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Phosphine-Acetylenic Macrocycles and 

Cages: Synthesis and Reactivity  |3 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

In this chapter, the syntheses, structural properties, and reactivities for phosphine-

acetylenic macrocycles and cages are reviewed. These compounds are of current 

interest for their phosphorus-containing π-conjugated molecular frameworks.  

A distinction is made between organic compounds, in which the building blocks are 

assembled by consecutive transformations, and organometallic structures, in which the 

coordinative ability of phosphorus is employed to assemble the monomeric building 

blocks. 
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3| Phosphine-Acetylenic Macrocycles and Cages: Synthesis 

and Reactivity[1] 
 

 

3.1. Introduction 
Phosphorus-containing π-conjugated materials have potential in photophysical devices 

because of their conjugative properties.[2]
 Incorporating phosphorus atoms into carbon 

molecular frames adds a new dimension, enabling communication between carbon-

based units over phosphorus-based connectors. In this chapter we focus on 

phosphine-acetylenic units of the type R2P–(C≡C)n–R as building blocks from which 

such macrocyclic systems can be assembled either by consecutive transformations or 

by means of organometallic structures that make use of the coordinative ability of 

phosphorus. Molecular assemblies of phosphorus-bridged acetylenic units are termed 

phosphapericyclines and those with larger spacers, such as diacetylenes, ‘exploded’ 

phosphapericyclines. 

Besides the covalent main group molecular frameworks, also organometallic 

macrocycles and cages are known in which the transition metal centers are connected 

by two or three bis(diphenylphosphino)acetylene (dppa) ligands (Figure 3.1), as in 

dimeric [(MLn)2(μ-dppa)2] (I), [(MLn)2(μ-dppa)3] (II) and ‘exploded’ *(MLn)2(μ-dppda)2]  

(III), but trimeric systems like IV are also known and even tetrameric macrocycles have 

been reported. 

 
 Figure 3.1.  Phosphine-acetylenic macrocycles assembled through metal coordination. 

 

 
 Scheme 3.1.   Application of phosphine-acetylenes in the construction of bulky 

arylphosphines (1) and phosphascorpionates (2). 
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 Scheme 3.2.  P/C rings 4, 6 and 7 obtained by phosphinidene addition to C≡C bonds.  

 

 
 Scheme 3.3.   P/C cages 8, 10 and 13 obtained by cyclooligomerization of phospha-

alkynes. 

 

Before embarking on their building block potential, we note that phosphine-acetylenes 

are also gaining ground as acceptor ligands with small cone angles[3] as in Au-catalyzed 

alkyne cyclizations[4] and Rh-catalyzed hydrosilylation of ketones.[5] Their synthetic 

potential is larger than the here presented scope as indicated by the rhodium-

catalyzed assembly of bulky arylphosphines (1)[6] and triazole-based phospha-

scorpionate ligands (2),[7] generated by a triple ‘click’ reaction of OP(C≡CH)3 with 

phenyl azide (Scheme 3.1). 

Conjugated P/C rings and cages without acetylenic units will not be discussed, except 

for the few that are prepared from low-valent P-fragments and acetylenic units 

(Scheme 3.2). Exemplary amongst the extensively reviewed three-membered ring 

structures[8,9] are the thiophene-substituted (4)[10] and extended phosphirenes (6,7)[11] 

that are obtainable by [1+2]-cycloaddition of electrophilic phosphinidene complexes to 

triple bonds.[12,13] Very diverse simple P/C-cages can be prepared by cyclo-

oligomerization of phosphaalkynes (P≡CR), a topic that has been well reviewed.[14,15] 

Illustrative examples are cubane 8,[16] prismane 10,[17] and pentaprismane 13 (Scheme 

3.3).
[18]
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 Figure 3.2.  Acetylenic carbon scaffolds.  

 

 
 Figure 3.3.  Phosphine-acetylenic scaffolding in 3D. 

 

 

3.2. Organic phosphine-acetylenic macrocycles and cages 
Pericyclines are macrocyclic structures, in which saturated corner atoms are connected 

by ethynyl linkages.[19] Examples where such acetylenic scaffolding[20] is extended in 

three-dimensional space are the ‘exploded’ cubane 14[21] and cyclophane 15[22,23] 

(Figure 3.2). Few silapericyclines[24] are known and those with other heteroatoms are 

even rarer.[25] Attempts to synthesize the parent 3D analogues of the 

phosphapericyclines,
[26]

 tetrahedron 16, and cubes 17 and 18 (Figure 3.3) were 

unsuccessful.[27,28] Intriguingly, DFT calculations indicated the cubes to exhibit cyclic 

delocalization, as suggested by the elongated C≡C and shortened P−C bonds. In this 

section reported approaches toward differently sized P/C rings and cages using 

phosphorus containing building blocks are described.[28] 

 

3.2.1 Pericycline-based macrocycles 

The first phosphapericyclines were reported in 1990 by Scott and Unno.
[27]

 By 

condensing t-BuPCl2 with doubly deprotonated 19 and 20, both formed from the 

reaction of t-BuPCl2 with HC≡CMgBr, they were able to generate small quantities of 

tetraphospha[4]pericycline 21 (11%) and triphospha[3]pericycline 22 (16%), 
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respectively (Scheme 3.4). Four isomers were observed in the product mixture of 21 

and one for 22 (the cis,trans-isomer). The most abundant cis,cis,trans-21 isomer shows 

three resonances in the 31P NMR spectrum, while each of the others show a single one. 

X-ray crystal structures were reported for all-trans-21 and cis,trans-22. Both 

compounds display a broad UV-absorption around 225 nm, which is indicative of 

(cyclic) electronic delocalization, either over the phosphorus centers or by means of 

through-space interaction of the in-plane acetylenic π-bonds.[27] 

Analogous tetraphospha[4]pericycline 25, bearing N(i-Pr)2 substituents, was obtained 

likewise as a mixture of four isomers either directly from the reaction of 23 with  

(i-Pr)2NPCl2 or via intermediate 24 (Scheme 3.5).
[28]

 However, due to its instability, 

purification of 24 was not possible and the product ratio (see Scheme 3.5) and yield 

(9%) of 25 did not vary significantly for both routes. 

The amino substituents of these systems can be exchanged, as shown for 26, where an 

additional acetylene moiety is introduced to give tris(acetylene)phosphines 27 

(Scheme 3.6), a process that only works for λ3-phosphines.[28] The introduction of this 

differently protected acetylene moiety may lead to the synthesis of three-dimensional 

frameworks from 27 as building block, e.g. 16 – 18. However, such chemistry remains 

to be explored. 

 

 
 Scheme 3.4.   Synthesis of tetraphospha[4]pericycline 21 and triphospha[3]pericycline 

22. 

 

 
 Scheme 3.5.  One-step and stepwise synthesis of tetraphospha[4]pericycline 25. 
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 Scheme 3.6.  The construction of asymmetrically protected tris(acetylene)phosphines 

27. 

 

 

 R
1 

R
2 

 

28a Ph Ph (6.4%) 
28b Ph t-Bu (2.3%) 
28c i-Pr Ph (2.4%) 

 

 Scheme 3.7.  Synthesis of diphosphadisila[4]pericyclines 28. 

 

 
 Scheme 3.8.  Mono-, di- and triphosphapericyclines. 

