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Abstract: The first adducts of NHCs (=N-heterocyclic car-
benes) with aromatic polyphosphorus complexes are re-
ported. The reactions of [Cp*Fe(n’-Ps)] (1) (Cp*=penta-
methyl-cyclopentadienyl) with IMe (=1,3,4,5-tetramethyli-
midazolin-2-ylidene), IMes (=1,3-bis(2,4,6-trimethylphe-
nyl)-imidazolin-2-ylidene) and IDipp (= 1,3-bis(2,6-diisopro-
pylphenyl)-imidazolin-2-ylidene) led to the corresponding
neutral adducts which can be isolated in the solid state.
However, in solution, they quickly undergo a dissociative
equilibrium between the adduct and 1 including the cor-
responding NHC. The equilibrium is influenced by the
bulkiness of the NHC. [CpTa(CO),m*P,)] (Cp” = 1,3-di-tert-
butylcyclopentadienyl) reacts with IMe under P atom ab-
straction to give an unprecedented cyclo-P;-containing
anionic tantalum complex. DFT calculations shed light
onto the energetics of the reaction pathways.

- /

Pentaphosphaferrocene [Cp*Fe(1’-P,)] (1) (Cp* = pentamethyl-
cyclopentadienyl) was first synthesized by Scherer et al." and
its reactivity was intensively investigated. It was shown that 1
can coordinate to transition-metal carbonyl species as the
cyclo-Ps unit acts as a nucleophile. As a result, triple-decker
complexes and other organometallic compounds containing
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distorted Ps units were obtained.” In the reaction with Cu' hal-
ides, 1D and 2D polymers result,” as well as fullerene-like su-
perballs.” Furthermore, Winter and Geiger studied the redox
properties of 1 by cyclovoltammetry and predicted a dimeriza-
tion of the resulting monoionic species.” Later, it was possible
to isolate and fully characterize these species, which are the di-
cation [(Cp*Fe),(un**-P,o)*" and the dianion [(Cp*Fe),(un**-
P,o)]> as well as the monomeric dianion [(Cp*Fe(n*-P)]*".""
Compared to the starting material 1, the cyclo-P; unit in these
ionic complexes loses its planarity and adopts an envelope-like
structure. This structural motif is also observed when 1 reacts
with charged main group element nucleophiles that bind to
one phosphorus atom.”’ For this type of reactions, only anionic
nucleophiles have been used so far, which give strong adducts
since ionic products are formed. However, the reactivity of 1
towards neutral nucleophiles was not yet investigated and, in
case of success, neutral and thus moderately stable products
are expected to form. One such neutral nucleophile could be
the NHCs (=N-heterocyclic carbenes). After the discovery of
the first stable NHC,” many others were synthesized and char-
acterized.” In fact, NHCs are strong ¢ donors,"” which is why
they are used as ligands for transition metals,"" in homoge-
nous catalysis'"? and for stabilizing small molecules."” In 2000
Nixon et al. reported of a NHC induced ring contraction of a
triphosphabenzene, leading to the formation of a 1,2,4-tri-
phosphole. By treating the 1,24-triphosphole  with
[PtCl,(PMe,)], this transformation can be reverse."™ Our first
use of NHCs in their reactions towards polyphosphorus com-
plexes containing cyclo-P, and cyclo-P4 ligands as end- and as
middle deck, respectively, showed that P atom elimination re-
actions occur leading to ring contractions in which the NHCs
act as strong nucleophiles and not as simple donor mole-
cules.™ Therefore, the question arises whether a ring contrac-
tion would occur also towards the cyclo-Ps ring in 1 resulting
in an anionic cyclo-P, ligand complex of Fe for which a prece-
dent was recently reported ([Cp*Fe(n*-P,)]"),"® or whether un-
precedented metastable neutral adducts would result, repre-
senting a novel class of compounds, which, for the first time,
might reveal no static structures in solution. This question is of
general interest, since NHCs are known to react in deprotona-
tion and dehydrocoupling reactions, respectively, E-H bond ac-
tivation or ring opening towards main-group element com-
pounds, depending on both the nature of the NHC and the
feature (as for instance acidity) of the corresponding com-
pound."” Reports on the reactivity of NHCs towards homoa-
tomic aromates in general are unknown, because they act as

© 2020 The Authors. Published by Wiley-VCH GmbH
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nucleophiles. In this respect the behavior of NHCs towards
non-carbon containing aromates bound in the coordination
sphere of transition metals is of general interest, paving the
way for our understanding of bonding and interactions.

