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Abstract: The NHC-stabilised diboryne (B2(SIDep)2;
SIDep = 1,3-bis(2,6-diethylphenyl)imidazolin-2-ylidene)
undergoes a high-yielding P�P bond activation with tetra-
ethyldiphosphine at room temperature to form a B2P2 hetero-
cycle via a diphosphoryldiborene by 1,2-diphosphination. The
heterocycle can be oxidised to a radical cation and a dication,
respectively, depending on the oxidant used and its counterion.
Starting from the planar, neutral 1,3-bis(alkylidene)-1,3-dibor-
ata-2,4-diphosphoniocyclobutane, each oxidation step leads to
decreased B�B distances and loss of planarity by cationisation.
X-ray analyses in conjunction with DFT and CASSCF/
NEVPT2 calculations reveal closed-shell singlet, butterfly-
shaped structures for the NHC-stabilised dicationic B2P2 rings,
with their diradicaloid, planar-ring isomers lying close in
energy.

Cyclic compounds of boron and phosphorus have attracted
the attention of main-group chemists for decades.[1] The early
discoveries in this field focussed on oligomers of the
phosphinoboranes, R2PBR2.

[2] In comparison to their lighter
congeners, the aminoboranes, R2NBR2, the reluctance of
phosphorus to adopt a planar geometry and engage in p-
bonding with boron leads to a higher propensity for inter-
molecular B�P association and formation of four-membered
(A, Scheme 1) and six-membered heterocycles, and indeed

polymers.[3] A number of four-membered 1,3-diphospha-2,4-
diboretanes (B) have also been reported,[4] largely from
unsuccessful attempts to prepare monomeric RP=BR spe-
cies.[5] These compounds contain pyramidalised phosphorus
atoms that can act as ligands for transition metals.[4e, 6]

The majority of developments in P–B ring systems in the
last two decades relate to the synthesis of a 1,3-diphospha-2,4-
diboretanediyl diradicaloid (C, Scheme 1) by Bertrand and
co-workers.[7] The first example of such a compound, cyclo-
(BtBu)2(PiPr2)2, was prepared by reacting the diborane(4)
1,2-B2Cl2tBu2 with LiPiPr2. The presumed 1,2-diphosphinodi-
borane intermediate undergoes a rearrangement to cleave the
B�B s bond and generate the four-membered ring. This
compound possesses p single bond character between the two
boron atoms despite the large distance between these atoms
(2.57 �), with a low-lying B�B antibonding LUMO. Theo-
retical studies[8] on diradicaloids C revealed large singlet–
triplet gaps of + 23.4 to + 33.7 kcalmol�1, while the popula-
tion of the LUMO from distinct two-electron-in-two-orbital
approaches was found to be 0.169 to 0.19 electrons, indicating

Scheme 1. Top: relevant classes of boron–phosphorus ring com-
pounds. Middle: synthesis of a B2P2 diradicaloid. Bottom: hydrophos-
phination of a diboryne.
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weak but distinct diradical character. This was supported by
examples of diradical-like reactivity,[9] including reactions
with Me3SnH and BrCCl3. Other derivatives of C were later
prepared, with the conclusion that such compounds have two
structural isomers[10]—the aforementioned planar diradica-
loids and butterfly-type structures containing a conventional
boron�boron s bond (D, Scheme 1)—which can interconvert
with the appropriate selection of substituents.[10a]

For several years, our group has been interested in the
chemistry of low-valent boron species stabilised by strong
Lewis bases.[11] Of particular interest are compounds with
boron�boron multiple bonds,[12] diborenes and diborynes,
which are able to reductively cleave a wide range of polar[13]

and non-polar[14] bonds. We recently used this methodology to
develop a new route to covalent boron�phosphorus bonds,
namely the hydrophosphination of diborenes and dibor-
ynes.[15] This work included the catalyst-free reaction of the
diboryne B2(SIDep)2 (E, SIDep = 1,3-bis(2,6-diethylphe-
nyl)imidazolin-2-ylidene) with HPPh2 to yield a hydro(phos-
phino)diborene (F, Scheme 1). We recognised herein a poten-
tial opportunity to prepare B2P2 compounds, related to C and
D by addition of two further valence electrons, via the
activation of a phosphorus�phosphorus bond.

As a starting point, we again chose diboryne E due to the
relatively low steric demand of the flanking carbenes
compared to other derivatives. Treatment with the diphos-
phane P2Et4 produced a gradual colour change from red to
dark green. After 6 h, a new signal was observed at 33 ppm in
the 11B NMR spectrum in an approximate 1:1 ratio with
unreacted starting material. This is indicative of diborene
formation (the equivalent P-substituted boron atom in F
displays a resonance at 38 ppm) and suggests that the

expected 1,2-diphosphination across the B�B bond had
occurred to yield compound 1 (Figure 1).