 

 
 Scheme 3.9.  Phosphathio[4]pericycline 36. 
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12-Membered squares 28 with alternating silicon and phosphorus atoms at its corners 

has been synthesized in very low yield (2.3 – 6.4%) by treating (R1)2Si(C≡CH)2 (R1 = Ph,  

i-Pr) with EtMgBr and R2PCl2 (R2 = Ph, t-Bu) (Scheme 3.7).[29] X-ray crystal structures 

were reported for the trans-isomers. Macrocycle 28b has a center of symmetry and a 

flat 12-membered ring, while the molecular structures of 28a and 28c deviate slightly 

from planarity, having dihedral angles between the P–Si–P planes of 177.6° and 176.4°, 

respectively. The cis-isomer was observed in an equimolar amount for 28a, only 

present as a trace for 28b, and completely absent for 28c. 

 

Square 1,7-diphospha[4]pericycline (30) and hexagon 1,7,13-triphospha[6]pericycline 

(31) with alternating carbon- and phosphorus-based corners resulted from the 

subsequent treatment of 3,3-dimethyl-1,4-pentadiyne (29) with n-BuLi and t-BuPCl2 

(Scheme 3.8).
[19,30]

 Cis-30 (2.2%), trans-30 (1.3%), and cis,trans-31 (1.0%) could be 

isolated, but all-cis-31 not. Similar reaction from 3,3,6,6,9,9-hexamethyl- 

1,4,7,10-undecatetrayne (32) gives monophospha[4]pericycline 33 (1.3%) and  

1,13-diphospha[8]pericycline 34 (2.5%). It was speculated that the low yields may be 

due to rapid oxidation of the products in air. Mixed heterocyclic 1-phospha- 

7-thio[4]pericyclines 36, which does not oxidize in air, has been prepared from  

bis(3,3-dimethyl-1,4-pentadiynyl)-sulfane (35) in 5.6% yield (Scheme 3.9).[19,30] 

 

3.2.2. Exploded pericycline-based macrocycles 

Exploded phospha[n]pericyclines (38, n = 3 – 6) with butadiyne linkages have been 

prepared by Märkl et al., both by a one-pot approach and by stepwise coupling of 

open-chain precursors (Scheme 3.10).[31] One-pot oxidative Eglinton coupling of 

building block Mes*P(C≡CH)2 (37) using Cu(OAc)2 was reported to give a mixture of 

four macrocycles (38a – 38d), of which triangular 38a and pentagonal 38c could be 

isolated in very small amounts; square 38b and hexagonal 38d were inseparable. The 

stepwise (de)protection approach performed more elegantly. Eglinton coupling of 39a 

gave mainly dimer 38b (86%) with some trimer and tetramer. This product mixture was 

not separated, since all products could be obtained in pure form by different 

approaches. In this respect, coupling of 39b yielded mainly triangle 38a (70%) with 

only some dimer (hexagonal 38d) and also the coupling of 39c gave mainly the 

monomer (38b). Eglinton coupling of 39f afforded ring-closed octagonal product 38e 

(9%), which was not obtained in the one-pot procedure, while pentagonal species 38c 

was obtained only in one pot.
[31] 

Triangular 15-membered 38a is present in solution as a mixture of cis,trans/all-cis 

isomers in 1.3/1 ratio as determined by 31P NMR. The barrier for phosphorus inversion 

of 18 kcal/mol, deduced from the 31P NMR coalescence temperature of 83.8 °C, is 

significantly reduced with respect to the typical 30 – 34 kcal/mol for phosphines,
[32]

 

which the authors attributed to the stabilized planar 18-electron aromatic transition in 
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which the phosphorus lone pairs overlap with the out-of-plane acetylene π-bonds. 

However, this explanation contradicts with the even lower inversion barrier of linear 

39a, as its 31P NMR resonances coalesce already at 3 °C. The four isomers of  

20-membered 38b are distinguishable at –20 °C by 
31

P NMR spectroscopy, while only 

one single sharp signal was observed at 140 °C. At room temperature one broad  
31P NMR resonance was observed for the 30-membered hexagonal 38d and a sharp 

one for the 40-membered octagonal 38e.[31] This behavior may indicate either a further 

lowering of the phosphorus inversion barrier of the larger cycles, or increased dynamic 

behavior of the macrocycle. 

Square and hexagonal phospha[n]pericyclines 41 and 42 have been obtained by 

oxidative Hay coupling of building block 40 (Scheme 3.11), which itself also was 

synthesized by oxidative coupling from (i-Pr)2NP(O)(C≡CH)2.
[33]

 20-membered 

macrocycle 41 consists of several isomers, analogous to i.a. 38b (see Scheme 3.10), as 

suggested by the observed four 
31

P NMR resonances, whereas 30-membered ring 

structure 42 shows one sharp signal, due to the all-cis or all-trans isomer, and a broad 

signal for the other isomers. The whisker-like ‘crystals’ obtained from 42 suggest the 

 

 
 Scheme 3.10.  Exploded phospha[n]pericyclines 38 via a one-pot approach from 37 

and from linear precursors 39. 

 

 
 Scheme 3.11.  Exploded phospha[n]pericyclines 41 (n = 4) and 42 (n = 6). 
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formation of nanotubes from one-dimensional stacking of the macrocycle in the solid 

phase.[33] 

 

3.2.3. Miscellaneous macrocycles 

Coupling of (i-Pr)2NP(O)Br2 with dilithiated 1,2-bisethynylbenzene reportedly gives ring 

structure 43 in a 2/3 ratio of cis/trans (Scheme 3.12).[33] The X-ray crystal structure for 

the trans-isomer revealed a puckered macrocycle due to the pyramidal nature of the 

phosphorus centers. 

The only known phosphole-based acetylenic macrocycle, 10-membered 47, has been 

synthesized by Mathey and co-workers,
[34]

 who coupled C2Cl4 with diphosphole dianion 

46 (Scheme 3.13). The dianion was generated by sodium cleavage of cyclotetra-

phosphole 45, which itself was obtained from monomer 44 by condensations reactions 

involving a series of [1,5]-sigmatropic shifts and dehydrogenations. The X-ray crystal 

structure of 47 shows significant bending of the P−C≡C units (170° – 174°), implying a 

strained system. 

 
 Scheme 3.12.  Formation of 14-membered macrocycle 43. 

 

 
 Scheme 3.13.  Synthesis of phosphole-based acetylenic macrocycle 47. 

 

 

3.2.4. Phosphine-acetylenic cages 

The synthesis of three-dimensional structures, in which “phosphine-acetylenic” 

scaffolding is extended in the third dimension, was pursued by Scott and  

co-workers.[19,30] In pursuit of phosphapericycline-based cage 48, they treated 

precursor triethynylphosphine 49, prepared from t-BuP(C≡CH)2 (19) and PCl3, with 

EtMgBr, followed by POCl3 trapping. However, instead of 48, they obtained the  
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 Scheme 3.14.  Construction of phosphine-acetylenic cage 51. 

 

 

remarkable phosphine-acetylenic cage 51, likely formed by dimerization of 

intermediate 50 (Scheme 3.14). Molecular cage 51, of which an X-ray structure was 

reported,
[19,30]

 is so far the only known compound with a 3D phosphine-acetylenic 

architecture, without assemblage of the 1D and 2D building blocks by transition metal 

complexation. 

