 1436 (m), 1401 (m), 1376 (w), 1309
(w), 1284 (w), 1204 (w), 1175 (w), 1150 (m), 1048 (s), 1026 (s), 1005 (s), 931 (w), 872 (m),
852 (m), 790 (m), 773 (s), 731 (w), 704 (m), 632 (m), 616 (m), 555 (w), 519 (w), 491 (m),
488 (w), 433 (w).
Synthesis of [p-CH3(O)CO-PhN2(PtBu3)][BF4] (1i)
[p-CH3(O)CO-PhN2(PtBu3)][BF4] was synthesised from p-acetoxybenzenediazonium
tetrafluoroborate [p-CH3(O)CO-PhN2][BF4] (86.6 mg, 0.346 mmol, 1.0 equiv) and isolated
as a red powder in 94 % yield (147.1 mg, 0.325 mmol). M.p. (open capillary): 102–104 oC
(decomposition). 1H NMR (500.0 MHz, CDCl3, 301 K) δ 8.03, 8.01, 7.44, 7.43 (AB-type,
4H; PhH), 2.37 (s, 3H; CH3C(O)O), 1.72 (d, 3JC,P = 14.5 Hz, 27H; PC(CH3)3). 11B{1H} NMR
(160.4 MHz, CDCl3, 297 K) δ –0.9 (s). 13C NMR (125.7 MHz, CDCl3, 297 K) δ 168.6 (s;
CH3(O)CO), 157.8 (s; p-PhC-N2), 153.0 (d, 3JC,P = 39.7 Hz; ipso-PhC-N2), 125.6 (s; m-PhCN2), 123.7 (s; o-PhC-N2), 42.6 (d, 1JC,P = 23.1 Hz; PC(CH3)3), 29.8 (s; PC(CH3)3), 21.3 (s;
CH3(O)CO). 19F NMR (282.4 MHz, CDCl3, 299 K) δ –153.2 (s), –153.2 (s). 31P{1H} NMR
(202.4 MHz, CDCl3, 297 K) δ 69.4 (s) (no impurity observed). HR-MS (ESI): calcd for
C20H34N2O2P (M – BF4) 365.2358, found 365.2360 [p-CH3(O)CO-PhN2(PtBu3)]+. IR (cm–1):
3001 (w), 1754 (w), 1587 (w), 1494 (w), 1477 (w), 1449 (w), 1414 (w), 1403 (w), 1371 (w),
1313 (w), 1283 (w), 1180 (s), 1138 (s), 1098 (m), 1056 (s), 1025 (s), 1008 (s), 939 (w), 910
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(m), 875 (m), 847 (w), 803 (m), 764 (m), 718 (w), 633 (w), 577 (w), 546 (w), 519 (w), 498
(w), 487 (w), 477 (w), 421 (w).
Synthesis of [p-(CH3)3C-PhN2(PtBu3)][BF4] (1j)
[p-(CH3)3-PhN2(PtBu3)][BF4] was synthesised from p-tert-butylbenzenediazonium tetrafluoroborate [p-(CH3)3-PhN2][BF4] (80.6 mg, 0.325 mmol, 1.0 equiv) and isolated as a red
powder in 86% yield (125.9 mg, 0.280 mmol). M.p. (open capillary): 123–126 oC
(decomposition). 1H NMR (500.0 MHz, CDCl3, 300 K) δ 7.89, 7.88, 7.68, 7.66 (AB-type,
4H; PhH), 1.71 (d, 3JH,P = 14.4 Hz, 27H; PC(CH3)3), 1.38 (s, 9H; p-C(CH3)3Ph). 11B{1H}
NMR (160.4 MHz, CDCl3, 300 K) δ –0.9 (s). 13C NMR (125.7 MHz, CDCl3, 299 K) δ 162.5
(s; p-PhC-N2), 153.9 (d, 3JC,P = 39.6 Hz; ipso-PhC-N2), 127.4 (s; o-PhC-N2), 123.9 (s; mPhC-N2), 42.5 (d, 1JC,P = 23.7 Hz; PC(CH3)3), 36.0 (s; p-C(CH3)3Ph), 31.0 (s; p-C(CH3)3Ph),
29.8 (s; PC(CH3)3). 19F NMR (282.4 MHz, CDCl3, 294 K) δ –153.4 (s), –153.4 (s). 31P{1H}
NMR (202.4 MHz, CDCl3, 298 K) δ 68.1 (s; product, 99%), 51.3 (s; impurity [tBu3PH][BF4],
1%). HR-MS (FD): calcd for C22H40N2P (M – BF4) 363.2929, found 363.2935 [p-(CH3)3PhN2(PtBu3)]+. IR (cm–1): 2964 (w), 1596 (w), 1497 (w), 1475 (w), 1446 (w), 1402 (w), 1370
(w), 1318 (w), 1271 (w), 1214 (w), 1173 (w), 1150 (w), 1091 (m), 1048 (s), 1025 (s), 930
(w), 855 (m), 799 (w), 784 (m), 741 (w), 689 (w), 627 (w), 577 (w), 561 (w), 519 (w), 484
(w).
Synthesis of [p-CH3-PhN2(PtBu3)][BF4] (1k)
[p-CH3-PhN2(PtBu3)][BF4] was synthesised from p-methylbenzenediazonium tetrafluoroborate [p-CH3-PhN2][BF4] (86.6 mg, 0.420 mmol, 1.0 equiv) and isolated as a pink powder
in 82% yield (140.9 mg, 0.435 mmol). M.p. (open capillary): 95–114 °C (decomposition).
1H

NMR (500.0 MHz, CDCl3, 298 K): δ 7.84, 7.83, 7.46, 7.44 (AB-type, 4H; PhH), 2.50 (s,

3H; CH3), 1.70 (d, 3JH,P = 14.4, 27H; PC(CH3)3). 11B{1H} NMR (160.4 MHz, CDCl3, 298
K): δ –0.9 (s). 13C NMR (125.7 MHz, CDCl3, 298 K): δ 154.1 (d, 3JC,P = 39.7 Hz; ipso-PhCN2), 149.9 (s; p-PhC-N2), 131.0 (s; o-PhC-N2), 124.0 (s; m-PhC-N2), 42.4 (d, 1JC,P = 23.9 Hz;
PC(CH3)3), 29.8 (s; PC(CH3)3), 22.3 (s; CH3).
–153.5 (s), –153.5 (s).

31P{1H}

19F

NMR (282.4 MHz, CDCl3, 293 K): δ

NMR (202.4 MHz, CDCl3, 298 K): δ 68.0 (s; no impurity

observed). HR-MS (ESI): calcd for C19H34N2P1 (M – BF4) 321.2460, found 321.2457 [pCH3-PhN2(PtBu3)]+. IR (cm–1): 3001 (w), 2978 (w), 1596 (w), 1478 (w), 1433 (m), 1403 (m),
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1372 (w), 1313 (w), 1300 (w), 1283 (w), 1262 (w), 1204 (w), 1175 (w), 1148 (m), 1094 (m),
1048 (s), 1027 (s), 933 (w), 870 (m), 847 (w), 832 (m), 800 (s), 750 (m), 708 (m), 637 (w),
625 (w), 546 (w), 519 (w), 496 (w), 484 (m), 460 (w), 423 (w).
Synthesis of [p-C6H5O-PhN2(PtBu3)][BF4] (1l)
[p-PhO-PhN2(PtBu3)][BF4] was synthesised from p-phenoxybenzenediazonium tetrafluoroborate [p-PhO-PhN2][BF4] (72.0 mg, 0.254 mmol, 1.0 equiv) and isolated as a red powder in
55% yield (67.8 mg, 0.139 mmol). M.p. (open capillary): 114–118 oC (decomposition). 1H
NMR (500.0 MHz, CDCl3, 298 K) δ 7.95 (d, 3JH,H = 8.6 Hz, 2H; o-PhH-N2), 7.46 (t, 3JH,H =
7.8 Hz, 2H; m-OPhH), 7.29 (t, 3JH,H = 7.6 Hz, 1H; p-OPhH), 7.17–7.11 (m, 4H; m-PhH-N2,
o-OPhH), 1.71 (d, 3JH,P = 14.3, 27H; PC(CH3)3). 11B{1H} NMR (160.4 MHz, CDCl3, 298 K)
δ –0.9 (s).

13C

NMR (125.7 MHz, CDCl3, 298 K) δ 166.4 (s; p-PhC-N2), 154.3 (s; ipso-

OPhC), 151.5 (d, 3JC,P = 40.2 Hz; ipso-PhC-N2), 130.6 (s; m-OPhC), 126.9 (s; o-PhC-N2),
126.1 (s; p-OPhC), 120.9 (s; o-OPhC), 118.2 (s; m-PhC-N2), 42.4 (d, 1JC,P = 24.4 Hz;
PC(CH3)3), 29.9 (s; PC(CH3)3). 19F NMR (282.4 MHz, CDCl3, 293 K) δ –153.3 (s), –153.3
(s). 31P{1H} NMR (202.4 MHz, CDCl3, 298 K) δ 67.2 (s; product, 99%), 50.8 (s; impurity
[tBu3PH][BF4], 1%). HR-MS (FD): calcd for C24H36N2OP (M – BF4) 399.2565, found
399.2545 [p-PhO-PhN2(PtBu3)]+. IR (cm–1): 2981 (w), 1603 (w), 1576 (m), 1481 (m), 1441
(w), 1401 (m), 1330 (w), 1284 (w), 1249 (s), 1193 (m), 1177 (w), 1136 (s), 1092 (m), 1048
(s), 1026 (s), 939 (w), 881 (w), 853 (w), 796 (s), 781 (s), 748 (m), 695 (m), 630 (m), 589 (w),
520 (w), 491 (m), 469 (m), 422 (w).
Synthesis of [p-(CH3)2HCO-PhN2(PtBu3)][BF4] (1n)
[p-iPrO-PhN2(PtBu3)][BF4] was synthesised from p-isopropoxybenzenediazonium tetrafluoroborate [p-iPrO-PhN2][BF4] (76.1 mg, 0.304 mmol, 1.0 equiv) at –20 to –25 oC and
isolated as a red powder in 68% yield (94.2 mg, 0.208 mmol). Note that for the work-up 35
mL of n-pentane was used instead of 10 mL. M.p. (open capillary): 112–116 oC
(decomposition). 1H NMR (500.0 MHz, CDCl3, 298 K) δ 7.94, 7.92, 7.09, 7.07 (AB-type,
4H; PhH), 4.80 (sept, 3JH,H = 6.0 Hz, 1H; (CH3)2CH), 1.68 (d, 3JH,P = 14.3 Hz, 27H;
PC(CH3)3), 1.40 (d, 3JH,H = 6.1 Hz, 6H; (CH3)2CH). 11B{1H} NMR (160.4 MHz, CDCl3, 298
K) δ –0.9 (s). 13C NMR (125.7 MHz, CDCl3, 298 K) δ 166.8 (s; p-PhC-N2), 150.8 (d, 3JC,P =
40.6 Hz; ipso-PhC-N2), 127.4 (br. s; m-PhC-N2), 116.7 (s; o-PhC-N2), 71.9 (s; (CH3)2CH),
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42.2 (d, 1JC,P = 25.6 Hz; PC(CH3)3), 29.8 (s; PC(CH3)3), 21.9 (s; (CH3)2CH). 19F NMR (282.4
MHz, CDCl3, 294 K) δ –153.5 (s), –153.6 (s). 31P{1H} NMR (202.4 MHz, CDCl3, 298 K) δ
65.4 (s; product, 96.4%), 51.3 (s; impurity [tBu3PH][BF4], 0.4%). HR-MS (ESI): calcd for
C21H38N2OP (M – BF4) 365.2722, found 365.2708 [p-iPrO-PhN2(PtBu3)]+. IR (cm–1): 2982
(w), 1596 (w), 1572 (w), 1487 (w), 1387 (m), 1328 (w), 1300 (w), 1255 (m), 1215 (w), 1175
(w), 1136 (s), 1117 (w), 1098 (s), 1048 (s), 1024 (s), 942 (m), 874 (w), 842 (m), 792 (s), 754
(m), 633 (m), 608 (w), 531 (w), 519 (w), 495 (s), 420 (w).
Synthesis of [p-H2N-PhN2(PtBu3)][BF4] (1o)
[p-H2N-PhN2(PtBu3)][BF4] was synthesised from p-aminobenzenediazonium tetrafluoroborate [p-H2N-PhN2][BF4] (97.2 mg, 0.470 mmol, 1.0 equiv) and isolated as a red powder in
97% yield (186.2 mg, 0.455 mmol). M.p. (open capillary): 126–140 °C (decomposition). 1H
NMR (500.0 MHz, CDCl3, 298 K): δ 7.67 (br. s, 2H; PhH), 6.84 (d, 3JH,H = 7.9 Hz, 2H; PhH),
6.15 (br. s, 2H; NH2), 1.60 (d, 3JH,P = 13.6 Hz, 27 H; C(CH3)3). 11B{1H} NMR (160.4 MHz,
CDCl3, 298 K): δ –0.8 (s; no impurity observed). 13C NMR (125.7 MHz, CDCl3, 299 K): δ
159.1 (s; p-PhC-N2), 149.9 (d, 3JC,P = 41.7 Hz; ipso-PhC-N2), 115.4 (br. s; PhC-N2), 41.7 (d,
1J
C,P

= 29.4 Hz; PC(CH3)3), 29.8 (s; PC(CH3)3), the remaining PhC-N2 signal was not

observed. 19F NMR (282.4 MHz, CDCl3, 299 K): δ –151.9 (s), –152.0 (s). 31P{1H} NMR
(202.4 MHz, CDCl3, 298 K): δ 59.4 (s). HR-MS (ESI): calcd for C18H33N3P1 (M – BF4)
322.2412, found 322.2414 [p-NH2-PhN2(PtBu3)]+. IR (cm–1): 3454 (w), 3360 (m), 3245 (w),
2977 (w), 1648 (m), 1604 (m), 1517 (w), 1485 (w), 1473 (w), 1399 (w), 1379 (w), 1321 (m),
1286 (s), 1178 (w), 1142 (m), 1054 (s), 1017 (s), 938 (w), 868 (w), 849 (m), 820 (m), 802
(m), 778 (s), 731 (w), 635 (w), 591 (w), 549 (w), 516 (w), 499 (w), 485 (w), 458 (m), 421
(w).
Note: for the following compounds (2a,d,f,m,p) in all cases DCM was still present in the end
product. Leaving the compound on vacuum at 1x10-3 mbar for a longer time did not result in
the decrease of the amount of DCM.
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Synthesis of [p-O2N-PhN2(PMes3)][BF4] (2a)
[p-O2N-PhN2(PMes3)][BF4] was synthesised following the general procedure for arylazophosphonium salts from 4-nitrobenzenediazonium tetrafluoroborate [p-O2N-PhN2][BF4]
(72.0 mg, 0.304 mmol, 1.0 equiv) and trimesitylphosphine and was isolated as a pale purple
powder in 94% yield (178.0 mg, 0.285 mmol). Crystals were grown by vapour diffusion of a
saturated solution of 2a in DCM with n-pentane as anti-solvent; due to the formation of
multiple twins publishable data is precluded. M.p. (open capillary): 92–98 °C
(decomposition). 1H NMR (500.0 MHz, CDCl3, 298 K): δ 8.46, 8.45, 8.01, 7.99 (AB-type,
4H; NO2PhH), 7.18 (s, 3H; m-MesH), 7.14 (s, 3H; m-MesH), 2.40 (s, 9H; p-MesCH3), 2.16
(s, 9H; o-MesCH3), 2.02 (s, 9H; o-MesCH3). 11B{1H} NMR (160.4 MHz, CDCl3, 298 K): δ
–0.9 (s). 13C NMR (125.7 MHz, CDCl3, 298 K): δ 154.4 (d, 1JC,P = 52.0 Hz; ipso-PhC), 151.6
(s; p-PhC), 147.3 (s; p-MesC), 145.3 (d, 2JC,P = 5.5 Hz; o-MesC), 144.9 (d, 2JC,P = 12.2 Hz;
o-MesC), 133.9 (d, 3JC,P = 11.2 Hz; m-MesC), 133.3 (d, 3JC,P = 10.4 Hz; m-MesC), 125.9 (s;
o-PhC), 125.3 (s; m-PhC), 114.6 (d, 1JC,P = 81.7 Hz; ipso-MesC), 24.4 (s; o-MesCH3), 21.5
(s; p-MesCH3).

19F

NMR (282.4 MHz, CDCl3, 294 K): δ –153.9 (s), –154.0 (s).

