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A 9-membered triphosphorus macrocycle with

o-phenylene backbone functions has been stereoselectively

prepared on a CpFe+ template by two successive nucleophilic

attacks of coordinated phosphide on a coordinated

o-fluorophenylbiphosphine.

Crown ethers and their nitrogen and sulfur analogues are well

known and widely used in coordination chemistry. In contrast, the

chemistry of phosphacrowns is much less developed, one of the

contributing factors being undoubtedly the high inversion barrier

of tertiary phosphorus centres and the existence of syn,syn and

syn,anti isomers, which necessitates either separation of isomers or

stereoselective syntheses. A series of 11-membered rings with three

donor atoms has been developed by Kyba et al.,1 whereas Stelzer

and co-workers synthesized a number of rings containing four

phosphorus atoms,2 and 1,5,9-triphosphacyclododecane was first

synthesized by Norman et al. using a template assisted, radical

catalyzed hydrophosphination, its chemistry being further devel-

oped in our laboratory.3 We are interested in facially-capping

triphosphines that may form kinetically robust complexes and it is

noteworthy that triphosphorus macrocycles with smaller ring

systems have not previously been explored.

Recently, we demonstrated the successful template synthesis of

1,5,9-triphosphacyclododecane4a (and tertiary derivatives) on a

versatile cationic g5-CpFe template, with which we have also

succeeded in preparing the elusive5 1,4,7-triphosphacyclononane

and some of its derivatives by metal-templated cyclization.4b To

date, all these template assisted reactions result in P–C bond

formation via intramolecular hydrophosphinations of alkenyl

(vinyl or allyl) phosphines, in common with the few previously

reported template assisted phosphorus macrocycle syntheses. The

versatility of the CpRFe+ template allows incorporation of a range

of different precursor phosphines and, by coupling trivinylpho-

sphines with 1,2-diphosphinobenzenes, a benzannulated tripho-

sphorus macrocycle with an o-phenylene bridge was obtained for

the first time.4c With this system, we demonstrated that the rate of

ring closure is greatly accelerated by added base, such as excess

trivinylphosphine or a catalytic amount of triethylamine, indicat-

ing that the reaction is similar to a Michael addition. This

prompted us to investigate nucleophilic P–C bond forming

reactions, by attack of a coordinated phosphido anion on a

suitable coordinated electrophile. C–F bond activation in the

ortho-position of arylfluorophenylphosphines within the coordina-

tion sphere of transition metals has been observed in several cases

already,6 and arylfluorides show a low propensity to give side

reactions, such as metal–halogen exchange, in their reactions with

metal phosphides.7 Thus, the o-halophenylphosphine group

appeared an attractive potential electrophile for the formation of

phospha-macrocycles with backbones consisting of o-phenylene–

P–o-phenylene linkages and would allow us to expand the

available P–C bond forming reactions for phosphorus macrocycle

syntheses.

Few macrocycles with adjacent phenyl rings are known.

Tribenzo-9-crown-38 and trithiaveratrylene9 are synthesized by

variants of the Ullmann coupling, and tribenzodithiaaza-macro-

cycles and tribenzodithiaoxa-macrocycles have been prepared

recently by ring expansion of thianthryl salts.10 All of these

approaches are fairly specialized and do not lend themselves to

extension to phosphorus and to the selective synthesis of the all-syn

isomer.

The reactions and routes to the new compounds described

below are summarized in Scheme 1; satisfactory microanalytical

and spectroscopic data were obtained for all new compounds.{
The biphosphine complex {g5-CpFe[(o-C6H4F)2PC2H4P(o-

C6H4F)2](NCMe)}PF6 (2) is prepared by visible-light photolysis

of [CpFe(p-xylene)]PF6 (1) in acetonitrile in the presence of the

biphosphine. Coordination of the biphosphine ligand is evident

from a coordination chemical shift of about +115 ppm in the
31P{1H}-NMR spectrum (the free ligand has a 31P chemical shift

of 231.8 ppm), which is in good agreement with other

[CpFe(phosphine)]+ complexes;4,5a,11 the presence of acetonitrile
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Scheme 1 Reagents and conditions: (i) hn, Ar2PC2H4PAr2, MeCN; (ii)