 

3.2.5. Shift from organic to organometallic assemblage 

Characteristic to the phosphine-acetylene based P/C molecular frames described in 

this chapter is the difficulty in preparing and isolating them. Most reactions give low 

yields of inseparable mixtures of isomers, which are further complicated by their 

sensitivity to oxidation. Assembling macrocycles and cages based on the phosphine-

acetylene moiety is greatly facilitated by making use of the ability of the phosphorus 

atom to coordinate to transition metal complexes. The next section describes these 

P/C ring structures obtained via transition metals complexation. 

 

 

3.3. Organometallic phosphine-acetylenic macrocycles and cages 
Phosphine-acetylenic macrocycles and cages assembled via metal complexation only 

became available with the development of a chelating diphosphaacetylenic unit that 

forms the rigid rod in the transition metal embedded P/C macrocycles and cages I – IV 

(Figure 3.1). The potential of bis(diphenylphosphino)acetylene (dppa) and its 

‘exploded’ variant bis(diphenylphosphino)diacetylene (dppda) as bi- and tridentate  
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 Figure 3.4.  Resonance structures of dppa. 

 

 

 M X  

52a Pt Cl (96%) 
52b Pt Br (84%) 
52c Pt I  
52d Pt NCS  
53a Pd Cl (55%) 
53b Pd Br (53%) 
53c Pd I  
53d Pd NCS  

 

 Scheme 3.15.  First dppa-based macrocycles. 

 

 

binuclear diphosphine bridging ligands was first recognized in the late 1960s. Due to its 

rigidity, dppa cannot chelate a single metal center and only twice has dppa been 

reported to bridge a metal-metal bond.
[35]

 Coordination occurs preferentially through 

the phosphorus atoms, leaving the acetylenic moiety unperturbed. With a few 

exceptions,[36] coordination to the carbon-carbon triple bond occurs only when both 

phosphorus lone pairs are blocked by metal centers.[37] Notably, when coordination of 

the alkyne moiety occurs, the linear dppa fragment bends, thereby enabling it to 

bridge a metal-metal bond and even chelate a single metal center.[38] 

The extent of metal-P coordination is reflected in the Raman C≡C stretch frequency.[39] 

Uncoordinated dppa has a ν(C≡C) of 2097 cm-1, lower than most disubstituted 

acetylenes (ν = 2190 – 2260 cm-1) as the conjugated phosphorus lone pair causes  

π-electron depletion from the triple bond, as depicted in Figure 3.4. Transition metal 

complexation suppresses this effect. The magnitude of Δν(C≡C), i.e. ν(complexed 

dppa) – ν(free dppa), then reflects the degree of P→M σ-bonding. Electron depletion 

of the triple bond and the consequent increase in Δν(C≡C) has been inadvertently 

attributed to the contribution of P(d,π) orbitals, as well as M→P π-backbonding.
[39]

 

 

3.3.1. Dppa- and dppda-based Pt and Pd containing macrocycles 

Carty and coworkers conducted the first coordination studies on dppa. They prepared 

[(MX2)2(μ-dppa)2] (M = Pt, 52; Pd, 53) by mixing the ligand and the corresponding 

tetrahalometallate (NaMX4; X = Cl, Br, I). NaMCl4 with additional KSCN afforded the 

corresponding thiocyanates 52d and 53d (Scheme 3.15).
[40,41]

  

X-ray crystal structures show a planar arrangement for binuclear PdCl2 macrocycle 53a, 

with both square planar coordination spheres in the same plane, while the macrocyles 

of the PtCl2 (52a) and PtI2 (52c) complexes are highly puckered with angles θ between 
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 Figure 3.5.  Schematic representations of the solid state structures of palladacycle 53a 

and platinacycles 52a and 52c. θ is the angle between both Pt-coordination planes. 

 

 
 Scheme 3.16.  Formation of 52a, 53a and mixed metal species 55. 

 

 

the Pt-coordination planes of 32.8° and 42.5°, respectively (Figure 3.5).[37b,42] This 

difference was attributed to the dominant ring π-bonding in the palladacycle, while the 

platinacycles favor an orthogonal orientation of the P–Pt bonds from the same bridge, 

to align each of them with one of the C≡C π-orbitals. 

 

Ligand exchange of the monodentate phosphine ligands of [(MCl(PMe2Ph))2(μ-Cl)2] (54, 

M = Pt, Pd) for dppa also led to 52a and 53a (Scheme 3.16). Interestingly, the 

formation of heterobimetallic macrocycle 55 via a similar ligand exchange from mixed 

complex 54c was suggested by close inspection of the X-ray structure. However,  

co-crystallization of 52a and 53a could not be completely excluded, as in solution the 

three metallocycles (52a, 53a and 55) equilibrate by exchange of PtCl2 and PdCl2 

moieties.
[43]

 

 

 
 Scheme 3.17.  Modifications of platinacycle 52a and palladacycle 53a. 
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By the addition of one or two equivalents of PdCl2 to 52a or 53a, the alkyne-

coordinated tri- and tetrametallic species 56 and respectively 57 could be obtained 

(Scheme 3.17(i – ii)).[37b] On the other hand, adding PtCl2 to platinacycle 52a gave no 

reaction, while with palladacycle 53a only metal exchange occurred, resulting in an 

equilibrium between Pt2 complex 52a, Pd2 complex 53a, and heterobimetallic 54.[43] 

Ligand exchange from these Pd- and Pt-based macrocycles could easily be effectuated 

by a multitude of ligands. The terminal Cl ligands of 52a or 53a can be exchanged by 

iodide ligands, forming 52c or 53c (Scheme 3.17(iii)), or by one or four nitro ligands, 

giving mononitro platinacycle 52e or tetranitro palladacycle 53e (Scheme 3.17(iv)). 

Exchange of two chlorines of 52a with 2,2’-bipyridine (bipy) affords 58 (Scheme 

3.17(v)), but this complex is too sterically congested for a second bipy ligand to add. 

Furthermore, the platinum center of 52a can be oxidized with chlorine to  

cis-[(PtCl4)2(μ-dppa)2] (52f; Scheme 3.17(vi)).
[37b]

 

 

Terminal methyl and CF3 ligated analogues of 52a were obtained by dppa ligand 

exchange from the corresponding [Pt(cod)] complexes, affording [(Pt(R2)2(μ-dppa)2] 

(59a (R = CH3); 59b (R = CF3)).
[44]

 Lowering in Δν C≡C) from 39 cm
-1

 for Cl-ligated 52a to 

34 cm-1 for CF3-ligated 59b and 27 cm-1 for CH3-ligated 59a implies a decrease in 

acceptor power of the platinum centre.[44] Similar exchange with the extended dppda 

gave besides dimeric 60a, the exploded variant of 59a, also some trimer 61a (Scheme 

3.18).[45] The dimer has a twisted structure with orthogonal planar Pt-centers (θ = 86°; 

cf. 52a (Figure 3.5)). In the trimer, these centers are nearly orthogonal (~74°) to the 

plane of the three Pt atoms, giving rise to a helical structure. The analogous approach 

toward chloro derivatives 60b and 61b gave instead the formal [4+4]-cycloadduct 62 

and [4+4+4]-cycloadduct 63, both having planar central rings with alternating double  

 