31P{1H}

NMR (202.4 MHz, CDCl3, 298 K): δ 46.9 (s; product, 88%), -27.8 (s; impurity presumably
[Mes3PH][BF4], 8%), 95.4 (s, impurity, 2%), 90.8 (s; impurity, 2%). HR-MS (ESI): calcd for
C33H37N3O2P1 (M – BF4) 538.2623, found 538.2646. [p-NO2-PhN2(PMes3)]+. IR (cm–1):
2965 (w), 2931 (w), 1601 (w), 1552 (m), 1531 (w), 1488 (m),1449 (w), 1399 (w), 1384 (w),
1347 (w), 1319 (m), 1287 (w), 1253 (w), 1185 (w), 1151 (w), 1090 (w), 1052 (s), 1035 (s),
1007 (m), 958 (w), 926 (w), 868 (m), 839 (m), 750 (w), 733 (m), 700 (w), 654 (s), 568 (w),
554 (w), 514 (w), 473 (w), 461 (w), 440 (m), 412 (w).
Synthesis of [p-Br-PhN2(PMes3)][BF4] (2d)
[p-Br-PhN2(PMes3)][BF4] was synthesised from 4-bromobenzenediazonium tetrafluoroborate [p-Br-PhN2][BF4] (60.1 mg, 0.222 mmol, 1.0 equiv) and trimesitylphosphine and was
isolated as a pale pink powder in 91% yield (132.8 mg, 0.201 mmol). X-ray quality crystals
were grown by vapour diffusion of a saturated solution of 2d in DCM with n-pentane as antisolvent. M.p. (open capillary): 91–153 °C (decomposition). 1H NMR (500.0 MHz, CDCl3,
298 K): δ 7.77, 7.75, 7.67, 7.66 (AB-type, 4H; BrPhH), 7.13 (s, 3H; m-MesH), 7.11 (s, 3H;
m-MesH), 2.38 (s, 9H; p-MesCH3), 2.13 (s, 9H; o-MesCH3), 1.99 (s, 9H; o-MesCH3).
11B{1H}

NMR (160.4 MHz, CDCl3, 298 K): δ –0.9 (s). 13C NMR (125.7 MHz, CDCl3, 298
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K): δ 151.2 (d, 1JC,P = 52.3 Hz; ipso-PhC), 146.9 (s; p-MesC), 145.2 (d, 2JC,P = 7.0 Hz; oMesC), 144.7 (d, 2JC,P = 11.8 Hz; o-MesC), 133.9 (s; o-PhC), 133.7 (d, 3JC,P = 12.1 Hz; mMesCH), 133.1 (d, 3JC,P = 11.7 Hz; m-MesCH), 132.4 (s; p-PhC), 125.7 (s; m-PhC), 115.2
(d, 1JC,P = 82.6 Hz; ipso-MesC), 24.4 (s; o-MesCH3), 21.4 (s; p-MesCH3). 19F NMR (282.4
MHz, CDCl3, 299 K): δ –154.2 (s), –154.3 (s). 31P{1H} NMR (202.4 MHz, CDCl3, 298 K):
δ 45.2 (s; product, 96%), –27.9 (s; impurity presumably [Mes3PH][BF4], 4%). HR-MS (ESI):
calcd for C33H37Br1N2P1 (M – BF4)573.1863, found 573.1845 [p-Br-PhN2(PMes3)]+. IR (cm–1):
2970 (w), 2921 (w), 1602 (m), 1584 (w), 1572 (w), 1553 (w), 1477 (w), 1448 (m), 1399 (w),
1381 (w), 1303 (w), 1286 (w), 1270 (w), 1191 (w), 1149 (w), 1050 (s), 1034 (s), 1002 (s),
959 (w), 923 (w), 863 (m), 841 (m), 762 (w), 730 (m), 700 (w), 654 (s), 643 (s), 565 (w), 552
(m), 519 (w), 510 (w), 476 (m), 446 (s), 411 (w).
Synthesis of [p-H-PhN2(PMes3)][BF4] (2f)
p-H-PhN2(PMes3)][BF4] was synthesised from benzenediazonium tetrafluoroborate [p-HPhN2][BF4] (59.0 mg, 0.307 mmol, 1.0 equiv) and trimesitylphosphine and was isolated as a
pale pink powder in 98% yield (175.6 mg, 0.303 mmol). X-ray quality crystals were grown
by vapour diffusion of a saturated solution of 2f in DCM with n-pentane as anti-solvent. M.p.
(open capillary): 107–160 °C (decomposition). 1H NMR (500.0 MHz, CD3CN, 300 K): δ
7.82 (d, 3JH,H = 7.4 Hz, H; o-PhH), 7.78 (t, 3JH,H = 7.5 Hz, 1H; p-PhH), 7.65 (t, 3JH,H = 7.8
Hz, 2H; m-PhH), 7.20 (br. s, 6H; m-MesH), 2.38 (s, 9H; p-MesCH3), 2.14 (s, 9H; o-MesCH3),
2.01 (s, 9H; o-MesCH3). 11B{1H} NMR (160.4 MHz, CDCl3, 299 K): δ –0.9 (s). 13C NMR
(125.7 MHz, CD3CN, 300 K): δ 153.7 (d, 1JC,P = 52.3 Hz; ipso-PhC), 147.5 (s; p-MesC),
146.5 (d, 2JC,P = 4.4 Hz; o-MesC), 145.9 (d, 2JC,P = 11.8 Hz; o-MesC), 137.5 (s; p-PhC), 134.1
(d, 3JC,P = 11.5 Hz; m-MesC), 133.7 (d, 3JC,P = 11.2 Hz; m-MesC), 131.2 (s; m-PhC), 125.3
(s; o-PhC), 116.3 (d, 1JC,P = 82.5 Hz; ipso-MesC), 24.6 (s; o-MesCH3), 21.3 (s; p-MesCH3).
19F

NMR (282.4 MHz, CDCl3, 293 K): δ –154.1 (s), –154.2 (s). 31P{1H} NMR (202.4 MHz,

CD3CN, 300 K): δ 44.7 (s; product, 84%) –27.5 (s; impurity presumably [Mes3PH][BF4],
16%). HR-MS (ESI): calcd for C33H38N2P1 (M – BF4) 493.2773, found 493.2793 [p-HPhN2(PMes3)]+. IR (cm–1): 2971 (w), 2929 (w), 1601 (w), 1552 (w), 1483 (w), 1444 (m),
1400 (w), 1384 (w), 1311 (w), 1286 (w), 1272 (w), 1190 (w), 1146 (m), 1093 (s), 1051 (s),
1036 (w), 998 (w, 959 (w), 938 (w), 924 (w), 856 (w), 774 (m), 751 (w), 732 (m), 703 (w),
686 (w), 654 (s), 614 (w), 573 (w), 553 (m), 519 (w), 475 (m), 443 (m), 427 (m).
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Synthesis of [p-CH3O-PhN2(PMes3)][BF4] (2m)
[p-CH3O-PhN2(PMes3)][BF4] was synthesised from 4-methoxybenzenediazonium tetrafluoroborate [p-CH3O-PhN2][BF4] (70.4 mg, 0.317 mmol, 1.0 equiv) and trimesitylphosphine which and isolated as an orange powder in 79% yield (153.0 mg, 0.251 mmol). Xray quality crystals were grown by vapour diffusion of a saturated solution of 2m in DCM
with n-pentane as anti-solvent. M.p. (open capillary): 109–122 °C (decomposition). 1H NMR
(500.0 MHz, CDCl3, 300 K): δ 7.79 (d, 3JH,H = 7.9 Hz, 2H; o-PhH), 7.15–7.04 (m, 8H; mPhH and m-MesH), 3.97 (s, 3H; OCH3), 2.39 (s, 9H; p-MesCH3), 2.12 (s, 9H; o-MesCH3),
2.03 (s, 9H; o-MesCH3). 11B{1H} NMR (160.4 MHz, CDCl3, 299 K): δ –0.9 (s). 13C NMR
(125.7 MHz, CDCl3, 300 K): δ 167.4 (s; p-PhC), 147.9 (d, 1JC,P = 53.0 Hz; ipso-PhC), 146.3
(s; p-MesC), 145.5 (d, 2JC,P = 6.9 Hz; o-MesC), 144,4 (d, 2JC,P = 9.4 Hz; o-MesC), 133.4 (d,
3J
C,P

= 8.9 Hz; m-MesC), 133.0 (d, 3JC,P = 9.3 Hz; m-MesC), 127.9 (s; o-PhC), 116.3 (d, 1JC,P

= 83.0 Hz; ipso-MesC), 115.9 (s; m-PhC), 56.6 (s; OCH3), 24.5 (s; o-MesCH3), 24.4 (s; oMesCH3), 21.5 (s; p-MesCH3). 19F NMR (282.4 MHz, CDCl3, 294 K): δ –154.2 (s), –154.3
(s). 31P{1H} NMR (202.4 MHz, CDCl3, 299 K): δ 42.7 (s; product, 96%), –27.8 (s; impurity
presumably [Mes3PH][BF4], 4%). HR-MS (ESI): calcd for C34H40N2OP1 (M – BF4)
523.2878, found 523.2882 [p-CH3O-PhN2(PMes3)]+. IR (cm–1): 2924 (w), 2252 (w), 1599
(m), 1555 (w), 1499 (w), 1446 (m), 1401 (m), 1322 (w), 1273 (m), 1215 (w), 1183 (w), 1140
(m), 1114 (w), 1091 (m), 1050 (s), 1014 (s), 959 (w), 928 (w), 870 (w), 843 (m), 811 (w),
791 (w), 733 (m), 722 (m), 654 (s), 601 (w), 576 (w), 554 (w), 509 (m), 488 (w), 455 (m),
416 (w).
Synthesis of [p-(CH3)2N-PhN2(PMes3)][BF4] (2p)
The following reaction was performed in the dark using aluminium foil. A solution of
trimesitylphosphine (106.5 mg, 1.0 mmol, 1.0 equiv) in DCM (2 mL) was added dropwise to
a solution of 4-(dimethylamino)benzenediazonium tetrafluoroborate [p-(CH3)2N-PhN2][BF4]
(64.3 mg, 1.0 mmol, 1.0 equiv) in DCM (2 mL) at 0 °C. The solution was stirred for 5 min.
at 0 °C, and then allowed to warm to room temperature in 30 min. after which all volatiles
were removed in vacuo to afford 2p as an orange/brown powder in a near quantitative yield.
Note that performing this reaction in acetonitrile does not lead to full conversion, as an
equilibrium is formed between the electron-rich diazonium salt and the phosphine.
Furthermore, once the product is formed in DCM, isolated, and then dissolved in acetonitrile,
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pentane or CDCl3 the compound is not stable. Slow degradation of the compound in air is
observed over time. Growing crystals in DCM has thus far not been successful. 1H NMR
(500.0 MHz, CD2Cl2, 300 K): δ 7.65 (br. s, 2H; PhH), 7.07 (s, 3H; m-MesH), 7.07 (s, 3H; mMesH), 6.76 (d, 3JH,H = 9.1 Hz, 2H; PhH), 3.20 (s, 6H; N(CH3)2), 2.37 (s, 9H; p-MesCH3),
2.07 (br. s, 18H; o-MesCH3). 11B{1H} NMR (160.4 MHz, CD2Cl2, 300 K): δ –1.1 (s). 13C
NMR (125.7 MHz, CD2Cl2, 301 K): δ 157.0 (s; p-PhC), 146.1–145.4 (m; ipso-PhC, o-MesC,
p-MesC), 133.1 (d, 3JC,P = 34.2 Hz; m-MesC), 118.4 (d, 1JC,P = 83.7 Hz; ipso-MesC), 112.3
(br. s; PhC, observed with HSQC), 40.9 (s; N(CH3)2), 24.7 (s; o-MesCH3), 24.4 (s; oMesCH3), 21.4 (s; p-MesCH3), the remaining PhC signal was not observed. 19F NMR (282.4
MHz, CD2Cl2, 295 K): δ –153.2 (s), –153.2 (s). 31P{1H} NMR (202.4 MHz, CD2Cl2, 300 K):
δ 39.92 (s; product, 90%), –27.5 (s; impurity presumably [Mes3PH][BF4], 10%). HR-MS
(ESI): calcd for C35H43N3P1 (M – BF4) 536.3195, found 536.3190 [p-(CH3)2NPhN2(PMes3)]+. IR (cm–1; recorded in air): 2960 (w), 2919 (w), 2160 (w), 1590 (m), 1547
(w), 1444 (w), 1391 (w), 1354 (w), 1326 (m), 1302 (m), 1286 (m), 1254 (w), 1145 (m), 1121
(m), 1048 (s), 1031 (s), 934 (m), 848 (w), 825 (m), 762 (m), 716 (m), 706 (w), 650 (m), 630
(m), 598 (w), 573 (w), 553 (m), 519 (w), 508 (m), 455 (w), 440 (w), 426 (w).
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Hammett σpara value
Plotting the 31P NMR chemical shift against the Hammett σpara value (Figure 10) results in a
poorer fit compared to plotting the 31P NMR chemical shift against the Hammett σ+para value
(Figure 6), namely the R-squared value decreased from 0.953 to 0.882.

Figure 10. Hammett plot of the σpara constants against the 31P NMR chemical shift of azophosphonium salts 1a–p.

UV-vis spectroscopy
UV-vis spectra are recorded in a 0.2 cm vial in CH3CN in air; compound 2p is measured in
air in dry DCM. Scanned wavelength 250–900 nm with a scan speed of fast, and sampling
interval of 0.2. The figures are shown from wavelength 250–700 nm.
To be able to clearly see the absorption band in the visible light region of the compounds in
CH3CN, they were measured in a higher concentration from 250–700 nm. All other
parameters were left unchanged.
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UV-vis [p-R-PhN2(PtBu3)][BF4]
Table 4. Photophysical properties of [p-R-PhN2(PtBu3)][BF4].

Compound

R-group

λabs [nm]
Absorption 1[a]

Log εmax
[M–1 cm–1]
Absorption 1[a]

λabs [nm]
Absorption 2[b]

Log εmax
[M–1 cm–1]
Absorption 2[b]

1a[10c]

NO2

303

4.29

453 (523)[d]

2.68 (2.26)[d]

1b

CN

310

4.15

527

3.10

1c

CF3

300

4.12

522

3.02

1d[c]

Br

336

4.33

517

2.18

1e

Cl

331

4.32

516

3.16

1f[c]

H

316

4.21

512

2.16

1g

F

323

4.22

510

3.10

1h

C6H5

372

4.38

507

3.46

1i

OC(O)CH3

329

3.59

520

3.19

1j

C(CH3)3

337

4.35

513

3.23

1k

CH3

337

4.31

513

3.19

1l

OC6H5

368

4.43

504

3.42

1m[c]

OCH3

373

4.44

500

2.49

1n

OCH(CH3)2

379

4.47

497

3.55

1o

NH2

435

4.69

– [e]

–

1p[c]

N(CH3)2

464

4.62

–

–

[e]

All measured in CH3CN. [a] Absorption wavelength corresponding to the lowest energy transition (λabs; π→π*). [b]
Absorption wavelength corresponding to the highest energy transition (λabs; n→π*). [c] See reference 10. [d] Initial
yellow colour turns in a few hours into pink and purple in a few days indicating secondary interactions.[10] [e] n→π*
transition not visible.
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Figure 11. Colours of the 1st absorption peak in CH3CN solutions of the para substituted benzenediazonium salts
1a–p ad their normalized UV-vis spectra. For values of λabs and log ε, see Table 4. Includes data of 1a, 1d, 1f, 1m
and 1p from reference 10.

Figure 12. Zoomed in part of Figure 11; colours of the 1st absorption peak in CH3CN solutions of the para substituted
benzenediazonium salts 1a–1k, minus 1h and their normalized UV-vis spectra. For values of λabs and log ε, see Table
4. Includes data of 1a, 1d and 1f from reference 10.
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Figure 13. Zoomed in part of Figure 11; colours of the 1st absorption peak in CH3CN solutions of the para substituted
benzenediazonium salts 1h, 1l–1n and their normalized UV-vis spectra. For values of λabs and log ε, see Table 4.
Includes data of 1m from reference 10.

Figure 14. Colours of the 2nd absorption peak in CH3CN solutions of the para substituted benzenediazonium salts
1a–o and their normalized UV-vis spectra. For values of λabs and log ε, see Table 4. Includes data of 1a, 1d, 1f, 1m
and 1p from reference 10.
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UV-vis [p-R-PhN2(PMes3)][BF4]
Table 5. Optical properties of 2a,d,f,m,p.

Compound

R-group

λabs [nm]
Absorption 1[a]

Log εmax
[M–1 cm–1]
Absorption 1[a]

λabs [nm]
Absorption 2[b]

Log εmax
[M–1 cm–1]
Absorption 2[b]

2a

NO2

295

4.39

500

2.26

2d

Br

332

4.28

488

2.32

2f

H

304

4.22

485

2.21

2m

OCH3

312

4.63

472

2.56

2p

N(CH3)2

462

4.35

–

– [c]

[c]

2a,d,f,m,p measured in CH3CN, 2p measured in dry DCM also in air. [a] Absorption wavelength corresponding to
the lowest energy transition (λabs; π→π*). [b] Absorption wavelength corresponding to the highest energy transition
(λabs; n→π*). [c] n→π* transition not visible.

Other absorptions found in the UV-vis spectra are attributed to absorptions by the mesityl
groups. TD-DFT analyses at the CAM-B3LYP[ 21 ]/TZ2P[ 22 ] level of theory using
ADF2016.102[23] confirmed this.

Figure 15. Colours of the 1st absorption peak in CH3CN (2p in dry DCM) solutions of the para substituted
benzenediazonium salts 2a,d,f,m,p and their normalized UV-vis spectra. For values of λabs and log ε, see Table 5.
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Figure 16. Colours of the 2nd absorption peak in CH3CN solutions of the para substituted benzenediazonium salts
2a,d,f,m and their normalized UV-vis spectra. For values of λabs and log ε, see Table 5.

Computational Details
All structures were optimized at ωB97X-D/6-311+G(d,p)[24,25] using Gaussian 09, Revision
D01.[26] ZPE and Gibbs free energies (G°) were obtained from frequency analyses performed
at the same level of theory. For all compounds containing the counter anion, [BF4]– was
omitted in the calculations. For all structures like p-R-PhN2(PR’3) the energies and
coordinates of the E-isomer is given. The molecular orbitals and N2 vibrations analyses were
obtained from the calculations at the ωB97X-D/6-311+G(d,p) using Gaussian 09, Revision
D01. Other absorptions found in the UV-vis spectra are attributed to absorptions by the
mesityl groups. TD-DFT analyses at the CAM-B3LYP[21]/TZ2P[22] level of theory using
ADF2016.102[23] confirmed this. In all cases no solvent was taken into account.
Data of PhN2+, PtBu3, 1a, 1d, 1f, 1m and 1p has been described earlier.[10]
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Bond lengths
In Table 6 and 7 an overview of selected bond lengths of compounds 1a–1p and 2a–2p are
given.

Table 6. Selected bond lengths in Å of compounds 1a–1p.
Compou
nd

R-group

P1–N1

N1–N2

N2–C1

Average
C1–C2/
C6–C1

Average
C2–C3/
C5–C6

Average
C3–C4/
C4–C5

1a[10]

NO2

1.742

1.243

1.417

1.396

1.384

1.387

1b

CN

1.740

1.244

1.413

1.397

1.382

1.399

1c

CF3

1.739

1.244

1.413

1.396

1.384

1.393

1d[10]

Br

1.734

1.248

1.404

1.399

1.382

1.395

1e

Cl

1.734

1.249

1.404

1.399

1.382

1.395

1f[10]

H

1.735

1.248

1.407

1.399

1.384

1.394

1g

F

1.734

1.249

1.402

1.400

1.381

1.390

1h

C6H5

1.729

1.252

1.399

1.400

1.380

1.403

1i

OC(O)CH3

1.729

1.250

1.400

1.402

1.380

1.396

1j

C(CH3)3

1.730

1.251

1.399

1.398

1.382

1.403

1k

CH3

1.731

1.251

1.400

1.399

1.381

1.401

1l

OC6H5

1.724

1.257

1.388

1.404

1.376

1.404

1m[10]

OCH3

1.723

1.257

1.388

1.404

1.375

1.407

1n

OCH(CH3)2

1.722

1.259

1.384

1.405

1.375

1.409

1o

NH2

1.715

1.264

1.376

1.409

1.370

1.415

1p[10]

N(CH3)2

1.710

1.268

1.371

1.410

1.368

1.425
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Table 7. Selected bond lengths in Å of compounds 2a,d,f,m,p.
Compou
nd

R-group

P1–N1

N1–N2

N2–C1

Average
C1–C2/
C6–C1

Average
C2–C3/
C5–C6

Average
C3–C4/
C4–C5

2a

NO2

1.766

1.233

1.421

1.395

1.385

1.387

2d

Br

1.759

1.237

1.410

1.396

1.384

1.394

2f

H

1.759

1.236

1.413

1.396

1.386

1.393

2m

OCH3

1.747

1.243

1.396

1.401

1.378

1.405

2p

N(CH3)2

1.736

1.252

1.381

1.405

1.372

1.422

Molecular orbitals
Table 8 summarizes the results obtained from the molecular orbital calculations for
compounds 1a to 1p.
Representation of the molecular orbitals: HOMO-1 is π, HOMO is n and LUMO is π*, are
shown below and have earlier been reported previously in reference 10.

n:

π:

π*:

Figure 17. Representations of the orbitals (n, π and π*) are shown, performed with ADF at CAM-B3LYP/TZ2P
level of theory.
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Table 8. Energies of the molecular orbitals compounds 1a to 1p, calculations at ωB97X-D/6-311+G(d,p).

