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I. Introduction 
Despite the fact that the first phosphorus containing 

macrocycles [(PNClz),, n = 5, 6, 71 were prepared in 
1897 by Stokes,l intensive studies in this field only 
appeared in the middle of the 1970s, several years after 
the discovery of the complex-forming properties of 
crown ethers by Pedersen in 1967.2 Experimental 
difficulties-multistep procedures, low yields, unsta- 
bility of the final products, etc.-probably explained 
the reason why such a research field did not earlier 
evoke more interest. 

Indeed, the preparation of such macrocycles was 
undertaken in order to increase the efficiency of 
macrocyclic ligands by introducing into the ring tri- 
coordinated phosphorus atoms or phosphoryl and 
thiophosphoryl groups which possess a high complex- 
forming capacity. Tricoordinated phosphorus-contain- 
ing macrocycles can easily bind to transition metals 
while alkali metal ions can be trapped with P=O or 
P=S groups. Moreover, macrbcyclic phosphanes can 
stabilize transition metals in their lowest valence states. 
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Unusual catalytic properties were expected from com- 
plexes of this type. Thiophosphoryl macrocycles form 
weaker complexes with alkali and alkali earth metals 
than their phosphoryl analogues. Some of them are 
able to transport transition metals (Fe3+, Cu2+, Co2+, 
Ni2+) through liquid membranes.3-7 

Since phosphane oxides have been demonstrated to 
serve as strong hydrogen-bond acceptors, phosphorus- 
containing macrocycles can be used for molecular 
recognition, complexation of ammonium salts, anions, 
etc. Potential applications in homogeneous catalysis 
and in phase-transfer catalysis can also be pointed out 
and will probably be in the future the subject of 
numerous investigations. 

Several reviews containing compilations of synthe~is31~ 
and/or thermodynamic and kinetic data for cation- 
macrocycle interactionss-' have been published. Most 
of them are limited to macrocycles possessing P-0 or 
P-C bonds. 

In contrast with these reviews, the aim of the present 
work is to report the preparation of phosphorus- 
containing macrocycles (nine-membered rings at least) 
whatever the environment around phosphorus (P-C, 
P-O, P-N, P-S, P-N-N, P-Si, etc. bonds) and whatever 
the coordination number of phosphorus (tri-, tetra-, or 
pentacoordination) are. Macrocycles possessing direct 
intracyclic phosphorus-metal bonds and macrocycles 
with phosphorus pendent groups are excluded from this 
compilation as well as phosphates containing macro- 
cycles and species relevant to biochemistry. 

Two almost independent ways of synthesis of phos- 
phorus containing macrocycles can be outlined: that 
involving classical methods of macrocyclic chemistry 
and that specific to phosphorus chemistry, i.e. taking 
into account properties of phosphorus species. Tem- 
plate syntheses of P macrocycles are relatively recent 
but unfortunately a very few methods have yet been 
devised to remove the metal from the ring. Complex- 
ation properties are not considered here. Rather, we 
would like to focus on the strategy of the construction 
of phosphorus macrocycles and cryptands. Three main 
types of reactions are presented (i) cyclocondensations, 
the most commonly used reactions, (ii) ring opening 
essentially of five- and six-membered rings and, (iii) 
template reactions. In addition a few miscellaneous 
methods are reported. The preparation of cryptands 
is described in the final section. The listing of mac- 
rocycles characterized by X-ray structural studies is 
given in Table 10. 
I I. Cyciocondensatlons 

The term cyclocondensation indicates the condensa- 
tion between two functionalized species leading to a 
macrocycle. For example a [2 + 23 cycloadduct is here, 
a compound arising from the cyclocondensation of 2 
equiv of each partner. 
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A. Intracyciic C-P-C Linkage 

1. Reactlon of D/ha/ogenated Species with Salts 
Cyclocondensationa involving lithium d t a  of diphos- 

phines and bis electrophiles w i t h  or wi thout phosphino 
groups, under high dilution conditions, were developed 

Caminade and Majora1 

Scheme 1 

X-Li -x-Li 

Table I. Compounds la-p 

a;? 

1S.P 

la-p X Y ref(8) 
a PPh PPh 8,10-12,14 
b PPh S 10-12.14 . 
C 
d 
e 
f 

. . .. 
PPh 
PPh 
PPh 
PPh 
PPh 
PPh 
PPh 
PH 
PH 

0 
NMe 
NF'h 
CH, 

S 
NMe 

m S PH - ~ ~~ - 
II S PPh 
0 AaMe PH 
D AsMe PPh 

11,12 
11,12.14 
11,12 
11 
10,12 
16 
16 
16 
16 
16 
16 
8,11 
16 
12 

Table 2. Compounds 2a-h 

U 
la-h X Y 2 ref(8) 

a PPh PPh PPh 8,9,13,17 
b PPh S S 8,13,17 
C PPh NMe NMe 13,17 
d PPh 0 0 13,17 
e PPh AsMe AsMe 15.17 
f PPh PPh S 17 
I3 S PPh S 17 
h S S PPh 17 

by Kyba and co-workers from 1977 to 1985, allowing 
the preparation of a wide variety of triligating 11- 
membered rings la-p and tetraligating 14-membered 
rings 2a*."'7 The use of sulfur or arsenic lithium salts 
instead of diphosphine salts permits the preparation 
of similar macrocycles with various donor atoms: sulfur, 
arsenic, phosphorus, but also oxygen and nitrogen 
(Scheme 1 and Tables 1 and 2). In some cases all the 
isomers are separated and fully characterized and their 
stereochemistries are determined or  a~.signed."~J~J~ 
Thesynthesisofmacrocycle2hrequires considerably 

more strategy and implies a multistep sequences to 
obtain the  linear ligand 3 which can be treated wi th  
lithium diisopropylamide affording 2h (Scheme 2b7 

The 1,4,10,13-Tetraoxa-7,16-diphosphmo-[l8l-crown 
ethers 4a-c and the 1,4,10,13-Tetrathia-7,16-diphos- 
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Scheme 2 

3 -e1 

Ph, n 

2h 

Scheme 3 
R Y  

J 
Hal = C1, Br 4 s 

l a  b C d  
L , 5 4  

Y R  
Ph C-GH,, CHz-Ph Ph 4P-d Cy = lone pair) 

5 0 s  (I' = 0) 
o s  6 V=S)  

Scheme 4 
Ph 

Ph 1 

7;d 1 1 19,21-24,26,21,29-32 

Refs. 

2 s 20.24, 26,27,29-32 
2 N-Pr 24-26,29,31.32 

d 3 s  28.30-32 
7a-d 

phino-[18]-crown ether 4d are accessible in a one-step 
synthesis by reaction of dilithiophosphides with 1,2- 
bis(2-ch1oroethoxy)ethane and 1,2-bis[(2-chloroethyl)- 
thiolethane (Scheme 3).18 

Similar reactions have been done by Ciampolini's 
gr0uplS-9~ who treat dilithiophosphide with bis(dichlo- 
roethyl) ether (or the corresponding thio compound). 
All five possible diastereoisomers of 7a-d are isolated. 
The hexadentate phosphorus-nitrogen-containing mac- 
rocyclic ligand 7c is obtained by reacting bis(2-dichlo- 
roethy1)propylamine with a stoichiometric amount of 
the bispotassium salt of 1,2-bis(phenylphosphino)- 
ethane (Scheme 4). 

Such an approach is employed to prepare a class of 
hard/soft dinucleating phosphine macrocycles 8a-c.331w 

8a-c 

Nucleophilic displacement of halide from phosphine 
with a glycolate dianion offers the possibility of isolating 
in good yields (50-60 5% ), a macrocyclic phosphine which 
was easily oxidized with dilute hydrogen peroxide to 
the corresponding P-oxide 9b. A surprising phosphorus 
expulsion reaction takes place when 9b is treated with 
sodium hexaethylene glycolate leading to a ring- 
contracted bipyridyl macrocycle (Scheme 5).% 
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Scheme 5 

a : Y =lone pair 
b : Y = O  

X=CI,Br 

Scheme 7 

n = 3 , 4  

"F7 

l l a - e  

d 

R 

Ph c 
d-"" 
O M  
Ph 

A 15-membered ring 10 is prepared from the sodium 
salt of ethylenebis[phenyl(o-hydroxypheny1)phos- 
phinel P,P-dioxide and bis(2-chloroethyl) ether 
(Scheme 6).% 

Phosphoryl groups have also been incorporated into 
the ring systems of macrocyclic polyethers by slowly 
adding the appropriate ethylene glycol and dibromide 
[RP(O)(CsH&H2Br)21 as a mixture in THF to a stirred 
refluxing suspension of NaH in THF. Depending on 
the length of the ethylene glycol derivative, [l + 13 
lla-e or 12 + 21 12 cyclocondensation products are 
isolated (Scheme 7).37 

An analogous reaction carried out with the diphenyl 
ethylene glycol salt [o-NaOC&O(CH2)2120 and MeP- 
(O)(CH2C1)2 gives 13.= 

The direct addition of dichlorophenylphosphine to 
tetraethylene glycol bis(2-lithiophenyl) ether leads to 



1186 Chemical Reviews, 1994, Vol. 94, No. 5 

Scheme 8 
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Scheme 10 

\ O N a  / 2  I 

I to% 0 0 14a-c 

R I Ph tBu Ph 

Scheme 9 
Ph 

m ‘  Ph 

monophospha-crown ethers 14a-c which are also 
obtained in the reaction of the disodium salt 15 with 
ethylene glycol ditosylates (Scheme 8).39 

Binaphthyl-base 16- and 18-membered rings 16 have 
been synthesized from the corresponding 1,l’-binaph- 
thy1 precursors and o-phenylenebis(pheny1phosphane) 
(Scheme 9).40v41 

Reaction of diisopropyl polymethylenediphosphinate 
with polymethylene dibromide in the presence of 
sodium bis(2-methoxyethoxy)aluminum hydride under 
high dilution conditions affords two isomeric macro- 
cyclic bis(phosphine oxides) 17a-c. Reduction of these 
oxides with trichlorosilane yields the diphosphines 
Ma-c with overall configuration retention (Scheme 

The structure of the analogous compound 17d 
(n = m = 4) was solved by X-ray diffraction ~tudies.~3 

Analogous direct cycloaddition of two dioxophosphide 
dianions with two molecules of the unsaturated dihalide 
ClCH&H=CHCH&l produces unsaturated macro- 
cyclic phosphine tetraoxides 19a,b. Their reduction 
with molecular hydrogen is highly selective (Scheme 
11) .&JJ 

Similarly, the cycloaddition reaction of the same 
dianions with a,a’-dichloro-o-xylene gives predomi- 
nantly the [1+ 11 cyclocondensation compounds; [2 + 
21 (20) and [3 + 31 cycloadducts are also obtained but 
in significantly lower ~ ie ld .~5  

m = 2 (5% yield) 
m = 3 (maces) 

2 0  

Phosphine oxide dithioether 21 is prepared by 
allowing the corresponding dithiol to react with 1,4- 

