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Abstract: The structures and reactivities of organic phosphi-
nidene chalcogenides have been mainly inferred from trapping
or complexation experiments. Phosphinidene chalcogenide
derivatives appear to be an elusive family of molecules that
have been suggested as reactive intermediates in multiple
organophosphorus reactions. The quest to isolate “free”
phosphinidene chalcogenides remains a challenge in the field.
Here, we present the synthesis, IR, and UV/Vis spectroscopic
identification of hitherto elusive phenylphosphinidene oxide
and phenylphosphinidene sulfide from the corresponding
phosphonic diazide precursors. We isolated these higher
congeners of nitroso- and thionitrosobenzene in argon matri-
ces at 10 K. The spectral assignments are supported by B3LYP/
6–311 ++ G(3df,3pd) and MP2/cc-pVTZ computations.

While nitrosobenzenes are common, highly reactive
reagents in organic chemistry,[1,2] their heavier isosteres
based on phosphorus and sulfur remain unknown. Phosphi-
nidene chalcogenides (R�P=E; E = O, S, Se) are reactive
species that are isolobal with heteroatom-substituted singlet
carbenes (Scheme 1B),[3–5] but they have only rarely been
observed directly.[6–8] The closely related thionitrosobenzenes
are also unknown in free form and are expected to be highly
unstable.[9–11] Despite considerable efforts, phosphinidene
chalcogenides are only known as transient species in solution,
and their existence can be inferred from product-analysis
studies and complexation experiments.[3, 12–16] These transient
species are very reactive toward many (organic) molecules
and have thus been used as in-situ reagents for phosphorus-
and chalcogen-ring formation.[16–19] Product analyses from
trapping experiments revealed that R�P=E species undergo
cycloaddition reactions along with the polarized phosphorus–
chalcogen double bond either showing as [4+1] carbene-like

reactivity[4, 20–23] or [4+2] olefin-like reactivity.[15, 24] Very
recently, Cummins and co-workers reported an elegant
approach to generate tert-butylphosphinidene sulphide
(tBuP=S) in solution under mild conditions using anthracene
(C14H10) extrusion for the release of highly reactive tBuP=S
in situ, which undergoes a Diels–Alder reaction with
dienes.[25] In 2017, Graham et al. reported the synthesis of
four-membered phosphorus–chalcogen (RPE)2 heterocycles
(E = S, Se);[12] subsequent reactions with N-heterocyclic
carbenes (NHCs) resulted in base-stabilized phosphinidene
sulfides. Schmidpeter and co-workers[26] prepared stable
monomeric phosphorous monochalcogenides without bulky
or intramolecularly coordinating substituents, which are
stabilized through conjugation with a triphenylphosphoniu-
mylidyl moiety (therefore named ylidylphosphorchalcoge-
nides) and large contributions of zwitterionic resonance
structures. Product studies suggested the transient generation
of phosphinidene chalcogenides (thermally or photochemi-
cally) from various precursors,[4, 15, 27] such as phospholene,
phosphirane, or phosphanorbornadiene chalcogenides,[28–30]

and starting materials containing four-membered rings with
a P2E2 core (E = S, Se).[3, 12]

The direct spectroscopic observation of phosphinidene
chalcogenides, R�P=E, is extremely scarce. The stabilization
of R�P=E species can be achieved through coordination to
metal centers[31, 32] or by using bulky substituents.[33, 34] How-
ever, for E=O, only a few transition-metal complexes
containing an R�P=O moiety have been isolated.[32,35]

Parent H�P=O has been identified as one of the emitting
species in the chemiluminescence of white phosphorus and in

Scheme 1. A) Photochemical generation of 1 and 2. B) Resonance
structures of the phosphinidene chalcogenides. C) Triplet phosphini-
dene (5), phenyldioxophosphorane (6), and previously prepared heav-
ier congeners of 6, namely 7 and 8.
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the oxidation of phosphine.[36] The spectroscopy and structure
of H�P=O has been intensively studied.[37,38] The heavier
congener H�P=S has been detected with neutralization–
reionization mass spectrometry[39] and rotational spectrosco-
py.[40] Only in 2019, CH3�P=O was generated and efficiently
trapped in argon matrices through photolysis or flash vacuum
pyrolysis of methylphosphoryl diazide CH3P(O)(N3)2.

