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Transformations of the cyclo-P,4 ligand in
[Cp’”CO(n4-P4)]T

Martin Piesch, Michael Seidl and Manfred Scheer @ *

The reactivity of the cyclo-P, ligand complex [Cp”Con*-P,)] (1) (Cp” = 1,24-tri-tert-butyl-

cyclopentadienyl) towards reduction and main group nucleophiles was investigated. By using
KICpFe(CO),l, a selective reduction to the dianionic complex [(Cp”Co)y(n*n3-Pg)2~ (2) was achieved.
The reaction of 1 with ‘BuLi and LiCH,SiMes as carbon-based nucleophiles yielded [Cp”Co(n®-P4R)]™ (R
= 'Bu (4), CH,SiMes (7)), which, depending on the reaction conditions, undergo subsequent reactions
with another equivalent of 1 to form [(Cp” Co).(u,m*n>-PgR)I~ (R = 'Bu (5), CH,SiMes (8)). In the case of
4, a different pathway was observed, namely a dimerisation followed by a fragmentation into [Cp”Co(n>-
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Ps'Buy)l~ (6) and [Cp”Co(n®-P3)l~ (3). With OH™ as an oxygen-based nucleophile, the synthesis of

[Cp”Co(n>-P4(O)H)]~ (9) was achieved. All compounds were characterized by X-ray crystal structure
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Introduction

The parent organic carbon aromates C,H, have been widely
used as ligands in organometallic chemistry in sandwich, half-
sandwich or multi-decker sandwich complexes. While the
majority of compounds include Cp (CsHs) and benzene (C¢Hg)
as ligands, examples for complexes with C;H; and C,H, ligands
are rather limited." Due to the isolobal analogy of the CH unit
and P, a large variety of ligands have been described where CH
units were replaced partially by P atoms as in e.g. phospholes
(C4H4P, C,H,P;3)* or phosphinines (CsHsP)® or completely
resulting in aromatic cyclo-P, ligands. While complexes with
cyclo-P; (e.g. [Cp*Ni(m*-P3)],* [(Cp"'Ni)s(u,m*n>-P3)), cyclo-Ps
(e.g- [CP*M(n-P5)] (M = Fe,* Ru”) [(CP"M),(,n’m’-Ps)] (M =
Cr,* Mn?)) and cyclo-Pg [(Cp*M),(1,n%n°%Pg)] (M = Ti,'* V,"* Nb,*?
Mo," W) ligands have been known for decades, the cyclo-P, Co
complex in this row was unknown for a long time. Recently, we
succeeded in the synthesis of [Cp” Co(n*-P,)] (1).** This inspired
the synthesis of other complexes containing cyclo-P, ligands
a few of which were recently reported as e.g. being based on rare
earth metals like [{(DippForm),Sm},(n,n*m*-P,)],"* group five
metals, [Cp*M(CO),(n*-P,)] (M = V, Nb, Ta (A)),** on chromium,
[L,Cry(m*m*m'm'-P,)] (L = (2,6-diisopropylphenyl)-{6-(2,6-
dimethylphenyl)-pyridin-2-yl}-amide)),"” on iron, [""PP,%Fe(n*-
P,)] (B),"® on molybdenum, [(Ar°'PPCN),Mo(CO),(n*-P,)] (C)*
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analysis, NMR spectroscopy and mass spectrometry. Their electronic structures and reaction behavior
were elucidated by DFT calculations.

and on the anionic iron complex [Cp*'Fe(n*-P,)]” (ref. 20) as
well as on the anionic cobalt complex [(PHDI)Co(n*-P,)]” (D).>*
The reactivity of these complexes was only little investigated by
the coordination chemistry of A and B towards coinage metal
salts*®** and the reactivity of B towards Lewis acids as for
instance B(CgFs); (Scheme 1)."* The anionic compound D was
quenched with phosphorus-based electrophiles (R,PCl) leading
to neutral complexes with substituted cyclo-PsR, ligands
(Scheme 1).** Ring expansion reactions were also reported for 1
using the pnictogenidene complexes [Cp*E{W(CO)s},] (E = P,
As), leading to neutral cobalt complexes with organo-
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substituted cyclo-Ps and cyclo-P,As ligands,* with the latter
showing that reactions with electrophiles were investigated
(other examples cf: ref. 23b and c), though not yet the reactivity
towards nucleophiles or reduction reactions in general. As for
the former chemistry, however, it was studied for [Cp*Fe(n’-P5)]
and [Cp*Ni(n®-P3)],>* for which organo-substituted anionic
complexes of the types [Cp*Fe(n*-PsR)]™ and [Cp”'Ni(n>*-P3;R)]”
were obtained.