R = i R  a m = n = 8  1 7 8 4  ISa -c  b m = n = l O  
c m = l O  n = 1 2  

Scheme 11 

Me-P-(CH2),yP-Me + Vitride --c Me-P-(CH2), 
? f fl fl 
OiPr OiPr -BMe 

I) 9 /La 
0 0 
I1 I I  

I I 

Me- P- (CH2) r  P- Me 

H Me-P-(CH2)FP-Me 

(cH2)4 (cH2)4 \ )A Me- P.(CH2),- I P-Me I 
II I I  
0 0 

a m = 2 Me- (CH2),,,- R- Me 
b m = 3  

19a,b 

Scheme 12 

Scheme 13 

Scheme 14 

a ’ 2 5  

dibromobutane and K2CO3 at room temperature; 
oxidation with H202 or with m-chloroperbenzoic acid 
produces 22 (dl) (Scheme 12).46 
Two other families of macrocyclic phosphine oxide 

disulfoxides are formed by reacting either the dithio 
reagent 23 with the appropriate dihalide (formation of 
compounds 24a-e, Scheme 13) or the phosphine oxide 
25 with the appropriate dithiol (preparation of deriva- 
tives 26a-e, Scheme 14). The final step in the synthesis 
of each macrocycle is the oxidation of the macrocyclic 
phosphine oxide dithioester with n-chloroperbenzoic 

In all cases, this process yields predominantly 
one stereoisomer of the desired trioxide. 
l-Phenyl-l-phospha-4,7-dithiacyclononane (27) is 

obtained from the corresponding phosphine PhP(CH2- 
CHZSH)2 and di~hloroethane,4~ whereas the reaction 
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Scheme 15 
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Scheme 18 

i) NaOH ii) HCHO 
P(CHzOH),CI 

/ 
tBu tBu 27 

,s--\s;-s, 
tBuzSn(OMe)z p 2 -  a 2  a,- CV2 

P-R 

tBu tBu s :R=Me 

R-P, 

b:R=Ph 

Scheme 16 

2 9  30 

Scheme 17 
OSiMe, - Ph-P, /(cHAl ( ~ d ,  

(CH2)nlCO?R Na 
Ph-PI 

'(CHAC@R M%SiQ 
32a.c OSMY 

with di-tert-butyltin dimethoxide yields a mixture of 
compounds from which the cyclic dimers 28a,b are 
isolated (Scheme 15).60 When treated with sulfur or 
selenium, they give rise to the corresponding thioxo or 
selenoxo derivatives.s0 

Macrocyclic salts 29 and 30 are prepared in high yields 
from the common intermediate neutral species 31 
(Scheme 16).61 

Acyloin condensations of phosphine C&P[ (CHdm- 
C02Rl [(CH&COzR] in the presence of trimethylsilyl 
chloride give rise to the expected bis(trimethylsi1oxy)- 
phosphacycloalkenes 32a-c in poor yields (14-23 ?6 ) 
(Scheme 17).62 

The lY3,l0-triaza- 12-phoapha [ 8.3.1. l~12]tricyclopenta- 
decane 33 is obtained by reacting the tetrakis(hy- 
droxymethy1)phosphonium salt [P(CH20H)&l] with 
aqueous formaldehyde and hexamethylenediamine in 
basic media.u Addition of a-quinone leads to the 
corresponding PV derivative 34 (Scheme 18)." 

Macrocycles comprising alternating phosphorus at- 
oms and alkyne units 36 and 36 are elegantly prepared 
by treatment of tert-butyldiethynylphosphine or 3,6- 
di-tert-butyl-3,6-diphospha-l,4,7-octatriyne with eth- 
ylmagnesium bromide followed by addition of tert- 
butyldichlorophosphine (Scheme 19).66 

Reaction of a 1:4 (molar) mixture of tetrakid [(phen- 
ylsodio)phosphinolmethyllmethane (37) and CS2 in 

Scheme 19 

i) 2.2 EtMgBr 
ii) 1.2 tBu-PC12 

BU, tBU 1-r 
P- P, 

mu0 3 5  tBu 

Scheme 20 

i) 2.2 EtMgBr 
ii) 1.5 tBu-PCl2 I 

SO 

C[CH2P(Ph)Na14 + 4CS2- C C H 2 - - P = e S ,  I Na+ 
37 [ !'h 1. 

38 

THF at  60 "C under argon gives tetrasodium neopen- 
tanetetrayltetrakis [phenyl(thiocarbonyl)phos- 
phoranethiolate] (38). This product absorbs molecular 
nitrogen giving a complex 39. This complex is also 
formed directly and more rapidly by analogous reaction 
of 37 with CSZ under nitrogen (Scheme 20).66 

2. phosphonium salts 
The first macrocycles 40a,b were prepared by reacting 

2,2'-biphenylylenebis(diethy1phosphine) with 1,3-di- 
bromopropane67 or o-xylylene dibromide (Scheme 21) .m 

The synthesis was developed later on by several 
groups1- for the formation of macrocycles possessing 
two or four phosphorus atoms in the ring. Various 
diphoaphines and dihalides are used (Table 3). Indeed, 
two main processes are employed reaction of a 
diphosphine with dihaloalkanes or a l k e n e ~ ~ 8 * ~ ~ ~ @  
(method A) or linking of a w,w'-dihalo alkyl bisphos- 
phonium salt with bisphosphine (method B) (Scheme 
22).eW On the basis of the same principle a recurrent 
method for controlled synthesis of polyheteroatomic 
tri- or tetracoordinated diphoaphorus macrocycles is 
also described.6*@ This procedure allows the stepwise 
introduction of different bridges between the phos- 
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Scheme 23 Scheme 21 

EtzP 

Table 4. Compounds 44 and 45 

Table 3. Phosphonium Salts 41-43 

Refs. - 
61 
61 
61 
61 
61 
67 

63 

63 

62.63 

63 

I8  

18 

61 
59.61 

61 
61 

59.61 
64.66 
m 

w 
60 
60 

65 
65 

MUhd 

A 
A 
A 
A 
A 

A 

A 

A 

A 

A 
A. B 

A 
B 

A, B 
A 

A 
A 
A 

A 
A 

Compound 

4 1 1  R R '  m n 

44 Y = O  
45 Y = lone pair 

a Bz Bz 2 5 
b Bz Bz 3 4 
e Bz Bz 4 4 
d Bz Ph 4 4 

t E % : :  44 m n R Z ref(& 
~~ 

a 3 3 Ph 0 63 
b 3 2 Ph PhP(0) 65 
C 3 2 Ph PhP(0) 59,65 
d 3 3 Ph 0 0 0  62 

e 4 4 Bz BzP(0) 59 

411 R R' Y Z m  

45 m n R 0 ref 
a 3 3 Ph 0 63 
b 3 3 Ph PhP 59 
C 4 4 Bz BzP 59 

Scheme 24 

41 

b 

d 
e 
I 
B 

- 
a 

C 

R R' m m' Z 

Bz B y 3  3 C b  
Bz Ph 3 3 CHz 
BZ BZ 3 3 (CH2)2 
Bz Bz 4 2 (CH,), 
Bz Bz 4 4 ( C H )  
Ph Ph 2 2CH.84 
Ph Ph 2 2 (CHZ)~ 

(PhCH,),P + BrpOnOnBr - (PhCH&P @ nOnOn$CH2Ph)3 

d 

411 Scheme 22 
Method A 

n 
RR'P PRR' + XnX A slightly different methodology, via a bridge pro- 

tection, leads after alkaline hydrolysis to homologous 
phosphine tetraoxides 44 and to phosphines 45 after 
reduction (Scheme 23).66 

Cyclic phosphonium salts with a benzyl group at- 
tached to phosphorus could be cleaved in good yields 
to the corresponding cyclic phosphines 45 by use of 
LiAlHr. Other cyclic phosphonium salt@ can be 
transformed into the corresponding oxides 44 by 
hydrolysis in basic medium (Table 4).63*65 

A multistep synthesis starting from tribenzylphos- 
phine allows the preparation of tetraoxa diphosphino 
crown ethers (Scheme 24).'* 

The phosphinophosphonium salt (C2H&PP(C&)31- 
was claimed to react with THF to give the macrocyclic 
dication 41fe6' 

Method B 
n 4la-e,g-i 42a-g 

phorus atom through selective phosphonium salts 
formation and cleavage. Generally use of dilution does 
not improve the yields. 
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Scheme 25 

B. Intracycllc N-P-N Linkage 
It is claimed that nine-membered rings 46a-1 are 

obtained by reacting either p-MeC6H4P(0)(0H)268 or 
various phenoxydichlorophosphineses with bis(2-ami- 
nophenyl) disulfide (Scheme 25). 

A one-step high-yield synthesis of a macrocyclic ligand 
containing phosphorus and nitrogen donor atoms 48 is 
based upon the derivatization of cyclam (47, Scheme 
26).70 

An efficient synthesis of rigidified macrocyclic phos- 
phoramides, the preorganized ligands 49 and 50 in- 
corporating a diaminophosphine group in a polyether 
macrocycle, is proposed by Dutasta and S i m ~ n ~ l v ~ ~  
according to Schemes 27 and 28. 

Rigidification of 51 can be accomplished by substitu- 
tion on the nitrogen atoms to give compound 52 (Scheme 
29).73 

The use of hexamethylphosphoric triamide instead 
of CeH&’(NMe2)2 in the reaction with triethylene glycol 
bis(o-aminophenyl) ether followed by addition of sulfur 
gives 53 (cis and trans isomers) based on the PzN2 
diphosphazane ring (Scheme 30).74 In the course of 
this reaction the macrocycles 54a,b and the bismac- 
rocycle 55 are isolated. 

54a R=NM , X = S  
54b R=H.  ? = O  

5 5  

The synthesis of a cyclic bis(diaminodipheny1phos- 
phonium salt) namely the 2,2,7,74etraphenyldecahy- 
dro-1,3,6,8,2,7-tetraazadiphosphecine-2,7-diium dibro- 
mide (56) consists in the successive reactions of 
chlorodiphenylphosphine with bromine and then with 
1 ,a-ethanediamine (Scheme 3 1) .75 

Treatment of RCONHP(O)C& with p-phenylenedi- 
amine affords the expected [2 + 21 cyclocondensation 
product 57.76 

5 7  

Cyclization of (CHMCH2NHMeh (n = 4) with 
(R2N)zPOEt (R = Me, Et) gives 40-63 7% yield of 1,3,2- 
diazaphosphacycloalkane (58, Scheme 32).77 

I 
R = Ph. Me R 

46  
R =  0 0  

R = H 2-Me; 3-Me; 4-Me; 2,5-Me; 3,4-Me; R 
2-Ck 4-c1; 4-Cl.2-Me; 4-C1,3-Me; 2.4-CI 

Scheme 26 

Scheme 27 

-NH 

a R=Ph;n=2 
b R=Ph;n=3 
c R=NM%;n=2 

Scheme 28 

Scheme 29 

51 Me 

Scheme 30 

i) oxidation 
ii) XCH2(CH2),X 

iii) NaOH / H20 

a m = l  n = 2  
b m = 2  n = l  

h 

53 cis 

52a,b 
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Scheme 31 
H 

- 5 6  

Scheme 32 
Me 

I \  

Me 
H~C-N: I H2C-N 

+ (R2MZP-OEt - (H2C)d 
\ /P-OEr 

(HZC)4 
H 

Me 
H2C-N 

1 
Me R = Me, Et H2C-N< 

58 

C. Intracyciic N-N-P-N-N Linkage 
A one-step high yield method of preparing various 

macrocycles involves the addition of phospho dihy- 
drazides of general formula RP(Y) [N(CHdNH& with 
dialdehydes (Scheme 33). Macrocycles can be formed 
from [ 1 + 11 ,78J9 [ 2 + 21 ,7wg [ 3 + 31 ,79982985@*w or even 
[ 4 + 4]891go cyclocondensation reactions. The reaction 
proceeds in very mild conditions (room temperature, 
stirring for 1-5 h). No high dilution is required. More 
than 100 compounds were formed in which phosphorus 
can be tri-, tetra-, or pentacoordinated. Two to six 
phosphorus atoms can be included in the macrocyclic 
chain which can possess up to 20 heteroatoms. Beside 
N-N-P-N-N linkages, 0-P-0, C-P-C, and 0-P-N 

Table 5. ComDounds 59-62 

- c- c- 
PhP[NMeN=CH-CsCIz 

A 
N*Me 

A& 
U 

0 0  o s s  S 
WyN Ph Ph-0 C1 Ph Ph-0 

6 0 ~ 7 9 . 8  1.82.85 60d79.81.82.85 

6 l n - p , t  

andor 

620 

linkages can be introduced in the macrocyclic chain. 
Mass spectrometry and X-ray structure determina- 
tions821@ show that most of these macrocycles arise from 
[2 + 21 cyclocondensation reactions (Table 5) .  