Compound

R-group

HOMO-1 [eV]

HOMO [eV]

LUMO [eV]

1a

NO2

–12.8

–12.6

–4.9

1b

CN

–12.4

–12.5

–4.8

1c

CF3

–12.6

–12.4

–4.6

1d

Br

–11.6

–12.2

–4.4

1e

Cl

–11.8

–12.2

–4.4

1f

H

–12.2

–12.1

–4.3

1g

F

–12.1

–12.2

–4.4

1h

C6H5

–10.8

–12.0[a]

–4.2

1i

OC(O)CH3

–11.7

–12.1

–4.2

1j

C(CH3)3

–11.6

–12.0

–4.1

1k

CH3

–11.8

–12.0

–4.2
–4.0

1l

OC6H5

–11.1

–11.8[b]

1m

OCH3

–11.2

–11.9

–4.0

1n

OCH(CH3)2

–11.0

–11.8

–4.0

1o

NH2

–10.7

–11.7

–3.9

1p

N(CH3)2

–10.3

–11.5

–3.8

[a] Energy is HOMO-2, [b] Energy is HOMO-3. Includes data of 1a, 1d, 1f, 1m and 1p from reference 10.

For 1a, 1c, 1f and 1m HOMO-1 represents π and HOMO represents n. For 1b, 1d, 1e, 1f, 1i,
1k, 1k, 1n, 1o, 1p HOMO-1 represents n and HOMO represents π, yet they should be
reversed. Note, the energies lie closely together. For 1h π represents HOMO and n represents
HOMO-2, and for 1l π represents HOMO and n represents HOMO-3. For more information
about how the representation of the molecular orbital look like see Figure 17.
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Table 9. Energies of the molecular orbitals compounds 2a,d,f,m,p calculations at ωB97X-D/6-311+G(d,p).

Compound

R-group

HOMO-1 [eV]

HOMO [eV]

LUMO [eV]

2a

NO2

–12.6 (HOMO-8)

–12.2 (HOMO-6)

–4.3

2d

Br

–11.3 (HOMO)

–12.0 (HOMO-7)

–3.8

2f

H

–12.0 (HOMO-7)

–11.9 (HOMO-6)

–3.7

2m

OCH3

–10.9 (HOMO)

–11.8 (HOMO-7)

–3.5

2p

N(CH3)2

–9.9 (HOMO)

–11.5 (HOMO-7)

–3.3

TD-DFT analyses at the CAM-B3LYP[21]/TZ2P[22] level of theory using ADF2016.102[23]
confirmed the same orbital representations as for, e.g. 1f. Yet, for the calculations at the
ωB97X-D/6-311+G(d,p) level of theory for compounds 2a,d,f,m,p the π and n orbital
representations do not correspond to HOMO-1 or HOMO but another molecular orbital
(HOMO-x, x = any number, indicated in Table 9), as contributions of electron density in the
mesityl groups are found.
N2 vibrations
Table 10 and 11 summarizes the results obtained from the N2 vibration calculations for
compounds 1a–1p and 2a,d,f,m,p, respectively, where Figure 18 displays the N2 vibration,
which is coupled to the adjacent phenyl group caused by the conjugated π-system. Note
deviations may occur for all other compounds.

2
2

1
1

1

2
2

Figure 18. Representation of the N2 vibration shown for 1f. If 1 elongates, then 2 shortens, and vice versa (this
may differ slightly for all other compounds).
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Table 10. N2 vibration compounds 1a–1p, calculations at ωB97X-D/6-311+G(d,p).

Compound

R-group

N2 vibration [cm–1]

1a

NO2

1605

1b

CN

1595

1c

CF3

1602

1d

Br

1563

1e

Cl

1564

1f

H

1575

1g

F

1570

1h

C6H5

1566

1i

OC(O)CH3

1565

1j

C(CH3)3

1561

1k

CH3

1567

1l

OC6H5

1550

1m

OCH3

1556

1n

OCH(CH3)2

1552

1o

NH2

1565

1p

N(CH3)2

1538

Table 11. N2 vibration compounds 2a,d,f,m,p calculations at ωB97X-D/6-311+G(d,p).

Compound

R-group

N2 vibration [cm–1]

2a

NO2

1634

2d

Br

1598

2f

H

1607

2m

OCH3

1572

2p

N(CH3)2

1591

Note, for a representation of the N2 vibration of 2a,d,f,m,p, see Figure 18.
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X-ray Crystal Structure Determinations
The single-crystal X-ray diffraction study was carried out on a Bruker D8 Venture
diffractometer with Photon100 detector at 123(2) K using Cu-Kα radiation (λ = 1.54178 Å).
Dual space methods (SHELXT)[27] were used for structure solution and refinement was
carried out using SHELXL-2014 (full-matrix least-squares on F2)[28]. Hydrogen atoms were
localized by difference electron density determination and refined using a riding model.
Semi-empirical absorption corrections were applied. In 2m the BF4 anion and in 2f the
solvent CH2Cl2 are disordered (see cif-files for details).
2d: red crystals, C33H37BrN2P+ ∙ BF4- ∙ CH2Cl2, Mr = 744.26, crystal size 0.16 × 0.10 × 0.08
mm, triclinic, space group P-1 (No. 2), a = 11.5869(6) Å, b = 12.1061(6) Å, c = 14.2286(7)
Å, α = 71.661(2)°, β = 72.304(2)°, γ = 67.307(2)°, V = 1709.44(15) Å3, Z = 2, ρ = 1.446
Mg/m-3, µ(Cu-Kα) = 3.934 mm–1, F(000) = 764, 2qmax = 144.4°, 32836 reflections, of which
6717 were independent (Rint = 0.027), 415 parameters, R1 = 0.030 (for 6544 I > 2σ(I)), wR2
= 0.078 (all data), S = 1.05, largest diff. peak / hole = 0.673 / -0.461 e Å-3.
2f: red crystals, C33H38N2P+ ∙ BF4- ∙ CH2Cl2, Mr = 665.36, crystal size 0.16 × 0.10 × 0.05 mm,
triclinic, space group P-1 (No. 2), a = 11.4682(5) Å, b = 11.6754(5) Å, c = 14.1121(7) Å, α
= 78.334(2)°, β = 75.402(2)°, γ = 65.327(2)°, V = 1651.48(13) Å3, Z = 2, ρ = 1.338 Mg/m-3,
µ(Cu-Kα) = 2.643 mm-1, F(000) = 696, 2qmax = 144.6°, 35516 reflections, of which 6510 were
independent (Rint = 0.030), 423 parameters, 7 restraints, R1 = 0.035 (for 6011 I > 2σ(I)), wR2
= 0.094 (all data), S = 1.03, largest diff. peak / hole = 0.400 / -0.524 e Å-3.
2m: orange crystals, C34H40N2OP+ ∙ BF4-, Mr = 610.46, crystal size 0.22 × 0.16 × 0.14 mm,
triclinic, space group P-1 (No. 2), a = 8.0843(4) Å, b = 12.8764(6) Å, c = 15.5236(8) Å, α =
97.390(2)°, β = 94.542(2)°, γ = 95.878(2)°, V = 1587.10(14) Å3, Z = 2, ρ = 1.277 Mg/m-3,
µ(Cu-Kα) = 1.216 mm–1, F(000) = 644, 2qmax = 144.6°, 20298 reflections, of which 6189
were independent (Rint = 0.025), 417 parameters, 147 restraints, R1 = 0.065 (for 5794 I >
2σ(I)), wR2 = 0.173 (all data), S = 1.09, largest diff. peak / hole = 1.812 (see cif-file for
details) / -0.620 e Å-3.
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CCDC 1866247 (2m), 1866248 (2d), and 1866249 (2f) contain the supplementary
crystallographic data for this paper. These data can be obtained free of charge from The
Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.
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Chapter 4
Reactivity of the Geminal Phosphinoborane
tBu2PCH2BPh2 towards Alkynes,
Nitriles and Nitrilium Triflates

Abstract: The reactivity of the geminal phosphinoborane tBu2PCH2BPh2 towards terminal
alkynes, nitriles and nitrilium salts is investigated. Terminal alkynes react via C–H bond
splitting (deprotonation) resulting in the formation of phosphonium borates. In contrast, both
nitriles and nitrilium salts undergo addition reactions resulting in the formation of fivemembered heterocycles. All compounds were characterized by multinuclear NMR
spectroscopy, and single-crystal X-ray structure determinations. Insight into the reaction
mechanisms was gained by DFT calculations.
Published in: Dalton. Trans. 2017, 46, 12284–12292

4.1 Introduction
Due to the seminal work of Stephan, Erker and co-workers,[ 1 ] phosphorus/boron-based
frustrated Lewis pairs (FLP) are popular main-group systems that can activate a plethora of
small molecules.[2] A sub-class of these FLPs are the pre-organised, geminal phosphinoboranes in which the donor and acceptor sites are separated by a C1-linker and therefore
ideally oriented for capturing substrates.[3–9] Recently, the geminal frustrated Lewis pair
tBu2PCH2B(Fxyl)2 (Fxyl = 3,5-(CF3)2C6H3) was reported by Wagner et al. that reacts with,
amongst other substrates, terminal alkynes via deprotonation to yield phosphonium
alkynylborates A, and adds to the CºN bond of acetonitrile to form the five-membered
heterocycle B (Figure 1).[10] Erker and co-workers synthesised three germinal phosphinoboranes bearing electron-withdrawing C6F5 substituents at both phosphorus and boron atoms
that upon reaction with terminal alkynes solely afford the addition products C–E (Figure
1).[11] We developed the non-fluorinated phosphinoborane tBu2PCH2BPh2 1 (Scheme 1) that
despite the modest Lewis acidity of the boron moiety is still reactive and can heterolytically
split H2, and capture CO2 and isocyanates.[ 12–14 ] Herein we expand on these studies by
investigating the reactivity of 1 towards terminal alkynes,[15] nitriles,[16] and nitrilium salts,[17]
and analysing the reaction profiles by DFT calculations.

Figure 1. Products resulting from the reaction of geminal P/B-based FLPs with terminal alkynes and nitriles.
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4.2 Results and Discussion
First, we investigated whether the geminal phosphinoborane tBu2PCH2BPh2 1 reacts with
terminal alkynes via C–H bond splitting (deprotonation) or via P/B addition to the CºC bond.
Treatment of FLP 1 with 5 equiv. of phenyl- and tert-butylacetylene for, respectively, 3 and
17 hours at room temperature in toluene afforded 2a,b as sole products that were isolated as
colourless solids in 57% yield after work-up (2a: δ31P = 53.5 ppm, δ11B = –14.1 ppm, 2b:
δ31P = 53.5 ppm, δ11B = –14.5 ppm; Scheme 1). The large 1JP,H coupling constants of 2a,b
(451.3 and 454.5 Hz, respectively) are characteristic for a P–H bond, indicating that FLP 1
selectively deprotonates terminal alkynes. The molecular structures of 2a,b, obtained by
single-crystal X-ray structure determinations (Figure 2, top), confirm the formation of
phosphonium alkynylborates 2a,b that display typical B–C(22) and CºC bond lengths of
1.5924(17) (2a), 1.5971(18) (2b) and 1.2091(18) (2a), 1.2053(18) Å (2b), respectively. To
gain more insight into the reaction of 1 with terminal alkynes, we resorted to DFT
calculations at the ωB97X-D/6-311G(d,p) level of theory.[18] This revealed in both cases the
kinetic product (2) to be formed (ΔE = –15.3 (2a), –13.4 (2b) kcal∙mol–1) instead of the more
stable CºC addition product 3 (ΔE (3a) = –45.2, ΔE (3b) = –38.0 kcal∙mol–1; Scheme 1).
Heating 2a in refluxing p-xylene did not result in the formation of 3a, indicating that the
thermodynamically favoured CºC adducts 3 are not accessible via this approach. The
strongly Lewis basic phosphine moiety promotes facile deprotonation of the terminal alkyne
and consequent addition of the remaining acetylide to boron, which is in agreement with
longer reaction times being required when using the less acidic tert-butylacetylene (17 h, RT)
compared to phenylacetylene (3 h, RT).

Scheme 1. Reaction of FLP 1 with phenyl- and tert-butylacetylene
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Figure 2. Molecular structures of 2a,b and 4 in the crystal (displacement ellipsoids are set at 50% probability;
hydrogen atoms (except H1) are omitted for clarity). Selected bond lengths [Å], angles, and torsion angles [°] for
2a: P1–C1 1.7871(12), C1–B1 1.6942(17), B1–C22 1.5924(17), C22–C23 1.2091(18); P1–C1–B1 114.83(8); P1–
C1–B1–C22 −46.06(11). 2b: P1–C1 1.7843(13), C1–B1 1.6948(19), B1–C22 1.5971(18), C22–C23 1.2053 (18);
P1–C1–B1 117.62(9); P1–C1–B1–C22–33.87(14). 4: P1–C1 1.7804(16), C1–B1 1.697(2), B1–C10 1.639(2), B1–
C16 1.643(2), B1–C22 1.645(2); P1–C1–B1 122.25(11); P1–C1–B1–C10 5.8(2).

The reactions of 1 with internal alkynes, akin to many other P/B-based FLPs,[2,15b] were
less productive.[19] For example, treatment of 1 with 20 equiv. of diphenylacetylene in toluene
for 16 hours at 60 °C resulted in decomposition of 1 into many unidentifiable products,[20]
while in the absence of substrate FLP 1 is stable.[21] Interestingly, the reaction of 1 with 20
equiv. of 3-hexyne in toluene for 16 h at 60 °C gave a similar result, but in this case also
some colourless crystals of compound 4 (δ31P{1H} = 50.3 ppm, δ11B = –8.8 ppm) precipitated
from the reaction mixture. A crystal structure determination established unequivocally the
formation of a phosphonium triphenylborate, which is the formal C–H activation product of
benzene (Figure 2, bottom left). The molecular structure of zwitterion 4 displays a cationic P
fragment akin to 2a,b and a borate moiety with three almost equal B–C(Ph) bond lengths
(1.639(2), 1.643(2), 1.645(2) Å; Figure 2, bottom). As P/B-based FLP 1 does not react with
benzene (nor toluene) directly, the mechanism of formation of 4 is currently unresolved.
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Next, we investigated if the moderately Lewis acidic 1 can, just like Wagner’s geminal
phosphinoborane tBu2PCH2B(Fxyl)2[10a] react with nitriles. Treatment of FLP 1 with 2 equiv.
of benzo-, tert-butyl- and acetonitrile for 10 minutes at room temperature in toluene afforded
heterocycles 5a–c as sole products which were isolated as colourless solids in 74, 41, and
70% yield, respectively, after work-up (Scheme 2). The molecular structures of 5a-c reveal
the formation of the desired nitrile P,B addition products displaying typical P–C(22)
(1.8835(13), 1.9194(2), 1.8689(14) Å, respectively) and C=N bond lengths (1.2623(17),
1.243(3), 1.2579(19) Å, respectively; Figure 3).[10] Heating 5c in refluxing toluene did not
result in tautomerisation to the corresponding enamine.[22,23]

Scheme 2. Reaction of FLP 1 with benzonitrile, tert-butylnitrile and acetonitrile.

The 31P and 11B NMR chemical shifts of phenyl-substituted 5a (δ31P{1H} = 85.2 ppm,
δ11B = 5.2 ppm) and methyl-substituted 5c (δ31P{1H} = 76.7 ppm, δ11B = 5.2 ppm) resemble
the corresponding values reported for B (δ31P = 81.1 ppm, δ11B = 4.3 ppm; Figure 1).10 In
contrast, tert-butyl-substituted 5b displays a distinct, broad signal at δ31P{1H} = 43.3 ppm at
room temperature together with a signal at δ11B = 64.4 ppm that is characteristic of a
tricoordinated diarylalkylborane (cf. 1: δ31P = 39.4 ppm, δ11B = 72.3 ppm),[12] which indicates
dynamic behaviour. Indeed, VT NMR spectroscopy at 50 °C showed sharp signals at
δ31P{1H}: 39.1 and δ11B: 69.8 ppm, confirming the presence of free FLP 1 in solution, while
at –60 °C only resonances corresponding to the five-membered ring 5b were observed
(δ31P{1H} = 89.1 ppm, δ11B = 4.3 ppm). Line-shape analysis using the Eyring equation (Tc =
0 °C) estimated a free enthalpy of activation of ΔG = 10.6 kcal∙mol–1 for the addition of tertbutylnitrile to FLP 1.
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Figure 3. Molecular structures of 5a–c in the crystal (displacement ellipsoids are set at 50% probability; hydrogen
atoms are omitted for clarity). Selected bond lengths [Å], angles, and torsion angles [°] for 5a: P1–C1 1.7760(13),
C1–B1 1.6856(19), B1–N1 1.5561(17), N1–C22 1.2623(17), C22–P1 1.8835(13); P1–C1–B1 106.31(8); B1–N1–
C22–P1 −0.60(15). 5b: P1–C1 1.7818(16), C1–B1 1.680(2), B1–N1 1.540(2), N1–C22 1.243(3), C22–P1
1.9194(18); P1–C1–B1 106.30(10); B1–N1–C22–P1 3.8(3). 5c: P1–C1 1.7842(14), C1–B1 1.694(2), B1–N1
1.5586(18), N1–C22 1.2579(19), C22–P1 1.8689(14); P1–C1–B1 104.36(9); B1–N1–C22–P1 2.47(17).

To provide insight into the mode of activation of the three nitriles, we resorted again to
DFT calculations at ωB97X-D/6-311G(d,p) level of theory.[18] Benzonitrile is delivered to
the FLP cavity through van der Waals complex vdW-5a (ΔE = –8.6 kcal∙mol–1), which
converts into Lewis adduct Int-5a by N-coordination of PhCN to boron (ΔΔEa = 8.9 kcal∙
mol−1, ΔΔE = 3.5 kcal∙mol–1; Figure 4). In the second step, the phosphine group of Int-5a
attacks the electrophilic C atom of the coordinated nitrile[24] (ΔΔEa = 2.4 kcal∙mol–1, ΔΔE =
–13.2 kcal∙mol–1) affording 5a with an overall exothermicity of −18.3 kcal∙mol−1.
Acetonitrile showed a similar reaction profile (ΔEoverall = –16.4 kcal∙mol–1; see Figure 4), yet
tert-butylnitrile displays reduced reaction barriers (vdW-5b: ΔE = –6.1 kcal∙mol–1, Int-5b:
ΔΔEa = 3.8 kcal∙mol–1, ΔΔE = –0.5 kcal∙mol–1; 5b: ΔΔEa = 1.8 kcal∙mol–1, ΔΔE = –7.9 kcal∙
mol–1) and a modest exothermicity of –14.5 kcal∙mol–1, which concurs with the
experimentally observed dynamic behaviour of 5b.
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Figure 4. Relative ωB97X-D/6-311G(d,p) energies (in kcal∙mol–1) for the conversion of 1 into heterocycles 5a–c
(only the phenyl-substituted species a are shown; hydrogen atoms are omitted for clarity). Selected bond lengths [Å]
and angles [°] for TS-Int-5a: B1–N1 2.28753, N1–C22 1.14882; C1–B1–N1 101.729. Int-5a: B1–N1 1.59884, N1–
C22 1.14378, P1–C22 3.42210; C1–B1–N1 104.935. TS-5a: B1–N1 1.59508, N1–C22 1.16268, P1–C22 2.69925;
C1–B1–N1 102.594.

