Comprehensive Heterocyclic Chemistry IV
Chapter 14.17
Rings containing P
Mikhailo V. Slivka, Maksym M. Fizer
Mikhailo V. Slivka
Pidgirna str. 46

Department of Organic Chemistry

Chemical Faculty, Uzhhorod University

Uzhhorod, Ukraine, 88000

mikhailslivka@gmail.com 
+38 0999408740
Maksym M. Fizer
Pidgirna str. 46

Department of Organic Chemistry

Chemical Faculty, Uzhhorod University

Uzhhorod, Ukraine, 88000
mmfizer@gmail.com 
+38 0994630446
Abstract

Synthetic methodologies, structure peculiarities, reactivity, biological activity, and possible usage of phosphorus heterocycles with greater than six-membered rings, cited between 2008 and 2020, are covered in the present chapter. Earlier literature data were systematically treated as primary subjects in Comprehensive Heterocyclic Chemistry III series. The aim of this chapter is to give an overview of the diverse methodologies that have been reported on the chemistry and usage of the above-mentioned systems and their fused derivatives. In accordance with the type of cycle and amount of heteroatoms, we have divided the chapter into corresponding sections. 
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Nomenclature
7MPH – seven-membered phosphorus heterocycle
AIE – aggregationinduced emission
BINEPINE – Binaphthalene-core phosphepine, binaphtho[2,1-c;1’,2’-e]phosphepine
CAAC – cyclic alkyl amino carbine
COD – 1,5-cycloctadiene
cht – cycloheptatrien 
CV – cyclic voltammetry
Cy – cyclohexyloxy
Dipp – 2,6-diisopropylphenyl
DTP – dithieno[b,f]phosphepine
DABCO – 1,4-diazabicyclo[2.2.2]octane
DADC – dimethyl acetylene dicarboxylate
DTDKP – dithieno[3,2-c:2′,3′-e]-2,7-diketophosphepine  

FLP – frustrated Lewis pair
Fmes – 2,4,6-tris(trifluoromethyl)phenyl
EW – electron-withdrawing
ED – electron-donating 
ICC – Iodocarbocyclization
KHMDS – potassium bis(trimethylsilyl)amide
mCPBA – m-chloroperoxybenzoic acid

Mes* – 2,4,6-tri(tert-butyl)phenyl
OFETs – organic field-effect transistors
PHAC – Phenyl acetylene
tht – tetrahydrothiophene 

TMEDA – N,N,N’,N’-tetramethylethylenediamine
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14.17.1 Introduction

This chapter covers phosphorus heterocycles with greater than six-membered rings and their fused derivatives. It reviews the literature from 2008 to early 2020 and is the continuation of previous III edition of CHEC [1] covering the literature up to 2007. Phosphorus heterocycles discussed in this chapter are grouped into sections:
· Parent ring with one Phosphorus atom (Section 14.17.2).
· Parent ring with one Phosphorus atom and one / more another heteroatoms (Section 14.17.3).
· Parent ring with two and more Phosphorus atoms (Section 14.17.4).
Production, properties & application of macrocyclic organic ethers of phosphoric acid (compounds with cyclic P-O bond) have been reliably reviewed recently [2-4], that is why only heterocycles, which contain cyclic C-P bond are discussed in this chapter. No system with cyclic atom of metal has been reported in this review. The production, reactivity, structural peculiarities, and application are discussed within each section.
14.17.2. 
Parent ring with one Phosphorus atom
14.17.2.1. Seven-Membered Ring with one Phosphorus atom
14.17.2.1.1. Isolated phosphepines and benzo-/hetero- fused derivatives. No recent information about isolated phosphepines appeared in the literature. The direct intermolecular arylation in phenyl-H-phosphinate 1 was reported via homolytic aromatic substitution, using catalytic Mn(II) as the radical initiator and excess Mn(IV) as the stoichiometric oxidant. The 1-cyclohexyloxy-2,3,4,5-tetrahydrobenzo[b]phosphepine-1-oxide 2 was synthesized in moderate yield and its physicochemical characteristic was discussed (Equation 1) [5].
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31P NMR spectra for compounds 1, 2 were recorded in CDCl3 at 162 MHz, and chemical shifts heterocyclic P in benzo[b]phosphepine 2 was observed as a singlet at 43.1 ppm.
A reliable and scalable synthetic route towards a series of two isomeric dithieno[b,f]phosphepines 5-10 (DTP) was reported starting from isomeric (Z)-dithienylethenes 3, 4 (Scheme 1) [6,7]. Analogical synthetic procedure was also successfully provided for corresponding benzologes [8].
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Scheme 1
Single crystals of all DTP 5-10 suitable for XRD were obtained by slow liquid diffusion of n-pentane into CH2Cl2 solutions of the corresponding compounds at r.t. Due to the non-planar seven-membered rings, all derivatives adopt butterfly-shaped structures with an average dihedral angle of 145° between the thiophene fragments, whereby dithienophosphepine (X = S) 8 has the most bent structure (134°) and its oxidated derivative 10 the most flattened one (156°) [6]. 

