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5.1 NITROGEN
5.1.1 Bonds to Hydrogen

Ammonia and fluorine do not react below ~120°C but in the gas
phase above this temperature reaction is very vigorous; the
products, identified mainly by n.m.r. and mass spectrometry,
include ammonium fluoride, NF3, N2F4, FN:NF, and N2 in addition to

fluoramine, NHzF.l This compound, which is isoelectronic with

HOF, is not known as a stable species.

The cvclopentadiene—-bridged titanium compound, (cpzTi)z, reacts
with ammonia, primary and secondary amines consuming two mols of
ammonia per T12 unit.2 One mol. of hyvdrogen is eliminated giving
a red compound in which the titanium atoms are tetrahedrally

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

el

cn\\\\Ti’/// \\\\Ti’///cp
CD’///’ \\%\‘N"/// — cn
(1)

and three hvdrogen 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 potassium naphthalene.3 The compound also serves
as a low pressure homogeneous catalyst for olefin hydrogenation.
Ecuilibrium constants for the reactions shown in equations (1)
and (2) have been evaluated at temperatures between 25 and 70°C

NH
NH

+ Hco3 —_— NHzcoo + H20 c.. (1)

3
COOH —3» NH,COO  + mt ee. (2)

2

giving pK values of ~0.328 and 6.76 respectively and AH values of
-10 and 11%J mol ' respectively.4

On heating with ammonia under pressure at between 300 and SOOOC,
various mixtures of potassium and europium metals give the compounds
EuN, Eu(NHz)z, KEu(NH2)3 and K3Eu(NH2)G 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(NH3)3 ana
K3La(NH2)6.
metallic gold dissolves in solutions containing potassium, rubidium

In liguid ammonia, the auride ion resgults when

or caesium,s auride formation was confirmed electrochemically and
by the observation of the characteristic band at 28%nm.

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

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

structure‘7

Microwave data for ethylenediamine have been analysed8 in terms
of the two gauche forms, (2) and (3), previously calculated to be
the more stable rotamers. Both are stabilized by hvdrogen bonds

and because it is possible to interchange the acceptor and donor

Hw"’“\
H—e N7 H Ne—H
N 1~ Nl -
C o 31 \ AN
p/\ \H /c——c’/ H
) 7\ \

(2 (3)

amino groups, double minimum potentials for the appropriate
transformations are expected. Splittings caused by the double
minima are observed exwerimentally and the data give a value of
63 + 2° for the NCCN torsion angles in both conformers whereas
CCN angles of 10%.0 and 111.5° are obtained for {2) and (3)
respectively. Vibrational studies on the isotopically substituted
ethylenediammonium 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 ethanol solution gives
in addition to (NH30H)F the chlorate, (NHBOH)Cloa, with liberation
of oxygen and nitrogen.lo The mixture presents a serious explosion
hazard if attempts are made to separate and isolate the products.
N~-substitution occurs when hvdroxylamine is treated with alkyl-
sulphonyl chloridesll or dimethylaminosulphonyl chloride12 to give
respectively Me(CHZ)nSOZNHOH and Me,NSO,NHOH. N-methyl-~hydroxyl—
amine reacts similarly with methyl- or phenyl-sulphonyl chlorides.13
The products, RsozNiMe)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 occurs. Other aspects of hydroxylamine
sulphonate chemistry are discussed in Chapter 6.

The nitrogen ls binding enerqy has been me&sured by X-ray p.e.s.
for a number of compounds containing NH, and NG, groups.14 Values
for the amino-nitrogen in urea, thiourea, urethane, H2N503 and
HZNCO2 are close to 400 eV; dJdata are also available showing that
with perchloric acid protonation occurs at a nitrogen atom with

urea but at the sulphur atom with thiourea.15

A new preparation for nitroxyl, HNO, involves dissociation of
9,10-dihydro-9,10~epoxyimino-9, 10-dimethylanthracene at 70°C under
mild non-photochemical conditions.16 Nitroxyvl has also been shown
to be imnortant as an intermediate in the reduction of hydroxylamine
bv nitrogen (II) oxide and in the decomposition of the trioxodini-

. - 17
trate anion HN203 .