Analogous reactions carried out with the tetraphos- 
pho dihydrazides 63 and various dialdehydes led only 
to [l + 13 cyclocondensations (Scheme 34).79@3 

-Z- \ 0 5 5 
Ph c1 Ph 

60a279.86 
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Scheme 34 
.tBu 

kH Me 
N-N: ,Ph 

.p* Y' N-NHi HzN-N, Y 
Me' 63  Me 

t OHC-ZCHO 

tBU 

Scheme 35 
Ph 

&n 60sl-as,av-az 

ch 

Another general way of synthesizing macrocycles 
containing P-N-N linkages consists in the reaction of 
hydroxyphenyl functionalized phospho dihydrazones 
with RP(X)C12,79@ R2SiC12?lpg2 CpzZrMe2?l or Cp2- 
TiMe2:g1 [2 + 21 cycloadducts are exclusively formed 
(Scheme 35). 

Most of the macrocycles 56-62,64 are stable enough 
to be submitted to different chemical procedures: 
modification of the cavity size (Scheme 36),79*81185~03 
formation of di393 or tetraphosphonium salts (Scheme 
36),&" P-S - P 4  transformation (Scheme 36),86195 
or substitution reactions (Scheme 37).= 

Addition of 2 equiv of aqueous formaldehyde to a 
di(tetraazaphosph0rine) gives rise to the tetracyclic 
structure 65 (Scheme 38).94 

Phospho dihydrazides (CsHsO)P(S) (NHNH2)2 react 
with dichlorohexamethyltrisiloxane to give mixtures 
of eight-, nine-, and 10-memberedrings 66a-c (Scheme 
39)?5 
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Scheme 36 

Scheme 37 
%,/C' 

608s 6OaLau 

Scheme 39 
PhO-P(S)("H2)2 + CISiM+SiM+OSiM~Cl 

I 

D. Intracycilc 0-P-O Linkage 

1. Reactions Involving Chlorophosphines 

Macrocyclic polyethers containing phosphonyl, phos- 
phoryl, thiophosphoryl, iminophosphoryl groups are 
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Table 6. Compounds 67a-q 
n 1 1 1 1 2 2 

R X lone pair 0 S NSOzPh 0 S 

prepared by treatment of disodium salts of open-chain 
polyethers with RPC12, RP(X)Cl2, RaP=NP(O)C12 
(Table 6, Scheme 4O).*lo6 

Phosphorus crown ether 69lO7JO8 is similarly obtained 
from CH3P(O)(OCHzCHzC1)2. 

C O J  
i' 

0 Me 
6 9  

Analogous reactions are undertaken starting directly 
from polyethylene glycols or related species which are 
reacted with di- or trihalogenated phosphorus com- 
pounds in the presence of base: derivatives of type 67 
and compounds 68a,c are thus prepared (Table 6).10g-116 
Extension of this method allows the synthesis of 
macrocycles 70,117J18 71,ll9 72,120 73,121 74,l2%lU 75,125 
and 76116J26J27 (Chart 1). The reaction of P-function- 
alized macrocycles 67b and 76 with amines allows the 
preparation of other macrocyclic ~pec ie s . l l~J~~  

The macrobicyclic derivative 77 is formed in 46% 
yield by cyclizing o-NaOC&~O(CH~CH20).C~)40Na-o 
(n = 2, 3) with adamantanediphosphonic dichlo- 
ride.116J28 

7 7  

When p-tert-butylcalix[6larene 78 is treated with 
cesium fluoride and then with ethyl phosphorodichlo- 
ridite, an ethyl phosphate substituent is introduced 
onto the lower rim of the calix[6larene. The new 
macrocyclic compound 79 has a single ethyl phosphate 
spanning two adjacent phenolic oxygens of the calix- 
[6]arene.129 When the same reaction is carried out in 
the presence of potassium hydride, a stronger base than 
cesium fluoride, a second ethyl phosphate substituent 
can be introduced onto the lower rim of the calixarene 
affording the derivative 80. Treatment of p-tert- 
butylcalix[6larene with ClP(O)(OEt)2 followed by 

Scheme 40 

68e 

Chart 1 

7 0  

0 
7 3 n = 6 , 1 0  74 R = CI, Ph, OPh 

72 X = 0, S X = C1, F x = o , s  

k-0, p- (CH2\)m 
P N-nC3H7 

0" '& (CHS, L p - 0  0 
75 m = n = 2 , 3  \dtR u 

m = 2  n = 3  
Ar = Ph,p-ClC&, m-cresyl 76 R = H, Me, AWH,  PhNH, OH, 

CHzOH, CH(0H)CClj 

heating of the resulting isolated product under vacuum 
at 330 "C yields 81 in 47% yield (Scheme 41).130 

Pyrolysis of polytdialkyl phosphate) ester derivatives 
of calixarene results in multiple bridges. Heating of 
biddiethy1 phosphate) calixarene 82 at 230 "C under 
vacuum leads to the formation of pyrophosphate 83 in 
which two phosphorus atoms are each bridging two 
proximal phenoxy groups (Scheme 42).150 

Condensation of PCl3 with (RJQ-tartaric acid gives 
rise to the macrocycle 84 possessing two pentacoordi- 
nated phosphorus atoms. The triethylammonium salt 
86 of the corresponding hydroxyphosphorane 85 is also 
i ~ o l a t e d . l ~ ~ - ~ ~  Treatment of the phosphorane 84 with- 
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Scheme 41 
t B U  tBU 

tBu 

tBu 

tBu 

tBu 

82 rplu d u  83 

Scheme 43 
0 0 

5 7 :  
2PC13 + 2 HO-C C-OH - 

I I  
H D  HC- CH. OH 

6' 84 'b 
sa or Se, 

- - .  

x = s. Se 

6 86 b 
sulfur or selenium in the presence of triethylamine 
affords 87 (Scheme 43).156J38 

Reactions of dichlorophosphines with dithiols instead 
of diols are also investigated, leading to a benzodithia- 
phosphepin and the corresponding dimer 88 (Scheme 
44).137,198 

Scheme 44 
M w .  

SH 
+ P h P Q  

Et2NPh - Me L i : P - P h  
+ 

Scheme 45 
Hie- OH 

I HC-OH 

Scheme 46 

' 0  

x+='o-wuJ Me 

93 X i. lone pair, S 

undergo fast oligomerization at 60 "C leading to 
polycyclic phoephoranes 89 and 90 (Scheme 45).lS9 

The bisspirophosphorane 91 is formed from P(NM&)s 
and D-(+)-mannitol or D-(+)-glucidol under mild ex- 
perimental conditions (5 h, 40 OC). The same experi- 
ment with arabinitol affords 92.140 

HO$ y<$ HOCH2 ~ < ~ c H z o H  

\P/ 
dA' 

H \P/ 
d p  

9 2  91 

When heated with an equimolar amount of 2,2-bia- 
(p-hydroxyphenyl)propane, the linear bisphosphinite 
[C~H~(NE~~)POC~H~]ZC(CH~)Z undergoes cyclization 
with the formation of macrocycle 93 (Scheme 46).14' 

The triarylenecyclophosphonite 94 is prepared from 
the diarylenetriphosphinite [c&(NEt~)PoCs&c- 
(CHs)zC&O]zPC&I~ according to the same proce- 
d~re.~' '  

2. Reactions Involving Aminophosphines 
Bicyclic phosphites obtained from the reaction of 

hexamethylphosphoric triamide with threitol or xylitol 

3. Reactions Involving Sihhted Derivatives 
2-Chloro-2-oxo, -2-thio, or -2-imino-4,5-benzo-l,3,2- 

dioxaphospholane reacts with M&iO(CH&H@)nSMea 
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0 

P' 

Scheme 47 

X = 0, S, NSOzC6H4C1 
n = 0, 3, 5 95 

Scheme 48 
to give the corresponding polyethylene glycol. In- 
tramolecular nucleophilic addition of the Me& group 
to the P-X bond of these polyethylene glycols gives 
spirophosphoranes 95 with structure and properties of 
crown ethers (Scheme 47).142J43 

On standing at room temperature, a mixture of bis- 
(silyl ether), mono(eily1 ether)-mono(alky1oxytrifluo- 
rophosphorane) , and bis(alky1oxytrifluorophosphorane) 
evolves into a new mixture which contains the 16- 
membered ring 96 (Scheme 48).lU 

Condensation of a-ethoxy-w-ethyloctakis(pheny1- 
methy1)tetrasiloxane C&O[Si(C&CH&-Ol4C& with 
methylphosphonic acid MeP(O)(OH)z leads to the 
corresponding macrocycle 97.14 

4. Miscellaneous Methods 

A unique macrocyclic structure of tetrameric tri- 
methyltin(1V) diphenylphosphinate [Me3SnOzPPh214 
98 containing a 16-membered Sr40aP4 inorganic ring 
is isolated from the reaction of Me3SnCl and NH402- 
PPh2.lM 

0 O\ 
/ /SnMes 
\ 

M q S n  
0 
I 

Me3 98 

Triphenylphosphine and diisopropyl azodicarboxy- 
late react with propane-1,3-diol, butane-l,&diol, pen- 
tane-1 $-diol, hexane-l,6-&01, heptane-1,7-diol, octane- 
1 ,%diol, decane- 1,lO-diol, and dodecane- 1,12-diol in 
tetrahydrofurane at 0 "C to give large-ring cyclic 
dioxytriphenylphosphoranes 99 that appear to be 
oligomeric (Scheme 49).l4'JU 

Nine-membered rings 100 incorporating sulfur, oxy- 
gen, and phosphorus are prepared in accordance with 
Scheme 50.149J60 

Methanolysis of a carboalkoxy enol phosphite leads 
to a minor product which appears to come from 

Scheme 49 

99 

Scheme 50 

R R'O 

R R R 
100 

R = t-CSH, 
R = H, Na. h, Ca 

Scheme 51 
Me 

Scheme 52 
Ph 1--7 nnn i "  / \ 

Ph-T-(CH2)3-p Ph 
Cl Q Base 

Ph - 102 

migration of ring oxygen to give the nine-membered 
ring 101 isolated as a thiophosphate (Scheme 51).lK1 

E. Intracyclic X-P-Y Linkage 
1,3-Bis(chlorophenylphosphino)propane is reacted 

with a stoichiometric amount of triethylene glycol in 
dry THF in the presence of a base using high dilution 
conditions to favor the formation of the crown ether 
type compound 102 which is isolated from the resulting 
mixture by complexation with Mo(C0)4 (norborna- 
diene) (Scheme 52).152 

The benzooxaphwphacycloalkane 103 is prepared by 
palladium-catalyzed intramolecular cyclization of the 
corresponding mono(w-o-bromophenylalkyl) ester 
(Scheme 53).lK3 

Reaction of phenylbis(trimethylsily1)phosphane with 
trans-l,2-cyclohexanedicarboxylic acid dichloride af- 
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Scheme 53 
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" he 103 

Scheme 55 

Scheme 56 

0 
MQ 

I 

107 MQ 
108-2 108-E 

fords the 1,2-diphospha-3,9-cyclodecadiene 104 in 75 7% 
yield (Scheme 54).1MJ66 

Addition of dimethyldichlorosilane to the dilithium 
salt PhP(Li)(CH2)20Li at 0 "C gives exclusively the 
stable dimer 105." 

