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5.1 NITROGEN
5.1.1 Bonds to Hydrogen
Armonia and fluorine do not react below -120°C but in the gas

rhase above this temperature reaction is very vigorous: the
products, identified mainly by n.m.r. and mass sSpectrometry,
include ammonium fluoride, NFB’ N2F4, FN:NF, and N2 in addition to
fluoramine, NHzE‘.l This comnound, which is isoelectronic with
HOF, is not known as a stable species.

The cyvclopentadiene-bridged titanium compound, {chTi)z, reacts
with ammonia, primary and secondary amines consuming two mols of
ammonia per T12 unit.2 One mol. of hydrogen is eliminated giving
a red compound in which the titanium atems are tetrahedrally

coordinated as shown in {1). The nitrogen atoms are not nitridic

i

T
"""

CD—H“H-Ti«”//
cp”/’ ~—

cp
Ti/

(1)

and three hydrogen atoms should be included in the structure.
Compound {1} is highly reactive converting carbon monoxide and
carbon dioxide to respectively isocyanate and carbamate, with
nitrogen there is initial coordination and then reduction can be
achieved with pokassium naphthalene.3 The compound also serves
as a low pressure homegenecus catalyst for olefin hydrogenation.
Ecuilibrium constanks for the reactions shown in equations (1}
and {2} have been evaluated at temperatures between 25 and 70°%C

NH3 + HCO3 — NﬁchO + H20 -.. (1)

NH,COOH —» NH,COD  + ut e )

giving pK values of ~0.328 and 6.76 respectively and aH values of

~10 and 11kJ mol !
On heating with ammonia under nressure at bektween 300 and 500°C,

- 4
respectively.

variocus mixtures of potassium and europium metals give the compcunds
EuN, Eu(NH,},, K.Eu{l\.IHZ}:l and KjEu(NH,) . as crystalline samples.5

The nitride has a sodium chloride structure and is a thermal
decomposition product of Eu(NH2)2 which has the anatase structure.
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The ternary compounds are isotypic with respectively KCa{NH2)3 and
K3La(NH2)6. In liguid ammonia, the auride ion results when
metallic gold dissolves in solutions containing potassium, rubidium
ar caesium,6 auride formation was confirmed electrochemically and
by the ohservation of the characteristic bhand at 283nm.

The compound between ammonium iodide and dioxan is a l:1 rather
than a 1:2 complex as previcusly reported, and from Raman speckro-

scopy NH ... O hydrogen bonds are impertant in stabilizing the

structure_7

Microwave data for ethylenediamine have been analyseda in terms
of the two gauche forms, (2} and (3}, previously calculated to be
the more stable rotamers. Both are stabilized by hydrogen bonds

and because it is possible to interchange the acceptor and donor

He= = _
H—*N( %;;N<—H i\m_ﬂﬂ
el R |
H/C\_“C\H . \c-—cE/ Ny
H H//\ \
H H

{(2) (3

amino groups, double minimum potentials for the appropriate
transformations are expected. Splittings caused by the double
minima are cobserved exnerimentally and the data give a value of
63 + 29 for the NCCN torsion angles 1in both conformers whereas
CCN angles of 109.0 and 111.5° are obtained for (2) and (3}
respectively. Vibrational studies on the isotopically subkstituted
ethvlenediammonium ion in the tetrachlorocadmate salt can be
interpreted on the basis of a trans, centrosymmetric conformation
for the cation;9 hvdrogen bonding is important here but is much
weaker in the hexachloroplatinate and —-stannate salts.
Hydroxylamine with perchloryl fluoride in ethancol solution gives
in addition to (NHBOH)FlShe chlorate, (NH3OH)ClO3r
of oxygen and nitrogen. The mixture presents a serious explosion

with liberation

hazard if attempts are made to separate and isolate the products.
N-substitution occurs when hydroxylamine is treated with alkyl-

12 to give

sulphonyl chloridesll or dimethylaminosulphonyl chloride
respecktively Me(CHz}nSOZNHOH and Me,NSO.,NHOH. N-methyl-hydroxyl-
amine reacts similarly with methyl- or phenyl-sulphonyl chlorides.l3
The products, RsozN(Me}OH where R=Me or Ph, are relatively stable

in stronglv acid solution, but in alkaline solution hydrolysis via
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a monomeric nitrosamine occcurs. Other aspects of hydroxylamine
sulphonate chemistry are discussed in Chapter 6.

The nitrogen 1s binding energy has been mezsured by X-ray p.e.s.
for a number of compounds containing NH2 and N02 groups.lq Yalues
for the amino-nitrogen in urea, thiourea, urethane, H2N503 and
HZNCOZ 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.

A new preparation for nitroxyl, HNO, invelves dissoclation of
9,10-dihydro-9,10~epoxyimino-9, 10-dimethylanthracene at 70°C under
mild non-nhotochemical conditions.16 Nitroxyl has also been shown
to be immortant as an intermediate in the reduction of hydroxylamine
by nitroqen {II} oxide and in the decomposition of the trioxodini-
trate anion [{N203_.17
5.1.2 Bonds to Carbon

Microwave &data for nitrosvl cyanide, ONCN, and a number of
13C, and 180 suhstituted spmecies establish planarity for the
molecule and give values of 1.162{5), 1.418(5), and 1.217¢5}R for
respectively the N-C({N}, C-N{0D)}, and N-O distances.la The N-C-N
fragment is however distinctly non-linear {170°) and the C-N-O
angle is 113.5°.

Thermal decomposition of a solution of potassium methylamide in

15N,

methvlamine, shown in eguation (3), is a method for preparing

N,N'—dimethylfo:rmamidine,l9 the free base being liberated by

2MeNH, + MeNHK-—» MeN:CHN(KjMe + 2H, + NH, ves (3}

{4)
treatment of {4} with n—-dodecanol. On heating to 100° the base
loses methylamine forming bis-N-{l#'-methylmethyliminojmethylamine,
MeN {CH:NMe) 5. From 'H n.m.r. and i.r. spectra the pure substituted
formamidine exists exclusively in the cis lsomeric 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.zl When hvdrolysis does occur however, the c¢is form of
N-methvlformamide is one of the first products but this converts

slowly to the more stabkle trans isomer.
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A crystalline sample of dilithium cyanamide, LizNCN, has been
obtained for the first time in a reaction between dilithium
acetylide and lithium nitride in liquid 1lithium at 600°C and has
heen characterised by i.r. spectroscopy and single crystal X-ray
22 the NCN®T
distance of 1.2308%; lithium ions are in distorted tetrahedral

dif fraction. ion is centrosymmetric with an N-C
coordination by nitrogen atoms. In the structure of monosodium
cvanamide, the N-C distances are 1.279 and 1.1833, pointing to
the presence of a deleocalizaed w—svstem, but a hydrogen atom is
attached to the nitrogen at the longer distance from carbon.23
The compound results when cvanamide is treated with a scolution of
sodium ethoxide in ethanol; there is perhaps surprisingly nc
evidence for hydrogen bonding.

Structures have aiso been reported for biguanide, H2NC(:NH}NHC
{:NH)NH2 and its mono- and di~protonated cations.24 The unsynmet-—
rical structure of the free base is confirmed but the bond distances
point to extensive w-delocalizaticon and the molecule is almost
nlanar. In each of the nrotonated forms there are two aimost
planar sections twisted relative ta each other by respectively
47.% and 48.4° in the mono- and di-vprotonated species, and again
there is a strong w-contributicon to all the bonds, Lack of
planarity is probably due to steric interactions between the
hwvdrogen atoms. Major effects of protonation are an increase i1in
the length of the C— bridge bonds while the C-N(HE) distances
decrease.

A tris{trimethvlsilyl) derivative of cyanuric acid to which is
ascribed the O-bonded structure {(5) is the product when cyanuric

Me,Si0 — ~C - osiMe
3 1] 3
P

3

7\

N

c
1

OSil\‘Ie3

> and the same compound

acid reacts with trimethyvlsilvl cyanide,2
results when either Me,8iCN or ie,SiN5C reacts with (ClNCO)B.
In the latter cases the onlvy bv-products are C1CN and CLNSO
respectively and the reactions ssrve as convenlent preparative

methods for the two pseudo-halogen chlorides.
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I.r. and Raman spectra have been obtained for compounds in the
series Et4M, Et, MeM, and EtMezﬁ where M=N,P or As.zs In general
simple spectra are obtained in the M-C stretching region for solid
samples while in the liguid state mixtures of conformers are
present. A Cq conformation appears to be adopted for the Et3m
species although this form is not predominant in the ligquid.
Similarly a single form is obtained on crystallization of the

EtMe_M species, and it is considered that the preferred solid state

2
confFormations are those in which all the C-Me groups are gauche to
the lone pair of electrons on the central atom. Normal wvibrations

and a force field have been calculated for N(CN); and C(CN};-27

Group 5 sulphinate derivatives have been obtained according to

eguation {4), the general prownerties varving with the Group 3

1 Z2am 1 2
R4EX + R“SO,M.—3 MX + R EO,SR -.. (4}
Rl = Me Oxr Ph; E = W,P,A5,5b or Bi; X = Cl, Br or I;
R2 = 4p,Ph, or p—~tolyl; M = Na or Ag.
element.28 The nitrogen compounds are purely icnic whereas those

for antimony are vpenta-coordinated covalent molecules; with
phosphorus and arsenic the bonding is intermediate with ready
dissocriation into ionic components. Methyl sulphinates are
readily oxidized by air to the corresponding sulohonates,

RiEOBSMe, while the antimony compounds, Phqsbozst, lose SO2 on
refluxing in benzene to give the corresponding penta-organc

antimony, Ph4SbR2.

5.1.3 Bonds to Nitrogen

Tetrahydrofuran can be displaced from W{CO)S.THF by. hydrazine
to give W(CO) .N,H, or [W(CO);],.N,H, and the former on oxidation

2749
with hydrogen peroxide gives the analogue containing coordinated
N2H2.29 A zirconium({III)-dinitrogen complex, for which a

structure ceontaining a sideways bonded nitrogen molecule is
suggested by i.r. and e.s.r. measurements, is obtained when
nitrogen reackts with {n—CSHS)zerI[EH(SiMe3)2J in tetrahydrofuran.30
Under reduced pressure, half the nitrogen is lost with probable
formation of a dinitrogen bridged dimer. Molybdenum{V) chloride

in tetrahvdrofuran can be reduced in a nitrogen atmosphere by

sodium amalgam in the presence of 1,2-bis{diphenylpheosphino}ethane

giving a one-step preparaticon of the compound Mc(Nz}z(phosphine}z-Bl
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Ancdic oxidation of ammonia cor amines usually give poor yields
of hydrazines and substituted hydrazines but new data show that
amide ions can be oxidized efficiently, probably via aminyl radicals
R'RZN. which then dimerize.32 As an example a 45% current yield
of Bquz was obtained on oxidation of LiNBu, at a platinum electrode
in tetrahydrofuran scolution.

The thiohorane, MeB(SMe)z, reacts with both 1,1- and 1,2-
dimethylhvdrazine to give with the former the solvolysis product
MeB {NHNie,) ., via the monosubstituted compound MeB(SMe)(NHNM92).33
Compounds (6} and (7) result with the symmetrically substituted

Ms Se Mﬁw—N//BME(SH) Me\\ /H
N ——— S—

. / Me N——N\
Me—B B-Me HMe-R Me Me—B/ Y Me
N NN N— N~ ™~ d

Me Me . N
Me BMe (SH) PARN
H M
(6) (1) ©

(8}

hydrazine, while the sole product using monomethylhydrazine i1s the
&i—electron triazadiborolidine {g]. Flucorosilyl substituted
hydrazines can be prepared by elimination of hydrogen fluoride
between RSiF3 or R'stiF3 and hvdrazine derivatives such as
PhNHNHSi:‘!E3 and T’lE35iNHNHSiHe3.34

Full X-rav crvstal structures are now available for l,2-dimethyl-
1,2-diformyl hydrazine,3sfﬂ(He]CH:Q]z, and acetyl hydrazonium
chloride>? [MeC{O}NHNH3]+C1—. The symmetry of the former is very
close to C2 and the torsion angle about the N-N kond is —91.20,
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
t—N hond length is 1.386%- The acetyl hydrazonium cation is non
rlanar with an N-N bond distance of 1.41s8.

The silyl hydrazides, LiNz(SiMe3)3 and LizNz(SiMe3)2 react with
phosqgene and carbon disulphide to give the aminc-isccyanate and
amino—iscothiocyanates, (Me3si)2NN:C:O and {Me3si)2NN:C:3, respec-

37 The former is a temperature stable dimer while the

tively.
isothiocyanate is a monomer which decomposes into a mixture of (3}
and (10} at room temperature. In ether solution on the other
hand the decomposition products are sulphur and the carbodiimide

Me3SiN:C:NSiM33.
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S
. N -~
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(2 {10}
Witramide NH2.N02 is considered from lSN tracer studies to be
the major precursor of the nitrogen(I) oxide cbtained when nitric
and sulphamic acids react in agueous solution,38 but a substantial

proportion also arises by dimerization of an intermediate, most
probably HNQ, whose nitraogen atoms come from the nitric acid. In
non—-agueous solvents, the stability of nitramide decreases from
acetonitrile to ethyl acetate and is least in hydroxylic solvents
such as iso-propancl: agueous solutions can be stabilized by the
addition of sodium nitrate.39
Methods for preparing solutions of iodine azide in organic

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

a0 U.v. spectra of the

of the compound in solid dichleoromethane.

halogen azides correspond well with those of other covalent azides
. . 1 < .

and are in agreement with C_ symmetry.4 Chemical shifts and

1

coupling constants have been obtained from 5N n.m.r. spectra of

HN, and C1N3.42 The reactivity of IN, towards £in{II} chloride,

43

a number of metal carbonyls,44 and the Group 3 iodidesq5 has been
investigated. With Snclz, the product with either chlorine,

bromine or iodine azide is the unstable oxidation product Snclz{N3)2,
although with IN,

there is ligand exchange and the complex anion [SnclaIN3]2_ can be

in the presence of tetramethylammonium chloride

isolated.43 Complete displacement of carbon monoxide occurs with
an(collo, COZ(COJ8 and Ni(CO)4 leading in each case to liberation
of iodine and Formation of the metal(II) azide, while with Fe(co)5
or Mo{CO)FI the products are respectively Fe(CO)zIN3 and the highly
explosive MO(CO)2(N3)2.44 Cyanates such as [Re{CO)qﬂcd]2 and

Os (CO} ,NCO have also been isolated. Structures with bridging
azide groups are suggested for the mixed icdide azides, MIZNB’
obtained with either AlI3 or Gal, in benzene solution.45

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

3
1.1868 and the importance of hydrcgen bonds in stabilizing the

structure.46
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5.1.4 nends to Haloagens