[41]

As found for phosphinidene oxides and sulfides, dioxo-
phosphoranes (phosphinidene dioxides, R�PO2) and thioox-
ophosphoranes (R�PS2) are unstable molecules thought to be
generated in the thermolysis of suitable organophosphorus
precursors.[42–44] These transient species are highly electro-
philic at the phosphorus atom and have thus found use as
efficient phosphorylating agents. Recently, we reported the
synthesis of previously elusive phenyldioxophosphorane (6,
PhPO2), the phosphorus analogue of nitrobenzene, under
matrix-isolation conditions through the reaction of triplet
phenylphosphinidene (5) with triplet molecular oxygen (3P-
O2).[45] The heavier congeners of 7, namely (4-methoxy)-
phenyl phosphine disulphide (6)[46] and phenyl phosphine
diselenide (8)[47] (the monomeric forms of Lawesson�s and
Woollins� reagents, respectively), have been isolated and
characterized spectroscopically as well (Scheme 1C). Follow-
ing our studies on the synthesis and reactivity of transient
organophosphorus species including PhP,[45] PhPO2,

[45]

PhPCO,[48] PhPS2,
[46] and PhPSe2,

[47] we report herein the
first spectroscopic evidence of hitherto unknown “free” (that
is, uncomplexed) phenylphosphinidene oxide Ph�P=O (1)
and phenylphosphinidene sulfide Ph�P=S (2) by means of IR
and UV/Vis spectroscopy (Scheme 1A).

Phosphonic diazides represent potentially useful precur-
sors for the generation of free phosphinidene chalcogenides
that can be activated either thermally or photochemically, and
we have chosen the UV photolysis of phenylphosphoryl
diazide (3) in an argon matrix at 10 K with N2 as the only IR-
invisible byproduct. The IR spectrum of 3 is characterized by
an intense group of signals centered at 2153 cm�1 (Figure 1).
Irradiation (l = 254 nm) of matrices containing 3 results in
very rapid and complete disappearance of its IR signals. From

a number of experiments, we identify a set of IR bands
(Figure 1 and Table S1, Supporting Information), the most
prominent at 1185, 1098, 741, 689, and 462 cm�1, that show
identical growth behavior upon photolysis. These signals are
assigned to 1 based on comparison with B3LYP/6–311 ++

G(3df,3pd) computations. The strong IR bands at 1185 and
1098 cm�1 are attributed to the P=O stretching and C�H
deformation modes. The observed splitting of the vibrational
bands is due to different trapping sites in the argon matrix.
The measured P=O stretching frequency agrees well with
a previously observed IR band at 1203 cm�1 for the stabilized
neutral 2,4,6-tri-tert-butylphenylphosphinidine oxide.[33,35]

The bands at 741, 706, and 689 cm�1 are thus assigned to the
C�H out-of-plane vibrational modes of the phenyl ring.
Overall, the observed IR vibrational bands match the
computed fundamentals of 1 (Table S1) very well.

Photochemical decomposition of 3 with 254 nm irradi-
ation resulted in a slight yellow coloration of the matrix,
which was colorless initially. The UV/Vis spectral analysis of
the 254 nm photolysis of 3 shows that its strong absorptions at
192 and 217 nm gradually decrease while new absorptions
grow. The spectrum obtained after complete decomposition
of azide precursor 3 reveals strong absorptions at 192, 219,
and 277 nm, a weak absorption at 337 nm, as well as several
transitions with pronounced vibrational progressions extend-
ing from 430 nm up to 490 nm (Figure 2). Computational
analysis using time-dependent density functional theory (TD-
B3LYP/6–311 ++ G(3df,3pd)) of the excitations of 1 exhibit
a strong transition at 284 nm (f = 0.222) and two weak
transitions at 314 nm (f = 0.011) and 474 nm (f = 0.004) in
good agreement with the experimentally observed UV/Vis
spectrum (Figure 2). Likewise, in our earlier studies on
reactive organophosphorus species,[45–48] the inspection of
the molecular orbitals of 1 reveals that the weak absorption
band in the visible region at 460 nm corresponds an n!p*
transition, while the strong band at 277 nm is a p!p*
transition.