A slightly broadened new signal at �44 ppm in the
31P NMR spectrum alongside unreacted P2Et4 (d =�33 ppm)
was also consistent with this assignment. The mixture was left
to stand at room temperature for a further 12 h. Rather than
the expected complete conversion to 1, a further colour
change to orange had occurred, accompanied by selective
generation of a new set of NMR signals. While a broad signal
in the 31P NMR at �9.6 ppm suggested a significantly differ-
ent phosphorus environment, a triplet resonance at
�18.9 ppm (1JBP = 125 Hz) in the 11B NMR was more reveal-
ing, suggesting bonding between boron and two equivalent
phosphorus atoms. Slow evaporation of a hexane solution of
the compound provided red crystals suitable for X-ray
diffraction, allowing confirmation of its identity as 1,3-
bis(alkylidene)-1,3-diborata-2,4-diphosphonio-cyclobutane 2
(Figure 1b). The B2P2 ring is an almost perfect square, and lies
on a crystallographic inversion centre. The B�P bonds are of
equal length within experimental error (1.913(2), 1.917(2) �)
and the internal angles at boron (P-B-P = 89.8(1)8) and
phosphorus (B-P-B = 90.2(1)8) are right angles. The N-
heterocyclic carbene units are also planar with respect to
the central ring, and the short B�C bond of 1.468(3) � is in
the range of a double bond rather than a dative interaction.
Attempts to crystallise compound 1 eventually produced
a single crystal of sufficient quality to confirm its connectivity
by X-ray diffraction (see SI), but unfortunately the data are
insufficient for discussion of structural parameters.

The B2P2 ring in 2 has two electrons more than that in D,
on account of the donor capability of the NHC units, which
leads to a completely closed-shell system. Nevertheless, their

Figure 1. a) Synthesis of B2P2 heterocycle 2 and salts of the radical cation [3]+C. b) Molecular structures of 2 (left) and the cationic part of [3][PF6]
(right) with atomic displacement ellipsoids at the 50% probability level.[22] Selected bond lengths [�] and (torsion) angles [8] for 2 : B1-B1’
2.713(3), B1-P1 1.913(2), B1-P1’ 1.917(2), C1-B1 1.468(3), N2-C1 1.412(3), N1-C1 1.406(3), P1-B1-P1’ 89.8(1), B1-P1-B1’ 90.2(1), C1-B1-B1’-C1’
180.0(1), N1-N2-N1’-N2’ 180.0(1); for [3][PF6]: B1-B2 2.632(5), B1-P1 1.905(3), B1-P2 1.902(3), B2-P1 1.906(3), B2-P2 1.906(3), C1-B1 1.528(4),
B2-C2 1.534(4), N1-C1 1.385(4), N2-C1 1.360(4), C2-N3 1.375(4), C2-N4 1.358(4), P1-B1-P2 92.7(2), B1-P1-B2 87.4(2), B1-P2-B2 87.3(2), P1-B2-P2
92.5(2), C1-B1-B2-C2 48.0(1), N1-N2-N3-N4 37.7(1). c) Cyclic voltammogram of 2 in THF/0.1 m [nBu4N][PF6] measured with a feed rate of
250 mVs�1. Formal potentials: E1/2 =�1.45 V, E1/2 =�0.76 V (relative to Fc/Fc+).
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structural similarities are striking. The distance between the
two boron atoms is larger in 2, at 2.713(3) �, indicating even
less bonding interaction between these atoms than in D. In
order to better understand the bonding in these B2P2 rings,
DFT calculations at the B3LYP-D3(BJ)/def2-SVP level of
theory[16] were performed (Figure 2). As expected from the
influence of the NHC substituents, the HOMO (LUMO) of D
correlates with the HOMO�1 (HOMO) of 2. The HOMO�1
of 2 describes a formally p-bonding orbital derived predom-

inantly from the p orbitals of the boron atoms, with a small
degree of overlap. A small amount of delocalisation to the
carbon atoms of the NHCs distinguishes this orbital from the
HOMO of D. The HOMO of 2 represents the mutually out-
of-phase B=C p bonds and is weakly p antibonding with
respect to the two boron atoms. The population of both
bonding and antibonding p(BB) orbitals results in a Mayer
bond order (MBO)[17] for the B�B interaction of < 0.05, in
contrast to D, which shows a substantial degree of B�B
p bonding (MBO = 0.274). The MBOs of 1.600 and 1.592 for
the B�C bonds of 2 clearly indicate significant double bond
character, while the P�B bonds (MBO = 0.974–0.988) are
single bonds.

In light of these insights into the electronic structure of 2,
we anticipated that the compound should undergo facile
oxidation. Indeed, cyclic voltammetry experiments revealed
two distinct, seemingly reversible oxidation events at �0.76
and �1.45 V vs. Fc/Fc+ (Figure 1c). The first oxidation is
attributed to a single-electron process leading to a radical
cation, while the second oxidation would be expected to lead
to a singlet diradicaloid of the form D or its corresponding
closed-shell singlet butterfly-shaped counterpart. The appar-
ent reversibility of these two redox processes is plausible as
the B�B bond that is formed/broken is very weak and is
accompanied by relatively minor structural changes (i.e.
bending of the B2P2 ring).

