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Investigations into the Photophysical and Electronic Properties of Pnic-
toles and Their Pnictenium Counterparts

Darren M. C. Ould, Alex C. Rigby, Lewis C. Wilkins, Samuel ]. Adams, James A. Platts,
Simon J. A. Pope, Emma Richards and Rebecca L. Melen*

School of Chemistry, Cardiff University, Main Building, Cardiff, CF10 3AT, Cymru/Wales, U.K.

ABSTRACT: The reaction of phosphole/arsole starting materials with a N
series of halide abstraction reagents afforded their respective
phosphenium/arsenium complexes. UV-vis absorption and lumines-
cence studies on these cations showed interesting emission profiles,
which was found to be dependent upon counterion choice. The addition
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of a reductant to the phosphole reagent garnered a dimeric species with l

a central P-P bond, which when heated was found to undergo homolytic N
bond cleavage to produce an 11w radical complex. Electron paramag-
netic resonance (EPR), supported by density functional theory (DFT)

calculations, was used to characterize this radical species.
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INTRODUCTION

Whilst N-heterocyclic carbenes (NHCs) have seen wide-
spread utilization in many areas of synthetic chemistry over
the past decade, their phosphorus congeners have received
markedly less attention despite their presence in the litera-
ture for over half a century.! Even though N-heterocyclic
phospheniums (NHPs) display similar characteristics to
NHCs, some differences are apparent such as their en-
hanced m-acceptor ability and reduced o-donor character.?
This has led to uses as transition metal ligands with some of
the most recent reports providing NHPs as ligands to group
9 and 10 metals which had previously been considered to
be incompatible.? The above statements are also true for the
analogous arsenic species, in that arsoles may be used to
synthesize arsenium cations. However, like their phospho-
rus counterparts, these have received even less attention.
Nevertheless, examples of arsenium cations are known,
with Cowley and Burford being early leaders in the field.

Although less well reported than phosphenium chem-
istry, diphosphines have recently received attention from a
number of different groups due to their propensity to un-
dergo thermally induced homolytic bond cleavage to form
radical species.’ In recent work, Wright has reported a se-
ries of [(CH)z(NR)2P]2 dimeric complexes that underwent
thermal dissociation to form 7m radical species, with the
ease of radical formation increasing with the length of the
P-P bond.® Whilst structural analyses of many of this class
of compound have been seen in the literature, more detailed
photophysical spectroscopic studies have been noticeably
rare.
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Scheme 1. Synthetic overview of this work.

In this work, the previously unreported phosphole
and arsole with an N,N’-diisopropylbenzene diamine back-
bone were synthesized. These were then converted to the
cationic phosphenium/arsenium complexes through halide
abstraction as well as undergoing reduction to form dimers.



Several techniques were utilized in probing these struc-
tures, including X-ray crystallography, UV-vis spectroscopy
as well as electron paramagenic resonance (EPR) spectros-
copy. Furthermore, all findings were supported with den-
sity functional theory (DFT) calculations.

Results and Discussion

Initial work focused on synthesizing the pnictoles 2-
chloro-1,3-diisopropyl-benzodiaza-phosphole (2a) and 2-
chloro-1,3-diisopropyl-benzodiaza-arsole (2b) through the
addition of N,N-diisopropylbenzene-1,2-diamine 1 to PCls
or AsCls respectively (Figure 1).

Figure 1. Solid-state structure of 2a (top) and 2b (bottom).
Thermal ellipsoids drawn at 50% probability.

Single crystal X-ray diffraction analysis of both 2a and
2b revealed Pn-Cl bond lengths of 2.3378(7) A and
2.4440(10) A respectively. These are comparable to Pn-Cl
bond lengths in similar systems reported previously.” In ad-
dition, the C2Nz unitin 2a has C-N bond lengths of 1.403(2)-
1.405(2) A, which are just shorter than a typical C-N bond
(1.47 A),2 and C-N-P interior bond angles of 113.09(13)°-
113.48(13)°. 2b is similar, with C-N bond lengths of
1.390(5)-1.394(5) and C-N-As interior bond angles of
113.4(2)°-113.9(2)°. To explain these observations, natural
bond orbital (NBO) analyses was conducted. For 2a, the hy-
brid functional B3LYP and 6-31+G(2d,p) basis set was em-
ployed,® with the natural population analysis showing a
large build-up of positive charge on the phosphorus atom
and negative charge on the chloride atom (1.273 and -0.593
respectively), suggesting the P-Cl bond is highly polarized.
Additionally, this bond exhibits a strikingly low bond order,
with a Wiberg bond order of 0.507. Hyperconjugation be-
tween the m-electrons in the C2N: unit and the o*(P-X) or-
bital occurs, in turn weakening the P-X bond which is in
agreement to similar observations by Gudat.!? This analysis
revealed similar results for 2b, with the As-Cl bond being

heavily polarized. The natural charges being 1.393 and -
0.546 for As and Cl respectively and a Wiberg bond order of
0.576.

