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5.1 NITROGEN 

5.1.1 Bonds to Hydroqen 

Ammonia and fluorine do not react below -120°C but in the gas 

phase above this temperature reaction is very vigorous; the 

products, identified mainly by n.m.r- and mass spectrometry, 

include ammonium fluoride, NF3, N2F4, FN:NF, and N2 in addition t0 

fluoramine, NH2F. 1 This comnound, which is isoelectronic with 

HOF.is not known as a stable species. 

The cyclopentadiene-bridged titanium compound, (cp2TiI2, reacts 

with ammonia, primary and secondary amines consuming two mols of 

ammonia per Ti2 unit. 
2 

One mol. of hydrogen is eliminated giving 

a red compound in which the titanium atoms are tetrahedrally 

coordinated as shown in (I). The nitrogen atoms are not nitridic 

cn \ Ti _Arr \ *i HCP 
cn/ lN/ 'C" 

and three hydrogen atoms should be included in the structure. 

Compound (1) is highly reactive converting carbon monoxide and 

carbon dioxide to respectively isocl;anate and carbamate, with 

nitrogen there is initial coordination and then reduction can be 

achieved with potassium naphthalene. 3 The compound also serves 

as a lorrr pressure homogeneous catalyst for olefin hydrogenation. 

Equilibrium constants for the reactions shown in equations (1) 

and (2) have been evaluated at temperatures between 25 and 70°C 

NH3 
f HC03- + NH$OO- + Hz0 ..* (If 

NH2COOH 3 NH2COO + H+ . . . (2) 

qivinq pK values of -0.328 and 6.76 respectively and AH values of 

-10 and l&J mol-' respectively. 
4 

On heating with ammonia under pressure at between 300 and 500°C, 

various mixtures of potassium and europium metals qive the compounds 

EuN. Eu(NH2j2, KEu(NH2)3 and K3Eu(NB2)6 as crystalline samples.5 

The nitride has a sodium chloride structure and is a thermal 

decomposition product of Eu(NH212 which has the anatase structure. 
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The ternary compounds are isatypic with respectively KCa(NI$)3 and 

K3La(NH2)6. In liquid ammonia, the auride ion results when 

metalli.c qold dissolves in solutions containing potassium, rubidium 

or eaesium, 
6 auride fmxnation was confirmed electrachemically and 

by the observation of the characteristic band at 289nm. 

The campound between ammonium iodide and dioxan is a 111 rather 

than a 1:2 complex as previously reported, and from Raman spectro- 

scaay NH _._ 0 hydrogen bonds are important in stabilizing the 

structure. 
7 

Wcrawave data for ethylenediamine have been analysed 
8 

in terms 

of the two qauche forms, (21 and (_31, previously calculated to be 

the more stable rotamers. Bath are stabilized by hydrogen bonds 

and because it is possible to interchange the acceptor and donor 

9 
N-H-_ _ 

‘c _,FTN\I;;” 
H’\ \ 

H H 

amino groups, double minimum potentials for the appropriate 

transformations are expected. Splittings caused by the double 

minima are observed exnerimentally and the data give a value of 

63 + 2a far the NCCN torsion angles in bath conformers whereas 

CCN anqles of 109,U and lLL.5o are obtained for (21 and (3) 

reswectively. Vibrational studies on the isotopically substituted 

ethylenediarnrnonium ion in the tetrachlorocadmate salt can be 

interpreted on the basis of a trans, centrosymmetric conformation 

for the cation; 9 hydrogen bonding is important here but is much 

weaker in the hexachforaplatinate and -stannate salts. 

Hydroxylamine with perchloryl fluoride in ethanol solution gives 

in addition to (NH30H)F the chlorate, (NH30HIC103, with liberation 

of oxygen and nitrogen. 
10 

The mixture presents a serious explosion 

hazard if attempts are made to separate and isolate the products, 

N-substitution occurs when hydroxylamine is treated with alkyl- 

sulphanyl chlorides 
11 

or dimethylaminosulphonyl chloride 12 to give 

respectively Xe(CH2)nS02NHOH and Ple2NS02NHOH. N-methyl-hydroxyl- 

amine reacts similarly with methyl- or phenyl-sufphonyl chlorides. 13 

The products, RSO2NfMe)OH where R=Me or Ph, are relatively stable 

in stronqlv acid solution, but in alkaline solution hydrolysis via 
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a monomeric nitrosamine occurs. Other aspects of hydroxylamine 

sulphonate chemistry are discussed in Chapter 6. 

The nitrogen Is binding energy has been meil-sured by X-ray p.e.s. 

for a number of compounds containing NH2 and NO2 groups. 
14 Values 

for the amino-nitrogen in urea, thiourea, urethane, H2NS03- and 

H2NC02- are close to 400 eV; data are also available showing that 

with perchloric acid protonation occurs at a nitrogen atom with 

urea but at the sulphur atom with thiourea. 
15 

A new preparation for nitroxyl, HNO, involves dissociation of 

9,10-dihydro-9,10-epoxyimino-9,~O-dimethylanthracene at 70°C under 

mild non-photochemical conditions. 
16 

Nitroxyl has also been shown 

to be important as an intermediate in the reduction of hydroxylamine 

by nitroqen (II) oxide and in the decomposition of the trioxodini- 

trate anion IIN - 17 
. 

5.1.2 Bonds to Carbon 

Microwave data for nitrosyl cyanide, ONCN, and a number of 15N , 

1% , and 180 suhstituted species establish planarity for the 

molecule and give values of 1.163(S), 1.418(S), and 1.217(5)~ for 

respectively the N-C(N), C-N(O), and N-O distances.18 The N-C-N 

fraqment is however distinctly non-linear f170°) and the C-N-O 

angle is 113.5O. 

Thermal decomposition of a solution of potassium methylamide in 

methylamine, shown in equation (31, is a method for preparing 

N,N'-dimethylformamidine, 
19 

the free base being liberated by 

2MeNH2 + MeNHK+ MeN:CHN(K)Me + 2H2 + NH3 . . . (3) 

(4) 

treatment of (4) with n-dodecanol. On heating to 100° the base 

loses methylamine forming bis-N-(1? '-methylmethylimino)methylamine, 

MeN(CH:NMe)2. From 'H n.m.r. and i-r. spectra the pure substituted 

formamidine exists exclusively in the cis isomeric form. 20 It is 

stable in acid solution, probably a function of the difficulty in 

eliminating methylamine from the tetrahedral intermediate formed 

at low pH. 
21 

When hydrolysis does occur however, the cis form of 

N-methylformamide is one of the first products but this converts 

slowly to the more stable trans isomer. 
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A crystalline sample of dilithium cyanamide, Li2NCN, has been 

obtained for the first time in a reaction between dilithium 

acetylide and lithium nitride in liquid lithium at 600°C and has 

been characterised by i-r. spectroscopy and single crystal X-ray 

diffraction. 22 The NCN2- ion is centrosymmetric with an N-C 

distance of l-2301;;; lithium ions are in distorted tetrahedral 

coordination by nitrogen atoms. In the structure of monosodium 

cyanamide, the N-C distances are 1.279 and 1.1832, pointing to 

the presence of a deforalized ii-system, but a hydrogen atom is 

attached to the nitrogen at the longer distance from carbon. 23 

The compound results when cyanamide is treated with a solution of 

sodium ethoxide in ethanol: there is perhaps surprisingly no 

evidence for hydrogen bonding. 

Structures have also been reported for biguanide, H2NC(:NH)NHC 

(rNH)Z\:H 24 
2 

and its mono- and di-protonated cations. The unsymmet- 

rical structure of the free base is confirmed but the bond distances 

point to extensive r-delocalization and the molecule is almost 

nlanar. In each of the nrotonated forms there are two almost 

planar sections twisted relative to each other by respectively 

47.6 and 48.4O in the mono- and di-nrotonated species, and again 

there is a strong a-contribution to all the bonds. Lack of 

planarity is probably due to steric interactions between the 

hydroqen atoms. blajor effects of nrotonation are an increase in 

the lenqth of the C-N hridge bonds while the C-N(H2) distances 

decrease. 

A tris(trimethylsily1) derivative of cyanuric acid to which is 

ascribed the O-bonded structure (2) is the product when cyanuric 

Me3SiO - CHNLC 

IJ r! 

- OSiMe3 

\C/ 

dSiMe3 

acid reacts with trimethylsilvl cyanide, 25 and the same compound 

results when either ?le3SiCN or Me3SiNS0 reacts with (C1NCO)3. 

In the latter cases the only by-products are ClCN and ClNSO 

respectively and the reactions serve as convenient preparative 

methods for the two pseudo-halogen chlorides. 
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1-r. and Raman spectra have been obtained for compounds in the 

series Et3M, Et2YeM, and EtMe2M where M=N,P or As. 
26 In general 

simple spectra are ohtained in the M-C stretching region for solid 

samples while in the liquid state mixtures of conformers are 

present. 
A C3 

conformation appears to be adopted for the Et3M 

species although this form is not predominant in the liquid. 

Similarly a single form is obtained on crystallization of the 

EtMe M species, 
2 - 

and it is considered that the preferred solid state 

conformations are those in which all the C-Me groups are gauche to 

the lone pair of electrons on the central atom_ Normal vibrations 
- 27 and a force field have been calculated for N(CN)G and C(CNj3_ 

Group 5 sulphinate derivatives have been obtained according to 

equation (41, the general pronerties varying with the Group 5 

9+X + R2S02X+ MX i- R;E02SR 2 
__* (4) 

R1 = Me or Ph; E = N,P,As,Sb or Bi; X = Cl, Br or I; 

R2 = Xe,Ph, or p-tolyl; X = Na or Ag. 

element_ 
2% 

The nitrogen compounds are purely ionic whereas those 

for antimony are penta-coordinated covalent molecules; with 

ohosnhorus and arsenic the bonding is intermediate with ready 

dissociation into ionic components. lYethy sulphinates are 

readily oxidized by air to the corresponding sulphonates, 

R~EO,S?le, while the antimony compounds, PhqSb02SR 
2 
, lose SO2 on 

refluxing in benzene to give the corresponding penta-organ0 

antimony, 
2 

Ph4SbR . 

S-1.3 Bonds to Nitroqen 

Tetrahydrofuran can be displaced from W(C0)5.THF by.hydrazine 

to give WfCOt,_ N2H4 or [W(COf32.N2H4 and the former on oxidation 

with hydrogen peroxide qives the analogue containing coordinated 

N2H2- 
29 A zirconium(III)-dinitrogen complex, for which a 

structure containinq a sideways bonded nitrogen molecule is 

suggested by i_r_ and e-s-r. measurements, is obtained when 

nitrogen reacts with (rl-C~Hg)2ZrClCCH(SiMe3f23 in tetrahydrofuran. 30 

Under reduced pressure, half the nitrogen is lost with probable 

formation of a dinitrogen bridqed dimer. Molybdenum(V) chloride 

in tetrahvdrofuran can be reduced in a nitrogen atmosphere by 

sodium amalgam in the presence of 1,2-bis(diphenylphosphino)ethane 

givinq a one-step preparation of the compound Mc(N2)2(phosphine)2.31 
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Anodic oxidation of ammonia or amines usually give poor yields 

of hydrazines and substituted hydrazines but new data ShOkJ that 

amide ions can be oxidized efficiently, probably via aminyl radicals 

R'R2N- which then dimerize. 
32 As an example a 45% current yield 

of Ru4N2 was obtained on oxidation of LiNBu2 at a platinum electrode 

in tetrahydrofuran solution. 

The thioborane, MeR(SMe)2, reacts with both 1,1- and 1,2- 

dimethylhydrazine to give with the former the solvolysis product 

MeB (NHNIJe2)2 via the monosubstituted compound MeBfSMe) (NHNMe2).33 

Compounds (5) and (2) result with the symmetrically substituted 

Me Ye Me BMe(SH) 
N-N 

YN -N<E.le 

Me, 
lH 

/ \ 
N-N 

%e-I3 B-Me Me-R 
'N --N/ \ /Me 

Me Me 
N-N 

Me 'BMe(SH) 

Me-B', )-Me 

(6-1 (1, 
H/"\Me 

(8) 

hydrazine, while the sole product using monomethylhydrazine is the 

67-electron triazadiborolidine (8). Pluorosilyl substituted 

hydrazines can be prepared by elimination of hydrogen fluoride 

between RSiF3 or R'R2SiF3 and hydrazine derivatives such as 

PhNHNHSiMe3 and Me3SiNHNHSiMe3. 34 

Full X-ray crystal structures are now available for X,2-dimethyl- 

1,2-diformyl hydrazine, 35~N(MejCH:O~2, and acetyl hydrazonium 

chloride3' rMeCfO)NHNH3]+Cl-. The symmetry of the former is very 

close to C 0 

2 
and the torsion angle about the N-N bond is -91.2 , 

compared with a planar structure for 1,2-diformyl hydrazine. The 

angle hetween the planes of the two NC:0 groups is 90.0° and the 

N-N hond length is 1.386g- The acetyl hydrazonium cation is non 

planar with an N-N bond distance of l-4152. 

The silyl hydrazides, LiN2(SiMe3)3 and Li2N2(SiMe3)2 react with 

phosgene and carbon disulnhide to give the amino-isocyanate and 

amino-isothiocyanates, 
37 

(Me3Si)2NNrC:O and (Me3Si)2NN:C:S, respec- 

tively. The former is a temperature stable dimer while the 

isothiocyanate is a monomer which decomposes into a mixture of (2) 

and (10) at room temperature. In ether solution on the other - 

hand the decomposition products are sulphur and the carbodiimide 

Me3SiN:C:NSiMe3. 
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Me3S,i/N\ 
s 

Y C - SiMe3 
f 

S/C\N-N(SiMe3)2 

C-N 
s& 

\ 
I 

N(SiMe3)2 (Me3Si)2N - c 
% S 

Nitramide NH2-NO2 is considered from 
15 

N tracer studies to be 

the major precursor of the nitrogen(I) oxide obtained when n%tric 

and sulphamic acids react in aqueous solution, 
38 but a substantial 

proportion also arises by dimerization of an intermediate, most 

probably HNO, whose nitrogen atoms come from the nitric acid. In 

non-aqueous solvents, the stability of nitramide decreases from 

acetonitrile to ethyl acetate and is least in hydroxylic solvents 

such as iso-propanol; aqueous solutions can be stabilized by the 

addition of sodium nitrate- 
39 

Methods for preparing solutions of iodine azide in organic 

solvents have been described toqether with i.r. and Raman spectra 

of the compound in solid dichloromethane. 4o uv .* spectra of the 

halogen azides correspond well with those of other covalent azides 

and are in agreement with Cs symmetry. 
41 

Chemical shifts and 

couplinq constants have been obtained from 
15 

N n.m.r. spectra of 

HN3 and ClN3.42 The reactivity of IN3 towards tin(I1) chloride, 
43 

a number of metal carbonyls, 44 and the Group 3 iodides 
45 has been 

investigated. With SnC12, the product with either chlorine, 

bromine or iodine azide is the unstable oxidation product SnC12(N3)2, 

althouqh with IN3 in the presence of tetramethylammonium chloride 

there is ilqand exchange and the complex anion [SnC141N3]2- can be 

isolated. Complete displacement of carbon monoxide occurs with 

Mn2(CO)10, Co2(CO)S and Ni(COj4 leading in each case to liberation 

of iodine and formation of the metal(X) azide, while with Fe(CO15 

or Mo(CO16 the products are respectively Fe(C0)21N3 and the highly 

explosive MOBS. 
44 

Cyanates such as [Re(CO)4NC0]2 and 

OS(CO)~NCO have also been isolated. Structures with bridging 

azide groups are suggested for the mixed iodide azides, M12N3, 

obtained with either AlI or Ga13 in benzene solution. 
45 

A neutron diffraction study of NH4N3 shows an N-N distance of 

1.186% and the importance of hydrogen bonds in stabilizing the 

structure. 
46 
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5.1.4 blonds to Halogens 

E.s.r. evidence has been presented for the formation of the 

NF3-+ radical both by photolysis of NFS-F2-AsF5 mixtures 
47 

and 

y-irradiation of NF4+ salts.48 Such a species has been posulated 

previously as an intermediate in the formation of NF4AsF6. 