5.1.2 Bonds to Carbon
Microwave data for nitrosvl cyanide, ONCN, and a number of 15N,
C, and 184 substituted species establish planarity for the
molecule and give values of 1.163(5), 1.418(5), and 1.217(5)3 for
respectively the N-C(N}, C-N{0O), and N-O distances.18 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

13

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

N,N'—dimethylformamidine,l9 the free base being liberated by

2MeNH2 + MeNHK—» MeN:CHN (K)Me + 2H2 + NH3 eae (3)
(4)
treatment of (4) with n—dodecanol. On heating to 100° the base
loses methylamine forming bis-N-(N'-methylmethylimino}methylamine,
MeN(CH:NMe)Z. From 1H n.m.r. and i.r. spectra the pure substituted
20

formamidine exists exclusively in the cis isomeric form. It is
stable in acid solution, probably a function of the difficulty in
eliminating methylamine from the tetrahedral intermediate formed
at low pH.2l When hyvdrolysis does occur however, the c¢is form of
N-methvlformamide is one of the first products but this converts

slowly to the more stable trans isomer.
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A crystalline sample of dilithium cyanamide, LizNCN, has been
obtained for the first time in a reaction between dilithium
acetylide and lithium nitride in liquid lithium at 600°C and has
been characterised by i.r. spectroscopy and single crystal X-ray
diffraction.?? The NCN2~ ion is centrosymmetric with an N-C
distance of 1.2308; lithium ions are in distorted tetrahedral
coordination by nitrogen atoms. In the structure of monosodium
cvanamide, the N-C distances are 1.279 and 1.1838, pointing to
the presence of a delocalized w—syvstem, 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 solution of
sodium ethoxide in ethanol; there is perhaps surprisingly no
evidence for hydrogen bonding.

Structures have aliso been reported for biguanide, HZNC(:NH)NHC
(:NH)NH2 and its mono- and di-protonated cations.24 The unsymmet—
rical structure of the free base is confirmed but the bond distances
point to extensive w—-delocalization and the molecule is almost
nlanar. In each of the nrotonated forms there are two aimost
planar sections twisted relative to each other by respectively
47.6 and 48.4° in the mono- and di-protonated species, and again
there is a strong w—-contribution to all the bonds. Lack of
planarity is probably due to steric interactions between the
hvdrogen atoms. Major effects of protonation are an increase in
the length of the C-N hridge bonds while the C-N(HZ) distances
decrease.

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

M i -
.183810 E 3

N
Z \% - 0siMe
~ N

\

S
OSiMe3
(5)
acid reacts with trimethylsilvl cyanide,25 and the same compound
results when either Me;SiCN or ie;SiNSO reacts with (CINCO) 5.
In the latter cases the onlv bv-products are CICN and CINSO

respectively and the reactions serve as convenient 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 Et3M, EtZMeM, and EtMezM vhere M=N,P or As.26 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 C3 conformation appears to be adopted for the Et3m
species although this form is not predominant in the liguid.
Similarly a single form is obtained on crystallization of the
EtMezM species, and it is considered that the preferred solid state
conformations are those in which all the C-Me groups are gauche to
the lone pair of electrons on the central atom. Normal vibrations
and a force field have been calculated for N(CN)E and C(CN);.27
Group 5 sulphinate derivatives have been obtained according to

equation (4), the general promerties varyving with the Group 5

2 1 2

1

R,EX + R“SO,M—3 MX + R,EO,SR --- (&)

Rl = Me or Ph; E = N,P,As,Sb or Bi; X = Cl, Br or I;
r? = 1e,Ph, or p-tolyl; M = Na or Ag.

element.28 The nitrogen compounds are purely ionic whereas those
for antimony are penta-coordinated covalent molecules; with
phosnhorus and arsenic the bonding is intermediate with ready
dissociation into ionic components. Methyl sulphinates are
readily oxidized bhy air to the corresponding sulphonates,
RiEO3SMe, vhile the antimony compounds, Ph4SbOZSR2, lose 502 on
refluxing in benzene to give the corresponding penta-organo

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

274
with hydrogen peroxide gives the analogue containing coordinated
N2H2.29 A zirconium(III)-dinitrogen complex, for which a

structure containing a sideways bonded nitrogen molecule is
suggested by i.r. and e.s.r. measurements, is obtained when
nitrogen reacts with (n—CSHS)ZZrCl[?H(SiMe3)2] in tetrahydrofuran. -0
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{diphenylphosphino)ethane

giving a one-step preparation of the compound Mc(Nz)z(phosphine)2.3l
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Anodic oxidation of ammonia or 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- 32

of Bu,N, was obtained on oxidation of LiNBu, at a platinum electrode

which then dimerize. As an example a 45% current yield
in tetrahyvdrofuran solution.