We subsequently attempted to oxidise compound 2 on
a preparative scale. Treatment with an equimolar amount of
the weak oxidising agent [Fe(h5-C5H5)2][PF6] in C6D6 solution

led to a rapid colour change from orange to pink and the
disappearance of all signals in the NMR spectra, suggesting
the formation of a paramagnetic species ([3][PF6], Figure 1).
The EPR spectrum of [3][PF6] (see Supporting Information)
exhibits a broad resonance at g = 2.0025 which is dominated
by a 1:2:1 triplet created by a large hyperfine coupling to the
two phosphorus nuclei (a(31P) = 51 MHz). After several
hours, red crystals formed in the solution, allowing the
isolation of the radical cation [3][PF6] and the confirmation of
its structure by X-ray diffraction (Figure 1b). The structure of
the B2P2 ring is slightly perturbed from that of the neutral
precursor 2, with a shortened B�B distance of 2.632(5) � and
slightly wider internal angles at boron (ca. 92.58). The most
significant difference to the neutral compound can be
observed in the bonding of the SIDep moieties. The B�C
bonds (B1�C1 = 1.528(4), B2�C2 = 1.534(4) �) are 0.06–
0.07 � longer than those in 2, while the NHCs now display
a slightly twisted orientation towards the central ring (torsion
angles between N-C-N and P-B-P planes = 19.58 and 16.58).
Both of these parameters indicate a reduction in B�C
p bonding consistent with the removal of an electron from
the HOMO of 2. The shortening of the B�B distance can also
be rationalised by the removal of electron density from this
orbital, which is weakly B�B antibonding in character. We
conducted DFT calculations of the cation [3]+C to further
investigate this system. Its frontier orbitals are very similar to
those in 2, with the singly-occupied SOMO representing the
B�C p bond and the weakly repulsive through-space B�B
interaction, while the HOMO represents the in-phase C-B-B-
C p interaction. The MBO values are consistent with removal
of an electron from the HOMO of 2, with a reduction in the
B�C bond order to 1.344/1.357 and a marginal increase of the
B�B bond order to 0.054. It should be noted that the
combination of 2 with [CuCl(SMe2)] provided the analogous
CuCl2 salt of the radical cation, [3][CuCl2]. The salt
[3][CuCl2] showed an EPR spectrum with essentially identical
parameters to those of [3][PF6] (see Supporting Information).

Despite the electrochemical evidence implying a second
oxidation step, forming the putative dication of 2, employ-
ment of an excess of [Fe(h5-C5H5)2][PF6] or CuCl(SMe2) led to
no further reaction. Use of two equivalents of even stronger
oxidation reagents, Ag[Al(OC(CF3)3)4] or Ag[BArF

4]
(BArF

4 = B(3,5-CF3-C6H3)4) in [D8]THF led to an immediate
colour change from orange to green. The 11B and 31P NMR
spectra showed new signals at �1.4 and �25.5 ppm, respec-
tively. The corresponding 1H NMR spectrum indicated clean
conversion, whereby both products ([4][Al(OC(CF3)3)4]2 and
[4][BArF

4]2) could be isolated quantitatively. While
[4][Al(OC(CF3)3)4]2 remains oily, even at �35 8C,
[4][BArF

4]2 crystallises as yellow crystals from a saturated
Et2O solution. Single-crystal X-ray diffraction confirmed the
formation of the dication [4][BArF

4]2 (Figure 3 b) and
revealed a butterfly-type structure. Compared to the mono-
cation of [3][PF6], the B�B distance had decreased to
2.115(3) �, with an angle between the two BBP planes of
648. This B�B distance remains larger than those found for
the butterfly-type derivatives of D (Scheme 1), in which B�B
distances as short as 1.8 � have been observed.[10a] In
addition, while all P�B bond lengths of the central motif

Figure 2. Selected frontier MOs of a) D and b) 2 at B3LYP-D3(BJ)/def2-
SVP.
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and the imidazole C�N bond lengths are shortened, the B�C
bonds are elongated compared to those of [3][PF6] (B1�C1 =

1.594(3) �; B2�C2 = 1.591(3) �).
UV/Vis spectroscopy was performed on one example of

each of the different charge states of the B2P2 systems
prepared herein, namely the neutral 2 (lmax = 506 nm), the
cationic [3][PF6] (lmax = 538 nm) and the dicationic
[4][BArF

4]2 (lmax = 639 nm). A modest redshift was observed
between the neutral and monocation species (32 nm), with
a more substantial redshift between the mono- and dications
(101 nm). Assuming that these absorptions correspond to
HOMO–LUMO (for 2 and [4][BArF

4]2) or SOMO–LUMO
transitions (for [3][PF6]), these results are qualitatively in line
with the initial removal of one electron from a filled orbital
followed by removal of an unpaired electron, thus leaving
a vacant orbital.