With this state of the art in mind, questions arose as to how 1
would respond to redox reactions or to a nucleophilic attack.
Would a dimerisation by a P-P bond formation or a simple
substitution occur, as known from the reactions of other cyclo-
P, ligand complexes? Would a structural rearrangement be
possible, including a reorganisation process? Moreover,
controlling the reactivity of 1 is a challenging task since it has
a high intrinsic tendency to dimerising irreversibly in solution
to give a connected five- and three-membered Pg ligand in
[(Cp"Co)y(n,n*m>Pg)] (E, Scheme 1).** Furthermore, there are
only few examples known of four-membered heterocycles to
undergo ring expansion reactions, e.g. by nucleophiles being
added to phosphetanes® or by oxidizing the diphosphete
complex [Cp”'Co(n*-P,(C’Bu),)] to give the five- and the three-
membered ring products, [Cp”Co(n’>-P;(C'Bu),)]” and
[Cp”'Co(n*-P(C'Bu),)]", respectively.?

Herein we report the unprecedented transformations of the
cyclo-P, ligand complex 1 upon reduction and the reactions with
main-group nucleophiles to give novel P-rich ligand complexes.

Results and discussion

To obtain a first insight into the reactivity of 1, the frontier
molecular orbitals (¢f Fig. S321) were computed by DFT calcu-
lations. They reveal that both HOMO and LUMO are mainly
located on the cyclo-P, ligand and, hence, 1 should react
with both electrophiles and nucleophiles. The reactivity of
1 towards electrophiles has been shown by reactions with
[CP*E{W(CO)s},] (E = P, As).” On the other hand, the cyclic
voltammogram (¢f. Fig. S18t) of 1 in dme reveals a weak irre-
versible oxidation process at +275 mV and a strong irreversible
reduction process at —2081 mV against [Cp,Fe]/[Cp,Fe]’, indi-
cating the potential ligand-centred redox activity of 1 (for details
of. ESIY).

Due to the low reduction potential of 1, we used potassium,
potassium graphite and potassium hydride for the chemical
reduction. In all cases, the formation of a mixture of
[(Cp™Co)y(nm?*m*Py)>~ (2) and [Cp”Co(n*P;)]” (3)* in an
approximate ratio of 1 : 1 (Scheme 2) is observed (¢f. Fig. S17).
When the reaction is conducted in the presence of 18-c-6 or
2,2,2-cryptand, only 3 can be detected in the *'P{'H} NMR
spectrum. The selective synthesis of 2 can be achieved by using
K[CpFe(CO),] at low temperatures. Interestingly, K[CpFe(CO),]
should not be able to reduce 1 (its reduction potential of
—1800 mV in thf against [Cp,Fe]/[Cp,Fe]" is higher than that of
1 (vide supra)).?® After workup, [K(dme)],[(Cp”'Co),(1,m*m>-Pg)]
(2a) can be obtained as a dark green solid in crystalline yields of
40% (Scheme 2). Although well-diffracting single crystals of 2a
could be obtained, a satisfactory refinement of the X-ray data

6746 | Chem. Sci, 2020, N, 6745-6751

Edge Article

Bu
R
e . i | By i
2a:L=dme (40%) Co 3
2b: L = 2,2,2-crypt (24 %)
p=l——p
/ /
p—p
1
li
tgy Bu

1
NN ==
~ P, P

KOL| g, C<§P/ \P®CO/ + [K(sol)] d B
\l 'Bu 4>
Pl
P P N

2a: L =dme 3
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(i) KICpFe(CO),l in thf at —80 °C and (iii) with K, KH or KCgin thf atr.t.in
the presence of 18-c-6 or 2,2,2-cryptand.