The fundamental vibrational modes for the qauche and trans 

isomers of N2F4, which constitute the equilibrium mixture, are 

very close making assignment of i-r- bands extremely difficult, 
49 

but from measurements on solutions in liquid argon or nitrogen an 

unambiguous assignment for each isomer is now possible. Although 

it is possible to obtain N2F3+SbF6- and the arsenic analogue by 

treatinq N2E4 with the appropriate pentahalide in anhydrous 

hydrogen fluoride, 
SO 

weaker Lewis acids such as BFJ or SnF4 do not 

react similarly_ Salts of these compounds can however be 

obtained by the metathesis in HF shown in equation{51 for the tin 

2N2F3SbF6 + Cs2SnF6+ N2F3SnF5 + 2CsSbF6 + N2F4 . . . (5) 

compound. Evidence supportinq the stabilization of the novel 

perfluorohydrazinium cation, N2F5 
+ 

, has been reexamined with the 

conclusion that the compound isolated was in fact (NO),SiF6.51 

Nitrosyl and nitryl fluorides react with chromyl fluoride 

yielding respectively NOCrO2F3 and N02Cr02F3; 52 
the anion 

contains cis dioxo groups and cis fluorine bridges. Matrix 

techniques have enabled isolation of nitrosyl iodide at 9K from 

nitrogen(I1) oxide and iodine atoms; the product shows i-r. bands 

at 1809, 
-1 53 

470 and 216 cm . 

5.1.5 Bonds to Oxygen 

The N204, N203 and N202 molecules which are all characterized 

by long N-N bonds, planarity, and diamagnetism, have been treated 

by a localized molecular orbital method. 
54 

The results, which 

agree well with those from the more laborious ab initio calculations - 

point to hiqh p-orbital character in the N-N c-bond, the absence 

of a X-component, and weakening of the N-N bond by oxygen lone 

pair delocalization which is antibonding. N-N bonding is also 

considered as part of a more general theoretical treatment of A-A 

bond strengths in A2B2n species. 55 
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Catalvsis of reaction(6) 

chloride and 2XHCl leads to 

by a mixture of PdC12, copper 

greater conversion to N20 than previously 

observed with the homogeneous catalyst RhC13 and there is no 

induction period. 
56 

With PdC12 alone the rate is reduced due to 

deposition of metallic nalladium but in the presence of acidic 

copper chloride this is avoided by oxidation of the metal and 

formation of the CuC12- anion- 

The reddish solids obtained when nitrogen(II) oxide and Lewis 

acids, such as the boron halides, tin(I1) chloride or titanium(W) 

chloride, hydrogen chloride or sufphur dioxide react at 77K, contain 

from i-r_ and Raman spectroscopic measurements the asymmetric dimer 

0:N-0:N_57 Force constant calculations showed that in thi.s 

molecule both N-O groups retain strong multiple bond character and 

are joined by a weak N-O single hond. A novel iron-nitrosyl 

cation, Fe2(NOf62+S can be isolated as the hexaffuorophosphate 

salt from a reaction between FefCU)2(NUf2 and NOPF6, but more 

interestingly the same compound results when NOPFs reacts with 

iron powder in nitromethane. 58 There is no evidence for bridying 

NO groups and the compound is diamagnetic thus Leading to the 

formulation BN513Fe=Fe(NO),]2t. Nitrosyl complexes are formed 

with co= ions in zeolites on treatment with nitrogenfII1 oxide, 

but there is apparently little electron transfer between the metal 

and NO and complex formation appears to be related to the cation 

position in the oxide lattice of the zeolite.59 Among papers 

concerned with the environmentally important catalytic reduction 

of nitrogen(II1 oxide is a report that NQ can be reduced in aqueous 

solution to approximately equal amounts of nitrogen and nitrogen(I) 

oxide by ~oen2(NO2)2]+ in the presence of primary amines. 60 

The di(cyclopentadieny1) titanium complex (cp2TiCl)2, also reduces 

nitrogen(I1) oxide in this case rapidly and quantitatively to 

nitrogen{11 oxide but further reduction to nitrogen is very slow. 61 

A number of f-1 adducts with congruent melting points have been 

identified from phase stqudies between N203 and aromatic compounds 

such as toluene, m-xylene, mesitylene and anisole, although with 

benzene only the possibility of an inrongruently melting compound 

was observed. 
62 

The compounds are considered similar to the 

N204 adducts with donation of electron density from the aromatic 

to the nitrogen oxide. 
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The pressure and temperature dependencies of linkage isomerization 

in the complexes [M(NH3)50No]2+ where M=Co,Rh or Ir, have been 

determined in aqueous solution, 
63 

the volume profile indicating 

that the mechanism is intramolecular in agreement with previous 

work. In the case of the nickel complex, [Nien2(N02)2], bands at 

ca_500 and 800nm characteristic of the nitro-form are replaced on - 

heating to ca.124oC by bands due to isomeric nitrito-form which is - 

less stable at room temperature. 
64 

However as the nitro form has 

the smaller volume, this should be pressure stable and indeed no 

isomerization occurs on heating under a pressure of 16kbars. 

Finally complex anions containing both the nitro and nitrito forms, 

i.e. [CU(NO~)~(ONO)~]~- and [Ni(N02)3(ONO)3]4-, have been observed 

by electronic and i-r. spectroscopy on solidified melts from 

reactions of respectively cooper sulphate and nickel chloride in 

the LiN02-KN02 eutectic at f20°C.65 

Comnlex formation between nitric acid and Ph3P0, Ph3As0, and a 

number of other phosphine and arsine oxides involves essentially 

hydroqen bondinq with phosphorus compounds, but proton transfer 

reactions giving R3AsOH 
-I- 
. ..NO3- are important with the more basic 

oxide. 
66 

An alternative preparative route to the trimethyl- 

silyl and -qermyl nitrates is outlined in equation (7), using the 

(?++wN:)~~ + ~HNO~+ 2'VLe3MON02 + #(ri2~CN)~ . . . (7) 

appropriate carbodiimide at O°C. " Ir . . data point to the 

presence of unidentate nitrate groups. 

The coordinated nitrate groups in Sn(N03)4 oxidize triphenyl- 

ohosphine in carbon tetrachloride solution giving [Sn(N03)2(Ph2P02)1, 

which has properties appropriate to a phosphinate bridged polymer 

with unidentate nitrate groups. 
68 

r?ith nitric oxide the product 

is also a polymer formulated as [OSn(N03)2]n while the nitrosonium 

compound, (N02)2 ~n(02CCF3)6].CF3C02H, is the product with 

trifluoroacetic acid. Bidentate nitrate groups are observed in 

the crystal structures of T1(NOJ)3.3H20,6g Ph2Sn(N03)2.PhXP0, 
70 

Ph2Sn(N03)2,Ph3AsO, 71 and [Ce(N03)4fH20) f4,4'-bipyridyl)]-" 

leading to coordination numbers of 9 for thallium, 7 for tin and 

11 for cerium. X-ray crystallography also shows that the N204 

solvates obtained when ScCl 3 and yttrium metal react with N 0 
24 

in ethyl acetate should be formulated as the nitrosonium salts 

(N0)2[~1(N03)57'73 Although they have the same stoichiometry, the 

yttrium anion contains five s_ymmetrically bidentate nitrate groups 
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whereas with scandium four groups axe bidentate and one is uniden- 

tate. 

A reexamination of the M(N03f4 -Me3P0 system for M=Th or U shows 

that in addition to the already known compounds M(N03fq_5Me3P0, 

two new neutral species, Th(N03)4. 

can be obtained, 74 
2.63Me3PO and UIN03)4.3.33Me3PO, 

Two ionic compounds have also been isolated 

which are formulated, following crystal structure determinations, 

as ~Th(N03)3(IYe3PO)4-12tThf~~Oj)6f and Ph4P~h(N03)5(Me3P0)2]. 

5.2 PHOSPHORUS 

5.2.1 Phosohorus and Phosphides 

Volatilization of red phosphorus as P4 is catalysed by aluminium 

chloride according to new mass spectrometric data- 75 Methods for 

the direct formation of phosphorus-carbon bonds by the alkylation 

or arylation of elemental phosphorus with nucleophiles and under 

oxidizing conditions have been reviewed, 76 and white phosphorus 

has been shown to react readily with alkoxides 77 and alkanethiolates 
78 

following equation (8). The carbon tetrachloride serves as a 

P4 + 6RX_ + 6CC14-) 4P(XR) 3 + 6CHCf3 + 6c1-- ..* fs) 
X=0 or S 

source of positive chlorine and the rate determining step is 

considered to be the initial cleavage of a P-P bond. 

Cobalt and nickel compounds containing cyelo-triphosphorus as a 

ligand are obtained when an excess of white phosphorus reacts in 

butanol with hydrated Co(BF4)2 or Ni(BF412 in the presence of the 

ligand l,l,l-tris(diphenylphosphinomethyQmethane, MeC(CH2PPh2)3." 

The products formulated as Co(P3fL and [LNi (P3)Ni.L] (BF4)2 have 

the structures shown in (Il.1 and (121 respectively with mean - - 
values for the Co-P and Ni-P distances of 2.30 and 2.353. 

ligand ligand'Ni---- 

New iron, 80 ruthenium, 81 and osmium81 phosphides, MP4 have been 

prepared from the elements in the presence of iodine. The 

compounds represent a new structure type in which the metal atom 

is surrounded octahedrally by phosphorus atoms while the phosphorus 
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atoms are in tetrahedral coardination by metal and other phospharus 

atoms- The iron structure and that for the heavier an&agues 

differ, however, in the ways in which the mPtj octahedra share 

corners and edges, reflecting the different steric and bonding 

requirements of the metals+ Physical properties have been 

reported for single crystals of CuP2, NiP2 and RhP3 obtained from 

reactions between the elements in a tin flux at temperatures up 

to 1150nC,82 and from single crystal data the high temperature 

modification, R-Ta3P, has the 8-V,S structure. 
83 TweIve-membered 

CutsP6 rinqs in which each copper atom is linearly coordinated by 

two phosphorus atoms and each phosphorus atom is in trigonal 

pyramidal coordination to three copper atoms are present in a 

Cu3P2 network present in the new ternary, K3Cu3P2~ 
84 

A second 

new conoer ternary, CaCuP, crystallizes in the hexagonal system 

and most probably has a modified NiZIn-type structure. 
85 

Different structures have been found for BaZn2P2 and its arsenic 

analogue, both compounds obtained by heating the elements to 

loon"c_86 PJhi.3.e the phosphorus compound consists of layers of 

edge shared ZnP4 tetrahedra fZn-P, 2-48&j, in the arsenic 

derivative there is a three dimensional network of edge and 

vertex shared zinc-nrnenic tetrahedsa (Zn-As, Z-522-2.59la) with 

the harium atoms accommodated in the holes in this network. 

Amonq other ternary compounds prepared and investigated are: 

NaElnX where X=P-Bi with the Cu2Sh structure, 8' CaHn X 

SrMn2X2 where X=P or As with CaA12SI2 structures, 
882 2 and 

KZnX where 

X=P or Sh with an Ni2In structure, 89 ZrCoP, NbCoP, NbNiP and 

TaFeP with anti-PbCl.2 structures," and Ln6NisP17 where Ln=La, Ce 

or Pr which have structures closely related to Cu12SbqS13. 
91 

The structure of Au7P101, prepared from red phosphorus and 

qold using chemical transport with iodine, contains 1%membered 

phosphorus rinqs condensed into sheets (mean P-P, 2.23&. 92 

5-2.2 Comaounds with P-P Bonds 

I-r* and Raman spectra of the diphosphine ~~e~~P~Me in the liquid 

phase are consistent with the presence of buth the tran~ and gauche 

forms but in the solid state there is no evidence for the gauche 

rotamer. 
93 

Vibrational data hava also been analysed for Ph2PPPh2 

and its deutero analogue, PhXPPXPh where X=Br or I, and I2PPI 2 and 

normal coordinate analyses carried out to assess the effect of 

substituent variation on the force constant for P-P stretching. 94 
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An analoqy has been drawn between tetraalkyl disilanes and the 

corresponding diphosphines to show that steric factors operating in 

both compound types are the same and there is thus nu necessity to 

Znvoke a special electronic "qauche-effect" to rationalize 

conformational preferences in the diphosphines. 
95 

Finally, 

centrosymmetric trans structures are proposed for the tetra-n-propyl- 

and n-hutyl-diphosphinedisulphides in the solid state from the 

absence of i-r. and Raman coincidences. 
96 

The reaction of 1,2-dibromoethane and two mols of KPHPh leads, 

cantrary to earlier reports, to 1,2-diphenyl-diphosphane, PhHPPHPh, 

which is stable at -30°C, 97 and this compound is also obtained by 

hydrolysis or alcoholysis of (Me3Si)PhPPPh(SiMe,f. The diphosphane 

on treatment with Ph2PPPh2 gives the asymmetric diphosphane 

PhHPPPh2, but above -3OoC, the diphenyldiphosphane disproportionates 

to give PhPH2, (PPh15 and the triphosphane H2(PPh)3. The latter 

was identified from 
31 

P n.m.r. measurements which show the two 

X2B and one ARC spin systems expected for the three possible 

diastereoisomers- 
98 

Two new carbaphosnhanes (131 and (14) are among the products - - 
Erom reactions between m-1,2-dichlaroethylene and K2(PMe)4.2THF 

Ye FTe Pfe 

Ne - P 
lP\ 

P - Me Efe - P 

( 

Wz,p\ 
k / 
C-C t /p - Be 

(l-3) 
Pl?‘\, 

- Me H Me 

(141 - 

in benzene; 99 a full X-ray structure of (14) shows that the - 
P3C2 rinq has a skew chair conformation with the exocyclic methyl 

groups in axial positions qivinq an all-trans arrangement.lQQ 

!Xean P-C and P-P distances are 1,859 and 2.2092 respectively. 

Reaction of 1,2_bisfphosphinofethane, N2PCH2CK2PH2, and either 

bromine or a phosphorus(III) halide such as PhPCl.2 leads to a 

new bicyclic secondary phosnhane (%I, 101 while hydrogen is 

eliminated when alkylene bis(phosphines), e.g. H2P(CH2)nPH2 or 

RHP(CE21nPH2, react with lithium alkyls. 
102 

The course of the 

reaction varies with the value of n, with compound (161 being - 
obtained when n=3. The latter can be converted to a number of 

other derivatives, including the unusually stable bicyclic species(l7). - 
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,? 3, 
E; 

0 
H2c\ 

PCP,C 
/ cH2 

RfP - PILi 

R R2 
cix 

The linear diphasphane K2(P2t-Ru3) and either dichloromethane 

or 2,2-dichloropropane underqa [2+X] cycfo-condensation to give 
_-_ 

the novel three membered heterocycfes (l.J);""' the compound with 

(t-BLl)-P\ ,R 

(t-Ru)-&%? 

