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Abstract: The reaction of [Cp”'Co(y*-P,)] (1) (Cp"" =1,2,4-
tBu;CsH,) with M™NHC (MNHC = 1,3,4,5-tetramethylimida-
zol-2-ylidene) leads through NHC-induced phosphorus cation
abstraction to the ring contraction product [(*NHC),P]-
[Cp"'Co(y’-P;)] (2), which represents the first example of an
anionic CoP; complex. Such NHC-induced ring contraction
reactions are also applicable for triple-decker sandwich com-
plexes. The complexes [(Cp*Mo),(u,n**-E,)] (3a, 3b) (Cp*=
CsMes; E=P, As) can be transformed to the complexes
[(“NHC)EJ[(Cp*M),(u1’*-E3) (u,7°*-E)] (4a, 4b), with
4b representing the first structurally characterized example
of an NHC-substituted As' cation. Further, the reaction of the
vanadium complex [(Cp*V),(u,n"*-Ps)] (5) with MNHC
results in the formation of the unprecedented complexes
[("“NHC),P][(Cp*V)y(u,n**-Ps)] (6), [("*NHC),P]-
[(Cp*V)o(uy>-Ps)] (7) and  [(Cp*V)y(u,"*-P3) (u,n"'-P-
{"NHC})] (8).

Ring contraction reactions are a powerful tool in organic
synthesis, giving access to otherwise not, or only hardly
accessible products.!! They can be divided into different
groups, which are usually defined by the conditions that are
required to induce the ring contraction (acidic, basic,
oxidative, photolytic, and thermal). However, ring contrac-
tion reactions are not limited to carbocycles and hetero-
cycles.”! For example, Stone et al. reported on the reaction of
pentamethylcyclopentaphosphine (MeP)s with CuCl leading
to the cyclotetraphosphine complex (MeP),CuCLP! A further
example for ring contraction reactions involving cyclopoly-
phosphines was reported by Hey-Hawkins et al., the reaction
of (Bu,Ps)” with SnCl, resulting in A (Scheme 1).1¥ Ther-
mally induced rearrangements are another method for ring
contractions. For instance, this was shown for the formation of
B (Scheme 1), which is obtained by heating a solution of
[Ni((Bu,Ps),].F! We recently found that the complexes
[(LCO).(P™E)] (L=CH[C(Me)N(Dipp)}; E=P. As)
undergo a thermally induced elimination of a pnictogen
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Scheme 1. Selected examples of ring contraction reactions of cyclo-
polyphosphines and polypnictogen ligand complexes.

atom leading to the triple-decker complexes [(LCo),(u,,7°"-
E;)] (C) with an E; middle deck.

This insight raised the question if there might be a general
and more selective way avoiding harsh reaction conditions to
promote ring contraction reactions to be used for the
synthesis of new and otherwise not accessible compounds.
In the case of polypnictogen compounds, this would lead to
more desirable compounds in terms of functionalization or
synthesis of organophosphorus compounds.”” Here, the
thermally induced ring contractions are limited to only few
polypnictogen ligand complexes. Their outcome is not
predictable and combined with low yields. Therefore, in our
opinion, the use of N-heterocyclic carbenes (NHCs)"¢#l
seemed to be a promising approach. It was shown by Bertrand
that NHC:s or cyclic (alkyl)-(amino)carbenes (CAACs) can be
reacted with white phosphorus (P,), leading to P, species”!
fragmented into a bis(NHC)-supported P’ cation and a formal
NHC-coordinated P;~ unit, or by aggregation to an NHC-
substituted P, cage compound,'” depending on the used
carbene and stoichiometry. The NHC-coordinated P;~ unit
could only be monitored by *'P NMR spectroscopy.”™ Other
examples for an NHC-induced phosphorus atom abstraction
from cyclo-pnictines, P,, P>~ and other polyphosphorus cages
were described,'!! but did not feature a ring contraction.
Weigand et al. reported on a degradation of a cationic P5 cage
into an allylic P; and a P, unit substituted by NHCs.!"!
Herein, we report a general method for ring contraction
reactions induced by the NHC-assisted abstraction of a pnic-
togen cation for a large variety of polypnictogen complexes,
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leading to unprecedented and otherwise not accessible
complexes.

We recently showed that [Cp”’Co(5*-P,)] (1) can be
used for ring expansion reactions with the pentelidene
complexes [Cp*E{W(CO)s},] (E=P, As).'¥) The release of
ring strain might be the driving force of such reactions,
leading to a five-membered ring system. It was a challenge to
investigate if 1 is also a candidate for a ring contraction
reaction by increasing the ring strain.