A ,Ph 
d " 

'P 0' 
MQSi' '\SiMe2 

Ph' w 105 

Treatment of 4'-aminoacetophenone hydrochloride 
with H3P02 is claimed to lead in part to the cyclic 
phosphonamidate 106 (Scheme 55).167 

A ring expansion to a 10-membered cyclic phosphine 
imide is observed when the bis(sily1amino)phosphine 
107 reacts with methyl vinyl ketone.lm The initial 
product 108-Z, with 2 configuration, apparently results 
from nucleophilic attack by phosphorus on the carbonyl 
carbon, followed by a silyl migration from nitrogen to 
oxygen. The Z isomer slowly converts to the E isomer 
108-E. An intramolecular silicon transfer also occurs 
when the phosphine 107 reacts with cyclohexene oxide. 
This zinc-catalyzed epoxide ring opening yields the 
phosphine imide 109 (Scheme 56).169 

The reaction of 1,2-bis(bromomethyl)benzene with 
a N,"-phosphino-substituted S,S-dimethylsulfodiim- 
ide leads to the nine-membered ring salt 110 (Scheme 
57)." 

Scheme 58 
[Fel. Mes* 

a R = P h  
b R=4EtO-%H, 

Scheme 59 
Me\ ,O-(CHA-O\ ,Me 

p + RCN - [1.1 adduct] P 

1 S' 'SH HS' 'S 

112 
n = 2, 3, 4 

Scheme 60 
t B U  - _  

t B U  
Li[OCH2(CF2),CH2O]Li + p C N - p  - 

P 0 tBu 
\ 

/ N'\ 
CltBG a 

The (E,E)-1,7-dioxa-4,5,10,11-tetraaza-3,4,8,9-tetra- 
phosphadodeca-5,ll-diene 111 is obtained from the 
reaction of [(sS-C6Me~)(C0)2Fe-P=P-Mes*l with AI- 
1,2,4-triazoline-3,5-diones in diethyl ether (Scheme 

The reaction of bis(dithiophosph0nic acids) with 
RCN gives a 1:l adduct which decomposes to RC(S)- 
NH2 and cyclic trithiopyrophosphonates 112. The 
stability of 112 decreases as n increases (Scheme 59).1= 

Lithium salts of polyfluorinated alcohols treated with 
cis-l,3-di-tert-butyl-2,4-dichloro-1,3,2,4-diazadiphos- 
phetidine give rise to the corresponding polyfluoro bis- 
(alkoxy-bridged) diazadiphosphetidine species 113 
(Scheme 60).1ss 

The bisphosphite 114 reacts exothermically with 2 
equiv of phenyl azide to give a mixture consisting of 
macrocycle 115 and compound 116 (Scheme 61).167Jsa 

Extension of the Atherton-Todd reaction to the 
1-(0rganooxy)-1-hydridobicyclophosphoranes allows the 
preparation of the bis(bicyc1ophosphoranes) 117a,b 
bearing a 10-membered ring (Scheme 62).169J70 

58).16l-l@ 
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Scheme 61 

Caminade and Majora1 

Scheme 64 
tBu 

[)-OAAnO-P"] + 2 PhN3 

I 
114 '0 

I 
tBu tBu 

115 116 

Scheme 62 

117a R = R ' = H  
117b R = Ph, R' =Me 

Scheme 63 

118p x = o  
l l 8 b  X = N-tBu 

M f f 3 M e  L o  OJ 

Me Me 
119 (1% yield) 

Such a reaction performed with bis(hydridobicyc1o- 
phosphoranes) and a,o-diols affords bicyclophospho- 
ranes containing macrocycles 118a,b and 119 (Scheme 
63).171 

F. Cyclophosphatenes 

1. Cyclopolyphosphazenes 
Cyclophosphazenes (X2P = N), (n 2 5) are the oldest 

type of phosphorus macrocycles reported in the lit- 
erature, The penta-, hexa-, and heptamers of phos- 
phonitrile dichloride (C12P=N) were isolated and 
correctly identified by Stokes at the end of the 
nineteenth century.' A huge amount of publications 
and patents deals with phosphazenes. However, most 
of this work concerns cyclotri- or cyclotetraphos- 
phazenes (n = 3, 4) and their polymerization, even if 
some of the earlier reviews in this topic also evoked 
macrocyclic ph~sphazenes . l~~J~~ Indeed, chlorocyclotri- 
and -tetraphosphazenes are the main products of the 
cyclocondensation of ammonium chloride with phos- 
phorus pentachloride. Macrocyclic compounds (n 2 
5) are isolated from the crude mixture by fractional 
distillation, crystallization, or chromatography up to n 
= 15.'74J76 The earliest syntheses were carried out in 

. .  
Cl*P ; 
0 

Scheme 65 

NH,Br + PBr5 - F = N b  - PBr3 + NaN3 
Br 

l2Ob 

sealed tubes, heated at  150-200 O C ,  and in the absence 
of a solvent. This technique gave rise to serious 
explosion hazards due to the high pressure of hydrogen 
chloride within the tubes. Now the reaction is per- 
formed in the presence of a solvent, often sym- 
tetrach10roethane.l~~ 

Several other methods allow the obtention of oli- 
gochlorocyclophosphazenes, for instance the use of 
ammonium carbamate177 or Hg(NH2)CP instead of 
ammonium chloride, a two-step reaction of ammonium 
chloride with P(O)Cla and then with P c l ~ , ' ~ ~  and the 
reaction of hexamethyldisilazane with [C13P=N= 
PCl3l+C1- (Scheme 64).180 

The corresponding bromo derivatives 120b (n 2 5) 
are obtained in the reaction of phosphorus pentabro- 
mide with ammonium bromide161 and separated until 
n = 16.1E2 The pentamer is also obtained in low yield 
in the reaction of sodium azide with phosphorus 
tribromide (Scheme 65)." 

An analogous reaction, carried out with trimethylsilyl 
azide and RPI2 allows the preparation of [RIP-Nl, 
derivatives in good yields (R = Et, n = 22; R = Ph, 

The fluoro derivatives 120c are prepared by fluori- 
nation of chloro oligomers 120a with potassium fluo- 
rosulfite.lSSJM Partial fluorination is observed with a 
mixture of SbF3-SbC15.1E7 The vibrational data,lBJEg 
fragmentation patterns,190Jg1 35Cl,l92 l9F,193 and 3lP 
NMR" of several oligophosphazene halides are known, 
as well as the X-ray structure determinations of the 
fluor0,lg6 c ~ ~ o ~ o , ~ ~ J ~ ~  and bromolgE pentamers. 

Chloro and fluoro derivatives are starting reagents 
for a series of substituted macrocyclic phosphazenes. 
The mechanism of the nucleophilic substitution of 
chlorine was suggested to be SN2 by studying chlorine 
exchange between radioactive tetraethylammonium 
chloride and (PCl2N),.lss Reaction of 120a with sodium 
derivatives of alcohols allows the isolation of the 
alkoxyphosphazenes 121-g (Scheme 66).2001201 An 
interconversion of the phosphazene ring, increasing the 
proportion of lower homologues, was observed during 
the reaction of PhONa with a mixture of oligomers 
120a.2023203 The X-ray structure determination of the 
hexadeca- and dodecamethoxy derivatives have been 
reported.2041205 

The amino-substituted cyclophosphazenes 122 are 
obtained by reaction of aminesm1Imm or lithio deriva- 
tivesm with chloro- or fluorophosphazenes. The reac- 

p-ClC& n = 5).lU 
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Chart 2 

[ C ? R R h A I C p a  f i  I F R h  h; f i  rN p= N 
NRR n 

F--h P = N  
O n  OR n n 
12568 121e-g lZZe,h-j 123e 

IaMel 
g h ; ,j 

H Me Ph CH2CF3 nBu 3 gMe ppi] ' 
Me Me n-l Me 

1 2 4  

tion of n-butylamine with a mixture of chlorophos- 
phazenes (3 I n I 7) increases the proportion of higher 
h o m o l o g ~ e s . ~ ~ ~ ~ ~ ~ ~  The X-ray structure determination 
of 1228 when n = 6, performed in 1964, is certainly the 
oldest phosphorus macrocyclic structure ever deter- 
mined.2101211 The structure when n = 8 is also known.212 

The dimethylphosphazene 123e was first obtained 
in low yield by reaction of methyllithium with 
fluorophosphazenes.213-215 The yield was improved by 
the use of methylmagnesium bromide instead of meth- 
~ l l i t h i u m . ~ ~ ~ ~ ~ ~ ~  Dimethylphosphazenes form the long- 
est series of cyclic molecules with known structures. 
Indeed, crystal structure determinations of (PMeZN), 
were undertaken for n = 5,218 n = 6,219 n = 7,216 n = 8F20 

Partially substituted oligocyclophosphazenes are 
often obtained by starting from fluoro derivatives 120c. 
The formation of C-substituted compounds occurs with 
(p-fluorophenyl)lithiumnl and (lithiomethyl)pyrrole,222 
whereas compounds with P-N bonds are formed with 
(dimethy1amino)trimethylsilane or -stannane2= or tris- 
(trimethylstannyl)amine.224 Partial reaction of ethane- 
or benzenethiolate with N&Cl1o has also been re- 
ported.223 

A few reactions concerning the phosphorus-nitrogen 
bond of organo-substituted phosphazenes are known. 
For instance, compound 1238 forms the monoquater- 
nary salt 1248 when heated in methyl iodide,2l5 whereas 
neat 1218 undergoes a thermal rearrangement when 
heated a t  150 "C under reduced pressure.226 Several 
isomers of oxocyclophosphazanes 125e (n = 5,  6) are 
thus obtained. The first rearrangement phosphazene - phosphazane in the cyclic series was reported for 
120a (n = 6) which reacts with sodium hydroxide to 
yield the acid 125d (R = H).227*228 

2. Reactions Involving Cyclotri- or 
Cyclotetraphosphazenes 

The reaction of hexachlorocyclotriphosphazene N3P3- 
Cl, with polyamines, polyoxadiamines, or dithiadi- 
amines gives products whose structures depend dras- 
tically on the nature of the polyamine and on the 
experimental conditions. Spiro 126a-e and 127a-d, 
dispiro 128a-d, cis 129a-e or trans 130, ansa, dibino 
13la-eand 132a-q and tribino 1332C8derivatives (Chart 
2) were thus prepared. 