The thioborane, MeB(SMe)Z, reacts with both 1,1- and 1,2-
dimethylhyvdrazine to give with the former the solvolysis product
MeB (NHNMe, ), via the monosubstituted compound MeB(SMe)(NHNMeZ).33
Compounds (6} and (7) result with the symmetrically substituted

Me Me Me /,BMQ(SH) Me /H
N”“‘N\ /N_N\Me N— N\
*Me—B B-Me Me-B /
~ e Me Me-B B~Me
Me Me N_-N‘\ N
Me BMe (SH) RN
H Me

(6) (7
(8)

hydrazine, while the sole product using monomethylhydrazine is the
67—electron triazadiborolidine (g). Fluorosilyl substituted
hydrazines can be prepared by elimination of hydrogen fiuoride
between RSiF3 or R'R281F3 and hvdrazine derivatives such as
PhNHNHSiMe3 and Me3SiNHNHSiMe3.34

Full X-rav crvstal structures are now available for 1,2-dimethyl-
1,2-diformyl hydrazine,35[N(Me)CH:Q]2, and acetyl hvdrazonium
chloride36 [MeC(O)NHNH3]+Cl—. The symmetry of the former is very
close to Cy and the torsion angle about the N-N bond is -91.2°,

compared with a planar structure for 1,2-diformyl hydrazine. The
angle hetween the planes of the two NC:0 groups is 90.0° and the
N-N bond length is 1.386X. The acetyl hydrazonium cation is non

planar with an N-N bond distance of 1.4158.

The silyl hydrazides, LiNz(SiMe3)3 and L12N2(SiMe3)2 react with
phosgene and carbon disulrhide to give the amino-isocyanate and
3Si)2NN:C:O and (Me3si)2NN:C:S, respec-
The former is a temperature stable dimer while the

amino—-isothiocyanates, (Me
tively.37
isothiocyanate is a monomer which decomposes intc a mixture of (3)
and (10) at room temperature. In ether solution on the other
hand the decomposition products are sulphur and the carbodiimide

Me351N:C:N81Me3.
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5
. N 3
Me.Si,/”/ XN ¢
35 . .
N C - SiMey s/ \I}I/N(sm%)z
C N
4 N s . _ A
s N(SiMe,), (Me;S1) ,N — c N
(2) (10)

Nitramide NHZ.NO2 is considered from 15N tracer studies to be
the major precursor of the nitrogen(I) oxide obtained when nitric
and sulphamic acids react in agueous solution,BS but a substantial
proportion also arises by dimerization of an intermediate, most

probably HNO, whose nitrogen atoms come from the nitric acid. In
non-aqgueous solvents, the stability of nitramide decreases from

acetonitrile to ethyl acetate and is least in hydroxylic solvents
such as iso—-propanol:; aqueous solutions can be stabilized by the
addition of sodium nitrate-39

Methods for preparing solutions of iodine azide in organic
solvents have been described together with i.r. and Raman spectra

40

of the compound in solid dichloromethane. U.v. spectra of the

halogen azides correspond well with those of other covalent azides

and are in agreement with C_ symmetry.41 Chemical shifts and

15N n.m.r. spectra of

coupling constants have been obtained from
HN, and ClN3.42 The reactivity of IN, towards tin(II) chloride,

a number of metal carbonyls,44

43

and the Group 3 iodides45 has been
investigated. wWith SnClz, the product with either chlorine,
bromine or iodine azide is the unstable oxidation product SnClZ(NB)Z‘
although with IN, in the presence of tetramethylammonium chloride
there is ligand exchange and the complex anion [SnCl4IN3]2- can be
isolated.43 Complete displacement of carbon monoxide occurs with
an(co)lo, Coz(CO)8 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)6 the products are respectively Fe(CO)zIN3 and the highly
explosive Mo(CO)Z(N3)2.44 Cyanates such as [Re(C0)4NCd]2 and
Os(CO)zNCO have also been isolated. Structures with bridging
azide groups are suggested for the mixed iodide azides, M12N3,
obtained with either AlI3 or GaI3 in benzene solution.