Natural bond orbital (NBO)[18] analyses on the naked
butterfly-type dication [4]2+ (Figure 3c) and the correspond-
ing system of Bertrand, D (R = tBu, R’= iPr, see Figure S12),
showed that in both cases a bent[19] B�B s bond (MBO =

0.472) is formed, which leads to closed-shell singlet systems.
Steric effects related to the bulky substituents of [4]2+ prevent
the boron atoms from binding at a shorter distance, affecting
the system�s overall stability. Consequently, the fully opti-
mised, planar diradicaloid isomer of [4]2+, herein labelled
planar[4]2+, is merely 3 kcal mol�1 higher in energy than [4]2+ at
the DFT level. Moreover, in contrast to its butterfly-type
isomer, multireference CASSCF[20]/NEVPT2[21] calculations
on planar[4]2+ predicted a LUMO occupation of 0.41 electrons
and a singlet–triplet gap of 13.3 kcalmol�1, which explains the
two-fold diradical character of planar[4]2+ (y0 = 0.12) in com-
parison to that of C (R = tBu, R’= iPr, y0 = 0.06; Scheme 1).
As the HOMO of planar[4]2+ features the trans-annular p-

bonding characteristic of planar derivatives of C,[10a] barrier-
less thermal ring closure/opening processes that interconvert
[4]2+ and planar[4]2+ are expected, which might allow both
isomers to coexist in solution. Future work in our group will
focus on the investigation of this bond-stretch[10a] isomerism
between butterfly-type and planar diradicaloid structures in
novel Lewis base-stabilised B2P2 rings.

In summary, we have developed a synthetic strategy to
prepare the first NHC-stabilised cyclo-B2P2 compounds by
the addition of a phosphorus�phosphorus bond to a boron�
boron triple bond of a diboryne. In contrast to demonstrated
reactions of other apolar E�E bonds to NHC-stabilised
diborynes,[14] the 1,2-addition product of a diphosphine,
namely diphosphinodiborene 1, rearranges to form a product
with a B2P2 heterocyclic core, 2. Compound 2 is prone to
oxidation to either a radical cation or a dication, depending
on the nature of the reactants and counterions. The L2B2P2

core of compound 2 is highly planar, with oxidation processes
leading to planarity loss and decreased boron�boron dis-
tances. The dicationic species [4][Al(OC(CF3)3)4]2 and
[4][BArF

4]2 have butterfly-type structures, with their planar
diradicaloid isomers lying close in energy. Our findings open
new avenues for the experimental realisation of unprece-
dented cyclic compounds of boron and phosphorus with
enhanced diradical character.

Acknowledgements

This project was funded by the European Research Council
(ERC) under the European Union Horizon 2020 Research
and Innovation Program (grant agreement no. 669054). F.F.
thanks the CoordenaÅ¼o de AperfeiÅoamento Pessoal de
N�vel Superior and the Alexander von Humboldt Foundation
for a CAPES-Humboldt Research Fellowship. Open access
funding enabled and organized by Projekt DEAL.

Conflict of interest

The authors declare no conflict of interest.

Keywords: boron · density functional calculations · oxidation ·
phosphorus heterocycles · radicals

[1] a) I. Haiduc, The Chemistry of Inorganic Ring Systems, Wiley,
New York, 1970 ; b) R. T. Paine, H. Nçth, Chem. Rev. 1995, 95,
343 – 379; c) R. T. Paine, H. Nçth, T. Habereder, J. F. Janik, E. N.
Duesler, D. Dreissig, ACS Symp. Ser. 2005, 917, 152 – 165.

[2] a) H. Nçth, W. Schr�gle, Z. Naturforsch. B 1961, 16, 473 – 474;
b) H. Nçth, W. Schr�gle, Chem. Ber. Rec. 1965, 98, 352 – 362;
c) G. Fritz, E. Sattler, Z. Anorg. Allg. Chem. 1975, 413, 193 – 228;
d) G. Lynn Wood, D. Dou, C. K. Narula, E. N. Duesler, R. T.
Paine, H. Nçth, Chem. Ber. 1990, 123, 1455 – 1459; e) T. J.
Groshens, K. T. Higa, R. Nissan, R. J. Butcher, A. J. Freyer,
Organometallics 1993, 12, 2904 – 2910; f) M. S. Lube, R. L. Wells,
P. S. White, Inorg. Chem. 1996, 35, 5007 – 5014.

[3] a) A. Staubitz, A. P. M. Robertson, M. E. Sloan, I. Manners,
Chem. Rev. 2010, 110, 4023 – 4078; b) H. Dorn, J. M. Rodezno, B.

Figure 3. a) Formation of salts of dication [4]2+ by double oxidation of
2. b) Molecular structure of the dication of [4][BArF

4]2 with atomic
displacement ellipsoids at the 50 % probability level.[22] Counteranions
are omitted for clarity. Selected bond lengths [�] and (torsion) angles
[8]: B1-B2 2.115(3), B1-P1 1.884(2), B1-P2 1.873(2), B2-P1 1.877(2), B2-
P2 1.875(2), C1-B1 1.594(3), B2-C2 1.591(3), N1-C1 1.344(2), N2-C1
1.327(2), C2-N3 1.347(3), C2-N4 1.27(3), P1-B1-P2 96.7(2), B1-P1-B2
68.4(2), B1-P2-B2 68.7(2), P1-B2-P2 96.9(2), C1-B1-B2-C2 31.3(1), N1-
N2-N3-N4 83.6(1). c) NBO of [4]2+ depicting its bent B�B s bond.