*2 

(t-Bu)-P"clC\-(t-Btl) 

(t-Bu)-I! 
'C' 

L-(t-Bu) 

(181 If2 
R=H ox Me (Q) 

(t-Bu)-P\ 

L+ 
B-N-ti-Fr)2 

(C-Em)--P 

f2Ul - 

R=H readily dimerizes to the dicarbatetraphosphane (19). In all - 
these compfxinds n.m.r. spectroscopy pints to an all-trans 

configuration for the t-butyf groups- A boron analogue of (g), 

i.e. compound (20) - is the product of an analogous cycle-condensation 

with (i-Pr)2MBCL2. IQ4 

Contrary to the general behaviour of cyclotriphosphanes, the 

new compound fi-C3F7P)3 obtained when mercury abstracts iodine 

::;;_ ;;;3F?P1Z does not rearrange on long standing at room tempera- 

Products with a spread of chain lengths, i.e. K2(t-3uP)n 

where n=2,3 or 4, result when potassium in either THF or dioxan 

reacts with the cycle-tetraphasphane (t-BuP)4.'C6 The product 

with n=2 being least soZubLe is readily isolated and can be 

converted by water and trimethylchlorosilane into the diphosphanes 

H(t-Ru)PP(t-Bu)H and Me3Si(t-Bu)PP(t-Bu)SiMe3 respectively. 

Cyclapentaphosphanes in solution are readily characterized by 
31 P n.m.r- spectroscopy and It has now been shown possible for 

unambiguous characterization in the vapour state. f07 The technique 

is He(T) p.e.s. when five clearly resolved, equal intensity, bands 

are observed that are associated with ionization from the phosphorus 

lone pair molecular orbitals. Data for a number of tri- and tetra- 

phosphanes are also given. 31 P n.m.r. spectroscopy in solution 

has nut qiven clear information on tetraphosphanes but anafysks of 

the proton and fluorine decoupled spectra for fRPjq, where R==CF3, 
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Et, .i-Pr , t-Bu etc., in nematic phases confirms unambiguously the 

tetrameric structure and yields information on ring puckering etc. 
108 

s-3.3 Bonds to Carbon or Silicon 

A new method has been developed for the preparation of compounds 

containing phosphorus to carbon multiple bonds. 
109 

As an example 

two mols of HF are eliminated when trifluoromethylphosphine is 

passed over solid potassium hydroxide to give C-fluorophosphaethyne 

FC'P. With either an increase in the phosphine flow rate or a 

reduction in the amount of potassium hydroxide, the reaction can 

be controlled to give F2C=PH. Photoelectron and microwave spectra 

are also reported. A further, particularly stable compound 

containing a double bond can be obtained following the reactions 

in equation (9).'10 Elimination of hydrogen chloride occurs in 

-HCl 
RPC12 

LiCHPh2 
> RPClCHPh2 .-> RP = CPh2 . . . (9) 

R=mesityl. 

the presence of 1,5-di.azabicyclo[5:5,4.0] undec-5-ene, and the 

product can be distilled under reduced pressure without decomposition. 

Bis@is(trimethylsilyl)phosphano~ethane _ (21) reacts with pivaloyl 

chloride as shown in equation (10) to give (z), containing Me3Si 

groups bonded to oxygen in addition to P-C double bonds. 
111 A 

CH2 [P (SiNe312]2 t t-BuCOCl+CH2~=C(OSiNe3)t-Bu] +2Me3SiCl . . . (10) 

(21) (22) - - 

full X-ray structure is available showing a P-C distance of 1.692. 

Continuing investigations into the reactivity of carbon tetra- 

chloride now show that chloromethine bridged salts, 

result with triethyl- and tributyl-phosphines, 112 
[R~P:c~~.PR~]c~, 

and it has been 

possible to dechlorinate the analogous phenyl substituted salt 

rPh3P:CC1.PPh2C1]C1 usinq tris(dimethylamino)phosphine to the 

carbodiphosphorane, Ph3P:C:PPh2C1, as an isolable intermediate. 
113 

The final product is the dimeric diphosphacyclobutadiene derivative(z). 

2+ 

2c1- 

(23) - 
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Vinyl and ethinyl phosphorus(III1 compounds such as CH2:CBPX2, 

CH2:CFPfO) X2, or WC ECPQ have been synthesized, and values of .zF(CP) 

Erom l3 C n.m.r. measurements correlated with the s character of 

the C-P bond, 
114 

Trifluorovinyl lithium and halogenated phosphcnes 

react to qi_ve members af the series Ph3_nP(CF:CFZfn, 
115 

and from a 

detailed vibrational assiqnment for trivinylphosphine it is concluded 

that the rules for C3 molecular symmetry are followed. 116 

Metal carbonyls and 1,2-bis(dimethoxylphosphino)ethaneo react 

photochemically to give compounds in the series P1<CO)2Lz and H(C014L 

where +l=Cr,Mo ox W, I.17 and a number of complexes have been formed 

between tri (t-butyl)phosphine and metal salts. Il.B,119 Two series 

of compounds are obtained with silver salts, i.e.. (t-BujP)2AgX and 

ft-Btr3P)Agx, the former when X-C104, BF 

as containinfl linear ~t-Ru3P-Ag-Pt--Bu3] t% 
, PF 

6 or NO3 
are formulated 

cations while the latter 

for X=CP, Br,X,CN or SCN are non-ionic. 118 The compound, W~(QAC)~. 

t-Bu3P, containing bidentate acetate groups has also been prepared, 119 

Silver halides react with the silyl- and gexmyl-phosphines, 

k-Bu PEMe 2 3, the chloride cleavinq the P-E bon5 giving t-Bu2PAg 

whfle a tetramerFc complelc k--Bu PEMe 
z 3*AgBrl qi2;ossibly with a 

cubane structure results with silver bromide- 

Increasing P-F and P-C bond lengths are observed from electron 

diffraction measurements on the compounds t-BunPF3,n for n=l-3, and 

the results are compared with CND0/2 calculations and the effects 

of steric strain. 121 Vibrational data for the compounds CF3ENleZ 

and (Cf3f2EMe, where E==P,As, or Sb, have been assigned on the 

basis of Cs local symmetry and normal coordinate analyses carried 

out.1*2 

Both sodium acetylphosphonate, (MeCOP03H)-Na+,123 and the 

acylfluoroehosphorane, Ph2PF2C:O(Ph),124 contain P-C bonds to the 

oxygen substituted carbon atom with lengths of ea.l,B& The - 
latter,which has a triqonal hipyramidal structure, represents a 

new compound type and can he prepared from Ph2POEt and benzoyf 

fluoride, Two new ligands, phen~~~hos~h~ne diacetic acid, 125 and 

ethane-1,2-bislphenylphosphino-acetic acid) t ~~~2P~Fh~CH~~~2H~2 
126 

have been prepared, the former from phenyldichlorophosphine and 

ethyl bromoacetate and the latter from the bis-phosphine salt, 

KPhPCi$CH$?PhK, and ethyl chloroacetate, md their complexing 

ability toward nickel(fI) assessed. 127 The ligand 1,2-bis(diphenyl- 

phosphino)ethane reacts with either methyl or phenyl copper to give 

a compound with the formula ~Ph2Pfu(Ph,pCa,CU2PPh2~~2-PhN.128 
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An X-ray crystal structure shows the presence of a four membered 

(Ph,p),Cu2 ring with Cu-P distances of s.2.35'd; each copper atom 

is chelated by a molecule of the diphasphine ligand. 

Fluxionality in five coordinate phosphorus compounds continues 

to be of interest and derivatives of the type Me2(CF3)2PX 
129 and 

Me(CF3j3PX, 
130 where X=F,Cl,OMe, or SMe, have been prepared for 

detailed n.m.r. investigation. Trigonal bipyramidal structures 

are found in all cases with the axial positions being occupied by 

the fluorine atom and one CF 3 group for both Me2fCF3f2PF and 

Ye(CF3) 3PF. The pentasubstituted compound, Me2fCF3)3P, is however 

non-fluxional. 

Isonrene and phenyl dichlorophosphine undergo 1,4-cycloaddition 

to give after hydrolysis a mixture of the two isomeric 3-methyl-l- 

phenylnhospholene-l-oxides, (24a) and f24b).131 The former is in - - 

Ph' % 

hle - 
0 

Ph/'% 

(24a) (a) 

the higher yield in this reaction but when phenyldibromophosphine 

is the startinq material (24h)is produced isomerically pure. 

The silylphosphines, RP(SiMe3)2 

or aryl, have been prepared by the 

(11) to (14).132 [Jsing Me2SiC12, 

9PH2 2isleLi) 
RPLi2 

Me3SiCl 

3 

HP(Si%e3)2 + RCl---+ RPfSiNe3)2 

and RPH(SiHe3) where R=alkyl 

methods outlined in equations 

MeHSiC12 or t-Bu2SiC12 in place 

RP(SiMe312 + 2LiCl l . . (11) 

c HCl . . . (12) 

RPHLi f Me3SiC1 -_3 RPH(SiNe3) + LiCl . . . (13) 

RP(Si?+%e3)2 + MeOH _3 RPH(Silrle3) f Me3SiWle ..* (14) 

of ?Ie3SiC1 in equation (131, the products are cyclic silyl phosphines, 

i.e. (Me2SiPMe13, (MeHSiP%eJ3 and (t-Bu2SiPMe12, resulting from 

rearrangement of initially formed silyldiphosphines such as 

Me2Si(PHMe)2, 
133 

The t-butyl analoque of this latter compound can 

however be isolated when t-BuPHLi and dimethyl dichlorosilane react 
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but this reaction also gives the four membered heterocycle 

(Me*SiPt-Ru)2 and (Me2Si)3P4t-Bu2 shown by a single crystal X-ray 

investigation to have the norbornane structure (a)- 
134 

Dilithiation 

of Me2Si(PHt-Bu)2 followed by reaction with diphenyldichlorosilane 

(25) t-k t-B'u t-&I - 

(26) - (27) - 

or silicon tetrachloride leads to respectively (26) and (z).133 

White phosphorus after treatment with sodium-potassium alloy 

and reaction with trimethylchlorosilane is known to give 

P,(SilYe3)3 (G), and a similar reaction with dimethyldichlorosilane 

has now been shown to give P4(SiNe2)3 (3). 
135 The structures of 

(28) and (29) from X-ray diffractometry are similar and related to - - 
that of P4S3. 136 P-P distances in the former vary between 2.2142 

in the three membered ring to 2.1792 at the bridgehead atom; in 

Me3Si-P~p~P-SiMe3 

I 
Me3Si-P 

/ 
I 

p\,,_p 

(28) - 

(29) the P-P distances are 2.2022, and the P-Si distances are - 
2.283 and 2.2478, the latter to the bridgehead atom. A more 

complex silaphosphine, P4(SiMe2)6, which results from thermal 

decomposition of inter alia Me2Si(PH2)2, [(Me3Si)2P12SiMe2, or -- 
(Me3Sif2PSi%e2C1,137 is an isotype of P4(GeMe2)6 and has the 

adamantane structure (30). 
138 

- 
Among the compounds reported with bonds hstween phosphorus and 

a transition metal. are (31) and (z),13' the former resulting when - 
tris(trimethylsilyl)phosphine reacts with E_Io(CO)5Br and the latter 

when (31) is treated with methanol. - 
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2 

(CO) 4”n-----+ Br\ 
b?AMn(C0)4 

Br\ 
(CO) 4Mn;p ,b (=O) 4 

(SiMe3) 2 Er2 

(31) (321 - - 

5.2.4 Bonds to Haloqens 

Phosphorus trifluoride reactions with H2S or SO2 to give 

respectively OPF3 and SPF3 are greatly influenced by the applied 

pressure, Supporting a mechanism in which the rate determining 

step involves bond formation rather than decomposition of the 

sulphur reactant. 
140 

PF3 can also be oxidized by sulphenyl 

fluorides such as CF3SF or CF‘2ClSF when the products are the 

corresponding mercaptotetrafluorophosphoranes, RSPF4. 
141 

Table 1. Reactions with Me2NPF2(L) and MeN(PF212(L') 

Reactant 

Fe fvapour) 

Cr (vapour) 

Co (vapour) 

w(coI6a 

Fe(COf5 

Ni(COj4 

CO2(CO)R 

Co4(CO)12 

cpl4n(C0)3 

[cpFe(COf212 

Products 

FeL5, FeL'4 

CrL6, CrL4L', CrL2L12 

co2L2L'3 

ML'3 
Fe(CO)L'2, Fe2(C0)5L'2 

Ni2(CO12LV3, Ni2(C013L'2 

co2(co)2L;, C02L' 

Co4(CO) 12-2nL'n 
b5 

cpMn(CO)L', cpMnLf2 

(cpFeCOf2L', (cpFeL'I2 

Reference 

142 

143 

144 

145 

145 

II.45 

146 

146 

147 

148 

aM = Cr,Mo or W 'n = 2-5 
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In a series of papers, King and his coworkers have defined the 

ligand properties of the, respectively, mono- and hi-dentate 

aminophosphine liqands, Ye2NPF2 (EL) and MeN(PF2)2 (SL'), toward 

metallic vapours, metal carbonyls and cyclopentadienyf metal 

carbonyls. The results, which are summarized in Table 1, include 

a number of full crystal structure determinations. The amino- 

diphosphine,L', can bridqe as well as show bidentate characteristics 

as seen in the structures of the chromium and cobalt compounds 

shown diaqrammatically in (33)14' and (34)ls4 while in the iron - - 

Xe - 

F2P-N, 
Me 

(33) - 

FP/N\PF 
2& 0 

Me2NF2P-+Co- 

/"Q 7qF2NMe2 

'2P,>x;0F* 

Ae 
1 
Me 

(34) - 

compound, [cPP@(PF~)~NM~)~, one molecule of the ligand is cleaved 

to NMePF2 and PF 2 fragments which, together with a complete 

ligand molecule, form a triple bridqe between the two cpFe groups- 148 

The carbon monoxide molecules in the product CO~~CO)~L'~ obtained 

from COAX can be replaced on treatment with an excess of bromine 

qiving Co2Rr4L'3, an X-ray structure showing surprisingly that the 

original Co-Co bond was preserved. 
149 

Methylhydrazones of primary alkyl ketones react with phosphorus 

trichloride accordinq to equation (15) to give the diazaphospholium 

?le2C:NNHMe + PC13 42HCl + I~-;= C-r4e c1- 
. . . (15) 

Me-N 
'P 

I Me .J- 

(35) - 

salt (351, which from X-ray data contains a planar five membered 

ring system. 150 This form is apparently stabiiized with respect 

to that containing a P-Cl covalent bond by the possibility for 

E-electron delocalization. Monomeric compounds of the type 

PC12fN:CR2), P(N:CR2)3, Ph2P(N:CR2) and POClnfN:CR2)3_n where 



255 

n=O-2, some of which are intensely coloured, are the products from 

reactions of phosphorus halides with amino-lithium reagents 
151 

Li(N:CR2) where R=Ph,t-Bu, etc. An X-ray structure for 

P(N:CPh2)3 sho.zs pyramidal coordination at phosphorus with F-N-C 

bond angles of 123O. 

Multinuclear n.m.r, spectroscopy has been used to show that in 

scrambling reactions between PC13, PoC13 or PSC13 and B(NEt2J3, 

the mixed compounds are formed in higher yields than expected on 
the basis of a random distribution. 