We were interested to see if blocking the nitrile lone pair would hamper the reaction with
the geminal FLP 1, for which we investigated the use of nitrilium salts as substrates.
Treatment of FLP 1 with 0.95 equiv. of phenyl- and tert-butyl-substituted nitrilium triflate
6a,b[17] for 10 minutes at room temperature in DCM afforded the cationic heterocycles 7a,b
that were isolated as pale yellow solids in 95 and 92% yield, respectively (Scheme 3). The
molecular structures of 7a,b represent the formal phenyl cation adducts to the N-lone pair of
5a,b (Figure 5), which causes lengthening of the B1–N1 (1.667(5) (7a) vs. 1.5561(17) (5a),
1.663(2) (7b) vs. 1.540(2) Å (5b)) and C=N bonds (1.293(4) (7a) vs. 1.2623(17) (5a),
1.295(3) (7b) vs. 1.243(3) Å (5b)) and shortening of the P1–C22 bond (1.847(3) (7a) vs.
1.8835(13) Å (5a)), (1.898(2) (7b) vs. 1.9194(18) Å (5b)). Interestingly, the P1–C22 bond
on 7b (1.898(2) Å) is longer than the one of 7a (1.847(3) Å), which is likely due to the
difference in steric bulk of the substituent, and is also reflected in a different

31P

NMR

chemical shift (7a: δ31P{1H} = 81.3 ppm, δ11B = 9.0 ppm, 7b: δ31P{1H} = 103.5 ppm, δ11B =
9.3 ppm). Charge analysis revealed a decrease of electron density on nitrogen from 5a to 7a
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(−0.15 and 0.01 e, respectively), whereas only minor changes were observed for the other
atoms in the ring.[25]

Scheme 3. Reaction of FLP 1 with nitrilium triflates 6a,b.

Figure 5. Molecular structures of 7a (only one conformation of the disordered phenyl group on boron is shown) and
7b in the crystal (displacement ellipsoids are set at 50% probability; [CF3SO3]− counter ion, disordered solvent
molecules, and hydrogen atoms are omitted for clarity). Selected bond lengths [Å], angles, and torsion angles [°] for
7a: P1–C1 1.780(3), C1–B1 1.662(5), B1–N1 1.667(5), N1–C22 1.293(4), C22–P1 1.847(3); P1–C1–B1 109.1(2).
7b: P1–C1 1.781(2), C1–B1 1.642(3), B1–N1 1.663(2), N1–C22 1.295(3), C22–P1 1.898(2); P1–C1–B1 109.78(13).

We resorted to DFT calculations to unravel the mode of activation (Figure 6).[18] Again
the substrate is delivered to the FLP cavity through a pre-complex (pc-7a: ΔE = –21.8 kcal∙
mol–1, pc-7b: ΔE = –12.7 kcal∙mol−1), but in this case the reaction starts with nucleophilic
attack of the phosphine at the nitrilium ion[24] forming imine-functionalised phosphonium
salt Int-7 as intermediate (see Figure 6). Subsequent ring closure by N-coordination of the
imine moiety to boron via an almost barrier-free transition affords the cationic heterocycles
7 (7a: ΔΔEa = 0.0 kcal∙mol–1, ΔΔE = –16.0 kcal∙mol–1, 7b: ΔΔEa = 1.0 kcal∙mol–1, ΔΔE =
–13.7 kcal∙mol–1; Figure 6) with an overall exothermicity of –60.0 (7a) and –43.0 (7b) kcal∙
mol–1, respectively.
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Figure 6. Relative ωB97X-D/6-311G(d,p) energies (in kcal∙mol-1) for the conversion of 1 into heterocycles 7a,b
(only the phenyl-substituted species a are shown; hydrogen atoms are omitted for clarity; [CF3SO3]− counter ion
omitted in the calculations). Selected bond lengths [Å] angles [°] for TS-Int-7a: P1–C22 2.79126, N1–C22 1.16887;
C1–P1–C22 118.440. Int-7a: P1–C22 1.87882, N1–C22 1.26719; C1–P1–C22 113.874, C1–P1–C22–N1 111.510.
TS-7a: P1–C22 1.87349, N1–C22 1.26411, B1–N1 3.65952; C1–P1–C22 107.823, C1–P1–C22–N1 67.143.

4.3 Conclusion
We have shown that the reaction of terminal alkynes with the geminal P/B-based FLP 1
resulted in the formation of the kinetic phosphonium alkynylborate product via C–H bond
splitting, and that the thermodynamic CºC addition product did not form. Addition of both
nitriles and nitrilium ions to FLP 1 led instead to the five-membered heterocycles formed via
a stepwise mechanism, as was supported by DFT calculations. We demonstrated that the
geminal P/B-based FLP 1, despite having a weakly Lewis acidic boron site is suitable for
small molecule activation.
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4.4 Experimental Details
All manipulations 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. 1H and 13C{1H} NMR spectra were recorded on a Bruker Avance 400
and internally referenced to the residual solvent resonances (CDCl3: 1H δ 7.26 ppm, 13C{1H}
δ 77.16 ppm; CD2Cl2: 1H δ 5.32 ppm, 13C{1H} δ 53.84 ppm). 31P{1H}, 31P, 11B NMR spectra
were recorded on a Bruker Avance 400 and externally referenced (85% H3PO4, BF3·OEt2).
19F

NMR spectra were recorded on a Bruker Avance 250 and externally referenced (CFCl3).

Melting points were measured on samples in sealed capillaries and are uncorrected. High
resolution mass spectra were recorded on a Bruker MicroTOF with ESI nebulizer. IR spectra
were recorded in air on a Shimadzu FTIR-8400S. FLP 1,[12] (N-phenyl)(phenyl)carbonitrilium triflate and (N-phenyl)(tert-butyl)carbonitrilium triflate[17] were synthesized
according to previous reported literature procedures. All other reagents were purchased from
commercial resources and used without further purification.
Synthesis of 2a from 1 and phenylacetylene
Phenylacetylene (81.6 μL, 0.743 mmol, 5 equiv.) was added to a solution of 1 (48 mg, 0.149
mmol, 1 equiv.) in toluene (1 mL) at room temperature. After stirring for 3 hours, n-pentane
(2 mL) was added, which resulted in the precipitation of white solids from the reaction
mixture. Next, the solids were collected by filtration, washed with n-pentane (2 mL) and
evaporated to dryness to afford 2a as a white powder in 57% (36 mg, 0.084 mmol). X-ray
quality crystals were obtained by cooling a saturated toluene solution of 2a to –20 °C.
Mp. (nitrogen, sealed capillary): 141–147 °C (decomposition).
1H

NMR (400.1 MHz, CDCl3, 291 K): δ 7.66 (d, 3JH,H = 7.1 Hz, 4H; o-BPhH), 7.45 (br. d,

3J
H,H

= 7.0 Hz, 2H; o-CCPhH), 7.26 (br. t, 3JH,H = 7.4 Hz, 2H; m-CCPhH), 7.19 (t, 3JH,H = 7.5

Hz, 5H; p-CCPhH and m-BPhH), 7.04 (br. t, 3JH,H = 7.3 Hz, 2H; p-BPhH), 5.37 (dt, 1JH,P =
451.3 Hz, 3JH,H = 4.8 Hz, 1H; PH), 1.34 (dd, 2JH,P = 12.7 Hz, 3JH,H = 4.8 Hz, 2H; CH2), 1.20
(d, 3JH,P = 15.2 Hz, 18H; C(CH3)3).
11B

NMR (128.4 MHz, CDCl3, 291 K): δ –14.1 (s).

13C{1H}

NMR (101.6 MHz, CDCl3, 292 K): δ 156.9 (br. s; ipso-BPhC), 133.6 (s; o-BPhC),

131.4 (s; o-CCPhC), 128.1 (s; m-CCPhC), 127.4 (s; BCCPh), 127.1 (s; m-BPhC), 126.1 (s;
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p-CCPhC), 124.3 (s; p-BPhC), 100.1 (br. s; ipso-CCPhC), 31.7 (d, 1JC,P = 37.2 Hz; C(CH3)3),
28.0 (s; C(CH3)3), 7.4 (br. s; CH2), the signal for BCCPh was unresolved.
31P

NMR (162.0 MHz, CDCl3, 291 K): δ 53.5 (m, 1JP,H = 451.3 Hz, 3JP,H = 15.1 Hz).

HR-MS (ESI): 425.2594 [2a – H]−. Calcd for C29H35BP− 425.2575.
IR (cm–1): 3057 (w), 2992 (m), 2967 (m), 2913 (w), 2357 (m), 1813 (w), 1596 (m), 1474 (s),
1429 (m), 1269 (s), 1227 (m), 1182 (m), 1152 (m), 1096 (m), 1069 (m), 1026 (m), 961 (w),
943 (s), 922 (m), 903 (m), 851 (m), 835 (s), 814 (m), 787 (m), 736 (s), 704 (s).
Synthesis of 2b from 1 and tert-butylacetylene
tert-Butylacetylene (100.6 μL, 0.817 mmol, 5 equiv.) was added to a solution of 1 (53 mg,
0.163 mmol, 1 equiv.) in toluene (1 mL) at room temperature. After stirring for 17 hours, npentane (2 mL) was added, which resulted in the precipitation of white solids from the
reaction mixture. Next, the solids were collected by filtration, washed with n-pentane (2 mL)
and evaporated to dryness to give 2b as a white powder in 57% (38 mg, 0.092 mmol). X-ray
quality crystals were obtained by cooling a solution of 2b in toluene and n-pentane (1 : 1
ratio) to –20 °C.
Mp. (nitrogen, sealed capillary): 111–125 °C (decomposition).
1H

NMR (400.1 MHz, CDCl3, 293 K): δ 7.66 (d, 3JH,H = 7.1 Hz, 4H; o-BPhH), 7.17 (t, 3JH,H

= 7.4 Hz, 4H; m-BPhH), 7.02 (br. t, 3JH,H = 7.2 Hz, 2H; p-BPhH), 5.45 (dt, 1JH,P = 454.5 Hz,
3J
H,H

= 4.8 Hz, 1H; PH), 1.35 (s, 9H; CCC(CH3)3), 1.24 (br. d, 3JH,P = 15.1 Hz, 20H; PC(CH3)3

and CH2).
11B

NMR (128.4 MHz, CDCl3, 291 K): δ –14.5 (s).

13C{1H}

NMR (101.6 MHz, CDCl3, 293 K): δ 158.1 (br. s; ipso-PhC), 133.5 (s; o-BPhC),

126.9 (s; m-BPhC), 123.9 (s; p-BPhC), 109.0 (s; BCCC(CH3)3), 32.5 (s; BCCC(CH3)3), 31.4
(d, 1JC,P = 37.3 Hz; PC(CH3)3), 28.4 (s; BCCC(CH3)3), 28.0 (d, 2JC,P = 1.0 Hz; PC(CH3)3), 7.2
(br. s; CH2), the signal for BCCC(CH3)3 was unresolved.
31P

NMR (162.0 MHz, CDCl3, 293 K): δ 53.5 (m, 1JP,H = 454.5 Hz, 3JP,H = 14.7 Hz).

HR-MS (ESI): 405.2886 [2b − H]−. Calcd for C27H39BP− 405.2888.
IR (cm–1): 3055 (w), 2965 (m), 2866 (w), 1738 (w), 1464 (m), 1429 (m), 1371 (m), 1356 (m),
1260 (m), 1204 (m), 1186 (m), 1134 (m), 1094 (m), 1065 (m), 1032 (m), 991 (m), 916 (m),
878 (m), 835 (s), 814 (m), 779 (m), 731 (s), 702 (s).
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Heating 1 in the presence of diphenylacetylene
Heating 1 (27 mg, 0.08 mmol, 1 equiv.) and diphenylacetylene (100 mg, 1.67 mmol, 20
equiv.) in toluene (0.6 mL) to 60 °C for 16 h resulted in the precipitation of crystals and oil.
Analysis of the solution by 31P{1H}, 11B and 1H spectroscopy showed that FLP 1 was still
present and many unidentifiable products were observed. Analysis of the oil and crystals,
after washing with n-pentane and removing all volatiles in vacuo, by 31P{1H}, 11B and 1H
spectroscopy showed great similarities to the NMR spectra of the reaction of 1 with 3-hexyne.
Heating 1 in the presence of 3-hexyne.
Protocol 1: Heating 1 (50 mg, 0.154 mmol) in 3-hexyne (1 mL) to 60 °C for 16 h resulted in
the precipitation of some crystals and oil. Analysis of the solution by

31P{1H}

and

11B

spectroscopy showed many unidentifiable products. Analysis of the oil and crystals, after
washing with n-pentane and removing all volatiles, by 31P{1H}, 11B and 1H spectroscopy in
CDCl3 showed fewer signals, yet too many to allow full characterisation.
Protocol 2: Heating 1 (72 mg, 0.222 mmol) in toluene (1.1 mL) and 3-hexyne (0.5 mL, 20
equiv.) for 16 h resulted in the precipitation of crystals and oil. Analysis of the solution by
31P{1H}

and 11B spectroscopy showed that FLP 1 was still present in solution, together with

many unidentifiable products. Analysis of the oil and crystals, after washing with n-pentane
and removing all volatiles, by 31P{1H}, 11B and 1H spectroscopy showed the signals given
below. Analysis of the crystals by X-ray crystallography revealed a product containing an
extra phenyl group on boron and an additional hydrogen at the phosphorus atom (see Figure
2, bottom), as if C–H activation of benzene had occurred.
1H

NMR (400.1 MHz, CDCl3, 291 K): δ 7.46 (d, 3JH,H = 7.1 Hz, 4H; o-PhH), 7.14 (t, 3JH,H =

7.4 Hz, 4H; m-PhH), 7.00 (t, 3JH,H = 7.3 Hz, 2H; p-PhH), 4.48 (dt, 1JH,P = 445.7 Hz, 3JH,H =
5.4 Hz, 1H; PH), 1.68 (dd, 2JH,P = 14.6 Hz, 3JH,H = 5.4 Hz, 2H; CH2), 1.11 (d, 3JH,P = 15.2 Hz,
18H; C(CH3)3).
11B

NMR (128.4 MHz, CDCl3, 291 K): δ –8.8 (s).

31P{1H}

NMR (162.0 MHz, CDCl3, 291 K): δ 50.3 (s).

Thermal stability of 1
1 (20 mg) was added to a J Young NMR tube, dissolved in toluene-d8 (0.5 mL) and heated
to 110 °C for 96 h. At t = 0, 2, 4, 21 and 96 h, 1H, 11B{1H} and 31P{1H} NMR were measured
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(Figure 7). As t = 4 h showed no difference with t = 2 h, so data has been excluded from
Figure 2. After 21 h some white solids were observed and this precipitate was still present
after 96 h. Subsequently, the solvent was removed and the residue was dissolved in CDCl3,
sonication was necessary to dissolve all precipitate. Still, the main product was FLP 1, which
accounts for its thermal stability under these reaction conditions.
31P{1H}

NMR (162.0 MHz, CDCl3, 299 K): δ 40.8 (1).

Figure 8 shows a zoomed in 31P{1H} NMR spectrum of the precipitated dissolved in CDCl3.

Figure 7. Left: 31P{1H} NMR (162.0 MHz, tol-d8 (unless otherwise stated)); Right: 1H NMR (400.1 MHz, tol-d8
(unless otherwise stated)). ‘After workup CDCl3’ indicates removal of the solvent and dissolving the precipitate in
CDCl3.
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Figure 8. 31P{1H} NMR spectrum of the white residue dissolved in CDCl3.

Synthesis of 5a from 1 and benzonitrile
Benzonitrile (32 μL, 0.310 mmol, 2 equiv.) was added to a solution of 1 (50.3 mg, 0.155
mmol, 1 equiv.) in toluene (1 mL) at room temperature. After stirring for 10 minutes, npentane (2 mL) was added, which resulted in the precipitation of white solids from the
reaction mixture. The solids were collected by filtration, subsequently washed with n-pentane
(2 mL) and evaporated to dryness to give 5a as a white powder in 74% (49 mg, 0.114 mmol).
X-ray quality crystals were obtained by cooling a saturated toluene solution of 5a to –20 °C.
Mp. (nitrogen, sealed capillary): 145–177 °C (decomposition).
1H

NMR (400.1 MHz, CDCl3, 291 K): δ 7.83 (br. d, 3JH,H = 6.2 Hz, 2H; o-NCPhH), 7.58 (br.

d, 3JH,H = 7.4 Hz, 4H; o-BPhH), 7.52–7.44 (m, 3H; m-NCPhH and p-NCPhH), 7.20 (t, 3JH,H
= 7.4 Hz, 4H; m-BPhH), 7.05 (br. t, 3JH,H = 7.2 Hz, 2H; p-BPhH), 1.50 (d, 2JH,P = 9.6Hz, 2H;
CH2), 1.27 (d, 3JH,P = 14.1 Hz, 18H; C(CH3)3).
11B

NMR (128.4 MHz, CDCl3, 291 K): δ 5.2 (s).

13C{1H}

NMR (101.6 MHz, CDCl3, 291 K): δ 157.9 (br. s; ipso-BPhC), 150.4 (d, 1JC,P = 5.5

Hz; NCPh), 140.1 (d, 2JC,P = 49.4 Hz; ipso-NCPhC), 132.0 (s; o-BPhC), 129.6 (s; Ar-
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NCPhC), 128.8 (s; Ar-NCPhC), 128.6 (s; o-NCPhC), 127.1 (s; m-BPhC), 124.0 (s; p-BPhC),
34.8 (d, 1JC,P = 20.7 Hz; C(CH3)3), 28.7 (s; C(CH3)3), 12.9 (br. s; CH2).
31P{1H}

NMR (162.0 MHz, CDCl3, 291 K): δ 85.2 (s).

HR-MS (ESI): 325.2237 [5a + H − benzonitrile]+. Calcd for C21H31BP+ 325.2251. Only
protonated 1 is observed, not adduct 5a.
IR (cm–1): 3059 (m), 2996 (m), 2974 (m), 2928 (m), 1736 (w), 1593 (m), 1576 (w), 1470 (m),
1443 (m), 1429 (m), 1397 (m), 1370 (m), 1300 (m), 1265 (w), 1215 (m), 1177 (m), 1161 (m),
1140 (m), 1080 (m), 1057 (m), 1001 (m), 930 (s), 903 (m), 870 (s), 810 (m), 768 (s), 741 (s).
Synthesis of 5b from 1 and tert-butylnitrile
tert-Butylnitrile (69.5 μL, 0.629 mmol, 2 equiv.) was added to a solution of 1 (102 mg, 0.315
mmol, 1 equiv.) in toluene (2 mL) at room temperature. After stirring for 10 minutes, npentane (4 mL) was added and the mixture was cooled to below –20 °C, which resulted in
the precipitation of white solids from the reaction mixture. The solids were collected by
filtration, subsequently washed with n-pentane (2 mL) and evaporated to dryness to give 5b
as a white powder in 41% (53 mg, 0.129 mmol). X-ray quality crystals were grown by cooling
a solution of toluene and n-pentane (1 : 1 ratio) to 4 °C.
Mp. (nitrogen, sealed capillary): 94–115 °C (decomposition).
The NMR spectra were recorded with a concentration of 0.04 g ml-1 as the shifts are
temperature, concentration and solvent dependent. Analysis of 5b at room temperature in
CDCl3, toluene-d8 and benzene-d6 resulted in a shift of the peak in 31P{1H} and 11B NMR.
1H

NMR (400.1 MHz, CDCl3, 293 K): δ 7.83–7.75 (m, 4H; o-BPhH), 7.47–7.37 (m, 6H; m-

BPhH and p-BPhH), 2.06 (d, 2JH,P = 5.8 Hz; 2H; CH2), 1.39 (s, 9H; NCC(CH3)3), 1.15 (d,
3J
H,P
11B

= 11.1 Hz, 18H; PC(CH3)3).