 
 Scheme 3.18.  Exploded platinacyles 60 and 61 and their rearranged products. 
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and triple bonds (Scheme 3.18). Exchange of the methyl ligands for chlorides, using HCl 

for 60a and CuCl for 61a, results in immediate rearrangement; the intermediate 

chloro-macrocyles 60b and 61b only stable below –20 °C.[45] 

 

Pt- and Pd-macrocycles with pendant phosphines are also known. Low yields were 

reported for [(M(PPh3)2)2(μ-dppa)2] (64 M = Pt; 65 M = Pd) on mixing [M(PPh3)4] with 

dppa (21% for 64 and 14% for 65),[46] but [(M(dppm))2(μ-dppa)2][(OTf)4] (66 M = Pt; 67 

M = Pd) were obtained in high yield by mixing [(dppm)M(OTf)2] and dppa (Scheme 

3.19). X-ray analysis of platinacycle 66 revealed a planar ring structure as the dppm 

bite-angle (70°) enlarges the ring P−Pt−P angle.
[47]

 The analogous Pt(0) ring system with 

dppe as chelating ligand, [(Pt(dppe))2(μ-dppa)2] (68) was obtained by reductive Cl-

exchange from 52a, but those with still larger chelating ligands proved inaccessible via 

this route.
[48]

 Reaction of [(dppm)Pt(OTf)2] with excess dppa gives monometallic 69 

with pendant dppa ligands, that reacts with [(dppm)Pd(OTf)2] to the mixed bimetallic 

macrocycle 70 (Scheme 3.19). The same product is obtained when the addition of the 

different monometallic complexes is reversed.[47] 

Bimetallic 66, 67, and 70 are photoluminescent.
[47]

 Excitation at λexc = 450 nm causes Pt 

species 66 to emit at λem = 512 – 518 nm (ΦF = 2.3 – 4.0 × 10-2) and the Pd analogue 67 

 

 
 Scheme 3.19.  Synthesis of dppm-ligated macrocycles 66, 67 and 70. 

 

 
 Scheme 3.20.  Formation of trimetallic and tetrametallic platinacycles. 
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at λem = 530 – 532 nm (ΦF = 3.4 – 5.9 × 10
-3

); the absorption maxima of the Pd species 

are significantly red-shifted (λabs = 345 – 350 nm) with respect to the Pt one  

(λabs = 272 – 273 nm). Heterobimetallic complex 70 exhibits absorptions attributable to 

both the Pt and Pd centers, but emission occurs only from the Pd center  

(λem = 530 nm, ΦF = 9.0 × 10-3), which was suggested to be caused by energy transfer 

between the metal centers. Guest inclusion in the cavity of 66, as monitored by ΦF, 

revealed the smaller anisole to bind more tightly than dimethoxybenzene, while a 

small change in the 31P NMR chemical shift of ~0.2 ppm for the dppa phosphorus atom 

of 67 was taken to indicate guest inclusion.
[47]

 

Alkyne ligated macrocycle 71, obtained from dppa and [(cod)Pt(C≡CR)2] (R = Ph, t-Bu), 

reacts with cis-[Pt(C6F5)2(tht)2] (72) to form the trinuclear (73) and tetranuclear 

platinum complexes (74) without additional coordination to the bridging alkyne units 

(Scheme 3.20).
[47]

 This kind of complexation also does not occur for the analogous 

[(Pt(C6F5)2)2(μ-dppa)2] (75), synthesized from cis-[Pt(C6F5)2(tht)2] (72) and dppa in 41% 

yield.[49] The structure of 75 has square planar platinum centers with dppa bridges in a 

puckered arrangement. 

 

Thiolated complexes 76a – 76d are formed by exchange of the Cl ligands of 52a by the 

corresponding thiolates,[42] or by assembly from Pt(acac)2, dppa and benzene- 

1,2-dithiol as reported for 76e (Scheme 3.21). Similarly, reaction with catechol or oxalic 

acid results in oxo complexes 77,[50] while selene analogue 78 results from 

transmetallation between 52a and [TiCp2(Se2C2(CO2Me)2] (Scheme 3.21).[51] 

Alternatively, 76d is also prepared in a stepwise fashion via intermediate  

[(Pt(OTf)2)2(μ-dppa)2] (79), formed from 52a and AgOTf, which then reacts with 

potassium thiolate, giving 76d in slightly better overall yield (75%).[52] 

 

 
 Scheme 3.21.  Dichalcogenate complexes of [Pt2(μ-dppa)2] (76 – 78). 
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X-ray crystallography of 76d showed the presence of two stereoisomers, a left-handed 

and a right-handed distorted macrocycle. This complex shows photoluminescence at  

λem = 469 nm (τ = 78 ns).[52] The C≡C vibration observed in the IR spectra of 70, has 

been attributed to an asymmetric environment for the acetylenic units caused by 

disordering of the functional groups.[42] 

 

3.3.2. Dppa- and dppda-based macrocycles with other transition metals  

Numerous transition metals other than platinum and palladium have been used to 

construct doubly bridged dppa macrocycles, silver being among the first. An early 

report suggested that treating [Ag(NO3)(μ-dppa)]n (80) with dppa and KX (X = PF6, BF4) 

gives polymeric [Ag(μ-dppa)2]n[X]n (81; Scheme 3.22), based on the absence of anion 

coordination to the silver centers and the fact that the polymer gives a conducting 

colloidal solution in nitrobenzene.
[53]

 A similar reaction with KY (Y = Br, I, NCS) resulted 

in insoluble polymer material [AgY(μ-dppa)]n, suggested to have structure 82, bearing 

non-cyclic units. Insolubility in nitrobenzene excludes a structure analogous to 81, with 

[AgY2] counter-ions. Similar linear polymers were obtained with mercury, while 

complexation to cadmium or zinc failed completely.
[53]

 

By using cage compound [Ag2(μ-dppa)3][OTf]2 (see Section 3.3.4), James and coworkers 

observed the slow formation of a similar coordination polymer (83; Figure 3.6), for 

which an X-ray structure analysis showed a distorted tetrahedral geometry for the 

silver atoms. Polymer formation occurs more rapidly with bulkier bridging ligands. [54] 

Treatment of AgSbF6 with one equivalent of dppa gives a mixture of mono, di, and tri-

bridged [Ag2(μ-dppa)n][SbF6]2 in a 1/2/1 molar ratio; the fully characterized tri-bridged 

[Ag2(μ-dppa)3][SbF6]2 can also be prepared exclusively from a 2/3 molar ratio of 

AgSbF6/dppa (see Section 3.3.4).[55] 

 

 
 Scheme 3.22.  Synthesis of Ag-dppa-based polymers 81 and 82. 

 

 
 Figure 3.6.  A chain of polymeric mono-bridged silvercycles. 
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 Figure 3.7.  Formation of Ni(CO)2 and Mo(CO)4 macrocycles 84 and 85. Inset: 

Representation of 85, viewed along the Mo−Mo vector. Phosphorus atoms of the same 

dppa bridge are connected. 

 

 
 Scheme 3.23.  Synthesis of seven-coordinate Mo and W macrocycles 86 and 87. 