A neutron diffraction study of NH4N3 shows an N-N distance of
1.186% and the importance of hydrogen bonds in stabilizing the

structure.46
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5.1.4 PRonds to Halogens
E.s.r. evidence has been presented for the formation of the
—F2—ASP5 mixtures47 and

NF.* " radical both bv photolysis of NF

3
Y—irradiation of NF4+ salts.48

3
Such a species has been posulated

previously as an intermediate in the formation of NF4ASF6.
The fundamental vibrational modes for the gauche and trans

isomers of N,F,, which constitute the equilibrium mixture, are 45
very close making assignment of i.r. bands extremely difficult,
but from measurements on sclutions in liquid argon or nitrogen an
unambiguous assignment for each isomer is now possible. Although
it is possible to obtain N2F3+SbF6— and the arsenic analogue by
treating N2F4 with the appropriate pentahalide in anhydrous
hydrogen fluoride, weaker Lewis acids such as BF3 or SnF, do not
react similarly-so Salts of these compounds can however be

obtained by the metathesis in HF shown in equation(5) for the tin

2N2P35bF6 + Cs,SnFe —3 N,F.SnFg + 2CsSbF, + N,F, +e. (5)
compound. Evidence supporting the stabilization of the novel
perfluorchydrazinium cation, Nst*, has been reexamined with the
conclusion that the compound isolated was in fact (NO)2SiF6.51
Nitrosvl and nitrvl fluorides react with chromyl fluoride
yielding respectively NOCr02F3 and NOZCr02F3;52 the anion
contains cis dioxo groups and c¢is fluorine bridges. Matrix
techniques have enabled isolation of nitrosyl iodide at 9K from
nitrogen(IT) oxide and iodine atoms; the product shows i.r. bands

at 1809, 470 and 216 cm_l.53

5.1.5 Bonds to Oxygen

The N, O N203 and N0, molecules which are all characterized

2747 272
by long N-N bonds, planaritv, and diamagnetism, have been treated
by a localized molecular orbital method.54 The results, which

agree well with those from the more laboricus ab initio calculations
naint to high p-orbital character in the N-N g-bond, the absence

of a w—component, and weakening of the N~N bond by oxygen lone

pair delocalization which is antibonding. N-N bonding is also
considered as part of a more general theoretical treatment of A-A
bond strengths in A2B2n species.55
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Catalysis of reaction(6) bv a mixture of PdClz, copper (II)
CO -+ 2N0-——} COZ + N20 ees {B)

chloride and 2MHC1 leads to greater conversion to Nzo than previously
observed with the homogensous catalyst RhC1l, and there is no
induction period.56 With PdCl2 alone the rate is reduced due to
deposition of metallic palladium but in the presence of acidic

copper chloride this is avoided by oxidation of the metal and
formation of the Cu012' anion.

The reddish solids obtained when nitrogen(II) oxide and Lewis
acids, such as the boron halides, tin(II) chloride or titanium(IV)
chloride, hydrogen chloride or sulphur dioxide react at 77K, contain
from i.r. and Raman spectroscopic measurements the asymmetric dimer
O:N‘O:N-S? Force constant calculations showed that in this
molecule both N-O groups retain strong multiple bond character and
are joined by a weak N-0O single bond. A novel iron-nitrosyl
cation, Pez(No)62+, can be isclated as the hexafluorophosphate
gsalt from a reaction between Fe{CQ}Q(NO}z and NOPFG, but more
interestingly the same compound resulis when NOPF6 reacts with

58 There is no evidence for bridaging

iron powder in nitromethane.
NO groups and the compound is diamagnetic thus leading to the

formulation BNO}3Fe=Fe(NO}3]2+. Nitrosyl complexes are formed
with C02+

but there is apparently little electron transfer between the metal

ions in zeolites on treatment with nitrogen{Ii} oxide,

and NO and complex formation appears to be related to the cation
position in the oxide lattice of the zeolite.>? Among papers
concerned with the environmentally important catalytic reduction
of nitrogen{li) oxide is a report that NO can be reduced in agueous
solution to approximately egual amounts of nitrogen and nitrogen (I}
oxide by [?oanQ(N02)2]+ in the presence of primary amines.60
The di(cyclopentadienyl) titanium complex (cpzTiCl)z, also reduces
nitrogen{(Il} oxide in this case rapidly and gquantitatively to
nitrogen{I} oxide but further reduction to nitrogen is very slow. 81
A number of 1:1 adducts with congruent melting points have been
identified from phase studies between N203 and aromatic 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
Ny
to the nitrogen oxide.