was not possible since the potassium counterions and dme
molecules are severely disordered over several positions with
side occupancies partially below 8% (¢f. ESIt). The addition of
2,2,2-cryptand to a crude reaction mixture of 2a and the
recrystallization from a dme/acetonitrile mixture at —30 °C
yielded single crystals of [K(2,2,2-cryptand)],[(Cp”'Co),(k,m*m°-
Pg)] (2b) suitable for X-ray diffractions in 24% yield. Both 2a
and 2b can be isolated as dark green solids that are extremely
air- and moisture-sensitive. The structure in the solid state
(Fig. 1) shows a dianionic dinuclear complex with a Pg ligand
consisting of a cis-bicyclo[3.3.0]octane core that coordinates to
two {Cp”Co} fragments. Compound 2 displays the first
compound possessing such a ligand. The structural motif is
similar to the realgar-like Pg cages (tricyclo[3.3.0.0]
octane) as in [(L,M)s(ign ' mimintm'm i *-Pg)] (L-
M = nacnacGa,?® nacnacFe® NNfsc3! CpZSm”),
[(Cp™°Fe(CO),),(CpMeFe(CO))y (s :in in :intinin'-Py)],*

[(Cp*Ir(CO))a(1s,m :n i in i in i -Pg){Cr(CO)s}5]** or
[(Cp"Ni),(n,m*:m>-Pg)]*~,° with the difference that in 2b one
P-P bond is cleaved (P1-P5, Fig. 1). In all mentioned
complexes, the Pg ligands coordinate either in an n':n" (Ga,
Fe, Sc, Sm, Ir) or n* (Ni) fashion to the metal fragments,
while in 2b two allylic P; subunits (P1-P2 2.1554(6), P1-P8

Fig. 1 Structure of the dianion in 2b in the solid state. Thermal ellip-
soids are shown at 50% probability level. Hydrogen atoms, cations and
solvent molecules are omitted for clarity.
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2.1577(6), P4-P5 2.1519(6), P5-P6 2.1580(6) A) coordinate to
two {Cp”'Co} fragments in an n’ fashion. These P-P bond
lengths are between single** and double*® bond lengths, in
line with the calculated Wiberg Bond Indices (WBIs) of 1.11
and 1.12, respectively.

All other P-P distances are in the range of single bonds
(2.1947(6)-2.2247(6) A), which is underlined by WBIs between
0.93 and 0.96. The "H NMR spectrum of 2a in thf-dg shows
three singlets centred at 6 = 3.96, 1.31 and 1.22 ppm with an
integral ratio of 4:36:18 indicating two equivalent freely
rotating Cp” ligands. The *'P{'H} NMR spectrum in thf-dg
shows three multiplets centred at 6 = 96.2, 83.1 and
—124.2 ppm with an integral ratio of 2:4:2 of an
AAMM'M"M"” XX’ spin system.

Instead of adding electrons to the system by reduction,
nucleophiles can also serve as electron donors. We selected
‘Buli as a strong carbon-based nucleophile with a higher steric
demand to avoid side reactions. The reaction with 1 in thf at
—80 °C proceeds instantly during the addition of “Buli indi-
cated by an immediate colour change from red to brown. After
warming to room temperature, the 'H and *'P{'"H} NMR spectra
reveal the selective formation of [Cp”Co(n’-P,'Bu)]” (4)
(Scheme 3). Pure 4 can be precipitated from the reaction
mixture in a yield of 48% after addition of 2,2,2-cryptand.

Regardless of numerous attempts to obtain single crystals of
4 suitable for X-ray diffractions, we were only able to receive
poorly diffracting ones (resolution < 1.20 A). The atom
connectivity can be determined unambiguously, a discussion of
the bond lengths and angles, however, would not be appro-
priate. The solid-state structure (cf Fig. S227) reveals a folded
cyclo-P, ligand with one P atom deviating from the former
planar P, unit, to which the ‘Bu substituent is bonded in an
axial position (isomer 4a). Theoretically, a second isomer with
the ‘Bu substituent in an equatorial position (4b) would be
possible, it could, however, not be detected by NMR spectros-
copy (vide infra; cf. Fig. S47). According to DFT calculations, the
energy difference between the axial and equatorial isomers of 4
(i.e. 4aand 4b) is 11.91 k] mol ', with 4a being favoured. During
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Scheme 3 Reaction of 1 with ‘BuLi and subsequent reaction.
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the optimization of the crystallization conditions, we noticed
that 4 is not stable in solution over time (especially in the
absence of 2,2,2-cryptand) and is converted to [(Cp"”'Co),(-
un*m®PgBu)]” (5) or [Cp”Co(n*P3)]” (3) and [Cp”Co(n’
P5'Buy,)]” (6) (Scheme 3). This process was monitored by **P{'H}
NMR spectroscopy and the products 5 and 6 could be isolated
and characterized spectroscopically and by single crystal X-ray
diffractions.