The reaction of octachlorocyclotetraphosphaza- 
tetraene NJ'& with the polyamine H2N(CH2)3NH- 
(CH2)dNHz gives a polycyclic species 134.249 

and n = 9-12.217 

p3?q]x 1261 n m x Refs. 
/ 

HN. ,NH 
229230233.2M 

CI.11 d I 229232 
a/'< Ne \a 2 2 229,234-237 

;/a e 

12611.e -* Refs. 238 239 239 240 

13211-c 

133 n = 6,8 
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Several macrocycles were prepared by reacting N3P3- 
Cl, or N4P4Cla with diols, bis(2-hydroxyethyl) ether, or 
bis(hydroxymethy1)-0-carborane. Ansa 135am and 
135b,251 diansa 136,260 spiroansa 137,252 and dibino 
138a,250*253*2s 138b252 derivatives (Chart 3) were thus 
isolated. Cyclic triphosphazene with four trifluoro- 
ethoxy side groups and two nongeminal chlorine atoms 
(1,3), [N3P3(0CH2CF3)&121 reacts with a diphenol to 
give the transannular derivative 135c.255 

Under controlled reaction conditions and without 
using a phase-transfer catalysis the polycondensation 
of N3P3Cl6 and hydroquinone leads to a mixture of 
oligomers with formula N3PSCl5-[ @-OCsH40)-(N3P3- 
Cl~)]n-@-OC~H40)-NaP3C16. The first compound (n = 
0) in this series could be isolated in a pure state. In 
addition, very small quantities of a double-bridged 
species N3P3C14-@-OC6H40)2-N3P3C14 138c have been 
d e t e ~ t e d . ~ ~ ~ ~ ~ ~  

ZZZ. Ring Openlng 

A. Intracycllc C-P-C Linkage 
Almost all the macrocycles containing C-P-C linkages 

and obtained by ring opening are nine-membered rings. 
They are synthesized by opening of phosphorus five- 
membered rings according to three main pathways: 
thermal cleavage of P-C bonds, addition of unsaturated 
compounds, or oxidation of C=C bonds. 

First attempts consisted of heating neat spirophos- 
phoranes up to their melting point.25s260 This induces 
the opening of two five-membered rings, followed by 
the formation of a C-C bond, leading to the tricoor- 
dinated phosphorus macrocycles 139a-j (Table 7, 
Scheme 67). Addition reactions on the lone pair of 
phosphorus are observed with hydrogen chloride and 
methyl iodide. The ionic macrocycles 141a,c are also 
obtained by heating a mixture of methyl iodide and 
spirophosphoranes, whereas the intermediate 140f is 
isolated starting from a dimethylanilino-substituted 
spirophosphorane. Reaction of the ionic species 140 
and 141 with tetraphenylborate leads to the cor- 
responding borate salt of the phosphoniums.2ss 

The tricyclophosphoranes 142a,b obtained by addi- 
tion of dimethyl acetylenedicarboxylate onto phos- 
pholes undergo a ring-chain tautomerism induced by 
heating.261*262 Only one isomer is obtained for com- 
pounds 143a,b as shown by 3lP and lH NMR spectra, 
Le., the cis,cis,trans,cis-phosphonin (Scheme 68).  
An analogous reaction carried out with 3-butyl-1,2- 

diphenylphosphindole affords the benzodihydrophos- 
phonine 144 in low yield (10%). This compound 
presumably arises from hydrolysis of a polycyclic 
intermediate similar to the ylide 142 (Scheme 69).263 

The phosphorus-germanium bond of germaphos- 
pholanes is easily cleaved with a-unsaturated carbonyl 
derivatives such as cinnamaldehyde and methyl vinyl 

Chart 3 
,BloH,O I-\ 

13Sa C1 
135b 13Sc 

- 
137 

CI 

,P= vp,a 8 Z = CH2-C(Me)z-CHz 

% // \ b Z = (CHZ),-O-(CHd2 

:- &\ 

.P-N C1 A 

1388-c 

Table 7. Compounds 139a-j 
139 R' R2 R8 R4 ref 
a 
b 

d 
e 
f 
B 
h 
i 

C 

j 

H H  
Me Me 
H H  
Me Me 
H NMez 
H H  
H H  
Me Me 
H H  

Me Me 

H 259 
H 260 
H 258 
H 260 
H 258 
H 258 

H 260 
H 259 

(CH)4 258 

H 260 

Scheme 67 

+ 

A 
1-  - 

t 

I '  

ketone. The nine-membered germaphospha hetero- 
cycles 145a-b are thus obtained as a mixture of 
diastereoisomers (Scheme 70).2s4 

The phospholane ylide 146 slowly dimerizes with 
spontaneous ring opening, but the resulting double 
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Scheme 68 
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Scheme 69 

Scheme 70 
Me 

Me, I 
Gc-0, ,R 

( j8, + RCH.;CH-C(O)R' 

'-& I 
Ph 

a R = P h ; R = H  Ph/ H 
145a,b b R = H R = M e  

Scheme 71 

ylides 147 and 148 are not isolated, due to the 
reversibility of the dimerization (Scheme 

Diketo derivatives 150 are useful functional precur- 
sors of the series of phosphorus nine-membered mac- 
rocycles 151-164. These precursors 15Oa-i are obtained 
in good yields by ring-opening ozonolysis of phos- 
pholenes 149a-i followed by reductive work up either 
by trimethyl phosphite or by a mixture of potassium 
iodide and acetic acid.-289 The diketo functionality 
of compounds 15Oa-i gives rise to a versatile reactivity 
(Scheme 72). 

Reduction of carbonyl groups of phosphanone di- 
oxides 15Oa,b,d is achieved with sodium borohydride 
or by hydrogenation over a Raney nickel catalyst. A 
mixture of the three possible diastereomeric forms (one 
dl and two meso) is obtained for diols 151a,b,n0 whereas 
a single diol is formed for 15ld.2'I Dehydration of 
compounds 151a,d with POC18-pyridine supplies dif- 
ferent dienes in each case, which are assigned, from IH 
NMR data, the &,cis- or cis,truns structure 152a and 
the cis,trans structure 153d, respectively. Dboxygen- 
ation of oxide 153d with HSiCl3-pyridine gives the 
phosphonine 154d which readily forms the methiodide 
155d. Spectral data reveals the C ~ S , ~ F U R S  structure in 
both compounds.n1 

The bis-dithio ketals 156a,b are formed from 
ethanedithiol and diketo derivatives lSOa,b with BFa- 
etherate as catalyst. The reductive desulfurization of 
156a with Raney nickel affords the phosphonane 157a 
which is also obtained by hydrogenation with Pd/C of 
the diene 152a. Reduction of the phosphoryl function 
with phenylsilane gives the phosphine 158a which is 
readily quaternized with methyl iodide to 159a.n0 

Enolic character is noticeable in the phosphane diones 
150, as evidenced by the ease of silylation with bis- 

Scheme 72 - 

1-y Ni 

n 

155d 

(trimethylsily1)acetamides. Compounds 16Oa,b,g,i thus 
obtained are extremely sensitive to moisture.n0tn2 
Compound 160g is interesting as it loses 1 equiv of HBr 
when reacted with 1 equiv of triethylamine. Two 
isomers relative to the 1,5 substituents (Br and Ph) are 
detected on the *lP NMR spectrum of the resulting 
bromophosphonine 161g. Addition of a second equiva- 
lent of triethylamine induces a full dehydrohalogena- 
tion. The phosphonine oxide 162 is obtained together 
with a bicyclo derivative.n2 

Finally, another type of reaction on the ketone 
functions concerns the formation of the dihydrazone 
derivative 163a from l5Oa and p-toluenesulfonyl hy- 
drazine. In fact, only one example of reaction in which 
the diketo function is preserved has been described, 
i.e. the debromination of the dibromophosphane dione 
150h with zinc, leading to 164h.n0 

In connection to the preceding series of compounds 
15Oa-i, the trans,cis,cis,cis-phosphonine oxide 150j has 
been obtained by oxidation of the phosphirane 165 with 
H20zn8 or tert-butyl hydrogen peroxide.n4 However, 
compound 150j is only observable at low temperature, 
since it undergoes an intramolecular cycloaddition 
leading to the dihydrophosphaindole derivative 166 
(Scheme 73).*3m4 

B. Intracycllc N-P-N Llnkage 
Most of the macrocycles synthesized by ring opening 

are either issued from cyclophosphazenes or from 
tetraaminophosphorane derivatives. The oldest reports 
concern ring opening of halogenocyclophosphazenes. 
Thus, any (NPClz),, can be converted into a mixture of 
(NPClz), derivatives by heat.1*m*n6+ns This reaction is 
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also observed with phosphazenes which possess both 
organic and halogen side The reaction is far 
more difficult with fully substituted cyclotriphos- 
phazenes. However, the ring strain imparted by 
transannular metallocenyl units to organo-substituted 
cyclotriphosphazenes induces an easier ring opening 
and yields cyclic oligomers when heated at 250 "C. In 
some cases, the presence of a catalytic amount of N3P3- 
Cl, is needed as an initiator of the oligomerization 
(Scheme 74). The main product of the reaction is often 
the cyclic hexamer 167 which is generally obtained in 
low yield, except for 167a (33% yield).278*ng 

Ring strain in the condensed ring structure of 
nitrilohexaphosphonitrilic chloride 168 induces the 
cleavage of the central bond when reacted with di- 
methylamine. Two of the bridgehead chlorine atoms 
of the twelve-membered ring 169 remain unsubstituted 
(Scheme 75).280*281 

The ring-opening of mixed phosphazenethiazyl rings 
is easier than for phosphazenes. Thus, the spontaneous 
conversion of 170 into the dimer 171 has been re- 
ported%2v2@ and confirmed by an X-ray structure 
determination of 171a (Scheme 76LB2 

Reaction of the related eight-membered ring 172 with 
bromine or iodine gives the unexpected dicationic 
species 173 (Scheme 77).28" 

The second type of macrocycles with N-P-N linkages, 
synthesized by ring opening, are tetraaminophospho- 
rane derivatives which are obtained as a mixture of 
Pv-PIn tautomers by transamination reactions of 
tetraaminomacrocycles 174a-c with hexamethylphos- 
phoric triamide.mlm Examination of the effect of ring 
size on the PmPv tautomerism shows that compound 
a gives a mixture in which the "closed" tetracyclic 
phosphorane tautomer 175 predominates, whereas 
compound b only gives the isomeric "open" tricyclic 
PIn tautomer 176. Less symmetrical azamacrocycles, 
for instance, isocyclam "3322", leads to a mixture of Pv 
and regioisomers of Pm (Scheme 78Lm 