04 adducts with donation of electron density from the aromatic



& pressure and temperatu
in the complexes E“(NH3)50NO] 6
determined in aqueous solution, the volume profile indicating
that the mechanism is intramolecular in agreement with previous
work. In the case of the nickel complex, [Nienz(NOZ)Z], bands at
€a.500 and 800nm characteristic of the nitro-form are replaced on
heating to g§.124QC bv bands due to isomeric nitrito-form which is
less stable at room temperature.64 However as the nitro form has
the smaller volume, this should be pressure stable and indeed no
isomerization occurs on heating under a pressure of lé6kbars.
Finally complex anions containing both the nitro and nitrito forms,
i.e. [cu(no,), (OVO),J and [Ni(N02)3(0N0),]4", have been observed
by electronic and i.r. spectroscopy on solzdified melts from
reactions of respectively coovper sulphate and nickel chloride in
the LiNO,~KNO, eutectic at 120°C.°%2

Complex formation between nitric acid and Ph3PO, Ph3ASO, and a

number of other phosphine and arsine oxides involves essentially

g with phosphorus compounds, but proton transfer

reactions giving R3AsOH "'NOB— are important with the more basic
X

(MGBMN:)ZC + 2HN03-—)2M83MON02 + %(HzNCN)2 « e {(7)
aprropriate carbodiimide at OOC.S? I.r. data point to the
presence of unidentate nitrate groups.

The coordinated nitrate groups in Sn(NO )4 oxidize triphenyl-
vhosphine in carbon tetrachloride solution giving rSn(NO 2(Ph PO )},
which has properties appropriate to a phosphinate brldged polymer
with unidentate nitrate groups.68 With nitric oxide the product
is also a nolymer formulated as EOS“(NOB)ZJn while the nitrosonium
compound, (N02)2[$n(02CCF 6].CF CO,H, is the product with

trifluorcacetic acid. Bidentate nitrate groups are observed in

the crystal structures of Tl(NO3)3.3H20,69 Ph Sn(NO3)2.Ph PO,7O
Ph,Sn(NO.) . .Ph,As0, 'L and [Ce(NO.), (H_0) (4,4" —hwnvrldv111 72
Z i3 2 3 7 S 3 4\ 2 £ N T =z 4

3
leading to coordination numbers of 9 for thallium, 7 for tin and
+

S
solvates obtained when ScCl3 and yttrium metal react with N204
in ECHY.L acetate should be formulated as the nitrosonium salts
(NO}ZEH(NO3)SJ.73 Although they have the same stoichiometry, the
yttrium anion contains five symmetrically bidentate nitrate groups
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whereas with scandium four groups are bidentate and one is uniden-—
tate.

A reexamination of the M(NO3}4~M93PO system for M=Th or U shows
that in addition to the already known compounds M(N03)4-SM33PO,
two new neutral species, Th(N03)4.2.67Me3PO and U(N03)4.3.33M83P0,
can be obtained-74 Two ionic compounds have also been isolated

which are formulated, following crystal structure determinations,
as [Th(NO,) ;(Me;PO) ol 5 [Th(NO3) (] and Ph,p[Th(NO,) ¢ (MesPO),].

5.2 PHOSPHORUS
5.2.1 Phosvhorus and Phosphides
Volatilization of red phosphorus as P4 is catalgged by aluminium
Methods for

chloride according to new mass spectrometric data.
the direct formation of phosphorus—carbon bonds by the alkylation
or arvlation of elemental phosphorus with nucleophiles and under
76 and white phosphorus

77 and alkanethiolates

oxidizing conditions have been reviawed,
has been shaown to react readily with alkoxides 78
following equation (8). The carbon tetrachloride serves as a
+ 6C17 -.. (8)

P, + 6RX + 6CC1,-» 4P(XR) ; + 6CHC1

¥=0 or S 3

4

source of positive chlorine and the rate determining step is
considered to be the initial cleavage of a P-P bond.