Generally, the electron-acceptor properties of organophosphorus-based conjugated materials, as well as their complexation ability were reliably reviewed by different research groups [9-14]. 7MPHs show promising properties for their use in organic electronics that encompass a variety of device types, such as OLEDs, OPVs, and OFETs. The investigation of the electron-accepting properties of the dibenzo[b,f]phosphepines 8 (X = -CH=CH-) with cyclic voltammetry (CV) & UV−vis spectra shows the electron-accepting ability of last, suggesting that dibenzo[b,f]phosphepines 8 can be suitable π-acceptors and/or redox-noninnocent ligands in coordination chemistry. To probe the ability of dibenzo[b,f]phosphepines 8 (X = -CH=CH-) as heterobidentate phosphane−olefin ligands, it was studied their affinity for Rh precursors [8].

Comprehensive experimental and theoretical investigations of compounds 5-10 formation revealed the different electronic nature of the isomeric DTPs regarding the relative orientation of phosphepine and thiophene moieties. Noteworthy, the usage of obtained P-heterocycles as highly promising building blocks for organophosphorus functional materials was also demonstrated via introduction of phenylethynyl units into thiophene moiety (Equations 2,3) [6].
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The desired ethynylated DTP oxides 11, 12 in over 40% yield were obtained under suitable conditions (Pd2(dba)3, PivOH, Cs2CO3, Et3N, Ag2O in DME at 100 °C), adapted from Jie et al. [15].
The Pd-catalyzed arylation of dithienophosphepine 10 was carried out at 140 °C to afford a novel family of symmetrical π-extended phosphepines 13 featuring electron-withdrawing (EW) or electron-donating (ED) end-groups in good yields (Equation 4) [16].
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In order to establish a structure-property relation hip for this novel series of phosphepines 13, their UV−vis absorption and fluorescence spectra were measured as well as their cyclic voltammetry together with theoretical calculations. The primary experimental result shows that π-extended phosphepines 13 can be suitable semiconductors for organic field-effect transistors (OFETs) [16].
α-Iodo substituted seven-membered phosphacycles 15 can be easily accessed in good yields through operationally simple procedure via Iodocarbocyclization (ICC) induced intramolecular electrophilic cyclization of phosphoryl-linked alkynes 14 (Equation 5) [17].
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The structure of 15 (R = Ph) was unambiguously determined by X-ray single-crystal diffraction analysis. It was noted, that the absence of OMe moiety in R reduced the reactivity of starting alkyne 14 in 7-endo-dig reaction, and iodochlorination addition product (yield 35%) was obtained as a major product along with the desired 7MPH 15 (yield 25%) [17].
A plausible mechanism for the intramolecular cyclization was suggested for ICC of 14 (Scheme 2). The alkyne 14 is activated by ICl to give iodonium cation A [18,19], then the electron-rich ortho-carbon of the distal phenyl attacks the positively charged carbon in intermediate A. Ring-closing with the generation of seven-membered cation B is occurred during the 7-endo-dig process. After the removing of hydrogen under basic condition (the action of HPO42- anion), the target phosphepine 15 is formed [17].
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Scheme 2
The chemical properties of 7MPHs 15 were investigated on the Suzuki coupling and Stille reaction – as result, the α-aryl (16) or alkynyl (17) substituted phosphepines were produced in good yields (Scheme 3)[17].
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Scheme 3
It was found strong photoluminescence with solid 7MPH’s derivatives 16, 17, while weak emission was observed with their CH2Cl2 solutions. These results indicated that the α-functionalization of phosphepine moiety might provide new and promising organophosphorus based aggregation induced emission (AIE) luminogens. The X-ray single-crystal investigation of substitution products 16, 17 were carried out – unlike the traditional aggregation induced emission (AIE) luminogens which mostly “light-up” through intermolecular π–π interactions [20-22], the non-planar molecular structures of phosphepine moiety prevent the π–π stacking.
The interactions of the cyclic alkylamino carbene (CAAC) 18 with phosphalkynes 19 gives the kinetically unstable CAAC-derived phosphirenes C, which undergo a concerted rearrangement/dimerization to generate the vinyl-substituted liner diphosphenes 20. The last react with 2 equivalents of [AuCl(tht)] at room temperature to afford the phosphepine-Au complex 21 in 81 % yield (Scheme 4) [23].
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Scheme 4
The 31P NMR spectrum of complex 21 contains a doublet of doublets at 34.7 ppm (JPH = 34 and 11 Hz), which collapses into a singlet upon proton decoupling. XRD investigation of a yellow single crystal of phosphepine 21 showed that P=P double bond was completely cleaved by the coordination of AuCl and resulting phosphinidene moiety in intermediate D was inserted into an aromatic C-C bond of the 2,6-diisopropylphenyl (Dipp) group (Scheme 5) [22].
Analogical transformations were observed for another diphosphene 22 (Equation 6) [24].

