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I .  Introduction and Scope of the Review 
Cyclic polyphosphorus compounds with a framework 

of trivalent phosphorus atoms are derivatives of the 
corresponding phosphorus hydrides (phosphanes) and 
are generally designated as cyclophosphanes. These 
compounds have been the subject of numerous inves- 
tigations in the past two decades. The reasons for the 
relatively late development of this branch of phosphorus 
chemistry are the facta that many cyclophosphanes are 
difficult to prepare in the pure state and that their 
structural characterization is also not simple. However, 
the use of modern laboratory techniques and separation 
procedures as well as, above all, the methodological 
advances in nuclear magnetic resonance spectroscopy 
have now enabled these problems to be more or less 
solved. Hence, numerous novel cyclic polyphosphorus 
compounds have been discovered recently. This newly- 
opened area of "element-near" phosphorus chemistry 
has many close relationships with the chemistry of 
carbon. It comprises the fields of small ring compounds 
through to atomic assemblies of medium size and thus 
represents a significant link between PHS and ita 
derivatives on the one hand and the high molecular 
modifications of the element phosphorus on the other 
hand. 

The first cyclophosphane, a compound with the 
formal composition "PhP," was described more than 

+ Dedicated to Professor Heinrich N&h, University of Munich, on 
the occasion of his 65th birthday. 
t The term "phosphane" defmes a phosphory hydride or ita derivative 
according to current IUPAC nomenclature; in the United States the 
equivalent term "phosphine" is more commonly used. 
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contains some previously unpublished results from our 
laboratories in Cologne. The review published by von 
Schnering and H6nle13 in 1988 on metal polyphosphides 
provides excellent complementary reading to the 
present paper. 

I I .  Neutral MonocycIIc Phosphanes 

A. General Comments 
Four basic ring structures made up of trivalent 

phosphorus atoms form the skeletons of all known 
neutral monocyclophosphanes as well as those of the 
corresponding polyphosphides (see section 111). 

c . 

MarlBnlu, Baudbr was bom in Stemn (Germany. now Poland). shdkd 
in Dresden and Gllingen. and received her Ph D degree lrom the 
University of Wingen. Graduate study was conducted under the 
supervlslonof ProlessF F& ThereaHersheJanedtheCokqne 
Universw facLky where sne became Prolessor of Analytical 
Chemistry (1963) and-atler refusing a call of lhe Technical 
University of Berlin-Full Professor 01 Inorganic and AnaIyiical 
Chemistry (1968) She is the author of approximately 260 
pubications in tha area of nonmetal chemishy. particularly 
phos~nonschem~stry rltwfutherresearchinterestsarsconatrned 
wdh modem spectroscopic methods for structure elucdation 
Professor Baudler received the Alfred Stock Award 01 the 
Gesel scmn DeRscher Chemiker (1  9861 and is a member of the 
DButsche Akademie der Naturforscher Leopoldlna, Haib. and of 
the Akademia der Wissenschaften. Goningen 

Klaus Qllnka was born in 1941 in Gumbinnen (Eastem Russia), 
GBmrany. He studied et !he University of Cologne and received 
his doctoral degree on the synthesis and mass spectrometric 
investlgatbnof mukisuifurcompounds in 1970 underthesupenrisbn 
of F. Feh&. In 1971 he joined the staff of the Instnut fiir 
AnorganischeChemie der Universitit KBln serving asan Instructor. 
0M)rator. and oraanizer. Currentlv he is foilowlno hls interests In 
ttie histoh of the5hemical Department in Colognesince 1901 and 
its ancient predecessors. 

100 years ago by KBhler and Michaelis: although its 
molecular size and cyclic structure were not recognized 
at that time. The compound was finally identified much 
later as the cyclopentaphosphane (PPh)5 by an X-ray 
crystal structure analy~is.~.‘ Haiduc5 has published a 
comprehensive survey of the initial developments and 
early controversies in the field of monocyclic phos- 
phanes through to the middle of 1969. Since then 
several reviews of the various areas of cyclic polyphos- 
phorus compounds have appeared.”12 The present 
article is intended to give a summary of the progress 
made in the field of mono- and polycyclophosphanes 
during the last 25 years; the literature up to the end of 
1991 has been covered. In addition, the present article 

cvclo t r lphosphane  cyc lore l raphosphane  

f r l p h o s p h l r a n e  t e r r aphosphe tane  

cyc lopenraphosphane  cyelohenaphosphane 

penraphospholane he iaphosphor inane  

According to current nomenclature rules,” the two 
names given under each formula are equivalent. In the 
present article the upper names are used exclusively 
for the homocyclic compounds (PR). (n = 3-6, R = H 
or an organic group). 

In those cases where the substituents on the cyclo- 
phosphane skeletons are hydrogen atoms, the existence 
of larger rings cannot be discounted since all members 
of the series P.H, with n = 3-10 have been detected 
by mass spectrometry in the thermolysis products from 
the diphosphane P,H4.9J5 The first member P3H3 was 
separated from the corresponding phosphane mixture 
in small amounts by gas chromatography;lB however, 
its isolation in preparativelyusefulamounts is impaired 
by an extremely rapid oligomerization to the thermo- 
dynamically stable fivemembered ring compound P& 
Russian workers have reported on the formation of 
cyclotetraphosphane, P4H4, by the electrolysis of white 
phosphorus in an acetic acid medium;” further inves- 
tigations on this compound are, however,still necessary. 

Cyclopentaphosphane, P5H5, can be isolated and 
structurally characterized by spectroscopic methods. 
It is formed as the majorproduct inthelow-temperature 
vacuum pyrolysis of phosphane mixtures containing a 
high proportion of P3H5 and P4H8.9 In addition, P5Hs 

(1) 

is formed in a complicated reaction by methanolysis of 
tetrakis(trimethylsily1)cyclotetraphosphane. 

P3H, + P4H, - P,H, + 2PH, 

+M.OH 

(M%SiP), PsH~ (2) 
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The product was shown to be cyclopentaphosphane 
by mass spectrometry and, above all, by the AA'BB'C 
spin system observed in its 3lPilHJ-NMR s p e c t r ~ m . ~  
From calculated 31P-NMR parameters, it was deduced 
that the compound exists as the configurational isomer 
1 with the maximum trans orientation of the neigh- 
boring free electron pairs or hydrogen atoms, respec- 
tively. This conclusion is compatible with the crystal 

!-I 
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structure analyses of (PCF3)519 and (PPh)5,3p4 which 
proved that these two long-known pentaorganocyclo- 
pentaphosphanes have the same configuration. 

The parent compound, P6H6, of the cyclohexaphos- 
phanes is still unknown. A compound with this 
composition was indeed detected by mass spectrometry 
25 years ago among the thermolysis products of higher, 
open-chain ph0sphanes.m However, a complete analysis 
of the respective 31P spin system showed that the 
compound was in fact l-phosphinocyclopentaphos- 
phane (2) with the configuration shown.,' 

Of particular relevance in this context is the large, 
positive long-range coupling constant ,J(P2,P6) which 
indicates that the free electron pairs of the respective 
P atoms are directed toward each other.,",, The cis 
arrangement of the substituents at  Pl and P5 is 
substantiated by the magnitude of the absolute value 
of the corresponding lJ(P,P) coupling constant. Fur- 
thermore, no evidence for the constitutional isomer with 
a six-membered phosphorus ring and an all-trans 
orientation of hydrogen atoms or free electron pairs, 
respectively, was obtained from the hydrolysis of (PCl)6 
which proceeds through disproportionation to furnish 
PH3 and phosphorous acid.25 

In the cases of alkyl- and aryl-substituted monocy- 
clophosphanes, each substituent favors a certain ring 
size corresponding to the compound with the highest 
thermodynamic stability. Hence only one P, ring 
compound each has been prepared to date for a series 
of substituents. When sufficient kinetic stabilization 
is present, however, other oligomers with different ring 
sizes are also capable of existence and can be prepared 
by special synthetic methods. 

The determination of the ring size of monocyclo- 
phosphanes presented a problem for a long time because 
the various methods for determining the relative 
molecular masses often gave contradictory results.5 This 
situation changed, however, in the middle of the 1970s 
when a simple NMR method for determining the ring 
size of cyclophosphanes was discovered; this method is 
based on a correlation of the N31P) shift values with the 
number of P atoms in the ring2G2s (section II.C.2). 

B. Methods of Preparation 
The methods for the preparation of monocyclophos- 

phanes can be classified into two groups: (i) methods 
that are unspecific with regard to ring size and which 
usually give rise to the thermodynamically more stable 
product, and (ii) methods that are specific for a certain 
ring size. 

In addition, numerous other reactions leading to 
monocyclophosphanes have been reported. 

1. Methods Unspecific as to Ring Size 

illustrated by the examples shown in eqs 3-8. 

ro(organo) phosphane:' 

Well-proven preparative methods of this type are 

(a) Reaction of a primary phosphane with a dichlo- 

(3) 
(b) Reaction of a dihalo(organo)phosphane with a 

reducing agent; the reduction can be performed with 
mono- or divalent metals such as lithium,30 sodium,31 
magne~ium,2~f, mer~ury,3~ or with organic compounds 
such as 1,3,1',3'-tetraethylbis(2,2'-imidazolides),~ or by 
electrochemical  method^.^^^^^ 

RPHal, + 2M' - l/n(PR), + 2M'Hal (4) 
In some cases metal h y d r i d e ~ ~ * l ~ ~  or tertiary phos- 
phanesm have also been employed with success. 

RPCl, + 2LiH - l/n(PR), + 2LiCI + H, (5)  

2/n(PR), + AlCl, + LiCl + 2H, (6) 

RPC1, + Bu3P - l/n(PR), + Bu3PC12 (7) 
(c) Reaction of white phosphorus with an alkylmag- 

nesium bromide and an alkyl bromide (molar ratio 1:l: 

P, + 2RMgBr + 2RBr - 4/n(PR), + BMgBr, (8) 
The monocyclophosphanes listed in Table I have been 

RPH, + RPC1, - 2/n(PR), + 2HC1 

2RPC1, + LiAlH, - 

2).41 

prepared by the methods a-c. 

2. Methods Specific as to Ring Size 

Well-established routes to monocyclophosphanes of 
specific ring size are the reactions d-h, as illustrated by 
eqs 9-11. 

(d) Metal-halogen exchange of a potassium poly- 
phosphide with 1,2-dibromoethane. 

K(PEt),K + BrCH,CH,Br - 
(PEt), + 2KBr + C2H4 (9) 

This reaction has been used with success for the 
preparation of ethyl-substituted cyclotetra- and cyclo- 
pentaphosphanes (n = 4 and 5).50 

(e) [2 + 11-Cyclocondensation of a 1,2-diorgano-1,2- 
bis( trimethylsilyl) diphosphane with a dichloro(organo)- 
phosphane (R' = Ph, R2 = Ph,28951 Me, Et,S1 Pri, Bui 52). 

Me3Si(R1)PP(R')SiMe3 + R2PC1, - 
(R1P)2PR2 + 2Me3SiC1 (10) 

This reaction path leads to cyclotriphosphanes with 
identical (R' = R2) or mixed substituents (R' # R2). 
An extension of the corresponding reaction principle is 
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Table I. Synthesis of Monocyclic Phosphanes 

Baudler and Gllnka 

compound method of synthesis yield, % bp, "C/Torr mp, "C ref 
Cyclohexaphosphanes 

42 

C yclopentaphosphanes 
93 
58 
84 
80 
7 
82 170'10.02 
11 170'10.05 
92 140-145'/0.03 

5-20 142'/0.03 
81 124-129'/0.05 

5-20 125"/0.05 
94 160-162'10.3 
67 135-136'13 

79 
77 

63 

C yclotetraphosphanes 

57 

80 
150'10.05 

95'/0.05 
118-120°/16 

40-57 

18 
Cyclotriphosphanes 

24 98-112'/0.1 

38 38-4O0/0.0005 
35-60 84"/0.1 

100 
108-110'/30 
72-74'151 

197-201 29,41 
183-186 27 

25 
25 

153-155 32 
148-150 32 
148-152 32,29 
150-151 36,37 
165-167 34 

32 
29 
32 
29 
32 
29 
50 
29 

219-220 
222-224 
214-216 
167-169 
16 1 - 16 2 

23-24 

23.5 
197-198 

79 

20 

42 
32 
29 
43 
29 
35 
29 
32 
29 
44,29 
45,29 
68 

34 
46 
47,48 
46 
49 
29,44 
29,44,45 

provided by the [3 + 11-cyclocondensation of Me3Si- 
(Ph)PP(Ph)P(Ph)SiMea with PhPCl2 or ButPC12 which 
gives rise to the corresponding cyclotetraph~sphanes.~~ 

(f) [2 + 13-Cyclocondensation of a 1,2-dipotassium 
1,2-diorganodiphosphide with a dichloro(organo)phos- 
phane (R1 = Ph, R2 = Pri;62 R1 = But, R2 = Pri @). 

K(R1)PP(R1)K + R2PC1, - (R'P),PR2 + 2KC1 (11) 

Attack of the nucleophilic phosphide on the already 
formed three-membered ring compound must be avoid- 
ed by means of a heterogeneous reaction in a nonpolar 
solvent. The corresponding [3 + 11-cyclocondensation 
of K(Ph)PP(Ph)P(Ph)K with PhPCl2 or ButPClz pro- 
duces the cyclotetraphosphanes (PPh)4 or (PPh)3PBut, 
respectively, in high yields.53 

(g) Reductive cyclization of an a,o-dihalophosphane 
with lithium hydride.55 

I ( P B u ~ ) ~ I  + 2LiH - (PBut), + 2LiI + H, (12) 

This reaction corresponds to the classical synthesis of 
cyclopropanes by dehalogenation of l,&dihalopropanes; 
however, it has no preparative significance. 

(h) Cyclocondensation of an open-chain 1,2,3-trior- 
ganotriphosphane with diphosphorus tetraiodideSM 

2H(PBut),H + P,14 + 4Et3N - 
(PBU~)~PP(PBU~),  + 4Et3NHI (13) 

The tert-butyl-substituted 1 ,l'-bicyclotetraphosphane 
in which two P4 ring units are linked to each other 
through a a-bond can be obtained by this route. 

3. Miscellaneous Reactions 
In addition to the procedures mentioned in sections 

II.B.l and 2, monocyclophosphanes are also formed in 
a number of other reactions, and some of them are of 
interest for the preparation of specific compounds. 

For example, the unexpected transformation of 
K(PHexc)3K in carbon disulfide solution constitutes a 
good method for the preparation of (PHexc)3.% 
Tetrakis(trimethylsily1)cyclotetraphosphane can be 

obtained by the reaction of trimethylsilylphosphane 
with di-tert-butylmercury.'8 

4Me,SiPH2 + 4But2Hg - 
(Me,SiP), + 4Hg + 8ButH (14) 

The corresponding cyclopentaphosphane is formed as 
a by product. This reaction type resembles the for- 
mation of (PMe)5 from methylphosphane and diben- 
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zylmercurf17 and is based on earlier methods for the 
synthesis of cyclopentaphosphanes by way of organo- 
mercury compounds.68 

The synthesis of (PCF3)r by heating CF3PF2 in the 
presence of a tetraalkyllead compound is mentioned in 
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The methyl-substituted cyclopentaphosphane was 
produced via the unstable intermediate MePHCl when 
MePHz was allowed to react with SzCl2 (molar ratio 
2:1).N 

Finally, the difluorophosphane ~ - M ~ O C ~ H J ? F Z ,  ob- 
tained by Cl/F exchange from the corresponding 
chlorophosphane, underwent a spontaneous redox 
reaction at  room temperature to furnish 2-MeOCsH4- 
PF4 and (2-MeOCsH4P)c, which could be isolated in 
the pure state.81 

4. Preparation of Monocyclic Phosphanes with Sue 
Chains 

Phosphanes with the composition P,R, (R = H or 
organic group) with n > 3 do not necessarily possess a 
monocyclic skeleton of n phosphorus atoms but may 
also occur as smaller monocyclic rings with one or more 
P, side chains (m = 1, 2). Some examples are the 
previously mentioned phosphorus hydride P6Hs (2I2l 
as well as the organo-, trimethylsilyl-, or halo-substi- 
tuted compounds 3-8. 

a patent.6Q 
The reaction of LiP(SiMeh2THF with CHRPC12 

produces a triphosphane from"which upon thermolysis 
(120 OC, 60 h), the mixed-substituted trimethylsilyll 
methylcyclopentaphosphanes Ps(SiMe3)~_,Me, (n = 
2-4) are formed. Reaction of the same lithium salt 
with PhPC12 gives rise to the corresponding mixed- 
substituted trimethylsilyl/phenylcyclopentaphos- 
phanes.60t61 The mixed-substituted cyclotetraphos- 
phane (Me3SiPPBut)2 and cyclotriphosphane (PBut)2- 
PSiMes were obtained from the reactions of the above- 
mentioned lithium salt with ButPC& (molar ratios 2:l 
and 1:1, respectively);60v61 the same cyclotriphosphane 
is also accessible from (PBut)2PK and Me3SiC1.Q*62 The 
cyclotetraphosphane (Me3SiPPBut)2 was converted 
mainly to the mixed-substituted trimethylsilylltert- 
butylcyclopentaphosphanes by irradiation.Mp61 The 
constitutionally isomeric compound (Me3SiP)2(PBut)2 
was prepared by condensation of the open-chain 
triphosphane (Me3Si)2PP(SiMe3)P(SiMe3)Butwith But- 
PC12.63 The mixed-substituted cyclotetraphosphane 
(PSiMe3)3PBut was obtained using the same reaction 
principle but starting from the triphosphane P3- 
(S iMe3)~ .~  

The reaction of LiP(SiMe3)r2THF with PC13 and 
LiBut was used for the preparation of the cyclotetra- 
phosphane (PBut)3PSiMe3; in addition the two con- 
stitutional isomers of the cyclotetraphosphane P4- 
(SiMe&(But)2 were formed.66 (PBut)3PSiMe3 can also 
be prepared by the reaction of white phosphorus with 
LiBut and MeaSiCl (molar ratio l:2:2).@1~~ 

As to be expected, the halogenated silylphosphane 
Me3Si(But)PC1 is not stable and decomposes with 
formation of the cyclophosphanes (PBut)3 and ( P B u ~ ) ~ . ~ ~  

The action of a tertiary amine on 1,2-diiodo-1,2- 
diphenyldiphosphane produced (PPh)s in 90% yield.70 

The reaction of magnesium with MesSiCl and But- 
PCl2 not only gave rise to the expected diphosphane 
Me3Si(But)PP(But)SiMe3 but also to the cyclophos- 
phanes (PBut)d71 and ( P B u ~ ) ~ ; ~ ~  the latter product can 
be isolated in the pure state. 

Hexamethylsilirane was cleaved by treatment with 
RPClz (R = Ph, Et, Me), and the dichloroorganophos- 
phane underwent conversion to the corresponding 
cycl~pentaphosphane.~~ 

Me2 

/'\ + RPCb - 
Me2C - CMe2 

'15(PR)5 + Me#iClZ + Me2C=CMe2 (15) 

(PPh)S together with (PPh)dCHZ, Et2NH, and CH3- 
NEb were formed by the reaction of [(Et2N)&HIzPhP 
with phenylphosphane at  higher  temperature^.^^ 

Formation of (PPh)4 and (PPh)s can be observed on 
disproportionation of the open-chain phenylphosphanes 
H(PPh),H (n = 2-4).7677 The same cyclophosphane 
mixture was obtained by the reaction of (Me&h)zPhP 
with PhPC12.78 The reaction of MePhzP with PhPF2 
resulted in the formation of (PPh)s together with 
M e p h ~ P F 2 . ~ ~  

But 
I 

\ ,P--&I' But But 
I I 

But-p\ /p-But r-7 ,P-P r-r 
R \P-Bd I 

@ut But-P I 
But But 6 a  : R = But 

6 b :  R=SiMeg 7 

But 
I 

8 

Compounds 382 and were formed by the ther- 
molysis of 1,2-di-tert-butyldiphosphaneM via the inter- 
mediacy of 1,2,3- tri- tert-butyltriphosphane.~ At 170 
"C, the amount of 3 reached a maximum after about 
20 h and then decreased in favor of the formation of 4 
upon further reaction. The side chain was not length- 
ened by reaction of 4 with Hz(PBut)2; instead the 
retroreaction to 3 according to eq 19 occurred at  higher 
concentrations of the diphosphane. 

2H2(PBut), - H,(PBu~)~ + ButPH2 (16) 

2H2(PBut), - P6But4H + ButPH2 + ButH (17) 
3 

P,But4H + H,(PBu~)~ + P6But6H + ButPH2 (18) 
3 4 

P6But4H + H,(PBu~)~ 4 P6BUt6H + H2(PBut), (19) 

The four-membered ring structures for 3 and 4 were 
elucidated by 31P-NMR spectroscopy; hence these 
compounds are l-(tert-buty1phosphino)- and 1-(1,2-di- 
tert-butyldiphosphino)-2,3,4-tri-tert-butylcyclotetra- 

3 4 
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phosphanes, respectively. Compound 3 is thus a 
constitutional isomer of 1,2,3,4-tetra-tert-butylcyclo- 
pentaphosphane,@ which is formed by hydrolysis of 
K ( B U ~ ) ~ P ~  and-like the starting material-contains a 
five-membered phosphorus ring skeleton. Since the 
formation of four-membered ring units is generally 
favored in the case of tert-butyl-substituted cyclo- 
pho~phanes,~ compound 3 not surprisingly possesses a 
higher thermodynamic stability than the other isomer.% 

The cyclotriphosphanes 5a-c carrying a phosphino 
group as substituents are accessible by reactions of the 
functionalized cyclotriphosphane (PBut)2PSnMe3 with 
PC13 or ButPX2 (X = C1, I), respecti~ely.~' In contrast, 
use of the corresponding silyl compound (PBut)2PSiMe3 
preferentially gave rise to tert-butylphosphanes with 
four- and five-membered ring skeletons. 

Baudler and Glinka 

(PBut),PSnMe3 + PCl, - 
(PBut),PPC12 + Me3SnC1 (20) 

5a 

(PBut),PSnMe3 + ButPX2 - 
(PBut),PP(But)X + Me3SnX (21) 

5b: X = C1 
c: X = I  

Compound 5d as well as the three-membered ring 
compounds P3[P(SiMe3)21 (But)C1, P3[P(SiMe3)21 (Si- 
Me3)C1, and P3[P(But)SiMe31 (But)C1, possessing two 
different substituents on the ring in addition to the 
phosphino group, were formed by the thermal decom- 
position of silylated, PC1-containing isotetraphosphanes 
via cleavage of Me3SiCLg9 

The cyclotetraphosphanes 6a and 6b with two di- 
tert-butylphosphino substituents were obtained by 
cleavage of chlorotrimethylsilane from the open-chain 
triphosphanes But2PP (SiMe3)P ( But) C1 and But2PP- 
(C1)P(SiMe3)2, respectively. In the case of 6b, the 
constitutional isomer with alternating But2P and Mea- 
Si groups was formed concomitantly.M The formation 
of compounds 6 proceeds by way of the intermediates 
But2PP=PBut and But2PP=PSiMe3, respectively, 
which experience stabilization through dimerization 
(for further information, see ref 129). The cyclotet- 
raphosphanes 6a and 6b were also formed by the 
thermal decomposition of the isotetraphosphanes 
( But2P)2PP ( But) C1 and (But2P) 2PP (SiMe3)~ through 
elimination of But2PCl and But2PSiMe3, respect i~ely.~~ 
The cyclotriphosphane P3(PBut2)2But containing two 
di-t ert-butylphosphino groups was formed analogously 
by cleavage of chlorotrimethylsilane from the isopen- 
taphosphane ButzPP [ P (But) C11 P ( SiMe3)PBut2. 128 

The formation of the cyclophosphanes 7 and 8 in 
which all substituents are di-tert-butylphosphino groups 
was observed in the thermolysis of the partially silylated 
triphosphanes But2PP(SiMe3)P(SiMe3)2, But2PP(Si- 
Me3)P(But)SiMe3, and But2PP(SiMe3)PBut2 as well as 
the corresponding tetraphosphane But2P[P(SiMe3)12- 
PBut2.W Tetrakis(di-tert-buty1phosphino)cyclotetra- 
phosphane (7) can be obtained in the pure state by the 
reaction of But2PP(Li)PBut~THF with 1,2-dibromo- 
ethane and subsequent low-temperature crystalliza- 
tion.91 Small P, rings are, in general, stabilized by the 
presence of di-tert-butylphosphino substituents. 

Figure 1. Structure of one of the two independent molecules 
of (PBu93 (without hydrogen atoms) in the crysta1.w 

C. Structures and Physical Properties 

1. Crystal Structure Determinations 

The crystal structures of various monocyclophos- 
phanes have been determined. The results are sum- 
marized in Table 11. 

In the various modifications of ( P p h ) ~ ,  the P6 
ring-like the Cg ring of cyclohexane-exists in the chair 
form; the phenyl groups occupy equatorial positions. 
Also, the P5 rings in the cyclopentaphosphanes (PPh)5 
and (PCF& are not planar and exhibit a somewhat 
twisted envelope conformation. The P-P bond lengths 
differ only slightly while the endocyclic LPPP bond 
angles vary over a larger range. 

All cyclotetraphosphanes possess a folded P4 ring with 
endocyclic LPPP bond angles of 80-87' and torsional 
angles of It25-46'. The constitutions of mixed-sub- 
stituted cyclotetraphosphanes are determined by the 
steric interactions between the substituents. Thus, the 
compound P4But2(PBut2)2 (6a) exists exclusively as the 
1,2-di-tert-butyl-3,4-bis(di-tert-butylphosphino) deriv- 
ative, whereas P4(SiMe3)2(PBut2)2 (6b) exists simulta- 
neously as the isomer with an alternating arrangement 
of the substituents.88 Steric hindrance between two 
trans-oriented tert-butyl groups on the same side of 
the ring is apparently larger than that between corre- 
spondingly positioned trimethylsilyl and di-tert-bu- 
tylphosphino groups; this can be attributed to the 
different lengths of the P-C bond as compared to the 
P-Si and P-P bonds. The quasi-equatorial arrange- 
ment of all substituents results in a quasi-axial place- 
ment of the free electron pairs. 