Following the route for the synthesis of 1, we prepared 2
from the azide 4 by UV irradiation. Photolysis (l = 254 nm) of

Figure 1. a) IR spectrum of 3 computed at
B3LYP/6–311+ + G(3df,3pd) (unscaled). b) IR difference spectra
showing the photochemistry of 3 after irradiation at l =254 nm in
argon at 10 K. Downward bands assigned to 3 disappear while upward
bands assigned to 1 appear after 15 min irradiation time. c) IR
spectrum of 1 computed at B3LYP/6–311+ +G(3df,3pd) (unscaled).

Figure 2. Solid: UV/Vis spectrum of 3 isolated at 10 K in Ar. Dashed:
UV/Vis spectrum of 1 at 10 K; the photochemistry of 3 after irradiation
at l = 254 nm in Ar at 10 K.
Inset: Computed TD-B3LYP/6–311+ + G(3df,3pd) spectrum of 1.
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matrix-isolated 4 in solid argon for 30 min at 10 K resulted in
the complete disappearance of its IR bands and the appear-
ance of a new set of IR bands. New strong bands appeared at
1185, 1084, 743, 706, 682, and 416 cm�1 upon UV irradiation
(Figure 3 and Table S2), in good agreement with the com-
puted values. For example, the band at 1185 and 1084 are
assigned to the C�H deformation modes in 2. The bands at
743, 706, and 685 cm�1 are assigned to the C�H out-of-plane
vibrational modes of the phenyl ring. The strong band at
682 cm�1 is assigned to the P=S stretching mode of 2 ; as
expected, it absorbs at a lower frequency compared to 1 due
to the considerably longer P=S bond (see below). The nature
of the P=S bond in 1 can also be judged by comparison with
the P=S stretching modes in related compounds. Several
unstable thiophosphines (X�P=S; X = Br, F) have been
characterized spectroscopically either in the gas phase or
have been isolated in argon matrices.[49] F�P=S shows an
intense P=S stretching frequency at 720 cm�1,[7] whereas Br�
P=S absorbs at 712 cm�1.[8] With the help of the computations,
the other IR bands of medium intensity can also be attributed
to 2 (Table S2).

The photochemistry of 4 was also investigated in the UV/
Vis spectral region. Under reaction conditions similar to the
IR experiments described above, irradiation of an argon
matrix containing 4 results in a decrease in intensity of the
bands at l = 194 and 220 nm, assigned to 4 and formation of
new strong bands at lmax = 192 and lmax = 337 nm assigned to 2
(Figure 4 and Figure S2). The measured UV/Vis spectrum of 2
also displays a weak absorption in the 600–730 nm range with
a pronounced vibrational fine structure. Similar to 1, all bands
of 2 correlate well with the values of the electronic excitations
at 191 and 218 nm (f = 0.201 and 0.074), 331 nm (f = 0.227),
and 692 nm (f = 0.0008) computed at TD-B3LYP/6–311 ++

G(3df,3pd).
Next, we compared the key geometrical and electronic

parameters of the optimized structure of 1 with 2 (Figure 5A).
The P=O and P=S bond distances in 1 and 2 are 1.485 and
1.937 �, respectively, at B3LYP/6–311 ++ G(3df,3dp) (1.504

and 1.942 � at MP2/cc-pVTZ), thus showing double-bond
character. Wiberg bond indices of 1.74 and 1.54 were
computed for the P=O and P=S bonds in 1 and 2, respectively,
indicating significant double-bond character. The P=O length
in 1 is comparable to the corresponding values in previously
reported compounds with R�P=O ligands as well as with an
anionic molybdenum-bound phosphinidene oxide complex
with a P=O bond of 1.514 �.[32] The P=S bond distance in 2 is
only slightly shorter than the P=S bond distance of 2.028 � in
the NHC adduct of aryl phosphine sulphide.[12] The computed
C�P bond distances in 1 and 2 are 1.819 and 1.820 �,
respectively, at B3LYP/6–311 ++ G(3df,3dp) (1.824 and
1.822 � at MP2/cc-pVTZ) with bond-dissociation energies
(BDE) of 73.4 and 68.5 kcal mol�1 (including zero-point
vibrational-energy corrections, ZPVEs). No significant geo-
metric differences were observed in the phenyl rings. This
indicates there is negligible electronic delocalization of the P=

E moiety with the phenyl ring (see below). According to our
computations, 1 and 2 are planar Cs-symmetric structures with
a 1A’ electronic ground state.

