Triplet Phenylarsinidene and Its Oxidation to Dioxophenylarsine
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Abstract: Diradicals are key intermediates involved in humerous chemical processes and have
attracted considerable attention in synthetic chemistry, biochemistry, and materials science. Even
though parent arsinidene (H-As) has been characterized well, the high reactivity of subsituted
arsinidenes has prohibited their isolation and characterization to date. Here, we report the
preparation of triplet phenylarsinidene through the photolysis of phenylarsenic diazide, isolated in an
argon matrix, and its subsequent characterization by infrared and UV/Vis spectroscopy. Doping the
matrices containing phenylarsinidene with molecular oxygen leads to the formation of hitherto
unknown anti-dioxyphenylarsine. The latter undergoes isomerization to novel dioxophenylarsine
upon 465 nm irradiation. The assignments were validated by isotope-labeling experiments combined
with B3LYP/def2-TZVP computations.
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Main Text:

Owing to their important roles as versatile reagents and pivotal intermediates in numerous chemical
processes, the properties and reactivity of carbenes (R-C-R)!?® and nitrenes (R-N)*® have been
extensively studied, despite their high reactivity and instability. However, there are still many families
of reactive intermediates that have eluded isolation and spectroscopic identification. Among these
are arsinidenes (R-As), the neutral monovalent arsenic congeners of nitrenes (R-N), and
phosphinidenes (R-P) with six electrons in their valence shell. Depending on the nature of the R-
substituent they may adopt either a singlet or a triplet electronic ground state (Scheme 1A). Several
attempts have been made to prepare free arsinidenes, but the detection and identification of these
species has been hampered by their instability and fleeting existence.”® To date, only electronic and
vibrational transitions of parent arsinidene (H-As) have been studied by flash photolysis of AsH3.912
All other evidence for the existence of arsinidenes was derived from trapping and complexation
experiments. For example, several terminal arsinidene complexes with transition metals were
synthesized and structurally characterized by X-ray crystal structure analysis.**'” Furthermore, the
N-heterocyclic-carbenes (NHCs)*®1° and N-heterocyclic silylenes (NHSis)?° were also utilized for the
stabilization of arsinidenes. In addition, HM=AsH (M = Ti, Zr, Hf) complexes were prepared by the
reaction of group IV metal atoms with AsH; under matrix isolation conditions.?* The arsaketene
radical and anion were trapped in a cryogenic matrix by reaction of laser-ablated arsenic atoms with
carbon monoxide.?

Phenylarsinidene (1), the heavier analogue of phenylphosphinidene (PhP), is deemed to be a key
intermediate for the synthesis of arsol-containing compounds in organic electronics? and as a ligand
for the stabilization of isolable alumenenes.?* Arsphenamine, also known under its trade name
Salvarsan, the first modern antimicrobial agent, may be regarded as the trimer of an aryl arsinidene,
which was synthesized from 3-nitro-4-hydroxyphenylarsonic acid.?® Diarsenes (R-As=As-R), the
arsinidene dimers, can be quantitatively obtained in situ from thermolysis of arsa-Wittig reagents in
solution.?6:27

In contrast to the unknown arsinidenes, several “free” phosphinidenes have been isolated under
matrix isolation conditions and characterized by IR, UV/Vis, and EPR spectroscopy, which includes
the parent phosphinidene (HP),22 methoxyphosphinidene (CH3OP),?® phenylphosphinidene
(PhP),%%31 mesitylphosphinidene (MesP),32* and ethynylphosphinidene (HCCP)3* that have triplet
electronic ground states. It has also been experimentally shown that strong n-donor substitution
(e.g., RaN—, R,P-) stabilizes the singlet state of phosphinidene over the triplet.®2¢ To date, however,
there is no clear experimental evidence confirming the formation of uncomplexed alkyl- and aryl-
arsinidenes, and their reactivity is unknown. Herein, we report the first synthesis as well as IR and
UV/Vis spectroscopic characterization of phenylarsinidene 1, and its oxidation to anti-
dioxyphenylarsine (3a) and dioxophenylarsine (5) through the reaction of 1 with molecular oxygen
(O2) and subsequent trapping in argon matrices at 10 K (Scheme 1B).
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Scheme 1. (A) Common electronic configurations of pnictinidenes (OST — open shell triplet; OSS —

open-shell singlet; CSS — close-shell singlet). (B) Photochemical generation of phenylarsinidene 1
and subsequent (photo)reactivity.