Two structural characteristics are apparent for the 
two cyclotriphosphanes (PR)3 that have so far been 
analyzed by X-ray crystallography. (See, for example, 
the structure of (PBut)3 in Figure 1.) The bond lengths 
between P atoms with cis-oriented organic groups and 
the LPPC bond angles at these atoms are always 
significantly larger than the corresponding values for 
the trans-substituted P atoms; these phenomena can 
be attributed to interactions between the substituents 
or between the free electron pairs, respectively (see also 
section II.C.6). 
2. NMR Data 

In the last two decades, pulsed Fourier-transform 
NMR spectroscopy has proved to be the most important 
method for the structural characterization of cyclo- 
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Table 11. Crystal and Molecular Data of Monocyclic Phosphanes 
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compound space group cell dimensions Z molecular data ref(s) 

(PHexC), 

Pa[ (MesSi)zCHI 

P 2 d C  
monoclinic 

H c l  
trigonal 

Pi (Ci no. 2) 
triclinic 

P 2 t h  
monoclinic 

P2dn 
monoclinic 

P4dnmc 
tetragonal 

C2lc 
monoclinic 

P321c 
tetragonal 

P2lh 
monoclinic 

P2dn 
monoclinic 

Pi (no. 2) 
triclinic 

P21Ja 
monoclinic 

Pi 
triclinic 

Pbca 
orthorhombic 

a = 12.31 A 
b = 6.16 A 
c = 24.86 A 
j3 = 117.64' 
a = 13.026 A 
b = 11.547 A 

a = 10.551 A 
b = 14.717 A 
c = 13.000 A 
a = 106.26' 
j3 = 116.80' 
y = 91.59' 
a = 9.742 A 
b = 10.139 A 
c = 27.488 A 
j3 = 90' 

a = 9.87 A 
b = 9.78 A 
c = 16.67 A 
j3 = 103' 
a = 10.100 A 
b = 10.100 A 
c = 6.397 A 

a = 21.426 A 
b = 7.627 A 
c = 18.826 A 
j3 = 120.45' 

a = 10.158 A 
b = 10.158 A 
c = 12.695 A 

a = 9.391 A 
b = 14.029 A 
c = 16.854 A 
j3 = 95.80' 

a = 11.923 A 
b = 15.172 A 
c = 15.417 A 
j3 = 100.30' 
a = 12.109 A 
b = 17.490 A 
c = 22.715 A 
a = 86.88' 
j3 = 84.88' 
y = 83.29' 
a = 17.620 A 
b = 16.872 A 
c = 11.705 A 
j3 = 109.18' 

a = 6.256 A 
b = 17.415 A 
c = 17.806 A 
a = 62.07' 
j3 = 79.89' 
y = 79.66' 
a = 19.021 8, 
b = 13.069 A 
c = 28.877 A 

2 

2 

2 

4 

4 

2 

4 

2 

4 

4 

4 

4 

4 

8 

P-P, 2.237 A 
P-C, 1.843 A 
LPPP, 94.6' 
LPPC, 98.5' 
P-P, 2.233 A 
P-C, 1.843 A 
LPPP, 95.5' 
LPPC, 98.2' 

P-P, 2.217 A 
P-C, 1.843 A 
LPPP, 107.24,94.05,100.25,95.05,103.4' 
ring torsion angles, h2.2-60.6' 
LPPC, 102.01' 

P-c, 1.91 A 
P-P, 2.223 A 

LPPP, 93.9,102.7,98.0,103.3,108.3' 
ring torsion angles, h18-58' 
P-P, 2.213 A 
P-C, 1.867 A 
LPPP, 84.7' 
ring torsion angle, f34.0' 

P-C, 1.838 A 
LPPP, 85.24' 
ring torsion angle, f32.1' 
LPPC, 101.05' 
P-P, 2.224 A 
P-C, 1.874 A 
LPPP, 85.5' 
ring torsion angle, f31.4' 
LPPC, 102.72' 

P-C, 1.884 
LPPP, 87.30' 
ring torsion angle, f24.5' 
LPPC, 104.05' 
P-P, 2.225 A 
P-C, 1.830 8, 
LPPP, 84.1' 

P-P, 2.234 A 
P-N, 1.731 A 
LPPP, 79.8' 
ring torsion angle, f45.7' 
LPPN, 109.8' 

P-Pendocyclic, 2.229 A 
P-Pexocyclic, 2.218 A 
P-C, 1.897 A 
LPPPendocyclic, 85.0' 
ring torsion angle, f33.0' 

P-C, 1.896 A 
LPPP, 59.5-60.9' 
LPPC, 105-124' 

P-P, 2.236 A 

P-P, 2.212 A 

P-P, 2.185-2.218 A 

P-P, 2.201-2.220 A 

LPPC, 105-11l0 

P-C, 1.863 A 
LPPP, 60.0" 

4 

92,93 

93,94 

3 

19 

95 

96 

97 

98 

81 

129 

88 

99 

100 

phosphanes in solution. As may be seen from Figure 
2, endocyclic bond angles of =looo (ring size n = 5) ,  
= 9 5 O  (n = 6), = 8 6 O  (n = 4), and 60° (n = 3) can be 
correlated with 3IP-NMR signals of +lo, -20, -60, and 
-140 ppm, respectively (negative sign for high-field 
shifts).*29vgs On decoupling of all other NMR-active 

nuclei, the 31P-NMR spectra of uniformly substituted 
monocyclophosphanes (PR), are characterized by a 
singlet for ring sizes n = 4 and 6, an A2B spin system 
for n = 3, and an AA'BB'C spin system for n = 5. 

The 31P-NMR parameters of uniformly substituted 
cyclotriphosphanes (PR)a are listed in Table 111, those 
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/ R /  31P Chemical Shift 1 
M e  
Et 

HexC 
Pr' 
Ph 

But 

Baudler and Gllnka 

~~ 

- u 
- I tr 
- I t,r 

- I ts 
- I  I L+ 

I F  t 

R 6 A  6B JAB, Hz ref(& 
Me -171.0 -157.3 -170.8 101 
Et -157.3 -145.0 -178.5 101 
HexC -141.7 -138.9 -185.0 34 
Pri -132.3 -128.6 -184.8 46 
Ph -131.7 -147.2 -186.9 51 
But -71.9 -108.1 -201.1 72,99 

Table IV. slP-NMR Parameters of the 
Cyclotriphosphanes (PR1)2PR2 

JAB, JAC, JBC, 
R1 R2 6~ bn bc Hz Hz Hz ref 
But Pri a -68.5 -127.8 -192.1 54 

Ph Bui a -137.4 -162.9 -185.6 52 

Ph Pri a -140.3 -134.1 -189.9 52 

Ph Et a -138.7 -151.8 -186.3 51 

But SiMea a nonexistent 87 

But SnMea a nonexistent 87 

But H a nonexistent 148 

But C1 a nonexistent a7 

b -109.0 -112.5 -99.5 -188.7 -205.1 -262.2 

b -149.9 -148.7 -140.9 -180.0 -195.3 -216.0 

b -152.3 -123.6 -136.9 -185.3 -184.1 -226.9 

b -148.3 -141.6 -138.8 -182.7 -184.8 -220.0 

b -113.1 -224.7 -90.7 -157.5 -222.4 -309.5 

b -116.6 -241.5 -100.5 -154.5 -229.2 -292.9 

b -136.3 -270.8 -149.2 -144.1 -223.7 -226.6 

b -91.0 -11.4 -95.0 -185.4 -204.6 -241.0 

of mixed-substituted compounds of the type (PR1)2- 
PR2 in Table IV. 

The 31P-NMR spectra of all cyclotriphosphanes are 
characterized by high-field chemical shifts in compar- 
ison to open-chain triphosphanes or cyclophosphanes 
of other ring sizes.7~26*2S*29 The 6(31P) values are influ- 
enced by the three-membered ring structure in the same 
way as the 6(13C) values of the cyclopropanes.lo2 The 
considerably more apparent "effect of the small ring" 
in the phosphorus compounds can be attributed to the 

Table V. "P-NMR Parameters of the 
Cyclotetraphosphanes (PR), and of the 
Cyclohexaphosphanes (PR)( 

R 

JPP, JPP, 
R b31P Hz ref(s) R S3lP Hz ref(s) 

CF3 
Et 
Pri 
But 
Hexc 
Ph 
2-MeOCsH1 
SiMe3 

-16.7 -100.6 109 Ph -22.2 -106 28,108 
-68.7 -112.6 109 C1 +194 nda 25 
-62.4 -123.3 109 Br +220 nda 25 
-58.4 -148.4 109 
-69.5 -116.3 109 
-48.7 nda 28,53 
-55.6 nda 81 

-177.9 nda 18,53 

a nd = not determined. 

predominantly s character and hence larger shielding 
effect of the free electron pairs on the phosphorus atoms 
of the cyclotriphosphane ring.% 

Apart from the internal ring angles, the 6 values are 
also influenced to a considerable extent by the exocyclic 
LPPC bond angles.99 The changes in these parameters 
on going from the small methyl substituents to the bulky 
tert-butyl substituents cause a significant low-field shift 
of the signals for the cis-substituted P atoms from -171 
ppm for (PMe)3 to -72 ppm for (PBut)3 (Table 111); at  
the same time, the relative resonance positions of the 
P,i, and Ptj-am atoms are reversed.WJ03 

In the cases of the mixed-substituted cyclotriphos- 
phanes (PR1)2PR2, two isomers are observed. The 
symmetrical isomer a with like substituents on one side 
of the ring exhibits an A2B spin system in the 31P{1H)- 
NMR spectrum while the asymmetrical isomer b shows 
an ABC spin system (Table IV). When neither R1 nor 
R2 is a bulky group, the two isomers are formed in the 
statistical ratio (a:b = l:Z!).' On the other hand, when 
R1 is considerably more bulky than R2, the asymmetrical 
isomer b is definitely preferred for steric reasons.87 

In general, the 6(31P) values of cyclophosphanes are 
also influenced99 by the size of the dihedral angle 
between the free electron pairs of adjacent P atoms99J03 
and by ,&effects of the substituents.lM 

The dihedral angle is also the determining factor for 
the size of the lJ(P,P) coupling constants of cyclo- 
phosphanesggJa3Jo5J@3 which are always negative.lO7 Cis- 
substituted P atoms exhibit larger absolute values for 
the lJ(P,P) coupling constants than trans-substituted 
P atoms. Furthermore, the magnitude of the absolute 
value of the coupling constants increases with increasing 
bulkiness of the substituents.99 

The 31P-NMR parameters of uniformly substituted 
cyclotetraphosphanes (PR)4 and of the cyclohexaphos- 
phane ( P p h ) ~  are given in Table V, those of the mixed- 
substituted cyclotetraphosphanes (PR1)(PR2)3 and 
( P R ~ ) z ( P R ~ ) ~  in Tables VI and VII, respectively. Table 
VI11 contains the 31P data of those cyclopentaphos- 
phanes (PR)5 for which the spectra have been fully 
analyzed. 
3. UV, PE, ESR, and Vibrational Spectra 

The UV spectra of monocyclophosphanes (PR), with 
n = 3-532945911' depend on the size of the ring. In earlier 
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Table VI. "P-NMR Parameters of the 
Cyclotetraphosphanes (PR1)(PRZ)s 

R' 
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two steps.123 In the first step, a stable, violet-colored 
radical cation (PR)4*+ is formed; this reaction is 
reversible. On further oxidation of the amino-substi- 
tuted compounds, the corresponding dications ( P w 4 2 +  
are formed which, in contrast to the stable Sq2+ 
undergo rapid rearrangement to the diaminophosphe- 
nium cations lP(NR2)2+ and white phosphorus. These 
subsequent reactions take place under cyclovoltam- 
metric conditions even at -100 "C. In comparison to 
the NR2-substituted cyclotetraphosphanes, the tert- 
butyl compound is considerably more resistent to 
oxidization. 
5. Theoretical Studies 

In the last 10 years a number of different calculations 
on the molecular and electronic structures of the parent 
compounds (PH), with n = 3-6 have been perfor- 
med.l2+l27 One unanimous result is that the P5 ring in 
(PH)5 exhibits the highest relative stability. The 
calculated strain energies of (PHI3 and (PH)4 are 6.7 
and 4.3 kcal mol-', respectively,ln and are thus markedly 
lower than those of the corresponding carbocyclic 
compounds (CH2)3 and (CH2)4 (respective strain en- 
ergies of ca. 27 kcal mol-' each).lNJ3l The strain energies 

3/5(PMe)5 + (PMe), 

4/5(PMe)5 + (PMe), 

AH" = 7.8 f 0.2 kcal mol-' 

AHo = 6.0 f 0.3 kcal mol-' 

are comparable with the experimentally determined 
enthalpies of reaction for the ring transformations on 
the assumptions that the five-membered ring in (PMe)5 
is free of ring strain and that no steric interactions 
between the substituents are present.lol Accordingly, 
bond-angle deformations at  trivalent phosphorus result, 
in general, in an appreciably lower strain energy than 
those at  carbon. In the case of (PH)3 a three-center 
shared electron number (SEN)132J33 of 0.2 was found 
for the P3 ring;127 this is an indication for the presence 
of stabilizing multibonding effects similar to those in 
the P4 molecule.154 About one-third of the ring strain 
in (PH)3 can be attributed to next neighbor interactions 
as a consequence of the repulsion between the free 
electron pairs of the cis-configurated P atoms.127 This 
interaction is also reflected in the structural data for 
the triorganocyclotriphosphanes that have been ana- 
lyzed by X-ray crystallography to date. The distance 
between P atoms with cis-oriented substituents, or free 
electron pairs, is always about 0.02 A longer than 
between trans-configurated P atoms (see also section 
II.C.l). The fact that the three-membered phosphorus 
ring is a relatively stable structural unit is also revealed 
by the calculated bond length127 of 2.209 A between 
trans-configurated P atoms in (PH),; this value is in 
the range for normal P-P single bonds (2.21 A).135 The 
barrier to inversion for one P atom in (PH)3 is smaller 
than that in PH3 and is further lowered considerably 
by the substitution of the hydrogen atom at the P atom 
in question by a CH3 or an SiH3 gr0up.l3~ 

For the ground-state structure of (PH)4 an almost 
planar P4 ring with an all-trans arrangement of the 
hydrogen atoms or free electron pairs, respectively, at  
the P atoms (DM symmetry) was c a l ~ u l a t e d . ~ ~ ~ J ~ ~ J ~ ~  The 
ring strain of 4.3 kcal mol-l may not be neglected and 
can be attributed to repulsion between parallel P-P 
bonds separated by the normal single bond dis- 

I 
R1 

R' RZ 61 62.4 ref@) 

Pri But -77.9 -52.3 -53.8 -138.5 -145.5 +14.8 54 

Br But +73.0 -12.9 -59.8 -196.5 -154.9 +38.2 48 
But SiMe, -26 -168 -221 -96 -49 15 64 
SiMea But -200 -66 -15 -108 -146 9 67 

Li But -212 -54 +9 -192 -164 6 67 

But Ph  -11.3 -68.3 -52.7 -126.6 -114.9 +78.8 53 

H But -182 -74 -19 -93 -137 19 67,148 

Table VII. "P-NMR Parameters of the 
Cyclotetraphosphanes (PR')z(PR% 

R2 
I 

I 
R' 

2,; Jig? J3.4, Ji a z 4 
R' Rz 61,z 63,4 HZ di' ' ref 

Pri But -73.1 -48.3 -128.5 -135.5 -142.2 +15.0 54 
But SiMeS -23.5 -212.5 -141 -98 -54 +8 63 

p~blications,32J1~ the intense UV absorptions were 
interpreted in terms of an extensive delocalization of 
the free electron pairs on phosphorus in the free d 
orbitals of neighboring phosphorus atoms. However, 
on the basis of UV photoelectron spectroscopic inves- 
tigations, the existence of significant conjugation effects 
in cyclophosphanes seems to be doubtful since the 
average ionization energies of the free electron pairs of 
phosphorus in tertiary phosphanes, diphosphanes, and 
monocyclophosphanes are very similar.112J13 

PE spectroscopy also represents a useful method for 
determining the ring size of cyclophosphanes in the gas 
phase. Detailed PE spectroscopic investigations in 
combination with model calculations have provided 
information on the electronic structures of cyclotriphos- 
phanes and heterocyclic, three-membered ring com- 
pounds of p h o s p h ~ r u s . ~ l ~ J ~ ~  

The ESR spectra of y-irradiated single crystals of 
(PHexc)4 reveal the formation of oriented radicals as a 
result of the cleavage of a cyclohexyl group.ll6 

The IR spectra of various monocyclophosphanes have 
been reported.32~34*39~72J17-119 A symmetrical stretching 
vibration of the P, ring between 390 and 425 cm-l and 
a corresponding asymmetrical vibration between 465 
and 490 cm-' were observed in the Raman spectra of 
alkyl-substituted c0mpounds.11~J~O The vibrational 
spectra of the phenyl compounds (PPh)5 and (PPh)6 as 
well as their perdeuterated derivatives have also been 
investigated.121 
4. Electrochemical Properties 

On electrochemical reduction of (PPh)5, two electrons 
are transferred to the five-membered ring; this is 
followed by a rapid ring degradation.122 

The electrochemical oxidation of the cyclotetraphos- 
phanes (PRh fR = NPri2, N(SiMe&, But) occurs in 
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Table VIII. *1P-NMR Parameters of the Cyclopentaphosphanes (PR)s 
R 

R 61 62,s 6 3 4  Jl,Z/l,S, Hz J1,3/1,4, Hz Jz,a, Hz Jz,r/a,s, Hz Jz.s/r,a, Hz Js,4, Hz ref 
H -9.9 -31.7 -36.4 -219.4 +31.6 +44.3 +27.5 -220.6 -234.6 9 
Me +16.9 +16.3 +14.6 -248.6 +23.3 -3.6 -8.1 -236.4 -310.3 105 

-343.2 106 C F 3  +7.5 +10.0 -1.1 -214.5 +36.9 +0.8 -5.3 -223.3 
Et +19.8 +14.5 +13.9 -260.0 +22.5 -4.0 -9.1 -245.2 -318.1 110 

t a n ~ e . l ~ ' J ~ ~  The presence of substituents with large 
spatial requirements and larger group electronegativ- 
ities favor a folding of the P4 ring. The diversity of the 
conformations of the cyclotetraphosphanes (PR)4 de- 
termined by X-ray crystallography to date (see Table 
11) is thus the result of a combination of steric and 
electronic e f f e ~ t s . ' ~ ~ J ~ ~  

According to contemporary calculations, the five- 
membered ring in (PH)5 has either a somewhat distorted 
envelope form (C1 or a symmetrical 
envelope conformation (C, ~ymmetry).'~' It possesses 
a larger flexibility than the P3 and P4 rings. The stability 
of (PH)5 is not only larger than that of (PH)3 and (PH)4 
but also larger than that of P2H4 and P ~ H s . ~ ~ ~  It is thus 
not surprising that the thermolysis of diphosphane 
preferentially gives rise to (PHI5 and polycyclic phos- 
phanes P,H, (m < n) containing five-membered ring 
elements in their structure and to a much lesser extent 
to higher homologues of the open-chain phosphanes 

The predicted stability of (PH)6 in the chair con- 
formation analogous to cyclohexane is somewhat lower 
than that of (PH)5 but larger than that of (PH)4;125 this 
is in accord with the observed conversion of ( P p h ) ~  
into (PPh)5 on warming.138 

D. Chemical Properties 
Earlier results on the chemical properties of the 

monocyclophosphanes (PR), (n = 4,5) known at that 
time are summarized in the reviews by Haiduc5 and 
Maier.6 More recent investigations have concerned 
above all the cyclotriphosphanes (PR)3 as well as ring 
transformation and ring degradation reactions. With 
a few exceptions, which will be discussed in section 
D.1, reactions of monocyclophosphanes lead, at  least 
temporarily, to cleavage of the P n  ring. 

1. Reactions with Retention of Ring Size 
Monocyclic organophosphanes (PR), (n = 3-5) are, 

in general, readily oxidized by atmospheric oxygen. In 
principle, two primary steps have to be taken into 
consideration in this process: either the oxygen reacts 
with insertion into individual P-P bonds such as in the 
formation of Pro6 from P4 or by exocyclic addition onto 
the intact P n  skeleton. 

Corresponding investigations have shown that the 
alkyl-substituted compounds (PBut)4, (PMe)5, and 
(PEt)6 react with a less than equivalent amount of dry 
atmospheric oxygen at  room temperature to furnish 
cyclophosphane monoxides s m ~ o t h l y . ' ~ ~ J ~  

Sulfur reacts with (PR)5 under the same conditions 
to yield the monosulfides (PMe)& (lla) and (PEt)5S 
(llb),14' while the reactions with (PHex94 and (PBut)4 

PnHn+2.g"1 

proceed under modified conditions to furnish the 
monosulfides ( P H ~ X ~ ) ~ S  ( l2a)lS2 and (PBut)4S ( 12b).142 

20 oc 
2(PBut), + 0, -4- 2(PBut),0 (22) 

ceHB 9 
20 o c  

2(PR),+02 - 2(PR),O (23) 
loa: R = Me 

b: R = E t  

IR and NMR spectroscopic investigations as well as an 
X-ray crystallographic analysis of 12b have demon- 
strated that the oxygen and sulfur atoms take up 
exocyclic positions on the P n  skeleton of the parent 
compound. The spatial arrangements of the four- 
membered ring compounds 9 and 12 are unambiguous 
as a result of the trans-oriented organic groups whereas, 
in the case of the five-membered ring compounds 10 
and 11 and on the assumption that only one cis 
arrangement between adjacent organic groups is present, 
three configurational isomers are possible in each case. 

A B C 

In the case of the monoxide lob, the two unsym- 
metrical molecules A and B are formed in a ratio of 
approximately l:l.139 For the monosulfide l l b ,  in 
contrast, the isomer B in which the sulfur has only one 
cis relationship to an adjacent ethyl group is formed 
exclusively as a result of steric f a ~ t 0 r s . l ~ ~  Thus, the 
cyclophosphane skeleton initially remains intact upon 
attack by oxygen or sulfur irrespective of the size of the 
P n  ring and the spatial demands of the substituents R. 
The formation of more highly oxidized or sulfur-richer 
products only takes place on continuation of the 
respective reaction. 

Mixed-substituted cyclopentaphosphanes of the type 
Ps(R')sn(R2)n (n  = 1-4) are formed within days or weeks 
by the reaction of (PPh)s with (PR)6 (R = Me, Et) in 
tetrahydrofuran at  room temperature in the dark.143 In 
view of the mild conditions, a radical reaction course 
via free phosphanediyls (phosphinidenes) :P-R is 
extremely improbable. The formation of the com- 
pounds PsPhk,Me(Et), by way of an intermolecular 
reaction under participation of )P-P ( groups either by 
a four-center mechanism or through three-membered 
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Scheme I 
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MePC12 

ring intermediates containing a pentavalent phosphorus 
atom (phosphorane mechanism) is much more reason- 
able. 

Monocyclophosphanes with bulky organic substit- 
uents and single functional groups are suitable starting 
materials for substitution reactions with retention of 
the P, ring size. Accordingly, the cyclotriphosphanes 
(PBut)zPSiMe3 (13) and (PBut)2PSnMe3 (14) were 
prepared from the phosphide KP(PBut)za7 by reaction 
with chlorotrimethylsilane and trimethyltin chloride, 
re~pectively.8~ The latter product 14 proved to be an 
excellent starting material for further elaboration of 
the chemistry of the P3 ring. 

For example, compound 14 reacts with PC13 or 
ButPXz (X = C1, I) according to eqs 20 or 21, 
respectively, to furnish the phosphino-substituted 
cyclotriphosphanes 5a-ca7 Condensation of 14 with 
another functionally substituted cyclotriphosphane 
yields the 1,l’-bicyclotriphosphane 15 which is stable 
at  room temperature under protection from air. An 
alternative preparation of 15 is the [l + 21-cyclocon- 
densation of the phosphino-substituted cyclotriphos- 
phane 5a with a 1,2-difunctional d i p h ~ s p h a n e l ~ ~  
(Scheme I). When 14 is allowed to react with dichlo- 
roorganophosphanes such as MePClz in a molar ratio 
of 2:1, two P3 ring units are linked together through an 
isolated P atom.146 The bis(cyclotriphosphany1)me- 
thylphosphane 16 can be prepared in the pure state at 
low temperatures but, as a consequence of its relatively 
“open” skeletal structure, decomposes via ring rear- 
rangement and disproportionation at  above -30 “C. 

The reaction of 14 with PC13 in a molar ratio of 3:l 
gives rise to a condensation product with the expected 
composition PloBut8. However, this is not the tris(cy- 
clotriphosphany1)phosphane [(PBut)2P13P; instead the 
cyclotetraphosphane with two adjacent cyclotriphos- 
phanyl substituents, 17, is formed since the isolated P 
atom is incorporated into one of the three-membered 
rings for steric reasons.l* Compound 17 is obtained as 
a mixture of the two configurational isomers A (C2 
symmetry) and B, which differ in the mutual orientation 
of the respective trans-oriented tert-butyl groups on 
the two three-membered rings. 

In order to link three P3 ring skeletons to one atom, 
the central atom must apparently be larger than 
phosphorus. Indeed, the analogous reaction of 14 with 

1 
- 2  MejSnCl 

B$ But 
P Me P’ 

* 1)P-b-P’I (25)  

‘P. 
- 2 Me3SnCI 

.P . EG 16 But 

? R 

R = But i 
R 

A 17 B 

SbC13 does proceed smoothly to furnish the tris(cy- 
clotriphosphany1)stibane 18 which also exists as two 
configurational isomers A (C3 symmetry) and B.147 The 
compound can be prepared in the pure state at  lower 
temperatures but decomposes at  above -30 “C or on 
exposure to daylight to furnish 15, phosphorus-anti- 
mony polycyclic compounds, and elemental antimony. 

I 
R;&t 

i ’  
A 18 B 

Protolysis of the partially silylated cyclotriphosphane 
13 with methanol results in the formation of the 
corresponding hydrocyclotriphosphane ( P B u ~ ) ~ P H . ~ J ~  
The four-membered ring compound (PBut)3PH can be 
prepared analogously from the cyclotetraphosphane 
(PBut)3PSiMe3 ( 19).e7 

The reaction of alkali metals or organolithium 
compounds with monocyclic organophosphanes is gen- 
erally accompanied by P-P bond cleavage and the 
formation of open-chain phosphides6 (see also section 
II.D.3). When the P, ring is more or less sterically 
shielded by tert-butyl substituents, the ring cleavage 
reaction may be partially or even completely suppressed. 