Figure 3. a) IR spectrum of 4 computed at
B3LYP/6–311+ + G(3df,3pd) (unscaled). b) IR difference spectra
showing the photochemistry of 4 after irradiation at l =254 nm in
argon at 10 K. Downward bands assigned to 4 disappear while upward
bands assigned to 2 appear after 15 min irradiation time. c) IR
spectrum of 2 computed at B3LYP/6–311+ +G(3df,3pd) (unscaled).

Figure 4. Solid: UV/Vis spectrum of 4 isolated at 10 K in Ar. Dashed:
UV/Vis spectrum of 2 at 10 K; the photochemistry of 4 after irradiation
at l = 254 nm in Ar at 10 K.
Inset: Computed TD-B3LYP/6–311+ + G(3df,3pd) spectrum of 2.

Figure 5. A) Selected bond lengths [�] and angles [8] of 1 and 2 at
B3LYP/6–311+ + G(3df,3pd). The values in parentheses were com-
puted at MP2/cc-pVTZ; B), C) Molecular orbitals of 1 (B) and 2 (C) at
B3LYP/6–311+ + G(3df,3pd).
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The NPA atomic charges of 1 and 2 are + 0.33 and + 0.07 e
at phosphorus, while the oxygen and sulfur atoms have
considerable negative charges of �0.34 and �0.33 e, respec-
tively. Sulfur forms weaker and longer bonds than oxygen,
owing to the larger sulfur atom with larger and more diffuse
orbitals, resulting in poorer orbital overlap with the phos-
phorus orbitals as compared to the oxygen atom. Indeed, the
HOMOs (highest occupied molecular orbitals) in 1 and 2 are
in-plane orbitals combining the s(P�C) orbital, the P lone
pair, and an in-plane p-orbital of the chalcogen. Carbene-like
features are evident from the finding that the HOMO entails
the P lone pair and the LUMO the empty pz orbital on
phosphorus; the isolobal analogy to a singlet carbene holds.[4]

The HOMO�1 of 1 is mainly localized over the phenyl ring,
while in 2, the HOMO�1 displays pronounced p-bonding
between the phosphorus and sulfur atoms (Figure 5B,C).
When sulfur is present instead of oxygen, there is a higher
destabilization of the HOMO energy, leading to a smaller
HOMO–LUMO gap; this indicates that 2 is more basic than
1. Thus, the estimated DE = EHOMO�ELUMO value for 2
(0.10 eV) is smaller than that of 1 (0.14 eV). The resulting
smaller HOMO–LUMO gap correlates well with the UV/Vis
absorption maxima of 2, which is red-shifted for 2 (lmax

� 660 nm) compared to 1 (lmax� 460 nm).
In summary, we present the generation and isolation of

phenylphosphinide oxide and phenylphosphinidene sulfide
using a combination of photolysis, matrix-isolation IR, and
UV/Vis spectroscopic methods as well as quantum-chemical
computations. The bis-azide precursors are easy to prepare
and readily undergo thermal or photochemical decomposi-
tion to give 1 and 2. The facile generation of 1 and 2 opens the
door for further experimental studies on their (photo)reac-
tivity.

Conflict of interest

The authors declare no conflict of interest.

Keywords: matrix isolation · phosphinidene oxide ·
phosphinidene sulfide · photochemistry

[1] E. Brunn, E. Funke, H. Gotthardt, R. Huisgen, Chem. Ber. 1971,
104, 1562 – 1572.