Herein, we report on the reactivity of NHCs towards the
polyphosphorus ligand complexes [Cp*Fe(n’-Ps)] (1) and
[Cp"Ta(CO),(n*-P,)] (2) (Cp”=1,3-di-tert-butylcyclopentadienyl)
in which the first neutral adducts of 1 could be isolated. De-
pending on the bulkiness and the nucleophilicity of the NHC,
adducts of different stability were isolated whose dynamic be-
havior in solution was elucidated by VT NMR and EXSY experi-
ments. Moreover, in comparison, the behavior of a cyclo-P,
complex of tantalum towards NHC was investigated, showing
a reaction pattern in which a novel contracted ring product
was formed [Eq. (1)].

R, R,
Ry Ry 7:(
P—8 = -~
PP NN | RKNYN Ri
; . RN R toluene
Fe “~—— pm—p=f ™M
CED IMe: Ry = R, = Me //
INes: R, = Mes, Ry = H 7" ri-rp=we
IDipp: R1 = Dipp, Ry = H & Ry=Mes Ry=H@)
1 Mes = 2,4,6-trimethylbenzene

Dipp = 2,6-diisopropylbenzene

Zcfé\ Ry = Dipp, R, = H (5)

An equimolar mixture of 1 with each of these three different
NHCs: IMe (=1,3,4,5-tetramethylimidazolin-2-ylidene), IMes (=
1,3-bis(2,4,6-trimethylphenyl)-imidazolin-2-ylidene) and IDipp
(=1,3-bis(2,6-diisopropylphenyl)-imidazolin-2-ylidene) in tolu-
ene was stirred for 1 h at room temperature. After removing
the volatiles, each reaction residue was dissolved in THF and
layered with n-hexane. Dark green crystals of [Cp*Fe(n*-PsIMe)]
(3), [Cp*Fe(n*-PsIMes)] (4) and [Cp*Fe(n*-P,IDipp)] (5) formed in
moderate to good yields at 4°C for 3, —30°C for 4 and —78°C
for 5, respectively (Equation (1)).

The central structure motif of these neutral complexes in the
solid state is a P5 ring, which loses its planarity and adopts an
envelope-like conformation with the NHC being bonded to
one phosphorus atom (Figure 1). These structures are reminis-
cent of products of 1 with anionic nucleophiles,”” with the dif-
ference that, for the first time, neutral adducts (3, 4 and 5) are
now accessible. While in ionic derivatives coulomb forces con-
tribute decisively to their stability, there are no such additional
forces in the present case of neutral compounds. In compari-
son to [Cp*Fe(n*-PsCH,SiMe,)]” (1a), the P—P bond lengths
(2.1342(11)-2.1535(9) A) in 3 and 4 are similar (3: 2.1302(8)-
2.1572(7) A, and 4: 2.063(3)-2.184(5) A). This indicates the mul-
tiple-bond character for all P—P bonds. The P—C bonds of 3
and 4 (1.860(2) and 1.849(2) A, respectively) are slightly longer
than in 1a (1.843(3) A), indicating a weaker bonding in the
case of the NHCs as nucleophiles. Despite numerous efforts,
the obtained single crystals of 5 were of limited quality and
therefore the bond features are not discussed in detail."®

The 3'P{"H} NMR spectra of a 1:1 mixture of 1 and IMe, IMes
or IDipp (the same as if crystals of 3 or 4 were dissolved at low
temperatures) showed broad signals over a wide range of tem-
peratures, indicating a dynamic behavior of the adducts of 1

Chem. Eur. J. 2020, 26, 16251 - 16255 www.chemeurj.org

16252

Figure 1. Molecular structure of 3 (left), 4 (middle) and 5 (right) in the solid
state. H atoms are omitted for clarity. Selected distances [A] and angles [°]:
for 3: P1-P2 2.1572(7), P1—-P5 2.1621(7), P2—P3 2.1552(8), P3—P4 2.1302(8),
P4—P5 2.1575(7), P1-C11 1.860(2), Fe1—P2 2.2979(6), Fe1—P3 2.3415(6), Fe1—
P4 2.3422(6), Fe1—P5 2.3077(5); P5-P1-P2 95.03(3), P3-P2-P1 107.62(3), P4-P3-
P2 104.18(3), P3-P4-P5 104.19(3), P4-P5-P1 107.86(3). For 4: P1—P2 2.063(3),
P1—P5 2.184(5), P2—P3 2.143(3), P3—P4 2.115(3), P4—P5 2.138(5), P1-C11
1.849(2), Fe1-P2 2.339(3), Fe1—P3 2.3531(19), Fe1—P4 2.303(2), Fe1-P5
2.263(5); P5-P1-P2 96.04(14), P3-P2-P1 107.57(11), P4-P3-P2 104.12(12), P3-P4-
P5 104.08(16), P4-P5-P1 105.7(2). For 5: The Figure is drawn as a balls and
sticks model (For more details, see the Supporting Information).