Subsequently, the corresponding phosphenium and
arsenium cations were produced by utilizing a range of
chloride abstraction agents; AlCls;, GaCls and trimethylsilyl
trifluoromethanesulfonate (TMSOTY), giving the cationic
complexes 3a-c and 4a-c in yields generally above 80%.
Single crystals of all of these compounds, suitable for X-ray
diffraction, were grown from a saturated CH2Cl2 solution
cooled to -40 °C (Figure 2 and ESI). All bonding in these
structures are as expected and lie within similar ranges of
related compounds.!? With the exception of 4c, the crystal
structures revealed the presence of close contacts between
the central pnictogen atom and the counterion. The Pn-:-Cl
distances for 3a-b (3.4963(9)-3.4967(7) A) and 4a-b
(3.5677(8)-3.5754(6) A) are within the van der Waals radii
of 3.55 A and 3.80 A respectively. This is also the case for 3¢
where the P---0 interatomic distance of 2.8238(16) A is well
within the combined van der Waals radii of 3.32 A.

N2
v N1 » v
¢ P1
; 3 Cl4
cp CI3
Al1
CcH
7
N1 ;
s
03 F1
bt - (o)
S2 1
F3 F2
02

Figure 2. Solid-state structure of 3a (top) and 4c (bottom).
Thermal ellipsoids drawn at 50% probability.



Table 1. Photophysical properties of phosphole and arsole derivatives.

Compound  Solvent Aabs / nm (g / 104 M-1 cm'1) Amax / nm T/ns /%
) CHCl3 269 (8.3) sh, 280 (4.5) sh 384 1.4 (32%) 8.3 (68%) 05
a
MeCN 250 (6.1), 287 (1.6) sh 393 1.3 (51%) 5.9 (49%) 0.7
3 CHClz 269 (7.0) sh, 280 (5.2) sh, 333 (1.6) 384 1.3 (57%) 5.1 (43%) 0.1
a
MeCN 251 (6.5),325 (1.1) 393 1.5 (50%) 5.7 (50%) 1.7
2 CHCl3 269 (8.9) sh, 280 (5.7) sh 384 0.9 (45%) 3.7 (55%) 03
MeCN 250 (7.2), 287 (1.6) sh 393 1.4 (51%) 5.9 (49%) 1.4
. CHCl3 269 (7.6) sh, 280 (4.9) sh 384 0.8 (33%) 2.8 (67%) 0.2
c
MeCN 250 (6.5),287 (2.7) sh 393 1.3 (49%) 5.0 (51%) 1.7
’b CHCls 269 (8.0) sh, 282 (4.3) sh, 332 (1.6) 387 1.6 (39%) 9.9 (61%) 0.09
MeCN 265 (3.7) sh, 315 (1.4) 393 1.6 (54%) 5.0 (46%) 1.1
. CHCl3 269 (8.8) sh, 282 (5.1) sh 384 1.2 (45%) 8.6 (55%) 03
a
MeCN 247 (5.4) sh, 284 (1.9) 393 1.3 (52%) 5.0 (48%) 05
b CHCls 269 (7.9) sh, 282 (4.4) sh, 355 (2.7) 384 1.3 (54%) 8.9 (46%) 0.08
MeCN 254 (7.3), 310 (1.6) 393 1.6 (49%) 6.1 (51%) 0.7
. CHCls 269 (8.4) sh, 282 (4.5) sh, 341 (2.0) 384 1.1 (34%) 9.5 (66%) 0.1
c
MeCN 254 (8.0), 310 (1.8) 393 1.6 (46%) 5.4 (54%) 1.2

Following structural analyses elucidating the counter-
ion interaction, we were curious as to whether these com-
pounds exhibited any interesting photophysical properties
on account of their coordination sphere about the cationic
pnictogen center and their 10m Hiickel aromatic nature.1213
To date, there have been few attempts to explore the photo-
physical properties of such compounds and their deriva-
tives.1* These properties were measured for compounds
2a-4c, which are summarized in Table 1. The UV-vis ab-
sorption spectra were obtained from degassed solutions
(acetonitrile and chloroform) of the compounds revealing
changes in spectral appearance and band positioning de-
pending on both the cationic heteroatom center and the
counter-ion (Figure 3). For example, the absorption spectra
of the arsole derivative in chloroform (Figure 3, top left) re-
vealed a single peak, centered at 355 nm in the case of 4b
(thus accounting for the pale color of the compound). This
variance in wavelength and intensity suggests some degree
of cation-anion aggregation in solution, with the GaCls anion
being the most pronounced example. For the phosphole de-
rivative in chloroform (Figure 3, top right), only 3a exhib-
ited a discrete peak between 300 nm and 400 nm, centered
at 333 nm. Interestingly, it was found that the spectra in a
more polar acetonitrile solution were hypsochromically
shifted with respect to the chloroform solutions (Figure 3,
bottom left and right). Indeed, the lowest energy bands of
4b and 4c exhibit a shift from 355 nm and 341 nm, respec-
tively, to 310 nm. In all cases these absorption bands are as-
cribed to 't —» w* transitions, supported by TD-DFT calcu-
lations (see ESI) which suggest that the lowest energy tran-
sitions arise from © and 7* orbitals. The blue shift observed
in acetonitrile may be due to the inherent (ground state) di-
pole moment caused by the P+/As* center. This was further
evidenced by DFT calculations which suggest that the coun-
terions are weakly associated with the positive centers (see
ESI).