[2] D. Beaudoin, J. D. Wuest, Chem. Rev. 2016, 116, 258 – 286.
[3] C. M. E. Graham, C. L. B. Macdonald, P. D. Boyle, J. A. Wisner,

P. J. Ragogna, Chem. Eur. J. 2018, 24, 743 – 749.
[4] P. P. Gaspar, H. Qian, A. M. Beatty, D. A. d�Avignon, J. L. F.

Kao, J. C. Watt, N. P. Rath, Tetrahedron 2000, 56, 105 – 119.
[5] M. Yoshifuji, Sci. Synth. 2009, 42, 37 – 62.
[6] R. Ahlrichs, R. Becherer, M. Binnewies, H. Borrmann, M.

Lakenbrink, S. Schunck, H. Schnoeckel, J. Am. Chem. Soc. 1986,
108, 7905 – 7911.

[7] H. Schnçckel, S. Schunck, Z. Anorg. Allg. Chem. 1987, 552, 163 –
170.

[8] H. Schnçckel, S. Schunck, Z. Anorg. Allg. Chem. 1987, 552, 155 –
162.

[9] M. R. Bryce, P. C. Taylor, J. Chem. Soc. Chem. Commun. 1988,
950 – 951.

[10] C. D�az, E. Benavente, G. Gonz�lez, Phosphorus Sulfur Silicon
Relat. Elem. 1995, 101, 37 – 46.

[11] P. Tavs, Angew. Chem. Int. Ed. Engl. 1966, 5, 1048 – 1049; Angew.
Chem. 1966, 78, 1057 – 1058.

[12] C. M. E. Graham, T. E. Pritchard, P. D. Boyle, J. Valjus, H. M.
Tuononen, P. J. Ragogna, Angew. Chem. Int. Ed. 2017, 56, 6236 –
6240; Angew. Chem. 2017, 129, 6332 – 6336.

[13] C. M. E. Graham, J. Valjus, T. E. Pritchard, P. D. Boyle, H. M.
Tuononen, P. J. Ragogna, Inorg. Chem. 2017, 56, 13500 – 13509.

[14] L. L. Liu, D. W. Stephan, Chem. Commun. 2018, 54, 1041 – 1044.
[15] L. Wang, R. Ganguly, F. Mathey, Organometallics 2014, 33,

5614 – 5617.
[16] R. Hussong, H. Heydt, G. Maas, M. Regitz, Chem. Ber. 1987, 120,

1263 – 1267.
[17] N. R. Khasiyatullina, T. A. Baronova, E. V. Mironova, R. R.

Fayzullin, I. A. Litvinov, S. V. Efimov, R. Z. Musin, V. V.
Klochkov, V. F. Mironov, Org. Chem. Front. 2018, 5, 3113 – 3128.

[18] N. Satish Kumar, K. Praveen Kumar, K. V. P. Pavan Kumar, P.
Kommana, J. J. Vittal, K. C. Kumara Swamy, J. Org. Chem. 2004,
69, 1880 – 1889.

[19] R. Huisgen, J. Wulff, Chem. Ber. 1969, 102, 1848 – 1858.
[20] S. Nakayama, M. Yoshifuji, R. Okazaki, N. Inamoto, Chem.

Commun. 1971, 1186 – 1187.
[21] M. Yoshifuji, S. Nakayama, R. Okazaki, N. Inamoto, J. Chem.

Soc. Perkin Trans. 1 1973, 2065 – 2068.
[22] C. C. Santini, J. Fischer, F. Mathey, A. Mitschler, J. Am. Chem.

Soc. 1980, 102, 5809 – 5815.
[23] R. Hussong, H. Heydt, M. Regitz, Z. Naturforsch. B 1986, 41,

915.
[24] N. Shigenobu, Y. Masaaki, O. Renji, I. Naoki, Bull. Chem. Soc.

Jpn. 1975, 48, 546 – 548.
[25] W. J. Transue, M. Nava, M. W. Terban, J. Yang, M. W. Green-

berg, G. Wu, E. S. Foreman, C. L. Mustoe, P. Kennepohl, J. S.
Owen, S. J. L. Billinge, H. J. Kulik, C. C. Cummins, J. Am. Chem.
Soc. 2019, 141, 431 – 440.