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

NF3‘+ radical both by photolysis of NFB—F2—A5F5 mixtures47 and
¥y—irradiation of NF4+ Salts.48 Such a species has been posulated

previously as an intermediate in the formation of NF4A5F6.
The fundamental vibrational mecdes for the gauche and trans

isomers of N,F,, which constitute the equilibrium mixture, are
very close making assignment of i.r. bands extremely difficult,49
but from measurements on solutions in liquid arqgon ar nitrogen an
unambiguous assignment for each icomer is now possible. Although
it is possible to obtain N2F3+SbF6_ and the arsenic analogue by

treating N with the appropriate pentahalide in anhydrous

r
274
hydrogen fluoride, weaker Lewis acids such as BF3 or SnF, do not

50

react similarlv. Salts of these compounds can however be

obtained by the metathesis in HF shown in equatien{5} for the tin

2N2F3SbF6 + CszsnFﬁ-——a N2F35nF5 + ECSSbF6 + N2F4 -e. 15)

compound. Evidence supporting the stabilization of the nevel

nerfluorohydrazinium cation, N2F5+, has been reexamined with the
conclusion that the compound isolated was in fact {NO)ZSiE‘G.51
Nitrosvl and nitrvl fluorides react with chromyl fluoride
yielding respectively NOCr02F3 and NOZCroz 3;52 the anion
centains cis dioxo greoups and cis fluorine bridges. Matrix

technigues have enahled isolation of nitrosyl iodide at 9K from
nitrogen(II) oxide and iodine atoms; the product shows i.r. bands

at 1809, 470 and 216 em t.23

5.1.5 Bends tc Oxygen

The H_O N203 and N,0_ molecules which are all characterized

274’ 272
by long N-N bonds, planaritvy, and diamagnetism, have been treated
by a localized molecular orbital method.54 The results, which

agree well with those from the more laboricus ab initlo c¢alculations
pwoint to high n-orbital character in the N-N g-bond, the absence

cf a v-component, and weakening of the N-N bond by oxygen lcone

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 A,B,  species,
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Catalysis of reaction{6) by a mixture of PdClz, coppar (I1}

CO + 2NO —> CO, + N0

2 2 --- (8

chleride and 2MHC1 leads to greater conversion to NZO than previously
observed with the homogeneous catalyst RhCl3 and there is no

induction period.56 With PdCl, alone the rate is reduced due to

2
deposition of metallic palladium but in the presence of acidic
copper chloride this is avocided by oxidation of the metal and

2
The reddish solids obtained when nitrogen{II} oxide and Lewis

formation of the CucCl anion.

acids, such as the boron halides, tin{II) chleoride or titaniumi{IV}
chloride, hvdrogen chloride or sulphur dioxide reackt at 77K, contain
from i.r. and Raman spectroscopic measurements the asymmaetric dimer
O:N-O:N.s? Force constant calculations showed that in this
molecule hoth N-0O groups retain strong multiple bhond character and
are jeined by a weak N-0O single bond. A novel iron-nitresyl
cation, Pez(N0}62+, can be isolated as the hexafluorophosphate

salt from a reacticn between Fe[COJE{NO)2 and NOPFG, hut more

interestingly the same compound results when HOPF_. reacts with

58 6

iron powder in nitromethane. There is no evidence for briduing
NG groups and the compound is diamagnetic thus leading to the
formulation BN0}3Fe=Fe(NO)3jz+. Nitrosyl complexes are formed

with co?t

ions in zeclites on treatment with nitrogen(II) oxide,
but there is apparently little electron transfer between the metal
and NC and complex formation appears to bhe related to the cation
position in the oxide lattice of the zeolite.>> Amonyg papers
concerned with the environmentally important catalytic reductien
of nitrogen{II} oxide is a remort that NO can be reduced in agueous
solution to approximately egual amounts of nitrogen and nitrogen{I}
oxide by [?oensz02}2]+ in the presence of primary amines. °©
The di{cyclopentadienyl} titanium complex (cpzTiCljz, also reduces
nitrogen(II} oxide in this case rapidly and quantitatively to
nitrogen{I} oxide but further reduction to nitrogen is very sIow. 9t
A number of l:1 adducts with congruent melting points have been
identified from phase studies between N,0, and arcmatic compounds
such as toluene, m—-xylene, mesitylene and anisole, although with
benzene only the possibility of an incongruently 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 iscmerizaticn
in the complexes DH{NH3)50N012+ where M=Co,Rh or Ir, have been
determined in agueous solution,63 the volume profile indicating
that the mechanism is intramolecular in agreement with previous
work. In the case of the nickel complex, [ﬁienthoz)zj, bands at
ca.300 and 800nm characteristic of the nitro—-form are replaced on
heating Lo 55.124°c bv hands due to isomeric nitrito-form which is
less stable at room temperature.e4 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 l&ékbars.
Finally complex anions containing both the nitro and nitrito forms,
i.e. [Cu(N02}4(ONO}2j4_ and [Ni(N02}3{0N0)334_, have been observed
by electronic and i.r. spectroscopy on solidified melts from
reacktions of respectivelv cooper sulphate and nickel chloride in
the LiNO,~KNQ, eutectic at 120%c. 6>

Complex formation between nitric acid and Ph3PO, PhBAso, and a
number ©f other phosphine and arsine oxides involves essentially
hvdrogen bonding with phosphorus compounds, but proton transfer
reactions giving R3A50H+...N03_ are important with the more basic
oxide.66 An alternative preparative route to the trimethyl-
silvl and -germyl nitrates is outlined in equation (7}, using the

{HQBMN:)zc + 2HN03—%-2HE3MONOZ + %(HzNCN}z een (7}
aporopriate carbodiimide at OOC-G? I.r. data point to the
presence of unidentate nitrate groups.

The cocrdinated nitrate groups in Sn(NOB)q oxidize triphenyl-
ohosphine in carbon tetrachloride sclution giving [Sn{NOB)z(thpoz)],
which has properties appropriate to a phosphinate bridged polymer
with unidentate nitrate groups.68 With nitric oxide the product
is alsc a polymer formulated as [OSn(NO3)2]n while the nitrosonium
compound, (Noz)z[En{OECCF3)6].CF3c02H, is the product with
trifluorcacetic acid. Bidentate nitrate groups are observed in
the crystal structures of Tl{N03}3.3H20,69 PhESn(NO3)2.Ph3PO,70
Ph,Sn(NO,} ,.Ph,As0, ' and [ce(no,) , (H,0) (4,4 -bipyridyly ]~ 72
leading to coordination numbers of % for thallium, 7 for tin and
11 for cerium. X-ray crystallography alsc shows that the Nzoq
solvates obtained when ScCl3 and yvttrium metal react with Nzo4
in ethyl acetate should be farmulated as the nitrosonium salts
(No)zﬁﬂ{NO3)SJ.73 Although they have the same stoichiometry, the
yttrium anion contains five symmetrically bidentate nitrate groups



245

whereas with scandium fcour groups are bidentate and one is uniden-
tate.

A reexamination of the M(NO3}4-Me PO system for M=Th or U shows
3PO,

two new neutral species, Th{NO,},.2.67Me, PO and U(NO,.),.3.33Me_ PO,
74 374 3 3°4 3

3
that in addition to the already known compounds M(N03}4.5Me

can be ohtained._ Two ionic compounds have also been isolated
which are formulated, following crystal structure determinations,

as [Th(NO,);(Me PO} ], [Th(04) ] and Ph,P[Th(NO,) . (Me,PO),].

5.2 PHOSPHORUS
3.2.1 Phospohorus and Phosphides

Yolatilization of red phosphorus as P4 igs catalysed by aluminium
chloride according to new mass spectrometric data.?5 Methods for
the direct formation of phosphorus—carbon bonds by the alkylation
or arvlation of elemental phospheorus with nucleophiles and under
oxidizing conditionz hawve been rta'..f'itvar.ecl,_"‘r6 and white phosphorus
has been shown to react readily with alkoxides77 and alkanethiolates78
following equation {8). The carbon tetrachloride serves as a

P, + BRX + 6CC1 —» 4P{XR}; + 6CHCl, + 6CL” -.. 18}

q 9

X=0 or S 3

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 c<ontaining cvclo-triphosphorus as a
ligand are obtained when an excess of white phosphorus reacts in
butancl with hydrated Co{BFd}z or Ni{BFq)2 in the presence of the
ligand L1,1,l-tris{diphenylphosphinomethydmethane, MeC{CH2PPh2)3.79
The products formulazted as Co{P,4}L and [LNi(P3}NiL](BF4)2 have
the structures shown in (11} and {12} respectively with mean
values for the Co-P and Ni-P distances of 2.30 and 2.3SRX.

//%\\ — .///F?%hﬁﬁ

ligand }“;c:» =P ligand ZENE—m—P —NIE" ligand
~Np” S
an (12

New iron,80 ruthenium,al and 05mium81 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 ataoms while the phosphorus



246

atoms are in tetrahedral coordination by metal and other phosphorus
atoms. The jiron structure and that for the heavier analogues
differ, however, in the wavs in which the MPE octahedra share
corners and edges, reflecting the different steric and honding
recuirements of the metals, Physical proparties have heen
reported for single crystals of Cuf,, NiP2 and RhP3 obtained from
reactions hetween the elements in a tin flux at temperatures up

to llSOGC,82 and from single crystal data the high temperature
modification, SﬂTaBP, has the B—V3S structure.83 Twelve-membered
CuSP6 rings in which each copper atom is linearly coordinated by
two phosmhorus atoms and each phosphorus atom is in trigonal
pvramidal coordination to three copper atoms are present in a

Cu3P2 network present in the new ternary, K3Cu3P2.84 A second
new cooper ternarv, CaCuP, cryvstallizes in the hexagonal system

and most probahly has a modified NizInﬁtype structure.85

Different structures have been found for BaZn2P2 and its arsenic
analogue, both compounds chtained by heating the elements to
looo®c. 86

edae shared ZnP4 tetrahedra {(2n-P, 2.486R8), in the arsenic

While the phosphorus compound consists of layers of

deriwvative there is a three dimensional network of edge and
vertex shared zinc-arsenic tetrahedra {Zn-As, 2.522-2.5918) with
the barium atoms accommodated in the holes in this network.
Among other ternarv compeounds prepared and investigated are:
MaMnX¥X where X=P-~Bi with the Cuzsb structure,87 CaMn2x2 and

Srﬁnzxz where X=P or As with Cahlzsi2 structures,88 KZnX where

X=P or sk with an NizIn structure,89 Z2rCol, NbCoP, NbNiP and
TaFePF with antinbCl2

or Pr which have structures closelvy related to Cu, ,5b,3;.

structures,go and Ln Ni_P where Ln=La, Ce
& 617 91

The structure of Au,Py I, prepared from red phosphorus and
qold using chemical transport with iodine, contains l12-membered
rhosphorus rings condensed into sheets {mean P-P, 2.233).92
5.2.2 Compgounds with FP-F Bonds

I.r. and Raman spectra of the diphosphine MePHPHMe in the liquid
phase are consistent with the presence oF both the ktrans and gauche

forms but in the solid state there is no evidence for the gauche
rotamer.93 Vibrational data have also been analysed for thpPth
and its deuterc analogue, PhXPPXPh where X=Br or I, and Izl?PI2 and

normal coordinate analyses carried out to assess the effect of

. - . . 94
substituent variation on the force constant for P-P stretching.
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An analogy 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 no necessity to
invoke a special electronic "gauche-effect™ to raticnalize
conformational preferences in the diphosphines.g5 Finally,
centrosvmmetric trans structures are proposed for the tetra-n-propyl-
and n-butyl-diphosphinedisulphides in the solid state from the
absence of i.r. and Raman coincidences.96

The reacticon of 1,2-~dibromoethane and two mols of KPHPh leads,
contrary to earlier reports, to 1,2-diphenvl-diphosphane, PhHPPHPh,
which is stable at —3000,97 and this compound is also chtained by
hydrolysis or alcoholysis of {MeBSi)PhPPPh(SiMEB}. The diphosphane
on treatment with PhZPPth gives the asymmetric diphosphane
PhHPPPh,, but above -30°C, the diphenyldiphosphane disproportionates
to give PhPHz, (PPh)SBTnd the triphosphane Hz{PPh)3. The latter
was identified from P n.m.r. measurements which show the two
AZB and one ABC Sggn systems expected for the three possible
diastereolsomers.

Two new carbaphosnhanes (13) and {14} are among the products
Erom reactions between gis-1,2-dichloroethylene and KE(PME)4.2THF

Mea e i Me
P p"-\_ H P
Me - g:/ \:p - Me Me - P % P ~ Me
C= \ /C["“‘\.,,__ /
{13} P H P
== Me Me
(14)

in benzene:;°° a full X-ray structure of (14} shows that the

P3C2 ring has a skew chair conformation with the exocycliclggthyl
groups in axial positions giving an all-trans arrangement.
Mean P-C and P-P distances are 1.859 and 2.209R respectively.

Reaction of 1,2-kis{phosphino}ethane, HZPCHZCH2PH2, and either
bromine or a phosphorus{III} halide such as PhPCl2 leads to a

new bicyclic secondary phosphane (lé},101

while hydrogen is
eliminated when alkylene bis{phosphines), e.q. H,P{CH,} FH, or
RHP (CH,) PH,, react with lithium alkyls.292

reaction varies with the value of n, with compound (16} being

The course of the

obtained when n=3. The latter can be converted to a numbher of
other derivatives, including the unusually stable bicyclic species{l7).
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(15) (18} (17}

The linear diphosphane Kz(Pzt—Buzj and either dichloraomethane
gr 2,2-dichloropropane undergo [2+1] cyclo~condensation te give

the ncvel three membered heterocycles {;g};1°3 the compound with

H
(t—Bu)*P\ /R

2
C -
(t—Bu)*Fl’/ \Jil—(t«au) {t-Bul -P

N B-N-{i-Pr}
{t-Bu)-P R _ _ T 2
{t-Bu) P.\C/P {t-Bu) (t=Bu) -
(18) i,
R=H or Me (19 (20}
R=H readily dimerizes toc the dicarbatetraphosphane (19). In all

these compounds N.M.Ir. spectroscopy points to an all-trans
configuration for the t-butyl groups. A boren analogue of {18,
i.e. compound {20} is the product of an analogous cyclo-condensation
with (i-Pr),NBCL,. O

Contrarv to the general behavicur of c¢yclotriphosphanes, the
new compound (i—C3F?P)3 obtained when mercury abstracts iodine

from i-C_F_ PI
1053 772 - : .
ture. Products with a spread of chain lengths, i.e. K,;{t-BuPR)_

does not rearrange on long standing at room tempera-

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

106 The product

reacts with the cyclo-tetraphesphane (t—BuP)q.
with n=2 being least soluble is readily isoclated and can be

converted by water and trimethylchlorosilane inte the diphosphanes
H{t-Bu}PP{t-Bu)H and MeBSi{t—BuJPP(t-—Bu)SiMe3

Cyclopentaphosphanes in solution are readily characterized by

respectively.

