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Abstract

Several aspects of the chemistry of phospholide and polyphospholide ions under current development are described briefly. They
include: the synthesis of flexible tetraphosphorus macrocycles from 2,2’-biphospholide ions; the synthesis of functional phospholide,
1,3-arsaphospholide and 1,2,3-triphospholide ions; the description of new coordination modes of #°-phospholyl complexes

involving the metal d electrons.
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1. Introduction

Together with phosphinines, phospholide and
polyphospholide anions are the only known carbon—
phosphorus heterocycles where an extensive electronic
delocalization has been demonstrated. In Scheme 1, we
quote some data of Padma Malar [1] which clearly
establish that these ions are comparable to cyclopenta-
dienide anions as far as aromaticity is concerned.
Whatever the precise meaning of these figures, they
indisputably show that these ions are one of the most
interesting classes of carbon--phosphorus rings. In this
report, we discuss the recent advances of our group in
their chemistry.

2. 2,2’-Biphospholide ions as starting points for the
synthesis of flexible tetraphosphorus macrocycles

Polyphosphorus macrocycles have been the subject
of relatively few investigations in spite of their obvious
interest in coordination chemistry [2]. Besides the clas-
sical difficulties associated with the synthesis of any
macrocycle, an additional specific drawback of terva-
lent polyphosphorus macrocycles lies in the high pyra-
midal inversion barrier of phosphorus, ca. 30-35
kcal/mol. Thus, at room temperature, a tervalent
polyphosphorus macrocycle generally exists as a com-
plex mixture of diastereomers which result from the
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different relative orientations of the phosphorus lone
pairs. Since these diastereomers display different coor-
dination behavior, it is necessary to carry out cumber-
some separations in order to obtain useful ligands for
further use in transition metal chemistry. However,
tervalent phospholes are known to have an exception-
ally low pyramidal inversion barrier, due to the exten-
sive electronic delocalization which exists in the tran-
sient planar state [3]. With a barrier in the range of 16
kcal /mol, the phosphorus of phospholes readily inverts
close to room temperature. Hence, a polyphos-
phamacrocycle in which all the phosphorus atoms were
incorporated in adjacent phosphole rings would exist as
a mixture of interconverting isomers slightly above
25°C and would “select” its best isomer in view of the
stereochemical requirements of any metal to be com-
plexed. As a consequence, no separation of the di-
astereomers would be needed.

In order to investigate these ideas, we selected the
phosphole tetramers which result from the prolonged
thermolysis of 1-aryl-3,4-dimethylphospholes [4] as
starting points. (eqn. (1)).

The mechanism of these tetramerizations involves
several concerted [1,5] shifts of aryl, hydrogen and
phosphorus functionalities, plus two dehydrogenation
steps which are not completely understood. During our
work, we discovered by chance that 4-bromo-N,N-di-
methylaniline acts as a promoter for this tetrameriza-
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tion and dramatically enhances both the speed and the
yield of the reaction. Two phospholide ions, 2 and 3
can be obtained by cleavage of one or two P-P bonds
of the tetraphenyl-substituted tetramer, 1, as shown in
eqn. (2) [5].
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The symmetrical dianion 2 can be used to prepare
two original 10-membered macrocycles, 4 and 5, by
reaction with dibromomethane and tetrachloroethylene

(eqns. (3), (4)).

S\ CHzBl‘z P‘ P.
P P_ Hzc:P P:CH2 3)
THF, 25°C N/
2 4 (45%)

C1,C=CCl, P p

C T e

P
N—" 5(25%)

THF, 25°C

In the second case, unexpected redox reactions take
place leading to P-P and P-C=C-P bridges. This
acetylenic macrocycle has been characterized by X-ray
crystal structure analysis. Some strain is present in the
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Scheme 1. The aromaticity of phospholide and polyphospholide ions.

ring as shown by the values of the P-C=C angles
(170.2(8)° and 173.5(6)°).