[26] G. Jochem, K. Karaghiosoff, S. Plank, S. D. U. A. Schmidpeter,
Chem. Ber. 1995, 128, 1207 – 1219.

[27] L. D. Quin, S. Jankowski, A. G. Sommese, P. M. Lahti, D. B.
Chesnut, J. Am. Chem. Soc. 1992, 114, 11009 – 11010.

[28] A. H. Cowley, F. P. Gabbaie, S. Corbelin, A. Decken, Inorg.
Chem. 1995, 34, 5931 – 5932.

[29] K. Wang, T. J. Emge, A. S. Goldman, Organometallics 1994, 13,
2135 – 2137.

[30] T. A. Van der Knaap, T. C. Klebach, R. Lourens, M. Vos, F.
Bickelhaupt, J. Am. Chem. Soc. 1983, 105, 4026 – 4032.

[31] O. Krahe, F. Neese, R. Streubel, Chem. Eur. J. 2009, 15, 2594 –
2601.

[32] M. Alonso, M. A. Alvarez, M. E. Garc�a, M. A. Ruiz, H.
Hamidov, J. C. Jeffery, J. Am. Chem. Soc. 2005, 127, 15012 –
15013.

[33] E. Niecke, M. Engelmann, H. Zorn, B. Krebs, G. Henkel, Angew.
Chem. Int. Ed. Engl. 1980, 19, 710 – 712; Angew. Chem. 1980, 92,
738 – 739.

[34] Y. Masaki, S. Shinya, H. Masaru, T. Kozo, Chem. Lett. 1993, 22,
1715 – 1718.

[35] M. Alonso, M. E. Garc�a, M. A. Ruiz, H. Hamidov, J. C. Jeffery,
J. Am. Chem. Soc. 2004, 126, 13610 – 13611.

[36] B. T. Sterenberg, L. Scoles, A. J. Carty, Coord. Chem. Rev. 2002,
231, 183 – 197.

[37] R. Withnall, L. Andrews, J. Phys. Chem. 1987, 91, 784 – 797.
[38] B. S. Tackett, D. J. Clouthier, J. Chem. Phys. 2002, 117, 10604 –

10612.
[39] T. Wong, J. K. Terlouw, H. Keck, W. Kuchen, P. Tommes, J. Am.

Chem. Soc. 1992, 114, 8208 – 8210.
[40] D. T. Halfen, D. J. Clouthier, L. M. Ziurys, V. Lattanzi, M. C.

McCarthy, P. Thaddeus, S. Thorwirth, J. Chem. Phys. 2011, 134,
134302.

Angewandte
ChemieCommunications

12448 www.angewandte.org � 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2020, 59, 12445 –12449