Thus, the reaction of (PBut)3 with potassium in a 
molar ratio of PBut:K = 1:0.44 yields, in addition to 
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W 

Figure 3. Structure of one of the two independent molecules 
of (PBut)&r(CO)S (without hydrogen atoms) in the crystal.1w 

K(But)PP(But)2 and other tert-butyl phosphides, the 
monometalated cyclotriphosphane 20 which is a suitable 
starting material for other functionalized cyclotri- 
phosphanes such as 13 and 14.87 The cyclic tetraphos- 
phide 21 can be obtained from the reaction of the 
partially silylated cyclotetraphosphane 19 with butyl- 
lithium by elimination of B ~ ~ s i M e 3 . ~ ~  

20 21 

In general, compounds with trivalent phosphorus 
atoms serve as excellent ligands in complex chemistry. 
Organocyclotriphosphanes accordingly react with metal 
carbonyls by way of ligand exchange reactions to furnish 
mixed mono- and dinuclear carbonyl(cyc1otriphos- 
phane)-metal complexes.149 

(PR), + M(CO),THF - (PR),M(CO), 

R = Pri, But; M = Cr, W 

(26) 
-THF 

(PR)3 + 2M(CO),THF - (PR)3[M(CO)512 (27) 
-2THF 

R = Pr'; M = Cr 

Both series of compounds are remarkably stable 
toward thermal stress and oxidation. The structures 
were deduced from the 31P{1H}-NMR spectra149 and, in 
the cases of (PBut)3Cr(CO)slSO (Figure 3) and (PPri)SW- 
(CO)a,161 also by single-crystal X-ray analyses. The first 
M(CO)5 group is arranged in a trans position to the 
cis-oriented organic substituents and the second M(C0)5 
group is positioned trans to the first. The cyclotri- 
phosphane ligand serves-in contrast to the complex 
(PPh)3[Mn(CO)&pl~l~~ obtained by a different route- 
as a 2- or 4-electron donor. The r-acceptor capability 
of (PR)3 is similar to that of PPh3. 

A different type of binuclear complex in which the 
Pa rings are linked as four-electron ligands with the 
ML, fragments to form a six-membered P4M2 metal- 
lacycle is obtained from the reaction of (PPri)3 with 
Ni(C0)4.1S3 

2(PPri), + 2Ni(CO), - 
-4CO 

(CO),Ni(p-P3Pri3)2Ni(CO)2 (28) 
22 

The formation of 22 proceeds through the mononu- 
clear complex (PPri)3Ni(C0)3 which can be detected in 
the 31P-NMR spectrum at the beginning of the reaction. 
The complex 22 is formed as a mixture of the isomers 
A and B that differ in the mutual orientations of the 
three-membered phosphorus rings. Isomer A rear- 
ranges in solution above 0 "C to B until an approxi- 
mately 1:l equilibrium has been achieved.'" 

p,l co Ip" n.1 co \ 

B 22 

2. Rearrangements to Rings of Different Sizes 

Triorganocyclotriphosphanes are only metastable in 
comparison with the corresponding cyclophosphanes 
where n > 3. Thus, they undergo rearrangement to the 
respective, more stable four- or five-membered ring 
productsls8 at  varying rates-depending on the sub- 
stituents R and the polarity of the solvent.28161J01 The 
reaction course does not involve a radical process via 
free phosphanediyls (phosphinidines) :P-R but most 
probably, in analogy to the formation of mixed- 
substituted cyclopentaphosphanes, an intermolecular 
reaction takes place following a four-center or phos- 
phorane mechanism (see section II.D.l). 

The first indications for a ring rearrangement reaction 
of cyclophosphanes were obtained in the (PPh), system, 
namely the thermal conversion of (PPh)6 into (PPh)61B 
and the oligomerization of (PPh)3 in solution at  room 
temperature to give (PPh)s via (PPh)4.%>5' Considerable 
confusion about the ring sizes and their rearrangement 
reactions existed for some time in the case of the C2F5- 
substituted cyclophosphanes before their unambiguous 
clarification.~*~J57J~ 

As shown by ,lP-NMR spectroscopy, the cyclotri- 
phosphanes (PR)3 (R = Me, Et, Ph) exist at higher 
temperatures in a thermodynamic equilibrium with the 
corresponding cyclotetraphosphanes and cyclopenta- 
phosphanes; in the case of R = Ph, (PPh)s is also 
formed.'''' From the temperature dependence of the 
equilibrium constants, the enthalpies of reaction given 
in section II.C.5 were determined in the case of the 
(PMe), system for the rearrangements five-membered 
ring - three-membered ring and five-membered ring - four-membered ring. Although cyclotriphosphanes 
with small substituents R, such as (PMe)s or (PH)3, 
exhibit relatively low strain energies because of the 
absence of steric interactions, their rates of oligomer- 
ization are particularly high. The reason for this is the 
unsatisfactory steric shielding of the P3 ring skeleton. 
In contrast, cyclotriphosphanes with bulky substituents 
R are often remarkably resistant to oligomerization 
reactions in spite of their higher strain energies. This 
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The electrochemical reduction of monocyclophos- 
phanes involves transfer of two electrons to the respec- 
tive P, ring and, in all cases, a subsequent, rapid ring 
degradation.lZ2 

Various open-chain monolithium phosphides of the 
type Li(PEt),Ph (n = 1-5) are formed by the reaction 
of phenyllithium with a mixture of (PEt)s and (PEt)4 
depending on the molar ratio PEt:LiPh.le7 The deg- 
radation of (PPh)s with LiPh was reinvestigated a few 
years ago, as were the analogous reactions with LiBu" 
and LiMe.168 The reaction patterns are more or less 
identical. In the case of LiNR2 (R = Et, Pri), the 
phosphides Li(PPh),NR2 (n = 2,3) are formedl69 and 
with CN- the monophosphide P(Ph)CN- is obtained.170 
The corresponding primary products from the reaction 
of (PPh)5 with NaCp, Na(PPh),Cp (n = 1-3), undergo 
stabilization through shifts of protons of the Cp ring." 

Cyclotetraphosphanes with two to four adjacent 
Me3Si substituents react with LiR (R = Me, Bun) via 
ring opening and formation of terminal, monolithiated 
tetraphosphides which subsequently undergo isomer- 
ization and disproportionation reactions.171 

The ring degradation of monocyclophosphanes by 
stoichiometric amounts of halogens to yield the cor- 
responding dihalo(organo)phosphanes has been known 
for a long time.6 

(PR), + nX, - nRPX, (29) 
n = 3-5; X = C1, Br, I 

On iodination or bromination of (PPh)s in a molar 
ratio of 2.5:1, it is possible to isolate the intermediates 
I(Ph)PP(Ph)1172 and Br(Ph)PP(Ph)Br, respectively.173 
The latter compound is also accessible from the reaction 
of (PPh)5 with PhPBr2.173 

Figure 4. Coordination sphere in the complex (PMe)E- 
W(C0)4.'@ 

is due to the well-known kinetic stabilization of small 
ring compounds by voluminous s u b s t i t ~ e n t s . ~ ~ ~ J ~ ~  

Changes in ring size also occur in metalation reactions 
of organocyclophosphanes. Hence, in the reaction of 
(PBut)4 with potassium, the monometalated cyclotri- 
phosphane KP(PBut)2 (20) and the cyclic pentaphos- 
phide KP(PBut)4 are formed in addition to the open- 
chain phosphides K(PBut),K (n = 2-4, see section 
II.D.3).87Js0 On the other hand, the triphosphide 
Kz(PPh)3-obtained from (PPh)5 and potassium-does 
not exist as a cyclic dianion as originally assumed16l 
but rather has an open-chain phosphorus skele- 

The cyclopentaphosphane (PMe)5 reacts with metal 
hexacarbonyls at  higher temperatures and long reaction 
times via ring expansion to give the carbonyl(cyc1o- 
phosphanel-metal complexes (PMe)6M(C0)4 (M = Cr, 
W) and (PMe)&z(CO)6 (M = Cr, Mo, W).lM While 
the dinuclear complexes are assumed to have structures 
similar to the analogous arsenic compound,166 X-ray 
crystallographic analysis has shown that the (PMe)6 
ligand in the mononuclear complexes has the boat 
configuration (see Figure 4). 

ton.28,162,163 

3. Reactions with Ring Cleavage 

Nucleophilic attack at  the P-P bond in monocyclo- 
phosphanes occurs with numerous reagents such as 
alkali metals, organoalkali metal derivatives, alkali 
metal phosphides, amides, and cyanides. The P, ring 
is cleaved and then degraded stepwise in all cases; 
various intermediates can be isolated from some of these 
reactions. The action of halogens, alkyl halides, phos- 
phorus-halogen compounds, sulfur, and selenium lead 
mostly to an at  least temporary opening of the phos- 
phorus ring. In addition to the previously reviewed 
work in this field: the results of pertinent investigations 
carried out in the last two decades will be discussed 
here. 

The reaction of ( P B u ~ ) ~  with potassium in boiling 
tetrahydrofuran furnishes not only the open-chain 
tetraphosphide K ( P B u ~ ) ~ K , ~  but also involves further 
chain degradation steps to give the tri- and diphosphides 
K(PBut),K (n = 3,2).l6O As a consequence of its poor 
solubility, K(But)PP(But)K can easily be separated 
from the phosphide mixture and serves as an excellent 
starting material for the synthesis of mixed-substituted 
cyclotriphosphanes (PBut),PR and three-membered 
heterocyclic systems of the type (PBut)zE (E = het- 
eroatom).7.9 

The combined reaction of the cyclopentaphosphanes 
(PR)5 (R = Me, Et) with magnesium and PC13 results 
in the formation of polycyclic phosphanes (see section 
V,B),9JlJ59J~ 

(PPh), + 5PhPBr, - 5(PPh)2Br, (30) 

The mild, halogenating ring opening of the cyclo- 
triphosphane (PBut)3 has proved to be especially 
suitable for the preparation of the remarkably stable 
a,@-dihalo-substituted, open-chain phosphanes.eJ74 
The resultant tri- and diphosphanes are versatile 
building blocks for novel open-chain and cyclic tert- 
butylphosphanes. 

( P B u ~ ) ~  + X, - X(BU~)PP(BU~)P(BU~)X (31) 
X = Br, I 

(PBut), + PC15 - 
C~(BU~)PP(BU~)P(BU~)C~ + pci, (32) 

C1(But)PP(But)C1 + BdPC1, + 2PCl, (33) 
( P B u ~ ) ~  + 2PC1, - 

When PBr3 is used as the halogenating agent for ring 
opening, a subsequent reaction involving insertion of 
the intermediarily formed bromophosphanediyl takes 
place. The thus formed tetraphosphane 23 is, as 
expected, unstable and rearranges to the isotetraphos- 
phane 24.175 

The reaction of (PCF3)4 with fluoroalkyl iodides &I 
has been investigated in It involves ring 
cleavage and complete chain degradation to furnish 
CFdRf)PI. 
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Reactions with selenium do not always give rise to 
products corresponding to those obtained with sulfur. 
Thus, (PPh)5 also furnishes the compound (PPh)3Se2 
(31)187-189 with a five-membered ring skeleton like that 
of 27 but with exclusively h3-phosphorus; the sulfur 
analogue is still unknown. And, in the case of the 
reaction of (PHexc)3 with excess selenium, the com- 
pound (PHexC)3Se4 (32) is obtained as a mixture of the 
isomers A and B,la3 presumably by way of the analogue 
of 27. 

The combined action of sulfur and alcohols on 
cyclopentaphosphanes was claimed in a patent as a 
method for the preparation of the dithiophosphonic 
esters RP(S)(OR')SH.lW 

The well-known cleavage of cyclophosphanes by 
tertiary phosphanese has been reinvestigated in detail 
recently for the case of the reactions of (PCF3)n (n = 
4, 5 )  with PMe3 which give rise to the phosphane- 
phosphinidine complex Me3PPCF3.1Q1 

On treatment of (PPh)5 with (CF3S)2 or (CF3Se)2, 
ring degradation with insertion of a PPh group into the 
S-S or Se-Se bond, respectively, occurs.192 

The action of MesSnH on (PCF3)4 also results in 
complete degradation of the cyclotetraphosphane.193 

(PCF,), + 4Me3SnH - 
2Me3SnP(H)CF3 + (Me,Sn),PCF, + H,PCF3 (35) 

Carbon tetrachloride reacts with (PPh)5 and (PHexc), 
to furnish PhP(C1)CClB and C1(Hexc)PP(HexC)CC13, 
respectively. The tris(amin0)phosphonium salts [RP- 
(NR1R2)3]C1 are formed when a primary or secondary 
amine is added to the system (PR),/CC14.'94 

An equilibrium mixture in which 1,2-diphenyl- 
diphosphane can be detected by NMR spectroscopy is 
obtained when (PPh)5 and PhPH2 are mixed.lQ5 

(PBu'), + PBr3 - (PBut)3Br2 + :PBr 
\ /  

, P(Bu')Br T (34) 

PL P(Bu')Br c- [Br( Bu') PP(Bu')P( Br)P(Bu')Br] ' P(Bu')Br 23 
2 4  

The action of sulfur on monocyclophosphanes does 
not only result in cyclophosphane monosulfides with 
exocyclic bonded sulfur (section II.D.1). On the con- 
trary, an extensive insertion of the sulfur into the P, 
ring with formation of phosphorus-sulfur heterocycles 
takes place. This process presumably proceeds through 
an intermediate opening of the phosphorus ring. Of 
the various compounds formed depending on the P R S  
ratio and further to the earlier results: some additional 
products have now been structurally elucidated. More- 
over, pertinent investigations on the reactivity of 
monocyclophosphanes toward selenium have been 
performed. 

But I H$xC H$xC 

28 5 
25 26 

27 

29 30 5 e  

31 A B 
32 

Under suitable conditions, the reaction of (PBut)3 
with sulfur gives rise to (PBut)3S (25) which has a 
heterocyclic, four-membered ring ~4ructure . l~~ The 
corresponding selenium derivative (PBut)3Se has an 
analogous structure.183 The reaction of (PHexC)3 with 
sulfur under appropriate conditions gives rise to two 
constitutionally isomeric compounds 26 and 27 with 
the composition ( P H ~ X ~ S ) ~ . ' ~ ~ J ~ ~  The compound 26 has 
the same ring skeleton as 25 but with two additional, 
exocyclic sulfur atoms while 27 has the same structure 
as the long-knowne phenyl derivative (PPhS)3; the 
structure of the latter, however, was only recently 
elucidated unambiguously.lM The reaction of (PHex% 
with sulfur gives rise to products with intact P4 ring 
skeletons as well as the relatively unstable compound 
(PHexC)& (28) with a heterocyclic P4S ring and two 
exocyclic sulfur atoms.la2 (PMehSe3, recently obtained 
from (PMe)5 and selenium, has an analogous struc- 
ture.'85 A compound, (PPh)4S (29),6 with the same five- 
membered ring skeleton as 28 but with exclusively X3- 
phosphorus atoms was prepared earlier from (PPh)5 
and sulfur but its structure was only recently deter- 
mined unequivocally by 31P-NMR spectroscopy.lM The 
corresponding selenium compound (PPh)&e has an 
analogous c o n ~ t i t u t i o n . l ~ ~ J ~  Similar to (PR)5 (R = Ph, 
Me) and in contradiction to previous ( P B u ~ ) ~  
also reacts with excess sulfur through insertion into all 
P-P bonds to form the dimer of dithiophosphonic acid 
anhydride (PButS2)2 (3O).l8O 

(PPh), + 5PhPH2 * 5H(Ph)PP(Ph)H (36) 

Under pyrolysis conditions in the mass spectrometer, 
heating of (PPh)5 up to 400 "C gives rise to free 
phenylphosphanediyl (phenylphosphinidine, :PPh) 
which can be trapped by suitable reaction partners.lQ'jlM 

A gravimetric method for the analysis of (PPh)5 
involves cleavage of this compound by Tech and 
separation of the stoichiometric amount of tellurium.lW 

(PPh), + 5TeC1, - 5Te + 5PhPC1, (37) 

I I I .  Monocyciic Phosphorus Anions with 
Coordination Number 5 3 

A. Anions with Coordination Number 3 
A monocyclic anion with exclusively hydrogen atoms 

as substituents is the tetrahydrocyclopentaphosphide 
ion which is present in the compound LiH4Ps-n solvent 
(33). This product is formed by metalation of P2H4 at 
-78 "C with either LiBu" or LiPH2 in tetrahydrofuran 
(THF) or 1,2-dimethoxyethane (DME) (see section 
IV).111200 Upon suitable performance of the reaction, 
compound 33 can be isolated at low temperature as a 
lemon-yellow solid that decomposes above -30 "C. The 
structure as the monolithium salt of (PH)5 was con- 
firmed by a complete analysis of the 31P{1HJ-NMR 
spectrum.201 



Monocyclic and Polycyclic Phosphanes 

Organo-substituted, monocyclic anions are formed 
in metalation reactions of organocyclophosphanes in 
which the P, ring is shielded to a large extent by bulky 
substituents so that the cleavage reaction is suppressed. 
On formation of the respective cyclic phosphide, the 
ring size may be retained or changed (see section 1I.D). 
Thus, the cyclic triphosphide KP(PBut)2 (20) is formed 
together with other, open-chain products by treatment 
of (PBut)3 with p0tassium.8~ The same compound 20 
can also be obtained from the corresponding reaction 
of (PBut)4 in which, above all, the cyclic pentaphosphide 
KP(PBut)4 as well as the cyclotetraphosphide KP- 
(PBut)3 are additionally formed.87 

The reactions of organolithium derivatives with 
partially silylated cyclophosphanes carrying bulky 
organic groups provide another access to organo- 
substituted, monocyclic phosphides. Thus, the re- 
markably stable cyclotetraphosphide 21 was prepared 
from the cyclotetraphosphane 19 (see section II.D.l).67 
Compound 21 and the lithium cyclotriphosphide LiP- 
(PBut)2, corresponding to the potassium salt 20, are 
the main products of the reaction of white phosphorus 
with LiBut (molar ratio 1:2) at  room temperature.@ 

The formation of the cyclic pentaphosphide KP- 
(PPh)4 has been observed in the reaction of white phos- 
phorus with the open-chain phosphide K(PPh)4K.202 
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sible in tetrahydrofuran from the reaction of white 
phosphorus ~ i t h L i P H 2 ~  as well as with, in the presence 
of 18-crown-6, sodium209 or N ~ P H z . ~ ~ O  An especially 
convenient approach to 34 is the degradation of red 
phosphorus with KPH2 (P/KPH2 = 1.9:l) in boiling 
dimethylformamide (DMF) which, under appropriate 
conditions, provides almost exclusively the polyphos- 
phides KP5 and K ~ H P T . ~ ~ ~  After separation of by 
products, pure solutions of MIPS in THF (MI = Li2M), 
in THF/18-crown-6 (MI = Na2O9P2l0), or in DMF (MI = 
K211), respectively, are obtained. Upon concentration 
of the 1k2 to le3 molar solutions or upon addition of 
less polar solvents, increased decomposition occurs with 
the preferred formation of MI2P16 and M13P21. The KPJ 
DMF solution is stable for several weeks at room 
temperature under protection from air. 

The MIPS solutions are gold-orange to red in color 
and are extremely sensitive to oxidation. In their 31P- 
NMR spectra, they exhibit a characteristic low-field 
singlet at  6 = +470; the position of this signal is only 
slightly dependent on the solvent and the counterion. 
The composition of the NaPddiglyme solution has been 
substantiated by the analytically determined Na:P ratio 
of 1:5.208 Furthermore, 34 can also be observed directly 
in the negative-ion FAB mass spectra of NaPdl8-crown- 
6/THF solutions.209 The existence of the cyclo-P5- ion 
(gr-electron system) stabilized by mesomerism in 
analogy to the cyclopentadienide ion was further 
confirmed by the appearance of the UV spectrum of 
34.209 

The occurrence of the P5- species has up to now only 
been observed in a negative-ion mass spectrum of red 
phosphorus at  325 OC212 and in the sandwich and triple 
decker complexes [(s5-P5)M(s5-C5Me4R)1 (M = Fe, Ru; 
R = Me, Et) and [(s5-C5Me5Cr)2(~,s5-Pg)l, respectively, 
described by SchererS2l3 The latter compounds were 
obtained from white phosphorus by cothermolysis with 
appropriate substrate complexes. The formation of 34 
in reactions subsequent to the nucleophilic cleavage of 
white phosphorus under conditions that favor the 
formation of polyphosphides with conjuncto-phosphane 
skeletons is indicative of its direct participation in the 
complex reactions leading to the formation of phos- 
phorus-richer polyphosphides from phosphorus-poorer 
polyphosphides (see section IV). The fact that 34 is 
also one of the main products of the nucleophilic 
cleavage of red phosphorus may be attributed, on the 
one hand, to the structural features of P,d214 and, on 
the other hand, to the noteworthy tendency for the 
formation of the free cyclo-P5- ion and its high stability. 
This stability and the aromatic character of 34 are fully 
substantiated by theoretical investigations based on 
MND0215 and ab initio MO calculations.216~217 

The chemistry of 34 is characterized both by analogies 
with and by differences to the chemistry of the C5H5- 
ion. Thus, 34 reacts with alkyl halides to form, above 
all, P7R3 and P9R3. The nonaromatic primary product 
37 is apparently so unstable that it rearranges spon- 
taneously into the thermodynamically more favored 
alkylpolyphosphanes. Dimers of 37 have not been 
observed.209 

Lip5 reacts with LiC5Me5 and FeCl2 in a one-pot 
process to furnish the mixed sandwich complex 38 which 
was previously prepared by Scherer via cothermolysis 
of white phosphorus and [(s-C5Me5)Fe(C0)212.218~219 

B. Anions with Lower Coordination Numbers 
Alkali metal phosphides of the composition M'4P6 

(MI = K,203 Rb,204t205 Cs205) are accessible from reactions 
of the corresponding metal with red phosphorus at  
higher temperatures and, according to crystal structure 
analyses, contain isolated P6 rings. These rings are 
planar or only slightly corrugated and possess D6h 
symmetry. With regard to phosphorus, each P atom 
has the coordination number 2 and is additionally 
surrounded by six MI atoms in a trigonal prism. The 
P-P bond lengths are distinctly shorter (2.15 A) than 
normal single bonds (2.21 which is indicative of 
some multiple-bond character (1h-electron system).13m 
The planar structure of the P6' ion has also been the 
subject of extended Huckel MO calcu1ations.m The 
main product of the reaction of Me3SnCl with K4P6 in 
DME is the tricyclic phosphane P7(SnMe3)3 (see section 
V) together with P(SnMe3)3.203 The singlet at  6 = +473 
in the 31P-NMR spectrum of the respective reaction 
solution does not correspond to the Pe4- ion-as 
originally a s s ~ m e d ~ ~ ~ ~ ~ ~ ~ - b u t  belongs to the penta- 
phosphacyclopentadienide ion 34 (see below) formed 
therefrom.111w8 

The monocyclic anions 34-36 containing phosphorus 
atoms with the coordination number 2 are formed by 
the nucleophilic cleavage of white phosphorus with 
sodium (P/Na = 3:l) in boiling diethylene glycol 
dimethyl ether (diglyme).208 Further polyphosphides 
(above all NazPl6, Na3P21, Na3P19; see section IV) are 
additionally formed. 

3L 35 36 

The particularly interesting species, the pentaphos- 
phacyclopentadienide ion (cyclo-P5-; 34) is also acces- 
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thus their formation is the result of a participation of 
the solvent in the reaction process. Since they cannot 
be separated either from the polyphosphides formed 
as main products or from 34, the structures given for 
35 and 36 are based on a complete analysis of the AA'BB' 
and AB2 spin systems, respectively, observed at  low 
field in the 31P{1HJ-NMR spectrum and on the splitting 
observed under lH coupling condition~.~M*2~3 A con- 
stitutional isomer of the ring system 36 exists in the 
compound lithium 3,5-di(tert-butyl)-l,2,4-triphos- 
pha~yclopentadienide-3DME.~~ The concomitant, 
spontaneous formation and remarkable thermal sta- 
bilities of 34-36 reflect the significant stability of 
anionic, P-containing five-membered rings with delo- 
calized 6welectron systems. 