Macrocycles 6 and 7 are obtained in better yields
from the quadricyclic dianion 3 as shown in eqn. (5).

7 Np_  BrCHpBr p~

P P_
1', P 1', P/(CHZ)n (5)
N/ - N/
3 6:n=1 80%
7:n=4>80%

In the resulting macrocycles, the remaining P-P
bond can be selectively cleaved by naphthalene-sodium
in THF at low temperature (eqn. (6)). The new dian-
ions thus obtained can in turn be used to prepare
larger macrocycles as shown in eqn. (7).
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The flexibility of these phosphole-based macrocycles
was clearly demonstrated by a preliminary study of the
coordination chemistry of 4 and 6. The interaction of 4
with a source of Mo(CO), at room temperature yields
a mono-complex 12 whose X-ray crystal structure shows
that the two lone pairs of the non-complexed phospho-
rus atoms point towards molybdenum. Nevertheless, at
60°C, these two phosphorus atoms readily invert and
become able to chelate a second molybdenum to give
the bis-complex 13 (eqn. (8)).

p7 p_  MoCOubd - p P PEM_ P
HC, p>CHy HCLp,_y,~ poCHe—= HCL ™| N SCHy
< 25°C M, 60°C NP
a 12 13

M = Mo(CO),

Similarly, 6, whose conformation was established by
3p NMR analysis (all the four phosphorus atoms are
inequivalent), is able to give a bis-chelate (eqn. (9)) and
this result necessarily means that at least one phospho-
rus atom has undergone a pyramidal inversion.

H e
7 N Mo(CO),nbd l)/—\M b
1 PO ANCH, O
- . :
: \¥6/ : toluene " 14: (60%)

inversion is necessary before chelation

Complex 14 has a cage-like structure w1th a molyb-
denum-molybdenum distance of 5.883 A and is well
adapted for the bimetallic activation of small molecules.
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We are currently expanding this first series of re-
sults, with special emphasis on the building of macrocy-
cles where the phosphole sub-units are connected via
the @ and o carbons of the ring.

3. Towards functional phospholide ions

We have already commented upon the high elec-
tronic delocalization that exists in phospholide ions. In
spite of this delocalization, all known chemistry of
these ions takes place at the phosphorus, as a conse-
quence of the strong negative charge which is borne by
this heteroatom. In order to pave the way for a chem-
istry at the carbons of the ring, we studied the synthesis
of C-functional derivatives of these species. The classi-
cal preparation of these ions involves the cleavage of
the exocyclic P-R bonds of phospholes by alkali metals
[6] (eqn. (10)).

0w O,

P P M =Li, Na, K
R R = alkyl or aryl

This technique is obviously not compatible with many
reactive organic functionalitiecs. We have found an al-
ternative technique which relies on the base-induced
cleavage of a P-CH,CH,Z bond [7] (egn. (11)).
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P
] =
H,C-CH,Z Z =COOR or CN

The problem, then, was to build a phosphole incor-
porating both the P-CH,CH,Z bond and the func-
tionality at the ring carbon. We finally chose a multi-
step approach involving the combination of a func-
tional alkyne with a non-functional alkyne and a phos-
phinidene unit. The phosphirene ring resulting from
the combination of the last two units was first built
using well-known chemistry [8] (eqn. (12)).
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Palladium-catalysed insertion of ethyl propiolate into
the ring of 15 following an earlier report [9] then
afforded the required phosphole (eqn. (13)).
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Complex 16 was finally transformed into the corre-
sponding 3-ethoxycarbonylphospholide ion 18 as shown
in eqn. (14).

Ph  CO,Et Ph  CO,Et
i ph,F  PPh i
2 2
! N i A
R 110°C, 36h P
©OW o CHaCHCOZE toluene CH,CH,CO;E
17 (711%)
Ph  CO,Et
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—_———————— P H L" (14
THF, 20°C
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4J(P-H) = 36.8 Hz

This chemistry is too complex to be of practical use,
but it nevertheless demonstrates that functional phos-
pholide ions do exist, and can be the starting points of
an extensive series of new organic and organometallic
compounds.