Results and Disscusion:

It has recently been shown that transient phosphorus species can be readily generated by the
thermal and photochemical N2 extrusion from the corresponding azides.?**"-% Our strategy for the
preparation of 1 was the photolysis of phenylarsenic diazide (2) in the reaction 2 - 1 + 3 N2 (N2 as
the IR invisible byproduct). Diazide 2 was synthesized from the corresponding dichloride precursor
(for synthetic details see the Supplementary Materials). The matrix-isolated IR spectrum of 2 shows
two strong bands at 2109.9 and 2086.7 cm™?, which were assigned as symmetric and asymmetric
NNN stretching modes, respectively. In addition, two medium-intensity IR bands at 1240.5 and
1219.2 cm™ could be tentatively assigned to the interior N=N symmetric and asymmetric stretching
modes of 2. Irradiation of matrices containing 2 with light A = 254 nm results in the rapid
disappearance of its IR bands and simultaneously a new set of IR bands appears at 1575, 1473,
1429, 1325, 1065, 1024, 994, 904, 731, 687, and 426 cm™ (Figure 1b). The excellent agreement
between experimentally observed and computed IR spectrum at B3LYP/def2-TZVP is taken as
evidence for the formation of triplet 1 (°1, Table S1). For example, the strong IR bands at 731 and
687 cm™ are attributed to the C—H out-of-plane (0.0.p.) vibrational modes. Atthe B3LYP/def2-TZVP
level of theory, the C—As stretch shows a frequency of 295 cm™, which is, unfortunately, at the lower
limit of our IR spectrometer, and therefore cannot be detected.
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Figure 1. (a) Unscaled computed spectrum for 31 at B3LYP/def2-TZVP. (b) IR difference spectrum
shows the changes upon 5 min 254 nm irradiation. (c) Unscaled computed spectrum for 2 at
B3LYP/def2-TZVP. Inset: Expanded spectra for detail display in the range of 1750-400 cm™™.

The UV/Vis spectral analysis of 2 shows intensive absorptions in the UV region, which includes
strong transition bands at 192, 218, and 272 nm (Figure 2). They completely vanish after 2 min of
254 nm irradiation, and simultaneously the strong absorption band of 31 at 262 nm together with
weak bands at 280 nm and 342 nm appear. The UV/Vis spectrum of 31 qualitatively resembles the
spectra of phenylphosphinidene in an argon matrix.2® The experimental UV/Vis spectrum of 31
agrees well with the intense electronic absorptions at 277 and 296 nm (f = 0.128 and 0.086), as well
as medium absorptions at 343 and 375 nm (f = 0.007 and 0.009) computed at TD-B3LYP/def2-
TZVP.
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Figure 2. Solid line: UV/Vis spectrum of 2 isolated in argon (10 K). Dashed line: UV/Vis spectrum
of 31 at 10 K: the photochemistry of 2 after irradiation at A = 254 nm in argon at 10 K. Inset: Computed
[TD-B3LYP/def2-TZVP] electronic transitions for 1.