[image: image9.wmf]N

t

-

B

u

P

P

t

-

B

u

N

N

N

M

e

s

M

e

s

O

O

O

O

N

O

t

-

B

u

P

N

O

M

e

s

A

u

C

l

8

6

%

2

2

+

 

 

A

u

C

l

(

t

h

t

)

2

3

D

C

M

,

 

r

.

t

.

,

 

5

m

i

n

(

6

)


The same type of cyclization was reformed after the action of excess MeOTf (10 equivalents) on diphosphenes 20 at room temperature to generate phosphepinium salts 24 in good yields (Equation 7) [23]. This was proved by a doublet of pseudo-quintets at 38.6 (R = t-Bu: JPH = 41 and 13 Hz) or 38.7 (R = Ad: JPH = 42 and 13 Hz) ppm in the 31P NMR spectra respectively, which collapses into a singlet upon proton decoupling.
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XRD study for yellow single crystal of phosphepines 24 (R = Ad) unambiguously confirmed the formation of a system containing a cationic C6P seven-membered ring. The C6P seven-membered ring appears to be a boat conformer, while the phosphonium cation adopts a pyramidalized phosphorus center [23].
Phosphepine-Au complex 23 was used for producing a room-temperature-stable crystalline phosphanorcaradiene 25 via a C-C bond-forming strategy induced by the demetalation using a Lewis base (Ph3P, IDipp or CyNC) (Equation 8) [25]. However theoretically phosphanorcaradienes 25 must form a seven-membered phosphacycle according to the thermodynamic driving force [26]; the valence isomerization between phosphepine & phosphanorcaradiene was also examined by Jansen and co-workers [27, 28].
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The formation of phosphanorcaradiene 25  was evidenced by a sharp singlet appearing in the 31P NMR spectra (-177.4 ppm in C7D8; -176.4 ppm in CD2Cl2). This is similar to chemical shifts of known trivalent phosphiranes [29], but not for described phosphepines [8]. X-ray diffraction study unambiguously confirmed the phosphanorcaradiene structure of compound 25 [25].
Phosphepinium salts 24 was used to demonstrate a reversible intramolecular [4+2] cycloaddition of a phosphalkene moiety with the proximal Dipp ring. So, the phosphepinium cation 24a with adamantyl substituent (R = Ad) is deprotonated by potassium bis(trimethylsilyl)amide (KHMDS) generating a phosphalkene, that undergoes intramolecular [4+2] cycloaddition to the N-bound Dipp ring affording the 2-phosphabicyclo[2.2.2]octa-5,7-diene 26 (Equation 9) [30].
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The 31P NMR signal of species 26 appears as a doublet of multiplets at 3.9 ppm (JPH = 26 Hz), which collapses into a singlet upon proton decoupling. XRD study revealed compound 26 to be a 2-phosphabicyclo[2.2.2]octa-5,7-diene formed from the apparent addition of a transient phosphalkene across the arene substituent on N.
The analogous deprotonation reaction of the less bulky phosphepinium cation 24b* {with tert-butyl substituent (R = t-Bu}) affords a reversible equilibrium between the phosphalkene 27 and the corresponding cycloaddition product 28 (Equation 10) [30]. 