NMR (128.4 MHz, CDCl3, 293 K): δ 64.4 (s).

13C{1H}

NMR (101.6 MHz, CDCl3, 294 K): δ 144.8 (br. s; ipso-PhC), 136.1 (d, 1JC,P = 2.6

Hz; NCC(CH3)3), 130.4 (s; o-BPhC), 127.6 (s; m-BPhC), 125.4 (s; p-BPhC), 32.5 (d, 1JC,P =
21.6 Hz; PC(CH3)3), 29.8 (d, 2JC,P = 12.6 Hz; PC(CH3)3), 28.9 (s; NCC(CH3)3), 129.2 (s;
NCC(CH3)3), 19.2 (br. s; CH2).
31P{1H}

NMR (162.0 MHz, CDCl3, 293 K): δ 43.3 (br. s).

HR-MS: (ESI): 325.2237 [5b + H − tert-butylnitrile]+. Calcd for C21H31BP+ 325.2251. Only
protonated 1 is observed, not adduct 5b.
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IR (cm–1): 3059 (w), 2967 (m), 1618 (w), 1462 (m), 1429 (m), 1371 (m), 1261 (m), 1175 (m),
1142 (m), 1084 (m), 1030 (m), 928 (s), 868 (s), 812 (m), 752 (m), 739 (s).
VT NMR spectroscopy.
5b (20 mg, 0.047 mmol) was loaded in an J Young NMR tube and dissolved in toluene-d8
(0.5 mL). This sample was used to record 31P{1H}, 11B and 1H NMR spectra using a Bruker
Avance 400 in the temperature range of –60 °C to 50 °C (Figure 9).

Figure 9. Left: 31P{1H} NMR (162.0 MHz, tol-d8); Right: 11B NMR (128.4 MHz, tol-d8). Peak marked with an
asterisk corresponds to an impurity <1%.

Calculation of the estimated free enthalpy of activation ΔG‡ for 5b at the coalescence
temperature (Tc = 0 °C) was performed using the Eyring equation (1), with the corresponding
rate constant kc defined by equation (2).[26]
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ΔG‡c = 4.58 Tc (10.32 + log (Tc / kc)) cal∙mol–1

(1)

kc = (π Δυ / √ 2) = 2.22 Δυ

(2)

(Δυ is the separation in Hz between the two signals at –50 °C and 50 °C)
k273K = 2.22 · 8100.81 Hz = 17983.80 s–1
ΔG‡c = 4.58 · 273 K · (10.32 + log (273 K / 17983.80 s-1)) = 10629.50 cal∙mol–1 = 10.63 kcal∙
mol–1
Synthesis of 5c from 1 and acetonitrile
Acetonitrile (24.2 μL, 0.464 mmol, 2 equiv.) was added to a solution of 1 (75 mg, 0.231
mmol, 1 equiv.) in toluene (1.5 mL) at room temperature. After stirring for 10 minutes, npentane (3 mL) was added, which resulted in the precipitation of white solids from the
reaction mixture. The solids were collected by filtration, subsequently washed with n-pentane
(2 mL) and evaporated to dryness to give 5c as a white powder in 70% (59 mg, 0.163 mmol).
X-ray quality crystals were obtained by cooling a saturated toluene solution of 5c to −20 °C.
Mp. (nitrogen, sealed capillary): 120–148 °C (decomposition).
1H

NMR (400.1 MHz, CDCl3, 293 K): δ 7.46 (d, 3JH,H = 7.1 Hz, 4H; o-PhH), 7.14 (t, 3JH,H =

7.4 Hz, 4H; m-PhH), 7.00 (t, 3JH,H = 7.3 Hz, 2H; p-PhH), 2.57 (d, 3JH,P = 4.9 Hz, 3H; NCCH3),
1.26 (br. d, 3JH,P = 13.8 Hz, 20H; PC(CH3)3 and CH2).
11B

NMR (128.4 MHz, CDCl3, 293 K): δ 5.2 (s).

13C{1H}

NMR (101.6 MHz, CDCl3, 293 K): δ 157.8 (br. s; ipso-PhC), 147.5 (d, 1JC,P = 10.1

Hz; NCCH3), 131.9 (s; o-PhC), 127.0 (s; m-PhC), 123.9 (s; p-PhC), 33.6 (d, 1JC,P = 23.0 Hz;
PC(CH3)3), 28.4 (s; PC(CH3)3), 27.0 (d, 2JC,P = 47.4 Hz; NCCH3), 10.8 (br. s; CH2).
31P{1H}

NMR (162.0 MHz, CDCl3, 293 K): δ 76.7 (s).

HR-MS (ESI, in DCM/MeCN): 366.2522 [5c + H]+. Calcd for C23H33BNP+ 366.2516.
IR (cm–1): 3061 (w), 2965 (m), 1634 (m), 1468 (m), 1431 (m), 1375 (m), 1275 (m), 1180
(m), 1144 (m), 1119 (m), 1076 (m), 1051 (m), 1026 (m), 893 (m), 870 (s), 851 (m), 816 (m),
797 (m), 750 (s), 737 (s), 704 (s).

131

Synthesis of 7a from 1 and (N-phenyl)(phenyl)carbonitrilium triflate
DCM (4 mL) was added to a mixture of 1 (148 mg, 0.456 mmol, 1 equiv.) and (Nphenyl)(phenyl)carbonitrilium triflate (144.0 mg, 0.437 mmol, 0.95 equiv.) and the reaction
mixture was stirred for 10 minutes at room temperature. n-Pentane (10 mL) was added, which
resulted in the precipitation of white solids that were collected by filtration, washed with npentane (2 mL) and evaporated to dryness to afford 7a as a yellow solid in 95% (254 mg,
0.401 mmol). X-ray quality crystals were obtained by layering a DCM solution of 7a with npentane at room temperature.
Mp. (nitrogen, sealed capillary): 110–130 °C (decomposition).
1H

NMR (400.1 MHz, CD2Cl2, 294 K): δ 7.48–7.40 (m, 3H; p-CPhH, o-CPhH or m-CPhH),

7.34–7.26 (m, 2H; o-CPhH or m-CPhH), 7.21–7.16 (m, 6H p-BPhH, o-BPhH or m-BPhH),
7.13 (t, J = 7.5 Hz, 1H; p-NPhH), 7.09–7.04 (m, 4H; o-CPhH or m-CPhH), 7.04–6.95 (m,
2H; m-NPhH), 6.54 (d, J = 7.8 Hz, 2H; o-NPhH), 2.18 (d, 2JH,P = 11.1 Hz, 2H; CH2), 1.49 (d,
3J
H,P
11B

= 16.8 Hz, 18H; C(CH3)3).

NMR (128.4 MHz, CD2Cl2, 293 K): δ 9.0 (s).

13C{1H}

NMR (101.6 MHz, CD2Cl2, 293 K): δ 179.8 (d, 1JC,P = 53.0 Hz; PhNCPh), 148.2

(br. s; ipso-BPhC), 143.7 (d, 3JC,P = 9.9 Hz; ipso-NPhC), 133.9 (s; ArC), 133.6 (s; ArC),
132.1 (d, J = 12.1 Hz; ArC), 130.9 (s; ArC), 130.6 (s; p-NPhC), 129.5 (s; m-NPhC), 128.4–
128.2 (m; ArC), 127.6 (s; ArC), 126.3 (s; o-NPhC), 121.4 (q, 1JC,F = 321.2 Hz; CF3), 39.0 (d,
1J
C,P
19F

= 25.4 Hz; C(CH3)3), 28.6 (s; C(CH3)3), 7.7 (s; CH2).

NMR (235.4 MHz, CD2Cl2, 292 K): δ –78.8 (s).

31P{1H}

NMR (162.0 MHz, CD2Cl2, 293 K): δ 81.3 (s).

HR-MS (ESI): 504.3000 [7a]. Calcd for C34H40BNP+ 504.2986.
IR (cm–1): 3013 (w), 1738 (w), 1485 (m), 1470 (m), 1429 (w), 1368 (w), 1263 (m), 1227 (m),
1167 (m), 1142 (s), 1080 (m), 1030 (s), 1005 (m), 916 (m), 874 (m), 826 (m), 775 (m), 741
(m), 704 (m).
Synthesis of 7b from 1 and (N-phenyl)(tert-butyl)carbonitrilium triflate
DCM (4 mL) was added to a mixture of 1 (149 mg, 0.460 mmol, 1 equiv.) and (Nphenyl)(tert-butyl)carbonitrilium triflate (135.0 mg, 0.436 mmol, 0.95 equiv.) and the
reaction mixture was stirred for 10 minutes at room temperature. Upon addition of n-pentane
(10 mL), white solids precipitated, which were collected by filtration, washed with n-pentane
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(2 mL) and evaporated to dryness to give 7b as a yellow solid in 92% (254 mg, 0.401 mmol).
X-ray quality crystals were obtained by layering a DCM solution of 7b with n-pentane at
room temperature.
Mp. (nitrogen, sealed capillary): 102–106 °C (decomposition).
1H

NMR (400.1 MHz, CD2Cl2, 293 K): δ 7.19 (br. t, 3JH,H = 7.5 Hz, 1H; p-NPhH), 7.14–7.01

(m, 8H; m-BPhH, p-BPhH and m-NPhH), 6.96–6.86 (m, 4H; o-BPhH), 6.66 (d, 3JH,H = 7.8
Hz, 2H; o-NPhH), 1.96 (d, 2JH,P = 11.6 Hz, 2H; CH2), 1.63 (d, 3JH,P = 17.0 Hz, 18H;
PC(CH3)3), 1.41 (s, 9H; NCC(CH3)3).
11B

NMR (128.4 MHz, CD2Cl2, 293 K): δ 9.3 (s).

13C{1H}

NMR (101.6 MHz, CD2Cl2, 293 K): δ 193.3 (d, 1JC,P = 30.0 Hz; PhNCC(CH3)3),

147.8 (br. s; ipso-BPhC), 142.6 (d, 3JC,P = 12.1 Hz; ipso-NPhC), 134.1 (s; o-BPhC), 129.9 (s;
p-NPhC), 128.5 (s; m-NPhC), 127.7 (s; m-BPhC or p-BPhC), 127.3 (s; m-BPhC or p-BPhC),
125.2 (s; o-NPhC), 121.4 (q, 1JC,F = 321.2 Hz; CF3), 43.2 (d, 2JC,P = 12.2 Hz; quatNCC(CH3)3), 42.5 (d, 1JC,P = 19.7 Hz; quat-PC(CH3)3), 32.4 (d, 3JC,P = 1.9 Hz; NCC(CH3)3),
30.0 (d, 2JC,P = 1.1 Hz; PC(CH3)3), 8.6 (br. s; CH2).
19F

NMR (235.4 MHz, CD2Cl2, 292 K): δ –78.9 (s).

31P{1H}

NMR (162.0 MHz, CD2Cl2, 293 K): δ 103.5 (s).

HR-MS (ESI): 484.3299 [7b]. Calcd for C32H44BNP+ 484.3299.
IR (cm–1): 2972 (w), 1738 (w), 1485 (m), 1373 (w), 1263 (s), 1223 (m), 1140 (s), 1032 (s),
995 (m), 939 (m), 876 (m), 816 (m), 768 (m), 741 (s), 702 (s).
Computational Details
All structures were optimized at ωB97X-D/6-311G(d,p)[27,28] using Gaussian 09, Revision
D.01.[29] ZPE and Gibbs free energies (G°) were obtained from frequency analyses performed
at the same level of theory. Hydrogen atoms are omitted for clarity in the presented calculated
geometries. For 7a,b the counter ion [CF3SO3]– was omitted in the calculations.
The Voronoi Deformation Density (VDD)[30] was computed on the optimization of structures
5a and 7a using ADF2016.102[31] at the BP86/TZ2P[32] level of theory.
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X-ray Crystal Structure Determinations
The single-crystal X-ray diffraction study were carried out on a Bruker D8 Venture
diffractometer with Photon100 detector at 123(2) K using Cu-Kα radiation (2a, 4, 5a,
5c, λ = 1.54178 Å) or Mo-Kα radiation (2b, 7a, 7b, λ = 0.71073 Å). Direct Methods
(SHELXS-97)[33] were used for structure solution and refinement was carried out using
SHELXL-2014 (full-matrix least-squares on F2).[34] Hydrogen atoms were localized
by difference electron density determination and refined using a riding model (H(P)).
Semi-empirical absorption corrections were applied. For 2b, 5a and 7b an extinction
correction was applied. The absolute structure of 7a and 7b were determined by
refinement of Parsons’ x-parameter.[35] In 7a the solvent CH2Cl2, the triflate anion and
one phenyl group were disordered (for details see cif-file). For 5b 71268 reflections
were measured on a Bruker Kappa ApexII diffractometer with sealed tube and
Triumph monochromator (l = 0.71073 Å) at a temperature of 150(2) K up to a
resolution of (sin q/l)max = 0.81 Å–1. Intensities were integrated with the EVAL15
software.[ 36 ] Multi-scan absorption correction and scaling was performed with
SADABS[ 37] (correction range 0.71−0.75). 10849 Reflections were unique (Rint =
0.020), of which 9694 were observed [I>2s(I)]. The structure was solved with
Patterson superposition methods using SHELXT.[38] Least-squares refinement was
performed with SHELXL-2014[34] against F2 of all reflections. Non-hydrogen atoms
were refined freely with anisotropic displacement parameters. Hydrogen atoms at C1
were located in difference Fourier maps and refined freely with isotropic displacement
parameters. All other hydrogen atoms were introduced in calculated positions and
refined with a riding model. Geometry calculations and checking for higher symmetry
were performed with the PLATON program.[39]
2a. Colourless crystals, C29H36BP, Mr = 426.36, crystal size 0.20 × 0.15 × 0.06 mm,
orthorhombic, space group Pbca (No. 61), a = 16.9924(6) Å, b = 16.5973(5) Å, c =
17.5163(6) Å, V = 4940.1(3) Å3, Z = 8, ρ = 1.147 Mg/m–3, µ(Cu-Kα) = 1.061 mm-1,
F(000) = 1840, 2qmax = 144.4°, 39211 reflections, of which 4859 were independent
(Rint = 0.032), 284 parameters, R1 = 0.034 (for 4380 I > 2σ(I)), wR2 = 0.095 (all data),
S = 1.03, largest diff. peak / hole = 0.326 / −0.334 e Å–3.
2b. Colourless crystals, C27H40BP, Mr = 406.37, crystal size 0.24 × 0.12 × 0.06 mm,
triclinic, space group Pī (No. 2), a = 10.0726(4) Å, b = 11.0362(4) Å, c = 12.2129(4)
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Å, α = 88.259(1)°, β = 69.614(1)°, γ = 78.174(1)°, V = 1244.34(8) Å3, Z = 2, ρ = 1.085
Mg m-3, µ(Mo-Kα) = 0.121 mm–1, F(000) = 444, 2qmax = 55.0°, 21399 reflections, of
which 5620 were independent (Rint = 0.037), 266 parameters, R1 = 0.041 (for 4651 I >
2σ(I)), wR2 = 0.096 (all data), S = 1.06, largest diff. peak / hole = 0.324 / −0.342 e Å–3.
4. Colourless crystals, C27H36BP, Mr = 402.34, crystal size 0.24 × 0.08 × 0.06 mm,
orthorhombic, space group Pbca (No. 61), a = 17.3762(6) Å, b = 15.4228(5) Å, c =
17.5727(6) Å, V = 4709.3(3) Å3, Z = 8, ρ = 1.135 Mg m-3, µ(Cu-Kα) = 1.083 mm–1,
F(000) = 1744, 2qmax = 144.4°, 53352 reflections, of which 4637 were independent
(Rint = 0.040), 266 parameters, R1 = 0.040 (for 4137 I > 2σ(I)), wR2 = 0.108 (all data),
S = 1.02, largest diff. peak / hole = 0.492 / −0.291 e Å–3.
5a. Colourless crystals, C28H35BNP, Mr = 427.35, crystal size 0.18 × 0.14 × 0.06 mm,
monoclinic, space group P21/c (No. 14), a = 8.1447(2) Å, b = 16.6623(4) Å, c =
17.5476(4) Å, β = 91.644(1)°, V = 2380.4(1) Å3, Z = 4, ρ = 1.192 Mg m-3, µ(Cu-Kα) =
1.115 mm-1, F(000) = 920, 2qmax = 144.2°, 27593 reflections, of which 4666 were
independent (Rint = 0.032), 281 parameters, R1 = 0.035 (for 4261 I > 2σ(I)), wR2 =
0.090 (all data), S = 1.04, largest diff. peak / hole = 0.313 / −0.319 e Å–3.
5b. Colourless block, C26H39BNP, Mr = 407.36, crystal size 0.38 ´ 0.33 ´ 0.32 mm3,
monoclinic, Cc (no. 9), a = 11.4364(4), b = 14.5007(5), c = 14.8879(6) Å, b =
93.698(2) °, V = 2463.80(16) Å3, Z = 4, Dx = 1.098 g cm-3, µ = 0.12 mm–1. 279
Parameters were refined with 11 restraints (distances, angles and displacement
parameters of the tert-butyl groups). R1/wR2 [I > 2s(I)]: 0.0440 / 0.1205. R1/wR2 [all
refl.]: 0.0501 / 0.1258. S = 1.032. Flack parameter[35] x = 0.015(9). Residual electron
density between −0.29 and 0.48 e Å–3.
5c. Colourless crystals, C23H33BNP, Mr = 365.28, crystal size 0.16 × 0.08 × 0.04 mm,
monoclinic, space group P21/c (No. 14), a = 8.4981(5) Å, b = 18.4460(11) Å, c =
13.8292(8) Å, β = 96.972(2)°, V = 2151.8(2) Å3, Z = 4, ρ = 1.128 Mg m-3, µ(Cu-Kα) =
1.150 mm-1, F(000) = 792, 2qmax = 144.2°, 17000 reflections, of which 4219 were
independent (Rint = 0.031), 236 parameters, R1 = 0.041 (for 3682 I > 2σ(I)), wR2 =
0.111 (all data), S = 1.02, largest diff. peak / hole = 0.343 / −0.252 e Å–3.
7a. Colourless crystals, C34H40BNP+∙CF3O3S-∙CH2Cl2, Mr = 738.44, crystal size 0.34
× 0.30 × 0.20 mm, orthorhombic, space group P212121 (No. 19), a = 11.0882(5) Å, b
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= 17.6065(7) Å, c = 18.5479(9) Å, V = 3621.0(3) Å3, Z = 4, ρ = 1.355 Mg/m–3, µ(MoKα) = 0.333 mm-1, F(000) = 1544, 2qmax = 55.2°, 157311 reflections, of which 8349
were independent (Rint = 0.044), 414 parameters, 151 restraints, R1 = 0.054 (for 7827
I > 2σ(I)), wR2 = 0.135 (all data), S = 1.02, largest diff. peak / hole = 0.947 / −0.705 e
Å-3, x = –0.003(9).
7b. Colourless crystals, C32H44BNP+∙CF3O3S−, Mr = 633.53, crystal size 0.36 × 0.22 ×
0.18 mm, monoclinic, space group Cc (No. 9), a = 13.6317(8) Å, b = 11.9518(8) Å, c
= 19.7278(13) Å, β = 101.210(2)°, V = 3152.8(3) Å3, Z = 4, ρ = 1.335 Mg/m−3, µ(MoKα) = 0.206 mm−1, F(000) = 1344, 2qmax = 55.2°, 63370 reflections, of which 7264
were independent (Rint = 0.028), 389 parameters, 2 restraints, R1 = 0.027 (for 7090 I >
2σ(I)), wR2 = 0.068 (all data), S = 1.06, largest diff. peak / hole = 0.313 / -0.187 e Å-3,
x = −0.015(11).
CCDC 1555966 (compound 2a), 1555967 (2b), 1555968 (4), 1555969 (5), 1557521 (5b),
1555970 (5c), 1555971 (7a), and 1555972 (7b) contain the supplementary crystallographic
data for this paper. These data can be obtained free of charge from The Cambridge
Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.
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Chapter 5
Parallels between Metal-Ligand Cooperativity
and Frustrated Lewis Pairs

Abstract: Metal ligand cooperativity (MLC) and frustrated Lewis pair (FLP) chemistry both
feature the cooperative action of a Lewis acidic and a Lewis basic site. A lot of work has
been carried out in the field of FLPs to prevent Lewis adduct formation, which often quenches
the FLP reactivity. Parallels are drawn between the two systems by looking at their reactivity
with CO2, and explore the role of steric bulk in preventing dimer formation in MLC systems.
Submitted

5.1 Introduction
Over the past decades catalysis has been dominated by transition metal complexes. The
partially filled d-orbitals grant the metal centre both donor and acceptor orbitals on a single
atom, and allows prototypical transition metal reactivity such as oxidative addition of
dihydrogen, shown in Scheme 1.i, which involves an increase on the formal oxidation state
of the metal by +2. In these cases, the surrounding ligands are crucial for tuning the electronic
and steric properties of the metal centre, but they are not directly involved in the reactions.
Separating the donor and acceptor site has led to new reaction pathways for catalysis. This
reactivity occurs when the ligand actively participates in substrate activation together with
the metal centre, and has been termed bifunctionality or metal-ligand cooperativity (MLC),
shown in Scheme 1.ii. Noyori first demonstrated this concept with a ruthenium-phosphine
complex bearing an ethylenediamine ligand, where the amine functionality cooperates with
the metal.[1 ] In these reactions the formal oxidation state of the metal is unchanged on
activation of the substrate. This topic has grown rapidly and been reviewed on many
occasions,[2] and has important ramifications for catalyst design.