Angewandte
ChemieCommunications

13664 www.angewandte.org � 2021 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH Angew. Chem. Int. Ed. 2021, 60, 13661 –13665

https://doi.org/10.1021/cr00034a003
https://doi.org/10.1021/cr00034a003
https://doi.org/10.1021/bk-2005-0917.ch011
https://doi.org/10.1002/cber.19650980205
https://doi.org/10.1002/zaac.19754130302
https://doi.org/10.1002/cber.19901230702
https://doi.org/10.1021/om00032a011
https://doi.org/10.1021/ic9516368
https://doi.org/10.1021/cr100105a
http://www.angewandte.org


Brunnhçfer, E. Rivard, J. A. Massey, I. Manners, Macromole-
cules 2003, 36, 291 – 297.

[4] a) G. E. Coates, J. G. Livingstone, J. Chem. Soc. 1961, 1000 –
1008; b) G. Fritz, W. Holderich, Z. Anorg. Allg. Chem. 1977,
431, 61 – 75; c) P. Kçlle, G. Linti, H. Nçth, K. Polborn, J.
Organomet. Chem. 1988, 355, 7 – 18; d) P. Kçlle, G. Linti, H.
Nçth, G. L. Wood, C. K. Narula, R. T. Paine, Chem. Ber. Rec.
1988, 121, 871 – 879; e) D. Dou, G. W. Linti, T. Q. Chen, E. N.
Duesler, R. T. Paine, H. Nçth, Inorg. Chem. 1996, 35, 3626 –
3634.

[5] a) K. Knabel, T. M. Klapçtke, H. Nçth, R. T. Paine, I. Schwab,
Eur. J. Inorg. Chem. 2005, 1099 – 1108; b) E. Rivard, W. A.
Merrill, J. C. Fettinger, P. P. Power, Chem. Commun. 2006, 3800 –
3802; c) E. Rivard, W. A. Merrill, J. C. Fettinger, R. Wolf, G. H.
Spikes, P. P. Power, Inorg. Chem. 2007, 46, 2971 – 2978; d) A. N.
Price, G. S. Nichol, M. J. Cowley, Angew. Chem. Int. Ed. 2017, 56,
9953 – 9957; Angew. Chem. 2017, 129, 10085 – 10089.

[6] a) G. Linti, H. Nçth, K. Polborn, R. T. Paine, Angew. Chem. Int.
Ed. Engl. 1990, 29, 682 – 684; Angew. Chem. 1990, 102, 715 – 717;
b) B. Kaufmann, H. Nçth, R. T. Paine, K. Polborn, M. Thomann,
Angew. Chem. Int. Ed. Engl. 1993, 32, 1446 – 1448; Angew.
Chem. 1993, 105, 1534 – 1536; c) G. Linti, H. Nçth, R. T. Paine,
Chem. Ber. Rec. 1993, 126, 875 – 887; d) D. Dou, M. Wes-
terhausen, G. L. Wood, G. Linti, E. N. Duesler, H. Nçth, R. T.
Paine, Chem. Ber. Rec. 1993, 126, 379 – 397; e) S. Grundei, H.
Nçth, R. T. Paine, Chem. Ber. 1996, 129, 1233 – 1241.

[7] a) D. Scheschkewitz, H. Amii, H. Gornitzka, W. W. Schoeller, D.
Bourissou, G. Bertrand, Science 2002, 295, 1880 – 1881.

[8] a) M. Seierstad, C. R. Kinsinger, C. J. Cramer, Angew. Chem.
Int. Ed. 2002, 41, 3894 – 3896; Angew. Chem. 2002, 114, 4050 –
4052; b) Y. S. Jung, M. Head-Gordon, ChemPhysChem 2003, 4,
522 – 525; c) Y. S. Jung, M. Head-Gordon, J. Phys. Chem. A 2003,
107, 7475 – 7481; d) W. W. Schoeller, A. Rozhenko, D. Bouris-
sou, G. Bertrand, Chem. Eur. J. 2003, 9, 3611 – 3617; e) M. J.
Cheng, C. H. Hu, Mol. Phys. 2003, 101, 1319 – 1323.

[9] a) H. Amii, L. Vranicar, H. Gornitzka, D. Bourissou, G.
Bertrand, J. Am. Chem. Soc. 2004, 126, 1344 – 1345; b) G. Fuks,
N. Saffon, L. Maron, G. Bertrand, D. Bourissou, J. Am. Chem.
Soc. 2009, 131, 13681 – 13689; c) G. Fuks, B. Donnadieu, A.
Sacquet, L. Maron, D. Bourissou, G. Bertrand, Main Group
Chem. 2010, 9, 101 – 109.