Various attempts have been made to displace the 
tautomeric equilibrium toward the open tricyclic 
structure 176, mainly by c o m p l e x a t i ~ n . ~ ~ ~ - ~ ~ ~  Such 
behavior is also observed in the case of oxidation of 
phosphorus by molecular sulfur, potassium selenocy- 
anate,290 or trimethylamine oxidem1 leading to the 
corresponding sulfide 177a, selenide 178a, and oxide 
179a. Compounds 17gm2 are also obtained by a two- 
step process. After oxidation of the mixture PmPv 
with CCL, the resulting phosphoniums Moa-c are 
hydrolyzed with sodium hydroxide to yield the oxides 
179a-c. Reaction of electrophiles with the N-H 
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functions of 176a-c gives mono-N-substituted macro- 
cycles 182a-i, which are also obtained by base-induced 
isomerization of the pentacoordinated alkoxyphospho- 
ranes 181a-i. Removal of the phosphoryl protection 
by acid hydrolysis of the oxides 182a-i yields mono- 
N-functionalized tetraazamacrocycles.288 The phos- 
phorane alkoxide 181j, obtained by reaction of cyclam- 
phosphorane with trifluoroacetophenone, is spontane- 
ously converted to its structural isomer 182j.z93 

Addition of 1 mol equiv of diborane to the cyclam- 
phosphorane 175a, in equilibrium with the open form 
176a, leads to a complex mixture from which the bis- 
(borane)cyclamphosphorane 183a and the open form 
184a are isolated. Compound 183a is also slowly but 
totally converted to 184a in a few weeks when left in 
s01ution.B~ An X-ray structure determination of the 
open phosphane 184a shows that the diastereoisomer 
formed is (R,S;S,R),  the one in which the P-B and N-B 
bonds are oriented trans to each other.ms 

Reaction of 1-phenylphospholene oxide with excess 
butyllithium and aromatic nitriles induces a ring 
opening and gives the diazaphosphacyclononatrienes 
185a,b in very low yield (3-5%) after hydrolysis with 
aqueous ammonium chloride.% A monoalkylation on 
nitrogen is obtained with a mixture of NaH and benzyl 
bromide, whereas a dialkylation reaction is observed 
with NaH and methyl iodide (Scheme 79).296 

C. Intracyclic 0-P-0 Linkage 
In contrast to the reaction of phosphorus triamide 

with polyaminomacrocycles 174 (see above), the reaction 
with polyoxy macrocycles 188 does not lead to a PV-P1*I 
equilibrium, but gives a single compound, 189, a 
hexacoordinate phosphorus inp-tert-butylcalix[4larene 
(Scheme 80).297 

The pentacoordinate analogue of 189 has never been 
isolated. Indeed, all attempts to remove dimethylamine 

\ 
2, 

by heat or reaction with trifluoroacetic acid only lead 
to the tricoordinate phosphorus macrocycle 190eB7 

However, this type of macrocycle is not representative 
of most phosphorus macrocycles with 0-P-0 linkage 
obtained by ring opening. Indeed, the principal method 
of synthesis concerns the ring-opening polymerization 
of cyclic phosphonites. First reports did not elucidate 
the structure of the polymers, long chains, or macro- 
cycles (see for instance-), but detailed investigations 
revealed the formation of dimeric and trimeric mol- 
ecules along with higher polymeric species.ml Oligomers 
are sometimes observed during the synthesis of mono- 
mers 192 from diols 191 and dichloro- or diaminophos- 
phines. However, 31P NMR studies of crude diox- 
aphosphepanes 192n reveal that dimers and oligomers 
come from this monomer rather than from an initial [2 
+ 21 or [1+ 11 cyclocondensation reaction (Scheme 81, 
Table 8).302 

Several factors influence the oligomerization. First 
of all, high-grade purity monomers dimerize very 
slowly,"l while impurities, particularly traces of water 
seem to be a determinant factor of oligomerization.303 
The rate of reaction also depends on the type of 
phosphonite. An extra cyclic P-C bond is needed to 
observe a ring opening.304 The oligomerization is 
accelerated according to the following series of R 
substituents Ph << Me C Et < iPr < t B ~ . ~ ~ v ~ ~ 6  
Phosphonites with R = F, C1, OMe, OPh, or NMez are 
stable and do not show any tendency to oligomeriza- 
tione305 The last criterion which influences the oligo- 
merization is the size of the ring. Five-membered rings 
(phospholanes 192a-e) oligomerize faster than six- 
membered rings (phosphorinanes 192f-m) and much 
more faster than seven-membered rings (phosphepanes 
19211)."~ Furthermore, the yield of dimers is very low 
(<1% ) starting from phosphocanes 1920-t (eight- 
membered r i n g s ) . ~ ~ ~ 7  

In one case, a measure of the mean degree of 
oligomerization gives a value around 8,302 but only the 
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Table 8. Compounds 192-198 

Caminade and Majora1 

z, R ref(s) 
n = l  

a Me 304,305 
b Et 305 
C tBu 304,305 
d Ph 303-305 
0 C-CsHii 304,305 
f CH2 Me 302,306 
e CH2 Et 302 
h CHz iPr 302 
i CH2 tBu 302 
j CHz Ph 302 
k CMez Me 301,305,309 
1 CMez Et 305 
m CMez iPr 305 

n tBu 302,305 
0 0 Me 305-307 
P S Me 305,307 
Q CMez Me 305,307 
r NMe Me 305,307 
S PMe Me 308 
t 0 Ph 307 

n = 2  

dimers have been characterized, although not fully 
isolated. In almost all cases two diastereoisomers (cis 
and trans) are observed. The only exception comes 
from macrocycle 194s in which two additional phos- 
phorus atoms give rise to the expected five diastere- 
oisomers.- The tricoordinated phosphorus macrocy- 
cles 194 are in equilibrium with oligomers and 
monomers. Heat or dilution allows the recovery of the 
starting monomers 192.901*306 Furthermore, the oxi- 
dizability of these compounds prevents the isolation of 
Pm forms. On the other hand, reaction of a mixture of 
monomers, dimers, and oligomers with elemental sulfur 
gives rise to stable compounds. Among them, mono- 
mers 193 and dimers 195 are isolated.301307 Contrary 
to the PII1 forms, no equilibrium is observed between 
neither monomers PIV and dimers PIV, nor between the 
two diastereoisomeric PN dimers, cis 194' and trans 
194", which differ by the relative orientation of the R 
groups with respect to the mean plane of the molecule. 
The relative amount of the diastereoisomers is generally 
different from the statistical 111 ratio and depends on 
the size of the R substituent. For instance, only one 
isomer is isolated for compound 195c (R = tBu), the 
trans isomer 195''~~~ In most cases, characterization 
of cis and trans isomers is achieved by 31P and lH NMR, 
and these assignments have been confirmed by X-ray 
structure determinations for the trans ten-membered 
ring 195"dm and the cis twelve-membered ring 195'k.309 

The spontaneous ring-opening process of phospho- 
nites is often very slow, and the yield of isolated 
macrocycles is very low, so the method needs to be 
improved. This has been achieved by developing a 
stepwise controlled synthesis, starting from the ring- 
opening reaction of phosphonites 192 by glycol (Scheme 
82) .305*308 

Phosphadiols 196 are in equilibrium with the starting 
products and a mixture of oligomeric species. Addition 
of sulfur allows to isolate the PIV derivatives of the 
monomer 193, the diol 197, and a small amount of 199. 
Treatment of phosphadiols 197 and 199 with methyl- 
dichlorophosphine induces a ring closure and yields 
16- and 24-membered rings, compounds 198 and 200, 
respectively. Both compounds exist in two diastere- 

1960,t 1970,t 1980,t 

199 

Scheme 83 

202 
EtzNH 

CHzCHWeXEt) 
e I-Menthyl Me' 

203a-e 204 

oisomeric forms cis and trans for 198, &,cis and 
cis,trans for the trimer 200, which is obtained only when 
R = Me." 

In contrast to dioxaphospholanes, diazaphospholanes 
do not oligomerize spontaneously on standing in 
solution.906 However, the 6-chloroethoxy substituent 
on phosphorus in compound 201 induces a quantitative 
and spontaneous ring-opening reaction leading to the 
ammonium salt 202. Then, 11-membered macrocycles 
203 and 204 are obtained by reaction with alcohols310~11 
or amines,912 respectively (Scheme 83). 

Compound 205 prepared from the reaction of phen- 
yldichlorophosphine on 5-bromo-N-(carboxymethyl)- 
anthranilic acid, in the presence of triethylamine, 
exhibits an equilibrium connecting a bicyclophospho- 
rane and its isomers.313 

0% HO% 0 % 
P h . L N  HeA&= / T&== / I I  

Ph- P 

Br 
205" 

0 Br Br 
205 205' 

nA& 0 205 Br A& 0 205' Br 0 205" Br 

D. Intracycllc S-P-S or P-P-P Linkage 
The chemical behavior of dithiaphosphonites is rather 

different from that of dioxaphosphonites. For instance, 
dithia five-membered rings do not show any tendency 
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to oligomerize, whereas the corresponding dioxa com- 
pounds are difficult to isolate as monomers.314 However, 
dimers 208a-d and oligomers are formed in the synthesis 
of thia six- and eight-membered rings, the dithiaphos- 
phorinanes 207a,c314 and trithiaphosphocanes 207b,d316 
respectively (Scheme 84). 

The thia PII1 derivatives are much more stable than 
the corresponding oxo PIII derivatives. Indeed, com- 
pounds 207 and the cis and trans isomers of compounds 
208 are isolated by column c h r o m a t ~ g r a p h y . ~ ~ ~ * ~ ~ ~ ~ ~ ~ ~  
However, an equilibrium exists between monomers, 
dimers, and oligomers. For instance, a solution of pure 
trans-208c dimer heated at  80 "C gives a mixture of 
cis- and trans-208c. If this mixture is heated at  160 
"C, the monomeric species 207c A similar 
behavior is observed for 208b upon heating or diluting; 
the equilibrium is displaced toward the monomer 
207b.316 This may explain the formation of a certain 
amount of monomer in the course of the synthesis of 
the dimer, even when the diphosphorus derivative 206 
is the only compound detected by 31P NMR after the 
first step of the reaction.315 

PIv derivatives are obtained by reaction with sulfur 
(210 and 212) or hydrogen peroxide (209 and 2ll).3'5 
The dependence of NMR parameters on ring size of 
these compounds has been studied,316 and the structure 
of macrocycle cis-212d has been determined by X-ray 
diffra~tion.3~' 

Only one example of macrocycle containing a P-P-P 
linkage is known. Thus, heating pentamethylcyclo- 
pentaphosphine (PMe)6 with chromium, molybdenum, 
or tungsten hexacarbonyls for long reaction times (16- 
30 h) results in the formation of the nine-membered 
ring complex (PMe)&(CO)6.318 

E. Intracyclic X-P-Y Llnkage 
In contrast to macrocycles containing symmetric 

C-P-C, N-P-N, 0-P-0, or S-P-S linkages which 
constitute an abundant series of compounds, few 
macrocycles containing unsymmetrical phosphorus 
units are obtained by ring-opening reactions. Most of 
them arises from the cleavage of a P-O bond. For 
instance, oxazaphospholidines 213, obtained by reaction 
of 2-(methy1amino)ethanol with dichloro- or bis(di- 
methylamino)phosphines, slowly polymerize at  room 

Scheme 86 

-" 217 
V 

216 
R = H , M e  

Scheme 87 

temperature.319 The reaction is reversible since the 
monomer is regenerated by the action of heat. The 
first step of the oligomerization is the formation of 
dimers 2143°69320 which exist in two diastereoisomeric 
forms.320 Reaction with sulfur allows to isolate dias- 
tereoisomers 215' and 215" (Scheme 85). 