Scheme 1. Differing modes of dihydrogen activation by transition metal complexes and frustrated Lewis pairs (M
= transition metal, A = Lewis acidic site, B = Lewis basic site, L = ligand).

Another form of cooperation can be found in transition metal-free frustrated Lewis pairs
(FLPs), where the acceptor and donor site are also on separate sites.[3] Lewis acids and bases
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typically form Lewis adducts, however incorporation of bulky groups on the donor and/or
acceptor sites can induce frustration and prevent adduct formation. The unquenched
reactivity of the Lewis acid and base has been exploited for the activation of small molecules,
such as H2 and CO2, and for the subsequent catalytic hydrogenation of unsaturated
substrates.[ 4 ] The Lewis acid and base can be tethered to afford an intramolecular FLP
(Scheme 1.iii), which allows for preorganization of the reactive site and can reduce the
(entropic) energy barrier for such activation reactions.[5,6] The interplay between the electronic and steric properties of the Lewis acids and bases is of paramount importance in
determining the activity of the FLP system.
The fields of FLP and MLC chemistry have both grown rapidly and, in general,
separately. However, it is clear that the underlying cooperativity for the activation of
substrates is similar in both cases. The distinction was further blurred by the advent of
transition metal-based FLPs, where a transition metal centre is used as one of the Lewis acidic
or basic sites in an FLP.[ 7 ] Wass and co-workers introduced a cationic zirconocenephosphinoaryloxide complex, with the zirconium centre acting as a Lewis acid and a pendant
phosphine acting as a Lewis base for the activation of dihydrogen (Scheme 2.i).[8] Just as with
traditional main-group FLPs, the balance of sterics and electronics is important, as simply
switching the [C5Me5]– (Cp*) ligands for [C5H5]– (Cp) resulted in a strong Zr–P interaction,
and shut down the FLP reactivity. This reactivity could be equally well described as FLP or
MLC chemistry, and Wass noted this insight in subsequent articles.[9a,b] The analogy has also
been noted elsewhere, especially with the transition metal-based FLPs,[9,10 ] and recently
Bullock and co-workers cited guiding principles from main-group and transition metal-based
FLPs in the design of bifunctional Mo complexes for the controlled heterolytic cleavage of
dihydrogen (Scheme 2.ii).[11] Herein we further explore the relationships between archetypal
MLC and FLP systems, in particular investigate the dimerization of the active MLCmonomer by Lewis adduct formation, and to consolidate the knowledge garnered from the
two topics.
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Scheme 2. Transition metal-based FLP reactivity, and/or MLC reactivity: activation of dihydrogen by i)
Wass’s Zr complex[8] and ii) Bullock’s Mo complex[11]. Blue: Lewis acid; red: Lewis base.

We chose to investigate the quintessential Ru-based PNP pincer systems developed by
Milstein, as it is well established that these species can undergo an MLC pathway via
dearomatization/rearomatization of the pyridine ring. Treatment of the precursors 1 and 2,
which differ by the R group on the phosphine, with base leads to deprotonation of one of the
methylene arms and loss of chloride to afford 3 and 4, respectively (Figure 1).[12,13] These
compounds feature a Lewis basic site on the carbon and a Lewis acidic site on the Ru centre.
This notion was confirmed by our DFT calculations of the frontier molecular orbitals of 3 at
the ωB97X-D/6-311G(d,p) level of theory, which showed that the highest occupied
molecular orbital (HOMO) is principally located on the deprotonated carbon, and the lowest
unoccupied molecular orbital (LUMO) is centred on the ruthenium. In this case the
“frustration” of the Lewis acidic and basic sites is enforced by the rigid ligand framework.
Otten and co-workers have previously demonstrated the FLP-like reactivity of a related Rubased PNN system with nitriles,[14] in which the Ru/C combination added in a cooperative
fashion across the CN triple bond, Milstein has also noted that the cooperative addition of
CO2 across these pincer systems bears a resemblance to FLPs.[10,15]
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Figure 1. Top: Milstein system, activation of precursor by deprotonation with a base resulting in the dearomatized
species. Bottom: molecular orbital diagram of MLC 3 (isopropyl groups omitted for clarity) and FLP 5 (left: HOMO,
right: LUMO) calculated at the ωB97X-D/6-311G(d,p) level of theory. Blue: Lewis acid; red: Lewis base.

To compare this traditional MLC system with a main-group FLP, we opted to study the
intramolecular FLP, 5 (Figure 1). The acidic and basic components are preorganised by the
methylene bridge in the ideal orientation to activate a range of small molecule substrates,
including dihydrogen, carbon dioxide and isocyanates, despite the lack of strong electronwithdrawing groups on the boron centre.[6] The HOMO is the lone pair on phosphorus, and
the LUMO is predominantly the formally vacant p orbital on boron. The parallels between
the orbitals of 3 and 5 should bear out in their reactivity, so we resorted to DFT calculations
to provide detailed mechanistic insight into the mode of activation of carbon dioxide of the
two systems.
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5.2 Results and Discussion
Milstein and co-workers already partially elaborated on the activation of CO2 for 4,[16]
which we extended for 3 to investigate the influence of the steric bulk, and this was compared
to the geminal FLP system 5 (Figure 2). The latter was also investigated in the original
publication, but at a different level of theory, so all calculations herein were carried out using
ωB97X-D/6-311G(d,p) for ease and relevance of comparison. Pertinent bond metric data are
included in Table 1, including the bond distances between the CO2 and the Lewis acidic and
basic sites, as well as the bond lengths and angle within the CO2 moiety. For both MLC
systems, first a van der Waals complex is formed with long distances between the MLC and
CO2, and the CO2 moiety has barely deviated from linearity. The complex is energetically
favourable, but the ΔG values are slightly uphill due to a decrease in entropy. This initial
complexation is followed by a nucleophilic attack by the ligand-based carbon to the carbon
of CO2 in an asynchronous concerted transition state (3 ΔGǂ = 3.3; 4 ΔGǂ = 3.8 kcal∙mol–1).
In both cases the Ru-O and C-C bonds are still relatively long, indicating an early transition
state. Ring closure affords the product with an overall energy difference of ΔG = 12.1 and
10.4 kcal∙mol–1 for 3 and 4, respectively. There is little energetic difference between the
isopropyl or tert-butyl groups during the reaction profile, and the bond distances (largest
difference 0.03 Å) and angles (largest difference 0.6 °) are similar in all cases.

Figure 2. Relative ωB97X-D/6-311G(d,p) Gibbs free energies (energy in brackets) in kcal∙mol–1 for the reaction
of CO2 and 3/4.
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Table 1. Computed bond metric data for the van der Waals complexes (vdW), transition states (TS) and products
(P) during the reactions of CO2 with 3, 4 and 5.

vdW

TS

P

LA-O1 [Å]

LB-CCO2 [Å]

C-O1 [Å]

C-O2 [Å]

O-C-O [°]

3

2.55

3.14

1.16

1.15

175.9

4

2.56

3.16

1.16

1.15

176.0

5

3.63

3.46

1.16

1.16

177.6

3

2.43

2.43

1.18

1.16

158.9

4

2.45

2.42

1.18

1.16

158.3

5

3.00

2.26

1.20

1.19

147.8

3

2.26

1.59

1.27

1.22

129.3

4

2.29

1.59

1.27

1.22

129.1

5

1.57

1.88

1.28

1.21

128.8

LA = Lewis acid (Ru in 3, 4; B in 5); LB = Lewis base (C in 3, 4; P in 5).

Figure 3. Relative ωB97X-D/6-311G(d,p) Gibbs free energies (energy in brackets) in kcal∙mol–1 for the reaction
of CO2 and 5.

The reaction profile for 5 is similar (Figure 3). First a van der Waals complex is formed
with long distances between the FLP and CO2 with an almost linear CO2. The reaction
proceeds via an asynchronous concerted transition state (ΔGǂ = 12.5 kcal∙mol–1), where the
Lewis basic phosphorus centre attacks the electrophilic carbon of CO2, and the O1 is stabilised
by interaction with the boron centre. This is evidenced by the slightly longer C–O1 and C–O2
bond lengths and the smaller bond O–C–O bond angle in TS-5 than the analogous metrics in
TS-3 and TS-4, and is in good agreement with the previously reported bond order data for
TS-5.[6] The final product is formed by ring closure, which is exergonic by 5.4 kcal∙mol–1. In
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both the MLC and FLP systems the mechanism is the same, and differences in energies and
bond metrics are readily explained by the varying electronic nature of the Lewis acidic and
basic sites in the molecules.
Intramolecular FLPs can quench either via an intramolecular interaction or dimerization,
although “quench” in this case is perhaps a misnomer, as it is now well established that
complete frustration is not necessary for typical FLP reactivity to occur. Stephan and coworkers recently showed that even the classical adduct of B(C6F5)3 and the strongly basic
proazaphosphatrane P(N(Me)CH2CH2)3N is capable of addition to a range of
heteroallenes.[ 17 ] In any case, the Lewis adduct is a resting state; dissociation into the
corresponding Lewis acid/base components with the accompanying energy penalty is
required to induce FLP reactivity. Therefore, the control of reactivity via fine-tuning of the
steric environment is still a widely employed strategy in FLP chemistry. In a similar manner,
MLC systems are able to dimerize via an intermolecular interaction of the Lewis acidic and
Lewis basic sites in the complex. For example, the dearomatized Ru-PNS system dimerizes
as shown in Figure 4, and subsequently undergoes a decomposition pathway involving C-S
cleavage and loss of isobutene.[18]
On examination of the crystal structure of 3, as reported in Milstein’s original
publication,[12] we were surprised to observe that this species was also a dimer in the solid
state. The ruthenium-carbon interatomic distance between the two monomers in the X-ray
structure (Ru1–C7’ 2.409(7) and Ru1’–C7 2.403(7) Å) lies within the sum of the van der
Waals radii (3.75 Å)[ 19 ] suggesting a bonding interaction. The C6–C7 bond distances
(according to the atom labelling in Figure 1) in [3]2 are 1.456(8) and 1.449(8) Å. These bond
lengths are much longer than that found in the gas-phase DFT optimized monomer 3 (1.379
Å), but shorter than that found in the X-ray structure of unactivated complex 1 (1.501(2) Å),
which suggests that the deprotonated arm features a C–C bond with partial double bond
character. In fact, the C6–C7 bond lengths are not significantly different to that found in A
(1.458(4) Å; Figure 4).[18]
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[3]2

A

Figure 4. Two examples of dimeric MLC complexes. Left: molecular X-ray structure of [3]2 (displacement
ellipsoids are set at 50% probability, isopropyl groups on the phosphorus are omitted for clarity).[12] Selected bond
lengths [Å]: Ru1–C7’ 2.409(7), Ru1’–C7 2.403(7), P2–C7 1.797(6), C6–C7 1.456(8), C1–C2 1.489(9), C1–P1
1.842(6), P2’–C7’ 1.803(6), C6’–C7’ 1.449(8), C1’–C2’ 1.55(1), C1’–P1’ 1.843(6). Right: Milstein’s Ru(PNS)
dimer A.[18] Blue: Lewis acid; red: Lewis base.

To probe the structural changes that occur during dimerization, we examined the
aromaticity of the pyridine ring of the compounds using NICS(0) calculations.[ 20 , 21 ] As
expected, the unactivated precursors feature an aromatic ring (1: –6.4 ppm, 2: –6.5 ppm),
whereas in the activated species dearomatization has occurred (3: 2.0 ppm, 4: 1.3 ppm). These
values are consistent with previous studies by Gonçalves and Huang on similar
organometallic pincer complexes.[22,23] Interestingly, the dimer [3]2 has a value (–4.7 ppm)
between that of 1 and 3, indicating partial rearomatization of the pyridine ring and a
contributing factor to the stability of the dimer.
The bonding situation in [3]2 was further analysed using AIM analyses,[24 ,25 ] which
revealed a bond critical point (BCP) between the Lewis acidic Ru site of one monomer and
the Lewis basic C7 site of the other monomer (Figure 5, ρ = 0.047 a.u. (ξ = 0.21), Ru–C7
2.499 Å), indicative of a weak interaction. Furthermore, a ring critical point (RCP) is found
in the dimer between the two monomers. The examination of the Laplacian of the electron
densities (∇2ρ) in the C6–C7 bond reveals a weaker interaction for the dimer compared to the
monomer, yet still stronger than for 1 ([3]2: –0.66 a.u., 3: –0.83 a.u., 1: –0.58 a.u.). ETSNOCV[26] analyses of the dimer, which we have used to assess donor-acceptor interactions,
concur with these observations, and revealed an interaction between ruthenium and the
carbon in the backbone of both monomers, showing orbital interactions and specifically σ
donations of 24.4 and 20.7 kcal mol–1 from C7 to Ru.
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Figure 5. Computed AIM bond paths of [3]2, a simplified framework is depicted (isopropyl groups on P and all H
atoms omitted for clarity); bond critical points (BCP) in red, ring critical points (RCP) in green.

The monomeric pincer complexes are the active species in catalysis, therefore the dimer
must first be broken before it can react. DFT calculations at the ωB97X-D/6-311G(d,p) level
of theory reveal it costs ΔG = 15.4 kcal∙mol–1 (ΔE = 29.7 kcal∙mol–1) to break up dimer [3]2
(Table 2; all values given per monomer). To give a better reflection of the thermodynamics
of this equilibrium in solution, we augmented our computational method by including
implicit solvation effects (benzene and THF). As expected, this lowers the amount of energy
required to break the dimer, the more polar solvent THF does this to a greater extent (benzene:
ΔG = 13.6 kcal∙mol–1, THF: ΔG = 12.4 kcal∙mol–1). Explicit solvent interactions are also
important, especially for monomeric species such as 3 where the Ru centre has a vacant
coordination site that can be stabilised by solvent. Including one benzene molecule per
monomer in the calculations lowered the energy required very slightly (ΔG = 12.8 kcal∙mol –1),
as benzene only weakly coordinates to the Ru centre in an η2 fashion. Once again, the more
coordinating THF stabilises the monomer to a greater extent, making it easier to cleave the
dimer (ΔG = 5.5 kcal∙mol–1); we anticipate that coordinating substrates will have a similar
effect.
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Interestingly, and reminiscent of the tenets of FLP chemistry, increasing the steric bulk
of the alkyl substituents on phosphorus from isopropyl to tert-butyl (i.e. going from 3 to 4)
destabilises these Lewis acid/Lewis base interactions and precludes dimer formation. It was
not possible to locate a minimum on the potential energy surface corresponding to the
structure of [4]2, and all attempts led to regeneration of the two monomers during the
optimization process.

Figure 6. Top: cleavage of dimer [3]2 into monomer 3. Bottom: optimized structures of 3·THF (left, oxygen
coordinates to ruthenium) and 3·C6H6 (right, coordination in an η2 fashion to ruthenium).
Table 2. Energy (ΔE) and Gibbs free energy (ΔG) required to break dimer [3]2 in kcal mol–1 (all values given per
monomer).

ΔG [kcal mol–1]

ΔE [kcal mol–1]

No solvent added

15.4

29.7

Implicit THF

12.4

26.4

Implicit benzene

13.6

28.1

5.5

14.1

12.8

22.6

Explicit THF added,
implicit THF
Explicit benzene added,
implicit Benzene
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To corroborate these insights on the dimerization of 3 and 4 in different solvents, we
analysed the diagnostic

1H

NMR chemical shift of the Ru-bound hydride, both

computationally and experimentally (Table 3). The computed shift for monomer 3 is
approximately –20 ppm, while the corresponding shift for [3]2 is relatively deshielded and is
computed to be approximately –10 ppm, with little dependence on the identity of the solvent.
Experimentally, the hydride in benzene solutions of 3 was found to resonate at δ –13.04
ppm,[12] while in THF it is at δ –20.05 ppm. The latter is a very good match with the predicted
monomeric structure, while the former is closer to the dimeric species, and suggests the
existence of a monomer/dimer equilibrium. These data follow the trends predicted by the
computations above, in that the quenching of the MLC is more likely to occur in less
coordinating solvents such as benzene. These data are further supported by the fact that the
analogous hydride in A (Figure 4), which is known to rapidly dimerise, resonates relatively
downfield at δ –11.83 ppm in the non-coordinating solvent CD2Cl2.[18]
The notion that the difference in the experimental chemical shift of the hydride of 3 in
THF and benzene is related to dimerization is reinforced by the fact that the analogous
experimental values for 4, a system where dimerization is not possible, are very similar in
the two solvents (benzene: δ –25.78 ppm; THF: δ –26.17 ppm, implicit solvent added). It
should be noted that the computed values in this case are not very accurate, as they predict
the resonance at approximately –18.5 ppm, depending on the solvent, and thus caution is
advised in analysing the close correlation between the computed and observed values for 3
in THF above. However, the fact that the experimental values of 3 are significantly different
in the two solvents, while the corresponding values for 4 are almost identical, is evidence for
the presence of monomer/dimer equilibrium effects.
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Table 3. Experimental and computational data of the hydride shift of various compounds
Compound

Experimental data [ppm]

THF[a]

Benzene[a]

–20.23

–19.90

[3]2[b]

–10.16

–10.19

4

–18.58

–18.36

n.a.

n.a.