31? n.m.r. spectroscopy and it has now been shown possible for

unambiquous characterization in the wvapour state.lov The technigue
iz He{I) p.e.s. when five clearly resolved, egunal intensity, bands
are observed thabt are asscciated with icnization frem the phosphorus
lone pair molecular orbitals. Data for a number of tri- and tetra-
phosphanes are also given. 31? n.m.r. spectroscopy in solution

has not given clear information on tetraphosphanes but analysis of

the proton and fluorine decoupled spectra for {RP}4, where R=CF3,
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Et, i—-Pr, t—Bu etc., in nematic phases confirms unambiguously the
tetrameric structure and vields information on ring puckering etc.lo8
5.3.3 Bonds to Carbon or Silicon

A new method has heen developed for the preparation of compounds
containing phosphorus to carbon multiple bonds.lo9 As an example
two mols of HF are eliminated when trifluoromethylphosphine 1is

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 toc give F2C=PH. Photoelectron and microwave spectra
are alsoc reported. A further, particularly stable compound
containing a double bond can be obtained following the reactions
in ecquation (9).110 Elimination of hydrogen chloride cccurs in
LiCHth —HC1
RPC1,, — RECICHPh, ——> RP = CPh, ces {9}

R=mesitvl

the presence of 1,5*diazabicyclo[§.4.0] undec-5-ene, and the

product can be distilled under reduced pressure without decomposition.
Bis[bis(trimethylsilyl)phosphano]ethane (21} reacts with pivalovl
chloride as shown in equation {lO} to give (22), containing Me3si

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

CH, [p (SiMe,) 2]2 + £-BuCOCl—p CH,, [P=C(0SiMNe,) £~Bu | +2Me;Sicl ... {10)
(21) {22}

full X~ray structure is available showing a P-C distance of 1.698.

Continuing investigations intoc the reactivity of carbon tetra-
chloride now show that chloromethine bridged salts, {ryp:ccl PR ]CL,
result with triethyl- and tributyl-phosphines,” and it has been
possible to dechlorinate the analogous phenvyl substituted salt
[Ph, p:cCl.PPh,Cl]Cl using tris(dimethylamino)phosphine to the
carbodiphosphorane, Ph3P:C:PPh2Cl, as an isolable intermediate.
The final product is the dimeric diphosphacyclobutadiene derivative{23}.

113

Ph3Pm Cl'__—_‘f’ th 2+
1 1 -
L 1] 2C1
thP —_— C:.'_"..':E'Ph3

(23}
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Vinyl and ethinyl phosphorus{III) compounds such as CH, :CHFX,,

CH2:CHP(0)X2, or H(_':EC.‘PF“1 have heen synthesized, and values of J{CP}

from 13C n.m.r. measurements correlated with the s character of

the C-P hond. '  Trifluorovinyl lithium and halogenated phosphanes

react to give memhers of the series Ph3_nP(CP;CF2)n,115
detailed wvibrational assignment for trivinylphosphine it is concluded
lle

and from a

that the rules for €, molecular symmetry are followed.

Metal carbonyls and 1,2-bis{dimethoxylphosphino)ethane (L} react

photochemically to give compounds in the series M(co)sz and M{CO)QL

where M=Cr,Mo or W,ll? arl a number of complexes have been formed

118,119

between tri(t-hutyl)phosphine and metal salts. Two series

of compounds are obtained with silver =alts, i.e. {t—BuBP)EAgX and
(t—BuBP)Aqx, the former when X:Cloq, BF PFﬁ ar N03 are Formulated
as containing linear [t«BuBP—Ag—Pt—Bu3] cations while the latter

for x¥=Cl, Br,I,CN or SCN are non-—ionic.118 The compound, Hg(OAc}Z.

t—BuBP, containing bidentate acetate groups has also been prepared.ll9
Sfilver halides react with the silvl- and germyl-phosphines,
t“BuszMEB, the chloride cleaving the P-E bhond giving t"Buanq
vwhile a tekrameric complex (t*EuszMe3.AgBr)4, possibly with a
cubane structure results with silver bromide.lzo

Increasing P-F and P-C bond lengths are observed from electron
diffraction measurements on the compounds t_BunPFBﬂn for n=1-3, and
the resalts arve compared with CNDOQ/2 calculations and the effects

. . 2
of steric straln.l 1

and {CF,},

basis of C_ local symmetry and normal coordinate analyses carried
122

Vibrational data for the compounds CFyEHe,
EMe, where E=P,As, or Sh, have been assigned on the

out.
Both scdium acetylphosphonate, {MeCOPOBH)_Na+,123 and the

acylfluororhosphorane, thPE‘z(::O(Ph),]‘z4 contain P-C bonds to the
oxygen substituted carbon atom with lengths af 55~1.863. The
latter,which has a triqgonal bipyramidal structure, represents a
new compound tvpe and can he prepared from Fh,POEt and benzoyl
fluoride. Two mew ligands, phenylvhosphine diacetic acid,l25 and
ethane-1,2-~bis{phenylphosphino-acetic acid}, [CHZP(Ph)CH2C02H]2126
have heen mrepared, the former from phenvldichlorophosphine and
ethyvl hromoacetate and the latter from the bis~phosphine salt,
KPhPCH,CH,PPhK, and ethyl chloroacetate, ;md their complexing
ability toward nickel{II) assessed.l2? <The ligand 1,2-bis{(diphenyl-
phosphino} ethane reacts with either methyl or phenyl copper to give

a compound with the formula [Ph2PCu{Ph2PCH2CH2PPh2)]2.PhH.128
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An X-ray crystal structure shows the presence of a four membered
(Ph,P) ,Cu, ring with Cu-P distances of ca.2.358; each copper atom
is chelated by a molecule of the diphosphine ligand.

Fluxionality in EFive coordinate phosphorus compounds continues
to be of interest and derivatives of the type Mez(CF3)2PX129 and
Me(CF3)3PX,l3O
detailed n.m.r. investigation. Trigonal bipyramidal structures

where X=F,Cl,0OMe, or SMe, have been prepared for

are found in all cases with the axial positions heing occupied by
the Flucerine atom and one CF; group £or hoth Me2(CF3}2PF and

i
1e(CF3}3

non-fluxional.

PF. The pentasubstituted compound, Mez{CF3]3P, is however

Isoprene and phenyl dichlorophosphine undergo 1,d4-cycloaddition

to qive after hvdraolysis a mixture of the two isomeric I-methyl-1-

phenylnhospholene-l-oxides, (24a) and (gﬂm.lal The former is in
\"!e __Nie
/N R
Ph [¢] Ph s}
(24a) (241

the higher yield in this reaction but when phenvldibromophosphine
is the starting material (24h} is produced isomerically pure.

The silylphosphines, RP{SiMe3)2 and RPH(SiHeB} where R=alkyl

or aryl, have heen prepared by the methods outlined in equations

(11) to (14).1%%  ysing Me,$iCl,, MeHSiCl, or t-Bu

2SiC12 in place

2

2MeLi MeyS1Cl
RPH, _—> RPLi2 —_—_— RP(SiMe3)2 + 2LiCl ... {11)

HP{siMe3}2 + RCL—> RP(SiMe3)2 + HC1 ... {12}
RPRHLi1 + Me35101 > RPH(SiM93] + LicCl Lo (13
RP{SiMe3]2 + MeOH —> RPH(SiNeBJ + HEBSiOMe cee 114}

of Me, SiCl in ecquation {13), the products are cyclic silyl phosphines,

"3
i.e. {HezsiPMe)3, {MeHSiPMe}, and (t-Bu,SiPMe},, resulting from

rearrangsment of initially formed silvldivhosphines such as

Mezsi(PHMe]2.133 The t-butyl analcgue of this latter compound can

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

(MezsiPt—Bu)2 and (Mezsi)3p4t—ﬂu2 shown by a single crystal X-ray
investigation to have the norhornane structure {gg)_134 Dilithiation

of Mezsi(PHt-Bu}2 followed by reaction with diphenyldichlorosilane

oS S P —p-t-Bu t-Au t-Bu =31
Bl =N B M . P
t—gu—\P /ELSL:[;iMe Me Si/P\SiPh Me si/P\Si/ \SiMe
\P‘,HEH—“ 2 2 \ 7 2 277 SN 2
p P P
(25} t*éu t—gh t—ﬁh
{26} (27)

or silicon tetrachloride leads to respectively {26} and (gl}-l33

White phosphorus after treatment with sodium-potassium alloy
and reaction with trimethylchlerosilane is known te give

P,(5iMe,) , {28}, and a similar reaction with dimethyldichleorosilane

has now been shown tp give P4(51Mez)3 {32)‘135 The structures of

{28} and {29} from X-rayv diffractometry are similar and related to
that of 9453_136 P-P distances in the former vary between 2.214R
in the three membered ring to 2.179% at the bridgehead atom; in

P P
Me351—P \\'P*SLMEB Mezsi SiMez
‘MGBSi—Pl
p AR Mezsl
p—
P——/jf—F
(28}
Fail \\‘P'///
(29}

(29} the P-P distances are 2.2023, and the P-Si distances are
2.283 and 2.247%, the latter to the bridgehead atom. A more
conplex silaphoschine, P4(SiMez}6, which results from thermal
decomposition of inter alia Me251(9H2}2, [ﬁMe351JZP]251Me2, or

(MeBSi)zPSiMe2C1,13? is an isotype of P4(GeMe2)6 and has the

adamantane structure (29).138
Among the compounds reported with bonds hetween phosphorus and

a transition metal are (31) and (33),139 the former resulting when
tris{trimethylsilyl)phosghine reacts with MO(CO}SBr and the latter

when (31} is treated with methanol.



\\\\\J{Me /
[ 5%
Mezsiu——-P SiHe2
(30)

Br Br
(c0}4mn< >Mn(CO] 4 (co) 4M.n< ™ wn (CO) a
= P
(SiMey), Hy
(31} (32)

5.2.4

Phosphorus trifluoride reac

Bonds to tHlalogens

tions with st or 502 to give

respectively OPF3 and SPE‘3 are greatly influenced by the applied

pressure, supporting a mechani

sm in which the rate determining

stap involves bond formation rather than decomposition of the

140

sulphur reactant. PF. can

3
fluorides such as CF3SF or CF

M = Cr,Mo or W n 2-5

also be oxidized by sulphenyl
ClSF when the products are the

2
corresponding mercaptotetrafluorcphosphoranes, RSPFq.lql
Table 1. Reactions with MezNPFz{L) and MeN{PFz)z{L')
Reactant Products Reference
Fe (vapour)} FeLS, FeL‘q 142
1
Cr (vapour)} CrLG, CquL‘, CrLzL 2 143
Co (vagour) C02L2L'3 144
M(CO)G ML'3 145
Fe(CO}S Fe(CO)L'z, Fe2{CO}5L'2 145
NJ.(CO)4 le(CO}zL.B, le{CO}BL 5 145
L]
C02(CO)B Coz(C0}2L3, Co,L' ¢ 146
1
CO4{CO}12 C04{C0)12_2HL n 146
cpMn{COJ 5 cpMn{COjL*, cpiMnlL’, 147
[cpretcoy, ], {cPFeCO) 5L, {cpFel'}, 148
a b
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In a series of papers, King and his coworkers have defined the
ligqand properties of the, resnectively, mono- and hi-dentate
aminophosphine ligands. He2NPF2 {zL) and MeN(PFz}z (=zL."'}, toward
metallic vapours, metal carbonyls and cyclopentadienyl metal
carbonvls. The results, which are summarized in Table 1, include
a number of full crystal structure determinations. The amino-
diohosphine,L*, can bridge as well as show bidentate characteristics
as seen in the structures of the chromium and cobalt compounds

145 and (31}144 while in the iron

shown diagrammatically in (33}

te
Me
Fop—N- N
F 2 ] 7N
n2 gf - F,P PF,
S Ve 2 g v
Me - N cr Me_NF,P3»Co— Co& PP NMe
N A 272 2 2
P AN ,7‘¢ rﬁk\
F, PF, F_p° PF BF., PF
. 1 2 '\\2_‘ 2 2
F,P—N AN _,/fizj ,/’/
~ N N
Me i [
(3 Me Me
(34)

compound , [che{PF2)2NMe]2, one molecule of the ligand is cleaved
to NMePF2 and PE‘2 fragments which, together with a complete 148
ligand molecule, form a triple bridge between the two cpFe groups.
The carhon monoxide molecules in the product Coz(CO}zL'3 obtained
from Co,(CO}g can be replaced on treatment with an excess cof bromine

qiving Co,Br L‘B, an N-rayv structure showing surprisingly that the

2 4 149

original Co-Co hond was preserved.
Methvlhydrazones of primarv alkvl ketones react with phesphorus
trichloride according to equation {15} to give the diazaphospholium

+
Me,C:NNHMe + PCl, — > 2HC1 + H-ti= C-He c1” (15}

Me-N Me
\/

(353

salt {35), which from X-ray data contains a planar five membered
ring system-lso Thic form is apparently stabilized with respect
to that containing a P-Cl covalent bond by the possihility for
m-electron delocalization. tfonomeric compounds of the tvpe

PCL, (N:CR,), P(N:CR,),, Ph,P(N:CR,) and POCL_(N:CR,); = where
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n=0-2, some of which are intensely coloured, are the products from
reactions of phosphorus halides with amino-~lithium reagents
Li(N:CRz) where R=Ph,t-Bu, etc.lSl
P(N:Cthj3
hond angles of 123°.

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

An X-ray structure for

sho+s pyramidal coordinatien at phosphorus with P~N-C

scramhling reactions between PC13, POCl3 or PSCl3 and B(NEt,} .,
the mixed compounds are formed in higher yields than expected on

152 The preferential affinity

the basis of a random distribution.
for chlorine of phosphorus over boron in the PCl3 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 (PFz)zo point to the presence
of a single conformer wlth symmetrvy lower than sz in the soclid
state while at least two conformers are present in the liquid and
gas nhases, the more predominant form having Cl symmetry.153

Ab initio calculations have been used tc investigate a number
of isomeric forms of trifluorophosphorane, PF3E,, and the calculated
geometries are consistent with the well-known structural trend for

154 According to further calculations intramol-

long axial honds.
ecular exchanges appear to accur through a series of Berry pseudo-
rotation steps.

AsF_ and SbF

A number of main group fluorides including FF., 5 5
react with trifluoroacetate,155 E1uoro-3.ull::hat:e,l:'6 and methane-
sulphonate156 ions to give 1:1 octahedral complex ions. The

compound PFq {acac), which can ke isolated when PFS and acetyl-

acetone react at low temperatures, contains two very similar

basically octahedral melecules in the asymmetric unit.157

At room temperature, phosphorus pentachloride and chromyl

chloride react in either POCl3 or CCl4 solution to give a novel

158

complex formulated as {PC14} (CrOC14)- I.r. data suggest a

monomeric anion, isostructural with V0C14._ Investigation ofF

+ .
4 andg PhPCl3 shows formation of
PhPCls_ ions with the former in the presence of large stabilizing

the acceptor preperties of PhPCL

cations, while molecular 1:1 complexes are formed with unhindered
pyridines.ls9 With ligands such as 2,2°-bipyridyl or 1,10-
phenanthroline (L}, the products are ionic six-coordinate complexes
(PhPC1,L}Cl.  Pyridine on the cother hand with PhPC13+, as either

the hexachloro—-phosphate or —antimonate, displaces the group 5
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pentahalide to give the nyvridine adduct of PhPCI,, but stable ionic
complexes {PhPCl3L) {MClG) result with the bidentate ligands (L}.
The preparation and nossihle stereochemistry of pentafluorophenyl
phosphoranes in the series {CGFS}an5~n where n=1 or 2 and X=F or
Cl has been reported, together with reactions with Me3SiOEt and
(Me,Si) ,NMe giving products such as (CgFg),POF and [(C6F5)2PFNMe]2.16
According to 31P n.m.r. studies, phosphoryl halides are protonated
at the oxygen atom in highlv acidic solvents such as 100% sulphuric
acid, oleum, HSO_F and HSO3C1,16l but whereas solutions of phosphoryl

3
chloride are stable in the first two media, the correspeonding

a

bromide is solvolysed gqiving intermediates such as psrz(OH);. With
phosphorus pentachloride, the initial products are PC14+ and/or
PClB(OH)+ but further sclveolyvsis occurs.