[image: image13.wmf]N

E

t

E

t

t

-

B

u

P

i

-

P

r

i

-

P

r

M

e

O

T

f

N

E

t

E

t

t

-

B

u

P

=

C

H

2

i

-

P

r

i

-

P

r

N

E

t

E

t

t

-

B

u

P

i

-

P

r

i

-

P

r

C

H

2

2

4

b

(

1

0

)

K

H

M

D

S

,

 

r

.

t

.

,

C

6

H

6

-

K

O

T

f

,

 

-

H

M

D

S

2

8

2

7

9

8

%

1

 

:

 

9



The formation of phosphalkene 27 was confirmed by a diagnostic triplet at 303.1 ppm with the P-H coupling constant of 31 Hz in the 31P NMR spectrum. This compound is unstable in solution above -20 °C and smoothly converted into compound 28 (δ(31P) = 7.6 ppm, JPH = 27 Hz) even in the dark [30].

A series of conjugated dithieno[3,2-c:2′,3′-e]-2,7-diketophosphepines (DTDKPs) were synthesised from 3,3′,5,5′-tetrabromo-2,2′-bithiophene 29 via sequential alkynylation, carboxylation, and subsequent transformation of received acids 31, 32 (production of H-substituted bithiophene 32 is similar [31]) into corresponding the diacid chlorides 33, which were cyclized into target DTDKPs 34 (Scheme 5) [32]. The structures of obtained DTDKPs 34 were confirmed by single-crystal XRD studies.
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Scheme 5