3
3 in THF-d8

–20.05

3 in C6D6

–13.04

4 in THF-d8

–26.17

4 in C6D6

–25.78

[4]2
A in

Computational data [ppm][27]

CD2Cl2[18]

–11.83

[a] Calculated using implicit solvent interactions; n.a. = not applicable, as the dimeric structure could not be obtained
computationally. [b] Both hydrides have the same shift (–10.16 or –10.19).

Finally, we wanted to show that consideration of steric bulk is important for regulating
the quenching of the Lewis acid/Lewis base components in other organometallic pincer
systems. Kirchner[28] and Huang[29] have replaced the methylene bridges in Milstein’s PNP
pincer system with the more acidic NH moiety (Figure 7).[30] Calculations at the ωB97X-D/6311G(d,p) level of theory (with no solvent modelled) reveal a dimer is feasible for
[(iPrPNNNP)RuH(CO)], and it costs ΔG = 11.3 kcal∙mol–1 to break up the dimer (per
monomer), which is slightly lower than for the Milstein system. Once again, for the tert-butyl
complex [(tBuPNNNP)RuH(CO)], the added steric protection around the acidic and basic sites
prevents dimerization. However, the altered electronics of the Lewis basic site in these
complexes compared to 3 and 4 have drastic consequences, as the activation of CO2 is no
longer feasible (ΔG = 15.3 and ΔG = 23.7 kcal∙mol–1 for [(iPrPNNNP)RuH(CO)] and
[(tBuPNNNP)RuH(CO)], respectively).
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Figure 7. Representation of the activated [(R-PNNNP)RuH(CO)] complex, R = iPr or tBu. Blue: Lewis acid;
red: Lewis base.

5.3 Conclusion
In summary, we have shown that FLP and MLC chemistry both involve the cooperative
action of a Lewis acid and a Lewis base, and that steric control to prevent quenching of the
reactive sites is just as important in both paradigms. There are many reactions in the literature
that have been given one label or the other on a fairly arbitrary basis, and we believe both
schools of thought should be united so that lessons from one field can be used to benefit the
other – whether that is using principles and reactions from main-group FLPs to broaden the
scope of MLC reactivity, or using the wealth of knowledge on ligand design and properties
to rationally construct new backbones for preorganised intramolecular main-group FLPs.

5.4 Experimental Details
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. 1H NMR spectra were
recorded on a Bruker AV 400 or on a Bruker AV300-ll and internally referenced to the
residual solvent resonances (THF-d8: 1H δ 3.58, 1.72 ppm; C6D6: 1H δ 7.16 ppm; Tol-d8: 1H
δ 2.08, 6.97, 7.01, 7.09 ppm). 31P{1H} NMR spectra were recorded on a Bruker AV 400 or
on a Bruker AV300-ll and externally referenced (85% H3PO4). Chemical shifts are reported
in ppm. High resolution mass spectra were recorded on a Bruker MicroTOF with ESI
nebulizer (ESI) at –45 °C.
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Synthesis of diisopropylphosphine
Diisopropylphosphine was prepared according to a modified literature procedure of A. S.
Glodman et al.[31] A solution of ClPiPr2 (4.92 g, 0.032 mol, 1.0 equiv) diethyl ether (55 mL)
was added dropwise to a slurry of LiAlH4 (0.37 g, 0.01 mol, 0.3 equiv) in diethyl ether (30
mL) in an ice/water bath. The mixture was stirred overnight and conversion was checked by
31P{1H}

NMR. Degassed H2O (20 mL) was added slowly and the organic layer was dried

over MgSO4. The water layer was extracted with diethyl ether (3 x 15 mL) and dried over
the same MgSO4. The MgSO4 was filtered off (with a cannula filter) and rinsed with diethyl
ether (3 x 15 mL). All volatiles were removed in vacuo while the Schlenk vessel was cooled
in an ice/water bath to afford diisopropylphosphine as a colourless clear liquid in 81% (3.08
g, 0.026 mol). If some phosphine was oxidized a Schlenk to Schlenk distillation was
performed. Note, the presence of some diethyl ether does not influence the next step.
1H

NMR (400.1 MHz, C6D6, 291 K): δ 2.93 (dt, 1JH,P = 192.3 Hz, 3JH,H = 5.9 Hz, 1H; PH),

1.77 (m, 2H; CH(CH3)), 1.01 (m, 12H; CH(CH3)).
31P{1H}

NMR (162.0 MHz, C6D6, 295 K): δ –16.5 (s).

Lithiation of diisopropylphosphine
Lithium diisopropylphosphide was prepared according to a modified literature procedure of
A. Jansen and S. Pitter.[32] n-Butyllithium (1.6M in hexanes, 5.2 mL, 8.347 mmol, 1.4 equiv)
was added dropwise to a solution of diisopropylphosphine (7.045 mg, 5.962 mmol, 1.0 equiv)
in n-pentane (15 mL) at 0 °C with a glass stirring bean and stirred for an additional 30 min,
after which the solution was allowed to warm to room temperature. The resulting
colourless/pale yellow solution was stirred for 16 hours during which an off-white solid
precipitated. The solids were collected by filtration, subsequently washed with n-pentane (2
x 15 mL) and evaporated to dryness to give lithium diisopropylphosphide as an off-white
solid in 76% (562.7 mg, 4.535 mmol).
1H

NMR (400.1 MHz, THF-d8, 297 K): δ 2.25 (dsept, 2JH,P = 6.8 Hz, 3JH,H = 4.7 Hz, 2H;

CH(CH3)2), 1.07 (dd, , 2JH,P = 11.3 Hz, 3JH,H = 6.8 Hz, 12H; CH(CH3)2).
7Li

NMR (155.5 MHz, THF-d8, 297 K): 1.3 (s).
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13C

NMR (100.6 MHz, THF-d8, 297 K): δ 26.93 (d, 3JC,P = 14.2 Hz; CH(CH3)2), 23.4 (d, 2JC,P

= 25.3 Hz; CH(CH3)2).
31P{1H}

NMR (162.0 MHz, THF-d8, 297 K): δ 1.5 (s).

Preparation of 2,6-bis-(diisopropylphosphino-methyl)-pyridine
2,6-Bis-(diisopropylphosphino-methyl)-pyridine was prepared according to a modified
literature procedure of A. Jansen and S. Pitter.[32] A solution of 2,6-bis(chloromethyl)pyridine
(0.26 g, 1.477 mmol, 1.0 equiv) in THF (2.0 mL) as added slowly to a solution of the lithiated
phosphine (0.40 g, 3.223 mmol, 2.2 equiv), using a glass stirring bean, in THF (4.0 mL) at
–78 °C and was stirred for an additional 15 min at the same temperature. During the addition,
the solution changed colour from yellow to orange, and subsequently was allowed to warm
to room temperature in 16h. Addition of degassed water (0.2 mL) resulted in a colour change
to yellow and the mixture was dried over Na2SO4. The solution was filtered and the Na2SO4
was washed with THF (3 x 4 mL). The combined solution was dried in vacuo, extracted with
pentane (3 x 5 mL) and evaporated to dryness to give iPrPNP as a yellow oil in 88% (0.44
mg, 1.296 mmol, 95% pure). Note, some remaining diisopropylphosphine can be observed.
1H

NMR (400.1 MHz, C6D6, 298 K): δ 7.13–7.04 (m, 1H; p-PyH), 7.02–6.95 (m, 2H; m-

PyH), 2.97 (d, 2JH,P = 1.5 Hz, 4H; CH2), 1.71 (dsept, 2JH,P = 7.1, 1.7 Hz, 4H; CH(CH3)2), 1.05
(m, 24H; CH(CH3)2).
31P{1H}

NMR (162.0 MHz, C6D6, 297 K): δ 11.4 (s; product, 95%), –12.1 (s; impurity,

presumably iPr2PH, 5%).
Synthesis of 1
[(iPrPNP)RuHCl(CO)] was prepared according to a literature procedure.[33] X-ray quality
crystals were grown at –20 °C from a saturated solution of [(iPrPNP)RuHCl(CO)] in THF
layered with n-pentane.
Synthesis of 2
[(tBuPNP)RuHCl(CO)] was prepared according to a literature procedure.[13]
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Synthesis of 3
[(iPrPNP)RuH(CO)] was prepared according to a slightly modified literature procedure.[12]
To a solution of complex [(iPrPNP)RuHCl(CO)] 1 (50 mg, 0.099 mmol) in THF (5 mL) was
added KOtBu (11.1 mg, 0.099 mmol) at –30 to –35 °C. Subsequently, the mixture was stirred
at room temperature for 4 hrs, then filtered. The orange filtrate was dried under vacuum and
washed with n-pentane (3 x 3 mL) and dried under vacuum to afford a yellowish powder in
56% yield (26 mg, 0.055 mmol).
Synthesis of 4
[(tBuPNP)RuH(CO)] was prepared according to a literature procedure.[13]
Important NMR shifts
3 and 4 were dissolved in both C6D6 and THF-d8. Below and overview is given of the hydride
shift in the 1H NMR spectra and the shifts in the 31P{1H} NMR spectra.
3 C6D6
1H

NMR (300 MHz, C6D6, 297.6 K): hydride δ –13.04 (t, 2JH,P = 21.6 Hz).

31P{1H}

NMR (121 MHz, C6D6, 298.2 K): AB spin system, δA 66.5 (2JP,P = 261.7 Hz), δB

63.9 (2JP,P = 262.5 Hz).
3 THF-d8
1H

NMR (300 MHz, THF-d8, 297.6 K): hydride δ –20.05 (t, 2JH,P = 19.6 Hz).

31P{1H}

NMR (121 MHz, THF-d8, 298.2 K): AB spin system, δA 66.4 (d, 2JP,P = 235.6 Hz),

δB 59.5 (d, 2JP,P = 235.5 Hz).
Note, the shift of the hydride peak in the 1H NMR spectrum in toluene is similar to the one
in benzene, additionally the solution had a yellow colour, similar to the compound in
benzene.
4 C6D6
1H

NMR (300 MHz, C6D6, 298.2 K): hydride δ –25.78 (t, 2JH,P = 16.4 Hz).

157

31P{1H}

NMR (121 MHz, C6D6, 302.2 K): AB spin system, δA 82.4 (d, 2JP,P = 215.5 Hz), δB

73.7 (d, 2JP,P = 215.4 Hz).
4 THF-d8
1H

NMR (300 MHz, THF-d8, 298.1 K): hydride δ –26.17 (t, 2JH,P = 16.4 Hz).

31P{1H}

NMR (121 MHz, THF-d8, 298.2 K): AB spin system, δA 82.4 (d, 2JP,P = 215.2 Hz),

δB 73.3 (d, 2JP,P = 215.0 Hz).
3 in C6D6 results in a yellow colour, whereas 3 in THF-d8 results in an orange colour. While
for 4 hardly any difference is observed in C6D6 or THF-d8 (both green/blue).
No comparison is made for the 1H NMR chemical shift of CH as in both cases, 3 and 4, in
C6D6 and THF-d8 all signals shift.

Figure 8. 1H NMR spectrum of 3 in C6D6 (top) and THF-d8 (bottom). * hydride from impurity.
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Figure 9. 31P{1H} NMR spectrum of 3 in C6D6 (top) and THF-d8 (bottom). * impurity.

Figure 10. 1H NMR spectrum of 4 in C6D6 (top) and THF-d8 (bottom).

159

Figure 11. 31P{1H} NMR spectrum of 4 in C6D6 (top) and THF-d8 (bottom). * impurity.

Figure 12. 1H NMR spectrum of 3 in Tol-d8.
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Figure 13. 31P{1H} NMR spectrum of 3 in Tol-d8.

Mass data
High resolution mass spectra were recorded at –45 °C, therefore instead of benzene, toluene
was used.
In THF: HR-MS (ESI at –45 °C): 470.1293 (monomer 3). Calcd. for C20H35N1O1P2Ru1
470.1321.
In toluene: HR-MS (ESI at –45 °C): next to the monomer 3, a greater amount of higher
aggregates with more fractionalisation was observed, see Figure 14 and 15 below.
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Figure 14. Coldspray ESI spectrum of 3 and [3]2 [(iPrPNP)RuH(CO)] in THF (top) and toluene (bottom).

Figure 15. Coldspray ESI spectrum of [3]2 [(iPrPNP)RuH(CO)] higher mass in toluene.
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Computational Details
Density functional calculations were performed at the ωB97X-D[34] level of theory using
Gaussian09, revision D.01.[ 35 ] Geometry optimizations were performed using the 6311G(d,p)[36] basis set for atoms C, H, N, O, P, Cl, in combination with the Def2TZVP[37]
basis set for Ru. ZPE and Gibbs free energies (G°) were obtained from frequency analyses
performed at the same level of theory. Calculations of large dimer systems with solvation
(SCRF, THF or benzene) were obtained from frequency analyses after optimization without
solvation. The NICS[ 38 ] analyses was performed at the ωB97X-D/6-311G(d,p), Ru
Def2TZVP // B3LYP[39]/6-311G(d,p), Ru Def2TZVP level of theory. The AIM[40] and ETSNOCV[26] analyses were performed at the ZORA-BP86/TZ2P[ 41 ] level of theory using
ADF2016.102[42]. Structures were optimized using the same functional and basis set prior to
the analysis using ZORA-BP86/TZ2P. NMR calculations were performed at ωB97X-D/6311G(d,p), Ru Def2TZVP level of theory, using solvation (THF or benzene) and are
corrected for the TMS value [38,43] and obtained with the Gauge-Independent Atomic Orbital
(GIAO)[44].
Optimization of a dimer structure for 4 [(tBuPNP)RuH(CO)] or Kirchner’s analogue with N
as backbone did not converge, both resulted in the regeneration of the two monomers.
Molecular orbitals
In Table 5 the energy of the HOMO and LUMO values of 3, 4, and 5 is given.
Table 5. HOMO and LUMO values for selected compounds.
HOMO [eV]

LUMO [eV]

Gap [eV]

3

–6.08

0.14

6.22

4

–6.05

0.26

6.31

5

–7.80

0.06

7.87

For the MLC system in both cases the HOMO-5 shows the double bond character.

Bond distances from calculations compared to X-ray data
Bond distance analyses: Table 3 summarizes the results obtained from the bond distance
analyses of [3]2, 3 and 1, including a comparison to the X-ray data.
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Table 3. Bond distance analysis of [3]2, comparison computed and X-ray data using ωB97X-D/6-311G(d,p)
[3]2 – monomer 1
Bond

[3]2 – monomer 2

Distance [Å]

Bond

Calculated

X-ray

Ru1–H1

1.580

1.52(9)

Ru1–P1

2.295

Ru1–P2

Distance [Å]
Calculated

X-ray

Ru1’–H1’

1.580

1.5(1)

2.293(2)

Ru1’–P1’

2.295

2.350(2)

2.377

2.357(2)

Ru1’–P2’

2.377

2.291(2)

Ru1–N1

2.181

2.159(6)

Ru1’–N1’

2.181

2.163(5)

P1–C1

1.850

1.842(6)

P1’–C1’

1.850

1.843(6)

C1–C2

1.510

1.489(9)

C1’–C2’

1.510

1.55(1)

C2–N1

1.350

1.368(7)

C2’–N1’

1.350

1.349(8)

N1–C6

1.364

1.370(9)

N1’–C6’

1.364

1.388(9)

C6–C7

1.453

1.456(8)

C6’–C7’

1.453

1.449(8)

C7–P2

1.804

1.797(6)

C7’–P2’

1.804

1.803(6)

Table 4. Bond distance analysis of 3 and 1, comparison computed and X-ray data using ωB97X-D/6-311G(d,p)
3
Bond

1
Distance [Å]

Bond

Calculated

X-ray

Ru1–H1

1.545

-

Ru1–P1

2.343

-

Ru1–P2

2.333

Ru1–N1

Distance [Å]
Calculated

X-ray

Ru1–H1

1.595

1.548(17)

Ru1–P1

2.334

2.3221(4)

-

Ru1–P2

2.322

2.3061(4)

2.147

-

Ru1–N1

2.179

2.1542(12)

P1–C1

1.765

-

P1–C1

1.849

1.8415(14)

C1–C2

1.379

-

C1–C2

1.504

1.5051(19)

C2–N1

1.395

-

C2–N1

1.349

1.3529(18)

N1–C6

1.365

-

N1–C6

1.346

1.3580(18)

C6–C7

1.510

-

C6–C7

1.504

1.501(2)

C7–P2

1.842

-

C7–P2

1.858

1.8435(15)
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Nucleus independent chemical shift (NICS)
NICS

analyse:

Table

6

shows

the

computed

(ωB97X-D/6-311G(d,p),

Ru

Def2TZVP//B3LYP/6-311G(d,p), Ru Def2TZVP) of the various ruthenium complexes given
in ppm. For these calculations dummy atoms (Bq) were used to determine the values using
keyword NMR.
Table 6. NICS(0) and NICS(1) values for the various ruthenium systems in ppm.
1

3

[3]2

2

4

NICS(0)

–6.4

2.0

–4.7

–6.5

1.3

NICS(1)

–9.3

–1.3

–7.7*

–9.3

–1.7

*Values in centre of dimer and on the outside are similar (average value in dimer –7.7 and average value outside of
dimer –7.7).
NICS(0) is calculated in the ring centre, whereas NICS(1) is calculated 1 Å above or below the ring centre. NICS(1)
is the average of both results (above and below the ring).

AIM analyses
Table 7 summarizes the results obtained from the AIM analyses 1, 3 and [3]2. Below a
representation of the core structure, which all compounds have in common, is shown.

C4
C3
C2

C5
N1

C1
P1

C6
C7

Ru1

P2

Figure 16. Computed AIM bond paths, a simplified framework of compounds 1, 3 and [3]2 is depicted (H, Cl and
CO on Ru, alkyl groups on P, and hydrogens on C1 and C7 omitted); bond critical points (BCP) in red, ring critical
points (RCP) in green. C1–C2 is a single bond and C6–C7 is a double bond.
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Tabel 7. Bond critical point (BCP) for selected atoms including ξ (bond ellipticity), ρ (electron density), ∇2ρ
(Laplacian of ρ).
ξ

ρ (a.u.)

∇2ρ (a.u.)