The product from a reaction hetween POCl3 and o-toluidine has
been shown by X-ray crvstallographv to be an oxygen—bridged compound
[(MeC H,NH} ,P(0) ],0 rather than the expected trisubstituted deriva-

tive (MeC_.H, NH)} PO.162 The substituted phosphoryl and thiophosphoryl

64 3
chlorides *e,POCL and MeZPSCI are solvclysed at low temperatures

by methylamine and molecular weight data for the products,

163

Me,PONHMe and MezpsNHMe, point to association in solution.

2

5.2.5 BHonds to Nitrogen
Matrix isclation techniques have led to isclation of a number

of metal-phosphorus nitride species by cocondensation of metal
vapours with gaseous PN generated by heatlng PoN, to 90000.164
Products with the formula M(PN)2 are obtained with copper, silver
and gold while nickel gives Ni(PN)d; at present it is not known
whether coordination cccurs via phosphorus or nitrogen but the

bridged structure {35) i1s suggested for the silver compound.

N t—fBu
g J’N~\R
VAN 3 P - N(SiMej),
Ag Ag N /
N
\P/ \
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The l:1 addition compound between t-butyl azide and the two-
coordinated phosphorus{III) species, {Me3si}2NP:Nt—Bu, from X-ray
measurements has the tetraazaphospholidine structure {36)containing
an almost planar five-membered ring, rather than the imino-bridged
trizaphosphetidine alternative. The analogous two-coordinate
monophosphazene, thBu(MeBSi)NP:Nt—Bu {L), on reaction with Zeise's
salt gives the neutral, trans complex PtCl,L, in which the ligands

are honded through the phosphorus atams.l6

On treatment with
water or methancol addition takes place across the P~y double bond.
The versatility of these monophosphazenes is further demonstrated
by the possibility of c¢ycleoaddition reactions between {Me35i)2NP:

NSiM3 and hoth hexaflunrcacetone and perflucrcocbiacetyl giving

respectively {37} and {gg).157
(Me.Si) N c“F3 (Me,5i) N O~+-CF
37+ 2 \P/'\TFB 3 2‘\$// 3
& N
ne3sim‘/ o Measiw—m‘ﬁﬁ 0=—~CF ,
(30 (38)
Reactions of suhstituted dialkylsulphurdiimides, st{:NSiM93)2,
with diphenvlchlorophosphine and dialkylchlorophosphines follow
168

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

1 . 1.,. .
RyS{:NSiMe,}, + 2Ph,PCl —F R,S5(:NPPh,}, + 2Me;5iCl ... (186)
Ty mres 2 e A + - .
R,S{:NSiMe,), + 2R5PCL —> [st(.nslne3}(.vPRZ.Pnz}] cl” + Meysicl
.. £17)

rY, RZ = Me or Et

The first X—-ray data are now available for the two—coordinate
phosphorus {ITI} cation, (iuPr2N)2P+, obtained when aluminium
trichloride reacts with (i*PerszCl.l69 P~H bond lengths are
1.618 while the N-P-N angle at 114.8° is in aqreement with

trigonal planar hybridization at phosphorus. The geometry about
the amine nitrogen atoms is c¢lose to planarity as might be expected
for optimization of the conjugaticon 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 n-type Lewis acids as well as weak

a-tvpe Lewis bases. That this is the case is demonstrated by
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the displacement of carbon monoxide by the cyclic cationic amino—

phosphine {39} shown in eguation {18).1?0 Reactions with strongly

Me Me
! N

Nepty prT + Fe{CQ) .—> [ ™S p—Fe(CO) +PF6" + CO ... {18}
N/ 3] 5 N/ 4

e e
(39}

nucleophilic transition metal reaqents, including Na[ﬁocgtco}azland
Nasze(CO)dj, have alsc been described when products with structures
(40) and {41) proposed on the basis of i.r. and n.m.r. data are

obtained.l?l
P.!e
z\s\ co ,co Ye Me
J
[ p——-—.}t\o_cp N P/*\]
‘IN'/ o 1}]/ \?
He e re(co) Me
(49} {31}

Crystal structures have heen determined for tri{morphclino)nhos-
phine and its piperidine analegue to investigate the relative
orientations of the lone pairs on nitrogen atoms attached to a
phosphorus {IIT} atom.172 Roth compounds show two small (55.980}
2nd one larger (ca. 110%) M~P-N bond angles and two short {ca.
1.698) and one long {ca. 1.732) P~-N bhond distance. The nitrogen
atom assaciated with the long P-N bond is essentially 393
hybridized and the lone pair is anti to the phosphorus lone pair
while there is spz hvbridization at the remaining nitrogen atoms
and here the lone pairs are at ca. 90° ro each other and to the
rhosphorus lone pair.

fquare pyramidal and square planar nickel(II) complexes can be
prepared with the bidentate ligand PhN(PPh2)2,173 and 2 number of
complexes have been reported for optically active ligands of the
tvpe (Ph2P}NCHRC02Me, derived from PhZPCl and the appropriate
L—ao—amincacid esters.l?q

In continvation of structural investigations of derivatives of
the cage comoound, Pq{NHe)s, data are now reported for two fully

oxidized forms O, P (NMe}6 and S4Pq(NMe)sl?5

aFa and for two polymorphs
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176

of the monothie compound SP4(NMe)6. Although there were

problems due to disorder, the phosphorus(V} specles have structures
with close to Td svmmetry and it is interesting that there is only

a small effect on P-N bond distances when either oxygen or sulphur
are added to the P4x6 core.l75 In the monothio compound, P-~N
distances range between 1.63 and 1.738 with the shortest bond
associated with the oxidized phoesphorus atom.176
The successful isclation of a series of three-coordinate

phosphorus (V) compounnds which alsc contain a P~C double bond has
177

been anncunced. Such compounds, which have often been
postulated as reaction intermediates, result from the reacticn
shown in equation {19) between w-alkyl diazoethanes and the two-
cocordinate monophosphazene discussed above. Amino-diimino

(Me3Si)2NP:N5iME + MeRCNz-——} (HEBSi)zN

3 \%“P:CRME + N

-e. {19)
Me Sin == 2
phosphoranes and iminophosphoranes underge addition as shown in
178

equation {20} yielding a series of new diazadiphosphetidines,

while with methanol, as indicated in equation (21}, aminoiminothio-

Me
(Me351)2Np{:N51Me3)2 + HeN:PPhy (tie, 51)2N\\P/, o (20)
MeBSiN’/"”/ \‘1/ 3
SiMe3
phosphoranes (42) yield bis{amino}thiophosphoric acids by addition
across the P:NBu double bond.179 Compounds {42}with R=t—-Bu also
(M2 Si)RNP(:S)(Nt-Bu) + MeOH ¥ {Me Si)RNP(:5) (OMe)NHE-Bu ... {Z1)
{42) RHMP3SL or t-Bu
reacts with, inter alia, GeClq, SnClq, PClB, A5C13 and SOCl2 to

give new four membered ring compounds such as (43), {44) and (45)

as cis—trans isomer mixtures.

SiMe, Sia-ze3 FiMey
Sy, N s N SMe
eCl P Mezsl P
’\r‘:/ c1” \\I}J/ NN~ Ssncl,
SiMe, SiMe, Sine,

(43) (44) (45)
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Trimethylchlorosilane is displaced when cvanogen chloeride and
silylated iminophosphoranes, R3?égSiMea, react to produce the
cyancimino derivatives R3P:NCN. Both 1l:1 and 2:1 reactions
have been observed between phosphoryl chloride and lithium bis{tri-
methylsilyl}amide, the former giving an N-silylphesphinimine,
MeBSiN:PclzosiMe3, rather than the isomeric substituted phosphine
oxide (MEJSi)zNP(O]C12.181 The product from the 2:1 reaction is
formulated as (Me351‘.) 2t«ll'-"‘Cl {05 ii\iej) { :NSiMej} . 182

Mew halogeno—azides in the series Pxn(NB)B*n' Psxn(NB}BHn' and
POXn(N3)3_n, where ¥=Cl or Br and n=1-3, can be obtained using
sodium azide and the appropriate phosphorus halide in acetonitrile
solution,183 and identified by 31? n.m.r. and solution i.r.
speckroscopy. An excess of sodium azide leads to complete halogen
displacement hut P[N3}3 decomposes slowly in solution at room
temperature to give a product probably analogous to the tetramer
P.N_Cl,. Azidobis{dimethylamino)}phosphate and trimethyloxonium

578779
hexachloroantimonate react as shown 1in equation {22), the product

+ - ; +
OP{N3XNMe,) , + Mej0 sbc15—>L(z~xe2N}2P(cMe)N3] SbCly + Me,0 ... {22}

decomnosing on heating ko give the SbCl5 adduct of OP(N3)(NM92]2
by loss of methyl chloride.la4

A new eight membered P-N-C heterocycle {(46) is the product when
diethvlphosphorie amide(EtO)zP{O}Nﬂz, reacts with dimethylchloro-

nhosphinate in the presence of a tertiary base.l35 Nco vibrational

Ma IV O

Y / 2
Me/P P—OQEL

/s \

0\ P

EtO __ >
P B—Me
-
o == T~ N = Y Mo
{46}

band, assignable to N-H stretching, can be found in the i.r.
soectrum of imidobis{dichenyvlphosphinesulphide}, (Ph2PS)2NH, at
room temperature but a weak hand at 3250 em L appears on cooling
the sample to ~150°C.186 On coordination to divalent transition
metals this compound loses a proton giving products with the

Formula M [{PhZPS) 2N:] 5"
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Henzvlmethylamino—fluoropheosphoranes, PhCHz(Me)NPFq_an where

187 and the thermal

R=Me or Ph and n=0~2, have been prepared,
decomposition of both thp(s)NHCHzph and thP(sJNHMe investiqated.la8
The former yields hexaphenylcvclotriphosphazene while the linear
triphosphazene thP(NHMe):NPPhZ:NPis}th is gbtained, along with
thP(SJNHe2 and thp(S)SMe, is ohtained with the latter.
Non~equivalence of the i-propyl groups. previously suggested hy
n.m.r. <data for N,N-di{i-propyl}~P-phenvl-phosphoramidic chloride
PhP{0)Cl {(Ni-Pr,}, has now been confirmed by a full X-ray structure
89 The P-N hond distance, 1.6143, implies a
substantial w-component which is said to be consistent with an

derermination.

n—-g* type interaction, i.e. the alternative to {p-d}w bonding.

31

P~N Ring Compounds. In addition to showing very different P

n.m.r. shifts, geometrical isomers of the cyclodiphosph{IIIj)azanes

{47) differ markedly in physical properties and in their reactivity

1%0 Ispmer

with for example sulnhur,selenium and methyl icdide.
identification in these systems has been aided by a demonstration

from X-ray crystallography that the isomer of {47) X=NC_H,, with a
31

small P chemical shift has the ¢is configuration. Structure
determination on two further diphosphazanes, (48) and {49), showed
t—Ru Ph Me3Si
/ I of
,/N\‘ N\\ i
X - P P - X MEO'-P/ /P-OMe MezN—P s \P-Me
\\N// \\N \NN’/
\ } N
t—-Bu Ph M9381
X=NMe, or OMe (48) (a9
(47

both compounds teo have the alterpative trans arrangement of
191 Detailed 319'192 lH'193

n.m.r. data for these and other phosphorous{III}~

substituents at the phosphorus atoms.
and 13c193
nitrogen compounds are now available showing, for example, that
geometrical i1somers have ooposite signs for 2J(PNP),]‘92 while for
compounds with a methyl group cis to a phosphorus lone pair both
J{PHCH} and J{PNC} are relatively large and positive.193
Cyclophosphazanes carrying a secondary amine group at phosphorus
have heen cbtained by the reaction in eguation {23} and while the
products are almost exclusively in the cis form, on heating gis-trans

194

mixtures are obtained. A crystal structure determination for
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M§3§1
-\\__‘
2X,PCl + 2NaN(€1Me3)2.__>‘x-—-P\ ’/,P~—-x + 2NaCl + 2Me,SiX ... (2})

X= NMez, etc. ﬁeasl

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

1.7508%. 197

Me ? Te
// \\_4? S§§ \\ P NHR //'N\\\
t—-RBu- P\ / /P / \ FBP\ /PF
t~Bu RNH N N
e h Me
{50} {51} (52}

Thermolvsis of trialkylphosphorothioic amides, P(S}(NHR}3
where k=Me, Et, n-Pr, i-Pr, n-Bu, t—-Bu, etc., in the range 190—2400C
causes loss of two mols of amine with the formation of the cyclo-
diphosphazanes {Ei)-lgs N.m.r. analysis points to the compounds
having trans arrangements of the phosphorus substituents.

The product frcm a reaction between heptamethyldisilazane and
the diphosphazane (52} can be separated into (MeN)GP and two
isomeric forms of the compound {Men)q 3 7.197 Cne of these, with
a tricyclic structure is already known but for the second iscmer
and the tetra-phosphorus compound spiro structures (53} and (54)
are suggested,

Te F ?e Te - Te Me
/N\ I/N\ /N\ I/N\ /N\
E‘3P\ /P\ /PPB F3P\\ P P PF3
N N N/ \\N/Ef‘\"N/

ée ﬁe &e ﬁe &e
(53) {54)

Similarities between O,5F, and the N,PF_ unit from the cyclo-

27" 2 2772
phosphazenes has heen exploited in an application of the Xa method

to show that there is substantial g-bonding with 34 orbital

participation in each case.l98
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Hexafluorophosphazene reacts with 1~ or 2-propenyl lithiuml99 or

cyclohexyl 1ithium200 tao give in each case the monosubstitution
product. A geminally disubstituted compound can be obtained with
i-propenyl lithium hut with the 2-propenyl analogue there is ring
degradation. The flucorophosphazene also reacts with N(SnMe3)3 and

C1S0,CH,50,CLl to give [P3N3F5N(Snwe3)502]2cnz which can be cyclized

on treatment with SCl, ox MePCl, to (55 a and b) respectively.zOl
Hy H3C\\ - H
cC |3
/N s
0,5 504 N N
| ~NE L
FcN,LP,—N N-P. N_F - S
573737\, 335 XNy ¥ X
{358) a x=5 (56) a x=Cl
b X=PMe b X=Ph

High yields of a new hydrido-cyclophosphazene {56al} have been
reported from an unusual reaction between P3N3Cls and methyl
magnesium chloride, in the presence of (n—-Bu_._lPCuI)4.202 The
compound is obtained only after addition cf 2-propancl and it is
suqqgested that an intermediate in which two phosphazene groups are
attached to a copper atom is important. A second hydrido—~compound
{56b} reacts with diorgancochlorogphosphines to give after dehydro-
chlorination the P-P honded species (57) while with methyldichloro-

phosphine, the bridged compound {58} is the product.203

Me
Me PR Me Me
\p/ 2 \‘PMF_-P “-—-—‘___P/
ﬁ/’ Q¥h ﬁ// :bh N// :bN
L 1
Ph_ﬂ_Q g‘,Ph Ph‘xxg g‘/Ph Ph\\g g/,Ph
P - e ~ - o~
Ph \\Né/ Ph Ph Ny# ~Ph Ph” Ny~ Eh
(57} (58}

Amination of PyN,Cl. is kinetically contrelled 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 yield of the less favoured cis isomer.204
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Potassium fluorosulphite in acetonitrile reacks with a number of

non-geminal bis(dialkylamino)chlorotriphosphazenes to give pairs

af 1someric cis and trans difluorides.zos As found previously

for the dimethylamine derivative attack occurs at the PCJ_2 centre
and the amine configuration of the starting material is retained.
Data for bis{alkylaminolderivatives are also given. All three
possible isomeric forms for Pauaclq{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 solwvent, the latter is always obtained in
the largest amount.206

Mass spectrometric data for the phenylated cyclophosphazenes,
N Pl'!.nClG‘_n where n=2,3,4,6, and the isomeric ketramers
P‘IN4Ph4Cl4 enable species containingogeminal and non—-geminal
vhenyl qroups to be differentiated.