 

 

Reacting one equivalent of dppa with [Ni(CO)4] results in the formation of 

[(Ni(CO)2)2(μ-dppa)2] (84)[56] and with cis-[Mo(CO)4(piperidine)2] in the corresponding 

cis-[(Mo(CO)4)2(μ-dppa)2] (85; Figure 3.7).[57] The X-ray crystal structure of 85 revealed 

a puckered conformation of both dppa bridges analogous to 52a. Looking down the 

Mo−Mo axis (Figure 3.7) one dppa unit is in a staggered conformation and virtually 

unstrained ( (Mo−P−C) = 108.5°, 110.5°), while the other adopts an eclipsed-type 

conformation ( (Mo−P−C) = 122.7°, 113.3°). However, the appearance of only a single 

resonance in the 31P NMR spectrum suggests rapid interconversion of the dppa bridges 

in solution. 

 

The seven-coordinated transition metal complexes [MI2(CO)3(NCMe)2] (M = Mo, W) 

react with one equivalent of dppa to form the corresponding macrocycles 

[(MI2(CO)3)2(μ-dppa)2] (86 M = Mo; 87 M = W; Scheme 3.23), but monomeric 

derivatives with two pendant dppa ligands are formed on using two equivalents of 

dppa.[58] Both the 13C NMR and IR spectra indicate that the macrocycles do not support 

a capped octahedral geometry that is characteristic for the monomers. 

 

Dimeric hexametallic complex 88 with a rhodium dppa macrocyclic core has been 

prepared by cod displacement from [W((μ-S)2Rh(cod))2] by dppa (Figure 3.8).
[59]

 In 

contrast, reaction of [Rh(CO)2(Cl)2] with an equimolar amount of dppa gave exclusively 

the linear polymeric compound [Rh(CO)Cl(μ-dppa)]n.
[60]

 

Rhodium macrocycles [((Rh(acac))2(μ-L)2] (89 L = dppa; 90 L = dppda) have been 

prepared from [Rh(acac)(coe)2] and L (Scheme 3.24).[61] These compounds proved to 
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be effective catalysts for the hydroboration of unhindered vinylarenes, giving 

selectivities up to 98%. 

 

Treating [Fe(NO)2(CO)2] with 0.5 equivalent of dppa results in CO displacement to give 

monobridged [(Fe(NO)2(CO))2(μ-dppa)]. Subsequent addition of dppa gives 

[(Fe(NO)2)2(μ-dppa)2] (91; Scheme 3.25), of which the X-ray crystal structure shows two 

puckered dppa bridges, one in a staggered conformation and the other in an eclipsed 

one (cf. 85; Figure 3.7).[62]
 Mono-bridged complexes are formed in the reaction of dppa 

with Fe-thiolene ligands, except for [Fe(S2C4F6)2] that gives double bridged macrocycle 

92 (Scheme 3.25).
[63] 

Irradiation (Hg-source) of a mixture of CpV(CO)4 and dppa reportedly gives, besides 

other products, [(CpV(CO)2)2(dppa)2] (93), that was characterized by elemental analysis 

and IR spectroscopy.
[64]

 In line with these analyses, a macrocycle with trans-

dispositioned dppa moieties around the vanadium center was suggested (A; Figure 

3.9), but not only would this conformation be severely strained, it would also contrast 

all other binuclear doubly dppa-bridged macrocycles. Instead, the insolubility in 

virtually all solvents would suggest a polymeric structure with vanadium centers singly-

bridged by trans-positioned dppa ligands (B; Figure 3.9). 

 

Reaction of [Re(CO)5Cl] with an equimolar amount of dppa gave a mixture of the  

10- and 20-membered macrocycles 94 and 95 (Scheme 3.27).[65] The crystal structure 

of 94 reveals a chair-like conformation having two parallel cis-coordinated dppa 

bridges with octahedral rhenium centers above and below the plane of the bridges; 

the chlorines are cis to both phosphorus atoms and the CO groups are in a facial 

arrangement. The molecules of 94 stack in the crystal to form a microchannel.[65] 

 Likewise, reaction of [Re(CO)5Cl] with dppda gave dimeric [(ReCl(CO)3)2(μ-dppda)2] (96) 

and tetrameric [(ReCl(CO)3)4(μ-dppda)4] (97; Scheme 3.27); 31P NMR showed a single 

singlet, indicating that all phosphorus atoms are equivalent in solution on the NMR 

time-scale.[65] The analogous mixed-metal macrocycle 99 has been prepared by 

reaction of [Re(CO)5Cl] with [Os(bipy)2(dppa)2][PF6]2 (98), which was obtained by 

treating [Os(bipy)2(CO3)] with dppa and NH4PF6 (Scheme 3.27).[65] Attempts to 

synthesize the corresponding dppda-based rhenium-osmium mixed-metal macrocycle 

resulted only in the 14-membered [(Os(bipy)2)2(μ-dppda)2][PF6]4 (100) with two 

osmium centers.  

 

 
 Figure 3.8.  Hexametallic rhodium-dppa macrocycle 88. 
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 Scheme 3.24.  10-membered and 14-membered Rh-dppa and -dppda macrocycles. 

 

 
 Scheme 3.25.  Synthesis of iron-dppa macrocycles 91 and 92. 

 

 
 Figure 3.9.  [(CpV(CO)2)2(dppa)2] (93): reported macrocyclic structure (A) and more 

probable polymeric structure (B). 

 

 
 Scheme 3.26.  Re and mixed Re/Os macrocycles. 
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 Scheme 3.27.  Formation of Ru-dppda macrocycles 101 and 102. 

 

 
 Scheme 3.28.  Ru-dppa macrocyle 104 by heating of polymer 103. 

 

 

The emission of the rhenium macrocycles 94 and 95 at λem = 525 nm shows short life 

times (τ = 3.4 – 3.8 ns) and low quantum yields (ΦF = 3.8 – 6.8 × 10-4). The incorporated 

osmium(II) center in mixed-metal species 99, however, makes it more emissive  

(λem = 600 nm; τ = 650 ns; ΦF = 0.17). From its decrease in emission upon inclusion of a 

guest in the cavity of 99, binding constants were determined that indicated a better fit 

for smaller guests (Kb = 775 M-1 (anisole), 1.58 × 103 M-1 (1,4-dimethoxybenzene),  

1.68  × 103 M-1 (1,3,5-trimethoxybenzene)).[65] 

 

14-Membered macrocyclic dimer [(RuCl(tpy))2(μ-dppda)2][PF6]2 (101) and  

21-membered trimer [(RuCl(tpy))3(μ-dppda)3][PF6]3 (102), prepared from [RuCl3(tpy)], 

dppda and KPF6 (Scheme 3.27),[66] emit light at respectively λem = 565 nm and 550 nm 

upon excitation at λ = 470 nm. In these cases, enhanced luminescence was observed 

with increasing the concentration of the guest molecule. Macrocycle 101 gave rather 

small binding constants of 220 – 250 M-1 for anisole and dimethoxybenzene, but for 

102 with its larger cavity much larger values were found of 2.37 × 103 and  

1.39 × 103 M-1, respectively. 

Smaller ruthenium-based macrocycle [(Ru(acac)2)2(μ-dppa)2] (104) with dppa bridges 

was prepared recently by heating coordination polymer 103, which was obtained from 

Ru(acac)2(coe)2 by ligand exchange (Scheme 3.28).[67] The crystal structure of 104 

reveals a puckered 10-membered ring. UV-Vis spectroscopy and cyclic voltammetry 

analysis indicated the absence of electronic conjugation through the macrocycle. 