BCP C1–C2

0.05

0.253

–0.58

BCP C2–C3

0.20

0.310

BCP C3–C4

0.17

0.311

BCP C4–C5

0.17

0.311

BCP C5–C6

0.20

0.310

BCP C6–N1

0.13

0.325

BCP N1–C2

0.14

0.327

BCP C6–C7

0.07

0.253

–0.58

BCP C1–C2

0.06

0.249

–0.56

BCP C2–C3

0.26

0.318

BCP C3–C4

0.15

0.294

BCP C4–C5

0.24

0.326

BCP C5–C6

0.14

0.285

BCP C6–N1

0.08

0.292

BCP N1–C2

0.15

0.319

BCP C6–C7

0.27

0.312

–0.83

BCP C1–C2

0.05

0.249

–0.56

BCP C2–C3

0.22

0.312

BCP C3–C4

0.17

0.306

BCP C4–C5

0.20

0.317

BCP C5–C6

0.17

0.298

BCP C6–N1

0.10

0.313

BCP N1–C2

0.15

0.326

BCP C6–C7

0.15

0.275

BCP Ru1–C7

0.21

0.047

BCP Ru1’–C7’

0.21

0.047

RCP

-

0.009

Compound
1

3

[3]2

* Values ξ and ρ are the same for the top and bottom molecule in the dimer.
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–0.66

0.02

ETS-NOCV
ETS-NOCV analyses: Table 8 summarizes the results obtained from the ETS-NOCV
analyses of [3]2.
Table 8. ETS-NOCV results using BP86/TZ2P, for Ru ZORA included (kcal mol–1)

[3]2
ΔEtotal

–45.6

ΔEPauli

135.6

ΔEelstat

–113.4

ΔEorb

–67.9

σ

–24.4

σ

–20.7

Other contributions below –2.7 kcal mol–1.

X-ray Crystal Structure Determinations
The single-crystal X-ray diffraction study was carried out on a Bruker D8 Venture
diffractometer with Photon100 detector at 123(2) K using Mo-Ka radiation (l = 0.71073 Å).
Dual space (intrinsic) methods (SHELXT) [45] were used for structure solution and refinement
was carried out using SHELXL-2014 (full-matrix least-squares on F2) [46]. Hydrogen atoms
were localized by difference electron density determination and refined using a riding model
(H(Ru) free). A semi-empirical absorption correction and an extinction correction were
applied.
Below information about the crystal structure can be found. Further details could be obtained
by Martin Nieger on request, martin.nieger@helsinki.fi. CCDC 1884053 (1) contains the
supplementary crystallographic data. These data can be obtained free of charge from The
Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.
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Crystal data
C20H36ClNOP2Ru

F(000) = 1048

Mr = 504.96

Dx = 1.443 Mg m–3

Monoclinic, P21/c (no.14)

Mo Ka radiation, l = 0.71073 Å

a = 13.7461 (6) Å

Cell parameters from 9927 reflections

b = 11.7625 (5) Å

q = 2.2–27.5°

c = 14.4290 (7) Å

µ = 0.94 mm–1

b = 95.022 (2)°

T = 123 K

V = 2324.05 (18) Å3

Blocks, colourless

Z=4

0.24 × 0.18 × 0.10 mm

Data collection
Bruker D8 VENTURE diffractometer with Photon100
detector

5365 independent reflections

Radiation source: INCOATEC microfocus sealed tube

4830 reflections with I > 2s (I)

Detector resolution: 10.4167 pixels

mm–1

Rint = 0.034

rotation in w, 1°, shutterless scans

qmax = 27.6°, qmin = 2.2°

Absorption correction: multi-scan
SADABS (Sheldrick, 2014)

h = -17®17

Tmin = 0.870, Tmax = 0.928

k = -15®15

50402 measured reflections

l = -18®18

Refinement
Refinement on F2

Secondary atom site location: difference Fourier map

Least-squares matrix: full

Hydrogen site location: difference Fourier map

R[F2 > 2s (F2)] = 0.019
wR(F2) = 0.044

H atoms treated by a mixture of independent and
constrained refinement
w = 1/[s2(Fo2) + (0.0188P)2 + 1.3098P]
where P = (Fo2 + 2Fc2)/3

S = 1.06

(D/s)max = 0.003

5365 reflections

Dñmax = 0.35 e Å–3

239 parameters

Dñmin = -0.49 e Å–3

0 restraints

Extinction correction: SHELXL2014/7 (Sheldrick
2014), Fc*=kFc[1+0.001xFc2l3/sin(2q)]–1/4

Primary atom site location: dual

Extinction coefficient: 0.00168 (12)
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Figure 17. Molecular structure of 1 [(iPrPNP)RuHCl(CO)] (displacement ellipsoids are set at 50% probability,
hydrogen atoms omitted for clarity). Selected bond lengths [Å]: Ru–P1 2.3221(4), Ru–P2 2.3061(4), P1–C1
1.8415(14), P2–C7 1.8435(15), C1–C2 1.5051(19), C6–C7 1.501(2).
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Summary
The concept of Lewis acids and bases is widely established in chemistry and is used to
describe a variety of reactions. Sterically unencumbered Lewis acids and bases undergo
typical donor-acceptor reactivity and form a classical Lewis adduct. Yet, the use of bulky
groups prevents the quenching of the Lewis acid and base, and the reactive sites thus remain
available to react with a plethora of small molecules. This thesis, entitled “Challenges in
Adduct Formation and Frustration of Lewis Acids and Bases”, describes the diverse use of
Lewis acid and base chemistry, in adduct formation and maintaining their frustration to be
able to react with other molecules, including examples of both classical donor-acceptor
reactivity and single-electron transfer.
In donor-acceptor reactivity two electrons from the Lewis base are donated to the Lewis
acid, here a diazonium salt (Scheme 1), forming a classical Lewis adduct. These adducts are
called ‘azo’ compounds. However, in certain cases the diazonium salt is able to oxidize the
Lewis base and form an aryl radical upon loss of N2; these radicals are able to quench each
other and form the product or for example abstract a hydrogen (HAT) from the solvent if
accessible. This mechanism is called single-electron transfer (SET).

Scheme 1. Schematic representation of the mechanism of the reaction of a diazonium salt with a Lewis base, top
donor-acceptor reactivity and bottom single-electron transfer (SET). LB = Lewis base, HAT = hydrogen atom
abstraction.
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The donor-acceptor reactivity was described in the facile synthesis of azophosphonium
salts 1 [(p-R-C6H4)N2(PR’3)][BF4] from para substituted diazonium salts (R = NO2, Br, H,
OCH3, N(CH3)2) and sterically encumbered tertiary phosphines (R’ = tBu), resulting in
strongly coloured compounds that could find application in the dye industry. The addition of
the less sterically encumbered triphenylphosphine to benzenediazonium tetrafluoroborate led
to an unstable product (1, R = H, R’ = Ph). Switching from phosphine to amine, the addition
of the sterically encumbered triisopropylamine resulted in the formation of triazene 2, due to
initial coordination and a subsequent Hofmann elimination. Both reactions proceed via the
donor-acceptor mechanism, as shown by cyclic voltammetry. To investigate whether SET
was feasible we switched to the stronger oxidizing agent [NO][BF4], which is isoelectronic
to the diazonium salt, and proved radical transfer is feasible (3).

Scheme 2. Formation of azophosphonium salts 1 (R = NO2, Br, H, OMe, NMe2; R’ = tBu and R = H; R’ = Ph),
triazene 2 (R = H) and SET with [NO][BF4] with PtBu3.

The knowledge of the azophosphonium salts 1 was expanded with the synthesis of a
library of compounds containing tri-tert-butylphosphine and altering the para substituent
from electron withdrawing to electron donating (R = CN, CF3, Cl, F, C6H5, OC(O)CH3,
C(CH3)3, CH3, OC6H5, OCH(CH3)2, NH2). Additionally, the influence of the substituents on
the phosphorus was investigated by synthesising a variety of azophosphonium salts with
trimesitylphosphine (1, R = NO2, Br, H, OCH3, N(CH3)2), leading to a change in colour and
a less stable product. These compounds were rationalised using the σ+para Hammett constant,
which takes resonance stabilization of the positive charge into account, and correlates well
with the colour and spectroscopic properties.
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Instead of using discrete Lewis acids and Lewis bases, the intramolecular frustrated Lewis
pair 4 (FLP) was synthesised containing both the Lewis acidic and Lewis basic site in the
same molecule. These sites are unable to quench each other and therefore remain active to
react with small molecules. The reactivity of FLP 4 towards molecules containing a triple
bond, like terminal alkynes, nitriles and nitrilium ions was investigated (Scheme 3). Addition
of the terminal alkynes phenyl- and tert-butylacetylene to 4 resulted in the formation of
kinetic product 6 where C–H bond splitting had occurred, and the thermodynamic product
with C≡C addition (between brackets, Scheme 3) could not be obtained. Reaction of nitriles
PhCN, tBuCN and MeCN or nitrilium triflates [PhCNPh][OTf] and [tBuCNPh][OTf] with 4
resulted in all cases in the five-membered heterocycle (products 6 and 7). The mechanism of
formation of 6 and 7 was studied in depth by DFT calculations, showing both form in a
stepwise manner. For the nitriles first a Lewis adduct is formed between the boron of 4 and
the nitrogen of the nitrile, then the phosphine attacks the electrophilic carbon on the nitrile
forming 6. For the nitrilium triflates the opposite occurs, first a nucleophilic attack of the
phosphorus of 4 on the nitrilium ion takes place, with subsequent ring closure by coordination
of the nitrogen of the nitrilium triflate to the boron site forming 7.

Scheme 3. Reaction of FLP (4) with terminal alkynes 5, nitriles 6 and nitilium ions 7.

Finally, we delineate on the cooperativity of the Lewis basic and Lewis acidic site in both
metal-ligand cooperativity (MLC) systems and frustrated Lewis pair chemistry. First, the
reactivity of both systems (8 and 4, Scheme 4) towards CO2 is compared. The oxygen of CO2
adds to the Lewis acidic site (4: boron, 8: ruthenium), and the carbon adds to the Lewis basic
site (4: phosphorus, 8: carbon). The transition state is concerted but asynchronous; first,
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attack by the Lewis base to the electrophilic carbon of CO2 is followed by subsequent ring
closure to afford the cyclised products.
Steric control and thus the use of sterically encumbered groups on the phosphorus moiety
of 8 (Scheme 4, R = iPr, tBu) prevents quenching of the active sites, similar to what is known
in FLP chemistry. The activity of the systems is determined by the interplay between the
electronic and steric properties of the Lewis acids and bases. We believe both schools of
thought should be united so lessons can be learned from one and applied to the other, and
vice versa, to advance both topics.

Scheme 4. Reaction of MLC system 8 and FLP system 4 towards CO2. Blue: Lewis acid; red: Lewis base.

The chemistry in this thesis illustrates once again the great versatility of Lewis acid and
base chemistry, and both methods of reacting (donor-acceptor and single-electron transfer)
have been elaborated upon. The facile synthesis of the azophosphonium salts, the reactions
of FLP 4 with molecules containing a triple bond and the comparison of MLC systems to
FLP systems, all show the unprecedented versatility of Lewis acid and base chemistry. The
studies performed herein will hopefully inspire further advancement in the research of Lewis
acid and base chemistry, and lead to continuing exploration of the possibilities both in donoracceptor and single-electron transfer reactivity.
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Samenvatting
Het concept van Lewiszuur en Lewisbase is wereldwijd bekend in de chemie en wordt
gebruikt om een verscheidenheid aan reacties te beschrijven. Sterisch ongehinderde
Lewiszuren en -basen ondergaan een klassieke elektronenpaaroverdracht ofwel “donoracceptor” reactiviteit en vormen een klassiek Lewis adduct. Echter, het gebruik van grote
restgroepen voorkomt de elektronenoverdracht tussen het Lewiszuur en -base, waardoor de
reactieve plaatsen beschikbaar blijven om te reageren met een grote verscheidenheid aan
kleine moleculen. Dit proefschrift, getiteld “Challenges in Adduct Formation and Frustration
of Lewis Acids and Bases”, beschrijft het uiteenlopend gebruik van Lewiszuur en -base
chemie, zoals adductvorming en het behouden van hun frustratie om te kunnen reageren met
andere moleculen, inclusief voorbeelden van zowel klassieke donor-acceptor reactiviteit als
de overdracht van één enkel elektron.
Bij donor-acceptor reactiviteit worden twee elektronen van de Lewisbase gedoneerd aan
het Lewiszuur, hier een diazoniumzout (Schema 1), waardoor een klassiek Lewis adduct
gevormd wordt. Deze adducten worden ‘azo’-verbindingen genoemd. Echter, in bepaalde
gevallen is het diazoniumzout in staat om de Lewisbase te oxideren en een arylradicaal te
vormen bij verlies van N2; deze radicalen kunnen elkaar quenchen en vormen het product, of
deze radicalen abstraheren bijvoorbeeld een waterstofatoom (HAT) van het oplosmiddel
indien toegankelijk. Dit mechanisme wordt overdracht van één enkel elektron genoemd ofwel
“single-electron transfer” (SET).
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Schema 1. Schematische weergave van het mechanisme van de reactie van een diazoniumzout als Lewisbase, boven
donor-acceptor reactiviteit en onder “single-electron transfer” (SET). LB = Lewisbase, HAT = waterstofatoom
abstractie.

De donor-acceptor reactiviteit werd beschreven in de gemakkelijk synthese van de
azofosfoniumzouten 1 [(p-R-C6H4)N2(PR’3)][BF4] uit para-gesubstitueerde diazoniumzouten (R = NO2, Br, H, OCH3, N(CH3)2) en een sterisch gehinderde tertiair fosfine (R’ =
tBu), resulterend in sterk gekleurde verbindingen die toepassingen kunnen vinden in de
kleurstofindustrie. De toevoeging van de minder sterisch gehinderde trifenylfosfine aan
benzenediazonium tetrafluorboraat leidde tot een onstabiel product (1, R = H, R’ = Ph).
Wisselen van fosfine naar amine resulteerde bij de additie van het sterisch gehinderde
triisopropylamine in de vorming van triazeen 2, als gevolg van initiële coördinatie en een
daaropvolgende Hofmann-eliminatie. Beide reacties verlopen via het donor-acceptor
mechanisme, zoals blijkt uit cyclovoltammetrie metingen. Om te onderzoeken of SET
haalbaar was, switchten we naar het sterkere oxidatiemiddel [NO][BF4], dat iso-elektronisch
is aan het diazoniumzout, en werd bewezen dat één elektron overdracht mogelijk is (3).
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Schema 2. Vorming van azofosfoniumzouten 1 (R = NO2, Br, H, OMe, NMe2; R’ = tBu en R = H; R’ = Ph),
triazeen 2 (R = H) en SET met [NO][BF4] en PtBu3.

De kennis van de azofosfoniumzouten 1 werd uitgebreid met de synthese van een reeks
verbindingen die bestaat uit een combinatie van tri-tert-butylfosfine en een paragesubstitueerd diazoniumzout, die varieert van elektronenstuwend naar elektronenzuigend
(R = CN, CF3, Cl, F, C6H5, OC(O)CH3, C(CH3)3, CH3, OC6H5, OCH(CH3)2, NH2).
Bovendien, werd de invloed van de substituenten op het fosforatoom onderzocht door een
verscheidenheid aan azofosfoniumzouten te synthetiseren met trimesitylfosfine (1, R = NO2,
Br, H, OCH3, N(CH3)2), wat leidde tot een verandering in kleur en een minder stabiel product.
Deze verbindingen werden gerationaliseerd met behulp van de σ+para Hammett constante die
rekening houdt met resonantie stabilisatie van de positieve lading en goed correleert met de
kleur van de verbindingen evenals de spectroscopische eigenschappen.
In plaats van het gebruik van afzonderlijke Lewiszuren en Lewisbasen werd het
intramoleculaire gefrustreerde Lewis paar 4 (FLP) gesynthetiseerd dat zowel het Lewiszuur
als –base in hetzelfde molecuul bevat. Deze sites kunnen elkaar niet quenchen en blijven
daarom actief om te reageren met kleine moleculen. De reactiviteit van FLP 4 met moleculen
die drievoudige bindingen bevatten zoals terminale alkynen, nitrillen en nitriliumionen werd
onderzocht (Schema 3). Toevoeging van de terminale alkynen fenyl- en tert-butylacetyleen
aan 4 resulteerde in de vorming van het kinetische product 6 waarbij de C-H binding gesplitst
werd, en het thermodynamische product met de C≡C additie (tussen haakjes, Schema 3) kon
niet worden verkregen. Reactie van nitrillen PhCN, tBuCN en MeCN of nitrillium triflaten
[PhCNPh][OTf] en [tBuCNPh][OTf] met 4 resulteerde in alle gevallen in een heterocyclische
vrijfring (producten 6 en 7). Het mechanisme van de vorming van 6 en 7 werd grondig
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bestudeerd met DFT berekeningen, die laten zien dat beide producten in een stapsgewijze
manier worden gevormd. Tijdens de reactie met de nitrillen wordt eerst een Lewis adduct
gevormd tussen het boor van 4 en de stikstof van het nitril, waarna het fosfine de elektrofiele
koolstof op het nitrile aanvalt wat leidt tot product 6. Het tegenovergestelde vindt plaats voor
de nitrilium triflaten, eerst vindt er een nucleofiele aanval van de fosfor van 4 op het
nitriliumion plaats, met daaropvolgend ringsluiting door coördinatie van de stikstof van het
nitrilium triflaat op het booratoom wat leidt tot product 7.

Schema 3. Reactie van FLP (4) met terminale alkynen 5, nitrillen 6 en nitiliumionen 7.

Ten slotte, beschrijven we de coöperativiteit van de Lewisbasische en Lewiszure plaats
in zowel metaal-ligand coöperativiteit (MLC) systemen en gefrustreerde Lewis paar chemie.
Eerst is de reactiviteit van beide systemen (8 en 4, Schema 4) met CO2 vergeleken. De
zuurstof van CO2 bindt aan de Lewiszure plaats (4: boor, 8: ruthenium), en de koolstof bindt
aan de Lewisbasische plaats (4: fosfor, 8: koolstof). De overgangstoestand vindt tegelijkertijd
plaats op de Lewisbasische en Lewiszure plaats, echter wel asynchroon; eerst vindt er een
aanval van de Lewisbasische plaats op het elektrofiele koolstof van CO2 wat met
daaropvolgend ringsluiting leidt tot de gecycliseerde producten.
Het gebruik van sterisch gehinderde groepen op de fosforatomen van 8 (Schema 4, R =
iPr, tBu) voorkomt de quenching van de actieve plaatsen, vergelijkbaar met wat bekend is in
de FLP chemie. De activiteit van de systemen wordt bepaald door het samenspel tussen de
elektronische en sterische eigenschappen van de Lewiszuren en –basen. Wij geloven dat
beide richtingen, MLC en FLP chemie, verenigd moeten worden zodat lessen van het ene
geleerd kunnen worden en in het andere toegepast kunnen worden, en vice versa, om beide
onderwerpen naar een hoger niveau te tillen.
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Schema 4. Reactie van MLC systeem 8 en FLP systeem 4 met CO2. Blauw: Lewiszuur; rood: Lewisbase.

De chemie die beschreven staat in dit proefschrift illustreert wederom de grote
veelzijdigheid van Lewiszuren en -basen, en verschillende type reactiviteit (donor-acceptor
en de overdracht van één enkel elektron) zijn uitgewerkt. De gemakkelijke synthese van de
azofosfoniumzouten, de reacties van FLP 4 met moleculen die een drievoudige binding
bevatten en de vergelijking van MLC systemen met FLP systemen, laten allemaal de enorme
veelzijdigheid van Lewiszuur en -base chemie zien. De hierin beschreven onderzoeken zullen
hopelijk een basis zijn voor inspiratie en verdere vooruitgang in het onderzoek naar
Lewiszuur en Lewisbase chemie, en leiden tot voortdurende verkenningen van de
mogelijkheden in zowel de donor-acceptor als de overdracht van één enkel elektron
reactiviteit.
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