N-methvlaniline reacts by a oredominantly non-geminal wath with
b N, Cly EOo give the partial substitution produckts, P4N4C18_n(§MePhin

where n=1,2(2 isomers), 3,4{(5 isomers) and 6, but iscomer vields are
208
- >

strongly solvent denendent. 2,4- and 2,6~Aaminotetraphcsphazences
O . 31 s s . .
PoN.CL_{ERE7}, give P n.m.r. sdectra which can be analvsed as
17347768 2 : 209 -

respectively AA'BB' and 4.5, soin systems.

Thae hichar cvclochloronhoschazene cliconers cannct be separated

hy vacuum Iracrional disczillation as ring interccnversions ara
inducad givineg subhstantial amounts of bhoth the triner andg
. 210 L ; ) ) . . ..
—ecramer., Similarly rina size CnAanges are Ghservaa whnen

mivtuves containi

ang scdium nhenoxisd

Amonag structural inve & avrea 15 a study of che
soirocvelic nhosphazene ins & non-planarx By ring
. 2:1 . o
anac a PN2C2 ring in the envelor T nation, T anglces
\v v
e \Hxﬁ/’x:e2 xd C
=i w —Cit
e N
N p
Rp__x¥ n —cH,
/N i
Me N NMe
2" 2
{39}

at the spiro-phesvhoyxus acom in the five- and six-membered rings
are 95.5 and 115.0° respectively, while the P-N distances are
respecktively 1.68 and 1.598. Orientation of the side chain in
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PquCIT(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
4('Jl4 (NMez} 4"

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

form of the compound PN Crystallographic investi-

to that of the corresponding tetrafluoride and, as expected, a
ring conformation intermediate between the saddle and the tub-le
A saddle ring conformation with equal P-N ring bond lengths
{1.575%) but exocvclic P-N distances of 1.679 and 1.656 is reported

for the cvclotetraphosnhazene fully substituted by pyrrolidine

214
qrouos.

Introduction of a carbonr atom intc the 94N4 ring system appears
to cause no great conformational change nor are bond lengths
greatly affected according to a structure determination on the
azaphosnhorine {6Ca) and its C{-benzoyl derivative (Egb).215 The
rinag svstem of each compound is in the tub conformation and bond
lenaths in (60a} are P-X(endo) 1.609, P-C{endo} 1.717, P-C{exo}
1.8158. Reaction of fwo mols of methyl acetvlenedicarboxylate
and¢ the cvclic tetrarer (He?ﬂﬂe)4 ¢ives the bicyclic 1,2,7-

‘o . : g
azadinhosnhenine {éi).zl

LiERe 2 2
e ,,/ ¢ R —
Ve N Xao 2 R
\ n — I,
; Ny e D pP—"
e ¥| il e e e VA - N e
h BN A Me—1 T W
LAl - ~ X3
e : e \ e [/
/ e Mg — P P —lig
e e
{601 o R=H Me
b R=C0Pn (61) R=C0O,Me
The cctafleoride, ?424?3, is he onlyv tesrameric comaounéd for
which & planar ripo system has been found and in wview of this the
structure of the pentameric fluorire is of some interest. This

compound can be obtained in three moncclinic modificarions, wwo of
which have been investigated hv low temserature X-rav diffractometry.zl?
In neither form is the ring planar; the first contains a boat
shaned ring with a nseudo—two-{fold rctation axis passing through a
phosphorus and a nitrogen atom, while the ring conformation in the

second form is reminikent of that found in P Mean P-N

‘SNSBrlO‘
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distances and P~N-P angles are 1.549% and 137.4° for the first form
and 1.546% and 140.6° for the second.

Isothiocvanato derivatives of the mixed ring compound {62, X=F
or Ph}) have bheen isolated, the monosubstituted product bheing a

N 5 N
cl_ /X _C1 °x . xb#O Oﬁq/ \hfo
a1} Sc1 c1 s el 2 | >F

N P i x N N N
Ne# N7 No¥
N N )
o~ X €1 C1 ¢l ¢l
(62) {63) (54}

oixcura of the exvected ceomcirical isomers and rhe disubstitucio
1
product heing che ceninal isomar.” wigh dinechvlaning

cis-form ofF compound {63} civas 2 zerizs of substiturtion nraducss

PX,5,0,C1

.

which on zrofcment wizh aEnsoh-rus

> cl o o1 . S
or N cr =7 \3/ crmc? T
e TP e e
:: NH LN o v s
~5 ~ Vs ‘Qb ~
S N 7\
o c 7y 0¥ x
{65 (66) {67)

the S-monofluoride (67,¥=F) bhut in the presence of aluminium

trichioride further reaction leads to the P-difluoride.223
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Reactions of (67, X=F)} with primary and secondary amines have also

hbeen reported,224 one of the products with the former is the
rearranqgement compound (68). A second new type of heteroccycle

(5%} results wheon phcnaxvihionhoasvheryl dihvdrazide and dimethyl-
2

atrahydroiuran in the presence

11} hyoozhosphites can be
3

226

ponrzoate withh the enhydrous
2

;2-dinechoxypropane.
[»

ctahedral stereo-

- s
- . e R w227 -
Tre rosyty I Dor SDouh Daunh_ 30,0 an<ao
po rnpTrEad for hemh PR 5 +
TIOHAIT Ll T The phosaivize ion in the former iies on oa
- I B —— N . .
rrver oplane with o i.323 ~and 1.53225% for e independent
R ] . P - :
- vhe Poilociistancons is 10395, Cocrdinacicon about cadmium
i o sermpoumd is distorted ~otabtedral but pairs of

zniks. Twd E2P03 groups
= the anion

1
iro icined b oo medoan strengih hvdrocen bond so tha

cies. Soluhility studies

=
PO ,-{,P0O,~4,0 svstems where M=Fe(IlI)

the Croup 2 orchoohosphites,

e ﬁ7?03)7 car be denhwvidrated to give the corresponding dicohosphites
2 3.

PO 200
27275

A& new nixed phosnhinous-nhosphinic acid enhvdricde has been

31

)
isclaced using the method shown in eguatieon (24),7 and good

vields of the trimethvlsilvliester of dimethylphosoninous acid,

(CP3)2POP(CP3)2 + (CF3)2P(O}C1-—){CF3}2POP£0}(CF3)2 + {CF43,PC1
~e. {24}
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M92POSiMe3, have heen renorted from the treatment of dimethylphos-
ovhincus acid and MEBSiNMe2.232 The compound is oxidized by

sulphur and gives MeZP{OSiHe3)(:NSiMe3) when treated with trimethyl-
silvl azide. Thermolysis at 80°C leads to the diphosphane
monoxide, MeEP(O}PMe2, while with hexafluorcacetone the dioxaphos-—
pholane {70} can be isoclated. Similar 1,3,2-dioxaphospholanes

CP3

CF

,/o “F3 29 CF 2.
MeyP R'R°P P
] ~© CFy F CFqy F 9 ep

OFiMEB CF3 CP3

Q 3

3%
o]
kY
el

(70)

{71) or 1,3,2-dioxaphospholenes {72) result when fluorophosphines
or fluorophosphites react with respectively hexafluoroacetone or
hexafluorobiacetyl.233 With phosphine and methyl phosphine, there
is confirmation that hexaflucorocacetone gives the insertion products
HZPC{CFJ)on and ™MeHPC (CF )20}1, and in addition two di-insertion
compounds HP[C(CF,} ,0k], and MeP[C(CF,} ,08], have been isolated.

A similar product cannot be isolated using Me,PH and here the

234

reaction gives a mixture of MezPPMez, MEEPIO)OCH{CF3)2, and the
fluxional nhosphorane MezpF[bCH(CF3)2]2.
A series of hexafluoro-isco-propoxy derivatives of phosphorus{III)
has been obtained from reactions between inter alia PC1 ,235
235 236 236 3
PBra, HezPCI or MePCl2 and the lithium salt LiOCH(CPB)z.
The two trihalides gave mixtures of all three possible products,
PX_(OCHICF ) 535
derivatives, e.q. HezPOCH{CF312, gave 1,Z-oxaphosphetanes such as
236

where n=0~2, while the products Erom the methyl
(73} on further reaction with hexafluoroacetone. The expected
dichloro—phosphorus (V¥V} compound, ClzP[bCH(CF3}2]3, can be obtained
from the nhosphite and chlorine, which then can react with two mols

C(CP.)
Off’éH 3’2 Me
1 2
(cy3}2cno——-p<
| Me PO,
PCH{CF3), Me Me

Sk G
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of LiOCH(CF3)2 to give the penta—alkoxide P{bCH(CP3)2]5 as a low
melting solid.237 Other phosphorus(V} species, such as
RnP[bCH(CF3}2]5*n vhere R=Me or Ph and n=1 or 2, result when the
appropriate phosphorus{III} alkoxide is oxidized by chlorine in
the presence of LiOCH(CF3)2.238
Evidence for the formation of the monomeric mesitylmetaphosphonate
{(74) has been cohtained during the pyrolysis of Diels-Alder adducts
of mesity1w2,4*butadienylphostinéte.239
In the presence of triethylamine, phenyldichlorophosphine and
o~hvdroxyacetophenone give & product with the expected stoichio-
metry PhP(OCSH4COHe}2, but crystallegraphic methods show it to
have an unusual tricyclic oxyphosphorane structure {75} with

Ph
9 RN
<i:::?’,’/,0 0/,C l //

Pre———\—-0 Qa
N\ mMe Phe—b cl— p=
? o { 5
Me O“"“C l \N
it s,
8 o____ C/
(25) (76> Ph
(77>

distorted trigonal bipyramidal coordination about phosphorus.zqo

The general problem of the stereochemistry about phosphorus{V}

in spirccyeclic compbounds has attracted wide attention this year
with detailed crvstallographic data showing an increasing number
of structures falling on the Berxy exchange coordinate between the
trigonal bipyramidal arrangement and the less favoured sguare

241 and (zl)zqz, both
containing chelating groups, in fact have structures close to

243 and the

pyramidal structure. Two compounds {76}

ideal triqonal bipvramidal while with compound (78)
244a 244b

two catechelates PhP{0206H4)2 and t BuP(Ozcqu}z the

structure is only slightly displaced Erom sgquare pyramidal.

Increasing distortion along the Berry coordinate is found for

Ph Mg Me CF
0\| R
I:/P H o | o—fcrF
[} Me P
o ™o CF
Me Me

CF

Wow

(78) (79)
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(OCH2

vhosphine and reqpectlvelv ethanolamine and o—-aminophenol,
246

CH2NH} PH and {OC H NH)ZDH obtained from tris{dimethylamina)
245
and
for the perfluoraopinacol derivatives (79, R=t—Bu or Ph}.

Finally in this area, Holme5247

has developed a model based on
the pseudo-rotation hvpothesis, which enables the relative
stabilities of all trigonal bipyramidal and square pyramidal
isomers of a given five-coardinate vhosphorus compound to be
estimated. The results give isomer energies in agreement with
thosefrom ab initic calculations and reproduce the AG values for
intramalecular ligand exchange processes. Apicophilicity scales
can he constructed and the model incorporates ring strain and
other steric terms.

31? n.m.r. spectra point to an eguilibrium in acetonitrile
solution between the phosphorane {(80) and phosphate {81} forms of

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

OSlMe
Qe Plg
a-" “ﬂho 0,/’ O./’ “ﬁn
(89 (81) (82)
with hydrogen chleride. In the solid state the phosphate structure

{81) is stabilized probably because ¢f strong intermolecular

O-H...0=P hydrogen band formation.248 A similar problem arises

with the product cobtained from phosphoryl chloride and benzilic

acid but here the eqguilibrium lies wholly towards the penta-

249

coordinated Form {83}. Aryl hydroxamic¢ acids RC{O}NHOH react

oK
o O—P ——0_ O cl
- 1
o 0 o—_) 0
Ph Ph R ey m’\
o oL il ®
Ph Ph 1 el N
(83)

{843

with phosphorus{V) halides to give products such as {§i)-240
Substitution followed hy intramolecular addition takes place when
chlecrophospghines react with benzil mono{o—hydroxyanil} as shown

in aequation (25} to give the hicyclic product (EE},251 The
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Ph
R,PCl + HOC H,N:CPhCPh(:0) —>» ?fAS%br’Ph ... {25)
R, P N
2)
o}

(85)

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. PCl,(0_,C.H,} and PCl{(0,C_H,),, toward chlcride
3'2°6°4 31 2767472
P n.m.r. spectrescopy and

the former shown toc be comparahle to PhPCl4.252 Both compounds

ion and pyridine have heen assessed by

give cationic species on treatment with antimony pentachloride
which are highly reactive prcbably on account of their strained
geometry. The coordination number is readily increased to six

on treatment with 2,2°'~bipyridvl or 1,1C-phenanthroline. a
similar cation, [9(02C6H4}2{2,2’-bipy}]+, as the hexafluorophosphate
has been examined crvstallographically showing a slightly distorted
octahedral arrangement with mean P-0 and P-N bond lengths of 1.67
and 1.908 respectively.253

Structural data are now available for two aluminium phosphates,
Al{HzPOq)3254 and Al(HzPoq){HPOQ}*HEO?E’ﬁl‘he former consists of
isolated AlO, octahedra and corner sharing OzP{OH)2 tetrahedra
stacked to form columns parallel to the ¢ axis, while the latter
consists of layers of A105{0H2) octahedra sharing vertices with
PO, (OH) , and PO, (OH} tetrahedra. In Sn{H2P04)2
is coordinated by oxygens from four different Hzpod_ groups with

the latter linked together hy strong hydrogen bonds into infinite
256

each tin{II) ion

chains, and crystal data fox Hf(H2904}3_H20 point to a layer

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

ien exchanger.zs7

Up to five different 31? n.m.,r. peaks have been observed in
various sclutions of gallium phosphate which with the help of
data from TlGa resonances can be assigned to uncomplexed phosphate,

GaH39043+, GaH29042+, a polymeric gallium phosphate and a complex

with the H5P208— ien,
The carbamocyl phosphate ion {O3P0-CONH2}2— ohtained when
potassium dihydrogen phosphate reacts with potassium cyanate gives

Group 2 metal salts which decompcose in aqueous suspension at room

temperature and when heated above 100°¢. 25%
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On heating, potassium fluorophosphate KHPOLF loses hydrogen
fluoride rather than water with formation of the trimetaphosphate

2
260 Silicon,zsl tin262 and antimony‘62 difluorophosphates

salt.
can bhe prepared from reactions between the appropriate halide and
the free acid either alone or mixed with P203F4. In addition to
Si(P02F2)4 a second product, H[Si(POzfz)SJ, results with silicon
tetrachloride.261 The tin compound, Clzsn{P02F2)2, is formulated
as a polymer with diflucrophosnhate bridges, while for the two
antimony comnounds, Cl,Sk{PO_F,} and F,Sb{PO,F_.}, discrete dimers
b q 2°2 | 272 262
are considered present on the basis of spectroscopic evidence.
Coardination polymers formulated as M(POzcliz.zn,‘ahere M=Ca,Mg or
Zn, have been obtained from reactions between metal aoxides and
9203Cl in an oxygen doncr solvent (D} such as ether, dioxan or
163
POC13.