152 The preferential affinity 

for chlorine of phosphorus over boron in the PC13 system and the 

reverse situation for the phosphoryl and thiophosphoryl system is 

discussed in terms of the Lewis acidity of boron and the effective 

electronegativity of the phosphorus moieties. 

Analysis of vibrational data for (PF2)20 point to the presence 

of a sinqle conformer with symmetry lower than C2v in the solid 

state while at least two conformers are present in the liquid and 
153 

gas nhases, the more predominant form having Cl symmetry. 

Ab initio calculations have been used to investigate a number - 

of isomeric forms of trifluorophosphorane, PF3B2, and the calculated 

qeometries are consistent with the well-known structural trend for 

lonq axial bonds. 
154 According to further calculations intramol- 

ecular exchanqes appear to occur through a series of Berry pseudo- 

rotation steps. 

A number of main group fluorides including PF5, AsF5 and SbE5 
155 1~6 

react with trifluoroacetate, fluorosulphate, and methane- 

sulphonate156 . ions to qive 1:l octahedral complex ions. The 

compound PF4 (acac), which can be isolated when PI'5 and acetyl- 

acetone react at low temperatures, contains two very similar 

basically octahedral molecules i;l the asymmetric unit. 
157 

At room temperature, phosphorus pentachloride and chromyl 

chloride react in either POC13 or CC14 solution to give a novel 

complex formulated as (PC14) (CrOC14).ls8 1-r. data suggest a 

monomeric anion, isostructural with VOC14.- Investigation of 

the acceptor properties of PhPC14 and PhPC13+ shows formation of 

PhPCl5- ions with the former in the presence of large stabilizing 

cations, while molecular ltf complexes are formed with unhindered 
159 

pyridines. With ligands such as 2,2'-bipyridyl or l.,lO- 

phenanthroline (L), the products are ionic six-coordinate complexes 

(PhPC13L)Cl. Pyridine on the other hand with PhPC13+, as either 

the hexachloro-phosphate or -antimonate, displaces the group 5 
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pentahalide to qive the nyridine adduct of PhPC14, but stable ionic 

complexes (PhPC13L) (MC16) result with the bidentate ligands (1;). 

The preparation and possible stereochemistry of pentafluorophenyl 

phosphoranes in the series (C6F5)nPX5_n where n=l or 2 and X=F Or 

Cl has been reported, together with reactions with Me3SiOEt and 

(MejSi)2N!4e qiving products such as (C6F5)2POF and [(C6F,)2PFNMe]2.160 

According to 33. P n.m.r. studies, phosphoryl halides are protonated 

at the oxygen atom fn highly acidic solvents such as 100% sulphuric 

acid, oleum, HSO3F and HSO3C1, "I but whereas solutions of phosphoryl 

chloride are stable in the first two media, the corresponding 

hromide is solvolysed qiving intermediates such as PBr2(0HIS. With 

phosphorus pentachloride, the initial products are PC14+ and/or 

PCl3(OH) + but further solvolysis occurs. 

The product from a reaction between POC13 and o-toluidine has 

been shown by X-ray crystallography to be an oxygen-bridged compound 

C(MeC6H4NF!)2P(0)]20 rather than the expected trisubstituted deriva- 

tive (MeC6H,NH)3P0. 162 The substituted phosphoryl and thiophosphoryl 

chlorides Ye2POCL and Me2PSCl are solvclysed at low temperatures 

by methylamine and molecular weiqht data for the products, 

?4e2PONH?le and Me2PSNHMe, point to association in solution. 163 

5.2.5 Bonds to Nitrogen 

Matrix isolation techniques have led to isolation of a number 

of metal-phosphorus nitride species by cocondensation of metal 

vapours with gaseous PN generated by heating P3N5 to 900°C- 
164 

Products with the formula M(PNJZ are obtained with copper, silver 

and c~old while nickel gives Ni (PN14; at present it is not known 

whether coordination occurs via phosphorus or nitrogen but the 

hridcJed structure (35) is suqqested for the silver compound. - 

N 
III 

ip\ 

Ag\p/Aq 
/I+! 

t-,Bu 

- N(SiMe3)2 

(35) - (36) 
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The 1:l addition compound between t-butyl azide and the two- 

coordinated phosphorus(II1) species, (Me3Si)2NP:Nt-Bu, from X-ray 

measurements has the te~raazaphospho3idine structure ~36)eontaining - 

an almost planar five-membered ring, rather than the imino-bridged 

trizaphosphetidine alternative. The analogous two-coordinate 

monophosphazene, t-Bu(CIe3Si)NP:Nt-Bu (L), on reaction with Zeise% 

salt gives the neutral, trans complex PtCl L2 in which the ligands 

are honded through the phosphorus atoms. 162 On treatment with 

water or methanol addition takes place across the P-N double bond- 

The versatility of these monophosphazenes is further demonstrated 

by the possibility of cycloaddition reactions between (Me3Si.)2NP: 

NSiM, and both hexafluoroacetone and perfluorobiacetyl giving 

respLiVely (371 and (s).167 

[Me+) N c---=3 
' \P/'CF 

.'1e3SiN9 \C/ 

(Me3Si)zN1 ,O CF3 

3 Me Si-WHp\O 
3 

CF3 

(37) f38) - - 

Reactions of substituted dialkylsulphurdiimides, R2S(:NSiMe3)2, 

with diphenylchlorophosphine and dialkylchlorophosphines follow 

different routes as shown in equations (16) and (17).16' 

c 2PhZPCl -+ R;S(:NPPhZf2 t 2le3SiC1 .** (16) 

R;S( :NSiMe& + 2R;PCl e[R2S(:NSi'.'e3) (rNPR2.PRZ>]'C1- -t Me3SlCl 

-.* (17) 

RI, R2 = Xe or Et 

The first X-ray data are now available far the two-coordinate 

phosphorus(III) cation, (i-Pr2N)ZFf, obtained when aluminium 

trichloride reacts with (i-Pr._,N)2PC1.16g P-N bond lengths are 

1.618 while the N-P-N angle at 114.8O is in aqreement with 

triganal planar hybridization at phosphorus. The geometry about 

the amine nitrogen atoms is close to planarity as might he expected 

for optimization of the conjugation of the nitrogen lone pairs and 

the empty phosphorus 3p orbital. The presence within such 

cationic species of a free electron pair and a positive charge 

should make them effective z-type Lewis acids as well as weak 

u-type Lewis bases. That this is the case is demonstrated by 
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of the monothio compouncl SP4(NMe)6.176 Althouqh there were 

problems due to disorder, the phosphorus(V) species have structures 

with close to Td symmetry and it is interestinq that there is only 

a small effect on P-N bond distances when either oxygen or sulphur 

are added to the P4X6 core. 
175 

In the monothio compound, P-N 

distances range between 1.63 and 1.738 with the shortest bond 

associated with the oxidized phosphorus atom. 
176 

The successful isolation of a series of three-coordinate 

phosphorus(V) compounds which also contain a P-C double bond has 

been announced. 
177 Such compounds, which have often been 

postulated as reaction intermediates, result from the reaction 

shown in equation (19) between c(-alkyl diazoetbanes and the two- 

coordinate monophosphazene discussed above. Amino-diimino 

(Ye3Si)2NP:NSiMe3 t MeRCN2 + (:le3Si)2N, 

I'1e3SiN / 
P:CRMe i- N2 ___ (19) 

phosphoranes and iminophosphoranes undergo addition as shown in 

equation (20) yielding a series of new diazadiphosphetidines, 
178 

while with methanol, as indicated in equation (211, aminoiminothio- 

(Me3Si)2NP(:NSi~Ie3)2 + MeN:PPh3 

phosphoranes (42) - yield bis(amino)thiophosphoric acids by addition 

across the P:NBu double bond. 
179 

Compounds (42)with R=t-Bu also - 

(~i~3"i)RNP(:S)gNt-Ru) + &leOH-+(?4e3Si)RNP( :SI (OMe)NHt-~u --- (21) 

(42) R=Ye Si or t-Bu - 3 

reacts with, inter alia, GeC14, SnC14, PC13, AsCl3 and SoCl2 to 

give new four membered rinq compounds such as (43),(44) and (45) - - 
as cis-trans isomer mixtures_ -- 

SiYe3 
SiMe3 

I I 

s\pNN---NGeCl ,N\ ,S?le 

cf \,,A 2 
S+pON\s"_O 

Cl0 \N' 

dr*e, LMe3 

Me2Si,N/PbSnC12 

SiMe3 

(43) - (45) - 
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Trimethylchlorosilane is displaced when cyanogen chloride and 

silylated iminophosphoranes, R3PtNSiMe3, react to produce the 

cyanoimino derivatives R3P:NCN. 180 Both f:l and 2:l reactions 

have been observed between phosphoryl chloride and lithium bis(tri- 

methylsilyl)amide, the former giving an N-silylphosphinimine, 

Me3SiN:PC120SiMe3, rather than the isomeric substituted phosphine 

oxide (Me3Si)2NP(0)C12.181 The product from the 2:l reaction is 

formulated as f~e,Si),NPCl{OSiP~e,)(:NSiM~3). 182 

New halogeno-azides in the series PXn(N3j3_n, PSX,(N3)3_nr and 

POXn~"3)3_n, where X=Cl. or Br and n=l-3, can be obtained using 

sodium aside and the appropriate phosphorus halide in acetonitrile 

solution, 
183 

and identified by 31 
P n.m.r. and solution i.r. 

spectroscopy. An excess of sodium aside leads to complete halogen 

displacement but P(N313 decomposes slowly in solution at room 

temperature to give a product probably analogous to the tetramer 

P5N8C19. Azidobis(dimethylamino}phosphate and trimethyloxonium 

hexachloroantimonate react as shown in equation (22), the product 

decomposinq on heating tO give the SbC15 adduct of OP(N3) (NMe212 

by loss of methyl chloride. 3.84 

A new eiqht membered P-N-O heterocycle (46) is the product when - 
diethylphosphoric amidetEtOf2PW)NH2, reacts with dimethyfchloro- 

phosphinate in the presence of a tertiary base, 185 No vibrational 

band, assignable to N-H stretching, can be found in the i.r. 

spectrum of imidobis(diohen~~phosphinesu~phide), fPh2PSI2NH, at 

room temperature but a weak band at 3250 cm -1 appears on cooling 

the sample to -18OOC. 186 
On coordination to divalent transition 

metals this compound loses a proton giving products with the 

formula M[(Ph2PS)2Nf2. 
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Renzylmethylamino-fluorophosphoranes, PhCH2(Me)NPF4_nRn where 

R=Me or Ph and n=O-2, have been prepared,"' and the thermal 

decomposition of both Ph2P(S)NHCHZPh and PhZPfS)NHMe investiqated.1SB 

The former yields hexaphenylcyclotriphosphazene while the linear 

triphosphazene Ph2P~NHMe):NPPh2. -NP(S)Ph2 is obtained, along with 

PhZPfS)NMeZ and Ph2P(S)SMe, is obtained with the latter. 

Non-equivalence of the i-propyl groups, previously suggested by 

n.m.r, data for N,N-difi-propyl)-P-phenyl-phosphosphoramiaic chloride 

PhF<O)Cl(Ni-Pr 

determination. ? 
) I has now been confirmed by a full X-ray structure 
89 The P-N bond distance, l.,614R, implies a 

substantial a-component which is said to be consistent with an 

n-u* type interaction, i.e. the alternative to (p-d)r bonding. 

P-N Rinq Compounds. Tn addition to showing very different 31P 

n.m.r, shifts, geometrical isomers of the cycJ_odiphosph(fII)azanes 

fs) differ markedly in physical properties and in their reactivity 

with for example sulphur,selenium ana methyl iodide. 190 Isomer 

identification in these systems has been aided by a demonstration 

from X-ray crystallography that the isomer of (47) X=NCSH10 with a 
31 

- 
small P chemical shift has the cis configuration. Structure 

determination 

t-,HU 

x_p/N~F_ 
'N/ 

\ 
t-ED2 

X=NMe2 or OMe 

(47) - 

on two further diphosphazanes, (a) and fz), showed 

Ph Me Si 
I 

both compounds to have the alternative trans arrangement of 

substituents at the phosphorus atoms. 191 Detailed , 31P 192 1, 193 
i 

and 13C193 n.m.r. data for these and other phosphorous(III)- 

nitroqen compounds are now available showing, for example, that 

geometrical isomers have opposite siqns for 2Jo?NPl,192 while for 

compounds with a methyl group cis to a phosphorus lone pair both 

J(PHCH) and JT(PNC) are relatively large and positive. 193 

Cyclophosphazanes carryinq a secondary amine group at phosphorus 

have heen obtained by the reaction in equation (23) and while the 

products are almost exclusively in the cis Eorm, on heating cis-trans 
I.94 

-- 
mixixzres are obtained, A crysta3. structure determination for 
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Me Si 

2X;LPC1 + 
,N< 

2NaN(SiMe3)2+X-P, ,P-X + 2NaCl + 2Me3SiX . . . (23) 

S=NMe2, etc. 
N. 

We3Si 

the phosphorus(III)-phosphorus(v) species (50) indicates a cis - 

structure with a non-planar ring and P-N bond lengths of 1.683 and 

1.7so~*1g5 

Me 
I 7 

,Y HTe 
t--RU-P\N/P -lu 

s\p/N\p,NHR 
RN/H 'N/ \S 

I 
Me k 
[SO) (51) (52) - - - 

Thermolysis of trialkylphosphorothioic amides, P(S) (NHR)3 

where R=Me, Et, n-Pr, i-Pr, n-Bu, t-Bu, etc., in the range 190-240°C 

causes loss of two mols of amine with the formation of the cyclo- 

diphosphazanes (51).1g6 N.m.r. - analysis points to the compounds 

having trans arranqements of the phosphorus substituents- 

The product from a reaction between heptamethyldisilazane and 

the diphosphazane (52) can be separated into (MeN)6PqF8 and two 

isomeric forms of the compound fMeN)4P3F7.1g7 One of these, with 

a tricyclic structure is already known but for the second isomer 

and the tetra-phosphorus compound Spiro structures (53) and Cal 

are suqqested. 