37 

Lip5 + L iC  5 5  Me + FeC$ - ~ ~ ~ c I  [ ( ~ - ~ - P ~ ) F e ( q ~ - C ~ M e ~ l l  (39) 
30 

Attempts to prepare metallocene analogues with two 
P5 ligands have all led to high molecular products that 
are amorphous to X-rays.220 The formation of such 
products may be attributed to the additional coordi- 
nation capacity of the X3-phosphorus resulting from 
the presence of the free electron pair.221 

Thermal ligand exchange reactions of the tris(nitri1o)- 
tricarbonyl or hexacarbonyl complexes of chromium, 
molybdenum, or tungsten with 34 (preferably as KP5/ 
DMF solutions) have given rise to the corresponding 
tricarbonyl(pentaphosphacyclopentadieny1)metalate 
ions 39.220 Their formation proceeds through inter- 
mediates which have not been characterized but they 
can be detected by 31P NMR spectroscopy in the first 
stages of the process, especially at  room temperature. 
The reaction of 34 with bromo(pentacarbony1)manga- 
nese(1) gave rise to the neutral tricarbonyl(pentaph0s- 
phacyclopentadieny1)manganese (pentaphosphacy- 
mantrene, 40).220 

PF+ [M(C0)3(RCN131 *L 
I h5- PSI M IC 0)31 (LO1 R = Me, Et 

DMF.155°C / 39 
Pf+ [M(C0)61 -3  CO 

M = Cr. Mo,W 

P;+ [MnlCO)5Brl ~ $ , ' ~ ~ ~  l(q5-P5)Mn(CO)31 (L1) 

40 

All spectroscopic findings are in favor of structures 
analogous to those of the corresponding cyclopenta- 
dienyl complexes for 39 and 40.220 A singlet in the region 
characteristic for pentaphosphametallocenes is ob- 
served in each of the 31P-NMR spectra;213 for the 
metalate ions 39 the position of the signal is practically 
independent of the counterion. The strongly negative 
coordination shift as compared to free 34 (between 300 
and 365 ppm) is a general and characteristic feature for 
?r-phospha-arene complexes.222 Since the positions of 
the v(C0) bands are shifted appreciably in the IR 
spectra in comparison to those of the respective (C5H5) 
complexes (in the case of 39 for M = W, to higher, in 
the case of 40 to lower wave numbers), 34 and C5H5- 
apparently possess significantly different donorlac- 
ceptor properties. 

k n = 1.0 

co ocp 0 \co 

M = Cr. Mo. W. M n  

The anions 35 and 36 occur solely in the reaction of 
white phosphorus with sodium in boiling diglyme,208 

I V. Isolated P ~ I Y c Y ~ I c  Pn"'- and H1pn("'-')- 
Anions 

The syntheses and structural elucidations of metal 
phosphides and polyphosphides were recently reviewed 
~omprehensive1y.l~ Thus, only those polyphosphides 
and hydrogen polyphosphides with isolated polycyclic 
anions of the types P," and HxPn(m-x)- will be discussed 
in this Section. Selection criteria are that the com- 
pounds are closely related to the polycyclic phosphorus 
hydrides and organophosphanes and that they can be 
prepared in solution (and not solely by solid phase 
reactions). The nomenclature used is analogous to that 
of the phosphanes, i.e. heptaphosphane(5) for P7H5, 
heptaphosphane(3) for P7H3. The corresponding an- 
ionic derivatives accordingly (even if only formally) have 
a P7(5) or a P7(3) skeleton and thus are unambiguously 
characterized with regard to their composition and 
constitution (see also section V). 

A. Hydrogen Polyphosphldes and Polyphosphldes 
by Metalatlon of Dlphosphane 

Diphosphane reacts with n-butyllithium or lithium 
dihydrogen phosphide in THF or DME via dispropor- 
tionation to furnish trilithium heptaphosphide (41) and 
phosphane as the final products; in the former reaction, 
n-butane is also produced.225 

THF 

-20 o c  

9P2H, + 3LiBun - Li3P7 + 11PH3 + 3Bu"H (42) 
41 

DME 

-20 o c  
9P2H4 + 3LiPH2 - Li3P7 + 14PH3 (43) 

41 

Recently, several novel metal hydrogen polyphos- 
phides (partially metalated higher phosphanes) have 
been detected as intermediates and some of them have 
even been isolated in the pure state a t  low tem- 
peratures.gJ1~200~22s229 On the basis of the formation 
and degradation of the intermediates-depending on 
the reaction temperature-the detailed reaction se- 
quences shown in eqs 44 and 45 (Scheme 11) can be 
derived for the reaction of P2H4 with LiBun. 

In each case, the primary step is the formation of 
lithium trihydrogen diphosphide (42) which, however, 
is not stable in the presence of diphosphane. In a series 
of rapid disproportionation and transmetalation reac- 
tions 42 is transformed initially into the highly reactive, 
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44 

I XLi 

44 

monolithiated, more phosphorus-rich, open-chain phos- 
phanes LiH,+lP, and then through cyclic compounds 
to phosphides no longer having sufficient nucleophilicity 
for attack on diphosphane. Since the reaction sequence 
temporarily comes to a standstill at this point, these 
phosphides are the first reaction products to be 
detected. 

PzH4 + LiBu" - LiH,P2 + Bu"H (46) 

When the metalation reaction is carried out at -78 
"C, the major such phosphides are lithium tetrahy- 
drogen heptaphosphide (43) and lithium pentahydrogen 
octaphosphide (44) whereas, at -25 "C, two potential 
precursors of 43, namely lithium octahydrogen hepta- 
phosphide (45) and a not yet identified phosphide 46 
are formed additionally. On the whole, a clear tendency 
for the formation of a P7(5)- skeleton analogous to 
norbornane can be recognized which apparently exhibits 
a comparatively low nucleophilicity. 

The reaction continues only after addition of further 
metalating reagent. A t  -78 "C, further 43 is mainly 
formed at first which, in turn and like 44, reacts further 
to give lithium tetrahydrogen cyclopentaphosphide (33). 
This latter product is finally degraded to yield the 
phosphides 47, 42, and 48. The tricyclic heptaphos- 
phide 41 is not formed at this temperature; however, 
33 does disproportionate at above -30 "C to form 
dilithium hydrogen heptaphosphide (49) together with 
PH3 and P2H4, a reaction that is attributable to the 
particular stability of the P7(3) skeleton. 

A t  -25 "C, further 43 is initially formed from the 
precursors 45 and 46. Compound 43 remains unchanged 
up to a PzHdLiBun ratio of 81 while 44 reacts to furnish 
the polycyclic phosphide 50, an orange-red solid which, 
being insoluble in THF, precipitates from the reaction 

42 

L LiPH2 48 
nb-h 

33 

LiP'bPH 

51 BuLi 1 

50 

mixture. After this, 43 also reacts further to yield 
lithium dihydrogen heptaphosphide (51), the first 
product possessing the tricyclic P7(3) skeleton. Con- 
tinued metalation then leads to 49 and on to the final 
product 41 which is additionally formed in the other 
last reaction step by degradation of 50. The differing 
courses of the reactions at -25 and -78 "C can be 
attributed to the increasing solubility of PH3 in THF 
with decreasing temperature; thus PH3 can participate 
to a greater extent in the reaction at -78 "C. 

The compositions and structures of the novel hydro- 
gen polyphosphides 43, 44, 49, 50, and 51 containing 
isolated, polycyclic HzPn(m-z)- ions were elucidated 
unequivocally by complete analyses of their 31P(1H)- 
NMR spectra or by two-dimensional 31P(1H)-NMR 
spectra. Compound 45 is an open-chain phosphide 
possessing a doubly branched P7(9) skeleton. The 
polyphosphide 33 with its monocyclic anion has been 
discussed in section 1II.A. 

The heptaphosphide 43 is formed in the metalation 
of PZH4 with LiBun when the ratio of the reaction 
partners is within the range 120:l to 6:1.200 It is stable 
in the presence of PZH4 and thus only reacts further 
with LiBu" after all the diphosphane has been con- 
sumed. Compound 43 separates at -25 "C from reaction 
mixtures having a P2H4/LiBun ratio of 81 as an orange- 
red oily phase above the solid 50 and can be isolated 
in 60-70 % purity (together with 44 and/or 51).228 Like 
all other polyphosphides with isolated anions, 43 is 
highly sensitive to oxidation and hydrolysis; decom- 
position also proceeds in solution at above about -10 
"C. Its lower nucleophilicity in comparison to 42 and 
the more phosphorus-rich subsequent products 
LiH,+IP, (see above) is also reflected in the low-field 
position of the signal for the phosphidic P- atom (6 = 
-20). The anionic charge is apparently partially de- 
localized over the branched P7(5) skeleton in 43. The 
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hydrogen atoms are arranged in an all-tram orientation. 
The octaphosphide 44 is also a major product of the 

metalation of P2H4 by LiBun over a wide range of 
stoichiometries.200 In reactions with a molar ratio of 
P2H4/LiBun of 351 at -25 "C, it comprises about 60 
mol 9% of the reaction mixture. The constitution and 
configuration were elucidated by a complete analysis 
of the 31P(1H}-NMR spectrum2B on the basis of selective 
population transfer experiments.230 The PH2 group is 
arranged in an endo position and the substituents on 
the P7(5) skeleton occupy all-trans positions. The 31P- 
NMR signal of the phosphidic P- atom (6 = -57) 
indicates that the delocalization of the negative charge 
in 44 is less than that in 43. 

Of particular interest is the tetradecaphosphide 50, 
whose polycyclic molecular skeleton is formed in the 
course of the transformation of a bicyclic P7 skeleton 
with a side chain (44) to a tricyclic P7 skeleton (41). 
The same compound is also accessible from a sort of 
retroreaction of 41 with P2H4 and is formed additionally 
in the reaction of 33 with P2H4 and on the dispropor- 
tionation of 43.227 Since difficultly separable by prod- 

50 
LiHLP7 +25OC 

33 43 

ucts are formed in all cases, the adduct Li2H2PlcGTHF 
can only be obtained in 80-90% purity. On the basis 
of structural elucidation by NMR spectroscopy, the 
H2P& ion is a typical conjuncto-phosphane made up 
of a norbornane-type P7(5) and a deltacyclane-type P9(3) 
partial skeleton which are annelated at  the two-atom 
bridges; in this manner, a central pentalane-type Pd6) 
partial skeleton has been constructed. 

The two tricyclic hydrogen heptaphosphides 51 and 
49 are further intermediates of the metalation of P2H4 
by LiBu" at -25 "C. At a reactant ratio of P2H4/LiBun 
= 8:l the lithium dihydrogen heptaphosphide (51) is 
formed for the first time in addition to 43 and 50. 
Compound 51 occurs as a mixture of the symmetrical 
(sym) and asymmetrical (asym) configurational iso- 
mers.91200 

The same product is formed in the stepwise proto- 
nation of 41 as well as in the partial metalation of P7H3 
(52) with LiPH2; the best preparative route, however, 
is the reaction of 52 with 41 at -78 "C. Compound 51 
can be isolated as a light-orange, amorphous solvent 
adduct231 which decomposes below room temperature 
with cleavage of PH3 and formation of more phosphorus- 
rich polyphosphides (see below). 

2P7H3 + Li3P, - 3LiH2P7 (48) 
52 41 51 

Dilithium hydrogen heptaphosphide (49) is the sole 
THF-soluble product of the metalation of P2H4 with 

LiBun at  a molar ratio of 5 5 1  and is formed together 
with the solid tetradecaphosphide 50. The recom- 
mended preparative route to 49 is the reaction of 41 
with P2H4 at -25 "C which gives rise to crystalline 
L ~ ~ H P T ~ T H F . ~ ~ ~ ~ ~  

2Li,P7 + 9P2H4 - 3Li2HP, + l lPH, (49) 
41 49 

Compound 49 is also formed during the protolysis of 
41 under modified stoichiometric conditions and in the 
metalation of 52 with LiPH2 or 41. Furthermore, 49 is 
a product of the disproportionation of 33 (section 1II.A) 
as well as of the nucleophilic cleavage of white phos- 
phorus (section 1V.B). Below -15 "C and under an 
inert atmosphere, 49 is stable for longer times whereas, 
at  room temperature, decomposition to yield more 
phosphorus-rich polyphosphides occurs (see below). 

The 31P-NMR parameters obtained from a spectral 
analysis indicate that the P7(3) skeleton of 49 is 
markedly distorted in comparison with that of 41. A 
special structural feature of 49 revealed by temperature- 
dependent NMR studies is its fluctuating anion. As a 
result of its similarity with the hydrocarbon dihydro- 
b ~ l l v a l e n e , ~ ~ ~  the HP72- ion is capable to undergo a 
degenerate Cope rearrangementa3 and can be described 
at room temperature by two structurally identical 
valency tautomers.226 As can be seen, opening of the 
bond between P2 and Ps in the three-membered ring 
and formation of a bond between the bridging atoms 
P3 and P6 with concomitant migration of the two 
negative charges to the atoms P2 and P6 regenerate the 
unchanged H P T ~ -  ion. On the other hand, in 49 there 
is no evidence for an intra- or intermolecular metal/ 
hydrogen exchange. 

Compounds in which the hydrogen atoms of 49 and 
51 are substituted by trimethylsilyl or organic groups 
have been obtained by reaction of (Me3Si)3P7 (53) with 
41 or by reaction of white phosphorus with organo- 
lithium derivatives, respectively.2a These derivatives 
of 49 also exhibit the fluctuating bond phenomenon. 

The final product of the metalation of diphosphane 
with LiBu" or LiPH2, namely trilithium heptaphosphide 
(41), is also produced in the nucleophilic cleavage of 
white phosphorus by LiPH2; in fact, this route is 
preferable for preparative purposesm (see section 1V.B). 
Compound 41 is stabilized by the addition of three 
solvent molecules (THF, DME) and decomposition 
occurs upon their removal. Reaction with chloro(tri- 
methy1)silane furnishes the silyl derivative 53,226 which 
is also accessible from P4, Na/K alloy, and Me3SiC1.23B 
Protolysis of 53 under mild conditions yields the 
phosphorus hydride 52 which can be converted back to 
41 by m e t a l a t i ~ n . ~ ~ ~  The reactions of 41 with alkyl 
halides furnish the corresponding trialkylheptaphos- 
phanes P7R3 (see section 

The structure of the P7(3) skeleton has been eluci- 
dated by von Schnering by X-ray crystallographic 
analyses of the alkaline earth metal polyphosphides 
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Figure 5. 3IP NMR spectrum of Li3P7 (41) in tetrahydro- 
furan-& as a function of temperature (36.43 MHz).~ 
Sr3P14237 and Ba3P1423* as well as the silyl derivative 
53.239 It consists of a tricyclic cage analogous to that 
of P4S3. The low-temperature 31P-NMR spectrum of 
41 (Figure 5 )  is in accord with this structure and exhibits 
three signal groups at 6 = -57, -103, and -162 in an 
intensity ratio of 1:3:3. On the basis of a complete 
spectrum analysis,2a these correspond to the P atom 
at the apex, the negatively charged P atoms in the 
bridges, and the P atoms of the three-membered ring, 
respectively. On raising the temperature, increasing 
line broadening up to coalescence of all3lP-NMR signals 
occurs; on cooling the original low-temperature spec- 
trum reappears. This phenomenon is attributable to 
a reversible valency tautomerism analogous to that of 
b ~ l l v a l e n e . ~ ~ ~  Indeed, the P7% ion and bullvalene 
(CloHlo) have three important common structural 
features; they each contain a three-membered ring 
which markedly reduces the activation energy for the 
Cope rearrangement, and in addition a 3-fold axis and 
three easily mobile electron pairs. 

U 

ClOHlO 

In the course of the intramolecular rearrangements 
of P73-, P-P bonds are continuously broken and 

I 

I 

I 1 * 
I A 

B 

C ! 

0- .. I 
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Figure 6. (Above) 2D exchange 3lP NMR spectrum of LiaP, 
(41) in THFITHF-de (pulse sequence: W", t l ,  W", t,, 90°, 
tz), mixing time for magnetization transfer tm = 0.01 s *30%, 
measuring temperature -30 "C, measuring frequency 121.5 
MHz, measuring time 2.5 h, and (below) the corresponding 
lD-31P NMR spectrum.24" 
reformed in such a way that, as in the case of the HP,% 
ion (see above), the anion is always regenerated. In a 
series of such rearrangements, each of the seven 
phosphorus atoms can occupy each of the possible 
positions; this gives rise of 7!/3 = 1680 valency tau- 
t o m e r ~ . ~ ~ s  In analogy to the rearrangement of the two 
valency tautomers of HP+-, each individual Cope 
rearrangement involves the following transformations: 
two atoms of the three-membered ring take up negative 
charges and become bridging atoms, two bridging atoms 
enter into the three-membered ring, while the apex atom 
provides the third atom of the three-membered ring 
and vice versa, namely the third atom of the former 
three-membered ring becomes the new apex atom. The 
calculated enthalpy of activation for this process (AH* 
= 14.12 kcal is in very good agreement with 
the results from temperature dependent 3lP-NMR 
spectroscopic investigations.226 This mechanism has 
been substantiated further by topological studies.249 
The route for the rearrangement of the phosphorus 
atoms in P73- was directly demonstrated by a two- 
dimensional 3lP-NMR exchange spectrum of 41 re- 
corded at a temperature below the coalescence point 
where rapid magnetization transfer is already taking 
place (Figure 6).% 

As can be seen, magnetization transfer takes place 
between the signal groups C and B as well as A and C 
but not between the groups A and B. Thus, the 
positional exchanges between three-membered ring and 
bridge atoms as well as between apex and three- 
membered ring atoms in the manner mentioned above 
have been proven experimentally. Furthermore, the 
intensity differences of the cross peaks BC and AC 
confirm that the number of respective exchange pro- 
cesses is larger in the first case than in the second case 
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(see above). The heptaphosphanortricyclene anion is, 
therefore, a typical fluctuating molecule. The coales- 
cence temperatures of 41 in 1,2-dimethoxyethaneFa 
ethylenediamine,24s and tetramethylethylenediaminem 
are lower than that in t e t r a h y d r o f ~ r a n . ~ ~ ~  As to be 
expected, derivatives of 41 such as P7H3, P7R3, and 
(Me3Si)sP.l in which the substituents are covalently 
bonded to the bridging phosphorus atoms do not exhibit 
any valency isomerization. 

B. Polyphosphldes by Nucleophilic Cleavage of 
White Phosphorus 

Trilithium heptaphosphide (41) is, as mentioned 
above (section IV.A), most conveniently synthesized 
by nucleophilic cleavage of white phosphorus with an 
excess of lithium dihydrogen phosphide in boiling 
DME.236 This gives rise to 41 as the solvent adduct 

3P4 + GLiPH, - 2Li3P7 + 4PH3 (50) 
41 

Li3P7-3 monoglyme in 95% yield. The formation of 
the heptaphosphide from white phosphorus, which 
formally constitutes the insertion of a >PLi group into 
three of the phosphorus-phosphorus bonds of the P4 
molecule, proceeds through a complicated sequence of 
reaction steps. Further lithium polyphosphides are 
formed as intermediates and these can be isolated under 
modified reaction conditions (see below). 

Compound 41 is formed similarly in the reaction of 
organolithium derivatives with white phosphorus.M The 
nicely crystalline solvent adduct [Li(tmeda)l3P7 was 
obtained from LiCH2PPh2 and P d  in tetramethyleth- 
ylenediamine (tmeda) and its crystal structure deter- 
mined by single-crystal X-ray a n a l y ~ i s . l ~ * ~ ~  

The hydrogen heptaphosphides 49 and 51 are not 
stable at  room temperature (see section 1V.A) but 
decompose in a complex disproportionation reaction 
to furnish, among others, dilithium hexadecaphosphide 
(54).932'3*247 Compound 54 can be prepared more simply 
and in better yield by nucleophilic cleavage of white 
phosphorus with lithium dihydrogen phosphide in a 
molar ratio of 1.92:l.m The corresponding sodium salt 

23P4 + 12LiPH2 - 6Li2Pl, + 8PH3 (51) 
54 

55 can be obtained analogously using sodium powder 
in the presence of 18-cr0wn-G.~~ Formation of 54 has 
also been observed in the reaction of white phosphorus 
with LiP(SiMe3)2.2S0 In all cases, 54 and 55 are formed 
as solvent adducts, which, on drying or warming, give 
up some of the solvent while becoming darker in color 
and less soluble. According to 31P-NMR spectroscopy, 
isolated P1e2- ions are present in solution in each case. 

The same structure has been found by a crystal structure 
analysis of (PW)2P16, formed from NbP, and PW+Cl- 
via di~proportionation.~~J3'j*~ Thus, the Pl&) skeleton 
is a conjuncto-phosphane made up of two deltacyclane- 
type Pg(3) units annelated at  the two-atom bridges. In 
general, conjuncto-phosphane skeletons are defined as 
those P n  skeletons for which the partial structures are 
known from less phosphorus-rich phosphides (sections 
I11 and IV) or organophosphanes (section V). The 
corresponding dialkylhexadecaphosphanes PI& (see 
section V) are formed in the reactions of 54 and 55 with 
alkyl halides.262 

Likewise, the cleavage of white phosphorus by lithium 
dihydrogen phosphide or sodium under different stoi- 
chiometric conditions-as well as the room temperature 
decomposition of the hydrogen heptaphosphide 4!+&0 
give rise to the henicosaphosphides M1&l and the 
hexacosaphosphides M14P26 (MI = Li, Na, K). Of these 
compounds, NbP21.15THF (56) and LiP=-lGTHF (57) 
have been isolated in the pure ~ t a t e . ~ ~ ~ ? ~ "  According to 
their 31P-NMR spectra, these compounds contain 
isolated P21% and P&- anions, respectively, made up 
of two deltacyclane-type P9(3) terminal groups and one 
or two, respectively, norbornane-type P7(5) middle 
groups. The anions may also be described as the 

annelation products of a P14(4) skeleton-like that in 
50-with a P9(3) group or of two P14(4) groups, 
respectively. Their constitutions have been confirmed 
by X-ray crystal analyses of the henicosaphosphide 
[Li(l2-~rown-4)213P21*2THF~~ and the hexacosaphos- 
phide L ~ ~ P B - ~ ~ T H F , ~ ~ ~  respectively. The former 
compound was obtained from the reaction of Li3P7 with 
(CHT)Cr(CO)a (CHT = cycloheptatriene) in the pres- 
ence of 12-cr0wn-4.~~ 

Noteworthy of the phosphorus-rich phosphides with 
conjuncto-phosphane skeletons is the preference for 
deltacyclane-type P9(3) terminal groups while covalent, 
polycyclic organophosphanes PnR, (m < n) usually 
possess terminal two-atom bridges with trans substit- 
uents (section V). In the case of phosphides, it seems 
that two-atom bridges with negative charges on the 
adjacent phosphorus atoms (in addition to the free 
electron pairs) are so energetically unfavorable that 
the system is spontaneously stabilized by the formation 
of a zero-atom bridge to give the three-membered ring 
of the deltacyclane-type partial structure. Hence it is 
understandable that the corresponding polyphosphides 
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with isolated P," ions do not exist for all covalent 
phosphanes P,R, (R = H, alkyl, aryl). Thus, in spite 
of intensive effort, it has not yet been possible to prepare 
nonaphosphides of the type M13P9 with a deltacyclane- 
type constitution.267 

Investigations on the reactivity of the henicosaphos- 
phide 56 have revealed that smooth substitution 
reactions with alkyl halides or chloro(trimethy1)silane 
occur at  the phosphidic P atoms of the P9(3) terminal 
groups but not at  the P- atom of the P7(5) middle group. 
This is presumably a consequence of steric effecta. Thus, 
partially substituted henicosaphosphides of the type 
NaP21R2 (58a-d) are accessible in which the substit- 
uents R in the terminal groups are oriented trans to 
each other.2M On the other hand, protonating agents 
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58a: R = Me 
58b: R =  El 
5 8 ~ :  R =  R' 
58d: R = SiMe, 

such as acetylacetone primarily attack the central P- 
atom, the position of highest nucleophilicity, so that 
the hydrogen henicosaphosphide 59 can be obtained 
by this way.269 The basicity of the anion HP2+'- toward 

59 

acetylacetone or glacial acetic acid is no longer sufficient 
for the formation of P21Hs whereas, with stronger acids, 
decomposition of the P21(3) skeleton takes place. 
However, the partially organo-substituted henicosa- 
phosphane(3) 59a can be obtained from 58a and can, 
in turn, be metalated quantitatively by LiBun to furnish 
LiPzlMe~.~m 

+2RBr 1 -2LiBr 

+RBr 1 -LiBr 

R = Me, Et 

62b, MI = Na; 62c, MI = K) are also formed in the 
nucleophilic cleavage of white phosphorus by lithium 
dihydrogen phosphide or alkali metals.B2 These com- 
pounds cannot be isolated in the pure state but rather 
are only capable of existence in the reaction mixture up 
to a maximum of 16 P % in equilibrium with other 
polyphosphides. The compound 62a is also formed on 
degradation of the hexadecaphosphide 54 by LiPHz as 
well as in the reactions of the heptaphosphide 41 with 
white phosphorus or iodine or l,2-dibromoethane. As 
revealed by two-dimensional 31P-NMR spectroscopy, 
the Pigs ion has a conjuncto-phosphane skeleton with 
a five-membered ring middle group. The resultant, 
relatively "open" total structure is the reason for the 
high reactivity of this polyphosphide ion. 

