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NHC-Mediated Synthesis of an Asymmetric, Cationic Phosphoranide,
a Phosphanide, and Coinage-Metal Phosphanido Complexes™*
Kai Schwedtmann, Michael H. Holthausen, Kai-Oliver Feldmann, and Jan J. Weigand*

The use of imidazole-based N-heterocyclic carbenes (NHCs)
as reagents in phosphorus chemistry resulted in an array of
intriguing compounds (Figure 1). MacDonald and co-workers
described cation 1a* obtained by reacting PCl; with a carbene
as a reducing reagent.'” Also starting from PCl;, Robinson
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Figure 1. Selected phosphorus compounds featuring imidazoliumyl
substituents (only one representative Lewis structure is depicted).
Dipp = 2,6-diisopropylphenyl, iPr=isopropyl.

and co-workers reported the phosphoranide derivative 1b, in
which the P atom is hypercoordinated."™ Upon reduction of
1b, 2,3-diphosphabutadiene 2 is obtained in which the
P atoms are two-coordinate.'! This compound was oxidized
to 3°* by Bertrand® illustrating that imidazoliumyl substitu-
ents not only serve well for the stabilization of low- and
hypercoordinated P atoms but also for the preparation of
cations. We previously demonstrated that related organo-
phosphorus cations show remarkable stability, for example,
through the isolation of diazido P™ cation 4*.F
Additionally, the intriguing reactivity of certain phos-
phanyl-substituted imidazolium ions has been discussed. For
example, treatment of 5[Cl] with KHMDS results in the
migration of the phosphanyl substituent to the 4 position of
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Scheme 1. Preparation of 6a'l and 8[OTf] (only one representative

Lewis structure is depicted).”! HMDS = bis (trimethylsilyl)amide, OTf=
trifluoromethanesulfonate.

the imidazolium ring to give 6a (Scheme 1).! Furthermore,
we recently reported on the reduction of cation 7° to
compound 8" in which a dicationic diphosphane acts as
a chelating Lewis acid toward a chloride anion (Scheme 1)."!

The above-mentioned examples are either described as
donor—acceptor complexes of NHC ligands and the respective
P-centered moiety or as imidazoliumyl-substituted P com-
pounds that bear a positive charge on the imidazoliumyl
substituent. Haaland” provides a general conceptual basis to
describe such bonding environments, and thus, the latter
model appears to be more realistic for us and is used
throughout this paper. Independent of any such controversy,
however, the imidazoliumyl substituents in the above com-
pounds serve well for at least three purposes. First, they help
to stabilize low- as well as hypercoordinated P atoms.”!
Second, they are advantageous for the stabilization of cations
through delocalization of the positive charge.” Third, they
serve to reduce the nucleophilicity of a directly bonded P™
atom, thus limiting decomposition pathways and rendering
the molecules interesting electron-poor ligands for transition-
metal catalysis.”*

In this context, we were interested in the reactivity of
cation 7*. Herein, we report on the reaction of salts of 7* with
an NHC, the formation of a remarkably stable, rare example
of a cationic derivative of a phosphoranide, and investigations
of its follow-up chemistry, including the preparation of
a phosphanide cation and cationic phosphanido complexes
of coinage metals.

The reaction of 7[OTf] with 9 in 0-C¢H,F, gives 10[OTf] in
excellent yield (96 %, Scheme 2). Gallate salt 10[GaCl,] was
prepared similarly.”) The following discussion is focused on
10[OTH{], as the different anions exert very little influence on
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Scheme 2. Preparation of 10[OTf] (left, a) 0-CH,F,,

—35°C, 3 h, RT, 14 h, 96%), proposed reaction sequence for the formation of 10* (left, grey)

and molecular structure of cation 10" (right, hydrogen atoms, solvate molecules, and anion are omitted for clarity, and thermal ellipsoids are

displayed at 50% probability). Selected bond lengths [A] and angles [°]:

P1-C1 1.8679(2), P1-C29 1.8509(2), P1-Cl1 2.3135(6), P1-CI2 2.3037(6);