The arsole and phosphole derivatives were shown to
be emissive following irradiation (Aexc = 330 nm) of the low-
est energy absorption bands (Figure 4). Measurements
were obtained in degassed acetonitrile and chloroform so-
lutions and are generally similar, exhibiting broad bands
with some vibrational features centered at 393 nm and 384
nm, respectively. Quantum yields were obtained and typi-
cally in the range of 0.1-2%. Interestingly, an observed in-
crease in quantum yield was noted for all compounds in ac-
etonitrile solution compared with chloroform. Time-re-
solved measurements (Aexc = 295 nm) produced profiles
that fit best to a biexponential decay giving a short lifetime
component on the order of 1 ns, and a second longer com-
ponent ranging from 2.8 ns for 3¢ in chloroform to 9.9 ns for
2b in chloroform.

The observed data, in the case of the phosphole deriv-
atives, suggests a variation in lifetime as a function of the
counterion, although it was noted that in general the longer
components of the decays were shorter than their arsole
counterparts. In all cases the short lifetimes were consistent
with a fluorescence process. The luminescence lifetimes of
the arsole derivatives also follow a trend between solvents,
as the longer component decreases in acetonitrile with re-
spect to chloroform. For example, for 2b this component de-
creased from 9.0 ns in chloroform to 5.0 ns in acetonitrile.
Due to the relatively small Stokes shift of the emission, short
lifetimes and small shift (9 nm) in emission maxima be-
tween the two solvents, the emissive state of these species
is ascribed to a dominant 'r— r* character.
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Figure 3. UV-Visible absorption spectra of arsole and phos-
phole derivatives in chloroform (a and b respectively) and ace-
tonitrile (c and d respectively). Counterions are Cl- (red), AlCl+
(black), GaCls (green) and OTf- (blue).

k)

=

tn

d)

in

o

Normalized Emission Intensity  Normalized Emission Intensity
S

Normalized Emission Intensity  Normalized Emission Intensity

=

400 500 800
Afnm A fnm

Figure 4. Steady-state emission spectra of arsole and phos-
phole derivatives in chloroform (a and b respectively) and ace-
tonitrile (c and d respectively). Counterions are Cl- (red), AlCls-
(black), GaCla~ (green) and OTf- (blue). Aexc = 330 nm, C = 10-5
M.

Further to phosphenium generation, reduction of the
starting phosphole was undertaken to form a dimeric spe-
cies via a one-electron reduction of 2a using Mg turnings to
give the product 5, which contained a central P-P bond (Fig-
ure 5). Single crystals were grown from a saturated solution
of CH2Clz cooled to -40 °C with metrics commensurate with
similar structures (2.2379(6) vs. 2.2406(6)-2.3012(7)).15 In
addition, the crystal structure revealed an anti-confor-
mation of the two fused heterocyclic rings about the central
P-P bond, which is presumed to be a result of minimizing
steric repulsion between the isopropyl groups as evidenced
by the inequivalence of the methyl groups in the 'H NMR
spectrum.

Figure 5. Solid-state structure of 5. Thermal ellipsoids drawn
at 50% probability.

Given the possibility for the P-P bond in 5 to break ho-
molytically and form a radical species, EPR studies were un-
dertaken. Complex 5 was found to be EPR silent in the solid-
state, even when heated to 350 K. Dissolving 5 in toluene
and performing solution-state EPR at ambient temperature
also failed to produce an EPR signal. However, the EPR
spectrum of a toluene solution of 5 recorded at 350 K shows
a well-defined doublet signal, centered at giso = 2.0025 (Fig-
ure 6). The observed aiso = 130 MHz hyperfine coupling
arises from coupling of the unpaired electron to one 3'P nu-
cleus, and is consistent with previous reports of structurally
similar radicals formed upon P-P bond cleavage of
[(CH)2(NR)2P]2 dimers.¢ Although no further hyperfine cou-
pling could be resolved (even using an experimental modu-
lation amplitude of 0.5 G), inclusion of two equivalent 1*N
nuclei with aiso = 10 MHz resulted in an improved fit to the
experimental line-shape. Furthermore, DFT calculations of
the radical species were performed using the ORCA package
(see ESI for details). Spin-orbit coupling effects were ac-
counted for using a mean-field (SOMF(1X)) approach which
predicted an aiso of 113.7 MHz from P and 8.6 MHz from N,
which are in good agreement with experimental data. DFT
also supports the localization of the electron mainly on
phosphorus atom, with spin charges of 0.67 e on P, and 0.11
e on each N lying in p-orbitals perpendicular to the N-P-N
plane (Figure 7).
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Figure 6. Continuous-wave EPR spectrum recorded at 350 K of

a toluene solution of (a) 5. Corresponding simulation are
shownina'.