4. New coordination modes of phospholide ions

The ability of phospholide ions to give a wide range
of stable m>-complexes with transition metals is now
well established [10). These #3-complexes can in turn
be used as ligands via their lone pairs at phosphorus.
As P-ligands, they generally behave as good m-accep-
tors because the LUMOs are significantly localized at
phosphorus. Another characteristic feature of their
electronic structure concerns the high-lying occupied
orbitals. The HOMOs are systematically localized at
the n’-coordinated metal and are basically a combina-
tion of metallic d atomic orbitals. On this basis, it
seems possible to use the metal as a donor towards
another metal. Two possibilities exist a priori, M dona-
tion and P-M insertion as shown in Scheme 2.

5

)
M M

&

3~
P
[
M

2e donor (2+2)e donor (3+41)e donor

(insertion of M" into the P-M bond)
Scheme 2. The coordination chemistry of 7°-phospholyl complexes.
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These two possibilities have been demonstrated for
phosphacymantrenes whose HOMOs are indeed local-
ized at manganese [11). Phosphacymantrene (19) read-
ily reacts at room temperature with palladium chloride
to give the tetrametallic complex 20 (eqn. (15)).
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19: 8P -35; 8'%C0O +224
v(CO): 2017.2 and 1937.7 cm’!

20: 8'P +116; §°CO +220
v(CO): 2018.2 and 1964.8 cm’!

In this complex, the Mn,Pd,Cl,P, core is strictly
planar and the Mn-Pd and Pd-Pd separations are in
the normal ranges for such bonds. The P-Mn separa-
tion at 2.3712 (9) A is shorter than Ehe P-Mn bond of
phosphacymantrene (21) (2.392(1) A). The electronic
transfer from manganese to palladium is confirmed by
the *C NMR data and the shift of the CO stretches
towards higher frequencies when going from 19 to 20.

With palladium(0), the outcome of the reaction is
entirely different. Phosphacymantrene (21) gives a hep-
tametallic complex 22 directly (eqn. (16)).

B necoy, 2
Ph Ph S
P CH4Cl, , 2h, 25°C
21 !
oC M.a_:@ @E.-M Co
©0 Ph Ph Ph—"N,7~Ph '"( )3

Pd; Pd,
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22: 8P +12 (77%) 16)

Here, an insertion of palladium into the P- Mn bond
of 21 has taken place, as shown by the longer P - - - Mn
separations between 2.470(2) and 2.489(1) A The
phospholyl rings now act as (4 + 3) donors via their
dienic systems and their phosphorus atoms. This leads
to an umpolung at phosphorus which shifts from being
electrophilic to nucleophilic. The nucleophilic reactiv-
ity of phosphorus is illustrated in egns. (17) and (18)
which depict the reactions of 22 with alkylating and
arylating agents and with oxygen. All this chemistry
proceeds in high yield at room temperature.

These two examples [12] clearly demonstrate that
n°-phospholyl complexes have an unexpectedly rich
and varied coordination chemistry.

5. Synthesis of 1,3-arsaphospholide ions

Whereas the first arsolide ion was discovered as
early as its phosphorus counterpart [6], the chemistry

oC M:;:_@\ /@E_:

OOM==5 Ph Ph Ph T"(CO)3
Ph Ph Ph P

(OC):Mn \%@Mnmox

R=Ph,X=191%
RX /@/\::M“(C% R =Ph, X =Br, 85%
| R=1l;/Ihe,X=I,88%
——“, - R = PhCH,, X = Br, 75%
I p 5 an
[I‘l
o
L, [O ~
1 [0] /P o} ®
THF, RT, 2h £ Ph L, =PE (56%)
L o Ph L, =PBu; (60%)
(OC);Mn 1 = PPhs (63%)

of these species has not been developed to any signifi-
cant extent since then. The situation is even worse for
the mixed species containing both phosphorus and
arsenic. Apart from a preliminary report by the group
of Nixon describing a 4-arsa-1,2-diphospholide ion [13],
no other data are available from the literature. There-
fore, we have attempted to transpose our previous
results on the chemistry of 1,3-diphospholide ions [14].
As a first step, we prepared the unknown 1,2-dihydro-
1,2-arsaphosphetes [15] by ring-expansion of phos-
phirenes (eqn. (19)), using an approach already applied
to the synthesis of 1,2-dihydro-1,2-diphosphetes {16].