CI1-P1-Cl2 166.9(2), C1-P1-C29 113.47(7), C1-P1-CI1 84.02(5), C29-P1-Cl1 86.77(5), C1-P1-Cl2 87.27(5), C29-P1-Cl2 87.78(5).

the characteristics of the cation. The molecular structure of
10" shows a distorted, y-trigonal bipyramidal coordination of
the P atom, thus rendering 10" a rare example of a cationic
phosphoranide derivative.”! Two chloro substituents occupy
the axial positions, while a lone pair of electrons and the two
imidazoliumyl substituents are located in the equatorial
positions. Remarkably, one of the imidazoliumyl substituents
is bonded at the 4 position.

The P—Cl bond lengths (P1-Cl1 2.3135(6) A; P1-CI2
2.3037(6) A) are in the expected range for apical P—Cl bonds
in phosphoranides™ (e.g. in 1b: P-Cl 2.492(1),
2.235(1) A). The elongation of these bonds in comparison to
P—Cl bonds involving three-coordinate P atoms (in 7*:! P-Cl
2.025(2), 2.040(2) A) reflects the low bond order in the
[CI-P-Cl] fragment as a result of its 3-center-4-electron
bonding."?

Mechanistically, we propose that 10" forms via an
abnormal carbene,™ giving 6b and imidazolium 9H*
(Scheme 2), by analogy with Bertrand’s mechanism for the
formation of 6a.”l In contrast to Bertrand’s work, however,
the presence of slightly acidic 9H" and the CI substituents on
the P atom in 6b may lead to the formation of 6bH" and 9 in
a deprotonation/reprotonation equilibrium and ultimately to
the formation of 10™.

We proceeded to explore the follow up chemistry of 10™.
Reacting 10[X] (X = OTf, GaCl,) with Me;SiOTf or GaCl,,
respectively, resulted in the formation of the corresponding
salt of racemic dication 11*' (Scheme 3). The molecular
structure of 11>* shows a P—Cl bond (P1-Cl1 2.0458(1) A),
the length of which is in the expected range for three-
coordinate Patoms (e.g., P—Cl in PCl;: 2.039(1) A).l”
Related dications were reported by Schmidpeter and
Dillon.™! The *'P{'H} NMR spectra of both salts show singlet
resonances at identical chemical shifts (6(P)=8.3 ppm),
comparable to previously reported di(imidazoliumyl)-substi-
tuted dications (e.g., 12*": L,PCI*", L =1,3-diisopropyl-4,5-
dimethylimidazolium-2-yl, 6(P)=19.9 ppm).”! In compari-
son, the resonance of 10[OTf] (6(P) = —98.9 ppm) is substan-
tially shifted to higher field. For related phosphoranides, the
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Scheme 3. Preparation of 11[X], (top, a) (X=OTf) + Me,;SiOTf,
-Me,SiCl, CH,Cl,, RT, 14 h, 95%; b) (X=GaCl,) +GaCls, CH,Cl,, RT,
14 h, 98%) and molecular structure of cation 11** (bottom, hydrogen
atoms, solvent molecules, and anions are omitted for clarity, and
thermal ellipsoids are displayed at 50% probability). Selected bond
lengths [A] and angles [°]: P1-CI1 2.0458(1), P1-C29 1.820(2), P1-Cl1
1.838(3); C1-P1-C29 106.62(1), C1-P1-CI1 100.24(8), C29-P1-CI1
97.59(8).

magnitude of this highfield shift is indicative of the extend of
dissociation into the corresponding phosphane and a halide
anion in solution. Less dissociation occurs when larger shifts
are observed.!'™ We thus conclude that 10" is not dis-
sociated, even in polar solvents (e.g. CD,Cl,).