(53) - (54) - 

Similarities hetween 02SF2 and the N2PF2 unit from the cyclo- 

phosphazenes has been exploited in an application of the Xcr method 

KO show that there is substantial n-bonding with 3d orbital 

participation in each case. 
198 
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Hexafluorophosphazene reacts with l- or 2-propenyl lithium 1" or 

cyclohexyl lithium 200 to qive in each case the monosubstitution 

product. A geminally disubstituted compound can be obtained with 

l-propenyl lithium but with the 2-propenyl analague there is ring 

degradation. The fluornphosphazene also reacts with N(SnMe3)3 and 

C1S02CH2S02Cl to qive IIEr311;13F5N(SnF4eJ)S02]2CHZ. which can be cyclized 

on treatment with SC12 or E4ePC12 to (55 a and b) respectively. 
201 

_ 

“2 

0 A0 
“‘I I2 

F‘5N3P3-N,X/N-P3N3F5 

(55) a x=s - 
h X=PMe 

f5fg a X=Cl 

b x=Ph 

Hiqh yields of a new hydrido-cyclophosphazene f56a) have been - 
reported fxom an unusual reaction between P3N3C16 and methyl 

magnesium chloride, in the presence of fr~Bu3PCuI)~.2o~ The 

compound is obtained only after addition cf 2-propanol and it is 

suqqested that an intermediate in which two phosphazene groups axe 

attached to a copper atom is important- A second hydrido-compound 

(56bf reacts with diorqanochforophosphines to give after dehydro- - 
chlorination the P-P bonded species (57) while with methyldichloro- - 

phosphine, the bridged campound (%I is the product.203 

:-lti 

\ 1-2 
lP\\ 

N 

Ph_!j Y P/Ph 

?hY-\N+Ph 

N 
ph,; 

Ph=" \ 

N 
I/ Ph 

flp\ Ph 

Amination of P3N3C16 is kinetically controlled and with four mols 

of an amine the products are mixtures containing mainly the trans 

non-geminal isomer. In acetonitrile solution there is evidence 

for thermodynamic control and by carrying out reactions in this 

solvent at lower temperatures it has been possible to raise 

substantially the yielit of the less favoured cis isomer. 204 
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Potassium fluorosulphite in acetonitrile reacts with a number of 

non-qeminal bis(dialkylamino)chlorotriphosphazenes to give pairs 

of isomeric cis and trans d&fluorides. 205 As found previously 

for the dimethylamine derivative attack occurs at the PC12 centre 

and the amine configuration of the starting material is retained- 

Data for bis(alkylamino)derivatives are also given. All three 

possible isomeric forms for P3N3Clq(NHI-Pr)2 have now been 

isolated from reactions with four mols of i-propylamine and 

although the relative proportions of the gem-, cis- and trans- 

isomers vary with the solvent, the latter is always obtained in 

the largest amount. 
206 

Mass spectrometric data for the phenylated cyclophosphazenes, 

P3N3Phn+j_, where n=2,3,4,6, and the isomeric tetramers 

P4SqF'h4C14 enable species containinq qeminal and non-geminaf 

phenyl groups to be differentiated. 
207 

W-methylaniline reacts by a predominantly non-qeminal path with 

P4NqClg to give the partial substitution prorlucts, PqK;qClg_n(:dMeP!l)n 

where n=1,2(2 isomers), 3,4(5 isomers) and 6, but isomer yields are 

strongly solvent dependent. 208 Z,I- and 2,6-.~minotetraphcs~:~azencs 

P4X3C16(SR%?2)2 qise 31P n.z~r_ spectra -.k?ic?z can be ar?ctlysed as 

resuec~i\*el~ fi..?.' 39' and :+, spin systezts. 203 
-_ 

at the Spiro-phosphorus atom in the five- and six-membered rings 

are 95.6 and ll!5.0° respectively, while the P-N distances zre 

respectively 1.68 and 1-59~. Orientation oE the side chain in 
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P4N4C1,(NPPh3) differs from that in the corresponding trimer and 

probably represents a new type arising from specific steric 

factors. 
212 The relationship between substituent orientation and 

ring conformation has been strengthened by data on a third isomeric 

form of the compound PqN4C14(NMe2)4. Crystallographic investi- 

gation of the cis-trans-cis-trans isomer shows a structure similar -~-- 

to that of the corresponding tetrafluoride and, as expected, a 

ring conformation intermediate between the saddle and the tub_ 
213 

A saddle ring conformation with equal P-N ring bond lengths 

(1.575%) but exocyclic P-N distances of 1.679 and 1.656 is reported 

for the cyclotetraphosphazene fully substituted by pyrrolidine 
214 

CJrOUDS. 

Introduction of a carbon atom into the P4N4 ring system appears 

to cause no great conformational change nor are bond lengths 

greatly affected according to a structure determination on the 

azanhosphorine (60a) and its C-benzoyl derivative (60b). 
215 The - - 

ring system of each_ conpound is in the tub conformation and bond 

lengths in (6oaf are P-S(enc?o) 1,609, P-Cfendo) 1.717, P-Cfexo) - 
0 

l-8155\. Reaction of Tao mols of methyl acetylenedicarboxylate 

and t5.e cyclic tetraner f XeP:::.!e) G qi;_es the bicyclic 1,2,7- 

azadinhosnhcnine (61). 216 
- 

:.: e 

_ /::!i!.:e c 
43 

/ \ *.: Q _-- 
!i P’ 

‘+c, (’ ii \ 

*.:e ,:\., . . - ,i: 

,.' 
' *.: e 

..C 

i 6i?l 3 ?.=ti 
- 

-3 R=CO?:? 

:E 

(Gil i?=CO :Ge 
- 2 

?:?a cc~t.ElncrFcie, ?f::-178, is the only tetrzuneric compound for 

-Si?ich a Plan&r ring system i:as been found and in view of this the 

structure cE the r>i?ntareric fluoricic is of some interest. This 

ComnouX! can be obtained in three monoclinic modifications, two of 

which have 'been investigated hy low temnerature S-ray diffractometry. 
217 

Tn neither form is the rinq planar; the first contains a boat 

sha?ed ring with a pseudo-tvo-fold rotcation asis passing through a 

phosphorus and a nitrogen atom, while the ring conformation in the 

second form is reminkent of that found in P iC Brlo. 
55 

Mean P-N 
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distances and P-N-P angles are 1.5498 and 137.4O far the first form 

and 1.5468 and 14t?.6O Eor the second. 

Isothiocyanato derivatives of the mixed ring compound (62, SF 

or Phf have been isolated, the monosubstituted product being a 

the S-monofluoride iE,X=FI hut in 

trichloride EurU~er reaction Leads 

(67) - 

i&e presence of aluminium 

to the P-c?iffuoride. 223 
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Reactions of (67, X=F) with primary and secondary amines have also 

been reported, 
224 one of the products with the former is the 

rearrangement compound (68). - A second new type of heterocycle 

(CF3)2POP(CF3)2 + (CF3)2P(0)C1-+ (CF3)2POP(Of (CF3j2 f (CF3)2PCl 

..- (24) 
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We POSiMe 
2 3' 

have been reported from the treatment of dimethylphos- 

phinous acid and Me SiNMf? 
232 

3 2 -_ 
The compound is oxidized by 

sulphur and gives .Me2P(QSiMe3f f:NSiMe3) when treated with trimethyl- 

sibyl aide. Themolysis at 80°C leads to the diphosphane 

monoxide, .F-te2P (Of Plrle2, while with hexafLuaroacetone the dioxaphos- 

pholane (70) can be isolated. - Similar 1,3,2-dioxaphospholanes 

(71) c)r 1,3,2-dioxaphospholenes (72) result when fluorophosphines - - 
or Eluorophosphites react with respectively hexafluoroacetone or 

hexafluorobiacetyl. 
233 

With phosphine and methyl phosphine, there 

is confirmation that hexafluoroacetone gives the insertion products 

If2PCfCF3) zOH and XeHPCfCF3jf zOff, and in addition two di-insertion 

compounds HP[C(CF3)20H~2 and MeP(C(CF,)20H]2 have been isolated. 234 

A similar product cannot be isolated using Me2PH and here the 

reaction gives a mixture of Me2PPMe2, ~Xe2P(UfOCH(CF3)2, and the 

fluxional. phosphorane %e2PFfoCH(CF3f2f2. 

A series of hexafluoro-iso-propoxy derivatives of phosphorusfIll) 

has been obtained from reactions between inter aria PCLy 

PBr3, 235 Me2PC1236 or ?lePC12236 ____ - and the lithium salt LiOCHfCFjf2. 

The two trihalides gave mixtures of all three possible productsr 

PX,[OCHfCF312]3_n where n=O-2, while the products from the methyl 

derivatives, e.g. Ne2POCH(CF3f2, gave X,2-oxaphosphetanes such as 

(73) on further reaction with hexafluoroacetone.236 - The expected 

dichloro-phosphorus(V) compound, C12PCOCH(CF3)2]3, can be obtained 

from the phosphite and chlorine, which then can react with two mols 
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of LiOCHNX3)2237 to give the penta-alkoxide P[OCH(CP3)2]5 as a low 

melting solid. Other phosphorus(V) species, such as 

RnP@CHfCf3)2&_n where R=Me or Ph and n=l or 2, result when the 

appropriate phosphurus(III) alkoxide is oxidized by chlorine in 

the presence of LiOCH(CP3)2.238 

Evidence Eor the formation of the monomeric mesitylmetaphosphonate 

(74) has been obtained during the pyrolysis of Diels-Alder adducts 

of mesityl-2,+hutadienylphostinate, 239 

In the presence of triethylamine, phenyfdichlarophusphine and 

a-hydroxyacetophenone qive a product with the expected stoichio- 

metry PhP(OC6B4COMe)2. but crystallagraphic methods show it to 

have an unusual tricyclic oxyphosphorane structure (75) with - 

Ph 

dtistorted trigonal hipyramidal coordination about: phosphorus- 240 

The general problem of the stereochemistry about phosphorusiVl 

in spirocycfic compounds has attracted wide attention this year 

with detailed crystallographic data showing an increasing number 

of structures falling on the Berry exchange coordinate between the 

trigonal hipyramidal arrangement and the less favoured square 

pyramidal structure. Two compounds t7'65'41 and (77>242r both - - 

containing chelating groups, in fact have structures close to 

ideal triqonal hipyramidal while with compound (781243 and the - 
two catecholates PhP(02C6i!4)2244a and t-BuP(02C6H4)2 244b the 

structure is only slightly displaced from square pyramidal, 

Increasinq distortion along the Berry coordinate is found for 
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(OCH2CI-!2NH)2PH and (OC6H4NH12PH obtained from tris(dimethy;l.;ino) 

phosphina and respectively ethanolamine and o-aminophenol, and 
246 

for the perfluoropinacol derivatives (2, R=t-Bu or Ph). 

Finally in this area, Holmes 
247 has developed a model based on 

the pseudo-rotation hypothesis, which enables the relative 

stabilities of all trigonal bipyramidal and square pyramidal 

isomers of a qiven five-coordinate phosphorus compound to be 

estimated- The results give isomer energies in agreement with 

thosefrom ab initio calculations and reproduce the AG values for - 

intramolecular ligand exchange processes. Apicophilicity scales 

can be constructed and the model incorporates ring strain and 

other steric terms. 
31 P n-m-r. spectra point to an equilibrium in acetonitrile 

solution between the phosphorane (80) and phosphate (81) forms of - - 

the product obtained when the siloxy-spirophosphorane (82) reacts 

H 
(80) - (81) (82) 

with hydrogen chloride. In the solid state the phosphate structure 

(81) is stabilized probably hecause of strong intermolecular 

0-E . ..O=P hydrogen bond formation. 248 A similar problem arises 

with the product obtained from phosphoryl chloride and benzilic 

acid but here the equilibrium lies wholly towards the penta- 

coordinated form (g).24g Aryl hydroxamic acids RC(O)NHOH react 

Ph Ph 

with phosphorus(V) halides to give products such as (H)-240 

Substitution followed by intramolecular addition takes place when 

chlorophosphines react with benzil mono(o-hydroxyanil) as shown 

in equation (25) to give the bicyclic product (851.251 The - 
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R2PC1 + HOC6HqN:CPhCPh(:O)--9 . . . (25) 

phosphorus coordination number can be increased to six by addition 

of alkali metal salts in the presence of a cryptand. - 

The acceptor properties of phosphorus(V) chlorides substituted __ 
with catechol, i.e. PC13(02C6H4) and PCl(0 C H ) 

2 6 4 2' 
toward chloride 

ion and pyridine have been assessed by 
31 

P n.m.r. spectroscopy and 

the former shown to be comparable to PhPC14.252 Both compounds 

give cationic species on treatment with antimony pentachloride 

which are highly reactive probably on account of their strained 

geometry. The coordination number is readily increased to six 

on treatment with 2,2 '-bipyridyl or l,lO-phenanthroline. A 

similar cation, [P(02C6H4)2(2,2'-bipy)]+, as the hexafluorophosphate 

has been examined crystallographically showing a slightly distorted 

octahedral arrangement with mean P-O and P-N bond lengths of l-67 

and l-902 respectively. 
253 

Structural data are now available for two aluminium Phosphates, 

Al(H2P04)3 254 and Al(H2P04)(HP04).H2~%'he former consists of 

isolated AlO octahedra and corner sharing 02P(OH)2 tetrahedra 

stacked to form columns parallel to the c axis, while the latter 

consists of layers of A105(OH2) octahedra sharing vertices with 

P02(OH)2 and P03(0H) tetrahedra. In Sn(H2P04)2 each tin (II) ion 

is coordinated by oxygens from four different H2P04- groups with 

the latter linked together hy strong hydrogen bonds into infinite 

chains, 256 and crystal data for Hf(H2P04)3.H20 point to a layer 

structure similar to that in the well-known s-zirconium phosphate 

ion exchanger. 257 

UP to five different 31 P n.m.r. Peaks have been observed in 

various solutions of gallium phosphate which with the help of 

data from 
71 

Ga resonances can be assigned to uncomplexed phosphate, 

GaH3P04 3+ I GaH2P04 
- i;;:258 

a polymeric gallium phosphate and a complex 

with the H5P208 

The carbamoyl phosphate ion (o~Po.CONH~) 2- obtained when 

potassium dihydroqen phosphate reacts with potassium cyanate gives 

Group 2 metal salts which decompose in aqueous suspension at room 

temperature and when heated above 100°C_ 259 
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On heating, potassium fluorophosphate KHP03F loses hydrogen 

fluoride rather than water with formation of the trimetaphosphate 

salt.260 Silicon,261 tin262 and antimony262 difluorophosphates 

can be prepared from reactions between the appropriate halide and 

the free acid either alone or mixed with P2U3F4. In addition to 

SifP02F2f4 a second product, HESi(P02F2)5], results with silicon 

tetrachloride. 261 The tin comnound, C12Sn(P02F212, is formulated 

as a polymer with difluorophosphate bridges, while for the two 

antimony compounds, C14Sb(P02F2) and F4SbfP02F2), discrete dimers 

are considered present on the basis of spectroscopic evidence- 262 

Coordination polymers formulated as ~4fP02Cl_&2‘2D,where M=Ca,Mg or 

Zn, have been obtained from reactions between metal oxides and 

in an oxygen donor solvent (D) such as ether, dioxan or 
;$363 

3' 
Compfex ions containing coordinated di- and tri-phosphate groups 

have been prepared by displacement of water from [Co(NH3)8(H20)rj3' 

or [Coen2(H20)2]3+.264 From 31 P n.m.r. results the two isomeric 

forms which exist for the triphosnhate complex of the former are 

formulated as CfH Nf 

respectivefy. 
264 3 8 

CoOPOJY03P03]2- and tfH3Nf5CoOPfrO) (OPOj)2-j2- 

A hydrated cyanamide-triphosphate, Na5P309NCN, 

has been isolated from a reaction between trimetaphosphate and 

sodium cyanamide and its properties studied. 265 

Topotactic conversions of Pb2P4012.4H20 to the dihydrate 266 and 

the latter to Pb2HP3010 267 have been investigated, A crystal 

structure determination for Pb2P4012. X20 shows the presence of 

two independent centrosymmetric P4012 rings interconnected by lead 

atoms, 266 and for Pb2HP3010 the tripolyphosphate ion has mirror 

symmetry about a plane passing through the central phosphorus atom. 
267 

.&nong papers discussing apatites are three concerned with oxygen 

species: One which is formulated as Ca lo[P04)60~ is only stable 

between 850 and 1050°C in a vacuum or in the presence of 

anhydrous gases; 268 these very specific conditions for stability 

may account for the controversy concerning this oxyapatite. 