H2PPh, 1,2-dichloroethane, 60 uC; (iii) 2 eq. KOBut, THF.
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is confirmed by IR and 1H-NMR spectroscopy. The coordinated

acetonitrile is then exchanged with phenylphosphine by gentle

heating in 1,2-dichloroethane, yielding compound 3, following a

previously reported route to mixed CpFe-biphosphine-monopho-

sphine complexes.11 Again, upon coordination the signal for

the primary phosphine is shifted around 115 ppm downfield (the

chemical shift of free phenylphosphine is 2123 ppm) in the
31P{1H}-NMR spectrum, which appears as an A2X pattern of a

doublet and triplet assigned to the coordinated tertiary and

primary phosphines respectively; the latter is further split into a

triplet of doublets in the proton-coupled 31P-NMR spectrum. The

IR spectrum shows the disappearance of the band attributable to

n(CN) and the presence of a band attributable to n(PH). Upon

addition of two equivalents of base, the ring is then closed, giving

rise to the 9-membered macrocyclic triphosphine complex (4). This

reaction constitutes a rare example of a double coupling between a

phosphinidene and a di-electrophile. In the proton-coupled 31P-

NMR spectrum, the disappearance of P–H coupling and a further

downfield shift of all 31P resonances, consistent with fused,

5-membered chelate rings, is observed.12 The 31P{1H}-NMR

spectrum appears as an A2B pattern; the resonance assigned to the

o-C6H4F functionalized phosphines (dA) is broadened by coupling

to 19F. Yields for all these reactions are essentially quantitative, the

isolated yield of 4 based upon 1 is 75%.

Structural features of 4 are of interest since this macrocycle

would be expected to display increased rigidity and better

p-acceptor properties than its counterpart with an aliphatic

backbone. The crystal structure supports the conclusions drawn

from the spectroscopic and analytical data.{ The major structural

features can be discerned in Fig. 1. The Fe–P bond lengths are

2.156(1) s (average, to the P-atoms with an o-C6H4F substituent)

and 2.180(1) s (to the P-atom with the phenyl group), indicating

that back-bonding from the CpFe+ fragment is still significant.

The average Fe–P bond length in the cation CpFe(P(OMe)3)3
+ is

2.144 s.11 We have reported recently the crystal structure of a

Cp*Fe complex of 1,4,7-triethyl-1,4,7-triphosphacyclononane,4b

which shows fairly similar bond angles around the central atom

but the average Fe–P bond length in this complex (with an

aliphatic backbone) is significantly longer than in 4 at 2.192 s.

Thus, the present macrocycle appears to be a better donor. The

rigid 5-membered chelate rings force all P–Fe–P angles to be

around 86u, significantly less than the ideal octahedral angle of 90u.
Steric pressure from the Cp ring causes the exocyclic phenyl groups

to lie coplanar with the Cp ring and widens the Fe–P–Cexo angle to

about 120u. The angle around the ring Cendo–P–Cendo is compressed

to 104u.
The scope of this new ring-closure reaction is being explored, as

is the chemistry of the macrocyclic ligands. Attempts to liberate the

macrocycle from the template, including displacement by chelating

agents (EDTA), strong donors (CN2) and oxidation followed by

digestion with base or scavenging agents (EDTA), have not been

successful.
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Fig. 1 Caption plots of 4 at 50% probability level (cation only), with

hydrogens omitted for clarity. Top: a view across the P3 coordination

plane with the atom labelling scheme. Bottom: a view down the Fe–

Cpcentroid axis. Selected bond lengths (s) and angles (u): Fe(1)–P(1):

2.152(1), Fe(1)–P(2): 2.160(1), Fe(1)–P(3): 2.180(1), P(1)–Fe(1)–P(2):

86.14(4), P(1)–Fe(1)–P(3): 87.07(4), P(2)–Fe(1)–P(3): 84.81(4), Fe(1)–

P(1)–C(41): 123.0(1), C(11)–P(1)–C(32): 103.7(2).
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