Reacting 10[X] with two equivalents of potassium graph-
ite results in P'-centered species 13[X] as yellow, moisture-
sensitive solids in reasonable to good yields (13[OTf]: 68 %,
13[GaCl,]: 85 %; Scheme 4). Similar cations were reported by
Schmidpeter et al.'! and Macdonald et al.l'”l However, 13*
appears to be the first fully characterized P'-centered cation

www.angewandte.org

14205


http://www.angewandte.org

14206 www.angewandte.org

Angewandte

Communications

M
b0 I:,)lpp 't ,\f(l)pp &
9, C:%/P\”-”g—; cct) @
NG \ V(P1,C1)
Dipp X it Dipp Dipp -
N S . Dipp .. PP 14{OTf] (M] = CuBr)
[\ S Y AL o lo N@ 15[0Tf] (IM] = AgOTf) cP1)
N | Ih{@ —_— &YP\'Q_R — 16[OTf] ((M] = AuCl) By
}DippCI N> NS \ Cl j[OTf] )
Siop Dipp  DPP Ao V(P) v(P)
D
10[X] X = OTf, GaCly, 13[X] ',3'99 Te r\k;pp >
N® P S V(P1,C29)
—><\—\Y.¢. \_/
N \ M cic29)
\ Au Dipp
Dipp |
cl
17[0TH]

Scheme 4. Reduction of 10[X] to 13[X] (left, a) (X=OTf, GaCl,) +2KCs, —2KCl, THF, —78°C, 3 h, RT, 14 h; 68 % for 13[OTf], 85 % for 13[GaCl,]),
reaction of 13[OTf] with CuBr(tht), Ag[OTf], or AuCl(tht), respectively (middle, b) + CuBr(tht), —0.5 tht, THF, RT, 6 h, 85 % 14[OTf]; c) + Ag[OTf],
THF, —78°C, 3 h, 78 % 15[OTf]; d) +AuCl(tht), —tht, THF, RT, 14 h, 92% 16[OTf];? e) + 2 AuCl(tht), —tht, THF, RT, 6 h, 88 % 17[OTf]), and
visualization of the ELF at the central [C-P-C] moiety in 13" (right, 0.948 isosurface). tht =tetrahydrothiophene.

featuring heteroleptic carbon-based substituents at the
P atom." The *'P{'H} NMR spectra of both compounds
show a singlet at 3(P) = —66.1 ppm. This is a remarkable low-
field shift compared to 1a[Cl] (6(P)=—124.2 ppm).l'Y) We
attribute this low-field shift to an increased deshielding of the
P atom"” as a result of a wider C-P-C angle in 13* (Figure 2,
C1-P1-C29:109.2(1)°) compared to 1a*™ (C-P-C: 97.35(9)°).["?
Both P—C bond lengths in 13" are between those expected for
typical single (1.87 A) and double bonds (1.67 A)!'8 with the
P—C1 bond (1.773(3) A) being slightly shorter than the P—C29
bond (1.818(3) A). This tendency was also observed in a DFT-
optimized™ (MO6HF/cc-pvTZ) structure of cation 13" (P1-
Cl: 1.773(3) A, P1-C29: 1.818(3) A), indicating a slightly
higher degree of n-bonding between P1 and C1 than between
P1 and C29.

Accordingly, an atoms-in-molecules (AIM) topographical
analysis® of the calculated electron density shows two rather
polar covalent P—C bonds with a higher ellipticity (¢) for the
P1-Cl bond (e=+0.48, vo=+0.116, E=-0.129, G/p=
0.921) than for the P1—C29 bond (& =+ 0.36, 7%0 =+ 0.010,
E=-0.131, G/p=1.069).”) Similarly, the electron localiza-
tion function (ELF, Scheme 4, right)?!! gave a slightly higher
population of the V(P1,C1) basin (2.52) compared to the
V(P1,C29) basin (2.30). The observation of two monosynaptic
basins at the P atom (V(P)), corresponding to the two lone
pairs of electrons, renders 13" a versatile ligand.