The conversion of 34a (when R = H) to DTDKP-Au(I) 35 was carried out by reaction with Au(tht)Cl (tht = tetrahydrothiophene) in CH2Cl2 at room temperature (Scheme 6), what was reliably confirmed by a distinct upfield shift in the 31P NMR signal in going from DTDKP 34a (64.6 ppm) to compound 35 (49.5 ppm) as well as elemental analysis. The production of the DTDKP-oxide 36 occurred successfully when m-chloroperoxybenzoic acid (mCPBA) was used as the oxidant. A similarly upfield shift of the 31P NMR signal for compound 36 at 10.5 ppm was also observed for this reaction (Scheme 6) [32].
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Scheme 6
The Huisgen alkynyl−azide “click” reaction was successfully achieved for propargyl substituted DTDKP 34b (when R = CH≡C-) via the action of organic azides with using Cu(PPh3)3Br as the catalyst at room temperature for 48 h (Scheme 7) [32, 33]. Further methylation of triazole ring in 37a (when R = C12H25) was easily achieved by reaction with an excess of methyl triflate (Scheme 7) [33].
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Theoretical calculations predict DTDKPs 34 to be a better electron acceptor then the well-known dithienophospholes [12-14]. Cyclic voltammetry studies for received DTDKPs 34 revealed two reduction processes that support their promising electron-acceptor properties [31, 33], and chemical modification of the trivalent phosphorus center with O or gold(I) (compounds 35, 36; Scheme 6) further reduced the LUMO energy to ca. −3.6 eV [32].
Isomeric 5-phenyl-5,6-dihydro-4H-phosphepino[3,4-c:5,6-c]dithiophene 5-oxide 41 with a 2,2,5,5-tetramethyl-3,3-bithiophene atropisomeric scaffold has been synthesized and structurally characterized by XDR analysis (Scheme 8) [34]. The most evident structural feature is the very small dihedral angle. The electronic properties of the phosphepine 41 were investigated by cyclic voltammetry.
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Scheme 8
14.17.2.1.2. Binaphthalene-core phosphepines. The first preparation of a binaphtho[2,1-c;1’,2’-e]phosphepine derivative (BINEPINE) was reported in 1994 [35]. Recently, the production, properties, and application of BINEPINEs as ligands for multipurpose asymmetric catalysis were reliably reviewed [36-38].
An effective synthetic protocol to prepare isomeric π-extended phosphepines 47, 48 with binaphthalene moiety, both symmetric and asymmetric, was reported [39]. The synthetic design of conjugated seven-membered phosphorus heterocycles (7MPHs) 47, 48 was involved two synthetic steps with a final cyclization reaction via a double nucleophilic substitution to dichlorophenylphosphane (Scheme 9). Polyarenes 45, 46 were synthesized due to the Suzuki−Miyaura cross-coupling reaction by the interaction of boron ether 42 with naphthalenes 43 or 44 respectively.
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Scheme 9
Phosphepines 47, 48 are soluble in a wide range of organic solvents: acetone, chloroform, dichloromethane, ethyl acetate, tetrahydrofuran, and toluene. 31P NMR of compounds 47 and 48 showed only one singlet around 24 ppm. Phosphepines 47, 48 possess an ambipolar redox behavior and emit in the blue region of the visible spectrum with rather good fluorescence quantum yields – obviously, these compounds can be used for the construction of luminescent, chiral self-assembled architectures and as chiral photocatalysts [39].
Wild and co-workers (Equation 11) [40] have received o-methoxymethyl-phenyl substituted BINEPINE 50 and have described its application as a catalyst in the enantioselective synthesis of arsenium and bis(arsenium) salts.
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A few transition metal complexes of early synthesized Ph-substituted BINEPINE 51 have been isolated and characterized. Cationic [Pt (51)2]2+X2- derivative 52, where COD is 1,5-cyclooctadiene and X is a noncoordinating triflate anion show in solution an NMR pattern consistent with the presence of two P-ligands 51 coordinated to the metal and an overall C2-symmetry of the complex [41].
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Cationic ditriflate Pt-complex 52 was produced via reaction of Pt(COD)Cl2 with two equivalents of BINEPINE 51  followed by treatment of the dichloro derivative with aqueous silver triflate (Equation 12) [40]. Crystals suitable for XDR study have been also obtained for similar Pt complex containing just one unit of Ph–BINEPINE 51 with the (R)-phenethylamine derivative [42].
The electron density at the P-donor of a range of BINEPINEs 50, 51, 53 has been investigated by means of the 1JP,Se of the corresponding selenides 54, prepared by heating the corresponding 7MPH and selenium in CDCl3 (Equation 13) [43].
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The BINEPINEs 50, 51, 53  are widely used as highly effective catalysts in a different type of reactions: hydrogenation of CQC double bonds [44], hydrogenation of C=О bonds [45-47], hydrosilylation of C=O bonds [48], allylic alkylation of 1,3-diphenylallyl esters [49], hydroformylation [43], in the synthesis of heterocycles [50], spirocyclic compounds [51], in the [2+2] cycloaddition [52, 53], in the addition of some carbon [54, 55] and oxygen [56] nucleophiles to the γ-position of activated alkynes and allenes, and in the asymmetric phase-transfer catalytic reactions [57].
14.17.2.2. Eight and more-Membered Ring with one Phosphorus atom