 

The di-copper macrocyclic [Cu2(μ-dppa)2(dpyk)2][BF4]2 (105) has been prepared in 97% 

yield by treating cage compound [Cu2(μ-dppa)3(MeCN)2][BF4]2 (127a; see Scheme 3.40) 
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with dpyk (Scheme 3.29).
[68] 

The formation of this bright yellow product results from 

the elimination of one dppa bridge, probably induced by the chelating effect of dpyk. 

The crystal structure shows a chair-like conformation with parallel dppa bridges and 

distorted tetrahedral copper centers above and below the plane formed by these 

bridges. The two pyridine rings of the chelating dpyk ligands are inequivalent and 

oriented endo and exo with respect to the macrocycle, but the 1H NMR spectrum at  

–60 °C showed only one set of pyridyl protons, suggesting that fast ring flipping 

between the chair-like conformers occurs in solution (Scheme 3.29). 

 

The tetra-gold 26-membered macrocycle 106 was obtained by the reaction of 

[(AuCl)2(μ-dppa)] with ortho-dilithiated dppy (Scheme 3.30).
[69]

 Its molecular structure 

in the solid state reveals parallel dppa ligands bridging the two [Au2(dppy)] moieties 

that each show a weak aurophilic attraction (Au−Au = 3.18 Å). In this meso(P,M)-

isomer, the dppy ligands are positioned above and below the plane of the dppa 

bridges, giving the macrocycle two helical twists.[69] In solution, an equilibrium exists 

between the P,M and the M,P conformations (Scheme 3.30) that can be frozen at low 

 

 
 Scheme 3.29.  Structure and conformation of Cu-dppa macrocycle 105. 

 

 
 Scheme 3.30.  Structure and conformations of 106. The movement of the dppy 

ligands is indicated with arrows.
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 Scheme 3.31.  Formation of tri-osmium-dppa macrocycles 107 – 109. 

 

 
 Scheme 3.32.  Two Os4Au clusters (110) doubly bridged by dppa. 

 

 

temperatures (–53 °C), where also an intermediate [106]* is detected by 31P NMR 

spectroscopy. In this species, both dppy ligands are in a halfway position with the 

nitrogen atoms in the plane of both dppa bridges (Scheme 3.30). Neither the M,M nor 

the P,P conformer is observed, which would suggest these conformers with both dppy 

ligands on the same side of the dppa plane may be too sterically congested.[68]  

 

To complete this section, we focus briefly on dppa as a stabilizing or bridging ligand 

between transition metal clusters. Typically two metal clusters are bridged by a single 

dppa ligand[69] or a large inorganic cluster is stabilized by dppa ligands at its surface,[70] 

but a few examples are known in which dppa connects small metal clusters to form 

macrocyclic species. 

Exemplary is the reaction of osmium cluster [Os3(CO)10(MeCN)2] with dppa, that gives 

over a period of six hours a mixture of dimeric [(Os3(CO)10)2(μ-dppa)2] (107), trimeric 

[(Os3(CO)10)3(μ-dppa)3] (108) and tetrameric [(Os3(CO)10)4(μ-dppa)4] (109; Scheme 

3.31).[71] 108 and 109 were the only products after a reaction time of twelve hours.[72] 

A crystal structure was obtained for dimer 107. 

 

Mixed osmium-gold macrocycle 110 is formed when the cationic osmium cluster 

[Os4H3(CO)12][N(PPh3)2] is treated with [(AuCl)2(μ-dppa)] in the presence of excess NEt3 

and TlPF6 (Scheme 3.32).
[72]

 Surprisingly, only two instead of four gold atoms were 

inserted between the osmium clusters and the dppa ligands, which was confirmed by a 

crystal structure determination. 
31

P NMR spectroscopy also revealed the non-
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 Scheme 3.33.  Heptametallic clusters bridged by dppa (111). 

 

 
 Scheme 3.34.  Formation of tetracobalt-dppa macrocycle 113 and subsequent alkyne 

coordination by [Co2(CO)8]. 

 

 

equivalence of the phosphorus atoms (δ = –149.0 and –84.6 ppm) and 1H NMR 

revealed the characteristic hydride at δ = –20.51 ppm that was not apparent from the 

crystal structure.[73,74] 

 

Conversely, gold atoms are introduced at all four position between the ruthenium-

rhodium clusters and the dppa bridges by reacting [RhRu3H(Cp*)(CO)9BH][N(PPh3)2] 

with [(AuCl)2(μ-dppa)].[75] One hydride per cluster is lost on coordinating dppa, while 

both AuCl units of the fragmented [(AuCl)2(μ-dppa)] coordinate to one of the Ru-

clusters to give 111 (Scheme 3.33). 31P NMR spectroscopy reveals that the phosphorus-

gold units are asymmetrically attached to the transition metal cluster.[75] 

 

Reaction of 112, generated from [Co2(CO)8] and Me3SiC≡CH, with dppa afforded 

macrocycle 113 (Scheme 3.34).[76] The crystal structure showed the acetylenic carbons 

of the Co2C2 cluster located inside the cavity of the macrocycle with the two CH 

moieties directed toward each other. The bridging dppa ligands of 113 are 

unperturbed but subsequent reaction with [Co2(CO)8] resulted in alkyne coordination, 

thereby bending the dppa bridges, causing contraction and leading to the formation of 

two molecules of 114 (Scheme 3.34).
[76]

 

 

3.3.3. Miscellaneous macrocycles 

The conjugated diphosphine bridges can be elongated by formally inserting 

unsaturated groups between the acetylenic moieties of dppda. Exemplary is the  

cis-1,5-hexadiyne-3-ene moiety (also referred to as enediyne), with an additional C=C 

double bond, which was used in a computational study of the diligated Pt2 model 

complex 115 (Figure 3.10).[77]
 However, virtually all synthesized macrocycles are 
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derived from complexes containing the ortho-bis(diphenylphosphino-ethynyl)benzene  

(o-dppeb) ligand (see for example Scheme 3.36). 

 

Enediynes can condense to 1,4-benzene biradicals, known as the Bergmann cyclization, 

and abstract hydrogens from, e.g., the sugar backbone of DNA to form benzene 

(Scheme 3.35), and are thus often used in antibiotic studies.[78] The cyclization rate 

strongly depends on the distance between the acetylene termini (d), which can be 

decreased by metal complexation.[79] 

 

 
 Figure 3.10.  Pt((PH2)2C6H2) double macrocycle 115. 

 

 
 Scheme 3.35.  Bergmann cyclization and hydrogen abstraction. 