For compound 5, few single crystals suitable for X-ray
diffractions could be obtained, while the quality of the crys-
tals of 6 gave only very poor data indicating, however, the atom
connectivity in 6 (¢f. ESIT). The molecular structure of 5 (Fig. 2)
shows a binuclear complex with a substituted Ps'Bu ligand
coordinating to two {Cp"'Co} fragments, each in an n*® fashion
similar to 2. All P-P distances are comparable to those in 2. The
identity of 3, 5 and 6 was further proven by simulation of the
related *'P{"H} NMR spectra. Performing the reaction of 1 with
‘BuLi at room temperature, the *"P{'H} NMR spectrum of the
reaction mixture in thf-dg reveals a mixture of all four
compounds 3, 4, 5 and 6 beside traces of unknown compounds
(Fig. 3). The *'P{"H} NMR spectra of 4, 5 and 6 were simulated
independent of this spectrum, since 3, 5 and 6 could not be
separated preparatively from each other.

The formation of 5 can be explained by the reaction of 4 with
another equivalent of 1, which is energetically favoured by
52.48 k] mol " (Fig. 4) and probably driven by the decrease of
the ring strain. An alternative pathway to the release of ring
strain would be the dimerisation of two equivalents of 4 fol-
lowed by a subsequent fragmentation to form 6 (containing an
unprecedented, disubstituted cyclo-P5 ligand) and 3 (containing
a cyclo-P; ligand). This reaction is exothermic by
161.09 kJ mol . Interestingly, these subsequent reactions can
be avoided or at least slowed down when the lithium counter
ion is completely separated from the anion in 4 by ie. the
addition of 2,2,2-cryptand.

Since the nucleophile ‘BuLi seems to be too strong and
induces subsequent reactions, we employed LiCH,SiMe; as
a weaker and sterically less demanding carbon-based nucleo-
phile in the reaction with 1.

The reaction of 1 with LiCH,SiMe; in thf at —80 °C leads to
the formation of [Cp”Co(n’-P;CH,SiMe;)]” (7) and, after

Fig.2 Molecular structure of the anion of 5 in the solid state. Thermal
ellipsoids are shown at 50% probability level. Hydrogen atoms, cations
and solvent molecules are omitted for clarity.

Chem. Sci., 2020, N, 6745-6751 | 6747
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Fig. 4 Energetic diagram of the isomers 4a,b and 7a,b and their
subsequent reactions. 4b and 7b were each used as reference for the
related calculations (0 kJ mol™2, [Co] = Cp”'Co).

warming to room temperature, of [Li(dme);][(Cp” Co),(u,n*n>-
PgCH,SiMe;)] (8), which can be isolated in crystalline yields of
33% after workup (Scheme 4). The formation of 7 and 8
becomes manifest by color changes from red (1) to brown (7) to
green (8). The outcome of the reaction is independent of
whether 0.5 or 1 equivalents of LiCH,SiMe; are used.
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The reaction can be stopped partially and the formation of 8
be reduced when 12-c-4 or 2,2,2-cryptand is added directly after
the addition of LiCH,SiMe; at —80 °C. The crude *'P{'"H} NMR
spectra of these reactions reveal two isomers of 7 in a ratio of
1:0.25(2,2,2-crypt) and 1 : 1.33 (12-c-4), respectively, which can
be assigned to complexes where the CH,SiMe; substituent is
located in an axial position (7a) or in an equatorial position (7b).
The *'P{"H} NMR spectra reveal also the formation of 8 and 3
beside minor amounts of unknown side products, while the
reaction in the presence of 2,2,2-cryptand seems to be much
more selective to giving 3, 7a, 7b and 8 (¢f. Fig. S10 and S117).
According to DFT calculations, the energy of the isomers 7a and
7b differs only by 0.92 k] mol *, with 7a being favoured (Fig. 4).
Few crystals of the isomer 7a were obtained from a concentrated
solution of the mixture of isomers in thf layered with n-hexane
at —30 °C. The molecular structure (Fig. 5, left) shows a folded
cyclo-P, ligand with one P atom bent out of the plane bearing
the CH,SiMej; substituent. The P1-P2 (2.2283(16) A) and P1-P4
(2.2229(19) A) distances are longer than the P2-P3 (2.1877(17) A)
and P3-P4 (2.1895(16) A) bonds. All P-P bond lengths are
elongated compared to 1.** The *'P{'"H} NMR spectrum of 7 in
thf-dg shows three multiplets of an AMXX' spin system (7a)
centred at 6 = 52.6, 46.0 and 18.8 ppm with an integral ratio of
1:1:2 and three multiplets of an AMM'X spin system (7b)
centred at 6 = 39.5, 3.94 and —78.0 ppm with an integral ratio of