[10] a) A. Rodriguez, R. A. Olsen, N. Ghaderi, D. Scheschkewitz,
T. S. Tham, L. J. Mueller, G. Bertrand, Angew. Chem. Int. Ed.
2004, 43, 4880 – 4883; Angew. Chem. 2004, 116, 4988 – 4991; b) D.
Scheschkewitz, H. Amii, H. Gornitzka, W. W. Schoeller, D.
Bourissou, G. Bertrand, Angew. Chem. Int. Ed. 2004, 43, 585 –
587; Angew. Chem. 2004, 116, 595 – 597; c) A. Rodriguez, F. S.
Tham, W. W. Schoeller, G. Bertrand, Angew. Chem. Int. Ed.
2004, 43, 4876 – 4880; Angew. Chem. 2004, 116, 4984 – 4988;
d) J. B. Bourg, A. Rodriguez, D. Scheschkewitz, H. Gornitzka,
D. Bourissou, G. Bertrand, Angew. Chem. Int. Ed. 2007, 46,
5741 – 5745; Angew. Chem. 2007, 119, 5843 – 5847.

[11] a) M. Soleilhavoup, G. Bertrand, Angew. Chem. Int. Ed. 2017, 56,
10282 – 10292; Angew. Chem. 2017, 129, 10416 – 10426; b) M.-A.
L�gar�, C. Pranckevicius, H. Braunschweig, Chem. Rev. 2019,
119, 8231 – 8261; c) M. Rang, F. Fantuzzi, M. Arrowsmith, I.
Krummenacher, E. Beck, R. Witte, A. Matler, A. Rempel, T.
Bischof, K. Radacki, B. Engels, H. Braunschweig, Angew. Chem.
Int. Ed. 2021, 60, 2963 – 2968; Angew. Chem. 2021, 133, 3000 –
3005.

[12] a) H. Braunschweig, R. D. Dewhurst, Angew. Chem. Int. Ed.
2013, 52, 3574 – 3583; Angew. Chem. 2013, 125, 3658 – 3667; b) H.
Braunschweig, R. D. Dewhurst, Organometallics 2014, 33, 6271 –
6277; c) M. Arrowsmith, H. Braunschweig, T. E. Stennett,
Angew. Chem. Int. Ed. 2017, 56, 96 – 115; Angew. Chem. 2017,
129, 100 – 120.

[13] a) H. Braunschweig, R. D. Dewhurst, C. Hçrl, A. K. Phukan, F.
Pinzner, S. Ullrich, Angew. Chem. Int. Ed. 2014, 53, 3241 – 3244;
Angew. Chem. 2014, 126, 3305 – 3308; b) H. Braunschweig, C.
Hçrl, Chem. Commun. 2014, 50, 10983 – 10985; c) J. Bçhnke, T.
Br�ckner, A. Hermann, O. F. Gonzalez-Belman, M. Arrow-
smith, J. O. C. Jim�nez-Halla, H. Braunschweig, Chem. Sci. 2018,
9, 5354 – 5359; d) M. Dçmling, M. Arrowsmith, U. Schmidt, L.
Werner, A. C. Castro, J. O. C. Jim�nez-Halla, R. Bertermann, J.
M�ssig, D. Prieschl, H. Braunschweig, Angew. Chem. Int. Ed.
2019, 58, 9782 – 9786; Angew. Chem. 2019, 131, 9884 – 9889; e) T.
Br�ckner, T. E. Stennett, M. Heß, H. Braunschweig, J. Am.
Chem. Soc. 2019, 141, 14898 – 14903.

[14] a) T. E. Stennett, R. Bertermann, H. Braunschweig, Angew.
Chem. Int. Ed. 2018, 57, 15896 – 15901; Angew. Chem. 2018, 130,
16123 – 16128; b) J. Bçhnke, T. Dellermann, M. A. Celik, I.
Krummenacher, R. D. Dewhurst, S. Demeshko, W. C. Ewing, K.
Hammond, M. Heß, E. Bill, E. Welz, M. I. Rohr, R. Mitric, B.
Engels, F. Meyer, H. Braunschweig, Nat. Commun. 2018, 9, 1197;
c) M. Arrowsmith, J. Bçhnke, H. Braunschweig, M. A. Celik, T.
Dellermann, K. Hammond, Chem. Eur. J. 2016, 22, 17169 –
17172; d) H. Braunschweig, P. Constantinidis, T. Dellermann,
W. C. Ewing, I. Fischer, M. Hess, F. R. Knight, A. Rempel, C.
Schneider, S. Ullrich, A. Vargas, J. D. Woollins, Angew. Chem.
Int. Ed. 2016, 55, 5606 – 5609; Angew. Chem. 2016, 128, 5697 –
5700; e) J. H. Muessig, M. Thaler, R. D. Dewhurst, V. Paprocki,
J. Seufert, J. D. Mattock, A. Vargas, H. Braunschweig, Angew.
Chem. Int. Ed. 2019, 58, 4405 – 4409; Angew. Chem. 2019, 131,
4451 – 4456.

[15] T. E. Stennett, A. Jayaraman, T. Br�ckner, L. Schneider, H.
Braunschweig, Chem. Sci. 2020, 11, 1335 – 1341.