Gleiter58 and co-workers reported general approach to 10,11,12,13,14-membered macrocyclic systems containing one or two Phosphorus atoms (Scheme 10). All operations and work-ups related to the obtaining of monophosphacyclodiynes 56 were carried out under a dry argon atmosphere under an oxygen- and moisture-free environment. The starting dichloride55 was lithiated in dry THF at -78°C with an excess of lithium in presence of a catalytic amount of biphenyl yielding the intermediates E (Scheme 10), which were converted into corresponding macrocycles 56. 
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Scheme 10
The P-centers in the macrocycles were further stabilized by sulfur, selenium or oxygen atoms (Equation 14).58 Thus, further treating by H2O2 (3% in water), degassed sulfur or selenium leads to the stabilization of phosphacycles 56; the most of resulted derivatives 57 were characterized by HRMS and NMR spectroscopy and XRD studies.
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Interestingly to admit, that phosphacycles 57 with sterically crowded substituent (Ar = 2,4,6-tri-tert-butylphenyl) were more stable than phenyl analogs. Thus, the 1-(2',4',6')-tri-tertbutylphenyl) phosphacyclodeca-3,8-diyne 56 with a trivalent P-center was successfully isolated via reduction of the P-sulfide 57 with hexachlorodisilane in benzene (Equation 15).58 However, despite carefully excluding the presence of oxygen, the product could not be obtained without contamination with the corresponding P-oxide.
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14.17.3. Parent ring with one Phosphorus atom and one / more another heteroatoms 
Erker59 and co-workers have found that the exposure of a solution of PO/B compound 58 to CO2 in d6-benzene gave the product 59, that was isolated in a good yield after workup. The XDR study for monocrystal of 59 revealed that the CO2 oxygen atom had become connected to boron, and the P-methylene carbon atom had formed a C-C bond with the CO2 carbon to generate a heterobicyclo[3.2.1]octane framework, containing cyclic phosphorus atom (Scheme 11).
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Scheme 11
An analogous 1,2-addition to the CN group of the tosyl cyanide to product the bicyclic adduct 60 was described by the same scientific group (Scheme 11).59 Compound 60 was characterized by an XDR crystal structure analysis. Also, PO/B compound 58 reacted with benzaldehyde with yielding 7-membered cycle 61 (Scheme 11).59  The X-ray crystal structure analysis of a recrystallized compound 61 showed that the P(=O)CH2 group had attacked the aldehyde carbon atom and the oxygen atom is found bonded to boron. In the crystal sample 61 is a chair-like conformation of the seven-membered ring core with the bulky substituents oriented in pseudo-equatorial positions.
It was reported that an active cyclic  six-membered Phosphane/Borane pair 62 undergoes a rapid P/B addition reaction to carbon dioxide resulting in heterobicyclo[2.2.2]octane derived product 63 with further tetramerization into the large macrocyclic compound 64 (Scheme 12),60 structure of which was confirmed by XRD crystal structure analysis.
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Scheme 12
The P/B Lewis pair 62 reacts with dimethyl acetylene dicarboxylate (DADC) in a similar way.60 It forms the cycloaddition product 63, which is thermally labile, and after 20 h at 50 oC rearranged to the polycondensed zwitterionic product 64 (Scheme 13).60 Compound 64 was characterized by C,H elemental analysis, NMR spectroscopy, and by XDR crystal structure analysis.60
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Scheme 13
Also, P/B Lewis pair 62 rearranged at heating to give the five-membered system 67, which then reacts with 2,3-dimethyl-butadiene to give bicyclic zwitterionic product 68 (Scheme 14).60 Compound 68 shows typical NMR features at 31P: δ 53.9 and 11B: δ -8.7. The structure was confirmed by XDR studies.60
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Scheme 14
Ring enlargement of 1-phosphanyl-1,2,3,4-tetrahydroquinazolines 69 under the action of trifluoroacetic or hydrochloric acid afforded diazaphosphepinium salts 70 (Scheme 15).61 Deprotonation of these salts 70 by the action of KOH led to the corresponding neutral diazaphosphepines 71.
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Scheme 15
31P NMR spectra of posphacycles 71 contain signals at the range 19−23 ppm typical for P(V) derivatives. The phosphorus insertion into the cycle was confirmed by XDR studies: in compounds 71, the seven-membered cycle is nonplanar and has a twisted chair conformation.61
Flexible phosphine-stabilized silylium ion framework was reported for the production of different pospha-macroheterocycles.62 The reactivity of frustrated Lewis pair (FLP) of norbornene-based phosphine-stabilized silylium ion 72 with carbonyl derivatives allows the obtaining of seven- and nine-membered-ring heterocycles 73, 74 at room temperature in a good yield (Scheme 16).62
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Scheme 16
The corresponding seven-membered-ring pospha-heterocycle 74 was isolated as a mixture of two diastereomers in a 68:32 ratio and fully characterized by NMR spectroscopy; the structure was reliably confirmed by XDR studies.62
The base-promoted macrocyclization of tris(2-mercaptophenyl)phosphine 75 and tris(3-bromopropyl)methane gave three cyclophanes 76-78 with the formula (C28H31PS3)n, where n = 1 or 2 in low yields (Scheme 17).63,64
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Scheme 17
XDR studies showed them to be an in,in‐isomer 76, an in,out‐isomer 77, and a dimeric in,out,in,out-isomer 78.63
14.17.4. Parent ring with two and more Phosphorus atoms 