According to our B3LYP/def2-TVZP computations, 1 shows planar C,, symmetry with an electronic
3A; ground state. Arsinidene 1 has a large singlet-triplet energy separation of AEst= 22.2 kcal mol
at B3LYP/def2-TZVP and 25.0 kcal mol™ at CASSCF(8,8)/cc-pVDZ underscoring its triplet electronic
ground state nature, similar to phenylphosphinidene (6) (AEst= 33.0 kcal mol~* at B3LYP/def2-TZVP;
AEst= 24.3 kcal mol™* at CASSCF(8,8)/cc-pVDZ) and phenylnitrene (7) (AEst= 30.0 kcal mol™ at
B3LYP/def2-TZVP; AEst= 17.3 kcal mol™ at CASSCF(8,8)/cc-pVDZ). We have also compared key
geometric parameters of 1 with 6 and 7. The optimized structures are presented in Figure S1. As
expected, the C-As bond length of 1 is considerably longer (1.932 A) than C-P (1.791 A) and C-N
(1.318 A) of 6 and 7, respectively. Moreover, there are slight differences between the C=C bonds of
the phenyl rings. In the case of 6 and 7, the benzene rings show more bond alternation than in 1.
This implies that there is almost no delocalization of spin density for the arsenic atom into the phenyl
ring, probably owing to a mismatch of the orbital sizes: 2p (C) overlap with the 4p (As). This is in
line with computed spin densities: a higher positive spin density resides at the arsenic atom of 1.95
in 1 compared to nitrogen (1.57) in 6 and phosphorus (1.88) in 7 (Figure S1). The computed T
diagnostic values for 1 (0.036, Supplementary Materials), 6 (0.040), and 7 (0.039) exceed the historic
criteria T1 < 0.02 for main group species,*® which suggests that single-reference methods are likely
not reliable for this system. Therefore, the geometry optimizations were also carried out at the
CASSCF(8,8)/cc-pVDZ level of theory (Figure S1), which shows the same trend of the structural
characteristics of 1, 6, and 7. The thermodynamic stability of 1 over 6 and 7 is also evident by the
5



sizable reaction enthalpy of the homodesmotic equation (1): AH; = 75.3 kcal mol™ X = As, 63.9 kcal
mol= X = P, 39.1 kcal mol™ X = N.

-Pn* PnH,

AH, 2
© + CH4 — T (j + H/'\H (1)
(Pn =N, P, As)

The preparation and matrix isolation of 1 also enables us to investigate its reaction with molecular
oxygen (0.) that may lead to the formation dioxophenylarsine (PhAsO,, 5), a novel compound,
which is a hitherto unknown arsenic analogue of nitrobenzene. Previously, Sander et al.
demonstrated that the reaction of 7 with 20, in xenon matrices yields the most stable syn-
phenylnitroso oxide as an intermediate product, which isomerizes to nitrobenzene upon 460 nm
irradiation.*° We also reported the oxidation of 6, where we detected only cyclic 3-phenyl-1,2,3-
dioxaphosphirane.®° Similar to the nitrogen analogue, the Ilatter rearranges into

phenyldioxophosphorane upon selective irradiation (Scheme 2).
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Scheme 2. Summary of the reactions of phenyl pnicitinidenes with molecular oxygen. Relative
energies (in kcal mol?) computed at B3LYP/def2-TZVP.