https://doi.org/10.1002/cber.19711040524
https://doi.org/10.1002/cber.19711040524
https://doi.org/10.1021/cr500520s
https://doi.org/10.1002/chem.201705198
https://doi.org/10.1016/S0040-4020(99)00779-6
https://doi.org/10.1021/ja00285a004
https://doi.org/10.1021/ja00285a004
https://doi.org/10.1039/C39880000950
https://doi.org/10.1039/C39880000950
https://doi.org/10.1080/10426509508042497
https://doi.org/10.1080/10426509508042497
https://doi.org/10.1002/anie.196610481
https://doi.org/10.1002/ange.19660782305
https://doi.org/10.1002/ange.19660782305
https://doi.org/10.1002/anie.201611196
https://doi.org/10.1002/anie.201611196
https://doi.org/10.1002/ange.201611196
https://doi.org/10.1021/acs.inorgchem.7b02217
https://doi.org/10.1039/C7CC09090K
https://doi.org/10.1021/om500828n
https://doi.org/10.1021/om500828n
https://doi.org/10.1002/cber.19871200727
https://doi.org/10.1002/cber.19871200727
https://doi.org/10.1039/C8QO00915E
https://doi.org/10.1021/jo035634d
https://doi.org/10.1021/jo035634d
https://doi.org/10.1002/cber.19691020609
https://doi.org/10.1039/C29710001186
https://doi.org/10.1039/C29710001186
https://doi.org/10.1039/P19730002065
https://doi.org/10.1039/P19730002065
https://doi.org/10.1021/ja00538a018
https://doi.org/10.1021/ja00538a018
https://doi.org/10.1021/jacs.8b10775
https://doi.org/10.1021/jacs.8b10775
https://doi.org/10.1002/cber.19951281212
https://doi.org/10.1021/ja00053a075
https://doi.org/10.1021/ic00128a001
https://doi.org/10.1021/ic00128a001
https://doi.org/10.1021/om00017a088
https://doi.org/10.1021/om00017a088
https://doi.org/10.1021/ja00350a047
https://doi.org/10.1002/chem.200801494
https://doi.org/10.1002/chem.200801494
https://doi.org/10.1021/ja054941t
https://doi.org/10.1021/ja054941t
https://doi.org/10.1002/anie.198007101
https://doi.org/10.1002/anie.198007101
https://doi.org/10.1002/ange.19800920912
https://doi.org/10.1002/ange.19800920912
https://doi.org/10.1246/cl.1993.17
https://doi.org/10.1246/cl.1993.17
https://doi.org/10.1021/ja045487g
https://doi.org/10.1016/S0010-8545(02)00119-4
https://doi.org/10.1016/S0010-8545(02)00119-4
https://doi.org/10.1021/j100288a008
https://doi.org/10.1063/1.1521130
https://doi.org/10.1063/1.1521130
https://doi.org/10.1021/ja00047a034
https://doi.org/10.1021/ja00047a034
https://doi.org/10.1063/1.3562374
https://doi.org/10.1063/1.3562374
http://www.angewandte.org


[41] X. Chu, Y. Yang, B. Lu, Z. Wu, W. Qian, C. Song, X. Xu, M. Abe,
X. Zeng, J. Am. Chem. Soc. 2018, 140, 13604 – 13608.

[42] L. D. Quin, Coord. Chem. Rev. 1994, 137, 525 – 559.
[43] F. D. Henne, F. A. Watt, K. Schwedtmann, F. Hennersdorf, M.

Kokoschka, J. J. Weigand, Chem. Commun. 2016, 52, 2023 –
2026.

[44] W. E. van Zyl, J. D. Woollins, Coord. Chem. Rev. 2013, 257, 718 –
731.

[45] A. Mardyukov, D. Niedek, P. R. Schreiner, J. Am. Chem. Soc.
2017, 139, 5019 – 5022.

[46] A. Mardyukov, D. Niedek, P. R. Schreiner, Chem. Commun.
2018, 54, 2715 – 2718.

[47] A. Mardyukov, F. Keul, P. R. Schreiner, Eur. J. Org. Chem. 2019,
387 – 390.

[48] A. Mardyukov, D. Niedek, Chem. Commun. 2018, 54, 13694 –
13697.

[49] M. Binnewies, H. Schnoeckel, Chem. Rev. 1990, 90, 321 – 330.

Manuscript received: March 23, 2020
Revised manuscript received: April 17, 2020
Accepted manuscript online: April 20, 2020
Version of record online: May 8, 2020

Angewandte
ChemieCommunications

12449Angew. Chem. Int. Ed. 2020, 59, 12445 –12449 � 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org

https://doi.org/10.1021/jacs.8b09201
https://doi.org/10.1016/0010-8545(94)03011-E
https://doi.org/10.1039/C5CC08182C
https://doi.org/10.1039/C5CC08182C
https://doi.org/10.1016/j.ccr.2012.10.010
https://doi.org/10.1016/j.ccr.2012.10.010
https://doi.org/10.1021/jacs.7b01639
https://doi.org/10.1021/jacs.7b01639
https://doi.org/10.1039/C8CC00034D
https://doi.org/10.1039/C8CC00034D
https://doi.org/10.1002/ejoc.201800639
https://doi.org/10.1002/ejoc.201800639
https://doi.org/10.1039/C8CC08664H
https://doi.org/10.1039/C8CC08664H
https://doi.org/10.1021/cr00099a011
http://www.angewandte.org