Complex lons containing coordinated di- and tri-phosphate groups
have been prepared by disolacement of water from [CO(NHB)S(H20£]3+
ar [Coenz(H20)2]3+.264 From 31P n.m.r. results the two isomeric
forms which exist for the triphosphate complex of the former are

2_ [ = 2_
formulated aszs[él-l N} CoOPO,PO,PO, | and [ {H4N) .CoOP (:0) (PO} ]
A hvdrated cvanamido-triphosphate, Na P OgNCN,

3
respectively.

has been isclated from a reaction between trimetaphosphate and

soedium cvanamide and its properties studied.265
Tonotactic conversions of Pb2P4012.4H20 to the dihydrate266 and
the latter to PbZHP3010267 have been investigated. B crystal

structure determination for Pb2P4012.2H20 shows the presence of
tvwo independent centrosvmmetric P,0,5 rings interconnected by lead

2
atoms, 66 and for Pb2HP3010 the tripolyphosphate ion has mirror

svmmetry abkout a plane passing through the central phasphorus atom.zs?
hmong wpawvers discussing apatites are three concerned with oxygen
snecies. One which is formulated as Calo(PD4}§3[j is only stable
hetween BS5Q and IOSOOC in a vacuum or in the presence of
anhydrous gases:zGS these very specific conditions for stabilicy
may account for the controversy concerning this oxyapatite.
Below ca-. 800°C the compound rehydrates to the stable oxy-hydroxy—
apatite while above 1050°C decomposition occurs Lo a mixture of
tri- and tetra-calcium phasphates. Oxyapatites of calcium and
strontium can be canverted to peroxky species by heating in the
nresence of oxygen,269 and the general problem of apatitic
Structures containing oxygen in different oxidation states has

been discussed.z?o
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The properties of zirconium phosphate ion exchangers continue
to attract attenticn: this work is not discussed in detail but
new information is included in references 271-281. Titanium
phosphate,ck—Ti(HPOqlz.Hzo, is isomorphous with the better known
zirconium compound hut investigation of 1ts ion ewxchange properties
is limited by the ready hydrolvsis of the phosphate qroups.z82 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 a.cids.283 The products with formulae
such as Zr(HOCH2PO3)2.H20 have laver structures and intercalation

of alkylamines has heen observed.

5.2.7 Bonds ta Sulphur or Selenium

In agreement with 31? 1n.m.r. spectroscopy, a highly symmetrical
{Dzd) structure analogous to that in realgar (35484} has been
obtained from X-ray data for cn—-P454.284 values for the P-5 and

P-P distances are 2.108 and 2.350R respectively while 5-P—-S5 and
P-5-P angles are 95.1 and 98.9° respectively. Aniline and -
948312 react at 25°C te give in addition to a"qud, for which
structural data are a2lso presented, a second new compound, -
9453{Nph).285
is assigned structure (86} in which an N-Ph group bridges the
opened edge of the initial u—P45312 structure. Witkth B—P453Iz,

On the basis of spectroscopic data, this compound

7 : ; :
. P =
S S i__\ i
s N—pn i p-”//
(86) s
(87)

reaction Wwith aniline gives the diazadiphosphetidine
£5292{Nph}2(NHPh)12, in addition to P,S, and B8-P,S,; structure
{87) is suggested from spectroscopic data for the latter.

Hydrolysis of P,0.5, at 0°C in ammonium hydrogen carbonate solution

yvields a tetrathiocyclotetraphosphate salt, (NH4}4(P40854}-2H20-286
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He (i) p.2.s. for HS,PF,, M{(5,PF,), where M=Mn,Co,Ni or Zn, and
Cr{SzPP2J3
main bands identified which correspond to all the p-electron based
287 pithiophos-

have been measured and assigned, and a series of six

&~ and W—-molecular orbitals of the chelate rings.
phinate qroups in [Co{Sszhz)z.quinoline:jspan axial and egquatorial
nositions in a basically trigonal bipvramidal structure from a
recent X-ray diffraction study on this new compound.288 The
quinoline molecule lies in the eguatorial plane. Lanthanoid
dithiophosphinate compiexes with the formulae Ln(szpﬁz)3 for )
R=C5H11 and Ln{52PR2)4 for R=Me, OEt or CaHll have been isglated.
Steric forces are important in determining the nature cf the

89

product with, for example, the cyclchexyl phosphinate giving
anionic complexes with the lighter (larger) lanthanoids while with
the smaller lanthanoids {Sm—-Ln) only neutral tris complexes can

be produced. Two structural types occur in solution for compounds
with the formulae Ph,As [;n(S2P(oEt)2)4]Erom l anda ' n.m.r.
. 290

spectra, again associated with lanthancoid size.

Phosphorus (V} compounds containing a five-membered ring with two
sulphur atoms bonded to phosphorus are ofFten the products when the
thiete (88) reacts with trivalent phosphorus campounds such as
PhPH,, PhPCL,, (Me0),p.%"%
betaine (89) with hydrazine and phenyl hydrazine gives respectively

The pyridinium fluorodithiophosphoric

3 =)
? :][ N+ |
N—D—F
5
e \ ¥/ I
CF3 5—
{88) {89)

{pvH} (FPS,NHNHPS,F) and (pyH} (PhNHNHPS,F}, while with hydrogen

sulphide the product is the pentathicdiphosphate, (pyH)(FPstPst)-292

Di-Grignard reagents react with thiophosphonic anhydrides as shown

in equaticn (26}, and the resulting acids can be readily converted

X . . 29
to the corresponding salts, esters, amides and chlorides. 3

(R'PS,), + Xmg-R°-MgX —>HS{5)P(RT)~R*P(R)) (S)5H ... (26)

Rl = Me, Ph or 4—[‘1&OC6H4
2 2
R (CHy} 4 5.6,8,10
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New mixed valence thiophosphorus compounds containing chiral

2
centres can be obtained from reactions such as {27) and (28}. 94

X2P82H + CF3(F)PNMe2~f)X2P(S)SP(CF3}F + MezNH aes (27}
¥=F or CF

3
CF3(F]P{S)SH + XZPNMez h_Q-CF3(F}P{S}PX2 + MezNH -.- £28)
X=F or CF3

N.m.r. characterization is reported while magnetic non—-equivalence
is noted, particularlv at the phosphorus(III} 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 Ag2P286295 and Aq4?25e6296 respectively. The Eformer
is a hexathiodimetaphosphate (89) with terminal and bridging P-5

distances of 1.99 and 2.IZR re5pectively,295 while the latter

S\‘\P’/,S\\\ ",S 2— 2e\\\P P//,Se q-
F S5e— — Se
Séf, \\“5’/"\%59 Se//f \\“Se
(89} (90)

consists of P-P bonded anions {30} in which the mean P-Se and P-P

distances are 2.19 and 2.30% respectively.zBS An X-ray structure
shows, however, that both anion tvpes are present in crystals of
Zn4(9286)3.297 Other compounds containing anions with this
stoichiometry 1ncluding Ag4P256, T14P2586, In4(P256)3 and
In4{P2596)3 have been prepared from mixtures of phosphoggg,
sulphur and the appropriate metal sulphide or selenide. X-ray

date point to a defect Fe,P,S. structure for In4(9256)3, while in
InPsS

cubic close packed array of sulpchur atoms.

47 indivm and phosphorus atoms occupy ;g;rahedral sites in a
A sulohur—-rich derivative, ngst?, has now been prepared from
a stoichiometric mixture of mercury(IX} sulphide, red phosphorus
and sulphur and shown by X-ray crystallography to contain the
thiodiphosphate {53P5P53}2_ anion.300 The P-S bridge honds
2.1082, are a little longer than the terminal distances (mean,
2.0298); the angle at the bridging sulphur is 108.6° and the PS

3
groups are almost eclipsed.
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A compound with the formula (py2H}2{P258) results when Pdle and
. . k!
pvridine reack, probhably in the presence of a trace of moisture. o1

The anion shown 1in {(91) contains a six-membered ring system in

S $—5S S 2~
\P/ \\P/
q’/’ I Y
(91)

the chair conformation with two different exocvclic P-S distances,
1.946 and 1.966R: the P-§ distance in the ring is 2.130R.
Attempts to obtain crvstals of Cu7PS6 by halcgen transport led

to CuGPSSBr, for which a c¢rystal structure was obtained.302

5.3 ARSEMIC
5.3.1 Arsenides

Structures have heen determined for a number cof lanthanoid
arsenides; Ethat for NdAs., represents a new structure type and

303 These are centro-

contains almost planar Asq zig-zag chains.
svmmetric with terminal and bridging As—-As distances cf 2.477 and
2.4978 respectively and As-As—As angles of 104.3°. The basic
structural unit in both the high and low kemperature forms of
EuSA533O4 and in Eu5A54305 is an AsEuG trigonal prismatic unit.
The Etriarsenides crystallize with respectively a disordered
variant of the Caspb3 structure and the Mn5513 structure, while
FughAs, 1s found with & more symmetrical version of the Sm.Ge,
structure. The ternarv arsenides Cannzhsz, SrMn2A52 and
BaMn2A52 have been prenared from the elements;30G structure
determinations show arsenic to be in seven-fold coordination in
the calciuvm and strontium compounds but in nine-fold coordination
bv four Mn(E.SGOR}, four Ba{3.4842} and one As atom (3.7458) in
the barium analogue.

Cobalt and nickel complexes containing ¢veclo—triphosphorus as a
ligand have been menkioned earlier,79 and parallel experiments in
the nresence of vellow arsenic lead to complexes with the formula
Dliqand)M(u—ns3)m{1igand;]x2 for M=Co or Ni and X=BF, or BPh4.3O?
A triple decker structure analogous to that shown in {12) is

confirmed Erom X-ray diffraction for these products.
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Experiments with 52Cl2 and substituted Group 5 chlorides have
now heen extended to show that with MeAsClz and MeSbCl the
products are homoatomic species such as {MeAs)y and (MeSb]

rather than the alternative hetercatom catenate.s.aoa

5.3.2 PRonds to Carbon

A pew tvnpe of hvbrid main group-transition mektal cluster compound
shown in {92} contains a coordinated arsa—acetylene RCEA5-309
These comnounds are obtained from Coz{CO}a and RCC12A5C12 and

although it was thought they night serve as a source of the

R Me
-~ C 2 2
{OC}BCQ\— -}Rs ;Ele R ozc\ /C02R
co c H c CH, P . P .
{col 4 H,C HyC CHy g A AsR
R=¥e or Ph —_— AS } i c
AS-_ — RS 2 7 2
92 0 t CO R
22) é As—O RTO,C 2
(23) (24) (25

unknown arsa-—acetylene, thermolysis at 200%c gave only CozAs.
Structural data for the cvclotriarsane {33} first prepared in

1974, show that the mnlecule nosmesses a plane of symmetry but

the overall symmetry is close to CBV:BlO As—As distances are

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

As-As-C angles close to 90°. A new polyfunctional halecgencarsine.

MeC{CH ASIz)zf has been ohtained hv selective cleavage of the

Ph—As bonds in MeC(CH2ASPh2)3 by hydrogen iadide,3ll angd this

iodide can, on treatment with sodiam in tetrahydrofuran, be

converted intec the cvclotriarsinetrioxide, MeC(CH2ASO}3 with the
structure shown in {94}. 312

Changes in i.r. and Raman spectra in the As-C stretching region
for triethvlarsine have heen interpreted as showing the presence

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

may he the all trans or all gauche, in the solid.313 Data for
the analogous antimony compound are alsc given. Malonic esters

and alkyldichloroarsines react to give the 1,3-diarsacyclobutanes
(95) vz_a. the intermedlates R]'ASCIECH{CO r? } ]. RlAs [cn(cosz)z]z,
and {R ASCl} C{CO )2 which can be lbolated.Bl4 If arsenic
trichloride is a reactant, the product is an analogue of (95) with
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R1=Cl. Both neutral and caticniec complexes of silver perchlorate

and (C6F5}3As, i.e. (CGF5)3A5.AgOClO3 ag?SEAg(AS(C6F5}3}3]2C104,
can be isolated from benzene solutions. The arsine is readily
oxidized to the dichloride, which on reaction with silver salts
gives monosubstitution products (CSFS}JASCD{ where X=NO,, Cl0, or
02CCH3.

Elemental fluorine diluted with argon cleanly oxidizes inter alia
Fhias,Ph,AsMe and the antimony analogues, in CFCl,; solution to the

3le

corresponding difluorides, while triaryl arsines and stikines

react ranidly with both ICl and IBr in acetonitrile to give the

317 Similar oxidations occur with ICN

appropriate mixed halide.
and BrCN but with triphenyl bismuth both ICl and ICN cause phenyl
grour cleavage and the isolated products are thBiCl and Fh,BiCN
respectively. A convenient preparative route to PhiAsF, is the
reaction between Ph,AsO and 40% HF solution. 18 The course of
the reaction is surprising as with HC]1l or HBr the arsine oxide

gqives the hvdroxvhalide, Ph3A50.HX.

5.3.3 DBonds ko Halogens

Arsenic trichloride and the substituted biuret Hen{c(O)NMesiMe,],
react to give a new heterocycle (36}, while a four-membered As-N-~-C
compound (97)is the product when the silylated urea, (Me3SiMeN}2CO,

o Me e H, H
C—N N Cc =0
wed SNasct 0l \AS»NMez ve-n"" N-tre
\\ Cm / \N P \ c /
o Me Me 3
(96} (97 {38}
reacts with tris(dimethylamino}arsine.319 Arsenic trichleoride

and arvl substituted chloroarsines on the other hand give moisture
sensitive 1:1 complexes with tetramethylthiourea and 1,3-dimethyl-
Z2(3H)-imidazolethione {98) which are thermally stable but
dissociate in solution_320 A crystal structure of the Ascl3
adduct with (98) shows pseudotrigonal bipyramidal 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 so0lid state.
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Simple 1:1 addition compounds, MXB'NHB where M=As,Sb or Bi and
X=Br or I, can be chtained either Erom the components in benzene

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

322

ammonium chloride. Although they are inscluble in common

solvents, i.r. data are consistent with the presence of terminal
halogen atoms and monomeric structures are suggested.