Figure 7. Theoretical spin density plots of radical formed from
5.

Upon attempting to synthesize the arsenic dimer con-
gener using the analogous method for the formation of 5,
single crystals were formed from a saturated CHzClz solu-
tion, suitable for X-ray diffraction. Structural analyses re-
vealed that as opposed to dimer formation, the arsole 2-
iodo-1,3-diisopropyl-benzodiazarsole (6) had instead been
formed which was supported by NMR spectroscopic anal-
yses which showed magnetically equivalent methyl groups
of the 'Pr moieties similar to 2a-b. It is possible that the ar-
senic dimer is formed using this methodology however, the
introduction of iodine to initiate the reduction reaction then
oxidatively adds across the dimer to garner 6 (Scheme 1,
Figure 8).

Figure 8. Solid-state structure of 6. Thermal ellipsoids drawn
at 50% probability.

CONCLUSIONS

Through judicial application of a plethora of spectro-
scopic techniques coupled with computational modelling,
this work has probed electronic effects of exchanging coun-
terion of various pnictenium salts. This outlines how slight
electronic perturbations are witnessed in the i to m* transi-
tions in the absorbance and luminescence spectra due to
electrostatic effects on the cationic heterocycle. Finally, EPR
has shown how thermally induced homolytic bond cleavage
of diphosphines is possible with these systems, with accom-
panying theoretical studies confirming predominantly
phosphorus-based spin density.

EXPERIMENTAL SECTION

General experimental.

All reactions were carried out under an atmosphere of dini-
trogen using standard Schlenk and glove box techniques.
With the exception of THF, all solvents used were dried by
passing through an alumina column incorporated into an
MB SPS-800 solvent purification system, degassed and fi-
nally stored in an ampoule fitted with a Teflon valve under
a dinitrogen atmosphere. THF was dried over molten potas-
sium for three days and distilled over argon. Deuterated sol-
vents were distilled and/or dried over molecular sieves and
stored in a glove box before use. Starting materials were
purchased from commerecial suppliers and used as received.
1H, 13C{1H}, 19F, 27A], 31P and 3'P{'H} NMR spectra were rec-
orded on a Bruker Avance 300, 400 or 500 MHz spectrome-
ter. Chemical shifts are expressed as parts per million (ppm,
6) and are referenced to CDCls (7.26/77.16 ppm), CeDs
(7.16/128.06 ppm) or CsDsBr (7.28/122.4 ppm for the most
downfield resonance) as internal standards. Multinuclear
NMR spectra were referenced to H3PO4 (31P), CFCls (*°F) and
Al(NOz2)3 (?7Al). The description of signals includes s = sin-
glet, d = doublet, t = triplet, q = quartet, sept = septet and m
= multiplet. All coupling constants are absolute values and
are expressed in Hertz (Hz). IR-Spectra were measured on
a Shimadzu IR Affinity-1 photospectrometer. The descrip-
tion of signals includes s = strong, m = medium, w = weak,
sh = sharp and br = broad. Mass spectra were measured on
a Waters LCT Premier/XE or a Waters GCT Premier spec-
trometer.

Synthesis of reagents and products.

1: Around bottomed flask equipped with a magnetic stirrer
bar was charged with ortho-phenylenediamine (2.0 g, 18.5
mmol, 1 equiv.), potassium carbonate (5.1 g, 37.0 mmol, 2
equiv.) and excess 2-iodopropane (20.4 g, 120.0 mmol, 6.5
equiv.). The solution was heated to reflux for two hours, af-
ter which time the solution was cooled to ambient temper-
ature. Hexane (30 mL) was subsequently added and the
mixture was washed with water (50 mL). The product was
extracted from the aqueous phase using hexane (3 x 20 mL),
combining the organic phases after each extraction. The so-
lution was dried using anhydrous magnesium sulfate and
the solvent was removed under reduced pressure to afford
a viscous dark brown oil. Subsequently the oil was passed
through a silica plug (0.2 cm, toluene) and the solvent was
again removed under reduced pressure to give ared/brown



oil. The resulting oil was purified further using a Kugelréhr
short path distillation (180 °C, 5 mbar) to yield a colorless
oil. Yield: 2.9 g, 15.1 mmol, 80%. *H NMR (500 MHz, CDCl;,
295 K) 6/ppm: 6.87-6.85 (m, 2H, Ar-H), 6.80-6.76 (m, 2H,
Ar-H), 3.65 (sept, 3/un = 6.3 Hz, 2H, CH(CH3)2), 3.23 (br. s,
2H, NH), 1.32 (d, 3/un = 6.3, 12H, CH(CH3)2). 13C{*H} NMR
(126 MHz, CDCl3, 295 K) §/ppm: 136.8 (2C, Ar), 118.9 (2C,
Ar), 113.2 (2C, Ar), 44.4 (2C, CH(CHz3)z, 23.3 (4C, CH(CH3)2).
IR vmax (cm1): 2962 (m), 1599 (m), 1506 (m), 1253 (m),
1177 (m), 741 (m), 399 (s, sh). HRMS (EI*) m/z calculated
for [M]* [C12H20N2]*: 192.1626, found: 192.1624.