 

 

Metal complexation of o-dppeb readily affords the 9-membered macrocycles  

[MCl2(o-dppeb)] (116a M = Pd; 116b M = Pt; 116c M = Hg) that have shortened 

distances between the alkyne termini (Scheme 3.36).[80] Whereas a distance of 3.34 Å 

is taken as the threshold for the Bergmann cyclization to occur, compounds with  

d < 3.2 Å cyclize spontaneously.[78b,81] The Pd and Pt-complexes of o-dppeb have an 

intermediate d of ca. 3.3 Å and therefore cyclize at moderate temperatures (Table 3.1) 

to form naphthyl biradicals 117, which are trapped by cyclohexadiene to form benzene 

and 118 (Scheme 3.36). Pd-complexation accelerates the rate of ring closure of  

o-dppeb (d = 4.1 Å) by over 3 × 104, while the Hg-complex (d = 3.4 Å) does not react at 

temperatures up to 450 °C. Based on a kinetic study on the Pd-complex in solution, it 

was suggested that 116 is in equilibrium with the dimeric 18-membered macrocycle 

119 (Scheme 3.36).[80] 

 

The square planar conformation of the transition metal in 116 can be distorted toward 

a tetrahedral coordination, thereby increasing the value of d, by using two o-dppeb 

ligands around a d
10

 metal center. The [Pd(o-dppeb)2] complex (120) has been 

synthesized from o-dppeb, [PdCl2(PPh3)2] and hydrazine,
[82]

 whereas metallo-enediynes 

[M(o-dppeb)2][PF6] (121a M = Cu; 121b M = Ag) were created starting with 

[Cu(MeCN)4][PF6] or AgNO3 respectively (Scheme 3.37).[83] All these metallo-enediynes 

were characterized by crystal structure determinations and shown to undergo the 
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Bergmann cyclization in the solid state; Table 3.1 list the temperatures at which this 

occurs. For 121b the cyclization temperature is much higher than for the other two, 

which is in accordance with its higher value of d. Interestingly, the d values for 121 and 

121 are above the noted threshold for cyclization. 

 

 Table 3.1.  Bergmann cyclization temperatures (TB) for o-dppeb ligand and complexes. 

Compound TB (°C) d (Å) 

o-dppeb 243 4.1
[a] 

[PdCl2(o-dppeb)] (116a) 61 3.3
[a]

 

[PtCl2(o-dppeb)] (116b) 81 3.3
[a]

 

[HgCl2(o-dppeb)] (116c) >450 3.4[a] 

[Pd(o-dppeb)2] (120) 222 3.47
[b]

 

[Cu(o-dppeb)2][PF6] (121a) 227 3.44[b] 

[Ag(o-dppeb)2][PF6] (121b) 266 3.62
[b]

 

[a] Determined by MM2 calculations. [b] Determined by X-ray crystallography. 

 

 
 Scheme 3.36.  Formation of monomeric (116a – 161c) and dimeric (119a – 119c)  

[MCl2(o-dppeb)]-macrocycles and subsequent Bergmann cyclization. 

 

 
 Scheme 3.37.  d10 Metal centers chelated by two o-dppeb moieties (120 – 121). 
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 Scheme 3.38.  Trimeric PtX2(p-dppeb) macrocycles 122 and rearrangement to ring-

fused 123. 

 

 

Besides ortho- also para-bis(diphenylphosphino-ethynyl)benzene (p-dppeb) has been 

explored as ligand for organometallic complexes, which have, of course, a different 

structure. Thus, p-dppeb reacts with [K2PtCl4] to afford quantitatively the trimeric  

33-membered macrocycle 122a, in which the cis-configured platinum square planes 

are perpendicular to the mean plane of the macrocycle (Scheme 3.38).[84] Halogen 

exchange to iodide derivative 122b proceeded in high yield, but the product slowly 

underwent a double [2+2+2] ring fusion to 123.[84] 

 

 

3.3.4. Dppa- and dppda-based cages 

Bridging two metal centers with three or more dppa ligands results in cages with the 

phosphine-acetylenic units at the edges of general structure II (Figure 3.1). Most of the 

research in this area has been performed on binuclear copper and gold complexes 

bearing three dppa bridges. 

A series of Cu-containing cages, such as [(CuX)2(μ-dppa)3] (124a X = Cl; 124b X = Br; 

124c X = NO3; 124d X = I; 124e X = SCN; 124f X = BH4; Scheme 3.39), have been 

synthesized from Cu(II)X2 and dppa.[85] The strong Raman resonance at approximately 

2120 cm-1 for the symmetric C≡C stretch of these complexes suggests σ-donation from 

the phosphorus atom to the metal.
[86]

 Similar cages with terminal chalcogenolate 

ligands (125) have been prepared as well from a 2/3 mixture of CuOAc or CuCl and 

dppa, with an excess of the corresponding trimethylsilyl-chalcogen (Scheme 

3.39).
[71b,87,88]

 Extended cage compound [(Cu2(SePh)2(μ-dppda)3] (126) with dppda 

bridges has been synthesized in a similar fashion (Scheme 3.39).
[71b]

 

Their crystal structures reveal that cages 125 and 126 possess helical character, which 

is evident by looking down the Cu−Cu vector as shown in the projection in Figure  3.11. 
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 E R n  

124a - Cl 1 (40%) 
124b - Br 1 (41%) 
124c - NO3 1 (36%) 
124d - I 1 (96%) 
124e - SCN 1 (1.3%) 
124f - BH4 1 (47%) 
125a S SiMe3 1 (67%) 
125b Se SiMe3 1 (69%) 
125c Te SiMe3 1 (24%) 
125d Te n-Bu 1 (55%) 
126 Se Ph 2 (40%) 

 

 Scheme 3.39.  Synthesis of Cu-dpp(d)a cages 124 – 126. 

 

 
 Figure 3.11.  Representation of 124 and 125, viewed along the Cu−Cu vector. Helical 

twist θ is the P−Cu−Cu−P dihedral angle, in which both phosphorus atoms belong to 

the same dpp(d)a bridge. 

 

 
 Scheme 3.40.  Formation of Cu-cage compounds 127 and ring opening reactions. 

 

 

The three bridges are in a partially eclipsed configuration causing a helical twist  

(θ = 20° – 29° (125); 5.5° (126)). The substituents of the chalcogens are staggered with 

respect to the dppa or dppda bridges. Due to the eclipsed conformation of the SiMe3 

groups of 125, the phosphorus atoms are not equivalent, but the single 31P NMR 

resonance suggests rapid bond rotations.[71b,87] 

Cage compounds [Cu2(μ-dppa)3(MeCN)2][BF4]2 (127a; Scheme 3.40) and  

[Cu2(μ-dppa)3(OTf)2] (127b) are formed by mixing dppa in a 3/2 ratio with the BF4
⊖ and 

OTf⊖ salts of [Cu(MeCN)4]⊕ respectively.[86] Whereas BF4
⊖ is a non-coordinating anion, 

leaving one acetonitrile molecule attached to each copper centre, the triflate anion 

does coordinate via an oxygen atom, avoiding the need for additional donor ligands. 
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Cage 127a has a helical twist θ of 18.6° with a Cu−Cu distance of 6.25 Å, and cage 127b 

has similar dimensions. For both cages, the labile ligands (MeCN or ⊖OTf) are 

replaceable, such as with di-2-pyridyl ketone (dpyk), as discussed above, that gives 105 

(see Scheme 3.29) or with bis(diphenylphosphino)ferrocene (dppf) that affords the 

singly bridged binuclear 128 (Scheme 3.40).[68] Steric factors determine this difference 

in reactivity. 