+H+ 
NaP2,Me2 - P2,HMe2 (52) 

58a -Na+ 59a 

The triorganohexacosaphosphides LiP26R3 (R = Me, 
Et) (60) are the final products of the alkylation of the 
hexacosaphosphide 57.s1 In this case also, the phos- 
phidic P-atoms of the Pg(3) terminal groups are attacked 
primarily, as demonstrated by the 31P-NMR spectro- 
scopic characterization of the diorganohexacosaphos- 
phides Li2P2& (61). Since compound 57 has an 
additional P7(5) middle group in comparison to 56, the 
steric preconditions for an alkylation in the middle part 
of the phosphorus skeleton are more favorable; but a 
substitution at  the P- atom of the second P7(5) group 
is still not possible for steric reasons. By contrast, solely 
a rearrangement of the P26(4) skeleton takes place on 
reaction of 57 with protonating agents.260 

In addition to the already-mentioned compounds, 
the nonadecaphosphides M13P19 62a-c (62a, MI = Li; 

593- 
The nonadecaphosphides 62 are further intermed- 

iates in the complex sequence of reactions following 
the nucleophilic cleavage of the P4 molecule in which 
the more phosphorus-rich partial structures of Hittorf s 
phosph0rus26~ are constructed. Compounds 62a-c are 
formed over a relatively wide range of P$M1PH2(or 
MI) reactant ratios, which is limited on the phosphorus- 
poor side by the stoichiometry for the formation of 
M13P7236 and extends, on the phosphorus-rich side, 
beyond that for the formation of M12P16.W It is 
apparent, also from the other routes of access (see 
above), that the nonadecaphosphides are an important 
intermediate in the transformation of the heptaphos- 
phides M5P7 to the hexadecaphosphides M12P16. As 
shown by the compositions of the known polyphos- 
phides with conjuncto-phosphane skeletons (Table IX), 
the compounds 62 are direct "precursors" of the 
polyphosphides M'4P26 and MISP21, whose norbornane- 
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Table IX. Composition of Polyphosphides of the 
General Formula M 1 g .  with Conjuncto-Phosphane 
Skeletons 

Baudler and Gllnka 

compound type M1:P ratio 
1:2.3 
1:6.3 
1:6.5 
1:7.0 
1S.O 

type P7(5) middle groups are apparently built up from 
the five-membered ring structural element of 62. 
Furthermore, it can be seen that the construction of 
more phosphorus-rich polyphosphides from less phos- 
phorus-rich polyphosphides is astonishingly not ac- 
companied by a regular increase in the size of the 
phosphorus skeleton. Rather, as shown by the trans- 
formation of M13P19 to M12P16, it appears that, in the 
case of conjuncto-phosphanes, initially relatively large, 
"open" skeletal structures are formed; the smaller and 
"more closed" phosphorus skeletons of the more phos- 
phorus-rich polyphosphides then take shape by suc- 
cessive eliminations of the phosphidic middle groups.262 
The spontaneous formation of the pentaphosphacy- 
clopentadienides M1P5 (section 1II.B) can almost cer- 
tainly be viewed in this context.208 

Finally, the nucleophilic cleavage of white phosphorus 
by alkali metals or lithium dihydrogen phosphide also 
gives rise to the hydrogen tetraphosphides M'HP4 (MI 
= Li, Na, K) (63).264 However, prerequisites for this 
are reaction conditions under which the formation of 
more phosphorus-rich polyphosphides is suppressed. 
The reaction of white phosphorus with sodium/potas- 
sium naphthalenide solution at  low temperature in 
DME has proved to be particularly suitable. After 
separation of by products, an approximately 7 X 
M solution of (Na/K)HP4 still containing some phos- 
phorus and naphthalene is obtained. This solution can 
be stored for about 24 h at -78 "C under exclusion of 
air without decomposition. At  room temperature, 
transformations into more phosphorus-rich polyphos- 
phides, above all M12P16 take place. More stable 
solutions of (Na/K)HP4 can be prepared by removal of 
DME at 0 "C and its replacement by cold dimethyl- 
formamide (DMF). Positive-ion FAB mass spectra of 
such solutions reveal high intensity peaks for the species 
NaHP4+ and [NaHPd + DMF + HI+. On the other 
hand, HP4- cannot be detected in the negative-ion FAB 
mass spectrum; apparently NaHP4 exists as a stable 
ion pair under these measurement conditions. The 
structure of the anion was elucidated by a complete 
analysis of the 31P-NMR spectrum of a (Na/K)HP4 
solution (AMN2X spin system).264 The HP4- ion was 
found to have a bicyclobutane-type P4(2) skeleton with, 
at  lower temperatures, the hydrogen atom in an endo 
position. At  temperatures above about -25 "C, in- 
creasing ring inversion265 occurs in analogy to bicy- 
clobutane2s and tetrasilabicyclobutane derivatives.267 
This fluctuating behavior is possibly one of the reasons 
why the migration of the hydrogen atom to the 
phosphidic P- atom cannot be observed by NMR 
spectroscopy.2M The energy barrier for ring inversion 
in theP4-bicyclobutane system is apparently lower than 
that in the Si4-bicyclobutane system (15-18 kcal 
mol-l 267~268), and this could be due to the absence of 
additional substituents on the atoms of the central Pl- 

P3 bond. The (Na/K)HP4 solution reacts with trior- 
ganotin chlorides to furnish unsymmetrically substi- 
tuted bicyclotetraphosphanes of the type R3Sn(H)P4 
(R = Me, Ph, HexC, o - T o ~ ) . ~ ~ ~  These derivatives are 
markedly more stable than the alkali metal hydrogen 
tetraphosphides (Na/K)HP4 and LiHP4,2'34 but again 
are only capable of existence in solution. They probably 
undergo inversion between all three of the possible 
configurational isomers (exo,exo, exo,endo, and en- 
do,endo forms) at room temperature. 

V. Neutral Polycycl/c Phosphanes 

A. General Comments 
The first polycyclic phosphane, P4H2, was reported 

in 1965 as one of the disproportionation products of 
diphosphane.20a Since then, numerous binary phos- 
phoruslhydrogen compounds of the general composition 
P,H, (m  < n) have been dis~overed.7~9~~~~15~2Ob~~59~269 
Together with the open-chain phosphanes P,Hn+2 and 
the monocyclic phosphanes P,H,, they are found in 
the distillation residues from preparations of diphos- 
phane and the more phosphorus-rich examples, above 
all, are found in the thermolysates of diphosphane. The 
present state of knowledge is summarized in Table X. 

As is apparent, the presently known polycyclic 
phosphorus/hydrogen compounds belong to various 
series with the compositions PnH,2 (bicyclic phos- 
phanes) to PnHn-18 (decacyclic phosphanes). In analogy 
to the nomenclature for boranes,270 the individual 
compounds are designated by the numbers of their 
phosphorus and hydrogen atoms, for example nona- 
phosphane(5) for P9H5. This summary also shows that 
the tendency for the formation of higher cyclic phos- 
phanes increases markedly with the increasing number 
of phosphorus atoms. 

Up to the present, the only such compound to be 
isolated in the pure state is heptaphosphane(3) (52), 
which is obtainable by the mild methanolysis of the 
silyl derivative 53.225 Compound 52 is amorphous to 

(Me,Si),P, + 3MeOH - P7H3 + 3Me3SiOMe (53) 

X-rays and insoluble in hydrocarbons, alcohols, ethers, 
trichloromethane, carbon disulfide, acetonitrile, cyclo- 
hexanone, dimethylformamide, dimethyl sulfoxide, 
hexamethylphosphoric triamide, diphosphane, 1,2-di- 
tert-butyldiphosphane, and molten white phosphorus. 
However, a sufficient solubility for NMR investigations 
can be achieved when 52 is prepared directly in a solvent 
that has proved to be particularly suitable for higher 
phosphanes of the series PnH,+Z and PnHn, namely 
benzene, l-methylnaphthalene, or l-methylnaphtha- 
lene/phenanthrene, and the nuclear magnetic resonance 

-40 'C 

53 52 
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Table X. Polycyclic Phosphorus Hydrogen Compounds (Phosphanes) 
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phosphanes PnHn-2 PnHd PnHd pnHn-~ PnHn-10 PnHn-12 PnHn-14 PnHn-18 PnHn-18 
tetraphosphanes pa2 
pentaphosphanes P a 3  PsH 
hexaphosphanes pa4  pa2 
heptaphosphanes P7HS P7H3 P7H 
octaphosphanes PeHe P A  pa2 
nonaphosphanes PeH7 PgHs P a 3  
decaphosphanes PioH8 Pi& PioHi PioH2 
undecaphoaphanes PiiHg PiiH7 PiiHs PiiHs 
dodecaphosphanes PiaHio PiaHs Pi2& PizHi P12H2 

tetradecaphosphanes pia8 pia8 Pl4H4 PlrH2 
pentadecaphosphanes P i a 9  pia7 Pis& Pi&a PisH 

heptadecaphosphanes P17H9 P17H7 Pi& Pi7H3 P i d  

nonadecaphosphanes PisHe Pi& Pis& PieHs PieH 
icosaphosphanes PzoHio PzoHs PzoHe P& P d a  
henicosaphosphanes PziH7 PziH6 PziHa 
docosaphosphanes PzzHe PzzK 

tridecaphosphanes P13H9 P13H7 Pl3HS P13H3 Pl3H 

hexadecaphosphanes Pl6H8 Pl6H4 pia2 

octadecaphosphanes p i a s  pi& pia4 

A A B 

-5000 -15000 Hz 
I v---.l.- - __ - 
5000 

50 0 -50 -100 -150 PPm 
I I T- 

Figure 7. 31PfH) NMR spectrum of P7H3, 52 (mixture of isomers), in 1-methylnaphthalene at  27 O C  (121.5 MHz). 
spectrum recorded as soon as possible.271 The 31P{1H)- 
NMR spectrum of 52 (Figure 7) contains nine complex 
signal groups which can be assigned to the two 
configurational isomers A and B with, respectively, 
symmetrical and asymmetrical arrangements of the 
hydrogen atoms on the basis of their intensity ratios 
and splitting patterns. All observations and, in par- 
ticular, the complete spectral analysis for the isomer 
A27l confirm that 52 has the same nortricyclene-type 
P7(3) structure as the starting material 53; in the case 
of 53, however, only the symmetrical isomer could be 
found on X-ray crystallographic analysis.239 

The other polycyclic phosphorus hydrides were 
obtained and investigated as enriched (in some cases 
highly enriched) mixtures. Because of their similar 
properties and pronounced tendencies to undergo 
disproportionation, the separations of these compounds 
are extremely difficult. And, since the polycyclophos- 
phanes are mostly insoluble and even amorphous to 
X-rays, most of them are not amenable to direct NMR 
spectroscopic or X-ray crystallographic studies. Apart 
from the characterizations of individual compounds by 

mass spectroscopy! most structural investigations have 
therefore been carried out on suitable derivatives in 
which the hydrogen atoms have been replaced by 
organic gro~ps .~J l  Organophosphanes PnRm of these 
types can often be prepared in the pure state and have 
more favorable properties for structural elucidation 
than the corresponding parent compounds PnHm. 
Detailed investigations of these compounds have pro- 
vided decisive contributions to the present state of 
knowledge on the structure and formation of polycyclic 
phosphanes. 

B. Methods of Preparation 
The first polycyclic organophosphane to be reported 

was trimethylheptaphosphane(3) (641, prepared from 
the heptaphosphide 41 and methyl bromide.mq2 Other 
tricycloheptaphoephanes P7R3 were obtained analo- 
gously (see section V.C.2). 

Li,P, + 3MeBr - P7Me3 + 3LiBr (54) 
41 64 
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Furthermore, the octacyclohexadecaphosphanes PI& 
(see section V.B.7) and the partially organo-substituted 
decacyclohenicosaphosphane PzlHMe2 (59) (see section 
1V.B) are similarly accessible by direct alkylation of 
the corresponding polyphosphides. However, it must 
be considered that higher phosphanes are readily 
attacked by nucleophiles with concomitant changes in 
the phosphorus skeleton. Hence, the reaction of the 
basic phosphide on already-formed reaction product 
must be minimized by slow addition of the salt solution 
to  an excess of the alkyl halide. Since, however, 
corresponding polyphosphides with isolated P," ions 
do not exist for all polycyclic phosphanes P,R, (R = 
H, alkyl, aryl) (see section IV), this route does not 
represent a generally applicable synthetic method. 

In a few cases, it is possible to construct the P,(m) 
skeleton of an organopolycyclophosphane for which a 
salt-type starting material with the analogous structure 
is not available by specific reactions. For example, the 
tricyclohexaphosphane 66 can be obtained by the 
thermal elimination of two C5Me5 groups and simul- 
taneous formation of a new P-P bond from the 
bicyclohexaphosphane 65; bis(pentamethylcyc1open- 
tadienyl) is formed as a by product by d i m e r i ~ a t i o n . ~ ~ ~ ~ ~ ~ ~  

P6(C5Me5), - P,(C5Me5), + (C,Me,), (55)  

Similarly, the partially organo-substituted tetracyclic 
nonaphosphide 67 can be constructed from the tricyclic 
heptaphosphide 41 by cyclocondensation with a 1,2- 
difunctionalized diphosphane. Compound 67 reacts 
with protonating agents to furnish the diorganono- 
naphosphane(3) 68 and with alkyl halides to furnish 
the mixed alkylated nonaphosphanes(3) 6 9 a - ~ . , ~ ~  The 

A 

65 66 

LIP+PLI LIP'\~PIP But ' P- TPBU' -P 

\ 1" / + CI(ButlP-PIBut)CI, 
- 2 LlCl P- -? 

41 /.p (561 

'P' 

I X  I Br) 

P ~ ( B u ~ ) ~  H Pg(But12R 

68 690 R=Me 
69b R = E t  
6 9 ~  R:Prl 

Baudler and Gllnka 

31P-NMR spectra reveal that 68 and 69 each exist as a 
mixture of two configurational isomers which differ in 
the spatial arrangements of the substituents at  P5 (see 
also section V.C.3). 

A special case is the synthesis of the bicyclotetra- 
phosphane 70 which is formed, together with the 
diphosphene 71 and lithium bromide, in the reaction 
of (2,4,6-tri-tert-butylphenyl)lithium and l-bromo- 
2,4,6-tri-tert-butylbenzene with white p h o s p h o r u ~ . ~ ~ ~ ~ ~ ~  

4LiR + 4RBr + 3P4 - 2P4R, + 2P,R, + 4LiBr (57) 
70 71 

R = 2,4,6-But3C6H, 

Decomposition of the diphosphene(Me3Si)&P= 
PSiMe3 at  -20 OC yields the bicyclotetraphosphane 

P4[C(SiMe3)312 within a few days; steric effects are 
assumed to be responsible for this process.278 A similar 
reaction takes place upon UV irradiation of the 
diphosphene (CsMe5)P=P(C5Me5).279 

The above-described preparative routes are each 
limited to only a few organopolycyclophosphanes, 
whereas the synthetic methods described below provide 
general accesses to polycyclic organophosphanes and 
have thus allowed major contributions to the devel- 
opment of this field to be made in the last 10 years. 

Compounds with the general composition P,+,R, (x,y 
= number of organo-substituted and number of solely 
P-substituted phosphorus atoms, respectively) can be 
prepared by the routes shown in eqs 58-61.9J1Jss~2so-z81 

xRPC1, + yPC1, + [ ( 2 x  + 3y)/2]Mg - 
P,+,R, + [(2x + 3y)/21MgCl2 (58) 

(x/n)(PR), + yPC1, + (3y/2)Mg - 
P,+,R, + (3~/2)MgC1, (59) 

xRPC1, + (y/4)P4 + xMg - P,+,R, + xMgC1, (60) 

The reaction according to eq 58 represents the deha- 
logenation of a mixture of a dichloro(organo)phosphane 
and phosphorus(II1) chloride. As can be seen from the 
latter two reactions, the organo-substituted phosphorus 
atoms can also originate from monocyclic compounds 
(PR), and the unsubstituted phosphorus atoms from 
white phosphorus. Other dehalogenating agents such 
as alkali metals or lithium hydride may be used in place 
of magnesium. The route shown in eq 61 represents 
the ring transformation of a monocyclic organophos- 
phane by phosphorus(II1) chloride in the absence of 
magnesium. In each case, the sum composition of the 
reaction product, that is the number of organo- 
substituted phosphorus atoms and the number of 
phosphorus atoms linked solely to other phosphorus 
atoms, can be predetermined by the molar ratio of the 
two phosphorus-containing starting materials. How- 
ever, whether or not the predetermined stoichiometry 
leads to a specific organophosphane or only to a mixture 
of substances with the same sum composition depends 
on the thermodynamic and kinetic stability of the 
respective compounds. Furthermore, since the P:R 
ratios of different organopolycyclophosphanes can be 
very similar, a mixture of several compounds is always 
obtained and must then be separated by suitable means 
(see below). Also decisive for the product palette formed 
is whether the course of the reaction is controlled by 
thermodynamic or by kinetic effects. This can be 
influenced by the detail changes in the performance of 
the reaction. 

Thus, products with more than nine phosphorus 
atoms can hardly ever be obtained by the routes shown 
in eqs 58 and 59, even with a large excess of PC13, when 
the reaction is performed rapidly in boiling tetrahy- 
drofuran. The major products are always the organo- 
phosphanes P,R, with n = 5-9 and m = 3-5, above all 
the thermodynamically favored compounds of the types 
P9R3 and P7R3. On the other hand, the reaction route 
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of eq 60, involving nucleophilic attack on white phos- 
phorus by the carbene or Grignard-type intermediate 
formed from RPCl2 and magnesium in THF, favors the 
formation of more phosphorus- and alkyl-rich polycy- 
clophosphanes with n = 9-18 and m = 6-9 under high, 
stationary concentrations of the starting materials. The 
degree of substitution is thereby influenced not only 
by the temperature but also by the steric bulk of the 
substituent R. Thus, on changing from R = Me to R 
= Pri, the proportion of phosphorus- and alkyl-rich 
compounds increases noticeably since the corresponding 
P,(m) skeletons experience increasing kinetic stabili- 
zation. Thus, the formation route for each individual 
organopolycyclophosphane must be optimized by mod- 
ification of the reaction conditions in order to maximize 
the amount of the desired compound in the product 
mixture and hence facilitate its enrichment or isolation. 

A similar situation is valid for a further general route 
to polycyclic organophosphanes: the thermolysis of less 
phosphorus-rich compounds. As demonstrated by 
systematic investigations,Bl open-chain and monocyclic 
phosphane derivatives only furnish low yields of poly- 
cyclic compounds. Bi- and tricyclic methylphosphanes 
such as P7Me5, P7Me3, or PgMes give rise to relatively 
high proportions of more phosphorus-rich polycyclic 
products but the thermolysates from the tricyclic 
compounds are usually insoluble and thus preparatively 
worthless. 

However, the thermolysis reaction can be performed 
in such a manner that it can be specifically employed 
for the preparation of more phosphorus-rich polycyclic 
organophosphanes.%l The bicyclic heptaphosphanes 
P7R5 with R = Me to R = But are especially suitable 
as substrates since they give rise to soluble thermolysis 
residues. With increasing number of carbon atoms in 
the substituents, the solubility increases so that the 
admixture with higher cyclic-above all tricyclic- 
phosphane derivatives is possible with larger alkyl 
groups. In the case of R = Pri, the product mixture 
from the primary reaction according to eq 60 has proved 
to be a particularly good starting material for the 
thermolysis.282 In the cases of smaller alkyl groups, 
the solubility of the thermolysate can be improved by 
the addition of the corresponding monocyclic compound 
(PR)5 to the employed heptapho~phane(5).~~ The most 
suitable thermolysis temperature (in the range 180- 
230 "C) depends on the alkyl substituent. The ther- 
molysis time increases with increasing size of the 
substituents and with increasing addition of the re- 
spective monocyclic compound (PR),; it is between 7 
and 150 h. 

The major products in the thermolysates are the 
compounds (PR), (n = 4,5; depending on R) and P9R3 
together with P7R5, P&, P9R5, PlOR4, PllR5, P12R4, 
and PlaRs-in some cases in considerably enriched 
amounts. Further products are (PR), (n = 3-6, 
depending on R) as well as smaller amounts of phos- 
phanes of the series P"R-2 (n = 4-6, 91, P,R,4 (n = 
6-8,10, 12), P , R d  (n = 8,12,13), P , R d  (n = 10, 11, 
14-16),P,Rwlo(n = 13-18),PnR,p,(n = 15-2O),PnRwl4 
(n = 16-21), PnRn-16 (n = 19-22), and PnRn-18 (n = 
23).2819282 The quantitative product distribution de- 
pends on the respective substituent R, the employed 
phosphane mixture, and the specific thermolysis con- 
ditions used. It is worthy of note in the series P,R,-lo 
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Figure 8. Molecular structure of P4G2,4,6-But~C6Hz)z (70) 
(without hydrogen atoms) in the crystal.276~277 

to PnRwl6 that the proportion of even-numbered 
phosphanes is always larger than that of the odd- 
numbered phosphanes. In general, more phosphorus- 
rich, alkyl-poor compounds predominate; hence, this 
"thermolysis route" is a valuable complement to the 
preparative procedures described above. 

For the enrichment or isolation of an organopoly- 
cyclophosphane, a strategy involving the combined 
application of fractional precipitation, column chro- 
matography, high-pressure liquid chromatography, and 
sublimation has proved to be valuable.281 

C. Sterically Unhindered Polycycllc Phosphanes 

1. Bicyclic Compounds: P a a  P&,, Pp5,  P& 

The method of preparation of the first organo- 
substituted bicyclotetraphosphane, P4(2,4,6-But&6Hz)z 
(701, to be prepared in the pure state and structurally 
~ l a r i f i e d 2 ~ ~ 9 ~ ~ ~  has already been described in section V.B, 
eq 57. Prior to this, only the "inorganic" substituted 
derivative P4[N(SiMe3)212283 of the phosphorus hydride 
P4HZ20a was known. The 31P{1H]-NMR spectrum of 70 
shows two multiplets in the high-field region charac- 
teristic for three-membered phosphorus rings (see 
section II.C.2). An X-ray crystal structure analysis 
(Figure 8) revealed that the compound exists in the 
solid state as the sterically more favorable exo,exo 
isomer with a folding angle of the P4 bicyclic system of 
9 5 . 5 O .  The central PLP4 bond length is 2.166 A, i.e. 
markedly shorter than a normal P-P single bond (2.21 

In agreement with quantum mechanical calcu- 
lations on P4H2,2&i this is indicative of an appreciable 
double-bond character. 

A further organobicyclotetraphosphane, P4(C5Me5)2, 
was detected and characterized by NMR spectroscopy 
among the products of the reduction of dihalo(pen- 
tamethylcyclopentadieny1)phosphanes by alkali metals, 
lithium naphthalenide, or magnesium.2& 

In contrast to 70, the unsymmetrically substituted 
bicyclotetraphosphanes R3Sn(H)P4 (R = Me, Ph, HexC, 
o-Tol) in which the steric shielding of the P4 bicyclic 
system is relatively small are only capable of existence 
in dilute solutions. These compounds are accessible 
from (Na/K)HP4 solution and R3SnCl. Their dynamic 
behavior as detected by NMR spectroscopy is attri- 
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Figure 9. Molecular structure of P&ut4 (72b) (without 
hydrogen atoms) in the crystal.28'92M 

buted, among other factors, to the ready inversion of 
the bicyclic ring system (see section IV.B).265 

The bicyclohexaphosphanes(4) P&4,72a (R = Pri)286 
and 72b (R = But),287 are formed on dehalogenation of 
a wide range of mixture ratios of RPClz and PC13 
according to eq 58. By products are, above all, P a  
(see below) and (PR)J(PR)3 together with small 
amounts of more phosphorus-rich polycyclophos- 
phanes. The product distribution depends strongly on 
the reaction conditions. The best primary yield of 72b 
is obtained from a relatively rapid reaction of ButPClz 
and PC13 in a molar ratio of 3:2 (not 2:1!) in boiling 
THF. Small amounts of 72a are also formed in the 
dehalogenation reaction according to eq 60.281 Com- 
pounds 72 are characterized by a considerable tendency 
for formation. Compatible 31P{1HJ-NMR spectra were 
obtained, hence, only 72b has as yet been isolated in 
the form of colorless crystals. The complete NMR 
spectral analysis (AA'BB'CD spin system) and the 
X-ray crystal structure of 72b (Figure 9) show that the 
phosphorus skeleton comprises a three-membered ring 
with an annelated five-membered ring; compounds 72 
are thus bicycl0[3.1.0]hexaphosphanes.~~ The slight- 
ly distorted three-membered ring is arranged practically 
perpendicular to the relatively planar five-membered 
ring. In spite of this unusual structure, 72b is remark- 
ably stable toward heat and atmospheric oxygen. In 
contrast to other polycyclophosphanes, only one con- 
figurational isomer is formed due to the presence of the 
bulky tert-butyl groups. Compound 72b is a consti- 
tutional isomer of the 1,l'-bicyclotriphosphane 15 
(section II.D.1). 

A further bicyclo[3.1.O]hexaphosphane is the com- 
pound Pe(C5Me5)4 (65) (section V.B) obtained by 
thermolysis of the cyclotriphosphane ( P C S M ~ ~ ) ~ ~ ~ ~  in 
boiling It crystallizes as yellow needles 
in the form of a solvent adduct with an equimolar 
amount of n-hexane. The X-ray crystal structure 
analysis reveals a more pronounced twisting of the five- 
membered ring in comparison to 72b; this can be 
attributed to the larger size of the pentamethylcyclo- 
pentadienyl substituent. The remarkably long phos- 
phorus-carbon bonds explain the ready cleavage of 
CsMe5 groups to furnish P~(C5Me5)z (66) (see sections 
V.B and V.C.2). 

Under suitable conditions (stoichiometry, temper- 
ature, and reaction time), the dehalogenation reactions 
according to eqs 58 and 59 give rise to the bicyclo- 

U 
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Figure 10. Observed (upper) and calculated (lower) 3lP(lH] 
NMR spectrum of PTMes (73a), in benzene-de at 30 "C 
(202.46 MHz). 

heptaphosphanes(5) P7R5 (73a, R = Me; 73b, R = Et; 
73c, R = Pri) which can be isolated as oily liquids (73a,b) 
or as a colorless solid ( 7 3 ~ ) . " 3 ' 3 ~ ~ ~  At room temperature, 
73a undergoes rearrangement within a few weeks to 
(PMe)5 and P9Me5 (section V.C.2). The structures of 
73a-c were elucidated by complete analyses of their 
31P(1HJ-NMR spectra (ABCDEFG spin system).%9 As 
shown exemplarily for 73a in Figure 10, each of the 
seven phosphorus atoms gives rise to an isolated, intense 
signal group. The calculated NMR parameters,= 
which allow highly satisfactory simulations of the 
experimentally recorded spectra of 73a-c to be ob- 
tained, prove unequivocally the existence of a norbor- 
nane-type structure; hence compounds 73 are 2,3,5,6,7- 
pentaorganobicyclo[2.2.1] heptaphosphanes. In addition 
to the predominant configurational isomer with the 
maximal trans arrangement of the substituents, each 
compound also exists as other isomers in lower relative 
abundancies. This can be deduced from the occurrence 
of additional, weaker signals with similar 6 values and 
splitting patterns (Figure 10). The formation of several 
configurational isomers also explains the poor tendency 
of compounds 73 to crystallize, just like many other 
organopolycyclophosphanes. 