The addition of M*NHC to a solution of 1 at —80°C
resulted in an immediate colour change, which is completed at
room temperature. After workup, [(M*NHC),P][Cp"'Co(i’*-
P;)] (2) was isolated in a crystalline yield of 79 % (Scheme 2).

/ -
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Scheme 2. Reaction of [Cp”’Co(57*-P,)] (1) with Y*NHC.

The *'P NMR spectrum of the reaction mixture showed only
two singlets, one at —111.4 ppm for the [(M*NHC),P]" cation
and one at —313.3ppm for the [Cp”’Co(3’-P;)]” anion,
indicating a full conversion of the starting compounds to 2.
Compound 2 is formed by an NHC-induced phosphorus
abstraction, leading to a bis(NHC)-coordinated P' cation and
the ring contraction product [Cp”’Co(5’-P;)]”. The latter is
the first representative of an anionic CoP; complex, revealing
a cyclo-P; end-deck. The tetrahedral CoP; unit (Figure 1) is

P1 P2

Figure 1. Molecular structure of 2 with thermal ellipsoids at 50%
probability level. Hydrogen atoms and solvent molecules are omitted
for clarity.”

formally isolobal to P, in which one phosphorus atom is
replaced by a 15 VE Cp’Co~ fragment. The Mulliken
population analysis performed on the optimized geometry
of [Cp"Co(17*-P;)]” shows that the negative charge is mostly
located on the P; unit (—0.64) and considerably less on the
Cp’” ligand (—0.12) and at the Co atom as well (—0.26). The
P—P and Co—P bond lengths are between 2.1552(6) A and
2.1624(6) A and between 2.2596(5) A and 2.2705(5) A,
respectively, and therefore in the range of single bonds.
These distances differ slightly from the recently reported
neutral complex [[CNAM™*};Co(i’-P;)] (ArV?=2,6-(2,4,6-
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Me;C¢H,),CH;) for which the Co—P bond lengths are
somewhat elongated with 2.312(1) A to 2.317(1) A.l'"

Since we were interested in the elucidation of the reaction
pathway between 1 and M*NHC, we performed a temper-
ature-depending *'P NMR study, ranging from —80°C to
room temperature (in 20°C steps). The spectra show several
signal sets indicating the formation of different intermediates.
Unfortunately, an identification of these intermediates was
not possible and even numerous attempts to isolate them at
low temperature failed. Nevertheless, after 18 hours at room
temperature, the *'P NMR spectrum of the reaction mixture
shows only the signals of 2 (see Figure S4, Supporting
Information).

Since the desired P, ring contraction was successful for
sandwich complexes such as 1, we were interested to find out
if the novel concept is applicable to triple-decker sandwich
complexes containing polypnictogen middle decks (E=P,
As). The release of an atom in these compounds is much
hindered and thus, particularly challenging. The triple-decker
[{Cp*Mo},(u,7"%-P;)] (3a) was reacted with 2 equivalents of
MeNHC (Scheme 3). The *'P{'H} NMR spectrum of reaction

3a: E=P;3b: E=As

Scheme 3. Reaction of [{Cp*Mo},(u,n**-E¢)] (E=P (3a), As (3b)) with
MeNHC.