Early mentioned (Scheme 10) technique for production of macrocycles with one phosphorus atom was successfully applicated for the synthesis of macrocycles with two phosphorus atoms.58 Thus phenyl phosphine 79 reacts with corresponding unsaturated bismethylsulfonates 80, 81 to give macrocyclic intermediates F, G, which were stabilized by oxidation with a solution of 10% H2O2 in water (Scheme 18).58 The resulting diphosphacyclotetradeca-4,11-diyne-1,8-dioxide 82 and 1,10-diphenyl-1,10-diphosphacyclooctadeca-4,14-diyne-1,10-dioxide 83 were separated by chromatography on SiO2 with a CH2Cl2/i-propanol (10:1) as a mixture of the cis- and trans- isomers.
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Scheme 18
XDR monocrystal studies of macrocycles 82, 83 relaibly prof their structures.

Reactions of early65 synthesised 1,5,9-triethyl (or iso-propyl)-1,5,9-triphosphacyclododecane 84 with cooper halide produced ([12]ane-P3R3)Cu(CuHal2)] 85 or monomeric [([12]ane-P3R3)CuHal] 86 depending on the halide and to lesser extent the actual macrocyclic ring (Scheme 19).64,66
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Scheme 19
The 1,4,7-triphenyl-1,4,7-triphosphacyclononane ([9]-aneP3Ph3) macrocycle 88 was obtained through the reaction of lithium bis(2-phenylphosphidoethyl)phenylphosphine 87 with 1,2-dichloroethane. [9]-aneP3Ph3 88 was subsequently coordinated to a Mo0 metal center and isolated as the fac-Mo([9]-aneP3Ph3)(CO)3 metal complex 89 (Scheme 20).67
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Scheme 20
The phosphorus macrocycle 91 was synthesized by a Mannich-type reaction of bisphosphine 90 with formaldehyde and a primary amine. Thus, bis(phosphino)carbaborane 90 reacts with two equivalents of formaldehyde and one equivalent of aniline in DMF at light heating to give the seven-membered air- and water stable 4,5-(dicarba-closo-dodecaboranyl)-3,6-di-tert-butyl-1-phenyl-1-aza-3,6-diphosphepane 91 in 67% yield (Equation 16).68 
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The 31P NMR spectrum of 1-aza-3,6-diphosphepane 91 contains two singlets at 30.2 and 36.7 ppm (ratio 30 : 1 for rac : meso) for the two expected diastereomers, while the 1H, 13C, and 11B NMR spectra show identical signals for both diastereomers.68 
A highly efficient general procedure to access 1,5,3,7-diazadiphosphocanes 92 via interaction between primary amines and phospines (Equation 17) was reported by Bullock69 with co-workers and later modified.70-72
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The cyclic diphosphines 92 was used to prepare complexes of Co(II) and Ni(II) 93, 94 with the formula [M(L)(CH3CN)n](BF4)2 (n = 2, 3) (Scheme 21).70 The products were characterized by variable-temperature NMR data, XDR studies, and cyclic voltammetry, and properties of these complexes 93, 94 have been compared.
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Scheme 21
It was reported that cobalt complexes 93 containing a single diphosphine ligand with a positioned pendant base constitute a promising class of catalysts for further study and optimization. The comparative studies for the complexes 93, 94 demonstrate that the variation of either the phosphorus or nitrogen substituent in the cyclic ligands 92 can result in significant consequences for the metal complex stoichiometry, structure, redox properties, and catalytic activity.70,71 Furthermore, the Ni-complex with diphosphine 92 (R1 = CH2CH2OCH3, R2 = Ph) can electrocatalytically produce and oxidize hydrogen close to the thermodynamic potential, which is otherwise most commonly observed in the hydrogenase enzymes.72