The bicyclooctaphosphanes(6) P A ,  74a-c, are al- 
ways formed together with the bicycloheptaphos- 
phanes(5) in dehalogenation reactions according to eq 
58. Compounds 74a and 74b are also formed in 

'8 R6 

7 4 0 :  R = M e  

~ L C :  R = pri 

reactions according to eq 59.93290 Compounds 74b and 
74c were isolated in the pure state as viscous oils whereas 
compound 74a was enriched to about 50 mol % in the 
product mixture. According to NMR spectroscopic 
studies, especially a complete analysis of the 3lP(lHj- 

7 4 b :  R - E t  
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The parent compound of the tricycloheptaphos- 
phanes(3) is the phosphorus/hydrogen compound P7H3 
which can be obtained in the pure state (see section 
V.A). Its derivatives P7R3 constitute the most thor- 
oughly investigated, neutral, polycyclic phosphanes 
since they are particularly easy to prepare. In analogy 
to the preparation of P7Me3 (64) by alkylation of Lisp7 
(41) (section V.B),2257272 the following homologous alkyl 
compounds P7Pri3,292~293 P7Et3, P7Bun3, and PTBui3,293 
as well as the silyl and stannyl derivatives P7(SiMe3)3,ns 
P7(SiH3)3,292~293 P7(SiPh3)3, and P7(SnMe3)3292 have 
been prepared in the pure state. Furthermore, the 
heptaphosphanes P ~ [ F ~ ( C O ) Z C ~ I ~ , ~ ~ ~  P7(SiH2Me)s, 
P7(SiMezPEt~)3,~~~ and P 7 ( S b B ~ ~ 2 ) 3 ~ ~ ~  have been de- 
tected and characterized by NMR spectroscopy. The 
phosphino-substituted compound P7(PBut2)3 was iso- 
lated in the form of yellow crystals from the reaction 
of 41 with B u ~ z P F . ~ ~ ~  Similarly, reactions of N ~ ~ P T ~ ~  
with Me3MC1 (M = Si, Ge, Sn) furnished the hepta- 
phosphanes P7(MMe3)3.292 The readily accessible silyl 
derivative (Me3Si)3P7 (53)236 is also a suitable starting 
material; its reactions with R3MC1 (R = Me, Ph; M = 
Si, Ge, Sn, Pb) give rise to the heptaphosphanes 
P7(SiPh3)3,P7(GePh3)3,mP7(SnR3)3(R = Me,z92Ph296), 
and P7(PbMe3)3.297 Reactions of 53 with Me3SnX (X 
= C1, Br) in a molar ratio of 1:2 furnish a mixture of 
the compounds P7(SiMe3)&3nMe3), (n = 1-31, the 
reaction with HI in a ratio of 1:l in toluene yields a 
mixture of the partially H-substituted heptaphosphanes 
P@iMe3)s,H, (n = 0-3).% Large amounts of the alkyl- 
substituted compounds P7R3 with R = Me, Et, Pri are 
also produced by dehalogenation reactions according 
to eq 59 under optimized conditions and can be iso- 
lated in the pure state.298 The mixed-substituted 
heptaphosphanes P~(SiMe3)2Me, P7(SiMe3)2But, and 
PT(SiMe3)Butz were formed in the reactions of white 
phosphorus with LiMe or LiBut and subsequent treat- 
ment with Me3SiCl and were characterized by NMR 
spectroscopy.m 

The structures of compounds P7R3 as 3,5,7-trisub- 
stituted tricyclo[2.2.1.02~61heptaphosphanes were con- 
firmed by 31P-NMR spectroscopy and, above all, the 
complete analysis of the 31P(1H)-NMR spectrum of 
P7Me3 (64).2es Moreover, single-crystal X-ray analyses 
of the compounds P7(MMe& (M = Si,239 Ge, Sn,Z92 
PbZg7), P7(MPh3)3 (M = Si, Ge, Sn),296and P ~ ( P B U ~ ~ ) ~ M  
have been performed. The organo-substituted hepta- 
phosphanes(3) always occur-like the parent compound 
P7H3 (52) (section V.A)-as a mixture of the two 
configurational isomers A and B with the substituents 
in a symmetrical or asymmetrical orientation, respec- 
tively, with regard to the C3 axis of the nortricyclene- 
type skeleton. In the case of 52, the isomer ratio as 
determined by the signal intensities in the 31P(1HJ-NMR 
spectrum more or less corresponds to the statistical 
value of A/B = 1:3,271 whereas for P7Me3 it is clearly 
shifted in favor of the symmetrical isomer, A/B = 
1:1.8.272~299 This is probably due to steric interactions 
between the substituents arranged asymmetrically to 
the C3 axis in isomer B.  This tendency is more 
pronounced with larger alkyl groups (R = Et, Pri, Bun, 
Bui)293 and the symmetrical isomer A is formed ex- 
clusively in the cases of the sterically demanding 
substituents R3M (R = Me, Ph; M = Si, Ge, Sn, Pb) 
and Fe(C0)2Cp.Z36,Z9Z,Z96,297 

PI31 PI301 

Figure 11. Molecular structure of P,&&e& (66) in the 
crystal.274 
NMR spectrum of 74b,291 compounds 74 exist as 
2,3,4,6,7,8hexaorganobicyclo[3.3.0loctaphosphanes with 
a pentalane-type Pa skeleton. The electron pairs occupy 
axial and the organic groups equatorial positions. With 
increasing spatial requirements of the substituents, 
steric interactions between the cis-oriented organic 
groups lead to an increasing folding of the bicyclic 
system. This can be recognized by the high-field shifts 
of the 31P-NMR signals of the atoms P1 and P5. This 
also explains why the pentalane-type framework is no 
longer capable of existence in the corresponding tert- 
butyl compound (see section V.D). 

The concomitant formation of compounds 74 and 
73-even when the appropriate stoichiometries are 
used-is most probably attributable to the fact that 
both the octaphosphanes(6) and the heptaphos- 
phanes(5) contain a bicyclic molecular framework 
comprised of two five-membered phosphorus rings. 
From the observed product distributions, it can be 
deduced that the P7 skeleton with a one-atom bridge 
has a considerably larger tendency for formation than 
the Pa skeleton with a zero-atom bridge in the case of 
smaller substituents (Me, H). However, the stability 
difference between the two bicyclophosphane frame- 
works changes with increasing spatial requirements of 
the substituents (Et, Pri) since the steric interactions 
between the substituents at P6 and P7 in 73 are 
appreciably larger than those of the cis-oriented sub- 
stituents in 74; accordingly, the ratio 74:73 increases. 
2. Trkyclic Compounds: P82 ,  PPs, P a 4  P#s, P16(6 

The preparation of the tricyclohexaphosphane 
P6(C&fe& (66) by thermolysis of the bicyclophosphane 
P&sMes)s (65) in boiling xylene273~274 has already been 
described in section V.B, equation (55). The compound 
is only slightly sensitive to oxidation and is stable up 
to 180 "C. Its structure has been elucidated by NMR 
spectroscopy and an X-ray crystal structure analysis 
(Figure 11). The P&) skeleton thus consists of a P4 
tetrahedron in which one edge is bridged by a CSMe5- 
substituted PZ moiety; compound 66 is thus 3,4- 
bis(pentamethylcyclopentadieny1) tricyclo [ 3.1.0.OZq - 
hexaphosphane. The bond length in the PZ bridge 
(2.164A) is markedly shorter than the other P-P bonds 
in 66, the folding angle between the planes of the three- 
membered phosphorus rings of the bicyclobutane unit 
is 115.5", an increase of 20" in comparison to the 
bicyclotetraphosphane 70 (section V.C.1). 
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other by unsubstituted phosphorus atoms, a deviation 
from the maximal tram arrangement of the substituents 
does not lead to a drastic destabilization. Hence, both 
compounds were obtained as mixtures of configura- 
tional isomers in comparable amounts (e.g., 77a, three 
isomers in the ratio of approximately 40:4020) and this 
accounts for their poor crystallization properties. 

The crystal structure analyses reveal that the bond 
lengths and angles in the P7 cage change only slightly 
upon variation of the substituents. A slight twisting of 
the P7 framework about the 3-fold axis is observed in 
each case; this is caused by steric interactions between 
the substituents and the free electron pairs of the 
bridging atoms and decreases on going from M = Si to 
M = Pb.292@3437 Molecular vibrational spectra of the 
compounds P7(MR3)3 (R = Me, Ph; M = Si, Ge, Sn, Pb) 
have also been investigated.29292Mtm7 

The parent compound of the tricyclooctaphos- 
phanes(4), the phosphorus hydride P8H4, has been 
detected in relatively small amounts among the hy- 
drolysis products of calcium phosphide.20b Attempts 
to prepare the organic derivatives 75a,b according to 
the reactions of eqs 58-60 have shown that these 
compounds have a low tendency for formation; thus as 
yet only 75b has been enriched up to about 30 mol ?6 
together with other ~ y c l o p h o s p h a n e s . ~ ~ ~ ~ ~ ~  The con- 
stitution of 75 as 2,4,6,8-tetraorganotricyclo[3.3.- 
0.O3J1octaphosphanes with a bisnoradamantane-type 
P8 skeleton (a-P&) was deduced from the character- 
istic 31P-NMR signals of 75b. 

(I- P0 R4 b-P0R4 

75Q: R =  Et 76 :  R = Pr' 
75b: R =  Prl 

In attempts to increase the amount of 75b by 
thermolysis of the crude reaction product at 230 OC, an 
increase in the yield was indeed detected by mass 
spectroscopy. However, separation and complete anal- 
ysis of the 31P{1H]-NMR spectrum of the compound 
thus obtained in 95% purity revealed that the consti- 
tutional isomer 76 was formed by this "thermolysis" 
route.301 This isomer has a homonorbornene-type 
phosphorus skeleton (b-P&) and is, therefore, a 3,6,7,& 
tetraorganotricyclo[3.2.1.02~410ctaphosphane. On the 
basis of MNDO calculations for P8Me4, the exo- 
homonorbornene isomer is somewhat more stable ( AHof 
= -120.1 kcal mol-') than the bisnoradamantane isomer 
( A H O f  = -115.8 kcal mol-'). Accordingly, 75b rearranges 
to 76 with concomitant partial disproportionation even 
on gentle warming. However, the Ps(4) structural unit 
of 75 is apparently stabilized by incorporation into larger 
P, frameworks like those of the tetracyclodecaphos- 
phanes P1& (section V.C.3), the pentacyclododeca- 
phosphanes P1&4 (section V.C.4), or Hittorf s phos- 
p h o r ~ ~ . ~ ~  

The tricyclononaphosphanes(5) 77a and 77b are 
formed as major products and can be isolated as yellow 
oils from the reactions according to eq 58 or 59 under 
suitable conditions of stoichiometry, temperature, and 
time.1es*302 Their constitutions as 2,4,6,8,9-pentaor- 
ganotricyclo[3.3, 1.03~7]nonaphosphanes with a norad- 
amantane-type P g  framework (a-PgRs) were deduced 
from the 3lP{'H]-NMR spectra. Since the >PR ring 
components in these molecules are separated from each 

78a: R = Me 
77b: R = Et 78b: R = Et 

7 % ~ :  R = Prl 

770: R = Me 

If the syntheses of the nonaphosphanes(5) are per- 
formed from white phosphorus according to eq 60, 
mixtures of 77 and a further constitutional isomer 78 
in lower relative abundancy (b-PsRs) are obtained. In 
the case of R = Et, 78b could be isolated as a pale- 
yellow, oily liquid while 78a and 78c could be highly 
e n r i ~ h e d . ~ ~ ~ ~ ~ ~ ~ ~ ~  As substantiated by a complete anal- 
ysis of the 31P{1H]-NMR spectrum of 78b,303 these 
compounds have a constitution analogous to that of 
the hydrocarbon brexane; 78a-c are thus 2,4,5,8,9- 
pentaorganotricyclo[4.3.0.03~71nonaphosphanes. Ac- 
cording to an MNDO calculation of the AHof values of 
a-PgH6 and b-PgH6 (-54.5 and 58.7 kcal mol-', respec- 
t i ~ e l y ) , ~ ~  the b isomer has the larger relative stability, 
in contrast to the carbocyclic analogues.306 This is 
substantiated by the fact that, on stirring 77b with 
aluminum chloride in THF at room temperature, 
evidence for a rearrangement to 78b was obtained. 
Compounds 78a-c are also each formed as a mixture 
of several configurational isomers. In the case of 78b, 
the configurations and thus the assignments of the spin 
systems in the 31P{1H]-NMR spectrum could be un- 
ambiguously deduced for the two major isomers of 
comparable abundance on the basis of the P,P long- 
range c0uplings.3~3 

As shown by the results for the compound pairs 751 
76 and 77/78, the formation of constitutional isomers 
among the polycyclophosphanes resembles that among 
the polycycloalkanes. Unlike the changes of the skeletal 
structure within a single class of compounds with 
increasing spatial requirements of the substituents (see 
section V.D), constitutional isomers always occur when 
several frameworks with comparable stabilities are 
possible for one and the same compound. 

In 1963, a tricyclodecaphosphane, PlOpb, with an 
adamantane-type structure was reporteda but this 
could not be confirmed in later This is no 
longer surprising since the outstanding significance of 
five-membered ring structural units in the construction 
of polycyclophosphanes-in contrast to the polycyclo- 
alkanes-has now been rec~gnized.~ Thus, the com- 
pounds PloHP and P1Oprie,les already identified by mass 
spectroscopy, would be expected to have a different 
structure. This assumption was fully confirmed by 
investigations on the decaphosphanes(6) 79a-c which 
were obtained in amounts of about 3 mol 7% according 
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to eq 60. Compounds 79b and 79c were, respectively, 
enriched to 38% or isolated in the pure state and 
unequivocally characterized as 3,4,5,8,9,10- 
hexaorganotricyclo[5.2.1.0~~~]decaphosphanes by 
NMR spectroscopy.s1vm The Plo(6) framework is thus 
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B 
'10R6 'R 

'R A 
79a : R = M e  
79b : R =Et  
79c : R = Pri 

a conjuncto-phosphane made up of a norbornane-type 
P7 unit with an annelated five-membered ring. A 
polycycloalkane, c10H16, with an analogous constitu- 
ti0nM93~~ has been known for a long time; it can be 
transformed into the thermodynamically more stable 
adamantane by heating with aluminum bromide.s11 The 
reversed stability order in the case of the decaphos- 
phane(6) is assumed to be due to the smaller bond angle 
at phosphorus in comparison to carbon. According to 
detailed NMR investigations on 79c, in particular a 
homoscalar-correlated 2D-3lP{lHJ-NMR spectrum, the 
two configurational isomers A and B coexist in a ratio 
of 3:l and differ solely in the spatial arrangement of 
the isopropyl group at PI0. 

3. Tetracyclic Compounds: PgR3, Pl&, P1rRs 

The tetracyclononaphosphanes(3) 80 represent an 
especially interesting class of compounds. Like the 
parent compound PgH3,20b the organo-substituted de- 
rivatives of PgR3 (80a, R = Me; 80b, R = Et; ~ O C ,  R = 
Pri; 80d, R = But) also exhibit an excellent thermal 
stability and pronounced tendency for formation; thus, 

8 
P9R3 

A 
8Oa: R = Me 
Bob: R = Et 
BOc: R = Prl 
80d: R =  But 

they are always formed in the thermolysis of open- 
chain or cyclic phosphane d e r i ~ a t i v e s . " ~ ~ J ~ * ~ 7 ~ * ~ ~  The 
compound 80b is most conveniently prepared by the 
thermolysis of (PEt)s and P4 in a molar ratio of 1:2 at 
240 OC?12 On the other hand, 80c and 80d are obtained 
by dehalogenation reactions according to eqs 59 and 
58, respectively; in the case of 80d, a short thermolysis 
at 300 OC-suffices to further enrich the compound in 
the product mixture.w.sl2 A preparatively more effi- 
cient access to 80d is the cleavage of P4 by Na/K alloy 
and subsequent reaction of the phosphide mixture with 
B u ~ P C ~ Z . ~ ~ ~  The stepwise construction of mixed alkyl- 
substituted nonaphosphanes(3) of the type P9(But)2R 
(69) has been described in section V.B. 

Compounds 80b and 80c are lemon-yellow, highly 
viscous oils, whereas 80d forms pale yellow crystals that 

d 

d 
U 

Figure 12. Molecular structure of PgButs (80d) (without 
hydrogen atoms) in the 

are only slightly sensitive toward oxidation. As shown 
by their SlPIlHJ-NMR spectra, all compounds inves- 
tigated have the same structural framework. Spectral 
interpretationsm and, above all, complete analyses of 
the SlP{lH)-NMR spectra of 80b and 80d,512 reveal that 
the nonaphosphanes(3) possess a phosphorus skeleton 
analogous to that of the hydrocarbon deltacyclane, i.e. 
they are 5,8,9-triorganotetracyclo[4.3.0.02~4.0s~71nona- 
phosphanes. This constitution was confirmed by an 
single-crystal X-ray structure analysis of 80d (Figure 
12).3121314 The same deltacyclane-type framework also 
exists as a partial structure in the polyphosphide ions 
H2P14%, P&, Plgb, P&, and Pz& (see section IV). 

The structural results demonstrate further that, for 
each compound, two configurational isomers A and B 
exist in solution in varying amounts and that they differ 
in the spatial orientation of the substituents to each 
other. The isomer ratio A B  increases with increasing 
size of the organic group R @Ob, A/B = 66:34; 80d, A/B 
= 80:20; both at 22 OC). As shown by the results of the 
X-ray structural analysis of 80d and confirmed for the 
whole solid substance by cold dissolution (-40 "C) of 
a large number of crystals under NMR spectroscopic 
monitoring, the major isomer A separates exclusively 
under suitable conditions. If the solution of pure isomer 
A prepared at -40 "C is allowed to stand at  25 "C for 
about 30 min, the characteristic isomer population for 
80d (see above) can then again be observed in the 
S1P{lH)-NMR spectrum.212 This finding proves that 
the conversion of isomer A into isomer B-which can 
only proceed through inversion-already occurs at an 
appreciable rate at room temperature. 

The various inversion processes that can occur during 
the interconversions of the four different molecules of 
the enantiomer pairs A, A' and B, B' are summarized 
in Figure 13. The signal groups A-I (for the molecules 
A and A') and a-i (for the molecules B and B') and 
their assignments to the respective phosphorus nuclei 
1-9 are listed under each of the configurational isomers. 
As can be seen, the observed transformation of the 
isomer A into the isomer B can result from an inversion 
at Ps or by simultaneous inversions at P8 and Pg. The 
latter process, however, leads to the enantiomer B' 
which cannot be differentiated in the 1D-SlP-NMR 
spectrum. Simultaneous inversions at all three organic 
substituted P atoms (P5, P8, Pg) convert each molecule 
into ita corresponding enantiomer. A differentiation 
between all possible processes can be achieved with the 
help of a two-dimensional slP(lH)-NMR exchange 
spectrum;31s here the magnetization transfers associated 
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Figure 13. Possible inversion processes for the configura- 
tional isomers of P a 3  (80). 

with the resonance shifts of the individual P nuclei are 
each visible as two cross peaks between the involved 
signal groups. As can be seen from the corresponding 
exchange spectrum of 80d,312 the dominating process 
is the configuration inversion at  P5, followed by quasi- 
synchronous inversions at  P8 and Pg, and also possibly 
at  Ps, P8, and P9.316 The activation parameters for the 
first two processes were determined from a line-shape 
analysis of the lH-NMR spectra of 8Od; the third process 
could not be considered for methodological rea~ons.~'' 

inversion at P': 

AH* = 18.5 f 2 kcal mol-' 

AS* = -9.3 f 0.5 kcal mol-' 

inversion at  P8 and P9: 

AH* = 30.1 f 2 kcal mol-' 

As expected, the enthalpy of activation for the second 
process is considerably larger than that for the first 
since inversion at  adjacent nuclei will inevitably lead 
to steric interactions between the two tert-butyl 
groups.3'8 The value for the first process is about half 
the size of that for PHa319 and lies in the range of the 
inversion barriers for open-chain organophosphanes 
with P-P bonds in their molecular skeletons.320 

The observation that the ethyl compound 80b- 
irrespective of ita method of formation-always exhibits 
the same isomer ratio in solution at room temperature 
(see above) is a first indication for a thermodynamic 
equilibrium between the two isomers. Indeed, the same 
inversion processes as for 80d could also be demon- 
strated for 80b by 1D- and 2D-NMR  investigation^.^'^ 
However, they proceed at  lower rates than those of 80d 
under identical conditions; this is in accord with the 
general rule that bulky substituents lower the barrier 
to inversi0n.3~0 

Following this first evidence for inversion at phos- 
phorus in polycyclophosphanes of the series PgR3,312 
corresponding configurational changes were also ob- 
served under mild conditions for other polycyclic 
organophosphanes such as P11Pri3, P12Pri4, P13Pri5, and 
P14Pri4 (see sections V.C.4 and V.C.5). Thus it is 
apparent that these highly compact cage molecules 
exhibit a remarkable dynamic behavior. 

Together with the tricyclooctaphosphanes a-P& 
(section V.C.2), small amounts of the corresponding 
tetracyclodecaphosphanes(4) 81a-c are always formed 
in dehalogenation reactions according to eqs 58-60. Of 
these, 81c has been enriched to the extent of about 
15 % .281 Its structure as 4,5,9,10-tetraisopropyltet- 
racyclo[5.2.1.02~6.03~8]decaphosphane was confirmed by 
31P-NMR spectroscopy and can be derived from that 
of the bisnoradamantane-type a-P8Pri4 isomer by the 
addition of a two-atom bridge with formation of a new 
five-membered ring. The compounds 81a and 81b 
should have the same structure since small substituents 
favor the five-membered ring unit and the organic 
groups (in a maximal trans orientation) do not expe- 
rience any steric hindrance. 

P- P 

810. R = Me 
81b: R = Et 
81c:  R = P r l  

The tetracycloundecaphosphanes(5) P11R5 (82a, R 
= Me; 82b, R = Et; 82c, R = Pri) are usually formed 
together with the tricyclononaphosphanes a-PgR5 (sec- 
tion V.C.2) and have been enriched to 60,85, and 35 % , 
respectively.281 Just recently, the preparation of 82c 
as a pale yellow, highly viscous oil in 91 % purity and 
its complete structural characterization were report- 
ed.321 This enabled the constitution as a 3,4,7,9,11- 
pentaorganotetracyclo [6.2.1.O2KO5Jol undecaphos- 
phane with a P11(5) skeleton analogous to that of the 
hydrocarbon 2,8-ethan0noradamantane~~~-as previ- 
ously deduced from qualitative interpretations of the 
31P{1H]-NMR spectra of 8 2 a - ~ ~ ~ l - t o  be confirmed. 
Furthermore, the existence of two configurational 
isomers of 82c in a ratio of A:B cy 3:l was demonstrated 
by 2D 31P- and 13C-NMR spectroscopy. These isomers 
differ in the spatial arrangement of the isopropyl groups 
on the two-atom bridge atoms (P3, P4). The "propeller- 
like" arrangement of the substituents around P8 is 
characteristic for the noradamantane-type P g  partial 
structure (see also section V.C.7). 

B 
R 

A ' l lR5 

8 2 c :  R =  P r l  
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4. Pentacyclic Compounds: PI  1R3, P1fi4, P1&, P 1 a 6  

The isopropyl derivatives are especially suitable for 
investigations of phosphorus-rich organopolycyclo- 
phosphanes. On the one hand, they have the typical 
skeletal structures of the sterically unhindered members 
of the individual classes of compounds (see section V.D); 
on the other hand, they are more soluble than the 
corresponding methyl and ethyl compounds and, accor- 
dingly, more easily isolated and characterized by 
spectroscopic methods. In addition, the larger isopropyl 
groups exert a kinetic stabilization on the phosphorus- 
rich P,(m) skeletons. The higher-cyclic, alkyl-poor 
isopropylphosphanes described in sections V.C.4-7 were 
all prepared by dehalogenation reactions according to 
eq 60 and subsequent thermolysis of the primarily 
formed product mixtures (section V.B). 

The pentacyclic triisopropylundecaphosphane(3) 
(83) is present in the thermolysate of the crude product 
only to the extent of about 1 mol 7% but can be isolated 
in the pure state as bright yellow crystalline needle~ .~~3 
Analysis of the 2D-31P(1HJ-NMR spectrum revealed that 
the compound is 4,7,11-triisopropylpentacyclo[6.3.0.- 
02+3.03J?06~9] undecaphosphane which exists in solution 
as the two isomers A and B in the statistically expected 
ratio of 1:3 with symmetrical and unsymmetrical, 
respectively, arrangements of the isopropyl substitu- 
ents. According to the X-ray structural analysis, only 
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the major isomer B is present in the crystal state and 
which, upon redissolution, reverts to the characteristic 
isomeric mixture of A and B by inversion (see section 
V.C.3). As can be seen from a comparison of the 
isomerization conditions (temperature and time) with 
those for PgBut3 (god), the barrier to inversion is 
noticeably higher for 83. Some of the observed bond 
lengths and angles in 83 show considerable deviations 
from the normal v a 1 ~ e s . l ~ ~  This is indicative of a 
considerable strain in the P11(3) skeleton made up of 
six five-membered ring units; this fact could also account 
for the low tendency for formation. The undecaphos- 
phane(3) Pll(SiMe3)3, prepared from Na3P11326 and 
Me3SiC1, has the same constitution and also exists in 
the solid state only as the asymmetrical isomer, as shown 
by an X-ray structural analysis.326 

The pentacyclododecaphosphanes(4) 84a-d are 
formed in larger amounts than 83 and 84c can be 
isolated as light-yellow, crystal platelets.327,328 As shown 
by a single-crystal analysis (Figure 14), the P12(4) 
skeleton is made up of two annelated norbornane-type 
P7(5) partial structures linked by a zero-atom bridge. 
Accordingly, compound 84c is 3,4,9,10-tetraisopro- 
pylpentacycl0[6.4.0.P~~.PJ~.O~J~] dodecaphosphane. The 
bond lengths and angles of the phosphorus skeleton 
show appreciable differences; in particular, the zero- 
atom bridging bonds of the central P8(4) unit are 

Figure 14. Molecular structure of P12Pri4 (84c) (without 
hydrogen atoms) in the crystal.3np329 
lengthened considerably. This is indicative of the 
significant strain in this structural element, a fact that 
is also reflected in the low tendency for formation of 
the compounds a - P a 4  (section V.C.2) and P&4 
(section V.C.3). According to NMR spectroscopic 

R 
B 

R 
A 

040:  R = Me 
0Lb: R = Et 
84c:  R = Pri 
84d: R = But 

studies, a further isomer B with C, symmetry exists in 
solution in addition to the isomer A with C2 symmetry 
present in the crystal state (ratio A/B = 3:2). Upon 
dissolution of the pure isomer A, a partial transfor- 
mation to the isomer B takes at  a remarkable rate place 
even below room temperature. 