Below ca. - 800°C the compound rehydrates to the stable oxy-hydroxy- 

anatite while above 105O*C decomposition occurs to a mixture of 

trL-- and tetra-calcium phosphates_ Oxyapatites of calcium and 

strontium can be converted to peroxy species by heating in the 

aresence of oxygen, 
269 

and the general problem of apatitic 

structures containing oxygen in different oxidation states has 

been discussed. 270 
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The properties of zirconium Phosphate ion exchangers continue 

to attract attention; this work is not discussed in detail but 

new information is included in references 271-281, Titanium 

phosphate,&-Ti(HP04f2. H20, is isomorphous with the better known 

zirconium compound but investigation of its ion exchange properties 

is limited by the ready hydrolysis of the phosphate groups. 
282 A 

series of titanium-zirconium-phosphate solid solutions can be 

formed and these are of interest as the smaller passageways 

associated with the titanium compound may modify the ion selecti- 

vity- A second variation on the zirconium phosphate structure 

results when fluorozirconates are slowly decomposed in the presence 

of hydroxymethane-phosphonic acids. 
283 

The products with formulae 

such as Zr(HOCH2P03)2. H20 have layer structures and intercalation 

of alkylamines has been observed, 

5.2.7 Bonds to Sulphur or Selenium 

In aqreement with 
31 P r1.m.r. spectroscopy, a highly symmetrical 

(D2d1 structure analogous to that in realqar (As4S4) has been 

obtained from X-ray data for cc-P4S4. 
284 

Values for the P-S and 

P-P distances are 2.108 and 2-3508 respectively while S-P-S and 

P-S-P angles are 95.1 and 98_Q" respectively. Aniline and CL- 

P4S312 react at 25OC to give in addition to a-P4S4, for which 

structural data are also presented, a second new compound, CF 

P4S30lPh) * 
285 

On the basis of spectroscopic data, this compound 

is assigned structure (86) in which an P3-Ph group bridges the - 

opened edge of the initial cc-P4S312 structure. With C-P4S312, 

(87) - 

reaction with aniline gives the diazadiphosphetidine 

cS2P2(NPh)2(NHPh)]2, in addition to P4S3 and f3-P4S.4: structure 

(87) is sugqested from spectroscopic data for the latter. - 

Hydrolysis of P406S4 at O°C in ammonium hydrogen carbonate solution 

yields a tetrathiocyclotetraphosphate salt, (NH41 4 (P408S4) .2H20.286 
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He(Y) P-o-s. for HS2PF2, M(S2PF212 where M=Mn,Co,Ni or Zn, and 

Cr(S2PF2)3 have been measured and assigned, and a series of six 

main bands identified which correspond to all the p-electron based 

@- and?r-molecular orbit&s of the &elate rings. 287 Dithiophos- 

phinate qroups in CCo(S2PPh2)Z. quinolineJspan axial and equatorial 

Positions in a basically trigonal bipyramidal structure from a 

recent X-ray diffraction study on this new compound. 
288 

The 

quinoline molecule lies in the equatorial plane, Lanthanoid 

dithiophosphinate complexes with the formulae Ln(S2PR2)3 for 

R=C6HIl and LnfS2PR2)4- for R=Me, OEt or C6Hll have been isolated.28Q 

Steric forces are important in determining the nature of the 

product with, for example, the cyclohexyl phosphinate giving 

anionic complexes with the lighter (larger) lanthanoids while with 

the smaller lanthanoids fSm-Ln) only neutral tris complexes can 

be produced. Two structural types occur in solution for compounds 

with the formulae PhdAs @.n(S2P(OEt)2)4]from 'H and 31P n-m-r. 

spectra, again associated with lanthanoid size. 290 

Phosphorus(V) compounds containing a five-membered ring trith two 

sulphur atoms bonded to phosphorus are often the products when the 

thiete (88) reacts with trivalent phosphorus compounds such as - 

PhPW2, PhPC12, (51e0)3P.2g1 The pyridinium fluorodithiophosphoric 

betaine (89) with hydrazine and phenyl hydrazine gives respectively - 

7-y 
CF3 

s 
‘CF 

3 

(88) 

-f C i \ ~7- 
S' 

(89) - 

(pyH) fFPS2NHNHPS2F) and (pyH) fPhNHNHPS2F1, while with hydrogen 

sulphide the product is the pentathiodiphosphate, (pyH1 fFPS2SPS2FI. 
292 

Di-Grignard reaqents react with thiophosphonic anhydrides as shown 

in equation (261, and the resulting acids can be readily converted 

to the corresponding salts, esters, amides and ehlorides- 293 

I 
(R PS212 + XMg-R*- MgX'HSfSIPfRZ)-RZ-P(R'f fSfSH .** (26) 

RI = Me, Ph or 4--MeOC6Hq 

R2 
= 'CH2'4,5,6,8,1U 
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New mixed valence thiophosphorus compounds containing chiral 

centres can be obtained from reactions such as (27) and (28).2g4 

X2PS2E + CF3(F) PNMeZ-_3 X2P(S)SP(CF3)F + Ele2NH . . . (27) 

X=F or CF 
3 

CF~(F)P(S)SH + X~PNM~~ ~cF~(F)P(S)PX~ + Me2NH . . . (28) 

X=F or CF3 

N.m.r. characterization is reported while magnetic non-equivalence 

is noted, particularly at the phwsphorus(II1) centres, as a 

consequence of the chirality. 

The products obtained from heating mixtures of silver and 

phosphorus in the presence of either sulphur or selenium have been 

shown to be Ag2P2S6 
295 

and Aq4P2Se6 
296 

respectively. The former 

is a hexathiodimetaphosphate (89) with terminal and bridging P-S 

distances of 1.99 and 2.12R respectively, 

consists of P-P bonded 

distances are 2.19 and 

anions (90) in which the mean P-Se and P-P - 

2,302 respectively. 
296 

An X-ray structure 

shows, however, that both anion types are present in crystals of 

Zn4(P2S6)3- 
297 

Other compounds containing anions with this 

stoichiometry including Ag4P2S6, T14P2Se6, In4fP2S.6)3 and 

In4(P2Se613 have been prepared from mixtures of phosphorus, 

sulphur and the appropriate metal sulphide or selenide. 
298 

X-ray 

data point to a defect Fe2P2S6 structure for In4(P2S6)3, while in 

InPSq, indium and phosphorus atoms occupy tetrahedral sites in a 

cubic close packed array of sulphur atoms. 
299 

A sulphur-rich derivative, Hg2P2S7, has now been prepared from 

a stoichiometric mixture of mercury(I1) sulphide, red phosphorus 

and sulphur and shown by X-ray crystallography to contain the 

thiodiphosphate (S,PSPS,)2- anion.300 The P-S bridge bonds 

2.1088, are a little longer than the terminal distances (mean, 

2,OZSZ:i; the angle at the bridging sulphur is 108.6O and the PS3 

groups are almost eclipsed- 



276 

A compound with the formula (py2H)2(P2Ss) results when PqSIO and 

pyri .dine react, prohahly in the presence of a trace of moisture. 
301 

The anion shown in (91) contains a six-membered ring system in - 

i 

s,,s-s\p/s 2- 

s 
yp\ 

s-s"S 

1 L 

(91) - 

the chair conformation with two different exocyclic P-S distances, 

1.946 and 1.966g2; the P-S distance in the ring is 2.130% 

:;\ttempts to obtain crystals of Cu7PS6 by halogen transport led 

to CutiPS5Rr, for which a crystal structure was obtained. 
302 

5.3 ARSENIC 

5.3.1 Arsenides 

Structures have heen determined for a number of lanthanoid 

arsenides: that for M&s2 represents a new structure type and 

contains almost olanar As 4 zig-zag chains. 
303 

These are centro- 

symmetric with terminal and bridqinq As-As distances of 2.477 and 

2.497a resnectively and As-As-As angles of 104.3O. The basic 

structural unit in both the high and low temperature forms of 

Eu5As3 
304 

and in Eu5As4 
305 

is an RsEu 6 trigonal prismatic unit. 

The triarsenides crystallize with respectively a disordered 

variant of the Ca5Ph3 structure and the Mn5Si3 structure, while 

ELIgAS is found with a more symmetrical version of the Sm5Ge 
4 

structure. The ternary arsenides CaNn2As2, SHIT12AsZ and 

BaWn21\s2 have been prepared from the elements: structure 

determinations show arsenic to be in seven-fold coordination in 

the calcium and strontium compounds hut in nine-fold coordination 

by four Mn(2.560&, four Ba(3.4848) and one As atom (3.7452) in 

the harium analoque- 

Cobalt and nickel complexes containing cvclo-triphosphorus as a 

ligand have been mentioned earlier, 79 
and parallel experiments in 

the presence of yellow arsenic lead to complexes with the formula 

[(liqand)M(u-As3)M(licJand)]X2 for rI=Co or Ni and X=BF4 or BPh4. 
307 

A triple decker structure analogous to that shown in (12) is - 

confirmed from X-ray diffraction for these products. 



Experiments with S2C12 and substituted Group 5 chlorides have 

now been extended to show that with MeAsCl 2 and MeSbCl2 the 

products are homoatomic species such as (@leAsIx and (r4eSb1, 

rather than the alternative heteroatom catenates. 
308 

5.3-2 Rends to Carbon 

A new type of hybrid main qroup-transition metal cluster compound 

shown in (92) contains a coordinated arsa-acetylene RCzAs. 
309 

- 

These comnounds are obtained from COAX and RCCl2ksCl2 and 

althouqh it was thouqht they niqht serve as a source of the 

P 

(OCf co< c\As 
3 ‘co’ I 

(CO) 3 

Q=Me or Ph 

(92) - 

y? 

(93) - 

Me 

O-----AS- 

(94) 

2 
R 02c,, 

C02R2 

R'As /CXkR1 

'C' 
/\ 

R202C C02R2 

(95) - 

unknown arsa-acetylene, thermolysis at 200°C gave only Co2A.s. 

Structural data for the cyclotriarsane (93) first prepared in - 

1974, show that the molecule possesses a plane of symmetry but 

the overall symmetry is close to C3v; 310 As-As distances are 

2.422 and 2.4058, with As-As-As angles of 59.7 and 60.5O and 

As-As-C anqles close to 90°. A new polyfunctional halogenoarsine, 

MeC(CH2As12)3, has been obtained by selective cleavage of the 

Ph-As bonds in MeC(CH2AsPh2)3 by hydroqen iodide,311 and this 

iodide can, on treatment with sodium in tetrahydrofuran, be 

converted into the cyclotriarsinetrioxide, MeC(CH2AsO) 

structure shown in (94).312 

3 -+ith the 

- 

Changes in i-r. and Raman spectra in the As-C stretching region 

for triethylarsine have heen interpreted as showing the presence 

of chiefly two conformers in the liquid state but only one, which 

may be the all trans or all gauche, in the solid. 313 Data for 

the analogous antimony compound are also given. Malonic esters 

and alkyldichloroarsines react to give the 1,3-diarsacyclobutanes 

(95) via the intermediates R~AsC~[CH(CO,R~)~], R~As~H(CO~R~)~]~, - 
and (R'AsC~)~C(CO~R~)~ which can be isolated. 314 If arsenic 

trichloride is a reactant, the product is an analogue of (95) with - 
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Rl=Cl. Both neutral and cationic complexes of silver perchlorate 

and (C6F5)+s, i.e. (C6F5)3As. hgOC103 and [Ag(As(C6F5)3)3]2C104, 

can be isolated from benzene solutions- 
315 The arsine is readily 

oxidized to the dichloride, which on reaction with silver salts 

gives monosubstitution products <C6F5)3AsClX where X=N03, CIOq or 

02CCH3. 

Elemental fluorine diluted with arqon cleanly oxidizes inter alia -- 

Ph3As,PhZAs>le and the antimony anafogues, in CFC13 solution to the 

corresponding difluorides, 316 while triaryl arsines and stibines 

react rapidly with both IC1 and IBr in acetonitrile to give the 

appropriate mised halide. 
317 Similar oxidations occur with ICN 

and BrCN but with triphenyl bismuth both ICl and ICN cause phenyl 

group cleavage and the isolated products are Ph2BiCl and Ph2BiCN 

respectively. A convenient preparative route to Ph3AsFZ is the 

reaction between Ph3AsO and 40% HF solution, 
318 

The course of 

the reaction is surprising as with HCl or HBr the arsine oxide 

qives the hydroxyhalide, Ph3AsQ.HX. 

5.3-3 Ron& to Halogens 

Arsenic trichloride and the substituted biuret 2-teHft!U)N~~eSiMe312 

react to qive a new heterocycle {96), while a four-membered As-N-C - 
compound (97)is the product when the silylated urea, - (MegSiMeN)2CU, 

(-“\hscl ;la 

E?ex 

C-N I 
O=C (, )Rs-NMe2 

6 Me 

(96) 

Me 

(97) - 

reacts with trisldimethyfJmino)arsine, 
319 Arsenic trichloride 

and aryl substituted chloroarsines on the other hand give moisture 

sensitive I_:1 complexes with tetramethylthiourea and l.,3-dimethyl- 

2(3H)-imidazolethione (98) which are thermally stable but 

dissociate in solution_ 320 A crystal structure of the AsC13 

adduct with 498) shows pseudotrigonal bipyramidaf geometry about - 

arsenic with the sulphur atom of the ligand occupying an equatorial 

position. 321 Weak intermolecular As...Cl interactions lead to 

dimeric units in the solid state. 
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Simple 1:l addition compounds, PlX3.NH3 where M=As,Sb or Bi and 

X=Br or I, can be obtained either from the components in benzene 

or ether solution or by heatinq a mixture of the oxide with 

ammonium chloride. 
322 Although they are insoluble in common 

solvents, i-r. data are consistent with the presence of terminal 

haloqen atoms and monomeric structures are suggested. 

Intercalation of arsenic(V) fluoride has been reexamined using 

highly oriented pyrolytic graphite showing from X-ray and gravimetric 

methods formation of the compounds C8nAsF5, where n (the stage of 

intercalation) is 1,2 or 3. 
323 

X-ray crystallography confirms 

that coordination in the AsF5 adduct with N-methyl-S,S-difluoro- 

sulphoximine, ?leNSOF2, involves the nitrogen, rather than the 

oxygen atom of the ligand (As-N, 1.992). 
324 

The oxide chloride AsOC13 can be obtained as a low temperature 

stable entity by ozonolysis of arsenic trichloride in a solvent 

such as CFC13. 
325 -1 . 

A band at 987 cm 1s assigned to stretching 

of the As=0 double bond and the data can be interpreted on the 

basis of a pyramidal structure. Warming to room temperature 

causes decomposition and the formation of a polymer (As203Cl4)n 

with loss of chlorine and AsC13. Attempts to prepare the 

fluorine and bromine analoques were not successful. 

5.3.4 Bonds to Oxyqen 

Exchange of oxygen between the AsOIOH); ion and solvent water 

follol+s a combined first order path, for which AH: and AS: are 

25kJmol 
-1 

and -120JK-1mol-1, and a pathway second order in 

arsenite (AI-?: 33 kJmol-'; ASF, -102 JK-'mol-1) from line 

broadaninq 130 n m r measurements. 
326 

_ -. The first order oxygen 

exchange is thouqht to correspond to a nucleophilic displacement 

by water on arsenite while the second order path is associated 

with the process in equation (30). 