The bicyclic derivative 216 also undergoes a dimer- 
ization at  room temperature.321 However, in contrast 
to the above reports, only one isomer is obtained. A 
crystal structure of compound 217 establishes that this 
compound is formed by rupture and reformation of 
two P-0 bonds.322 The orientation of the phosphorus 
lone pairs is trans relative to the mean plane of the 
10-membered ring. The same orientation is also 
observed in the PN derivative 218323 (Scheme 86). 

Ring opening does not always occur by spontaneous 
reaction but may also be induced by addition of an 
external reagent. Cyclic phosphonites 219 add a t  the 
exocyclic carbon center of the 0-quinoi'dal form of 
benzothiete, leading to the zwitterionic intermediates 
220a-e.324*325 The type of rearrangement of these 
intermediates depends on the phosphonite used. The 
o-xylylene derivative 219e induces an intramolecular 
rearrangement of 22Oe leading to 2218, whereas the 
rearrangement of intermediates 220a-d requires a 
second molecule of benzothiete, leading to the mac- 
rocycles 222a-d (Scheme 87).324v326 
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A similar mechanism is proposed to explain the 
formation of the nine-membered ring phosphonate 223 
obtained in better than 50% yield in the reaction of 
phenyl neopentane-diyl phosphite with acrylic acid 
(Scheme 88) .326 

Ring opening of 1,2-diphenyl-1,2-diphospholane with 
methyl lithium and subsequent reaction with bro- 
mobenzene surprisingly affords the 10-membered het- 
erocycle 224 in 76% yield (Scheme 89).327 

Z V. Template Reactions 

A. Cyclization at a Substituent of Phosphorus 

The multistep synthetic routes used for the synthesis 
of macrocycles incorporating a C-P-C linkage are often 
successfully replaced by template syntheses. The 
cyclization may occur either at phosphorus or at  a 
substituent of phosphorus. This is the case for the first 
phosphorus macrocyclic complex synthesized by ex- 
ploiting the template effect, 227, which was prepared 
by alkylation of the nickel complex of the tetradentate 
mercaptophosphine 225 with dibromoxylene 226 
(Scheme 90) .328 

An analogous reaction carried out with the nickel or 
palladium complex 228 and 226 results in the formation 
of a free eight-membered cyclic phosphonium, whereas 
the dibromo derivatives 229 leads to the 10- and 11- 
membered macrocyclic salts 230a-c in good yield (54- 
78%) (Scheme 91).328 

Treatment of an equimolar mixture of the (R$) and 
(R,S) diastereoisomers of 231 with boron tribromide 
induces an intramolecular cyclization at sulfur. De- 
complexation of the resulting macrocyclic complex 232 
is achieved with sodium hydroxide and potassium 
cyanide. The racemic (R$) diastereoisomers 233’ and 
the meso (R,S) diastereoisomer 233” of the resulting 
free diphosphorus macrocycle are obtained in very low 
yield, 1 % and 0.5 % respectively. Heating a pure sample 
of 233’ results in the formation of a mixture of 233’ and 

Scheme 91 
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23Oa-e a 

+ 

Br . 

= H, n = O  
b R = H , n = l  
c R = M e , n = O  

L W J  
2 3 2  231 (R,R) I ( R S )  I NaOH 

KCN 

233‘ (R,R)  2 3 f  (R, 

Scheme 93 

2 3 6  

233”, as a consequence of the epimerization at  phos- 
phorus (Scheme 92).329 

Another example of cyclization at sulfur is observed 
for the hexadentate macrocyclic complex 236. This 
complex is formed by the oxidative coupling of S-H 
group via disulfide bonds obtained by reaction of tris- 
(mercapto pheny1)phosphine (234) with the osmium 
complex 235. An X-ray structure determination of 236 
confirms the formation of a 14-membered macrocycle 
with thiolate arms (Scheme 93).330 

Cyclizations at  nitrogen using template reactions are 
rarely used for the synthesis of phosphorus macrocycles. 
However, this method has been applied in the reaction 
of the neutral amidonickel complex 236 with propane- 
1,3-diyl ditoluene-p-sulfonate. This meso complex 
undergoes a facile cyclization reaction. The retention 
of the meso configuration in the complex 237 and in 
the free macrocycle 238, obtained with aqueous potas- 
sium cyanide, is confirmed by X-ray structure deter- 
minations of both compounds (Scheme 94).331 

In situ cyclocondensations of diamines with dialde- 
hydes or diketones in the presence of metal ions is an 
important way of synthesizing of macrocycles, which 
has been applied to phosphorus macrocycles. For 
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instance, heating the diaminophosphine 239, diacetyl 
pyridine, and NiXY and then adding NHzF6 generally 
produces the pentacoordinate nickel complexes 240, 
whereas reaction with NiClZ results in the formation of 
the tetracoordinate macrocyclic complex 241. Reduc- 
tion of 241 is accomplished with both NaBH4 and PtO- 
Hz. The free reduced ligand 243a is prepared after 
displacement from the coordination sphere of nickel in 
242 by cyanide ions in water. The generation of the 
free ligand is confirmed by the formation of the 
phosphine sulfide 243b after reaction with sulfur 
(Scheme 95).332 

The synthesis of a macrocyclic complex strongly 
depends on the length of the phosphinodiamine and 
the metal used. Reactions of diphosphinodiamines of 
type 244 (n = 1,2; m = 1,2) with diacetylpyridine were 
carried out with perchlorates of Mn2+, Fez+, Zn2+, Cd2+, 
Hg2+, and Ag+. However, macrocyclic complexes 245 
have been formed and isolated only in the presence of 
Ag+ or Cd2+ and for the two longest chain diphosphi- 
nodiamines (Scheme 96). The corresponding tetra- 
phenylborate derivatives of complexes 245 are obtained 
by metathesis.333 

The type of diketone used also influences the in situ 
condensation reaction. Attempted syntheses of mac- 
rocyclic complexes by reaction of the diphosphinodi- 
amines 244 with acetylacetone and nickel acetate proved 
unsuccessful. However, complexes 248 and 249 are 
obtained by a two-step process, which requires first the 
synthesis of the Schiff base ligand 246. Addition of 
nickel acetate presumably leads to the hexacoordinate 

M = Ag, x = 1 
M = Cd, x = 2 Ph, f i ) n  

( fiP NH2 

Scheme 97 

245a-d 

n 

H' 7 
246  

Schiff base Ni complex 247, although this species has 
never been isolated. Acetic acid and NaPFs induce an 
intramolecular rearrangement of 247 and yield two 
different complexes, 248 and 249, depending on the 
chain length. The 14-membered macrocyclic complex 
is isolated in the dienato form 248, while the 16- 
membered ring is obtained in the diene form 249. X-ray 
structure analysis of 249 shows the formation of the 
meso isomer (Scheme 97).3%133~ 

B. Cyclization at Phosphorus 
Carbonyl compounds may undergo the addition of 

secondary phosphine complexes to yield compounds 
which contain OH groups in the a position relative to 
phosphorus. Thus, the 2-fold-substituted nickel or 
palladium complexes of disecpndary phosphines 250 
are converted into the macrocyclic complexes 251 by 
reaction with a- or P-dicarbonyl derivatives (Scheme 

The conversion 250 + diketone - 251 only operates 
when a 14-membered ring is produced. When m = 1, 
the reaction of complex 250 with biacetyl (n = 0) only 
gives ill-defined products, and no reaction occurs 
between complex 250 (m = 2) and acetylacetone (n = 
1). However, macrocyclic complexes 251b-e are isolated 
by reaction of complexes 250 with diketones. In all 
cases, 251 is formed principally as a mixture of only 
two isomers although eight chiral centers, four C and 
four P, exist in these molecules. Both isomers are 
isolated in pure form for compound 251c and charac- 
terized by X-ray diffraction. In both isomers, the OH 
groups occupy the axial position, and for one isomer, 
all the methyl groups on phosphorus are in the cis 

98) *336,337 
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position, in contrast to the situation for the other 
isomer.3381337 

Compounds 25lb,c may also be prepared by reaction 
of palladium or nickel acetylacetonate with a disec- 
ondary phosphine and HC1. In this reaction, only one 
isomer is obtained for 251c, but two isomers are obtained 
for 251b. A relatedmacrocyclic complex25lais formed 
in the reaction of 250 with malonaldehyde tetramethyl 
acetal and traces of HC1 to convert the acetal used into 
aldehyde accessible for the addition of the P-H bonds. 
Several configurational isomers of complex 251a are 
formed in this reaction.337 

An analogous reaction is observed in the stepwise 
ring closure of the intermediate acetal or ketal com- 
plexes 253, obtained by replacement of the halogens X 
of complexes 252 by bis(secondary phosphines) .338 The 
influence of metal ions in ring closure reactions is again 
exemplified in this reaction. Indeed, zinc complexes 
react very slowly and lead to ill-defined compounds, 
whereas nickel, palladium, and platinum complexes give 
macrocyclic complexes 254a-k, obtained in good yields 
as a mixture of diastereoisomers. A total of 20 
diastereoisomers may result from the six centers of 
chirality; however, in most cases, the number of 
diastereoisomers obtained, deduced from NMR 
spectra, is lower. The best result, observed with the 
palladium complex 254f (3 diastereoisomers) may be 
due to the close fit of the 14-membered ring to Pd(I1) 
(Scheme 99, Table 9): Complexes 254a-k are extraor- 
dinarily stable. They are not replaced by cyanide ions, 
even on heating in concentrated solutions of aqueous 
KCN.338 

The 2-fold-substituted palladium complex of disec- 
ondary phosphine 250 may also serves as precursor in 
cyclocondensation reactions with dichlorides in the 
presence of K2C03. A mixture of three diastereoisomers 

254 ( O - k O )  R' M X m n 
a 
b 
C 
a 
e 
f 
e 
h 
i 

k 
j 

H Ni 
H Ni 
H Pd 
H Pd 
Me Ni 
Me Pd 
Me Pd 
Me Pt 
Me Pt 
Me Pd 
Me Pd 

~ 

c1 2 2 
c1 2 3 
c1 2 2 
c1 2 3 
Br 2 3 
c1 2 2 
c1 2 3 
c1 2 2 
c1 2 3 
c1 3 2 
c1 3 3 

no. of isomers obtained 
undefined 
undefined 
undefined 
6 
4 
3 
6 
4 
6 
5 
undefined 

Scheme 100 
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d 

ZSSa-c 

258b 
l a  b C 

Refs.1 339 340 340 

is obtained for 255a, among which the pure syn 
(R,S,R,S) is isolated and characterized by X-ray dif- 
fraction. Treatment of 255a with KCN induces the 
release of the free macrocyclic ligand 256a which may 
be transferred to another metal or sulfurized (Scheme 
100) .339 

An exchange reaction of anions in complex 255a 
proceeds with HC1 or NHZFs, and the metallic center 
may be oxidized to Pd(1V) with H202 and then reduced 
again to Pd(I1) with KCN.339 Compounds 255 are 
obtained in good yields (up to 99 % ) when the Z group 
is an unsaturated chain, but no reaction is observed 
with saturated links such as Cl(CH2),C1 '(n = 3,4).540 
However, a saturated complex 25813 may be synthesized, 
but not isolated, by reaction of complex 255b with Raney 
nicke1.W 