2a: A three-necked flask was fitted with a magnetic stirrer
bar and charged with compound 1 (1.50 g, 7.8 mmol, 1
equiv.) in toluene (10 mL) and phosphorus trichloride (0.82
mL, 9.4 mmol, 1.2 equiv.). The solution was cooled to 0 °C
and triethylamine (2.61 mL, 18.7 mmol, 2.4 equiv.) was
added dropwise whilst stirring. The reaction was warmed
to ambient temperature and stirred for 24 hours. Using a fil-
ter cannula, the solution was transferred to a Schlenk tube
and the solvent was removed in vacuo. The precipitate was
washed with pentane (3 x 5 mL) to yield the product as a
white solid. Single crystals suitable for X-ray diffraction
were grown from a concentrated solution of CH2Clz with a
few drops of pentane and cooled to -40 °C. M.p. 95-98 °C.
Yield: 1.68 g, 6.54 mmol, 84%. 'H NMR (500 MHz, CDCls,
295 K) 8/ppm: 7.08 (s, 4H, Ar-H), 4.32 (sept, 3 = 6.6 Hz,
2H, CH(CH3)2), 1.69 (d, 3/un = 6.6 Hz, 12H, CH(CH3)2). 13C{*H}
NMR (126 MHz, CDCls, 295 K) 6/ppm: 136.8 (2C, Ar), 121.3
(2C, Ar), 111.6 (2C, Ar), 48.0 (2C, CH(CH3)2), 22.3 (4C,
CH(CHs)2). 3'P{tH} NMR (202 MHz, CDCls, 295 K) &/ppm:
147.2 (s). IR Vmax (cm1): 2978 (w), 1487 (m), 1371 (w),
1260 (m), 1159 (m), 930 (m), 741 (s), 492 (m). HRMS (EI*)
m/z calculated for [M]* [Ci2H1sPN:Cl]*: 256.0896, found:
256.0901.

2b: A three-necked flask was fitted with a magnetic stirrer
bar and charged with compound 1 (1.17 g, 6.07 mmol], 1
equiv.) in toluene (10 mL) and arsenic trichloride (1.32 g,
7.3 mmol, 1.2 equiv.). The solution was cooled to 0 °C and
triethylamine (2.03 mL, 14.6 mmol, 2.4 equiv.) was added
dropwise whilst stirring. The reaction was warmed to am-
bient temperature before being stirred for 24 hours. Using
a filter cannula, the solution was transferred to a Schlenk
tube and the solvent was removed in vacuo. The precipitate
was washed with pentane (3 x 5 mL) to yield the product as
a white solid. M.p. 96-99 °C. Yield: 1.51 g, 5.02 mmol, 83%.
Single crystals suitable for X-ray diffraction were grown
from a concentrated solution of CH2Clz with a few drops of
pentane and cooled to -40 °C. tH NMR (500 MHz, CDCls, 295
K) §/ppm: 7.04 (s, 4H, Ar-H), 4.46 (sept, 3/un = 6.5 Hz, 2H,
CH(CHsz)2), 1.70 (d, 3/us = 6.5 Hz, 12H, CH(CHs)2). 13C{'H}
NMR (126 MHz, CDCl3, 295 K) 8/ppm: 139.0 (2C, Ar), 120.7
(2C, Ar), 111.8 (2C, Ar), 49.1 (2C, CH(CHs)2, 23.4 (4C,
CH(CH3)2). IR Vmax (cm1): 2974 (w), 1477 (m), 1388 (m),
1292 (s, sh), 1153 (m), 998 (m), 891 (m), 745 (m), 550 (m),
473 (m). HRMS (ES*) m/z calculated for [M]*
[C12H18AsN2Cl]*: 300.0374, found: 300.0376.

General procedure 1: Compound 2a (100 mg, 0.39 mmo], 1
equiv.) or 2b (100 mg, 0.33 mmol, 1 equiv.) was dissolved
in CH2Cl2 (2 mL) and added to a stirring solution of the hal-
ide abstracting reagent (1 equiv.) in CH2Clz (2 mL). The
red/orange solution was stirred for 2 hours at ambient tem-
perature, after which the solvent was removed in vacuo to
afford a red/yellow solid. The solid was washed with pen-

tane (3 x 2 mL and further dried in vacuo to afford the prod-
uct 3a-4c. Single crystals suitable for X-ray diffraction were
grown from a concentrated solution of CH:Cl> with a few
drops of pentane and cooled to -40 °C.