4a: E=P;4b: E=As

mixtures only showed two singlets at —112.4 ppm and
—59.9 ppm, indicating a full conversion of the starting
complex 3a to a bis(NHC)-supported P' cation
(—=112.4 ppm) and the anticipated anion [{Cp*Mo},(u,’"-
P5)]” (Scheme 3). After workup, 4a was isolated in 49 %
crystalline yield as dark green blocks. The molecular structure
of 4a (see Figure S19/20) shows a Ps middle deck disordered
over two positions (60:40), with shorter (2.313(19) A-2.480-
(12) A) and longer (2.500(10) A-2.605(11) A) P---P distances.
The latter might best be described as separated P; and P, units
instead of a cyclo-Ps middle deck. This geometry is also
confirmed by DFT calculations, which reproduce the exper-
imental geometric parameters of the anion in 4a well (see
Supporting Information). The Wiberg bond indices (WBIs)
for the longer P--P distances indicate with 0.13 only weak
interactions. The WBIs of the shorter P—P distances amount
to 1.16 for the P, unit and 0.82 for the P; unit. Very
surprisingly, even at —80°C only one slightly broadened
singlet centered at —62.9 ppm was observed in the *'P-
{'"H} NMR spectrum in solution, as it is anticipated for
a symmetrical Py middle deck. This result points to a fast
rearrangement on the NMR timescale of the distorted P;
middle deck, as observed in solid state, to a symmetric cyclo-
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P;5 unit in solution, even at low temperatures. This process
probably occurs through a simultaneous P—P bond formation/
bond cleavage reaction. The Mo—Mo bond distance of
2.667(1) A is in the range of a single bond, which is in
accordance with the WBI of 0.70. Complex 4a is the first
example of a molybdenum triple-decker complex containing
a Ps middle deck. Usually the co-thermolysis of [CpRM-
(CO);], with P, affords for M=Mo, W the cyclo-P; triple-
decker complexes, such as 3a. Only for M = Cr, the neutral
complex [(Cp*Cr),(u,;°°-Ps)|™! is obtained. Although, the
structure of the latter was verified crystallographically, the
quality of the reported X-ray data does not allow the
discussion of bond distances.

Complex [[Cp*Mo},(u,17°%-As;)] (3b), which is the heavier
homologue of 3a, was also reacted with 2 equivalents of
MeNHC to investigate if the pnictogen abstraction observed
for 3a is also possible in the case of a polyarsenic ligand. This
reaction proceeds analogously to the phosphorus complex
and, after workup, the product [(MNHC),As]-
[{Cp*Mo},(u,7>>-Ass)] (4b) was isolated as dark green
blocks in 82% yield. The cation [(M*NHC),As]" within 4b is
the first structurally characterized example of a doubly NHC-
substituted As' cation and the second known in literature.[®°!
Interestingly, the only other example was reported by Mérkl
et al., describing the reaction of 2-chlor-N-methyl-benzthia-
zolium-tetrafluoroborat with As(SiMe;);.l'"”! The molecular
structure of 4b is shown in Figure 2. The As—C bond distances

c21

As6 C28

Figure 2. Molecular structure of 4b (for 4a see Supporting Informa-
tion) with thermal ellipsoids at 50% probability level. Only the main
part of the disordered As; middle deck is depicted. Hydrogen atoms
and solvent molecules are omitted for clarity.”?

for the cation [(M*NHC),As]" of 1.924(2) A and 1.927(2) A
are in the range of single bonds. These distances are
predictable for an C—As—C—N torsion angle of about 43°,
which prevents an effective overlap of the m-system on the
NHC fragments with the p orbitals on As'® As for the
anionic part, although the Ass middle deck is disordered over
three positions with occupations of 0.62 to 0.26 to 0.12 (see
Supporting Information), one can again distinguish between
shorter (2.289(14) A to 2.463(4) A) and longer (2.729(15) A
to 2.870(13) A) As--As distances (similar to 4a). Therefore,
the Ass; middle deck is also best described as separate As; and
As, ligands instead of a cyclo-Ass ligand, which is in
accordance to DFT calculations (cf. Supporting Information).
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The neutral complex [{CpMo},(u,;°>-Ass)], which was
obtained by Rheingold et al. from co-thermolysis of [CpMo-
(CO);], with (MeAs)s, also features two long and three short
As--As distances. However, the Mo—Mo bond of 2.764(2) A
is slightly longer than for 4b as an anion. The As—As bond
length of the As, unit of 2.570(2) A is longer by 0.183 or
0.281 A, respectively, compared to As—As bond in 4b.
Additionally, the long As--As distances are shorter. These
differences become more distinct by comparing the bond
distances of the optimized structures of both complexes (cf.
Supporting Information).

The complex [{Cp*V},(1.7°%-Py)] (5) is one of only a few
examples for vanadium complexes containing polyphospho-
rus ligands." So far, no vanadium triple-decker complex with
a Ps middle deck is known. 5 was reacted with M*NHC to
induce the anticipated ring contraction, leading to the desired
complex [(M*NHC),P|[{Cp*V},(u,;°>-Ps)] (7) (Scheme 4).

P—MeNHC

[(MeNHC),PT*

[("eNHC),PT*

6 7

Scheme 4. Reaction of [{Cp*V},(1,7%%-Pg)] (5) with “*NHC.