[16] a) S. H. Vosko, L. Wilk, M. Nusair, Can. J. Phys. 1980, 58, 1200 –
1211; b) C. Lee, W. Yang, R. G. Parr, Phys. Rev. B 1988, 37, 785 –
789; c) A. D. Becke, J. Chem. Phys. 1993, 98, 5648 – 5652; d) P. J.
Stephens, F. J. Devlin, C. F. Chabalowski, M. J. Frisch, J. Phys.
Chem. 1994, 98, 11623 – 11627; e) F. Weigend, R. Ahlrichs, Phys.
Chem. Chem. Phys. 2005, 7, 3297; f) S. Grimme, J. Antony, S.
Ehrlich, H. Krieg, J. Chem. Phys. 2010, 132, 154104; g) S.
Grimme, S. Ehrlich, L. Goerigk, J. Comput. Chem. 2011, 32,
1456 – 1465.

[17] a) I. Mayer, Chem. Phys. Lett. 1983, 97, 270 – 274; b) I. Mayer,
Int. J. Quantum Chem. 1984, 26, 151 – 154.

[18] F. Weinhold, C. R. Landis, E. D. Glendening, Int. Rev. Phys.
Chem. 2016, 35, 399 – 440.

[19] a) K. B. Wiberg, Acc. Chem. Res. 1996, 29, 229 – 234; b) F. S.
Vieira, F. Fantuzzi, T. M. Cardozo, M. A. C. Nascimento, J. Phys.
Chem. A 2013, 117, 4025 – 4034.

[20] B. O. Roos, in Adv. Chem. Phys. Ab Initio Methods Quantum
Chem. Part 2, Vol. 69 (Ed.: K. P. Lawley), Wiley, Hoboken, 1987,
pp. 399 – 445.

[21] a) C. Angeli, R. Cimiraglia, J.-P. Malrieu, Chem. Phys. Lett. 2001,
350, 297 – 305; b) C. Angeli, R. Cimiraglia, S. Evangelisti, T.
Leininger, J.-P. Malrieu, J. Chem. Phys. 2001, 114, 10252 – 10264;
c) C. Angeli, R. Cimiraglia, J.-P. Malrieu, J. Chem. Phys. 2002,
117, 9138 – 9153.

[22] Deposition Numbers 2062135 (2), 2062136 ([3][PF6]), 2062137
([3][CuCl2]), and 2062138 ([4][BArF

4]2) contain the supplemen-
tary crystallographic data for this paper. These data are provided
free of charge by the joint Cambridge Crystallographic Data
Centre and Fachinformationszentrum Karlsruhe Access Struc-
tures service www.ccdc.cam.ac.uk/structures.

Manuscript received: February 12, 2021
Revised manuscript received: April 9, 2021
Accepted manuscript online: April 12, 2021
Version of record online: May 1, 2021

Angewandte
ChemieCommunications

13665Angew. Chem. Int. Ed. 2021, 60, 13661 –13665 � 2021 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH www.angewandte.org