2AsO(OH); -+H20 + ASCOTS 
2- 

..- (30) 

X-ray crystallographic data for the three five-coordinate 

spirocyclic arsenic compounds shown in (99) 327 and (100),328 show - 

that the same problems concerning the ground state structure, 

i.e. whether this is trigonal bipyramidal or square pyramidal, as 

were encountered with similar phosphorus compounds are important 

here. The two structures represented by (99) have intermediate - 
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0 ~~~~~s; ~ Me 

Me 

0 Me 

Me 

(99) R=Ph or OH - 

structurils (the phenyl derivative is closer to a trigonal bipyramid 

while the hydroxide is closer to a rectangular pyramid) and, in 

aqreement with conclusions from phosphorus chemistry, the structures 

lie on the Rerry pathway for liqand displacement between the 

idealized end forms. 
327 

The structure of (100) shows trans basal 

anqles of 143.1 and 158.fi" and As-0 distances falling between 

1.793 and 1,833R and is best described in terms of a rectangular 

pyramid. 328 

Althouqh earlier 
1 
H n.m.r. spectra showed only one signal which 

did not chanqe on cooling for the methoxy protons in (Me0)3Me2As, 

a reexamination by both 
1 
H and l3 C variable temperature n-m-r. 

spectroscopy shuws two metboxy signals at lower temperatures. 
329 

These data are consistent ~12th an intramolecular exchange process 

with an enerqy of activation of ca. 14 kcalmol 
-1 

. - 

On heatinq undex a high oxygen pressure, arsenic(III) oxide is 

converted to the pentoxide which crystallizes in the space group 

P212121' 330 The compound contains a new type of framework 

structure based on corner sharing As04 tetrahedra and As06 

octahedra. Yean distances to the tetrahedrally and octahedrally 

coordinated arsenic atoms are 1.676 and l,SlSB respectively while 

anqles at the bridging oxygen atoms range between 122.2 and 136,lo. 

Two series of arsenates, ?4$is04 and MAsU3. characterised by X-ray 

methods can he prepared by solid state reactions between the 

pentoxide and the superoxides KO2, RbO2 or CsO2. 331 It was 

further shown that the tribasic arsenates combine with As205 to 

give products with the formula M3As309, thought to Contain the 

cyclic trimeta-arsenate ion. The compound NaHAs206, obtained 

when a mixture of HgAs3010 and NaH2AsO4 was heated at 260°C, 

contains a new two dimensional ion, 332 
zn- 

The formula is (As206jn 

and is formed by corner sharinq between alternate AsO tetrahedra 

and As06 octahedra. 
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New i.r. data suqqest that the compound reported as being 

SnHAsD4.H20 should he formulated as the p-oxo-ditin dihydrogen 

arsenate, Sn20(H2AsOq)2. 
333 

Structures for two mixed chromium arsenates, K2HAsCr2010 
334 

and 

(NH4f2HAsCr3013, 335 are based on corner sharing As04 and Cr04 

tetrahedral units. In the former bridging and terminal As-O 

distances are 1.71 and 1.662 respectively. 

5.3.5 Bonds to Sulphur or Selenium 

A number of hydrated and anhydrous alkali metal thioarsenates in 

the series As04_,Sn 
3- , where n=l-4, have been prepared and full 

structural data obtained for K3AsS4, Na3As03S.7H20, 

llH20.336 

and Naj;;02S2. 

Data have also been obtained for Na3AsS4.8H20. 

In all cases the anions are tetrahedral with mean As-O and As-S 

distances of 1.68 and 2.152:. 

Solid state reactions between Na2S and As2S3 lead to the thio- 

arsenites Na3AsS3 and NaAsS2 for which structures are available. 
338 

Pyramidal ASSAD- ions with As-S and S-As-S parameters equal to 

2.258 and 101.9O occur in the former while the "meta" compound 

contains infinite (AsS2jn "-chains formed by corner sharing of 

Ass3 pyramids; in each compound the arsenic lone pair is stereo- 

chemically active. Complex formation between arsenic(II1) 

and sulphide ion has also been studied spectrophotometrically in 

aqueous solution; constants for the important equilibria, shown 

in equations (31) and f32), at 22OC and unit ionic strength are 

evaluated as respectively 2.5 x 1O134 and 1 x 10g2.33g 

3H3AsO3 -I- 6S2- + 9H" + As3Sg3- + 9H20 * I. (31) 

2H3As03 + 5s2- + 6H 
i- 

+ As2S5 4- + 6H20 . . . (32) 

Two new compounds, MnAs2Se 
34a 

and Mn As2Se6, 
3 

have been identified 

in the MnSe-As2Se3 system- 

5-4 ANTIMONY 

5.4.1 Antimonides 

In addition to producing the known Sng 
4- 

polyatomic anion, 

treatment of a Na/Sn/Sb alloy with ethylenediamine gives a 

compound which from 
119 

Sn n-m-r. data is thought to contain either 

SbSng3- or SbSng 
- 341 
. A new compound from the barium-antimcny 

system, BaSb3, contains an infinite two dimensional anion built 
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up of: 14-membered rings of doubly and triply.connected antimony 

atoms. 
342 

In this highly puckered structure Sb-Sb distances are 

ca. - 2.84a with angles of 96.6 and 113.1° at triply connected and 

100.O" at the doubly connected antimony atoms. Wurtzite-type 

structures have been confirmed for the new compounds LiBeSb and 

LiZnBi. 343 The two heavier atoms in each case form a tetrahedrally 

coordinated three dimensional framework into which lithium atoms 

are incorporated, leading to a structure with increased distances 

between buckled sheets of the two heavier metals. The new ternary 

compounds MZn2Sb2 and MXi2SbZ, where ?+i=Ca or Sr, have been prepared 

from the elements at ca,100Q°C_344 - 

5.4.2 Rends to Carbon 

Orqano-antimony chemistry for 1976 has been reviewed. 
345 

Reaction between dift-hutyl)chlorostibine and magnesium metal in 

tetrahydrofuran solution gives (t-3u)3Sb, which can be distilled, 

to leave the cvclotetrastibine (t-Bu),Sb,, suhl.imable as yellow 

crystals. 
346 The reaction probably proceeds via (t-Bu2Sb)2Mg. 

As found for the lighter Group 5 elements, a number of distibines, 

e-9. F?e4Sb2, Et4Sba and CH2(SbPh2)2 have been shown to react with 

chromium or tungsten carbonyl derivatives yielding binucfear 

complexes of the form (OC)5NShR2SbR2M(CO)5.347 I-r. and Raman 

data for (CF3),SbX, where X=H,Cl,Br or I, have been analysed and 

normal coordinate analyses carried out. 
348 

Trisfpentafluorophenylfantimonv, which gives the oxide 

fiC6F5)2Sb~20 on hydrolysis, can he oxidized to the dichloride. 
349 

Both chlorine atoms can then be replaced on treatment with NaOMe 

or the silver salts AgMO3 and AgC104: on treatment with water the 

dichloride gives the partially hydrolysed oxygen-bridged compound 

[fC6f5f3SbC112u* 

A series of B-diketonate derivatives, R SbC12X where R2=[CH 
2 

) 
2 4' 

o,o '-C6H4_C6H4, etc. and X=acetylacetone or dipivaloylmethane, has 

been prepared and investigated by n-m-r. and dipole moment methods. 350 

In these compounds the R groups are part of a heterocyclie system 

and are constrained to occupy cis uositions in the coordination -- 
sphere: the two chlorine atoms G:Ire thus trans to each other- 

Comparisons are made with similar compounds in which the R groups 

are separate and occupy trans positions. 
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Structural data have been collected for two isomeric forms of 

dimethylantimony trichloride.351 The covalent form, which is 

obtained when dimethylantimony chloride is oxidized with either 

chlorine or S02&f2, has a dimeric, double chlorine bridged 

structure similar to that in fPh2SbC13f2 with approximately 

octahedral coordination about each antimony. Terminal and 

bridging Sb-Cl bond distances are 2.355 and 2.8008 respectively. 

The seconc? form is obtained from ?rle4SbCl and antimony pentachforide 

and consists of tetrahedral Ne4Sb cations ISh-C, 2-115gf and 

octahedral ShCls anions (Sb-Cl, 2.382531, Isolated ions are also 

present in the structure of ~Xe4Sh]CGaC14].352 Structural data 

Ear XE?3ShF2 and Me4SbF show isolated trigonal bipyramidal monomers 

for the former (Sb-C, 2,108; Sh-I?, 2 -008) but with the monofluoride 

there is strong intermolecular fluorine bridging (Sb-F, Z-37 and 

2.38% with the formation of polymeric chains parallel to the E 

axis.353 The coordination about antimony is distorted octahedral 

and the angle at the hridginq fluorine atom is 153.1°. In contrast 

to the increase in antimony coordination here is the distorted 

trigonal hipyramidal coordination about antimony in the dimethylthio- 

phosphinate complex Me SbOP(SIMe2, 
4 

even though the ligand is 

potentially bidentate. 54 The asymmetric unit contaI.ns two 

molecules which differ primarily in the Sb-0 distances (2.532 and 

2.749%. Both these are greater than the sum of the covalent 

radii and indicate weak covalent Sb-U bonding. As shotrn further 

by the C-Sb-C angles (lOO.3-l18.Z") the structure is intermediate 

between the typically ionic ?le4Sb+X- structure and the five- 

coordinate covalent structure. 

Diesters of the form Ph3Sh(02CR)2 are readily prepared by treating 

triphenylantimony oxide with the appropriate acid in methanol. 355 

and gem-diolates Ph3Sb02CR1R2, where R1=R2=CF 3 and Rl=H and R2=CF3 

or CC12, result when Ph3SbRr2 and the dial react. 
356 

Molecular 

weights in benzene solution point to monomeric structures and 

spectroscopic data can be interpreted on the basis of trigonal 

bipyramidal coordination with the diof spanning axial and equatorial 

positions. 

One methyl group is displaced from pentamethylantimwny on treat- 

ment with either phosphonic and phosphinic acids to give new 

compounds such as Me4ShOP(0) (0H)Me and Me4SbOP(0)Ph2.357 The 

mixed penta-alkyl antimony derivative, Et 
3 
SbMe 2, results when 

methyl lithium reacts with Et3SbCl2 in ether but on treatment with 
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compounds containing acidic hydrogen atoms methane, rather than 

ethane is eliminated. 
358 

Products of the type Et3SbMeX, where 

X=ORr 02CNe, 02PNe2' or U2PF2S are thus obtained- The methyl 

acetylfde, Me3Sb(CiCWe)2, which has a trigonal bipyramidal solid 

state structure with acetylide groups in axial positions results 

when Et3SbC12 is treated with LiCEC%e_ Silylated penta-alkyl 

stiboranes in the series, MenSb(CH Silrle 
2 

) 
3 5-n 

where n=O-4, can be 

prepared by methyfation or trimethylsilylmethylation of the 

.'le3ShRr2 + 2LiCH2SiMej--+ Me3Sh(CH2SiMe3)2 + 2LiSr ..)_ (33) 

?:&!I 
(%3SiCH,),Sb ,------$> [(YcjSiCH2)3SbMe]I 'IeLi > (Me3SiCH2)3SbMe2 

*-* (34) 

appropriate alkylantimony(V) halide as shown for wo examples in 

equations (33) and (34). 
359 

Chloro-di- and -tri-methyl derivatives of silicon, germanium and 

tin give comoounds of: the type Ne3i~SbPhZ on reaction with Ph2SbLi, 

while the analoqous reaction itrith 2,2-dichloropropane leads to 

Ye2C(SbPh2j2. 
30 

Tris(trimethylgermyl)stibine reacts with either 

methyl or t-butyl. iodide according to equation (35),361 but with 

(Fle3Ge)3Sb + RI-+(8e3Ge)2ShI + Me3G& .*. (35) 

the tin analogue (&1e3SnJgSb, the butyl iodide reaction gives 

either t-Bu,(Z,le3SnfSh or (Xe3Sn) 2SbSb(Sn>le3)2 depending on the 

conditions. 
362 

S-4.3 Rends to Naiogens 

Anionic antimony(III) fluoride structural chemistry has been 

reviewed with special reference to the location of the antimony 

lone pair of electrons. 363 According to a reexamination of the 

structure, the repeating unit in NaSbF4 is a modified trigonal 

bipyramidal unit in which the lone pair occupies an equatorial 

position. 
3fi4 

Equatorial and axial Sb-F distances are ca.1.96 and - 
2.07-Q respectively, but in addition there are two longer Sb...F 

contacts (2.66 and 2.86% so that the repeating unit Is more 

accurately described as SbF6E. In the mixed halide, CsSbClF3, 

the zoordinotion number of antimony is effectively eight giving a 

hendecahedraf arrangement involving five fluorine atoms (three at 
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1.95 and two at 2.98s7) two chlorine atoms (at 2.97% and the lone 

pair of electrons. 365 Effective eight fold coordination for 

antimony is also found for the l.:3 adduct between thiourea and 

antimony trifluoride. 
366 

Two molecular complexes between SbCl and aromatic compounds, i.e. 

2ShC13. (bipheny1)367 and 2SbC13.PhZNH, 
368 

have been structurally 

investigated. In each case the SbC13 molecules point to the 

phenyl rinqs but are diswlaced away from the centres of the rings. 

In the biphenyl compound the Sb-ring distances (3.08 and 3.2681 

are distinctly different while values close to 3.082 are found in 

the diphenylamine adduct. In both compounds coordination about 

antimony is increased t0 six (distorted octahedral) by two longer 

Sh... Cl contacts- The 121 addition compound with diphenylamine 

hydrochloride, on the other hand, has a structure based on a 

square tube in which antimony is attached to three chlorines at 
o 369 

2.38, two at 3.08 and the sixth atom at 3.42ti. Diphenyl- 

ammonium cations are incorporated into the structure through 

hydroqen hond formation. 

Antimony(II1) chloride adducts with oxygen donors, i.e. 

2ShCl3. (1,3,5-triacetylbenzene)370 and the 1~1 adducts with 

terephthaldehyde and n--diacetylbenzene, 
371 

have also been 

investiqated hy X-ray crystalloqraphy, Spectroscopic data are 

reported for a range of antimony(II1) and bismuth(II1) halide 

complexes with sulphur containing ligands, including thiomorpholin- 

3-one, thiomorpholin-3-thione, thiazolidine-2-thione and benzoxa- 

sole-2-thione. 
372 

Square pyramidal and mer-substituted octahedral 

structures respectively are suqqested for the species containing 

two and three moles of the ligand, while bridged structures are 

most likely for the compounds with 0.5 and 1.5 moles of ligand- 

The compounds Cs3Sh219 and Cs3Ri21g are isotypic with structures 

based on two octahedra sharing a face; 
373 

bridqing and terminal 

distances to antimony are 3.198 and 2.8708. respectively and to 

bismuth 3.244 and 2.9208. 

Comparison of the 
121 

Sb MBssbauer spectra for the coloured 

Sb(IIIf-Sh(V) compound, (pyK),Sh(III)Sb,(V)Br24, of known 

structure and those for M2Sb2Rr6, where M=NH4 or Rb, shows 

evidence for the loss of s-electron density for Sb(III).374 This 

most probably occurs via solid state bands as has been suggested 

for a number of SnfII ) compounds, %tJssbauer data are also now 

available for a number of mixed antimony fluorides including 
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Sh2F4GbF6)2 and Se2Te2(SbF6) (Sb3Fl,).375 

Althouqh mixtures of ShF5 and XZ5 can be recovered unchanged by 

fractional distillation, a I:1 addition compound results when 

either a 1-2 vanadium-antimony mixture is fluorinated at 250°C or 

the comnonents with a sliqht excess of SbF9 are mixed at low 

temnerature. 
376 

In the addition compound between ShCl9, water and dioxan, an 

X-ray structure shows that the water molecule is strongly 

coordinated to the antimony atom and dioxan is attached via 

hydroqen bond formation (O...O, 2.4902) to water; i.r. and Raman 

spectra are also discussed. 
377 

N.m.r. and vibrational spectro- 

scopy have been used to investigate the structure and ligand 

exchanqe oattern of ShC15.VeCX. 
378 There is no ionization of 

the complex in acetonitrife solution but on addition of nitro- 

methane Raman bands associated with the SbCl6- ion appear implying 

that ionization to [ShCl~(MeCI\J)23f[SbC161- occurs. 