However, the reaction did not solely result in 7, additionally
the two complexes [(M*NHC),P][{Cp*V},(u,1°%-Ps)] (6) and
[{Cp* V1, (u7°-P5) (u-PM*NHC)] (8) were obtained. Complex
6 is probably formed by reduction of the starting compound 5.
In contrast, the formation of 8 seems to involve several
indistinct reaction steps. The formation of 8 also reveals that
the applied method can be even used to go further by
abstracting more than one pnictogen atom (for a possible
mechanism see Supporting Information). By monitoring this
reaction by *'P{'"H} NMR at variable temperatures (20°C
steps, starting from —80°C to r.t.), we tried to get insights into
some of the reaction processes involved (Figure S17). At low
temperatures, only two broad signals at about 320 ppm and
238 ppm are observed next to the signal of the cation
[(M*NHC),P]" of 7. The signals merge into one broad signal
at 280 ppm at room temperature. After two days, this signal
vanished completely and only the signals for the cation
[(M*NHC),P]" and the products 7 and 8 were present.
Unfortunately, these observations did not contribute to the
identification of intermediates involved in the reaction path-
way. Since 8 is a neutral complex, it can easily be separated
from the ionic complexes 6 and 7 by extraction of the crude
reaction residue with toluene (isolated yield of 8: 18%).
However, separation of 6 and 7 is not possible, since both
complexes only differ in the nature of the P, middle deck,
resulting in similar solubility. Moreover, it was not possible to
separate both compounds by fractionated crystallisation,
since both compounds co-crystallise (isolated yield of 6 and
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7:49%). Increasing the amount of the used ¥*NHC from 2 to
3 equivalents is leading to an increased formation of 8
(isolated yield 24 %). Further increase to 6 equivalents of
MeNHC, however, results in the formation of not identified
products.

The molecular structures of 6 and 7 are depicted in
Figure 3. For clarity, the overlaying middle decks are shown as

a) b)

P4A, i

P5A

P3A pen P28

P5B
P2A
P1A V1

1
[ ]
L]
: . : : :
Figure 3. Molecular structure of the anionic part of compound 6 (a)

and 7 (b) with thermal ellipsoids at 50% probability level. Hydrogen
atoms and solvent molecules are omitted for clarity.””

separated molecules. The distribution of the disordered
middle decks was found to be 0.6 for the planar cyclo-Pg
unit of 6 and 0.4 for the planar cyclo-Ps unit of 7. A similar
distribution was found by elemental analysis of the crystals.
For both compounds, the Cp* ligands and the middle deck are
nearly oriented in parallel. The P—P bond distances of
2.139(4) A to 2.161(3) A in 6 are all very similar and are in
the range between single and double bonds. The V-V
distance of 2.6766(6) A is in the range of a single bond.”"
However, the optimized geometries (B3LYP/def2-SVP level
of theory) obtained for the anion in 6 differ slightly from those
obtained experimentally. With 2.585 A, the V-V bond is
shorter and the P—P distances are no longer equal and can be
divided in four shorter (2.149 A-2.151 A) and two longer
(2.283 A and 2.287 A) P—P distances, featuring a bis-allylic
distortion of the six-membered polyphosphorus middle deck.
The X-ray structure of 7 shows four short P—P distances in the
range of single bonds (2.193(6) A to 2.239(7) A) and one long
PP distance of 2.677(7) A, which is too long for a P—P bond,
featuring an open Ps chain as middle deck. As for 6,
experimentally obtained structural parameters of 7 differ
from the geometry optimized by DFT (B3LYP/def2-SVP
level of theory). One difference is that the Cp* ligands are no
longer parallel for the DFT-optimized structure. The second,
more obvious difference is found at the middle deck. Since
the P; ligand is no longer planar, one phosphorus atom is bent
out of the plane (dihedral angle of about 140°) (cf. Supporting
Information). These discrepancies between the DFT-opti-
mized geometries (gas phase) and the experimentally deter-
mined structural parameters of the two complexes 6 and 7
might be caused by multiple additional weak interactions in
the solid state, especially since 6 co-crystallizes together with
7. Compound 7 is a diamagnetic 26 VE (valence electron)
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species and shows a broad signal at 611.7 ppm for the P;
middle deck in the *P{'H} NMR spectrum next to the signals
for the [(M*NHC),P]" cation, and a singlet at 2.34 ppm in the
"H NMR spectrum for the Cp* ligands. Regarding the acyclic-
like Ps middle deck, three signals in the *P NMR are
expected. However, only one singlet at 611.7 ppm is observed,
even if the solution is cooled to —80°C, indicating a fast
dynamic rearrangement on the NMR timescale (cf. Fig-
ure S13). In contrast to 7, compound 6 represents a para-
magnetic 27 VE species, which is confirmed in both, the solid
state and in solution, by a broad EPR signal at g;,, = 2.014 (see
Figure S12) at 77 K (recorded from the mixture of 6 and 7). In
the ¥'P{'H} NMR only the signal for the diamagnetic cation
[(M*NHC),P]" is detected at —110.9 ppm. In the 'H NMR
spectrum, only one broad signal for the Cp* ligands at
0.95 ppm is identified, next to the signal of the cationic part
(singlets at 2.23 ppm and 3.50 ppm).