3a: Compound 3a was synthesized according to general
procedure 1 using 2a (100 mg, 0.39 mmol, 1 equiv.) and
AlClz (52 mg, 0.39 mmol, 1 equiv.). M.p. 101-104 °C. Yield:
121 mg, 0.31 mmol, 80%. H NMR (500 MHz, CsDsBr, 295 K)
6/ppm: 7.30 (br. m, 2H, Ar-H), 7.22 (br. m, 2H, Ar-H), 4.45
(sept, 3Jun = 6.2 Hz, 2H, CH(CHs)2), 1.50 (d, 3/un = 6.2 Hz, 12H,
CH(CHz3)z). 13C{*H} NMR (126 MHz, C¢DsBr, 295 K) §/ppm:
129.8 (2C, Ar), 118.8 (2C, Ar), 105.4 (2C, Ar), 43.7 (2C,
CH(CHs)2, 15.0 (4C, CH(CHs)2). 3'P{'H} NMR (202 MHz,
CeDsBr, 295 K) §/ppm: 207.7 (s). 27’Al NMR (130 MHz,
CeDsBr, 295 K) §/ppm: 103.8 (s). IR vmax (cm-1): 2982 (m),
1585 (w), 1466 (m), 1393 (m), 1153 (m), 1008 (w), 930 (w),
748 (s, sh), 496 (m). HRMS (EI*) m/z calculated for [M*]
[C12H18N2P]*: 221.1208, found 221.1209.

3b: Compound 3b was synthesized according to general
procedure 1 using 2a (100 mg, 0.39 mmol, 1 equiv.) and
GaCls (69 mg, 0.39 mmol, 1 equiv.). M.p. 96-99 °C. Yield: 143
mg, 0.33 mmol, 85%. *H NMR (500 MHz, C¢DsBr, 295 K)
6/ppm: 7.34 (br. m, 2H, Ar-H), 7.24 (br. m, 2H, Ar-H), 4.49
(sept, 3/un = 6.3 Hz, 2H, CH(CH3)2), 1.51 (d, 3/un = 6.3 Hz, 12H,
CH(CH3)z2). 3C{*H} NMR (126 MHz, C¢DsBr, 295 K) 6/ppm:
129.9 (2C, Ar), 119.3 (2C, Ar), 105.6 (2C, Ar), 44.0 (2C,
CH(CHs)z, 15.2 (4C, CH(CHs)2). 3'P{1H} NMR (202 MHz,
CeDsBr, 295 K) 6/ppm: 212.9 (s). IR vmax (cm™1): 2985 (w),
1566 (w), 1472(w), 1395 (w), 1346 (w), 1153 (m), 1115
(m), 989 (m), 746 (s, sh). HRMS (EI*) m/z calculated for
[M*] [C12H18N2P]*: 221.1208, found 221.1205.

3c: Compound 3¢ was synthesized according to general
procedure 1 using 2a (100 mg, 0.39 mmol, 1 equiv.) and
TMSOTf (104 mg, 0.47 mmol, 1.2 equiv.). M.p. 108-112 °C.
Yield: 92 mg, 0.25 mmol, 64%. 'H NMR (500 MHz, CDCls,
295 K) 8/ppm: 7.70 (br. m, 2H, Ar-H), 7.61 (br. m, 2H, Ar-
H), 4.97 (sept, 3Jun = 6.3 Hz, 2H, CH(CH3)2), 1.87 (d, 3/un = 6.3
Hz, 12H, CH(CHs)2). 13C{'H} NMR (126 MHz, CDCls, 295 K)
§/ppm: 138.6 (2C, Ar), 127.2 (2C, Ar), 114.3 (2C, Ar), 52.5
(2C, CH(CHs)2, 23.8 (4C, CH(CHs)2). 3*P{*H} NMR (202 MHz,
CDClIs, 295 K) 8/ppm: 216.5 (s). 1°F NMR (471 MHz, CDCls,
295 K) &/ppm: -78.4 (s, 3F, 03SCF37). IR vmax (cm1): 2992
(w), 1474 (w), 1395 (w), 1377 (w), 1246 (s), 1151 (s), 1022
(s), 754 (s), 627 (s),571(s), 513 (s),496 (s), 417 (m). HRMS
(EI*) m/z calculated for [M*] [C12H1sN2P]*: 221.1208, found
221.1207.

4a: Compound 4a was synthesized according to general
procedure 1 using 2b (100 mg, 0.33 mmol, 1 equiv.) and
AlCl3 (44 mg, 0.33 mmol, 1 equiv.). M.p. 105-109 °C. Yield:
124 mg, 0.29 mmol, 87%.H NMR (500 MHz, CsDsBr, 295 K)
8/ppm: 7.19 (br. m, 2H, Ar-H), 7.04 (br. m, 2H, Ar-H), 4.43
(br.m, 2H, CH(CH3)2), 1.49 (d, 3/un = 6.2 Hz, 12H, CH(CHs)z2).
13C{1H} NMR (126 MHz, CsDsBr, 295 K) 8/ppm: 132.4 (2C,
Ar), 117.1 (2C, Ar), 105.0 (2C, Ar), 43.8 (2C, CH(CH3)2, 15.9
(4C, CH(CH3)2). 27A1 NMR (130 MHz, CsDsBr, 295 K) §/ppm:
104.5 (s). IR vmax (cm™): 2992 (w), 1568 (w), 1393 (w),
1172 (w), 1153 (w), 989 (w), 746 (m), 467 (s, br). HRMS
(ES*) m/z calculated for [M]* [CizHisAsNz]*: 265.0686,
found: 265.0692.