with these NHCs. Furthermore, the *'P{"H} NMR spectra of the
1:1 mixture of 1 and another NHC (ItBu=1,3-di-tert-butyl-imi-
dazolin-2-ylidene) or an NHO (=N-heterocyclic olefins), IDipp=
CH, (=(HCNDipp),C=CH,, Dipp=2,6-di-isopropylphenyl) were
also recorded at room temperature, because of the pro-
nounced donor ability of ItBu and IDipp =CH,."” However, no
broad signals or a broadening for 1 were detected in these
3TP{"H} NMR spectra, not even at —80°C.

To shed light onto this behavior, DFT calculations at the
B3LYP/6-31G* level of theory were performed for adducts of 1
with IMe, IMes and IDipp as well as with I[tBu and IDipp=CH,
(Table 1). The complexation reactions with IMe, IMes and IDipp
are exothermic, and therefore the interactions with 1 are ener-
getically favorable. However, in the case of ItBu and IDipp=
CH,, gas phase reactions with 1 are predicted to be energeti-
cally unfavorable. But, the absolute values of the standard en-
thalpies are small, and considering that the reaction is accom-
panied by a lowering of the entropy, the Gibbs energies for all
gaseous reactions are positive (the complex formation is en-
dergonic). Since, experimentally, the reaction proceeds in tolu-
ene solution, this indifferent solvent will only slightly affect the
enthalpy of the reaction, but the entropy loss will be much
less than in the gas phase. The estimation of the reaction en-
tropy in solution according to the literature®” leads to the
values of the equilibrium constants at room temperature of
1.82x10% 0.37, and 1.1x10™* for reactions of 1 with IMe, IMes
and IDipp, respectively (see Table 1).

The exothermic reactions are thermodynamically favorable
at low temperatures. The estimated temperatures at which the
equilibrium constant equals 1.0, are 575, 274, and 90 K for IMe,
IMes and IDipp, respectively. Therefore, the reaction of 1 with
IDipp is expected to occur at much lower temperatures than
reactions with IMe and IMes. This reflects the preparative ac-
cessibility of the products as seen by the required crystalliza-
tion temperature of the adducts. In contrast, in the case of
[tBu and IDipp=CH,, reactions with 1 both in the gas phase

© 2020 The Authors. Published by Wiley-VCH GmbH
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Table 1. Standard enthalpies of complex formation between [Cp*Fe(n*-Ps)] (1) and NHCs/NHO (hereinafter referred to as LB): 1 + LB = 1-LB. Reaction ener-
gies AE°,, standard enthalpies AH°,., Gibbs energies AG,s, (kJmol™') and standard entropies AS°,s (Jmol 'K™") for the considered gas phase processes.

B3LYP/6-31G* level of theory.

LB AE°, AHC 55 AS°205(9) AG®556(9) AS°05(s0In) AG®,55(s0In) Kyss(soln) Ten [K]
IMe —47.0 —-386 —-157.2 8.2 —67.2 186 1.82x10° 575
IMes —-322 —28.1 -1926 29.3 -1026 2.5 0.37 274
IDipp —~16.4 —9.8 1987 494 -108.7 22,6 1.1x107" 90
ItBu 416 46.8 —185.2 102.0 —95.2 75.2 6.6x10" -
IDip=CH, 10.4 18.9 -179.8 726 —89.8 45.7 9.8x107° -
and in solution are predicted to be highly endergonic and ‘/\—/MJ\\-M}
thermodynamically prohibited at any temperature. e |t
&
To gain insight into the dynamic behavior of 1 and IMe in -»> - He
solution, *'P{'"H} NMR spectra of a 1:1 mixture of 1 and IMe at ‘ -

variable temperatures were recorded (Figure 2). Two very
broad signals were observed at room temperature, centered at
0 40 and —50 ppm. By lowering the temperature, the signals
sharpen and a new signal at 0 150.2 appears which can be as-
signed to free 1. However, at 193 K, besides the signal for free
1, three signals at d 34.7, 31.6 and —49.1 ppm in an integral
ratio of 2:1:2 were detected. This NMR spectrum indicates the
formation of a compound containing an envelope-like P; ring
at low temperatures according to the molecular structure of 3.
Additionally, these spectroscopic investigations show the oc-
currence of a highly dynamic system in solution. To explain
this dynamic process between 1 and IMe, two mechanisms are
conceivable: either a tumbling process where the IMe migrates
around the P; ring and interacts with more than one P atom at
the same time or a P—C bond formation and breaking (disso-
ciative/associative) process.