Intercalation of arsenic{V) Fluoride has heen reexamined using
highly criented pyrolytic graphite showing from X-ray and gravimetric
methods formation ¢f the cemnounds CsnAsFS, where n {the stage of

323

intercalation}) is 1,2 or 3. X-ray crystallography confirms

that coordination in the AsF. adduct with N-methvl1l-5,S5-difluoro-—
sulphoximine, MeNSOF,, involves the nitrogen, rather than the

oxygen atom of the ligand (As—-N, 1.99%).32%
The oxide chloride I\sOCl3

stable entity by ozonolyvsis of arsenic trichloride in a solvent

such as CFC13.325

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

can be obtained as a low temperature
A band at 987 cm * is assigned to stretching

hasis of a pyramidal structure. Warming to room temperature
causes decomposition and the formation of a polymer (A5203C141n
with loss of chlorine and AsCl3. Attempts to prepare the

fluorine and bromine analogues were not successful.

5.3.4 Bonds to Oxygen

Exchange of oxygen hetween the AsO{OH}E icn and sclvent wvater

follows a combined First order path, for which QHT and aST are

25kImol~ ! and -1203x " lmo1”t, and a pathway second order in
+

arsenikte {aH,, 33 kJmoldlz as;ﬁ -102 JK_l 1

broadening 11g n.m.r. measurements-326 The first corder oxygen

mocl )} from line

exchange is thought to correspond to a nuclecphilic displacement
by water on arsenite while the second order path is associated

with the process in eguation {30}.
—_ 2_
2A50(OH)2-——)H20 + Aszoa{OH)z « .. (30}
X-ray crystallegraphic data for the three five—-coordinate

327 ana (100, 3?8

that the same prohlems concerning the ground state struckure,

spirocyclic arsenic compounds shown in {99) show

i.e. vhether this is trigonal hipyramidal or sguare pyramidal, as
were encountered with similar phosphorus compounds are important
here. The two structures represented by (99) have intermediate
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R Me
Me 0\\_[ o Me o-.\_AS/o
Me hS Me — T
N © ©
Me Q o] Me
e Me {100}

{99} R=Ph or CH

structuras (the phenvl derivative is closer to a trigonal bipyramid
while the hvdroxide is closer to a rectangular pyramid} and, in
agreement with conclusions from vhosphorus chemistry, the structures

lie on the Berrv pathway for ligand displacement between the
idealiized end forms.327 The structure of {l0Q} shows trans basal
angles of 143.1 and 158.6° and As-0 distances falling hetween

1.793 and 1.8338 and is best described in terms of a rectangular
. 328

pyramid.

Although earlier I n.m.r. spectra showed only one signal which

did not change on cooling for the methoxy protons in (MeO)3Me2A5,

13C variable temperature n.m.r.

. 329
spectroscopyv shows two methoxv signals at lower temperatures. °

a reexamination by both lH and

These dAata are consistent with an intramolecular exchange process

with an energy of activation of ca. 14 kealmod L.

On heating under a high oxygen pressure, arsenic(III} oxide is
converted to the pentoxide which crvstallizes in the space group
p2. 2.2 330

1171
structure hased on corner sharing AsO

The compound contains a new tyre of framework
P tetrahedra and AsOg
octahedra. Mean distances to the tetrahedrally and octahedrally

coordinated arsenic atoms are l.676 and 1.818%8 respectively while
angles at the bridging oxygen atoms range between 122.2 and 136.1°.

Twe series of arsenates, M3A504 and MASO, ., characterised by X-ray
methods can he prepared by solid state reactions between the
pentoxide and the superoxides KOz, RbO2 or C502.331 It was
further shown that the tribasic arsenates combine with As,;0. to
give products with the formula m335309, thought to contain the
cyclic trimeta-arsenate ion. The compound NaHA5206, obtained
when a mixture of H5A53010 and NaH2n504 was heated at 260°C,
contains a new two dimensional ion.332 The formula is {ASZOG)

2n-
n
and is formed by corner sharing between alternate AsO, tetrahedra

q
and AsO_. octahedra.

6
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New i.r. data suggest that the compound reported as being

SnHAsoq.Hz

arsenate, Snzo{H2A504}2-

¢ should he formulated as the pP—oxo—dltin dihydrogen

i33

Structures for two mixed chromium arsenates, K_HAsCr, O 334 and
35 2 2710

3 .
(NH,) JHASCY 10, 4, are based on corner sharing AsO4 and CrO4

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

distances are 1.71 and 1.668 respectively.

5.3.% Bonds ko Sulvmhur or Selenium

A number of hvdrated and anhydrous alkali metal thicarsenates in
the series A504“nsn3_, where n=1-4, have been prepared and full
structural data obtained for K_AsS,, Na,As0O.S.7H,0, and Na.a&sO0,5.,.

116 3 1 3 3 2 337 272

lleo. Data have also been obtained Efor Na3A534.8H20.
In alli cases the anions are tetrahedral with mean As-0 and As—-S
distances of 1.68 and 2.158.

S0lid state reactlions between Nazs and A5293 lead to the thio-

arsenites Na3AsS3 and NaA552 for which structures are available.338

Pyramical A5533_ ions with As-S and S—~As-S parameters egqual to
2.258 and 101.9° occur in the former while the "meta®” compound
contains infinite (Assz}ﬁ_chains formed by corner sharing of

ASS3 pyramids; in each compound the arsenic lone pair 1is stereo-
chemically active. Complex formation between arsenic{IITI}

and sulnhide ion has also been studied spectrophotometrically in
aqueous solution; constants for the important equilibria, shown
in egquations {(3l} and (32}, at 229C and unit ionic strength are

134 92 339

evaluated as respectively 2.5 x 1O and 1 x 1077,

2_ + —_— 3"’
3H3A503 + 6S + 9 — AS3SG + 9H20 ... {31)

2- + _ s 4-
2H3A503 + 58 + BH T— A5255 + GHZO -e- (32)

Two new compounds, Mnhs_ Se, and Mn As.Seg, have been identified

2 3
in the MnSe—A525e3 system_348

S.4 ANTIMONY
5.4.1 Antimonides

In addition to producing the known Sn94‘ polyatomic anion,
treatment of a Na/Sn/Sb alloy with ethylenediamine gives a

compound which Erom llgSn n.m.r. data iIs thought to contain either

SbSn93_ or SbSng_.341 A new compound from the barium-antimcny

system, BaSb,, contains an infinite two dimensional anion built
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up of l4-membered rings of douhly and triply. connected antimony
atoms. 342 In this highlv puckered structure Sb-Sb distances are
ca. 2.84% with angles of 96.6 and 113.1° at kriply connected and
106.0% at the doubly connected antimony atoms. Wurtzite-type
structures have been confirmed for the new compounds LiBeSk and
LiZnBj_.343 The two heavier atoms in each case form a tetrahedrally
caordinated three dimensional framework into which I1ithium atoms
are incorporated, leading to a structure with increased distances
between buckled sheets of the two heavier metals. The new ternary
coemoounds MZn,Sh, and MCd,S8bh,, where M=Ca or Sr, have been prepared
from the elements at Eg.lOGOOC_S44
5.4.2 Bonds to Carbon

Organco—antimony chemistry for 1976 has been reviewed.

Reaction between di{t-hbutvl)chlorostibine and magnesium metal in

345

tetrahvdrofuran solution gives (t*Bu)BSb, which can be distilled,
to leave the cvclotetrastibine (t-Bu),Sb,, sublimable as yellow
crystals.346 The reaction probably proceeds via (t—Buzsb}ZMg.

As found for the lighter Groumn 5 elements, a number of distibines,
e.qg. Meqsbz, thsb2 and CH2(SbPh2)2 have been shown to react with
chromium or tungskten carbonyl derivatives yvielding binuclear
complexes of the form (OC}SMSszsbnzm(co}5.347
data for {(CF Sh¥, where X<H,Cl,Br or I, have been analysed and

32 318
normal coordinate analvses carried out.

I.r. and Raman

Tris(pentafluorophenyl}antimony, which gives the oxide
[(CGFS)ESb]zo on hvdrolvsis, can he oxidized to the dichloride.
Beth chlorine atoms can then he replaced on treatment with NaCMe

349

or the silver salts AgNOJ and AgClD4; on treatment with water the
dichloride gives the partially hydrolysed oxygen-bridged compound
[(CgF ) 35bCL] ,0.

A series of B-diketonate derivatives, stbc12x where R2=(CH2}4,
o,o‘—C5H4.C6H4, ete. and K=acetvlacetone or dipivaloylmethane, has
been prepared and investigated by n.m.r. and dipole moment methods. o0
In these comoounds the R groups are part of a heterocyclic system
and are constrained to occupy cis wositions in the coordination
sphere; the two chlorine atoms are thus trans to each other.
Comparisons are made with similar compounds in which the R groups

are separate and occupy trans pcsitions.
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Structural data have heen collected for two isomeric forms of
dimethylantimony trichlcride.351 The covalent form, which is
chtained when dimethylantimony chloride is oxidized with either
chlorine or 502012, has a dimeric, double chlorine bridged
structure similar to thakt in (PhZSbC13}2 with approximately
cectahedral coordination about each antimony. Terminal and
bridging Sh-Cl bond distances are 2.35% and 2.800% respectively.
The second form is obtained from Heqsbcl and antimony pentachloride
and consists of tetrahedral Me,Sb catlons {Sh~C, 2.1158) and
octahedral ShC16 anions {5b-Cl, 2.3828). Isolated ions are also
nresent in the structure of Eneqsb][ﬁaclqj.Bsz Structural data
for Me3SbF2 and Me4SbF show isolated trigonal bipyramidal monomers
for the former (Sb-C, 2.10R; Sh-F, 2.00R) but with the monofluoride
there is strong intermolecular fluorine bridqing {Sb-F, 2.37 and
2.38R8) with the formation of nolymeric chains parallel to the ¢
axis.353 The coordination about antimony is distorted octahedral
and the angle at the bridqing fluorine atom is 153.1°. In contrast
to the increase in antimony coordination here is the distorted
triconal bipvramidal coordination about antimony in the dimethylthio-
phosphinate complex Me SbOP{S)Mez, even though the ligand is
potentiallv bidentate. o4 The asvmmetric unit contains two
molecules which differ primarily in the Sh~0 distances (2.532 and
2.749%3. Both these are greater than the sum of the covalent
radii and indicate weak covalent Sb-0 bonding. As shown further
bv the C-Sb-C angles {100.3-118.2°) the structure is intermediate
hetween the tvpically ionic ne4sb+x_ structure and the five~
coordinate covalent structure.

Diesters of the form PhBSb{02CR}2 are readily prepared by treating

triphenylantimony axide with the appronriate acid in methanol,355
amnd gem—diclates Ph35b02CR132, where R1=R2=CF3 and R1=H and R2=CF3
or CC13, result when Ph3SbBr2 and the diol react.356 Molecular

weights in benzene solution point to monomeric structures and
spectroscopic data can be interpreted on the basis of trigonal
hipvramidal coordination with the ?iol spanning axial and eguatorial
nositions.

One methyl group is displaced from pentamethylantimony on treat-

ment with elither phosphonic and phosphinic acids to give naw
357

compounds such as HeqstP(O}{OH}Mc and MeqstP{O)th. The
mixed penta—alkyl artimony derivative, EtBSbME2’ results when

methvl lithium reacts with Et3SbCl, in ether but on treatment with
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compounds containing acidic hydrogen atoms methane, rather than
ethane is eliminated.”>”  Products of the type Et,SbMeX, where
X=0R, OZCME, OZPMez, ar 02PF2, are thus obtained. The methyl
acetylide, Hegsb(C§CMe)2, which has a trigonal bipyramidal scolid
state structure with acetylide groups in axial positions results
when Et,SbCl, is treated with Lic:TMe. Silylated penta-alkyl
stiboranes in the series, MenSb(CstiMeB}S_n where n=0—-4, can he
prepared by methylation or trimethylsilylmethylation of the

M ShRr, + 2LICH,SiMe; . 3 Me Sh(CH,SiMej), + 2LiBr ... (33)
(Me,SicH,) ;5b L5 e sicH,) ysbme]r -1 5 (me sicH,)  sbe

cee (34}

appropriate alkylantimony{V}) halide as shown for two examples in
eaquations {33} and (34).359

Chloro~-di- and —-tri-methyl derivatives of silicon, germanium and
tin give comoounds of the type :‘Ie3E~1Sb‘Ph2 on reaction with thsbLi,

while the analogous reaction with 2,2-dichloropropane leads to

Mezc{SbPh2}2.360 Tris{trimethvligermvl}stibine reacts with either
methyl or t-hutvl jiodide according to equation (35),361 but with

x N :

{JeBGe)3Sh + RI-ﬂ}(Je3Ge}ZShI + MeaGeR --- [35;

the tin analogue (MeBSn)BSb, the butyl iodide reaction gives
either t“Bu?{ne3Sn}5b ar (ﬁeasn}zsbsb(SnMe3)2 depending on the

ccmdil:icms.:"62

5.4.3 Bonds to Halogens

Anjonic antimony{III} fluoride structural chemistry has been
reviewad 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 leone pair oceccupies an equatorial

position.364 Equatorial and axial Sb-F distances are ca-1.%6 and

2.078 respectively, but in addition there are two longer Sh...F
contacts {2.66 and 2.868) so that the repeating unit is more
accurately described as SbFsE. In the mixed halide, CsSbClFB,
the onordinsticsh number of antimony is effectively eight giving a

hendecahedral arrangement involving five fluorine atoms {three at
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1.95 and two at 2,988} two chlorine atoms {at 2.978) and the lone
pair af electrons.365 Effective eight fold coordination for
antimony is also found for the 1l:1 adduct bhetween thiourea and
antimony trifluoride.365

Two molecular complexes between SbCl, and aromatic compounds, i.e.
2ShCl,. (biphenyl} %7 and 25bc13.Ph2NH,358 have been structurally
investigatced. In each case the SbCl3 molecules point to the
phenyl rings but are displaced away from the centres of the rings.
In the biphenyl compound the Sbh-ring distances (2.08 and 3.268)
are distinctly different while values close to 31.088 are found in
the diphenylamine adduct. In both compounds coordination about
antimony is increased to six (distorted oc¢tahedral) hyv twe longer
Sh...Cl contacts. The 1:1 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
2.38, two at 3.08 and the sixth atom at 3.428.3%%  Diphenyl-
ammonium cations are incorporated into the structure through
hydrogen hond EFormaktion.

Antimonv {III} chloride adducts with oxygen donors, i.e.
ZSbClJ.(l,3,5—triacetylbenzene]370 and the l:1 adducts with
terephthaldehvde and pﬂdiacetylbenzene,3?1 have alsoc been
investigated hy X-rav crystalillogranhv. Spectroscopic data are
reported for a range of antimony{(III) and hismuth{III} halide
complexes with sulphur containing ligands, including thiomorpholin-
3-one, thiocmorphelin-3-thione, thiazolidine-2-~thione and benzoxa-

zole—z—thione.3?2

Square pyramidal and mer-substituted octahedral
structures respectively are suggested for the species containing
twao and three moles of the ligand, while bridged structures are
mast likely for the compounds with 0.5 and 1.5 moles of ligand.

The compounds Cs Sb219 and Cs,Ri.I, are isotvpic wikth structures

3 ) T2 g 373
based on two octahedra sharing a face;
distances to antimonv are 1,198 and 2.8708 respectively and to
bismuth 3.244 and 2.9%20R.