4b: Compound 4b was synthesized according to general
procedure 1 using 2b (100 mg, 0.33 mmol, 1 equiv.) and
GaCls (58 mg, 0.33 mmol, 1 equiv.). M.p. 80-82 °C. Yield: 132
mg, 0.28 mmol, 84%. 'H NMR (500 MHz, CsDsBr, 295 K)



6/ppm: 7.26 (m, 2H, Ar-H), 7.11 (m, 2H, Ar-H), 4.54 (sept,
3Jun = 6.3 Hz, 2H, CH(CHz3)2), 1.51 (d, 3/un = 6.3 Hz, 12H,
CH(CHz)z). 13C{tH} NMR (126 MHz, CsDsBr, 295 K) §/ppm:
133.1 (2C, Ar), 118.7 (2C, Ar), 105.7 (2C, Ar), 45.0 (2C,
CH(CHs)2, 16.4 (4C, CH(CHs)2). IR vmax (cm™): 2980 (m),
1566 (w), 1462 (w), 1393 (w), 1375 (w), 1269 (w), 1153
(m), 949 (w, br), 746 (m). HRMS (ES*) m/z calculated for
[M]* [C12H18AsNz]*: 265.0686, found: 265.0692; m/z calcu-
lated for [M]-[GaCl4]~: 208.8010, found: 208.8014.

4c: Compound 4c was synthesized according to general
procedure 1 using 2b (100 mg, 0.33 mmol, 1 equiv.) and
TMSOTf (88 mg, 0.40 mmol, 1.2 equiv.). M.p. 118-121 °C.
Yield: 112 mg, 0.27 mmol, 82%. 'H NMR (500 MHz, CDCls,
295 K) §/ppm: 7.59 (br. m, 2H, Ar-H), 7.53 (br. m, 2H, Ar-
H), 5.06 (sept, 3/un= 6.2 Hz, 2H, CH(CH3)z2), 1.90 (d, 3/un = 6.2
Hz, 12 H, CH(CHs)2). 13C{*H} NMR (126 MHz, CDCl3, 295 K)
§/ppm: 141.4 (2C, Ar), 126.4 (2C, Ar), 114.3 (2C, Ar), 53.4
(2C, CH(CH3)2, 24.8 (4C, CH(CH3)z2). °F NMR (471 MHz,
CDCl3, 295 K) &/ppm: -78.1 (s, 3F, 03SCF37) IR vmax (cm™):
2988 (w), 1466 (w), 1393 (w), 1248 (s), 1144 (s), 1024 (s),
766 (m), 633 (s),571 (m) and 515 (m). HRMS (ES*) m/z cal-
culated for [M]*[C1zH1s AsN2]*: 265.0686, found: 265.0689;
m/z calculated for [M]- [CF303S]: 148.9520, found:
148.9524.

5: Compound 2a (300 mg, 1.17 mmol, 1 equiv.) was dis-
solved in THF (5 mL). Magnesium turnings (43 mg, 1.76
mmol. 1.5 equiv.) and a crystal of iodine were added to the
solution, which was left to stir for 24 hours. The orange so-
lution was filtered through celite and the solvent removed
in vacuo. Single crystals suitable for X-ray diffraction were
grown from a concentrated solution of CH2Clz with a few
drops of pentane and cooled to -40 °C. M.p. 142-146 °C.
Yield: 404 mg, 0.91 mmol, 78%. 'H NMR (400 MHz, CeDe,
295 K) §/ppm: 6.98-6.96 (m, 4H, Ar-H), 6.74-6.72 (m, 4H,
Ar-H), 3.63 (sept, 3Jun = 6.5 Hz, 4H, CH(CH3)2), 1.44 (d, 3/un
= 6.5 Hz, 12H, CH(CHz3)2) and 1.05 (d, 3/uu = 6.5 Hz, 12H,
CH(CH3)z2). 13C{'H} NMR (101 MHz, CsD¢, 295 K) &6/ppm:
144.7 (4C, Ar), 120.3 (4C, Ar), 113.3 (4C, Ar), 50.2 (4C,
CH(CHs)2), 23.8 (4C, CH(CH3)2), 21.4 (4C, CH(CH:3)2). 31P{1H}
NMR (162 MHz, CeDs, 295 K) 6/ppm: 87.2 (s). IR vmax (cm-
1): 2978 (m), 1471 (m), 1377 (m), 1248 (m), 1157 (m, br),
1028 (w), 878 (m), 731 (m), 634 (m) and 544 (m). HRMS
(EI*) m/z calculated for [M]* [C12H1sN2P]*: 221.1208, found:
221.1211.