It was also possible to obtain crystals (red rods) of 8 from
a thf solution layered with hexane (Figure 4). The Cp* ligands
and the P, middle deck are both planar and parallel. The V-V

Figure 4. Molecular structure of compound 8 with thermal ellipsoids
at 50% probability level. Hydrogen atoms and solvent molecules are
omitted for clarity.”?

bond distance of 2.6375(8) A is in a similar range as observed
for 6 and 7. The P—P distances for P2—P3 and P3—P4 of
2.159(1) A and 2.134(1) A, respectively, are in the range
between a single and a double bond, featuring an allylic P;
ligand. The distances between P1—P2 and P1-P4 of 3.467-
(1) A and 3.144(1) A, respectively, are far too long for any
interactions. This is also in accordance with the calculated
optimized geometries of 8 (B3LYP/def2-SVP level of theory)
and the WBI's of 0.04 and 0.05, respectively. Interestingly, the
remaining NHC—P unit in 8 can be regarded as an NHC-
phosphinidenide ligand bridging the two vanadium atoms. In
the literature, only a few transition metal complexes with such
NHC-phosphinidenide ligands are known.”" In Figure 5, two

/ /
N o N e

Figure 5. Resonance structures (I, ) of the NHC-phosphinidenide
ligand.
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possible resonance structures (I and II) for such NHC-
phosphinidenide ligands are shown. The P—C bond length of
1.804(4) A, which is in the region of a single bond, indicates
that resonance structure II contributes mainly to the exper-
imentally observed structure of 8. This is also in agreement
with other known NHC-phosphinidenide complexes with P—
C bonds between 1.797(3) A and 1.824(2) A.?'*dl Only the
mercury complex [(PPPNHC=P),Hg] reported by Griitz-
macher et al. features a shorter P—C bond (1.754(6) A),
indicating a higher contribution of the resonance structure
I.[21h]

The *'P{'"H} NMR spectrum of 8 shows three different
signals at 659.4, 446.1 and —8.7 ppm, being in accordance with
values calculated for the chemical shifts (cf. Supporting
Information). The signals originating from the P; unit are
observed at 659.4 ppm as a broad doublet with a coupling
constant of 427 Hz and as a sharp triplet of doublets at
—8.7 ppm (pp =427 Hz; *Jpp =38 Hz). The broad signal at
446.1 ppm is originating from the NHC-P; unit, which is in
a similar region as the NHC-phosphinidenide complexes
reported by Tamm et al.”'*! The broadening of the signals
may be explained by a dynamic rearrangement of this NHC-
substituted P, unit. This would also explain why only the two
outer phosphorus atoms show a broadening of the *'P NMR
signal for the P; unit. Cooling the solution to —80°C does not
lead to four separated *'P NMR resonances. However,
a sharpening and a shift of the doublet to 645.4 ppm can be
monitored (see Figure S16).

In conclusion, we showed that ring contraction reactions
can be induced by NHCs to extrude a pnictogen cation from
cyclo-P, and cyclo-As, ligands of sandwich and triple-decker
sandwich complexes. This novel and general method is
working under very mild conditions and can be used to
generate unprecedented complexes, which could otherwise
not be obtained. Following this method, three new vanadium
triple-decker complexes with polyphosphorus middle decks,
unprecedented triple-decker complexes of Mo with a cyclo-Es
unit and, most important, an unprecedented anionic CoP;
complex were accessible for the first time. Future investiga-
tions will focus on examining the reaction pathway of such
abstraction reactions by isolation of the intermediates. This
might become feasible, if different NHCs are used. Another
promising goal is the use of other low-valent main group
compounds for such pnictogen atom abstraction reactions,
such as CAAGC: or silylenes.
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