To clarify which of the two mechanisms does take place, a
'H EXSY spectrum of a [Dgltoluene solution containing 1 and
IMe at 263 K was recorded (Figure 3) which showed two cross
peaks: one between the signals at 6 1.5 and 0.6 ppm and one
between the signals at 6 3.5 and 2.8 ppm. The signals at 6 1.5
and 3.5 ppm are assigned to the C—CH; and N—CH; methyl
groups of free IMe, respectively, whereas the signals at 6 0.6
and 2.8 ppm are assigned to the C—CH; and N—CH; methyl
groups in the adduct [Cp*Fe(n*-PsIMe)] (3). Thus, the 'H EXSY
spectrum of 1 plus IMe revealed a strong exchange between
free and P-bonded IMe at 263 K, which is compatible with the
dissociative/associative process.

M b
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J‘\J 253K

M

™ " " : <
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; ; ; k
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193K
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Figure 2. *'P{'"H} NMR spectra of 1 and IMe in [Dgltoluene in the range of
300 to 193 K.
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Figure 3. 'H EXSY spectrum of 1 plus IMe in [Dgltoluene at 263 K.
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Figure 4. *'P{'"H} EXSY spectrum of 1 plus IMe in [Dg]toluene at 263 K.

The definite proof that the dynamic process occurring for 1
and IMe in solution is the P—C bond formation and breaking
process was derived from the 3'P{'"H} EXSY spectrum of a solu-
tion of 1 and IMe in [Dgltoluene at 263 K (Figure 4). This spec-
trum showed cross peaks between each of the *'P signals of
the diagonal (at 6 150.2 ppm for 1 and at d 37 and —48.7 ppm
for 3) and both other signals, indicating that the *'P nucleus of
1 interchanges with each of the *'P nuclei of 3 (and that the
*'P nuclei of 3 exchange each other). Considering exclusively a
tumbling process of 3 in solution, there would not be a cross
peak between the signals for 1 and 3. Consequentially, the dy-
namic behavior of IMe and 1 at 263 K can be explained by a
bond formation and bond breaking process.

In addition to the NMR investigations in solution, a study of
the solid-state behavior by recording the *'P MAS NMR exem-
plified for 3 was executed (Figure 5). Two measurements with
spinning frequencies of 14.5 and 12.5 kHz were carried out in
order to determine the isotropic chemical shift of the *'P
nuclei which were found at 6 123, 70, 50, —27 and —46 ppm,
indicating that the five *'P nuclei in 3 are inequivalent, as ex-
pected on the basis of the X-ray structure.

© 2020 The Authors. Published by Wiley-VCH GmbH
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400 200 ° -200 tppm]

Figure 5.°'P MAS NMR spectrum of 3 obtained at 298 K at a spinning rate
of 14.5 kHz. The green numbers without asterisk denote the isotropic *'P
chemical shifts.

The *'P{'"H} NMR spectrum of a 1:1 mixture of 1 and IMes at
room temperature showed a very broad signal at & 49 which,
upon cooling, shows coalescence at 273 K and, upon further
cooling, decoalesces giving rise, below 253 K, to three signals
at 0 44.0, 33.0 and —66.0 ppm with an integral ratio of 1:2:2
that can be assigned to 4, plus a singlet at 6 150.2 ppm, as-
cribable to 1 (Figure S3). This behavior is interpreted assuming
that complex 4 is more labile in solution than 3 and that at
room temperature only an averaged signal for the *'P nuclei of
1 and 4 (in fast equilibrium, see Eq. (1)) is detectable. The
higher lability of 4 as opposed to 3 is in accordance with the
DFT calculations (vide supra), which predict a minimum stabili-
ty for the adduct 5 with respect to 4 and 3. And, in fact, a dis-
tinct interaction between 1 and IDipp was detected at much
lower temperatures than with IMe or IMes. The *'P{'"H} NMR
spectrum of the 1:1 mixture of 1 and IDipp showed clear sig-
nals for 5 (6 40.5, 35.7 and —62.1 ppm with an integral ratio of
1:2:2), along with 1, only at a temperature as low as 193 K (Fig-
ure S5). From 233 K upwards, the averaged signal for the 3'P
nuclei of 1 and 5 is detected with chemical shifts that move
towards that of 1 when the temperature is raised. At room
temperature, only the singlet at 6 150.2 assigned to 1 could
be detected, indicating that at room temperature a negligible
interaction between 1 and IDipp occurs. Isolated crystals of 5
are extremely temperature-sensitive and can only be handled
at temperatures below 195 K.