https://doi.org/10.1021/ma021447q
https://doi.org/10.1021/ma021447q
https://doi.org/10.1039/jr9610001000
https://doi.org/10.1039/jr9610001000
https://doi.org/10.1002/zaac.19774310106
https://doi.org/10.1002/zaac.19774310106
https://doi.org/10.1016/0022-328X(88)89006-5
https://doi.org/10.1016/0022-328X(88)89006-5
https://doi.org/10.1002/cber.19881210510
https://doi.org/10.1002/cber.19881210510
https://doi.org/10.1021/ic9514399
https://doi.org/10.1021/ic9514399
https://doi.org/10.1002/ejic.200400372
https://doi.org/10.1039/B609748K
https://doi.org/10.1039/B609748K
https://doi.org/10.1021/ic062076n
https://doi.org/10.1002/anie.201705050
https://doi.org/10.1002/anie.201705050
https://doi.org/10.1002/ange.201705050
https://doi.org/10.1002/anie.199006821
https://doi.org/10.1002/anie.199006821
https://doi.org/10.1002/ange.19901020633
https://doi.org/10.1002/anie.199314461
https://doi.org/10.1002/ange.19931051037
https://doi.org/10.1002/ange.19931051037
https://doi.org/10.1002/cber.19931260405
https://doi.org/10.1002/cber.19931260215
https://doi.org/10.1002/cber.19961291015
https://doi.org/10.1126/science.1068167
https://doi.org/10.1002/1521-3773(20021018)41:20%3C3894::AID-ANIE3894%3E3.0.CO;2-Z
https://doi.org/10.1002/1521-3773(20021018)41:20%3C3894::AID-ANIE3894%3E3.0.CO;2-Z
https://doi.org/10.1002/1521-3757(20021018)114:20%3C4050::AID-ANGE4050%3E3.0.CO;2-E
https://doi.org/10.1002/1521-3757(20021018)114:20%3C4050::AID-ANGE4050%3E3.0.CO;2-E
https://doi.org/10.1002/cphc.200200668
https://doi.org/10.1002/cphc.200200668
https://doi.org/10.1021/jp034467i
https://doi.org/10.1021/jp034467i
https://doi.org/10.1002/chem.200204508
https://doi.org/10.1021/ja039920i
https://doi.org/10.1021/ja903746p
https://doi.org/10.1021/ja903746p
https://doi.org/10.3233/MGC-2010-0009
https://doi.org/10.3233/MGC-2010-0009
https://doi.org/10.1002/anie.200460475
https://doi.org/10.1002/anie.200460475
https://doi.org/10.1002/ange.200460475
https://doi.org/10.1002/anie.200352944
https://doi.org/10.1002/anie.200352944
https://doi.org/10.1002/ange.200352944
https://doi.org/10.1002/anie.200460473
https://doi.org/10.1002/anie.200460473
https://doi.org/10.1002/ange.200460473
https://doi.org/10.1002/anie.200701578
https://doi.org/10.1002/anie.200701578
https://doi.org/10.1002/ange.200701578
https://doi.org/10.1002/anie.201705153
https://doi.org/10.1002/anie.201705153
https://doi.org/10.1002/ange.201705153
https://doi.org/10.1021/acs.chemrev.8b00561
https://doi.org/10.1021/acs.chemrev.8b00561
https://doi.org/10.1002/anie.202014167
https://doi.org/10.1002/anie.202014167
https://doi.org/10.1002/ange.202014167
https://doi.org/10.1002/ange.202014167
https://doi.org/10.1002/anie.201208189
https://doi.org/10.1002/anie.201208189
https://doi.org/10.1002/ange.201208189
https://doi.org/10.1021/om500875g
https://doi.org/10.1021/om500875g
https://doi.org/10.1002/anie.201610072
https://doi.org/10.1002/ange.201610072
https://doi.org/10.1002/ange.201610072
https://doi.org/10.1002/anie.201309325
https://doi.org/10.1002/ange.201309325
https://doi.org/10.1039/C4CC04476B
https://doi.org/10.1039/C8SC01249K
https://doi.org/10.1039/C8SC01249K
https://doi.org/10.1002/anie.201902656
https://doi.org/10.1002/anie.201902656
https://doi.org/10.1002/ange.201902656
https://doi.org/10.1021/jacs.9b07991
https://doi.org/10.1021/jacs.9b07991
https://doi.org/10.1002/anie.201809976
https://doi.org/10.1002/anie.201809976
https://doi.org/10.1002/ange.201809976
https://doi.org/10.1002/ange.201809976
https://doi.org/10.1002/chem.201604094
https://doi.org/10.1002/chem.201604094
https://doi.org/10.1002/anie.201601691
https://doi.org/10.1002/anie.201601691
https://doi.org/10.1002/ange.201601691
https://doi.org/10.1002/ange.201601691
https://doi.org/10.1002/anie.201814230
https://doi.org/10.1002/anie.201814230
https://doi.org/10.1002/ange.201814230
https://doi.org/10.1002/ange.201814230
https://doi.org/10.1039/C9SC05908C
https://doi.org/10.1139/p80-159
https://doi.org/10.1139/p80-159
https://doi.org/10.1103/PhysRevB.37.785
https://doi.org/10.1103/PhysRevB.37.785
https://doi.org/10.1063/1.464913
https://doi.org/10.1021/j100096a001
https://doi.org/10.1021/j100096a001
https://doi.org/10.1039/b508541a
https://doi.org/10.1039/b508541a
https://doi.org/10.1063/1.3382344
https://doi.org/10.1002/jcc.21759
https://doi.org/10.1002/jcc.21759
https://doi.org/10.1016/0009-2614(83)80005-0
https://doi.org/10.1002/qua.560260111
https://doi.org/10.1080/0144235X.2016.1192262
https://doi.org/10.1080/0144235X.2016.1192262
https://doi.org/10.1021/ar950207a
https://doi.org/10.1021/jp4005746
https://doi.org/10.1021/jp4005746
https://doi.org/10.1016/S0009-2614(01)01303-3
https://doi.org/10.1016/S0009-2614(01)01303-3
https://doi.org/10.1063/1.1361246
https://doi.org/10.1063/1.1515317
https://doi.org/10.1063/1.1515317
https://www.ccdc.cam.ac.uk/services/structures?id=doi:10.1002/anie.202102218
https://www.ccdc.cam.ac.uk/services/structures?id=doi:10.1002/anie.202102218
https://www.ccdc.cam.ac.uk/services/structures?id=doi:10.1002/anie.202102218
https://www.ccdc.cam.ac.uk/services/structures?id=doi:10.1002/anie.202102218
https://www.ccdc.cam.ac.uk/services/structures?id=doi:10.1002/anie.202102218
https://www.ccdc.cam.ac.uk/services/structures?id=doi:10.1002/anie.202102218
https://www.ccdc.cam.ac.uk/services/structures?id=doi:10.1002/anie.202102218
https://www.ccdc.cam.ac.uk/services/structures?id=doi:10.1002/anie.202102218
https://www.ccdc.cam.ac.uk/services/structures?id=doi:10.1002/anie.202102218
https://www.ccdc.cam.ac.uk/services/structures?id=doi:10.1002/anie.202102218
https://www.ccdc.cam.ac.uk/services/structures?id=doi:10.1002/anie.202102218
https://www.ccdc.cam.ac.uk/structures/?
http://www.angewandte.org