Dibromides such as 226 also undergo cycloconden- 
sation reactions with disecondary phosphine complexes. 
In fact, complex 259 represented the first example of 
a template reaction involving a phosphine ligand at  the 
reaction center.341 The chlorine anions may be ex- 
changed with BF4- or SCN- by metathetical reactions, 
and the uncomplexed macrocycle 260 is obtained by 
reaction with aqueous NaCN (Scheme 101).341*342 

Methyllithium may be used as a base instead of 
potassium carbonate. Thus, the macrocyclic complex 
263 is presumably obtained by reaction of complex 261 
first with methyl lithium and then with the phosphorus 
dibromo derivative 262. However, complex 263 is not 
fully characterized and might be a polymer (Scheme 
102) .343 

Elimination of lithium halide also occurs in the 
reaction of complex 264 (X = Li) with chlorophosphines. 
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Scheme 103 

X = Li, SiMe3 264 

Scheme 104 

The resulting macrocyclic complexes 265a-c are also 
obtained in better yield starting from the silyl derivative 
264 (X = SiMe3) (Scheme 103).344 

The last type of synthesis taking advantage of 
template effect concerns the P-H bond addition across 
carbon-carbon double bonds. This reaction may be 
promoted under photolytic conditions but it is best 
induced by azobis(isobutyronitri1e) (AIBN) as free 
radical initiator. The triphosphino macrocyclic com- 
plexes 267a,b are thus obtained in good yield. An X-ray 
structure determination of 267a shows that the forma- 
tion of this complex involves anti-Markovnikov P-H 
bond addition across C=C bonds of allyl groups 
(Scheme 104).3469346 

If the reaction is carried out with the disecondary 
phosphine complex 268 and a divinylphosphine, the 
first step is the coordination of the later compound to 
nickel, followed by a rapid addition of the P-H moieties 
to the vinyl No activation is needed in this 
case to obtain 16membered macrocyclic complexes 
269a-f, generally as a mixture of four diastereoiso- 
m e r ~ . ~ ~  A metathetical reaction with KCN and NH4- 
PFs affords four isomers from which one is isolated and 
characterized by X-ray crystallography.w 

The presence of functional groups such as NEh or 
H on phosphorus allows a variety of modifications. 

L 7 L - J  J 
Ph ”CCM/ 

R -I+ 271  Koxx cw%” 0 

Ph 
2736,f 

Scheme 106 

n CI 

&B\ / ’ O H  
O R  l+ 

Ph 
X = Br. C1 272g-i 

M = Fe. Co. Ni, Zn 
275 

Thus, complex 269a reacts with water and HBr to yield 
complex 271 which is the starting reagent for the 
synthesis of other functional complexes 272g-i. These 
complexes are obtained by two methods, either depro- 
tonation of the P-OH function followed by addition of 
allyl bromide, or transformation of the P-OH function 
into P-C1 followed by reaction with alcohols. Macro- 
cyclic diesters 273d,f are formed by addition of the 
P-H functions of complexes 269d,f to the double bond 
of methyl acrylate (Scheme 105).348 

V. Cryptands and Polymacrocycllc Compounds 
In contrast to carbon and nitrogen cryptands and 

macrobicycles which constitute the now well-known 
classes of compounds (see for instance ref 71, phosphorus 
cryptands are still rare, despite the fact that the first 
one was obtained in 1970.349 

Indeed, the template reaction of the tris(pyridy1)- 
phosphine 274, first with M(BF& and then with boron 
trifluoride, led to a series of monophosphorus cryptates 
275 of iron, cobalt, nickel, and zinc whose magnetic 
properties were described (Scheme 106).349 The struc- 
ture of the nickel complex has been confirmed by X-ray 
d i f f r a ~ t i o n . ~ ~  

After this pioneering work, only about 10 publications 
have appeared, almost all of them being published over 
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the last five years. Several patents also report the 
preparation of phosphorus cryptands. Nevertheless, 
reading them carefully, it appears difficult to know 
exactly the type of compound really obtained, so they 
will not be mentioned here. 

An encapsulation process was used to synthesize the 
cage complexes 277a,b starting from the cobalt complex 
276, paraformaldehyde, phosphine, and triethylamine.sl 
The phosphine oxide derivative 277b, whose structure 
was established by X-ray studies, arises from the 
oxidation of 277a during work up (Scheme 107).961 

High dilution coupling of the trismercapto sodium 
salt 278 and the phosphine oxide 279 affords the 
cyclophane 280 in 17% yield after purificati0n.36~ 
Desulfurization then reduction of the phosphine oxide 
281a gave the phosphacyclophane 281b which under- 
went a fast enantiomerization, as shown by the sharp 
singlet for the methylene protons in 'H NMR spectrum 
(Scheme 108).352 

The easy reaction of the phosphacyclophane 281b 
with methyl iodine, giving 281c, and the complexation 
with PdClZ(PhCN)z indicate that the phosphorus lone 
pair is readily available, presumably due to an out 
geometry of the cyclophane (pyramidalization of the 
phosphine out from the cyclophane).s2 

In contrast, the phosphacyclophanes 283a-d have in 
geometries proved by X-ray crystallographic analysis 
for compounds 283a9353*364 the dinitro derivative 283d, 
and the amino-substituted cryptand 284.966 Phos- 
phacyclophanes 283a-d are prepared in low yield by 
addition of KOH to a refluxing solution of the tris- 
mercapto phosphine 282 and a,a',a''-tribromomesit- 
ylene derivatives under conditions of high dilution. 
Treatment of 283b with Tic13 allows the reduction of 
the nitro group and gives the aminophosphacyclophane 
284 (Scheme 109).366 

Scheme 109 
A 

2 8 2  

NOz Br 

Scheme 111 

E q - 0 -  0 0  - 
q = O  

290 
289 

Scheme 112 
H H  

/N-z-N \ R- C- N= PCIs + HzN-2-NHz - R-5- N= PxNH- Z-m- P= N- C- R 
I1 / g  0 291 0 N - Z - N  

R = C C I 3 , e ,  F e  , E r e  H H  2 9 2  

-Z = , '0 , -CH2-CHz- 

The phosphorus of 283a is remarkably unreactive, 
presumably due to steric encumbrance induced by the 
in geometry. Heating compound 283a in refluxing 
acetic acid and hydrogen peroxide yields only the 
corresponding trisulfone 285a. Moreover, the phos- 
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Table 10. Macrocycles Characterized by X-ray 
Structural Studies 

macrocycles or 
macrocycles ref(s) cmtands ref@) 

~ 

la 
Id 
le 
In 
2a (2 isomers) 
2b 
2c 
2d 
16a (2 isomers) 
16b 
17d 
21 
22 
24a 
24d 
26d 
28b (P=O) 
48 
52a 
53 (cis and trans) 
59bf 
6 0 ~  
60r 
67c 
67g 
671 
6711 
670 
6 7 ~  
69 
81 
85 
98 
104 
l l l b  
120a (n = 5) 
120b (n = 5) 
120c (n = 5) 
1210 (n = 6) 
1210 (n = 8) 

11 1220 (n = 6) 
11 
11 
11 
9,13 
13,17 
13 
13 
41 
41 
43 
46 
46 
47 
47 
47 
50 
70 
73 
74 
78 
89 
82 
113 
106 
103 
104 
102 
105 
108 
130 
132,134 
146 
154 
161,162 
196,197 
198 
195 
205 
204 

1220 in = 8j 
1230 (n = 5) 
123e (n = 6) 
123e (n = 7) 
1230 (n = 8) 
123e (n = 9) 
1230 (n = 10) 
1230 (n = 11) 
123e (n = 12) 
126b 
126c 
1260 
127a 
127d 
128a 
128b 
129a 
129c 
129d 
130 
131b 
135c 
138c 
15Oa 
150g 
171a 
173 
195"d 
195'k 
212d 
217 
218 
238 
283a 
283d 
284 
287' 
287" 
288'' 

209-211 
212 
218 
219 
216 
220 
217 
217 
217 
217 
229,231 
229,233 
229,235,236 
238 
240 
229,241 
229,241 
242 
229,231 
2 2 9,2 3 3 
229,243 
229,246 
255 
256 
269 
269 
282 
284 
304 
309 
317 
322,323 
323 
331 
353,354 
355 
355 
356,357 
356 
356,357 

phine remains essentially unprotonated after bubbling 
HBr into a solution of 283a.354 

Phosphine oxide bifunctional cryptands have been 
obtained by dimeric coupling of the tris propar- 
gylphosphine oxide 286 induced by copper(I1) acetate. 
exo,exo-287' and exo,end0-287" cryptands are isolated 
in 14 and 7 % , respectively.3~~357 Hydrogenation of 
cryptands 287' and 287" specifically provides the 
reduced cryptands 288' and 288" (Scheme 110). 

Surprisingly, studies of the Complexation properties 
of these diphosphine oxide cryptands toward various 
neutral organic guests show that initial ex0 complex- 
ation of the phosphoryl group is the preferred mecha- 
nism for 288" while initial endo complexation is 
preferred for 287". This different behavior may be due 

to changes in the host cavity, but is not directly related 
to the phosphorus-phosphorus distance which is similar 
in both compounds: 5.68 and 6.15 A for 287" and 288", 
respectively.357 

These values preclude any phosphorus-phosphorus 
interaction in 287" and 288" in contrast to compound 
290 which has some Po-P bonding, according to 3lP 
NMR (Scheme lll).368 

Another type of diphosphorus cryptand, 292, is 
prepared in 6&73% yield by reaction of the trichloro 
derivative 291 with various diamines (Scheme l12).76 

The cryptand 293 is obtained in 31 % yield, together 
with the macrobicyclic derivative 77, in the reaction of 
a diphenoxy sodium salt with adamantanediphosphonic 
dichloride (Scheme 113).116J28 
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Finally, two special types of phosphorus cryptands 
are to be noticed. The first one is the tetrahedral cage 
295 which is isolated in 50% yield after alkylation of 
the complex 294 with 1,3-dibromo propane (Scheme 
1 14) .369 

The last type of cryptand to be mentioned are 
compounds in which the phosphorus atom is not the 
“node” of the cryptand. Reaction of the L,D macrocycle 
296 with the phosphorodichloridite 297 gives the L,D 
cryptand 298 in 31 75 yield, whereas the L,L cryptand 
is impossible to obtain by the same way starting from 
the L,L macrocyclic precursor (Scheme 115).360 Hy- 
drogenolysis of the chlorobenzyl group affords the 
sodium salt 299. 

Reaction of benzodiazacycloheptene with ClzPOEt 
or (Et2N)ZPOEt gives the dimer 300 which is treated 
with sulfur to give the corresponding disulfide (Scheme 
116). Similar reactions are also carried out with 1,4- 
diazacycloheptane.3B1 

Both “crisscross” and “normal” intramolecular ad- 
dition reactions, induced by catalytic amounts of NaH, 
are observed with the bis(hydroxymethy1) derivative 
301, resulting in the formation of the polycyclic 
compound 302 in 55% yield (Scheme 117).3s2 
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