Comparison of the 121Sb M8ssbauer spectra for the coloured
Sh{III)-Sh{(V} compound, (pyH]ssb(III)Sb3{V}Br24, of known

structure and those for M,Sb_Br,., where M=NH, or Rb, shows
2 2 & 4 374

hridging and terminal

evidence for the loss of s-electron density for Shb{IIT}. This
most probably occurs via solid state bands as has been suggested
for a number of Sn{II } compounds. M8Bssbauer data are also now

available for a number of mixed antimony fluorides including
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Sh_F, (SDF,)., and Se,Te., (SBF.) (SbyF; ) .- >

274 672 2-"2 6 3" 14

although mixtures of SbF5 and VFg can be recovered unchanged by
fractional distillation, a l:1 addirtion compound results when
aither a 1:2 vanadium—antimony mixture is fluorinated at 250°¢c or
the comnonaents with a slight excess of SbE‘5 are mixed at low
temnerature.3?6

In the addition compound between SbClS, water and dioxan, an
X-ray structure shows that the water molecule is strongly
coordinated to the antimony atom and dioxan is attached via
hvdrogen bond formation (0,..0, 2.4903] to water; i,r. and Raman
speckra are also discussed.377 N.m.r. and vibrational spectro-—
scopy have been used to investigate the structure and ligand
exchange mattern of SbClS.MeCN.378 There is no ionization of
the complex in acetonitrile solution but on addition of nitro-
methane Raman bands associakted with the SbClS_ ion appear implying
that ionization to [sbcld_(rvlecmz]*'[sbc:lej" occurs.

Aptimony pentachloride reacks with both formic ac16379 and the

haloagencsulphuric acids, HSO3X where X=F or Cl.380 With the
former, Sbc1s.2ﬁc02H, SbC1402CH, and SbC12{02CH)3 can be isolated
denending on the conditions, while monosubstitution to give
SbClq(Snax), orobably as a docubly halogenosulphate bridged dimer,
occurs with the latter.

maman spectra that can bhe interpreted on the basis of weak
association hetween a tetrahedral cation and the appropriate anion
have been obtained for solid and molten samples of [ﬁbCld]+
(sb,Ccl,Fg17, [sbcl,1*[sh,F 1" ana [Asc1,1" [sbr]”, while the

adduct bekween 5bCL,F and NbF. shows a spectrum similar te that of

q 5
the reactants and a Eluorine hridged polymeric structure is thought
to be most likely.- ot
1 382 . \ 383 .
Hn.m.r. and vibrational data have been cbtained for the

dimeric chloroalkoxides, [Cls_nSb(OMe)nj2 for n=1-5. Proton
resonance data distinguish betwean terminal and bridging methoxy
groups for n=5 and the experimental spectrum for the cocmpound
where n=2 is a super-position of the spectra expected for each of
382 pands in the 540-400cm™’
reg%on are assigned ko vibrations of Lhe szoz ring.383

12lgh M8sshauer spectra for Meqﬂ[ﬁbclq(N3)2] and a number of

compounds containing bridging halogen or azide groups have been
3B4

the five possible isomeric forms.

obtained.
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5.4.4 Bonds to Oxvgen

From a recent X-ray investiqation the compound sb203.2503.3H20,
cbtained when the trioxide is dissolved in sulphuric acid, should

be formulated as sz{OH}2{SO4) .2H 0.385 The structure of the

citrate complex, [Sb(C6H507)2] . ias also been determined.386
showing that antimony coordination is based on a trigonal
bipyvramid with a stereochemically active lone pair, carboxylate
oxygen atoms in axial positions {Sh-0, 2.169}r and oxygen atoms
from hydroxyl groups in the two remaining equatorial positions

{sb-0, 1.998).
387 388

Structures for Sb4OSC12 and SbsojI contain polymeric
layers with compositicns of respectively {Sh4052+}n and
Sb2(5h307]; with halogen atoms lving between the lavers. The

iodide investigdated was one of the nine known polytvpic modifi-
cations, specifically the non-centric form with combined ferro-
elastic-ferroelectric properties, The oxide-sulphide, caSbLOOIOSG
known mineralogically as sarabauite, can be obtained hvdrothermally
from a 1:2:3 mixture of Ca, sb253 and Sb203,389
based on antimony atoms coordinated to either three oxygen and/cr

S0
sulphur atoms.3

has a structure

The methoxv-1,3,2-benzodioxastibole {10l) and its trithio analogue

381

are not isomorphous hut have similar structures. A major

“E‘O\\ //O
5b

™o

{101}

feature of that for (1Cl) is the presence of three intermolacular
Sb,..0 interactions to different neighbours at distances of 2.36,
2.65 and 3.49R thus increasing the effective antimony coordination
number. Similar but much weaker interactions are found with the
thic analogue.

Antimony (V)Y atoms in Sb205 are in octahedral coordination by
oxyden atoms at distances hetween 1.91 and 2.083,392 in contrast
to the As,Oq structure33O which includes both octahedral and
tetrahedral ccordination. A partially hvdrated form of the oxide
Sb205.O.GH20, which can be ohtained when the product of SbCl5
hydrolysis is dried at 550°C under an oxygen pressure, should be

formulated as SbEOlz(OH).Hzo according to a recent structural
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analysis.393 Again the heavy atom is in six—fold coordination by

oxygen and by edge and corner sharing layers of composition SbSOISH
are built up. This compound, formulated as Sb204_8{0H}0_4, is
orobably one of the products obtained on heating a lower antimony
oxide under a high oxvgen pressure with water:394 a second
product is Formulated as Sh204.4{OH)1_2. Two crystalline forms
of sh Og have also been isclated.

1215h M8ssbauer data for a series of stibonic acids RSb03H2,
(p~tolyl}2sb02H and Ph45k0 have been interpreted in favour of
polvmeric structures with trigonal bipyramidal coordination about
antimony in all cases.395 The axial positions are cccupled by
bridging oxvgen atoms. A linear Sb-0-5Sb bridge with the oxygen
lying on an inversion centra (Sbh-0, 1.943R) has been found in the
structure of p-oxce-bis [tri(p-chlorophenyl)-1,1,l-trifluorc-2,4~
pentanedionato-0,0') antimony (V] 326

5.4.5 Honds to Sulphur or Selenium
NaSbS, can be obtained by heating stoichiometric mixtures of
Na,5 and 5h,5. in two different forms depending on the subsequent

2" 273
g
heat treatment.3'7 The a—form {monoclinic, space group C2/c}

results from very slow cooling, is isostructural with the
potassium salt, and contains antimony in a vseudo—-trigonal

bipyramidal arrangement {(SbSs,E). In the &8-form {cubkic, space

group Fmim} which is isostruitural with NaBiSz, antimony and
sodium atoms occupy octahedral sites in a face centred array of
sulphide ions. There is some amhiguity in this system however,
as a second 4-form {monoclinie, space group C2/m} has also been
isolated and investigated crystalloqraphically.398 This consists
of layers of condensad pseudo-octahedral SbSSH units with Sh-s5
distances ranging between 2.44 and 2.923.

Tie structure of Rb5b52 is similar to that for the o« modification
mentioned above, but the asvmmetric unit contains four independent
antimony atoms:399 Sb-S{equatorial distances} are 2.26 and 2.578
while the axial distances vary between 2.61 and 3.098%. The
rubidium and caesium salts, Mzsbqs?, obtained from szs3 on
Ereacment with an aguecous solution of the appropriate sulphide
and hvdrosulphide at 1500, have different structures, although
each contains antimony atoms in both pyramidal and pseudo trigonal

binpyramidal coordination.4oO
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Investigation intc the phase systems between szse3 or Sh2T93
and the Group 1 selenides or tellurides shows that the systems
become more complex with increasing atomic number of the alkali

401 probably on account of the increased ionic radius and

metal,
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 be isolated in addition, and finally caesium
also vields 055b55e9. Wwith lanthanoid selenides, X-ray
diffraction and d.t.a. experiments show the formation of one
ternarv, LnSbSe3, for Ln=La, Ce or Gd.402

Reactions between antimony trichloride and both substituted

403 404 have been described.

kenzene thiocls and henzene~1l,2-dithicl
Thicantimonites obktained from the former appear to give disulphides
on hydrolysis but the p-tolyl derivative Sb(SC6H4He}3 is both
thermally and photochemically stable. The initial produckt with
kenzene~dithicl is the monochloride, chlore-l,3,2-benzodithiastibole,
which gives the corresponding methvlthico derivative on treatment
with FrleSNa. A crystal structure of this compound shows mean 5h-5
distances of 2.453, hut the shortest intermolecular Sb,..5
contacts are 3.24 and 3.?22, indicating that the interaction here
is much weaker than in the corresponding oxydgen compound.
Pyramidal coordination akout antimony is also found in the
structure oF diphenylantimony-2,6-dimethylthiophenate and from a
short {3.448) intermelecular contact between the heavy atom and
the methyl group in the 6-position, the van der Waals' radius for
antimeny can be calculated as ca. 1.82.405

An addition compound hetween 0.5mol of 4,4'-bipyridyl and
antimony tris({Q-ethylxanthate}l has been shown by X-ray crystallo-
graphy to he a lattice adduct.406 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, 2.878R). In the third, the Sb-S
distances are 2.477 and 3.091R.

Thioderivatives of antimony(V), e.g. R3Sb(92CNR2}2’ are not
readilv obtainable but it has now been possible to isclate a
number of derivatives for R=#e, using metal dithicocarhamates.
Attempts to prepare the corresmonding triphenyl specles were
unsuccessful.40? Analogous xanthate derivatives, Me35b{52COR]2,

vere also obtained. The dithiocarbamate Me3sb{SZCNMez}2, which
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can also he prepared hv oxidation of trimethylstibine with
tetramethylthiuram disulphide, has a trigonal bipyramidal structure
with axial sulophur atoms {Sb~S5 2.575 and 2.6143).408
weak S5b...5 interaction is present from intramolecular distances
of 3.274 and 3.315A.

Further

5.5 BISMUTH
5.5.1 Bonds to Carbon or Germanium

The orcdanometallic chemistry of bismuth for 1976 has been
reviewed.409
(CEF GeRiFt_ and BCGFS)3Ge]2812t, are the products when

s 3 2
mixtures of triethylbismuth and (C6F5)3GeH ara heated at 100 and
Fil

110 Similar reactions occur with {C GeH

Two new compounds containing Bi-Ge bonds,

o .
1707°C respectively. GFS)2 o
ethane is lost on heating and the dimer BCSFS)zGeBiEt]Z, formulated

as a Ge,Bi, heterocycle has heen isolated.

5.5.2 Bonds to Halogens

Three different crystalline modifications of a new black bismuth{I}
iodide have been isolated either from reactions hetween the

e¢lements at 55BK or by heating bilsmuth metal with mercury(IXI)
s a1 . ;
icdide. L The — and 3-forms from recent X-~rayv studies contain

infinite Hinq chains in which two 0of the metal atoms are bonded

onlv to threa other bismuth atoms (mean Bi-Bi, 3.0453) character—-
istic of 8i(0) while the other two atoms are each bonded to one
bismuth and four iodine atoms {mean Bi—I, 3.1378) and are
characteristic of Bi{(II}) compounds. The o- and f—-forms differ

in the stacking of the Bi4I4 chains. The bromine analogue, which

can he orepared from bismuth and mercury{(II) bromide, has a similar

412

structure {mean Bi-Br, 2.944K}. The compound BiBr; ., is now

also known and contains, as found for the chiorine derivative, the
2-
5

rhase system confirms the formation of

Biga+ caticn together with BiRrx and BizBraz_ anions. Reinves-—

cigation of the Bi—Bi13
Bil and ooints to the existence of BilOIB with an incongruent
melting point of 295°¢. 413

The addition compound hetween hismuth trichloride and thiosemi-
carbazide (tsc), like that with thiourea, has been shown to
414 The
stoichiometry is 3BiC13.4(tsc) hut X¥-ray crystallography shows
the presence of [Bi4cllo{tsc}6]2+, BiClGB_ and €1 ions. The
complex caticn can he considered as formed from a ua—chloro—tri-

contain the metal in both cationic and anionic forms.
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[trichloro(thiosemicarbazido)bismuth]anion and a tri{thiosemicarba-
zido}hismuth{III} cation. The ethvlenethiourea complex,
BiCl3.
each bismuth atom in octahsdral coordination te four chlorine
atoms and two cis sulphur atoms from the ligands. The bismuth
lone pair is not stereochemicallv active.

The pvridinium chlorobismuthate, previously formulated as
(pyH) 4Bi,Clg,
the tetrameric Bi4Cl

2etu, on the other hand has a chain polymeric structure with

has now been shown to have a structure containing

415

anion. This consists of two mairs

[P
18
6 octahedra further joined bv chlorine bridges;
terminal Bi-Cl distances fall between 2.567 and 2.6118 and

bridging distances are 2.850 and 2.9418. As observed in previous

of edge sharing BiCl

hexahalohismuthates siructures, the two independent BiBrGB" ions

found in the rubidium salt show slight distortions anly from
octahedral geometrv and the lone pair is not active.416

Salts cf the BiFG‘ ion have heen ohtained by heating mixtures of
an alkali metal fluoride and BiFS to 280°C under a pressure of

417

Eluorine. Evidence is presented for the formation of H30+

BiFG_ when water is added to a sclution of the pentafluoride in

anhvdrous hvdrogen fluoride.

5.5.3 Bonds to Oxvgen

The interrelationship between the «,£,y and & phases of bismuth{III)

oxide have heen investigated by X~ray and neutron nowder diffraction?l8

and experiments in the Sr0-Bi,0, system show the formation of
419

sSrei 0y s5r 31206. and Sr2Ri205.

274" 3
A basic bismuth{III} nitrate obtained from the trinitrate in the
pH range 1.2 to 2.4 is best formulated from a recent X-ray
. 420
605(0H}3J(RO3]5.3H20.
[BiSOS(OH}3j groups, in which the heavy atoms occupy the corners

investigqation as [Bi Pairs of cage-like
of an octahedreon and the oxvgen atoms are placed above each
triangular face, are linked across a centre of inversion by oxygen
bridges.

Alkoxy-bismuth(III) species, such as Ph,BiOR and the Bi(OR)2Me
where R=Me,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,
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5.5.4 Boands to Sulphur

Redox properties, in connection with their use as positive
clectrodes in lithium cells, have heen investigated for the Group
S chalcogenides showing that the bismuth compounds can be reduced

at room tcmperature to LiBBi with ca. 100% material efficiency.422
Investigation of the phase systems between 31253 and both
1,5%27 ana K,5%2% shows the formation of LiBi;S. in addition to

the known ternary LiBiS‘2 for the former and the new compounds
K88i257’ K2Bi457 and K81355 for the potassium svstem. A number
of lead containing ternaries including Pb,Bi,S., PbBi,S,, PbBi, S,
. 425

and PbBlsle have also been observed.

A crystal structure determination on the O-ethvlxanthato-complex,
thﬁ[ﬁi(82COEt)4],shows eight fold coordination by sulphur about
bismuth at distances between 2.80 and 2.97R in the form of a

2
dodecahedron.4“6 Although there are no great distortions, the
three longest distances are associated with one triangular Fface

and mav represent the lone pair position.
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