Doping argon matrices containing 2 with variable oxygen concentrations in the range of 0.1-1% and
subsequent photolysis at 254 nm showed no changes in the IR spectrum; only 1 was observed.
However, after annealing the matrix at 35 K for 5 min, a group of new peaks at 1478.3,
1434.2/1436.2, 1331.6. 1160.4, 1049.2, 1031.7, 993.5, 735.7, and 687.2 cm™ appeared gradually
(Figure S2). For example, a strong peak at 1031.8 cm™ can be attributed to the O-O stretching
vibration and its position is quite close to that in syn-phenylnitroso oxide (1000 and 990 cm™, Xe-
matrix).*® By comparison with computed infrared vibrations for all potential candidates, this set of
bands was assigned to anti-phenyldioxylarsinene (3a). The assignment of 3a is further corroborated
by 180-labeling experiments. For example, the O-O stretching vibration in 3a is computed to have
a 59.0 cm™ red shift, which is in good accordance with the experimental shift of 59.6 cm=. However,
because arsenic is less conjugated to the phenyl ring and much heavier than phosphorus and
nitrogen, the other bands associated with the phenyl motif are barely disturbed upon isotope labeling
(Table S2). We also found that 3a is photolabile when exposed to 465 nm light. The IR bands of 3a
vanish rapidly and a new group of peaks at 1490.4, 1447.4/1440.4, 1315.8, 1084.1, 1075.5, 1016.8,
923.2, 741.6, and 684.7 cm™ appear contemporarily (Figure 3). The experimentally observed IR
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spectrum agrees well with the computed spectrum of dioxophenylarsine 5. The strong IR bands at
1016.8 and 923.2 cm™ are due to the OAsO asymmetric and symmetric stretching modes,
respectively. They show large shifts of 42.0 and 47.6 cm™ in the *¥O-labeling experiment, which
match nicely with computed shifts of 43.1 and 48.5 cm™, respectively (Table S3).
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Figure 3. (a) Unscaled computed spectrum for 3a at B3LYP/def2-TZVP. (b) IR difference spectrum
shows the changes upon 1 min 465 nm irradiation of 1% O, doped Ar-matrix. (c) Unscaled computed
spectrum for 5 at B3LYP/def2-TZVP. (d) Unscaled computed spectrum for 20,-3a at the
B3LYP/def2-TZVP levels. (e) IR difference spectrum shows the changes upon 1 min 465 nm
irradiation of 1% 80, doped Ar-matrix. (f) Unscaled computed spectrum for '80,-5 at B3LYP/def2-
TZVP. The matrix sites of unreacted 2 are depicted as (*).

The reaction of 1 with O, was also monitored by UV/Vis spectroscopy. The transition bands of 1
disappear upon annealing at 35 K for several minutes, and simultaneously transitions at 192 and
218 nm (strong), 261 nm (moderate), and 478 nm (weak, broad) (Figure S3, solid line) appear. All
new bands correlate well with the values of the electronic excitations of 3a at 198 nm (f = 0.076),
260 nm (f = 0.163), and 456 nm (f = 0.158) computed at TD-B3LYP/def2-TZVP. Further irradiation
at 465 nm results in the disappearance of the broad band at 478 nm and the formation of 5.



We undertook a detailed computational analysis of the reaction of 1 with O, (Figure 4). The absence
of characteristic bands of 3a before annealing, even at a high O> concentration (> 2%) implies that
the reaction between 1 and O; has an activation barrier. Note that the reaction mechanism of 1 with
O on the triplet surface from 31 to 33a is slightly endothermic, followed by intersystem crossing (ISC)
to the '3a. Alternatively, the formation of *3a may happen through crossing of the triplet to singlet
potential energy surface, which occurs at the minimum energy crossing point (MECP) at —9.2 kcal
mol. Additionally, the energy of MECP of 3b (-5.9 kcal mol™) is higher than that of *3a, thus making
the formation of 3b unfavorable. Interestingly, Sander and co-workers reported that the reaction of
phenylnitrene 6 with O, results in the formation of syn-phenylnitroso oxide, which is
thermodynamically more stable that the anti-conformer (Scheme 2).%° In our experiments, the anti-
conformer 3a formed exclusively, which is 1.3 kcal mol™ (B3LYP/def2-TZVP) less stable than the
syn-conformer 3b with a rotamerisation barrier of 17.9 kcal mol™. The tautomerization of 3a to 3-
phenyl-1,2,3-dioxaarsirane (4) proceeds with a barrier of 6.8 kcal mol. The subsequent
rearrangement of 4 to 5 is associated with a barrier of 37.7 kcal mol™. Although we did not observe
4 spectroscopically, this was to be expected, since the conversion of 3a to 5 through 4 can only be
accomplished via photoexcitation. According to TD-B3LYP/def2-TZVP computations, 4 has an
electronic transition at 383 nm (f = 0.011) (Figure S4), which suggests the intermediacy of this highly
labile species upon irradiation.
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Figure 4. Potential energy profile (AHo, kcal mol™) of the reactions of 31 with molecular oxygen at
B3LYP/def2-TZVP.