Figure 15. Molecular structure of P13Pri6 (85c) in the 
crystal.330 

The pentacyclotridecaphosphanes(5) 85a-d are al- 
ways formed together with the pentacyclododecaphos- 
phanes(4); compound 85c has been isolated in the form 
of colorless, crystalline needle~.3~~*U An X-ray struc- 
tural analysis (Figure 15) has shown that the P13(5) 
skeleton has a structure derived from the noradaman- 
tane-type a-Pg(5) skeleton by condensation of two PZ 
bridges with concomitant formation of two new five- 
membered rings. The constitution can also be described 
either as the annelation of two heptaphosphanorbor- 
nane units which are also linked by an additional one- 
atom bridge or as the insertion of a phosphorus atom 
into the P6-P7 zero-atom bridge of the P12(4) skeleton. 
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q L R 6 ;  R = Pri 

86 

0 21' 

Figure 16. Part of a tube of Hittorf s phosphorus: (above) 
perspective view; (below) view in the direction of the tube's 
axis.2'33 

Hence, 85c is 3,4,7,10,11-pentaisopropylpentacyclo- 
[7.4.0.02~~.05~13.0~~121 tridecaphosphane. The P12(4) and 
Pu(5) skeletons are essential structural units of Hittorf's 
phosphorus (Figure 16);263 this accounts for the ap- 
preciable tendencies for formation and the high thermal 
stabilities of the compounds 84 and 85. The trideca- 
phosphanes(5) 85 contain the most phosphorus-rich, 
unchanged partial structure of the element phosphorus 
in the form of a discrete molecule known to date. 
Detailed NMR studies of 85c have shown that it exists 
in solution as two configurational isomers A and B with 
the symmetries C1 and C,, respectively, in a ratio of 
approximately 2:l. Isomer B corresponds to the form 

85a: R = Me 
85b: R = Et 
85c: R = Prl 
85d: R: But 

existing in the crystal state (Figure 15) which, in solution 
at room temperature, is transformed to a large extent 
into the isomer A. A further symmetrical isomer was 
not detected, hence the barrier to inversion at the atom 
P7 in the isomer B must be considerably higher than 
those at  the atoms P3 and P4 or PlOand Pll, respectively. 

A further pentacyclic organophosphane, hexaisopro- 
pyltetradecaphosphane(6) (86), has been enriched to 
approximately 30% 331 and its structure elucidated as 
3,4,5,9,1 1,14-hexaisopropylpentacyclo[9.2.1.02~g.03~7.- 
0831 tetradecaphosphane by 31P-NMR spectroscopy. 
This structure can be derived from that of the unde- 
caphosphane 82c by the addition of an isopropyl- 
substituted P3 bridge which completes the formation 
of a new five-membered ring. No experimentally 
substantiated information on the configuration is as 
yet available. 

5. Hexacyclic Compounds: P1,R4 

The hexacyclotetradecaphosphane(4) 87 is present 
in the thermolysate of the crude product obtained 
according to eq 60 to the extent of approximately 3 mol 
% and has been isolated in the form of yellow, crystalline 

As revealed by an X-ray crystal structure 
analysis (Figure 17), the chiral Pd4) skeleton is built 

o p , o c  
Figure 17. Molecular structure of P19ri4 (87) (without 
hydrogen atoms) in the crystal.332 

up of two norbornane-type P7(5) units linked by three 
zero-atom bridges (P1-P8, P6-P7, P13-P14) in such a 
manner that a central six-membered ring (PS,PS,P7,- 
P12,P13,P14) is formed. Compound 87 is thus 3,4,10,11- 
tetraisopropylhexacyclo[6.6.O.O2~6.Os~14.O7~12.Og~13l tetra- 
decaphosphane. The lengths of the P-P bonds vary 
between 2.186 (P1-P8, P8-Pg) and 2.269 A (P1-P14). 
Channels are formed on packing the molecules into 
crystals and these can take up varying amounts of the 
solvent (THF), which is given off on heating above 90 
"C or under high vacuum to leave an insoluble solid. 

P-P 

P,&RL; R = Prl 

07 

When the THF-containing crystals are dissolved in the 
same solvent in the cold and the solution is warmed to 
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+10 "C, two further isomers B and C can be detected 
in the lH(31PJ-NMR and lSC(lH,S1PJ-DEPT NMR 
spectra in addition to the isomer A present in the crystal 
state. Isomer B differs from isomer A by inversion at 
P3 and P4 or PI0 and Pfl, respectively, while C differs 
through configuration reversals at all isopropyl-sub- 
stituted phosphorus atoms. And after about 15 min, 
the typical isomer population of A/B/C = 4:4:1 for 87 
is reached. As can be seen from a comparison of the 
isomerization conditions, the barrier to inversion for 
87 is lower than that for P11Pri3 (831, higher than that 
for P9But3 (80d), and similar to that for P12Pri4 (84c). 

A further tetradecaphosphane(4), P14(SiMe& was 
obtained as a byproduct in the synthesis of P7(SiMe& 
(53) but was not further characterized structurally.298 
The molecule is assumed to be made up of two 
nortricyclene-type P7Pri2 units linked together through 
a a-bond. 

6. Heptacycllc Compounds: PI& 

Although the heptacyclooc tadecaphosphane(6) 88 is 
only present to about 0.6 mol % in the thermolysate 
of the crude product, it can be enriched in the fractions 
of the higher-cyclic isopropylphosphanes by chromato- 
graphic workup and has been isolated in the pure state 
as a bright yellow solid.333 NMR spectroscopic inves- 
tigations reveal that 88 has a conjuncto-phosphane 
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LizP16 + 2RBr - P&2 + 2LiBr (62) 
64 89a: R =  Me 

b: R = E t  
contain the same conjuncto-phosphane skeleton made 
up of two annelated Ps(3) elements as the phosphide 
54 and, hence, are 4,12-dialkyloctacyclo[7.7.0.0~~~.- 
gS~.06~7.010~14.011~1~.013~15] hexadecaphosphanes. 31P-NMFt 
spectroscopic investigations have not yet been possible 
because of their limited solubilities and thus experi- 
mentally confirmed conclusions on their configuration 
are not available. However, the two organic groups 
probably have a trans orientation to each other in 
analogy to the structurally related henicosaphosphide 

The octacyclooctadecaphosphane(4) 90 was obtained 
in 95% purity by the "standard procedure" (dehalo- 
genation according to eq 60, subsequent thermolysis, 
and separation of the thermolysate).SM The bright 

NaPzlEb (58b). 

P,eR6i R = Pri 

88 

skeleton made up of a PU(5) and a brexane-type b-Ps(5) 
element annelated at their PZ bridges, thus forming a 
central, pentalane-type Ps(6) partial structure as is also 
present in Hittorf s phosphorus. Hence, compound 88 
is 5,7,8,14,16,18- hexaisoprop ylheptac yclo [ 13.2.1 .02J3.- 
0~~11.04~~.0~~10.012~171 octadecaphosphane. A C18Hu poly- 
cycloalkane with a constitution analogous to that of 88 
has not yet been reported. The l3C{lH,S1PJ-DEPT NMR 
spectrum and HPLC chromatogram of 88 indicate that 
two isomers with C1 symmetry exist in solution in a 
ratio of approximately 2:l. However, no experimentally 
substantiated conclusions can yet be made about the 
configurations. Even so, it may be assumed that in 
both molecules the isopropyl groups at P14, Pie, and 
Pls-like in P1lPriS (section V.C.3)-are arranged in a 
"propeller-like" manner around P15and those at P7 and 
Pgas in b-PgRg (section V.C.2)-have a trans orien- 
tation. The two isomers presumably differ through 
configuration reversals at the (PR)2 bridge of the 
brexane-type Ps(5) partial structure. 

7. Octacyclic Compounds: P1$12, PI&, P d 6  

The octacyclohexadecaphosphanes( 2) 89a and 89b 
were obtained in high yield by direct alkylation of the 
corresponding polyphosphide 54 (section 1V.B) under 
suitable conditions.B2 Their constitutions were con- 
firmed by the similarities of their molecular vibrational 
spectra with those of 54 and by their mass spectral 
fragmentation patterns. Accordingly, compounds 89 

q8RLi R = Pri 

90 

yellow solid has properties very similar to those of P1Spri6 
(88) (section V.C.6) and PzoPri6 (91) (see below) but, in 
contrast to these compounds, exhibits three signal 
groups in the 31P-NMR spectrum at 6 = -94, -141, and 
-154 in the high-field region typical for three-membered 
phosphorus rings. A complete structure elucidation 
on the basis of a 2D-3lP{lHJ-NMR spectrum revealed 
that the P d 4 )  skeleton of 90 consists-like the Ple(6) 
skeleton of 88-of a P11(5) structural element which, in 
the case of 90, is annelated to a deltacyclane-type Ps(3) 
unit. Hence, compound 90 is 8,14,16,18-tetraisopro- 
pyloctacyclo[l3.2.1.02s3.O3~11.~~~.06~7.~~1o.O1z~17l octade- 
caphosphane. A ClaHzz polycycloalkane with an anal- 
ogous constitution is still unknown. The more alkyl- 
rich octadecaphosphane 88 can be formally converted 
into the less alkyl-rich octadecaphosphane 90 by 
formation of a P-P bond between the atoms P5 and P7 
with concomitant removal of the alkyl groups and 
formation of the three-membered ring in the Ps(3) 
partial skeleton. Compound 90 exists in solution as a 
mixture of the isomer A and a further isomer B of 
considerably lower abundance. Isomer B differs from 
isomer A by a configuration reversal at P8. An analogous 
isomerism also occurs with the nonaphosphadeltacy- 
clanes PgR3 (80) (section V.C.3). 

Presently, the most phosphorus-rich, polycyclic or- 
ganophosphane to be obtained in a practically pure 
state and completely characterized structurally is the 
octacycloicosaphosphane(6).33~ This compound does 
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not occur in the primary products of reaction 60 but is 
present in the thermolysate to the extent of about 0.9 
mol %. It is formed as a 1:l mixture of the two 
constitutional isomers a-Pz&’ri6 (91) and b-PzoPri6 (92) 

Baudler and Qllnka 

R’ 

a-PZOR6, R = Pri 

91 

k 

R 

b-PZ0R6; R = Prl 

92 

which each exist in solution as two configurational 
isomers A and B. Compound 91 was obtained as a 
mixture of the diastereomers (ratio A/B = 4:l) in 98% 
purity; compound 92 was isolated in the form of the 
separated configurational isomers (ratio A/B = 2.51) 
in 85% and 90% purity, respectively. According to 
detailed NMR studies, in particular 2D-31P(1Hj-spec- 
troscopy, the Pzo(6) skeleton of 91 consists of a PI&) 
unit and a brexane-type b-Pg(5) group annelated at  the 
PZ bridges. In the case of 92, the skeleton is made up 
of two Pn(5) elements-such as those occurring also in 
the octadecaphosphanes 88 and 90. Hence, 91 is 
6,7,9,16,17,20-hexaisopropyloctacyclo[ 10.8.O.O2J4.O3J1.- 
04~8.0s~10.013J8.01s~1g]ic~saphosphane and 92 is 7,9,15,- 
17,19,20-hexaisopropyloctacyclo[l4.2.1. 1s98.02J4.03J2.- 
04J0.06J1.013J8] icosaphosphane. C ~ B  polycyclic hydro- 
carbons with constitutions analogous to those of 91 and 
92 are still unknown. The constitutional isomer 91 
differs from P18pri6 (88) by the presence of an additional, 
isopropyl-substituted P2 bridge which completes the 
formation of a new five-membered ring annelated over 
three phosphorus atoms. The noradamantane-type 
a-Ps(5) and the pentalane-type Ps(6) structural units 
are characteristic for 91 and 92 as well as for the 
octadecaphosphanes 88 and 90. These units are also 
structural elements of Hittorf s phosphorus and ap- 
parently have a pronounced tendency for formation. 
The configuration of the minor isomer B of 91 has not 
yet been determined with certainty but probably differs 
from that of the major isomer A by configuration 
reversals at  Pe and P7 or at  P16, P17, and PzO. In both 
cases, the isopropyl groups at P6 and P20 would be on 
the “same side of the molecule”-in contrast to the 
isomer A-and this would account for the lower relative 

abundance of the isomer B. In the case of 92, the major 
isomer A has CZ symmetry and an all-trans arrangement 
of the organic groups, whereas the isomer B has C, 
symmetry as a consequence of configuration reversals 
at  the three isopropyl-substituted phosphorus atoms 
of one P11(5) structural element. 

D. tert-Butyl-Substltuted Polycyclophosphanes 
The already clarified structures of polycyclic orga- 

nophosphanes PnR, have demonstrated that the typical 
skeletal structures of the individual classes of com- 
pounds remain unchanged upon variation of the sub- 
stituents within the range of relatively small alkyl 
groups (R = Me to R = Pri). However, this is no longer 
valid on going from R = Pri to R = But. As a 
consequence of steric interactions between the sub- 
stituents, especially in the case of bi- and tricyclic tert- 
butylphosphanes, significant changes often occur in the 
phosphorus skeletal structures. Furthermore, the steric 
shielding of the Pn(m) framework by the bulky tert- 
butyl groups effects a kinetic stabilization of those 
phosphorus skeletons which could otherwise not exist 
on account of their high reactivities. For these reasons, 
unexpected structures are frequently encountered 
among the alkyl-rich, tert-butyl-substituted polycy- 
clophosphanes. The preparations of tert-butylpoly- 
cyclophosphanes discussed in the following sections 
V.D.1 to V.D.3 were carried out in the same manner as 
the syntheses of compounds bearing smaller alkyl 
groups (section V.B). 

1. Bicyclic Compounds: P,8tf5} PBBU’B, P&&, P1&d8 
On the basis of detailed NMR studies and in contrast 

to the pentaorganobicyclo[2.2.11 heptaphosphanes 73a-c 
(section V.C.11, penta-tert-butylheptaphosphosphane(5) 
(93) has a novel P7(5) skeleton composed of a five- 
membered ring and an annelated four-membered ring. 
Thus, compound 93 is 2,3,4,6,7-penta-tert-butyl- 
bicycl0[3.2.0]heptaphosphane.~~ The large, positive 

1 
R 

P7Rsi R = But 
93 

2J(P4,P6) coupling constant indicates that the four- 
membered ring is considerably angled toward the five- 
membered ring and that the But group at  P6 has an exo 
orientation. As a result of steric interactions between 
the substituents in the 3- and 7-positions, the four- 
membered ring and the five-membered ring are twisted 
relative to each other at  the zero-atom bridge P1-P6 
and this results in a folding of the four-membered ring. 
In contrast to the polycyclophosphanes with smaller 
organic groups, 93 exists in solution as a single 
configurational isomer. 
Hexa-tert-butyloctaphosphane(6) (94), prepared by 

dehalogenation according to eq 58 or by cycloconden- 
sation of 1,2,3-tri-tert-butyltriphosphane with diphos- 
phorus tetraiodide according to eq 13,% exhibits 
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Figure 18. Molecular structure of P&Ut6 (94) (without 
hydrogen atoms) in the crystal.% 

remarkable structural differences in comparison to the 
hexaorganobicyclo[3.3.0loctaphosphanes 74a-c (sec- 
tion V.C.l). As confirmed by spectroscopic results and 
a single-crystal X-ray analysis (Figure 18), 94 has the 
structure of a 2,2’,3,3’,4,4’-hexa-tert-butyl-l,l’-bicy- 
clotetraphosphane in which two four-membered phos- 
phorus rings are linked together by a a-bond. All P-P 
bond lengths in the nonplanar four-membered rings 
and in the bridge are almost identical. On the other 
hand, the arsenic analogue As&ut658 has the same 
pentalane-type structure as the sterically unperturbed 
octaphosphanes(6). 

The same structural principle as for 94 is also realized 
in the next higher homologues of the compound class 
PnButn-2 with 9 and 10 phosphorus atoms in the 
molecule. The NMR spectra of the nonaphosphane 95 
and the decaphosphane 96 indicate that, in the former 
case, one >PBut group and, in the latter case, a 
diphosphane chain consisting of two >PBut groups has 
been inserted between the two tert-butyl-substituted 
P4 rings.337 Compound 95 is thus bis(2,3,4-tri-tert- 
butylcyclotetraphosphany1)-tert-butylphosphane and 
96 is 1,2-bis(2,3,4-tri-tert-butylcyclotetraphosphanyl)- 
1,2-di-tert-butyldiphosphane; the latter exists exclu- 
sively in the meso form. 

R 

up of a bicyclic PB(4) and a monocyclic P4(4) partial 
structure joined together through a a-bond. The 
unusual constitution of 97 as 2,4,6-tri-tert-butyl-3- 
(2,3,4- tri- t ert-butylcyclotetr aphosphanyl) bicyclo 13.1.01 - 
hexaphosphane is understandable in the light of the 
fact that the tert-butylphosphanes PJ3ut4 (72b) and 
(PBut)4 are among the main products of reaction 58. 
The existence of three different Plo(6) skeletons dem- 
onstrates that the structures of polycyclic organophos- 
phanes PnR, are determined both by the synthetic route 
and by the spatial requirements of the substituents. 

The octa-tert-butyldodecaphosphane(8), which is 
preferentially formed on thermolysis of the bicyclo- 
hexaphosphane 72b, also consists of a bicyclic partial 
skeleton with a a-bonded P4 ring. It is formed as a 
mixture of the constitutional isomers a-PlzBut8 (98) 
and b-PlzBut8 (99) in almost equal amounts; the isomers 

R 

P9R71 R = But 

95 

R 
\ /p-p\e/i\ ,P% 

@/ R p y  

2. Tricyclic Compounds: P,&Ut6, P ,.&Utg, P ,@Ut9 
According to detailed NMR spectroscopic investi- 

gations, hexa-tert-butyldecaphosphane(6) (97), ob- 
tained in the pure state according to eq 58,338 has a 
different constitution to the compound 17 with the same 
composition (section II.D.1) obtained from (PBut)2- 
PSnMe3 (14) and PC13. The Plo(6) skeleton of 97 also 
differs from that of the decaphosphanes(6) 79a-c 
(section V.C.2) bearing smaller alkyl groups. It is built 

differ in the type of linkage of the two structural 
elements and can be separated by chromatography.339 
2D-31P(1H)-NMR spectroscopy reveals that 98 is 
2,4,6,7,8-penta-tert-butyl-3-(2,3,4-tri-tert-butylcyclo- 
tetraphosphanyl)bicyclo[3.3.01 octaphosphane, whereas 
the isomer 99, with approximately the same stability, 
has the P4But3 substituent in the 2-position. The 
cyclotetraphosphanyl substituent apparently exerts a 
lower steric stress on the pentalane-type Ps(6) skeleton 
than does a further tert-butyl group (see section V.D.1); 
this may be attributable to the different lengths of P-P 
and P-C bonds. 

The structure deduced for nona-tert-butyltrideca- 
phosphane(9) (loo), the next higher homologue in the 
compound class P,But,4, by NMR spectroscopy is 
surprising.M The molecule is constructed from the 
bicyclic compounds PsBut, (95) and P&& (94) in such 
a way that the middle ring is shared by both partial 
structures. Compound 100 is thus 3- [tert-buty1(2,3,4- 
tri-tert-butylcyclotetraphosphanyl)phosphino] - 
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P13Rsi R = But ’P‘ 
100 R 

2,2’,3’,4,4’-penta-tert-butyl-l,l‘-bicyclotetraphos- 
phane, i.e. the first organophosphane to contain three 
P4 rings linked together by a-bonds either directly or 
through an exocyclic phosphino group. The configu- 
ration of 100 was deduced from its 2D-31P(1HJ-NMR 
spectrum. 

3. Tetracyclic Compounds: PI 1Bds 

Of the tetracyclic tert-butylphosphanes investigated 
to date, tri-tert-butylnonaphosphane(3) (sod) possesses 
the same deltacyclane-type structure as the nonaphos- 
phanes PsR3 80a-c with smaller alkyl groups (section 
V.C.3). In contrast, penta-tert-butylundecaphos- 
phane(5) (101) differs significantly from the previously 
known undecaphosphanes P11R5 82a-c (section V.C.3), 
as revealed by NMR spectroscopic studies. Thus, the 

R R 

A B 

P11R5, R = But 
101 

P11(5) skeleton in 101 is not derived from the nona- 
phosphane with the noradamantane-type structure (a- 
PSR5, 77) but rather from the constitutionally isomeric 
nonaphosphane with the brexane-type structure (b- 
P9R5, 78).341 The construction principle, however, is 
the same in both cases, namely the condensation of a 
two-atom bridge with formation of a new five-membered 
ring. Hence, compound 101 is 3,5,6,10,11-penta-tert- 
butyltetracyclo[5.4.0.02~s.04~~]undecaphosphane. It ex- 
ists in solution as a mixture of the configurational 
isomers A and B in a ratio of approximately 1.251; the 
isomers differ in the spatial arrangement of the tert- 
butyl groups at  PlO and Pll. 

4. Conclusions 

The structures of alkyl-rich, polycyclic tert-butyl- 
phosphanes cannot be classified in a general construc- 
tion plan similar to that for the sterically unperturbed 
polycyclophosphanes with smaller alkyl sub- 
stituents (see section V.F). The formation of molecules 
in which the partial structural units are joined together 
through a-bonds is typical for bi- and tricyclic tert- 
butylphosphanes. In spite of the unfavorable endocy- 
clic bonding angles in comparison to P5 rings, P4 rings 
are formed with particular frequency. The sterically 
favored all-trans orientation of the substituents to each 
other and to the “a-linked” molecular components can 
be achieved in this way. P5 rings are only found within 
annelated ring systems such as those in P6But4 (72b), 

P7But5 (93), P1oBut6 (97), P12But8 (98, 99), or P11But5 
(101) since, in these cases, a trans arrangement of the 
remaining tert-butyl groups on the five-membered ring 
is possible. 

In the alkyl-poor, tetracyclic compound PllBut5 (101), 
naturally no a-linked four-membered ring units like 
those in the bi- and tricyclic tert-butylphosphanes with 
eight or more phosphorus atoms are possible. As a 
necessary alternative, a somewhat modified P11(5) 
skeleton in comparison to that of the other 
compounds 82a-c is formed. This framework contains 
a P7 ring as a structural element of a polycyclophosphane 
for the first time. On the other hand, all tetracyclic 
nonaphosphanes P9R3 80a-d have the same deltacy- 
clane-type structure since steric interactions between 
the substituents are relatively small even in the case of 
the tert-butyl compound 80d. As these steric inter- 
actions become less important in the classes of higher- 
cyclic compounds, the structural differences between 
analogous compounds with small and bulky organic 
groups also disappear. 

In the course of investigations on tert-butyl-substi- 
tuted polycyclophosphanes, the further tert-butylpoly- 
cyclophosphanes listed below have been detected by 
mass spectrometry among the primary products of the 
dehalogenation reactions and in the thermolysis resi- 
dues but further work is still needed with respect to 
their structural elucidatiorwm P1&ut2, P1lButs, P11But7, 
PiiBUt3, Pi2B~~io, Pi2Buta, Pi3But7, Pi3But3, Pi4But8, 
Pi4BUt6, Pi4But4, P ~ ~ B u ~ s ,  PiSBut7, Pi5But5, Pi5But3, 
PisButio, Pi6BUt8, Pi6But6, Pi&Ut4, PI’IBu~s, Pi7But5, 
Pi7But3, Pi&uts, Pi&uts, Pi&ut2, PisButs, PisBut7, 
P1SBUt3, P20BUt6, P21But7, and P21But3. 

E. Properties and Reactlons of Polycycllc 
Phosphanes 

1. General Properties of Organopolycyclophosphanes 

The polycyclic organophosphanes prepared in the 
pure state on a preparative scale are all colorless to 
yellow liquids or solids but only rarely crystalline. Their 
solubility in common solvents decreases with increasing 
number of phosphorus atoms and decreasing number 
of alkyl groups; within a particular class of compounds 
the solubility increases with increasing number of 
carbon atoms in the substituents. In the case of 
compounds with small organic groups, a marked 
decrease in solubility often occurs when the solutions 
are allowed to stand for some time or after complete 
removal of the solvent. This physical aggregation 
process which has not yet been clarified in detail is also 
the reason for the extremely poor solubility of the parent 
polycyclic phosphorus hydrides. The stability of or- 
ganopolycyclophosphanes toward atmospheric oxygen 
increases with increasing number of phosphorus atoms 
and increasing spatial requirements of the substituents. 

2. Polycyclophosphane Oxides 

Like all other compounds of trivalent phosphorus, 
polycyclic phosphanes are oxidatively attacked by 
atmospheric oxygen. Although no visible changes can 
be observed when solid, phosphorus-rich compounds 
such as P7H3 (52) are exposed to the atmosphere, the 
formation of, e.g., P7H30343 can subsequently be dem- 
onstrated by mass spectrometry. Rapid oxidation of 
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organopolycyclophosphanes generally occurs in solu- 
tion, as can be seen from the appearance and increasing 
intensities of additional signals in the3lP-NMR spectra. 

(72b) and P7But6 (93) in solution react with less than 
a stoichiometric amount of dry air at  room temperature 
to form the monoxides 102/103 or 104/105, respective- 
1y.w When the stoichiometric amount of atmospheric 

It has been found that the bicyclophosphanes 
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P6RLO; R = But 
102 103 

R R 

104 105 
P7R50, R = But 

oxygen is employed, the corresponding dioxides and 
other subsequent products are also formed. Both 
monoxides are produced as mixtures of two constitu- 
tional isomers (ratios 102/103 = 4.5:l; 104/105 = 1:l); 
102 and 103 can be separately isolated, whereas 104 
and 105 cannot be separated even by high-pressure 
liquid chromatography. The structures have been 
confirmed by complete analyses of the 31P{1HJ-NMR 
spectra in addition to IR and ‘H-NMR data. Accord- 
ingly, in each case, the oxygen atom is bonded exocy- 
clically to the P, skeleton of the parent compound. The 
product formation is apparently controlled by steric 
factors. Thus, the observed isomer ratio in the case of 
P&ut40 is indicative that, in the starting material 72b, 
the five-membered ring atom P3 is more strongly 
shielded by the tert-butyl groups than the neighboring 
atoms P2 and P4 (statistical isomer ratio 2:l). In the 
case of 93, exocyclic bonding of oxygen at  P’ and P7 is 
apparently equally favored while that at  P2 or P4 is 
hindered by the endo-orientation of the substituent at 
P7. The fact that no isomers of P6But40 are formed 
with oxygen on the three-membered ring may be 
attributed to the predominant s character of the free 
electron pairs of the respective atoms in 72b. 