P3

Fig. 5 Molecular structure of the anions 7a and 8 in the solid state.
Thermal ellipsoids are shown at 50% probability level. Hydrogen
atoms, cations and solvent molecules are omitted for clarity.

This journal is © The Royal Society of Chemistry 2020
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1:2: 1. The Jpp coupling constants obtained from the simula-
tion (cf: ESIT) correlate nicely with the bond distances obtained
from the X-ray structure determination.

When the reaction is conducted without the use of 12-c-4 or
2,2,2-cryptand, a colour change from initial red to brown (7) to
dark green (8) is observed. Crystals of 8 suitable for single
crystal X-ray diffraction were obtained from a concentrated
solution in a mixture of n-hexane and dme stored at —30 °C. The
structure of 8 (Fig. 5, right) shows a dinuclear anionic complex
with a substituted Pg ligand. The Pg structural motif is similar to
that observed in the reduced complex 2 and analogous to that
found in 5. The Pg ligand consists of two condensed five-
membered rings (bicyclo[3.3.0]octane) coordinating to the
{Cp”’Co} fragments via the allylic P; subunits (P1-P2-P3 and
P5-P6-P7). The bond distances (P1-P2 2.1643(11), P2-P3
2.1574(11), P5-P6 2.1494(11), P6-P7 2.1575(11) A) are in the
range between single and double bonds, indicated by the WBIs
between 1.09 and 1.11. All other P-P distances are in the range
of single bonds. The *'P{'"H} NMR spectrum of 8 in thf-dg shows
five multiplets centred at 6 = 187.9, 102.8, 74.4, 40.6 and
—118.8 ppm with an integral ratio of 1:2:2:1:2 indicating
an AM,N,0X, spin system. The simulation of the spectrum at
193 K was conducted to determine the coupling constants and
chemical shifts (¢f Fig. S13f). The formation of 8 can be
explained by the reaction of 7 with another equivalent of 1,
energetically favoured by —150.71 kJ mol . Alternatively, as
also might be true for the formation of 5, a formal intermo-
lecular nucleophilic attack of 7 at another molecule 7 under
release of LiCH,SiMej; to 8 (Sn2 type), which is supported by the
VT *'P{'"H} NMR of the reaction between 1 and LiCH,SiMe; (cf.
Fig. S14-S167). At 193 K, the reaction is already complete
(absence of signals of 1). The *'P{"H} NMR spectrum shows six
broad multiplets that can be assigned to 7a,b. Upon warming,
these signals broaden and only two broad triplets remain (at 233
and 253 K). The formation of 8 is detected for the first time at
253 K. At room temperature, 3, 7a,b, 8 and a second set of
signals quite similar to those of 8 are observed. The latter might
represent an isomer of 8 (starting either from 7a or 7b). After 24
hours at room temperature, the signals of 7a,b disappeared
completely. Interestingly, whereas the formation of 6 as an

Co1

P3 H1

o1

Fig.6 Molecular structure of the anion in 10 in the solid state. Thermal
ellipsoids are shown at 50% probability level. Hydrogen atoms, cations
and solvent molecules are omitted for clarity.
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additional product of the reaction between 1 and ‘BuLi was
found, the corresponding product [Cp”'Co(n>-P5(CH,SiMe;),)]~
(9) for the reaction of 1 with LiCH,SiMe; could never be
detected by NMR, since the dimerisation and subsequent frag-
mentation of 7 to 9 and 3 would be energetically less favoured
(—=57.59 k] mol™%; Fig. 4). Beside the relative thermodynamic
stability of the intermediates 4 and 7, the kinetic effects of the
transformation processes play an important role, which is
indicated by the outcome of these reactions, as well as their
conversion rates.