The investigation of the specific properties of biphospholes 95 allows control of the torsion angles within p-conjugated systems and as results, the synthetic approach to tetraphospholo-1,2,5,6-tetraphosphocanes 96 and bisphospholo[1,2-a:2',1'-c][1,4]diphosphepines 97 was reported (Scheme 22).73  
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Scheme 22
Macrocycles 97 were transformed into dithioxo-bisphospholo[1,2-a:2',1'-c][1,4]-diphosphepines 98 (Scheme 23) and the corresponding Au(I) complexes 99 to obtain air-stable and easy to handle derivatives.73 The received derivatives 98, 99 were characterized by high-resolution mass spectrometry, elemental analysis, and multinuclear NMR spectroscopy.
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Scheme 23
The series of P-based fused macrocycles 96-99 can be employed as materials in optoelectronics promising  towards the elaboration of novel materials in plastic electronics.73
Crossley74 and co-workers reported another interesting example that deals with the self-assembly of diphosphametacyclophane macrocycle. Thus the reaction of chloranhydride of isophthalic acid and methyl-bis(trimethylsilyl)phosphane under mild conditions affords high yields of 1,10-dimethyl-1,10-diphospha[3.3]metacyclophane-2,9,11,18-tetraone 100 (Equation 18).
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31P NMR data of diphospha[3.3]metacyclophane 100 reveal a single phosphorus environment (δP 32.7 ppm) with retention of the methyl group; retention of the carbonyl functions is confirmed by 13C NMR and infrared spectroscopic data. The identification of macrocycle 100  as the cyclophane followed from ultimately confirmed by an XDR studies.74
1-Phosphafulvene (H), which can be easily generated by dissociation of decahydrobisphospholo[1,2-b:2',1'-f][1,2]diphosphinine 101, acts as 6π systems toward phosphadienes in [6 + 4] cycloaddition reactions to give target 1,2-diphosphatricyclo-[6.2.1.02,6]undeca-3,5,9-triene 102 (Scheme 24).75
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Scheme 24
The low yield (10 %) of macrocycle 102 was by its dissociation into two initial components at the reaction temperature (Scheme 24).75 This easy dissociation means that 1,2-diphosphatricyclo-[6.2.1.02,6]undeca-3,5,9-triene 102 can be used as a precursor of phosphafulvene H.

A simple technique for the preparation of phosphole-fused 1,3-diphosphepines 103 was developed via 1,1-Addition of bisphospholo[1,2-b:2',1'-f][1,2]diphosphinines 101 with terminal alkynes under mild conditions (Equation 19).76 This protocol features with 100% atom-economy efficiency and excellent chemoselectivity (without or with a trace amount of by-product 104).
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The structure of obtained macrocycles 103 was confirmed to be complex of spectral data as well as XRD studies. A plausible reaction pathway was proposed on a base of the implementation of the above reaction (Equation 19) with the deuterium-labeled acetylene moiety (Scheme 25).76
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Scheme 25
The potential applications of received diphosphepine 103 (when Ar= Py) were shown by the complexation with Pd(CH3CN)2Cl2 and Mo(CO)6 (Scheme 26).76
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Scheme 26
The coordination chemistry of diphosphepine 103 was studied by the reaction with 1 equiv of Pd- or Mo-containing reagents. The target complexes 105, 106 were isolated as air-stable solids in a good yield (Scheme 26).76 XDR crystal structural studies of compound 105, 106 demonstrated that diphosphepine 103 coordinated to metal ion via a P,N-chelation mode, rather than a P,P-chelation pattern.
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