6: Compound 2b (41 mg, 0.14 mmol, 1 equiv.) was dissolved
in THF (5 mL). Magnesium turnings (5 mg, 0.21 mmol, 1.5
equiv.) and a crystal of iodine were added to the solution,
which was left to stir for 24 hours. The solvent was removed
in vacuo and CH:Clz (5 mL) was added. The solution was fil-
tered through Celite twice and the solvent was again re-
moved in vacuo to afford the pure product. Single crystals
suitable for X-ray diffraction were grown from a concen-
trated solution of CH2Clz with a few drops of pentane and
cooled to -40 °C. M.p. 114-116 °C. Yield: 33 mg, 0.08 mmol,
60%. 'H NMR (500 MHz, CDCls, 295 K) §/ppm: 7.12 (s, 4H,
Ar-H), 4.58 (sept, 3/un = 5.9 Hz, 2H, CH(CHz3)2), 1.74 (d, 3/un
= 5.9 Hz, 12H, CH(CHs)2). 13C{'H} NMR (126 MHz, CDCls,
295K) 6/ppm: 139.6 (2C, Ar), 121.6 (2C, Ar), 112.5 (2C, Ar),
50.0 (2C, CH(CHs)2) and 22.2 (4C, CH(CH3)2). IR Vinax (cm™1):
2970 (w), 1473 (m), 1389 (m), 1294 (m), 1260 (m), 1153
(m), 1018 (w), 995 (w), 889(w), 739 (m) and 552 (w).
HRMS (ES*) m/z calculated for [M]* [Ci2H18AsNz]*:
265.0686, found: 265.0675.

Photophysical studies

UV-Vis studies were performed on a Shimadzu UV-1800
spectrophotometer as deaerated chloroform or acetonitrile
solutions (1 x 10-5 M) as stated. Photophysical data were ob-
tained on a JobinYvon-Horiba Fluorolog spectrometer fit-
ted with a JY TBX picosecond photodetection module as
chloroform or acetonitrile solutions as stated. Emission
spectra were uncorrected and excitation spectra were in-
strument corrected. The pulsed source was a Nano-LED
configured for 295 nm output operating at 1 MHz. Lumines-
cence lifetime profiles were obtained using the JobinYvon-
Horiba FluoroHub single photon counting module and the
data fits yielded the lifetime values using the provided DAS6
deconvolution software. Quantum yield measurements
were obtained on aerated solutions of the compounds using
anthracene in deaerated ethanol as a standard (& = 0.27).1¢

EPR studies

The continuous wave (CW) X-band EPR measurements
were performed on a Bruker EMX spectrometer utilizing an
ER4119HS resonator, using 100 kHz field modulation, 1.0
mW microwave power and < 1 G modulation amplitude, at
298 or 350 K. Simulations of the EPR spectra were per-
formed using the Easyspin software package running within
the MathWorks® MatLab® environment.!”

Theoretical studies

DFT calculations were performed using the graphical inter-
face WebMO computational platform, which employed the
Gaussian 09 package.!8 For the phosphorus containing com-
pounds the structures used were initially geometry opti-
mized using the hybrid functional Becke, three-parameter,
Lee-Yang-Parr (B3LYP)!® and the Pople split valence basis
set 6-31+G(2d,p) on all atoms.2% Natural bond orbital (NBO)
analysis was then performed on the phosphole 2a and
phosphenium cation. The arsenic containing species were
optimized using B3LYP and a split basis set. The arsenic
atom was treated with B3LYP and the effective core poten-
tial Los Alamos National Laboratory 2-double-z
(LANL2DZ),?* whilst all other atoms again used B3LYP/6-
31+G(2d,p). NBO analysis was subsequently performed on
the arsole 2b and arsenium cation.

For theoretical photophysical studies, geometry optimized
structures with no solvent effects were again optimized us-
ing a polarizable continuum model (PCM) to model solvent
effects. The resulting lowest energy structures were then
used to calculate excited state transitions using TD-DFT
methods. The basis set and functional cam-B3LYP/6-
31+G(2d,p) were employed and in addition an UltraFine in-
tegration grid was used.?? Molecular orbital and natural
bond orbital (NBO) calculations were additionally per-
formed on the solvent optimized structures. Molecular or-
bital images were visualized using the Avogadro package.?3

For theoretical EPR studies, geometry optimization of the
CsH4N2('Pr).P+ radical was performed using the Perdew-
Burke-Ernzerhof UPBEO hybrid functional?? and Pople split
valence basis set 6-31+G(2d,p)?° on the graphical interface
WebMO computational platform, which employed the
Gaussian 09 package.’® EPR simulations and spin charge
density DFT calculations were performed in the ORCA pack-
age v4.0%> and used the PBEO functional with def2-TZVP ba-
sis set on all atoms.?¢ Spin-orbit coupling effects were ac-
counted for using a mean field (SOMF(1X)) approach.?”
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