The reaction of the oxygen-based nucleophile NaOH with 1 at
room temperature yields [Na(dme);][Cp" Co(n*-P4(O)H)] (10) in
crystalline yields of 55% after workup (eqn (1)). In the first step,
OH™ binds to one phosphorus atom of the cyclo-P, ligand in 1,
followed by a proposed tautomeric rearrangement with the
formation of a P=0 double and P-H single bond.

Bu
'Bu [Co]

T gy NaOH Natd 5

Co dme, rt (Na(dme)s] RN\ ()

Fé)—p A p—"P—H

[Col=Cp™Co I
P/—P/ o
1 10 (55 %)

The structure of 10 (Fig. 6) reveals a folded cyclo-P, ligand in
which one P atom is bent out of the plane (P1). The hydrogen
atom bonded to phosphorus (H1) was found on the electron
density map and was freely refined. The P-P distances are in the
range of single or slightly shortened single bonds (P1-P2
2.1659(7), P1-P4 2.1676(7), P2-P3 2.1984(8), P3-P4 2.1938(8) A;
WBISs 0.94-1.07). The P1-O1 bond (1.5200(15) A) is in the range
between a single and a double bond (WBI of 1.08).

The *'P{'H} NMR spectrum of 10 in thf-dgs shows three
multiplets centred at 6 = 74.5, 29.0 and —21.8 ppm with an
integral ratio of 2 : 1 : 1 indicating an A,MX spin system. In the
3P NMR spectrum, a coupling between H1 and all P atoms can
be observed. In the 'H NMR spectrum, a doublet of triplet
of doublets at 7.78 ppm with the coupling constants of
Yen = 356.8, *Jpy = 20.6 and *Jp = 5.1 Hz could be detected
among the characteristic signals for the Cp” ligand. A similar
reaction was reported by Peruzzini and co-workers for the
reaction of [Ir(dppm)(Ph,PCH,PPh,PPPP)|" with water under
basic conditions.*”

Conclusions

In summary, we were able to show that the irreversible dimer-
isation reaction of 1 can be overcome by carrying out the reac-
tions at room temperature or lower. That way, in reactions with
main group nucleophiles and upon reduction, 1 displays
a unique tendency to release the ring strain of the cyclo-P,
ligand. Here, unprecedented aggregation and rearrangement
processes occur. The reduction of 1 with K[CpFe(CO),] yields
selectively the dinuclear dianionic complex [(Cp”'Co),(u,n’:n>
Pg)]>” (2), comprising an unprecedented open realgar-like Pg
cage that reveals a double n*-coordinated Pg ligand for the first

Chem. Sci., 2020, 11, 6745-6751 | 6749
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time. Compound 1 was functionalised with the main group
nucleophiles ‘BuLi and LiCH,SiMe;, respectively, and
[Cp”'Co(n*-P4R)]” (R = ‘Bu (4), CH,SiMe; (7)) could be isolated
as the first reaction products. Both compounds are metastable
and show further rearrangement processes such as dimerisa-
tion and/or fragmentation. In comparison to other nucleophile-
substituted polyphosphorus complexes starting from a four-
membered ring in 1, here the first-formed product is highly
reactive. Thus, compounds 4 and 7 can act as nucleophiles and
react with another equivalent of 1 to the dinuclear complexes
[(Cp"Co)y(1,m*Mm*-PgR)] ™ (R = ‘Bu (5), CH,SiMe; (8)) comprising
novel organo-substituted open realgar-like PgR ligands. For 4,
an additional reaction pathway was observed. The formal
dimerisation of 4 followed by an unprecedented fragmentation
gives [Cp” Co(n*-P5'Bu,)]” (6) with a new diorgano-substituted
cyclo-Ps ligand and [Cp"”Co(n*-P3)]” (3).
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