R R R
N7+ PhASCl, —| CI \( K
r A TTa— P* -As
R' L P
R R
BusP = (19)
LA R =R =Ph (45%)
R Ph R = Ph, R'= Me (30%)

R = Et, R'=Ph (15%)

Then, we inserted a carbon unit into the P-As bond
of these 4-membered rings and cleaved the exocyclic
P-Ph and As~Ph bonds as shown in egns. (20) and (21)
to obtain the required 1,3-arsaphospholide ions 23 and
24,

In the second case, the P-CH,~As unit is strength-
ened by metallation, which delocalizes the negative
charge over the three atoms. This precludes the col-
lapse of the ring during the cleavage of the two exo-
cyclic bonds.

The arsaphospholide ion 24 proved to be a satisfac-
tory pentahapto-ligand as shown in eqn. (22).
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The introduction of arsenic as a substitute for phos-
phorus further expands the potential of polyphospho-
lide ions in coordination chemistry.

6. Synthesis of 1,2,3-triphospholide ions

At the moment, satisfactory routes exist for the
synthesis of 1,3-di-, 1,3,4-tri- and 1,2,3,4,5-penta-phos-
pholide ions. Two of the three other possible ions (see
Scheme 1) have been observed by the group of Baudler
[17] as minor components of complex mixtures ob-
tained by reduction of elemental phosphorus with al-
kali metals (eqn. (23)).

b Na P=t 1 onal
4 + + p + conventional
diglyme P P P P P polyphosphides
€ €

yields: up to 15%

(23)

8p.  +470 AA'BB' AB,
A +355 A +273
B +362 B +263

Very recently, we have been able to devise a syn-
thetic scheme which selectively gives a 1,2,3-triphos-
pholide ion [18]. A PBr unit is first inserted into the
P-P bond of a 1,2-dihydro-1,2-diphosphete as shown in
eqn. (24).

Ph Ph Ph  Ph Ph  Ph

PBry bl Zn b
ph—P_ _P-Ph 2L —— Pth\P,PavPh —_— Phw-P\P,PavPh
I 2

26 (isolated and purified)

]
Ph Ph Br 25
X X
— /P (24)
DME 3
27. 2P NMR: AB: 8, +296.7
(THF &%)

3¢ NMR: PhC: 5 177.3

g +270.6 VJep=-62.5Hz

!J\p =476 Hz

The resulting 1,2,3-triphospholene (25) is purified as
its P,—P,. dimer, 26. The reaction of 26 with potassium
then affords the triphospholide ion 27. Very probably,
the alkali metal first cleaves the P,—P, bond of 26 to
give a delocalized P-anion whose delocalization
strengthens the P-P-P unit and prevents the collapse
of the ring during the cleavage of the two exocyclic
P-Ph bonds. At the moment, the triphospholide ion 27
has been characterized by NMR and negative ion mass
spectrometry. Its chemistry remains to be explored.

7. Conclusion

The aim of this progress report is to underline the
various possible facets of the chemistry of phospholide
and polyphospholide ions. In our opinion, it is not
extravagant to say that these ions represent one of the
most powerful classes of ligands in organophosphorus
chemistry. Their analogy with the ubiquitous cyclopen-
tadienyl ligand and the additional possibilities resulting
from the presence of the phosphorus lone pairs suffice
to forecast their extensive use in coordination chem-
istry. In such a context, it may be quite encouraging for
newcomers to the field to see that a lot remains to be
done.
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