 

Di-gold cage compounds [(AuX)2(μ-dppa)3] (129a X = Cl; 129b X = I; 129c X = NCS) have 

been synthesized from the mono-bridged [(AuCl)2(μ-dppa)] (Scheme 3.41).
[86,89]

 The 

crystal structure of 129a revealed an Au−Au distance of 5.77 Å and a helical twist 

around the Au−Au vector of 26.2° (cf. Figure 3.11).
[89]

 

Exceptional di-gold complexes [Au2(μ-dppa)4][X] (130a X = BF4; 130b X = PF6), bearing 

four bridging dppa ligands, were reported to be the likely product of the reaction of 

[(AuCl)2(μ-dppa)] with excess dppa and addition of NaBF4 or KPF6 (Scheme 3.41). Both 

MS and solubility studies supported the unprecedented quadruply bridged geometry 

of 130.[86] 

 

The Raman shift in alkyne frequency Δν(C≡C) of the gold and copper binuclear cages 

with three bridging dppa ligands (124 – 127, 129) are similar (19 – 28 cm-1), suggesting 

that copper and gold have similar σ-bonding abilities; Δν(C≡C) of quadruply bridged 

130 is somewhat lower (16 – 20 cm-1), indicating less donation of electron density to 

the metal per dppa bridge. 

 

 
 Scheme 3.41.  Formation of gold-dppa cages 129 and 130. 

 

 

 X 

131a SbF6 

131b BF4 

131c OTf 
131d NO3 

131e Cl 
 

 Scheme 3.42.  Silver-dppa cage compounds 131. 
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 Table 3.2.  Structural parameters for complexes 131. 

Compound anion X
 

Ag−X (Å)
[a] 

l (Å)
[b] 

w (Å)
[c] 

p (Å)
[d]  

θ (°)
[e] 

π-π
[f] 

131a SbF6
 2.5 – 2.8 5.46 2.57 0.48 33.0 18-22 

131b BF4
 2.66 – 2.75 5.66 2.48 0.55 27 16 

131c OTf 2.43 – 2.56 5.88 2.50 0.62 35.3 [g] 

131d NO3 2.39 – 2.40 6.21 2.39 0.83 28.6 [g] 

[a] The distance between the silver atom and the closest atom of the anion (cf. the sum of the 

Ag and F van der Waals radii is 3.19 Å and that of Ag and O is 3.18 Å). [b]  Length of the cage, 

expressed by the Ag−Ag distance. *c+ Width of the cage, expressed by the average distance of 

the C≡C bond centroid to the molecular centroid. [d] Distance of Ag to the P3 plane. [e] Helical 

twist as defined in Figure 3.11. [f] Number of arene-arene interactions (π-stacking and  

t-stacking) between 3.5 and 3.8 Å. [g] Not mentioned. 

 

 

The di-silver cages [Ag2(μ-dppa)3][X]2 (131a (X = SbF6); 131b (X = BF4); 131c (X = OTf); 

131d (X = NO3)) could be synthesized as tight ion pairs by reaction of AgX with dppa in 

a 2/3 ratio (Scheme 3.42).[54b,55] The crystal structures of 131a – 131d, which have a 

helical twist θ of 27° – 35°, show that the anion can stretch the cage. A tighter bound 

anion like NO3
⊖ increases the pyramidal nature of the silver center, thereby 

lengthening and narrowing the cage (Table 3.2).[55] Increasing the coordinative power 

of the anion (SbF6
⊖ < BF4

⊖ < OTf⊖ < NO3
⊖) increases the Ag−Ag distance (l), decreases 

the distance of the C≡C bond centroid of the dppa bridges to the molecular centroid 

(w) and rehybridizes the Ag centers from trigonal planar toward tetrahedral (indicated 

by an increasing distance p between Ag and the P3-plane). The stability of these cages 

is accounted for by the numerous π- and t-stacking interactions between the many 

phenyl rings. [54b,55] 

 

Reaction of [Ag(NO3)(μ-dppa)]n (80) with KCl and excess dppa was reported to give the 

di-silver cage [(AgCl)2(μ-dppa)3] 131e (Scheme 3.42) in seeming contrast to the 

reactions with KBr and KI that result in polymer 82 (section 3.3.2; Scheme 3.21), but 

the evidence is solely based on elemental analyses, which are identical for the cage 

and polymeric structure and their resemblance with copper cages 124.
[53]

 

 

Macrocylic [(M(CO)n)2(μ-dppa)2] (84 M = Ni; n = 2; 85 M = Mo; n = 4) reacted with dppa 

to afford cage [(Ni(CO))2(μ-dppa)3] 132
[56]

 or fac,fac-[(Mo(CO)3)2(μ-dppa)3] 133
[57]

 

(Scheme 3.43). Di-nickel cage 132 could also be obtained by reaction of dppa with 

[Ni(CO)4] or [CpNi(CO)]2. The ν(C≡C) of 2120 cm
-1

 is indicative of reasonable σ-bonding 

from the d10 metal center to the phosphorus atoms.[56] Alternatively, ligand distribution  
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 Scheme 3.43.  Formation of Ni-cage 132 and Mo-cage 133. 

 

 
 Scheme 3.44.  Formation and rearrangement of W-cage 135. 

 

 

of molybdenum cycle 85 through thermolysis gave cage 133, together with mono-

bridged [(Mo(CO)5)2(μ-dppa)]. The crystal structure of 133 showed a facial 

arrangement of the phosphorus ligands around the molybdenum centers and nearly 

parallel dppa bridges, which contrasts the puckered geometry of macrocycle 85 (see 

section 3.3.2, Figure 3.7). The bridges lock the molybdenum tricarbonyl fragments in 

eclipsed conformations.[57] 

 

Di-tungsten cage [(W(CO)3)2(μ-dppa)3] 135 is prepared by reaction of [W(CO)3(tach)] 

134 with dppa in a 1/3 molar ratio, together with some rearranged cage product 136 

(Scheme 3.44). Apparently, the liberated Me3tach acts as a base that induces  

C−C coupling, C−P bond-cleavage, and hydrogen abstraction.[90] 

Cage 135 crystallizes as a racemic mixture of Δ and Λ helical cages, with a W−W length 

of 7.39 Å, an average helical twist θ of 21° and both W(CO)3 fragments in an eclipsed 

conformation.[90] The crystal structure of the unique cage 136 showed a W=C bond 

length of 1.95 Å, as expected for a tungsten carbene complex, with a rather bend 

W=C=C unit (158.6°). 
31

P NMR spectroscopy revealed all PPh2 moieties to be 

inequivalent. 

 

 

3.4. Concluding remarks 
Assembling phosphine-acetylenic building blocks in macrocycles and cages is greatly 

assisted by metal complexation, as the syntheses of the organic compounds described 

in section 3.2 suffer from low yields and difficult work-up procedures. Linear 

diphosphines such as dppa and dppda tend to bridge two metal centers twice or three 

times, provided that they are mixed in the proper stoichiometry, and provide relatively 
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easy access to macrocyclic and cage structures. It is then no surprise that since the 

introduction in the late 1960s of the coordination chemistry of dppa by Carty and 

coworkers, the number of reported organometallic derivatives has grown 

tremendously and far exceeds that of the all-organic systems.  

Whereas a plethora of compounds has been generated, there has been little focus on 

possible applications, despite the photophysical properties these compounds are 

anticipated to have. Electronic communication in phosphine-acetylenic systems is 

hardly regarded, which is surprising considering the growing interest in phosphorus 

containing π-conjugated materials. We feel that the full potential of the macrocycles 

and cages described in this review has by no means been reached and are convinced 

that the phosphine-acetylenic building block may be of value for the preparation of 

compounds suitable for the fabrication of electronic devices. 
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