Antimony pentachloride reacts with both formic acid 379 and the 

haloqenosulphuric acids, HS03X where X=F or Cl. 380 With the 

former, ShC19. 2HC02H, SbC1402CH, and SbC12(02CH)3 can be isolated 

denandinq on the conditions, while monosubstitution to give 

SbC14W3X), probably as a doubly halogenosulphate bridged dimer, 

occurs with the latter. 

Raman spectra that can he interpreted on the basis of weak 

association between a tetrahedral cation and the appropriate anion 

have been obtained for solid and molten samples of [SbCl,l+ 

cSb2C12F9]-, [ShClq]"[Sb2F11]- and [AsC14]+ [SbF6]-, whiie the 

adduct between SbC14F and NbF9 shows a spectrum similar to that of 

the reactants and a fluorine bridged polymeric structure is thought 

to be most likely. 381 

1 
H n.m.r.382 and vibrational383 data have been obtained for the 

dimeric chloroalkoxides, [C15_nSbIONe)n]2 for n=l-5. Proton 

resonance data distinguish between terminal and bridging methoxy 

groups for n=5 and the experimental spectrum for the compound 

where n=2 is a super-position of the spectra expected for each of 

the five possible isomeric forms. 382 Bands in the 540-400cm 
-1 

region are assigned to vibrations of the Sb202 ring. 383 

'2lSh Wsshauer spectra for &Ie4N@bC14(N3)2] and a number of 

compounds containinq bridging halogen or aside groups have been 

obtained. 384 
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5.4.4 Bonds to Oxvgen 

From a recent X-ray investigation the compound Sb203.2S03.3H20, 

obtained when the trioxide is dissolved in sulphuric acid, should 

be formulated as Sb2 (OH!~(SO,) 

citrate complex, fSb(c6"507f21 
c2H20' 

385 '.Bte structure of the 

, has also been determined, 
386 

showing thatz antimony caordination is based on a trigonal 

hipyramid with a stereochemically active lone pair, carboxylate 

oxygen atoms in axial positions (Sh-0, 2_16a), and oxygen atoms 

from hydroxyl groups in the two remaining equatorial positions 

(Sh-0, 1.99.Q. 

Structures for Sb40sCL2387 and SbS07r 
388 

contain polymeric 

layers GIith compositions of respectively fSh4052+) and 

Sb2(Sh30,); 
n 

with halogen atoms lyinq between the layers. The 

iodide in~~estigated was one of the nine known palytypic modifi- 

cations, specifically the non-centric form with combined ferro- 

elastic-ferroelectric properties. The oxide-sulphide, CaSbiOo10.S6 

known mineralogically as sarahauite, can be obtained hydrothermally 

from a 1:2:3 mixture of CaO, Sb 2.3 and Sb203, $ 389 has a structure 

based on antimony atoms coordinated to either three oxygen and/or 

sulphur atoms. 
390 

The methoxy-1,3,2-benzodioxastibole (1011 and its trithio analogue 

are not isomorphous but have similar structures. 
391 

A major 

‘le.o 

lSbP 

'0 

(101) 

feature of that for (103) is the presence of three intermolecular 

Sb . ..O interactions to different neighhours at distances of 2-36, 

2.65 and 3.498 thus increasing the effective antimony coordination 

number. Similar hut much weaker interactions are found wXth the 

thio analogue, 

Antimony(Vf atoms in Sh205 are in octahedral coordination by 

oxygen atoms at distances between 1.91 and 2.O8x,3g2 in contrast 

to the As205 structure 
330 which includes both octahedral and 

tetrahedral coordination. A partially hydrated form of the oxide 

Sb205.0.6H20, which can be obtained when the product of SbCl5 

hydrolysis is dried at 550°C under an oxygen pressure, should be 

formulated as Sb5012(OH).H20 according to a recent structural 



analysis. 
393 Again the heavy atom is in six-fold coordination by 

oxyqen and by edge and corner sharing layers of composition SbSOI3- 

are built up. This compound, formulated as Sb204 . 5(OH)0 4, is 
. 

probably one of the products obtained on heating a lur4er antimony 

oxide under a high oxygen pressure with water: 
394 

a second 

product is formulated as Sh204,4(OH)l 2. Two crystalline forms 
. 

of Sh205 have also been isolated. 

121Sb Wssbauer data for a series of stibonic acids RSb03H2, 

(p-tofyll2SbO2W and Ph3ShO have been interpreted in favuur of 

polymeric structures with triqonal bipyramidal coordination about 

antimony in all cases. 
395 

The axial positions are occupied by 

bridginq oxygen atoms, A linear Sb-0-Sb bridge with the oxygen 

lying on an inversion centre (Sb-0, 3.9438) has been found in the 

structure of u-oxo-hisrtri(p-chlarophenyff-l,l,l-trif~u~ro-2,4- 

pentanedionato-O,O') antimony(V~ .3g6 

5.4-5 Rends to Sulphur or Selenium 

NaSbS2 can be obtained by heating stoichiometric mixtures of 

Na2S and Sh2S3 397 in tw5 different forms depending on the subsequent 

heat treatment, The n-form Imonoclinlc, space group CS/cf 

results from very slow cooling, is isostructural with the 

potassium salt, and contains antimony in a pseudo-trigonal 

hipyramidal arrangement (SbS4E). In the C-form (cubic, space 

group Fm3m) which is isostructural with WaRiS2, antimony and 

sodium atoms occupy octahedral sites in a face centred array of 

sulphide ions. There is some amhiguity in this system however, 

a5 a second S-form (monoclinic, space group CZ/m) has also been 

isolated and investiqated crystallographically. 398 
This consists 

of layers of condensed pseudo-octahedral SbS5E units with Sb-S 

distances ranging between 2.44 and 2.92% 

The structure of RbSbS2 is similar to that for the Q modification 

mentioned above, but the asymmetric unit contains four independent 

antimony atoms; 399 Sb-S(equatoria1 distances) are 2.26 and 2.57a 

while the axial distances vary between 2.61 and 3.09R. The 

rubidium and caesium salts, P'12Sb4S7, obtained from Sb2S3 on 

treatment with an aqueous solution of the appropriate sulphide 

and hydrosufphide at 150°, have different structures, although 

each contains antimony atoms in both pyramidal and pseudo trigonai 

bigyramidal coordination. 400 
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Investiqation into the phase systems between Sb2Se3 or Sb2Te3 

and the Group 1 selenides or tellurides shows that the systems 

become more complex with increasing atomic number of the alkali 

metal, 401 probably on account of the increased ionic radius and 

larger electronegativity difference between the elements. As an 

example in the selenide system, lithium and sodium selenides give 

only MSbSe2 while for rubidium and caesium ternaries with the 

formula MSb3Se5 can he isolated in addition, and finally caesium 

also yields CsSb5SeQ. With lanthanoid selenides, X-ray 

diffraction and d.t.a. experiments show the formation of one 

ternary, LnSbSe3, for Ln=La, Ce or Gd. 402 

Reactions between antimony trichloride and both substituted 

benzene thiols 
403 

and benzene-1,2-dithiol 404 have been described. 

Thioantimonites obtained from the former appear to give disulphides 

on hydrolysis but the p-tolyl derivative Sb(SC6H4FIef3 is both 

thermally and photochemically stable. The initial product with 

benzene-dithiol is the monochloride, chloro-1,3,2-benzodithiastibole, 

which gives the correspondinq methylthio derivative on treatment 

with PleSNa. A crystal structure of this compound shows mean Sb-S 

distances of 2.452, but the shortest intermolecular Sb...S 

contacts are 3.24 and 3.722, indicating that the interaction here 

is much weaker than in the corresponding oxygen compound. 

Pyramidal coordination about antimony is also found in the 

structure of diphenylantimony-2,6-dimethylthiophenate and from a 

short (3.448) intermolecular contact between the heavy atom and 

the methyl group in the 6-position, the van der Waals' radius for 

antimony can be calculated as ca. 1.88_405 - 
An addition compound hetween 0.5mol of 4,4'-bipyridyl and 

antimony tris(O-ethylxanthatef has been shown b-y X-ray crystallo- 

graphy to be a lattice ad~%uct_~'~ Contrary to the situation in 

the free antimony xanthate, the ligands in the adduct are all 

crystallographically independent, although two are very similar 

(Sb-S 2.615, 2.892 and 2.612, 2.8782). In the third, the Sb-S 

distances are 2.477 and 3.0918. 

Thioderivatives of antimony(V), e.g. R3Sb(S2CNR2f2, are not 

readily obtainable but it has now heen possible to isolate a 

number of derivatives for R=Me, using metal dithiocarbamates. 

Attempts to prepare the corresponding triphenyl species were 

unsuccessful_ 
407 

Analogous xanthate derivatives, file3Sb(S2COR12, 

were also obtained. The dithiocarbamate Xe3Sb (S2CNMe2)2, which 
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can also he prepared by osidation of trimethylstibine with 

tetramethylthiuram disulphide, has a trigonal bipyramidal structure 

with axial sulphur atoms (Sb-S 2.575 and 2.6l4a).408 Further 

weak Sh .-.S interaction is present from intramolecular distances 

of 3.274 and 3.3152. 

5.5 RIS'IUTH 

5.5.1 Bonds to Carbon or Germanium 

The oraanometallic chemistry of bismuth for 1976 has been 

reviewed. 
409 

Two new compounds containing Bi-Ge bonds, 

(C6F5)3GeRiEt2 and r(C6F5)3Ge]2BiEt, are the products when 

mixtures of triethylbismuth and (C6F5)3GeH are heated at 100 and 

17OOC respectively. 
410 

Similar reactions occur with (C6F512GeH2, 

ethane is lost on heating and the dimer uC6F5)2GeBiEt]2, formulated 

as a Ge2ni 2 heterocycle has heen isolated. 

5.5.2 Bonds to Haloqens 

Three different crystalline modifications of a new black bismuth(I) 

iodide have heen isolated either from reactions between the 

elements at 558K or hy heating bismuth metal with mercury(II1 

icdide. 
411 

The cc- and s-forms from recent K-ray studies contain 

infinite Ri414 chains in which two of the metal atoms are bonded 

only to three other bismuth atoms (mean Bi-Bi, 3.045% character- 

istic of ni(O) while the other two atoms are each bonded to one 

bismuth and four iodine atoms (mean Bi-I, 3.137231 and are 

characteristic of Ri(II) compounds. The c(- and C-forms differ 

in the stackinq of the Bi414 chains. The bromine analogue, which 

can he prepared from bismuth and mercury(I1) bromide, has a similar 

structure (mean Ri-Br, 2.944x). 412 
The compound BiBrlW167 is now 

also known and contains, as found for the chlorine derivative, the 

Bi9 
St 

cation together with BiRr5 
2- 

and Bi2BrSZ - anions. Reinves- 

tigation of the Ri-BiI 3 phase system confirms the formation of 

BiI and points to the existence of Bi1013 with an incongruent 

melting point of 295°C.413 

The addition compound between bismuth trichloride and thiosemi- 

carbazide (tsc), like that with thiourea, has been shown to 

contain the metal in both cationic and anionic forms. 414 
The 

stoichiometry is 3BiC13. 4(tsc) but X-ray crystallography shows 

the presence of [Bi4Clloftsc)J2+, BiCls3- and Cl- ions. The 

complex cation can he considered as formed from a n 
3 
-chloro-tri- 
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[trichloro(thiosemicarbazido)bismuth]anion and a tri(thiosemicarba- 

zido)hismuth(III) cation. The ethylenethiouraa complex, 

Ri~l - 3_2etu, on the other hand has a chain polymeric structure with 

each bismuth atom in octahedral coordination to four chlorine 

atoms and two cis sulphur atoms from the ligands. The bismuth 

lone pair is not stereochemically active. 

The pyridinium chlorobismuthate, previously formulated as 

(pyH)3Bi2Clgr has now been shown to have a structure containing 

the tetrameric Bi4C118 
6- anion.415 This consists of two ?airs 

of edge sharing BiC16 octahedra further joined by chlorine bridges; 

terminal Bi-Cl distances fall between 2.567 and 2.6112 and 

bridqinq distances are 2.850 and 2.9412. As observed in previous 

hexahalohismuthates structures, the two independent BiBr6 3- ions 

found in the rubidium salt show slight distortions only from 

octahedral qaometry and the lone pair is not active. 
416 

Salts of the BiF6- ion have heen obtained by heating mixtures of 

an alkali metal fluoride and BiF5 to 280°C under a pressure of 

fluorine. 417 
Evidence is presented for the formation of H30f 

BiF 
6 
- when water is added to a solution of the pentafluoride in 

anhydrous hydrogen fluoride, 

5.5.3 Bonds to Oxygen 

The interrelationship between the ctrC,Y and 5 phases of bismuth(II1) 
418 oxide have been investigated by X-ray and neutron portrder diffraction, 

and exneriments in the SrO-Bi,O, svstem ShoX the formation of 
L .J 

SrBi204, Sr3Bi206, and Sr2Ri205. 
415 

A basic bismuth(II1) nitrate obtained from the trinitrate in the 

pH ranqe 1.2 to 2.4 is best formulated from a recent S-ray 

investiqation as [Ri605(OH)3>("03)5.3H20.420 Pairs of cage-like 

[Bi605(0H13] groups, in bihich the heavy atoms occupy the corners 

of an octahedron and the oxvqen atoms are placed above each 

triangular face, are linked across a centre of inversion by oxygen 

bridges. 

Alkoxy-bismuth(II1) species, such as Ph2BiOR and the Bi(ORl2Ne 

where R=."le,Et or i-Pr, can be obtained from the appropriate 

substituted bismuth bromide and sodium alkoxide. 
421 The alkoxy 

groups can be readily displaced by thiols giving good yields of 

the corresponding thio derivatives. 



292 

5.5.4 Bonds to Sulphur 

Redox properties, in connection with their use as positive 

electrodes in lithium cells, have been investigated for the Group 

5 chalcogenides showing that the bismuth compounds can be reduced 

at room temperature to LijBi with ca. 100% material efficiency. 
422 

- 

Investigation of the phase systems between Bi2S3 and both 

Li2S423 and Ii2S424 shows the formation of LiBi3S5 in addition to 

the known ternary LiBiS2 for the former and the new compounds 

K8Bi2S7, K2Bi4S7 and KBi3S5 for the potassium system. A number 

of lead containing ternaries including Pb3Bi2S6, PbBi2S4, PbBi4S, 

and PbF31sSL0 have also been observed. 
425 

A crystal structure determination on the 0-ethylxanthato-complex, 

Et4M[ITJi(SZCOEt.)43,.shows eight fold coordination by sulphur about 

bismuth at distances between 2.80 and 2,932 in the form of a 

dodecahedron- 
426 

Althouqh there are no great distortions, the 

three lonqest distances are associated with one triangular face 

and may rePresent the lone pair Position. 
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