Once having ascertained that the cyclo-Ps ring does form
neutral adducts with NHCs, the question arises if such neutral
adduct formation can be transferred also to cyclo-P, rings. To
answer this question, we reacted [Cp”Ta(CO),(m*-P,)1 (2)*" with
IMe in toluene, obtaining, to our surprise, the unprecedented
cyclo-P; complex [(IMe),PI[Cp"Ta(CO),(m*-P;)] (6) in good yields
(Equation (2)). If less than two equivalents of IMe are used, the
conversion is not complete and the *'P{'H} NMR spectrum
shows unreacted 2 and 6. Thus, the tantalum species 2 loses
one phosphorus atom to form an anionic complex with an n*
P; ring and the eliminated phosphorus atom is coordinated by
two NHC molecules forming the [(IMe),P]1* cation. The
3P{'"H} NMR spectrum of 6 showed a singlet at 6 —113.1 ppm
for the [(IMe),P]" cation and a singlet at  —421.9 ppm for the
[(Cp''Ta(CO),(m*-P;)]~ anion in a 1:3 integral ratio. Red crystals
of 6 were obtained in a saturated acetonitrile solution, which
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Figure 6. Molecular structure of 6 in the solid state. H atoms are omitted for
clarity. Selected distances [A] and angles [°]: P1-P2 2.169(4), P1-P3 2.186(3),
P2—P3 2.184(3), P4—C16 1.797(8), P4—C23 1.796(8), Ta1—P1 2.568(2), Ta1—P2
2.614(2), Ta1—P3 2.563(2); P1-P2-P3 60.26(12), P2-P3-P1 59.53(13), P3-P1-P2
60.21(12), C16-P4-C23 97.9(3).

were submitted to XRD analysis. In the solid state, the anion of
6 shows an unprecedented cyclic P; unit coordinated to the
tantalum atom carrying additionally two carbonyl and the Cp”
ligands (Figure 6). The distances between the tantalum and
the phosphorus atoms differ. Two shorter bonds (2.563(2) and
2.568(2) A) and one slightly elongated bond (2.614(2) A) are
found.

n [
ﬁg\T .@CO o /g\ Lo
a oluene | | <
TNCO 4 21Me T8~co | [IMe),P)* @
p—i=p PP
\ \ \
p=——p
P
2 m = C{Bu

The calculated Wiberg bond indexes (WBIs) using the experi-
mental solid-state geometry of the anion at the B3LYP/def2-
SVPD level of theory (see Supporting Information) reveal for
the shorter Ta—P distances values of 0.85 and 0.87 A. The WBI
for the elongated Ta—P distance is 0.76 A. The P—P bond
lengths within the P; ring are 2.184(4), 2.186(3) and 2.169(4) A
with WBIs of 1.00, 1.00 and 1.01. The P—C distances of the
cation are 1.797(8) and 1.796(8) A and are therefore character-
istic of P—C single bonds. The angle between the two NHC
carbon atoms and the phosphorus atom (C23-P4-C16) in the
cation is close to right (97.9(3)°).

In summary, we reported the synthesis of the first neutral
iron complexes [Cp*Fe(n*-PsNHC)] (NHC=IMe: 3, NHC =IMes:
4, NHC=IDipp: 5) in which the NHCs act as neutral donors
and the cyclo-P; unit adopts an envelope-like structure. VT
NMR experiments elucidated their dynamic behavior in solu-
tion, consisting in C—P bond breaking and reformation. The
stability of the adducts 3-5 decreases in the order 3>4>5, as
indicated by DFT calculations and dynamic NMR studies. In
contrast to the reaction of the NHCs with the cyclo-Ps ring of
1, the cyclo-P, ring of [Cp"Ta(CO),(n*P,)] reacts with IMe with

© 2020 The Authors. Published by Wiley-VCH GmbH
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a phosphorus atom being abstracted to form an unprecedent-
ed anionic tantalum complex with a cyclo-P; unit and a cation-
ic phosphorus atom stabilized by two NHC units. These results
exhibit the high potential of NHCs in the chemistry of hetero-
aromates revealing adduct formations or elimination reactions,
a topic which will further investigated in a broader scope.

Experimental Section
Crystallographic data

Deposition numbers 2015543, 2015544, 2015545, and 2015546 (3,
4, 5, and, 6) contain the supplementary crystallographic data for
this paper. These data are provided free of charge by the joint
Cambridge Crystallographic Data Centre and Fachinformationszen-
trum Karlsruhe Access Structures service.
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