In contrast to the coordination chemistry of phosphides®!
and recent reports on complexes of related neutral ligands
featuring [X-P(I)-X] (X=C, P)*! fragments, the coordina-
tion chemistry of cations similar to 13" has not yet been

Figure 2. Molecular structures of 13*, 16, and 17" (hydrogen atoms, solvate molecules, and anions are omitted for clarity, and thermal ellipsoids
are displayed at 50% probability); selected bond lengths [A] and angles [°]; 137: P1-C1 1.773(3), P1-C29 1.818(3); C1-P1-C29 109.2(1); 16*: P1—
C11.831(3), P1-C29 1.839(3), P1-Aul 2.2556(8), Aul-Cl1 2.2932(9); C1-P1-C29 105.50(1), C1-P1-AuT 106.82(1), C29-P1-Aul 103.30(1), P1-Aul-
Cl1175.96(3); 177: P1-C1 1.843(3), P1-C29 1.829(3), P1-Aul 2.2359(8), P1-Au2 2.2259(8), Au1-Cl1 2.2783(9), Au2—Cl2 2.2883(9); C1-P1-C29
107.01(1), Aul-P1-Au2 103.41(3), C1-P1-Aul 113.51(1), C29-P1-Aul 106.31(1), C1-P1-Au2 110.80(1), C29-P1-Au2 115.89(1), P1-Aul-Cl1 173.76(3),

P1-Au2-Cl2 170.89(4).

© 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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investigated. Employing 13" as a ligand, we successfully
prepared a series of coinage-metal complexes. Complexes
14[OTIf]-(0.5tht) (85% yield), 15[OTf] (78% yield), and
16[OTf] (92% yield) were obtained from the reactions of
CuBr(tht), Ag[OTf], and AuCl(tht), respectively, with 13-
[OTf] in a 1:1 stoichiometry (Scheme 4). The reaction of two
equivalents of AuClI(tht) with 13[OTf] gave the digold
complex 17[OTf]-(tht) (88 % yield). The *'P{'"H} NMR spectra
of the compounds indicate the successful coordination of the
respective metal fragment(s) to 13*. For copper complex
14[OTf]-(0.5tht), a very broad singlet is observed (6(P)=
—67.2 ppm, Av,,=210Hz, compare with 13[OTf]: 6(P)=
—66.1 ppm, Av,,=6Hz). The broadening is attributed to
the fast quadrupole relaxation of the *Cu nucleus (I=3/2).%’!
The silver complex 15[OTf] shows two characteristic doublets
as a result of the coupling to two silver isotopes ((P)=
—96.6 ppm, J('P'Ag) =420 Hz, J('P'®Ag) =484 Hz).*
The chemical shift of gold complex 16[OTf] (6(P)=
—67.2 ppm) is very close to the chemical shift of the free
ligand (6(P)=—66.1 ppm). In contrast, the digold complex
17[OTf]-(tht) shows a singlet that is shifted to lower field
(6(P) = —40.4 ppm). Single crystals suitable for X-ray single-
crystal structure determination were obtained of 16[OTf] and
17[OTf]-(tht). The P atom of 16" has a y-tetrahedral geom-
etry, and that of 17" a slightly distorted tetrahedral coordi-
nation (Figure 2). Both complexes show the expected almost
linear coordination of the gold chloride fragments (16*: CI1-
Aul-P1 175.96(3)°; 17": P1-Aul-CI1 173.76(3)°, P1-Au2-CI2
170.89(4)°). The P1—Au bond lengths in 16* (2.2556(8) A) and
17° (P1-Aul 22359(8) A, P1-Au2 2.2259(8) A) are very
similar to one another and compare well with the corre-
sponding bond lengths in phosphide-Au'" or related zwit-
terionic triphosphenium-Au' complexes.”” Interestingly,
complex 17[OTf]-(tht) was found to be stable to air and
even moisture.

In summary, the efficient preparation of the remarkable
cations 10", 11", and 13" illustrates that imidazoliumyl
substituents serve well for the stabilization of high- and low-
coordinated P atoms. Furthermore, the complexes 14%, 15",
and 16* were prepared in high yields. These constitute the first
examples of transition-metal complexes that feature a cationic
Pl-centered ligand. The preparation of air- and moisture-
stable complex 17" may constitute the first step toward the
preparation of a series of transition-metal complexes, includ-
ing bimetallic species, that may find applications in catalysis.
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