The 1,l’-bicyclotetraphosphane 94 is more resistant 
to oxidation and onlyreacts in solution with pure oxygen 
a t  higher temperatures and then with P-P bond 
cleavage and formation of 1,2-di-tert-butyldiphosphane 
dioxide. In contrast, 94 can be smoothly converted to 
the hexaoxide 106 at room temperature by treatment 
with hydrogen peroxide, peracetic acid, or cumene 
hydroperoxide (high selectivity),346 whereas at  above 
30 OC decomposition into P2 units also takes place. 
Compound 106 is characterized by an extremely high 
tendency for formation and can even be detected by 
31P-NMFt spectroscopy along with oxygen-poorer oxides 
when the reaction is carried out at  a molar ratio of 1:l. 
The structure was deduced from its 31P{1H]-NMR 

P8R6O61 R = But 

106 

spectrum which exhibited three multiplets of an 
AA’BzB/&C’ spin system; the resonance positions, 
intensity ratios, and coupling patterns can only be 
accommodated by an exocyclic bonding of oxygen to 
the organo-substituted phosphorus atoms. Further- 
more, the IR spectrum contains an absorption band in 
the region typical for P=O valency vibrations. There- 
fore, compound 106 is 2,2’,3,3/,4,4/-hexa-tert-butyl-1,1’- 
bicyclotetraphosphane 2,2/,3,3/,4,4’-hexaoxide. 

3. Transition Metal Complexes of Polycyclophosphanes 

A0 a consequence of the different types of phosphorus 
atom present, polycyclophosphanes represent inter- 
esting ligands for complex chemistry. In the past few 
years, the coordination ability of some tricyclohepta- 
phosphanes P7R3 and the tetracyclononaphosphane 
P9But3 toward metal carbonyl fragments of chromium 
and iron has been investigated. The products thus 
obtained were characterized structurally by their 
3lP{lHJ-NMR spectra and single-crystal X-ray analyses. 

The heptaphosphanes(3) P7R3 (R = Et, Pri, SiMe3) 
reacted with Cr(C0)STHF in a molar ratio of 1:l to 
furnish the complexes 107a-c in which the Cr(C0)6 
fragment is bonded to an equatorial bridging phos- 
phorus atom (Pe).346348 When R = PBut2, the compound 

1070: R = Et R i PBu$ 

io7b: R = Pri 108 

107c: R = SiMcg 

11Oa: R = Et 

1lOb: R = Pri 

11Oc: R = SiMcg 

109a: R = Et 

iogb: R = Pri 

109c: R = SiMeg 

l l l a :  R =  Et 113a: R = Et 

l l lb:  R = Pri 

l l l c :  R = SiMe3 

113b: R = SiMeg 

108 with an analogous composition but with the metal 
carbonyl fragment coordinated to a basal phosphorus 
atom of the three-membered ring (Pb) is formed.Mg In 
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the reactions of P7R3 (R = Et, Pri, SiMe3) with 2 mol 
of Cr(C0)sTHF or of 107a-c with a further mol of 
Cr(CO)bTHF, the complexes 109a-c are formed in 
which the second Cr(C0)5 group is bonded in each case 
to a Pb atom. Upon standing in solution, the compounds 
109a and 109b undergo rearrangement with elimination 
of carbon monoxide to furnish the complexes 110a and 
llOb in which the Cr(C0)b fragment is bonded to a Pe 
atom while the Cr(C0)4 fragment forms a bridge 
between the two other Pe atoms of the P7(3) skele- 
ton.346p347 The products llOa and llOb can also be 
obtained from 107a and 107b by reaction with 
Cr(CO)r(nbd) (nbd = 2,5-norbornadieneI3* while the 
silyl-substituted complex 110c is only obtainable from 
107c by this latter The reaction of 109a with 
a further mole of Cr(C0)5THF gives rise to a mixture 
ofthecompounds 109a, 110a, 1 lla, andP7Et3[Cr(CO)& 
(1 12a, only detectable by spectroscopy). Of these 
products, 109a and 112a undergo rearrangement in 
solution to furnish llOa and llla, respectively. In the 
complex 11 la, the Cr(C0)4 unit forms a bridge between 
two Pe atoms, while one Cr(C0)5 group is bonded to the 
remaining Pe atom and the other to one of the two Pb 
atoms directly linked to the Pe atoms bearing the 
Cr(C0)4 bridgeam The analogous compounds 1 llb and 
lllc were prepared by reactions of 109b and 109c with 
C1-(CO)~(nbd).3*93~8 The reaction of P7Et3 with Cr- 
(C0)aTHF in a molar ratio of 1:5 gave rise to the 
complexes llla and 113a. Compound 113a can be 
derived from llla by the introduction of a further 
Cr(C0)5 group at  the second Pb atom directly linked to 
the Pe atoms bearing the Cr(C0)4 bridge.m1347 The 
corresponding silyl-substituted complex 113b is formed 
in the reaction of 109c with 3 equiv of Cr(C0)bTHF 
whereas the 1:l reaction gives rise to the isolable 
compound P7(SiMe3)3[Cr(C0)513 (1 12b). The 31P-NMR 
spectrum of 112b indicates that two Cr(C0)5 groups 
are bonded to Pb atoms and that the third is bonded 
either to the apical (Pa) atom or to a Pe atom.348 

When P7(PBut2)3 is allowed to react with more than 
one mole of Cr(CO)&THF, coordination also occurs on 
the exocyclic phosphino groups and compounds with 
five-membered metallacyclic rings of the type PLPe- 
Pexo-Cr(C0)4-Pe are formed preferentially. The sim- 
plest complex containing this structural element is 
P7(PBut2)3[Cr(C0)41, prepared directly by the 1:l 
reaction of P7(PBut2)3 with Cr(CO)4(r1bd).~~~ 

Reactions of Fez(C0)g with the heptaphosphanes(3) 
P7R3 (R = Et, PBut2) in the molar ratio of 1:l lead to 
the complexes PTR3[Fe(C0)41 in which the metal 
carbonyl fragment is bonded to the same phosphorus 
atoms as in the corresponding chromium complexes 
( P e  or P b ,  respectively).350 

The nonaphosphane(3) PgBut3 (80d) reacts with 
Cr(C0)5THF and Fe2(CO)g to give, depending on the 
molar ratio employed, the complexes P ~ B U ~ ~ [ C ~ ( C O ) ~ I  
and PgBut3[Fe(C0)41 or P9But3[Cr(CO)512 and P9But3- 
[Fe(C0)4]2, respectively. In the mononuclear com- 
plexes, the M(CO), groups are coordinated to the tert- 
butyl-substituted P5 atom in each case while, in the 
dinuclear complexes, the P2 atom of the three-mem- 
bered ring is additionally complexed (see structural 
formula of 80d, section V.C.3).350J51 As in the case of 
80d, the respective complexes are formed as diaster- 
eomeric mixtures. 

Baudier and Glinka 

Taken as a whole, the presently available results on 
the coordination ability of polycyclophosphanes indi- 
cate that the compositions and structures of the so- 
formed complexes are controlled by steric and electronic 
factors. 346-351 

F. On the Structures of Polycyclic Phosphorus 
Hydrldes and the Formatlon of Sterically 
Unperturbed P,(m) Skeletons 

The organopolycyclophosphanes described in section 
V.C provide the key to an understanding of the 
structures of the polycyclic phosphorus hydrides of 
which, to date, only P7H3 (52) has been available for a 
direct nuclear magnetic resonance investigation of its 
structure (see section V.A). As has been demonstrated, 
the typical skeletal structures of the individual classes 
of compounds P,R, are retained in all cases upon 
variation of the substituents within the range of 
relatively small alkyl groups (R = Me to Pri); thus, 
changes in the structures upon replacing the organic 
groups by hydrogen atoms can also be excluded. Hence, 
the molecular structures determined for the sterically 
unperturbed organopolycyclophosphanes are also rep- 
resentative for the corresponding phosphorus hydrides. 
Our present state of knowledge on polycyclic phos- 
phorus hydrides can be summarized as in Chart I. 

With regard to their structures, the various polycyclic 
P,(m) skeletons exhibit close mutual relationships. 
Thus, for example, the bicyclic P6(4) skeleton can be 
derived formally from the tricyclic P7(3) cage by removal 
of one of the three one-atom bridges. The norbornane- 
type P7(5) skeleton and the tetracyclic Pg(3) skeleton 
differ from the P7(3) cage only by the opening of one 
bond in the three-membered ring or by the linkage of 
two equatorial P atoms through a two-atom bridge, 
respectively. The pentacyclic P14(6) framework can be 
built up from the tetracyclic P11(5) skeleton by the 
addition of a three-atom bridge. Furthermore, the 
P7(5), P8(6), and Pg(5) skeletons are all essential 
structural unit groups of Hittorf s phosphorus.263 It is 
these structural relationships that are responsible for 
the ready mutual interconversions and the common 
genesis of the various polycyclophosphanes. 

The formation of five-membered ring structural 
elements is of extreme significance in the construction 
of polycyclic phosphane skeletons. This is also an 
important distinction to carbon chemistry and explains, 
among others, why the decaphosphanes(6), P&, do 
not have an adamantane-type structure (section V.C.2). 
However, with the increasing annelation of five- 
membered rings, increasing strain energies are gener- 
ated which can be seen, for example, from the stability 
order a-P8Me4 < b-P~Med.~Ol In addition to five- 
membered ring units, partial skeletons of three- and 
six-membered rings are also formed, whereas structural 
elements containing four-membered rings or rings with 
more than six phosphorus atoms do not occur in 
sterically unperturbed polycyclic phosphanes. The 
reason for the nonexistence of four-membered ring 
partial structures can almost certainly be seen in the 
fact that the parallel a-bonds separated by a single- 
bond distance would cause a general destabilization of 
the f r a m e ~ o r k . ' ~ ~ J ~ ~  The compound P7But5 (93) is the 
first example of a molecular, polycyclic phosphane 
containing an annelated four-membered ring as a 
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Chart I 
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structural element and this is a result of the special 
steric demands. 

In summary, the structures of polycyclic phosphanes 
and their sterically unperturbed derivatives, according 
to contemporary knowledge, are determined by the 
following rules.gJ1 

(1) In accord with the sum formula of a compound, 
the same, formally deducable polycyclic structures as 
those for hydrocarbons with analogous compositions 
are possible, whereby a P atom substituted by a 
monofunctional group is equivalent to a CH2 unit and 
a P atom bonded only to other phosphorus atoms is 
equivalent to a CH unit. 

(2) Of the constitutional isomers possible according 
to rule 1, those containing the maximum number of 
five-membered ring units will be formed. When several 
skeletons with similar structures and stabilities are 
possible, constitutional isomers may be formed. 

(3) If the composition according to the formula 
requires the presence of other structural elements in 
addition to five-membered rings, three- and six-mem- 
bered rings but not four- or seven-membered rings will 
be incorporated into the phosphane structure. Phos- 
phane skeletons containing three-membered rings are 
thermally more stable than those containing six- 
membered rings. 

(4) The P,(m) skeletons of higher-condensed phos- 
phanes are often formally constructed from those of 
lower-condensed phosphanes by one of the following 
basic operations: 

(a) Coupling of two H- or R-substituted phosphorus 
atoms by a two-atom bridge to form a new five- 
membered ring with elimination of the substituents 
generates the next-higher condensed phosphane con- 
taining two phosphorus atoms more: 

a-PgH5 b-P& 

‘11‘3 ’13‘5 PlL”6 

Fmm left to right: 
tetraphosphane(2 1, P4H2, is bicycle[ 1.1 .O]tetraphosphane; 
hexaphosphane(41, P A ,  is bicyclo[3.1.0]hexaphosphane; 
heptaphosphane(5), P7H5, is bicyclo[l.Z. 1 Iheptaphosphane; 
octaphosphane(6), P8H6, is bicyclo~3.3.0]octaphosphanej 
hexaphosphane(Z), P6Hz, is tricyclo[3.1 .0.@6]hexaphosphane; 
heptaphosphane(31, P7H3, is tricycloC2.2.1.0Mlheptaphosphane; 
octaphosphane(4), PaH4, exists as the two constitutional isomers 

tricyclo~3.3.0.02~~octaphosphane (a-P&l and 
tricyclo~3.2.1.@~]octaphosphane (b-Pa4); 

tricyclo[3.3.1.02~]nonaphosphane (a-PgH5) and 
tricyclo[4.3.0.0~7]nonaphosphane (b-PgH5); 

decaphosphane(61, Pi&, is tricyclo[5.2.1.0t6]decaphosphane; 
nonaphosphane(3), PgH3, is tetracyc10[4.3.0.0t4.0~7]nonaphosphane; 
decaphosphane(4), PICHI, is tetraeyclo[5.2.1 .W.O3.a]decaphosphane j 
undecaphosphane(51, PiiHg, is tetracycl0[6.2.1.W.O5.~~]undecaphosphane; 
undecaphosphane(3), P11H3, is pentacyclo[6.3.0.0~6.03.~~.O~~]undeca- 

dodecaphosphane(4), P12H4, is pentacyclo[6.4.0.0~6.0~~~.0~~~~]dodeca- 

trideeaphosphane(5), P13H5, is pentacyclo[7.4.0.@6.05.1~.0~12]trideca- 

tetradecaphosphane(6), Pi&, is pentacyclo[9.2.1.0z9.037.0&133tetra- 

tetradecaphosphane(41, P14H4, is hexacyclo[6.6.O.W.O~~~.O~~~~,O~~~~]tetra- 

octadecaphosphane(61, Pi&, is heptacyclo[ 13.2.1.02~~,03.~~.0~~~.06~~,0~217]- 

hexadecaphosphane(2 1, P1&, is octacyclo[ 7 . 7  ,0.0t6.0L~, 05.7,OM14.011.16,0131S]- 

octadecaphosphane(4), Pl&, is octacyclo[ 13.2.1.~~~.0~1~,0~~~.0~~,06~0.0~~7]- 

icosaphosphanel6), P&, exists as the two constitutional isomers octacy- 

nonaphosphane(5), PgHs, also exists as the two constitutional isomers 

phosphane; 

phosphane; 

phosphane; 

decaphosphane j 

decaphosphane; 

octadecaphosphane; 

hexadecaphosphane; 

octadecaphosphane; and 

clo[ 10.8.0.021~,0~~~.04~~,0~~~.0~~~~.0~~~~]ico~phosphane (a-P&) and 
OCtaCyClO[ 1 4 . 2 . 1 . 1 ~ ~ . 0 ~ ~ ~ . 0 ~ ~ . ~ ~ ~ ~ , 0 6 ~ ~ . 0 ~ ~ ~ ~ ] i c 0 ~ a p h o ~ p h a n e  (b-P&). 

Respective examples are the transformations P4(2) - 
a-Ps(4) - pio(4) - pi2(4), Ps6)  --* Pi0(6), a-P9(5) - 
pii(5) - pi3(5), pis@) - a-Pzo(6). 

(b) Coupling of two H- or R-substituted phosphorus 
atoms by a one-atom bridge increases the number of 
phosphorus atoms by one and concomitantly reduces 
the number of substituents by one; this leads to a change 
from an even-numbered to an odd-numbered phos- 
phane and vice versa: 

pS(2), Pd4) - b-P6(4), p7(3) - p9(3), p7(5) - b-P9(5), 

PJm) - Pn+l(m-l) 
Respective examples are the transformations Pe(4) - 
p7(3), p7(5) - a-P6(4), b-Pe(4) -P p9(3), ps(6) - a-pg- 
(51, ps(6) - b-P9(5) - pio(4), Pio(6) - Pii(5). 

(c) Coupling of two adjacent, H- or R-substituted 
phosphorus atoms by a three-atom bridge leads to the 
next-higher condensed phosphane containing three 
phosphorus atoms and one substituent more: 

PJm) - P,+,(m+l) 
Respective examples are the transformations P&) - 
Pi0(6), pii(5) -+ P14(6). 

(d) Intramolecular formation of a zero-atom bridge 
between two H- or R-substituted phosphorus atoms 
with elimination of the substituents generates the next- 
higher condensed phosphane with the same number of 
phosphorus atoms but with two substituents less: 
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P,“ - PJm-2) 
Respective examples are the transformations P6(4) - 
p&), b ( 5 )  + p7(3), Pa(6) - a-P8(4), b-P9(5) - p9(3), 
Pio(6) - p10(4), pia(@ - P1d4). 

The fact that the construction principles according 
to a-d are not merely of a formal nature is demonstrated 
by, among others, the synthesis of P6(CbMe& (66) from 
Pe(CsMe5)r (65) (section V.B). 

( 5 )  Phosphanes with highly condensed Pn(m) skel- 
etons can form particular, compact structures which 
are energetically favored; for example P11(3), P14(4). 

(6) The construction of particularly phosphorus-rich 
structures occurs by way of annelation of two identical 
or different phosphane skeletons [P7(5), b-P9(5), P9(3), 
P11(5), P12(4), P13(5)1 to furnish a conjuncto-phosphane 
with a pentalane-type Pa(6) partial structure. With 
increasing numbers of phosphorus atoms, increasing 
larger components of Hittorf s phosphorus (see Figure 
16) in which the free valencies are saturated by hydrogen 
atoms or organic groups are formed. 

(7) Of the possible configurational isomers, the one 
with the maximal trans arrangement of the substituents 
is formed preferentially. The occurrence of further 
isomers depends on the steric interactions between the 
substituents in deviations from the all-trans orientation. 

On the whole, the wide range of structures that Nature 
is able to compose by combination of just a few building 
blocks and coupling patterns is surprising and fasci- 
nating. The structural variety of the polycyclic phos- 
phanes is exceeded only by those of the cyclic boranes 
and cycloalkanes. Since the structural principles 
mentioned above have proved to be generally applicable 
to date, they form the basis for the deduction of the 
most probable structures for those polycyclophosphanes 
included in Table X for which the corresponding organic 
derivatives have not yet been investigated structurally. 

VI.  Structural Relatlonships bet ween Polycycllc 
Phosphanes and Unsubstltuted Pn Clusters 

The structures of polycyclic phosphanes have at- 
tained particular interest in recent years on account of 
theoretical calculations on unsubstituted P, clus- 
t e r ~ . ~ ~ ~ - ~ ~ ~  Close structural relationships between the 
two classes of compounds exist and polycyclophos- 
phanes and P, clusters with the same number of 
phosphorus atoms can often formally be interconverted. 

The tetrahedral structure of the P4 molecule has been 
confirmed for a long time.355 Opening of one P-P bond 
and saturation of the free valencies thus produced by 
monofunctional substituents gives rise to  the bicy- 
clotetraphosphanes P4Rz (R = H, organic group). 
Ab initio calculations for P, clusters with n = 5-10 

have given the following ground state geometries: P5 
has a tetracyclic structure which is derived from the P4 
tetrahedron by insertion of a two-coordinate phospho- 
rus atom into one of the P-P bonds.352 Analogously, 
the benzvalene-type structure of P6 can be interpreted 
as the insertion of a P2 bridge into the P4 
P7 differs from P6 by the annelation of a three- 
membered ring onto the two-atom bridge.352 In the 
ground state, the P8 cluster does not have a cubane- 
type but rather a cuneane-type s t r u ~ t u r e . ~ ~ ~ * ~ ~ ~  Two 
energetically similar forms which can be derived from 
the P8 cuneane-type structure are predicted for Pg :  in 

A 

P7 (GI 

the more stable isomer one of the three-membered rings 
is enlarged to a four-membered ring, whereas the other 
isomer, with about 0.14 eV more energy and a distorted 
Cpu structure, is derived by the insertion of a phosphorus 
atom into the zero-atom bridge between the two four- 
membered rings of the P8 ~ u n e a n e . ~ ~ ~  Differing struc- 
tural prognoses have been obtained for P~o. According 
to Jones et al.,%he most stable isomer has C, symmetry 
while Ahlrichs et al.3” calculated that the isomer with 
CZU symmetry should have somewhat lower energy. Both 
forms show close structural relationships with the Pa 
cuneane-type structure. 

The prediction of the most stable isomer of P, clusters 
becomes more and more difficult with increasing 
numbers of phosphorus atoms on account of the 
numerous minima with, in cases, similar energies on 
the potential hypersurface. However, a clear tendency 
for the formation of tube-type P, structures is appar- 
ent;353 such structures result from the coupling of 
smaller P, clusters through two a-bonds or from 
annelation onto unsaturated Pa bridges.3” Examples 
of the latter are the Ploisomer with CZU symmetry, which 
is made up of two annelated P6 clusters, and the 
particularly stable PI8 isomer with CpU symmetry (not 
shown):” which analogously comprises two PI0 clusters 
with C, symmetry. 

The predicted structuralvariety in the unsubstituted 
Pn clusters reflects the observed wide range of structures 
for the P,(m) skeletons of polycyclic phosphanes; and 
the same structural principles can be recognized. As 
can be seen from the molecular structures of the 
polycyclophosphanes, polyhedral, “compact” structures 
are formed, depending on the formula composition, in 
the cases of smaller numbers of phosphorus atoms. The 
formation of tube-like P,(m) skeletons commences, 
similar to the P, clusters, with the decaphosphanes 

and PIOR4 (R = H, organic group) and the 
dodecaphosphanes P12R4. In the cases of the neutral 
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polycyclophosphanes and the isolated polycyclic anions, 
the linkage of smaller structural elements by annelation 
to furnish a pentalane-type Pa(6) partial structure 
dominates. 

Polycyclophosphanes frequently possess the same or 
a similar skeletal structure as that calculated for the 
most stable isomer of the unsubstituted P n  cluster with 
the same number of phosphorus atoms. Thus, the 
constitution of the tricyclohexaphosphanes(2), P6R2, 
can be interpreted as a saturation of the double bond 
of the benzvalene-type P6 cluster. Similarly, the a-Pa(4) 
skeleton of the tricyclooctaphosphanes(4) with a bis- 
noradamantane-type structure can be derived from the 
cuneane-type Pa cluster by opening of the two three- 
membered rings and saturation of the free valencies by 
monofunctional substituents. The analogous relation- 
ship between the tricyclononaphosphanes(5) with the 
a-P9(5) skeleton and the somewhat more energy-rich 
Pg cluster exemplarily demonstrates that a structural 
relationship may also exist between polycyclophos- 
phanes and other, less-stable isomers of P n  clusters. 

The results of theoretical investigations on unsub- 
stituted P, clusters provide valuable help for the 
prediction of the most likely skeletal structures for some 
polycyclophosphanes whose structures have not yet 
been clarified. Thus, the pentaphosphanes( 1) and 
pentaphosphanes(3) should be derived from the P5 
cluster by introduction of a monofunctional substituent 
at  the phosphorus atom with the coordination number 
two or by the additional opening of one of the three- 
membered rings and saturation of the thus formed free 
valencies, respectively. The resultant structures for 
P5R and PER3 (R = H, organic group) are in complete 
harmony with the predictions of the construction rule 
4b (section V.F). The constitution of P5R3 (P4 ring 
with orthogonally annelated P3 ring) corresponds 
furthermore with the skeletal structure of the homol- 
ogous bicyclic system P6R4 (P5 ring with annelated P3 
ring; section V.C.l). 

Similar to the case of the pentaphosphanes(1) and 
the P5 cluster, the heptaphosphanes(1) should differ 
from the P7 cluster by the presence of a monofunctional 
substituent on the two-coordinated phosphorus atom 
of the latter. The thus prophesized structure for P7R 
is also in harmony with the result starting from Pa2 
according to construction principle 4b. 

The structure of the octaphosphanes(2) can simply 
be derived from the cuneane-type Pa cluster by opening 
of one of the three-membered rings to a five-membered 
ring and saturation of the thus formed free valencies. 
The same constitution for Pa2 is also predicted by 
rule 4d starting from PaR4. 

In the case of the decaphosphanes(2), the addition 
of two monovalent substituents to the double bond of 
the Pl0 cluster with C, symmetry is to be expected. The 
thus resultant structure for P1& is identical to that 
deduced starting from PIOR4 according to rule 4d. 

With larger numbers of phosphorus atoms, the 
structural relationships between the polycyclic phos- 
phanes and the unsubstituted P, clusters are, at  present, 
not so clear since isomers with similar stabilities can 
occur with increasing frequency in both classes of 
compounds. 
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V I I .  Concluslons and Perspectives 

Investigations on homocyclic polyphosphorus com- 
pounds over the past 25 years have opened a fascinating 
new chapter on “element-near” compounds in the book 
about phosphorus chemistry. The use of generally 
applicable synthetic routes and modern NMR methods 
for structure elucidation has uncovered and charac- 
terized a surprising palette of new compounds with, in 
part, unexpected structures. Simultaneously, the close 
relationships between phosphorus and carbon chem- 
istryg have become apparent to an astonishing extent. 
For example, who would have dared suggest that, during 
the construction of phosphorus-rich polyphosphides 
from phosphorus-poorer examples, a mesomerism- 
stabilized pentaphosphacyclopentadienide ion con- 
taining unsubstituted phosphorus atoms with the 
coordination number two would be formed spontane- 
ously? The low barriers to inversion at  phosphorus in 
some cage-like organopolycyclophosphanes are similarly 
surprising. 

What perspectives can be recognized for future 
research in this field? The structures of numerous 
polycyclic phosphorus hydrides and the corresponding, 
sterically unperturbed organopolycyclophosphanes still 
remain to be elucidated. Even though the structure of 
the most probable skeleton can frequently be deduced 
with the help of the general principles given above, the 
examples of constitutionally isomeric polycyclophos- 
phanes clearly emphasize that the structure of a specific 
compound can only be finally clarified by experimental 
methods. Furthermore, there is still a large number of 
identified but not yet structurally characterized tert- 
butylpolycyclophosphanes which may provide further 
surprises on closer investigation. 

In addition, all classes of compounds-the neutral 
monocyclophosphanes as well as the polyphosphides 
with isolated anions and also the neutral polycy- 
clophosphanes-hold the promise of a rich chemistry 
on which research has only just been started. Through 
reactions at the free electron pairs of the phosphorus 
atoms, novel derivatives with retention of the P, 
skeleton may be obtained; alternatively insertion re- 
actions may give rise to the formation of novel het- 
erocyclic systems. 

Thus, many opportunities for the discovery of new 
reactions and molecular structures still exist in the field 
of monocyclic and polycyclic phosphanes and the 
intuition, experimental expertise, and patience of the 
synthetic chemist will be in demand for many more 
years. The authors hope that this review article will 
help prepare the ground for further developments in 
this fertile field of phosphorus chemistry. 
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