In conclusion, triplet phenylarsinidene was successfully generated in cryogenic matrices and was
spectroscopically characterized by means of IR and UV/Vis spectroscopy. Doping matrices of
phenylarsinidene with molecular oxygen led to oxidation to anti-phenyldioxylarsinene, with reactivity



different from that of phenylphosphinidene and phenylnitrene with oxygen. Dioxophenylarsine, the

arsenic analogue of nitrobenzene, was obtained through subsequent irradiation. Our disclosure of

a straightforward preparation of phenylarsinidine contributes to our knowledge of fundamental

chemistry of a higher pnictogen sextet species and provides new entry points for the use of

arsinidenes in synthetic and materials chemistry.
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Methods

Matrix Apparatus Design. For the matrix isolation studies, we used an APD Cryogenics HC-2
cryostat with a closed-cycle refrigerator system, equipped with an inner Csl window for IR
measurements. Spectra were recorded with a Bruker Vertex 70 FT-IR spectrometer with a spectral
range of 4000-400 cm™ and a resolution of 0.7 cm™ and UV/Vis spectra were recorded with a
JASCO V-670 spectrophotometer equipped with an inner sapphire window. A high-pressure mercury
lamp (HBO 200, Osram) with a monochromator (Bausch & Lomb) was used for irradiation. For the
combination of high-vacuum flash pyrolysis with matrix isolation, we employed a small, homebuilt,
water-cooled oven, which was directly connected to the vacuum shroud of the cryostat. The pyrolysis
zone consisted of an empty quartz tube with an inner diameter of 8 mm, which was resistively heated
over a length of 50 mm by a coaxial wire. The temperature was monitored with a NiCr—Ni
thermocouple. Azides were evaporated (2: 20 °C) from a storage bulb into the quartz pyrolysis tube.
At a distance of approximately 50 mm, all pyrolysis products were co-condensed with a large excess
of argon (typically 60—120 mbar from a 2000 mL storage bulb) on the surface of the matrix window
at 10 K.

Caution! Arsenic compounds are hazardous toxic and harmful to the environment, which should be
handled with careful protection and all trash should be disposed of specially. Covalent azides are
potentially hazardous explosives. Although we have not experienced any incident during this work,
it should be handled with great care in small quantities (<5 mmol) under oxygen- and water-free
conditions, and safety precautions (face shields, Kevlar gloves, and protective leather clothing) are

recommended. Any contact with metal should be avoided for the sample.

Synthesis of phenyldiazidoarsine 2. In a flame-dried Schlenk flask, 0.13 g (0.20 mmol) activated
NaNs! were suspended in 0.80 mL anhydrous CHsCN and 7.00 pL (ca. 0.05 mmol) freshly distilled
phenyldichloroarsine was added.? The mixture was stirred for 12 h at room temperature. Filteration
afforded a colorless solution. Then it was cooled to 0 °C and brought to reduced pressure to remove
solvent to leave a white solid. Quantitative yields were typically obtained. The purity of the sample
was confirmed by NMR (*H NMR (400 MHz, CDsCN): § = 7.89 (m, 2 H), 7.68 (m, 3 H). 2*C{*H} NMR
(162 MHz, CD3CN): 6 = 132.20, 131.50, 130.9, 130.45, 129.79, 129.58 ppm. Figure S6, Figure S7).

Computations. Geometry optimizations at CCSD(T)/cc-pVTZ*’ level and minimum energy

crossing-point (MECP) searching were performed by ORCA 5.0.8 B3LYP®!° and CASSCF!!1?
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computations were carried out by Gaussian16 program?*® with def2-TZVP and cc-pVDZ basis set.!
Local minima were confirmed by vibrational frequencies analysis, and transition states were further
confirmed by intrinsic reaction coordinate (IRC) calculations. Wavefunction analysis results were
obtained from Multiwfn 3.8.*° Natural bond order and resonance structures were computed by NBO
7.0.16
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