Cobalt and nickel compounds containing cyvclo~triphosphorus as a
ligand are cobtained when an excess of white phosphorus reacts in
butanol with hydrated Co(BF4)2 or Ni(BF4)2 in the presence of the
ligand 1,1,l-tris{diphenylphosphinomethylmethane, MeC(CHZPPh2)3.7
The products formulated as Co{P3)L and [LNi(P3)NiLj(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 2.358.

S

P P
\\ Qt‘*\\
ligand EEECd//i P ligandEE;Nif::%u-P———NigE;ligand
\P/ \P{’/
(11) (12)

New iron,Bo

ruthenium,81 and 05mium81 phosphides, M94 have been
prepared from the elements in the presence of iodine. The
compounds represent a new structure type in which the metal atom

is surrounded octahedrally by phosphorus atoms while the phosphorus
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atoms are in tetrahedral coordination by metal and other phosphorus
atoms. The iron structure and that for the heavier analaogues
differ, however, in the ways in which the MPS octahedra share
corners and edges, reflecting the different steric and bonding
regquirements of the metals. Physical properties have been
reported for single crystals of CuP,, NiP2 and RhP3 obtained from
reactions between the elements in a tin flux at temperatures up

to 11500C,82 and from single crystal data the high temperature
modification, B—TaBP, has the S—VBS structure.83 Twelve—membered
Cu696 rings in which each copper atom is linearly coordinated by
two phosphorus atoms and each phosphorus atom ig in trigonal
pyvramidal coordination to three copper atoms are present in a

Cu3P2 network present in the new ternary, K3Cu3P2. 4 A second
new covnper ternary, CaCuP, crvstallizes in the hexagonal gystem

and most probably has a modified NizIn~type structure.ss

Different structures have been found for Bazn,p, and its arsenic
analogue, both compounds obtained by heating the elements to
1000°c. 86
edge shared ZnP4 tetrahedra (Zn—-P, 2-4862), in the arsenic
derivative 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.

While the phosphorus compound consists of layers of

Among other ternary compounds prepared and investigated are:
NaMnX where X=P-Bi with the Cu,Sb structure,a? Caanxz and
SrMn2x2 where X=P or As with CaAlzsi2 Structures,88 KZnX where
X=P or Sb with an Ni,In structure,o’ 2ZrCoP, NbCoP, NbNiP and

90 . .
anad Ln6N16P17 where Ln=La, Ce

TaFeP with anti*PbC12 structures,
g1

or Pr which have structures closelv related to Cu128b4513'

The structure of Au7PlOI, prepared from red phosphorus and
gold using chemical transport with iodine, contains 12-membered
phosphorus rings condensed into sheets (mean P-P, 2.233).92
$.2.2 Compounds with P-P Bonds

I.r. and Raman spectra of the diphosphine MePHPHMe in the liguid
phase are consistent with the presence of both the trans and gauche
forms but in the solid state there is no evidence for the gauche
rotamer.93 Vibrational data have also been analysed for thPPPh2
and its deuterc analogue, PhXPPXPh where X=Br or I, and IZPPI2 and

normal cocordinate analyses carried out to assess the effect of

substituent variation on the force constant for p-P stretching.g4



247

An analoqy has been drawn between tetraalkyl disilanes and the
corresponding diphosphines to show that steric factors operating in
both compound types are the same and there is thus no necessity to
invoke a special electronic “"gauche~effect™ to rationalize
conformational preferences in the diphosphines.95 Finally,
centrosvmmetric trans structures are proposerd for the tetra-n-propyl-
and n-bhutyl~diphosphinedisulphides in the solid state from the
absence of i.r. and Raman coinciﬁences.96
The reaction of 1,2~dibromoethane and two mols of KPHPh leads,
contrary to earlier reports, to 1,2-diphenyl-diphosphane, PhHPPHPh,
which is stable at ~30°C,97

hydrolyvsis or alcoholysis of (Me

and this compound is also obtained by
3Si)PhPPPh(SiM93). The diphosphane
on treatment with th?Pth gives the asymmetric diphosphane
PhHPPPh,,
to give PhPHz, (PPh)S and the triphosphane HZ(PPh)3. The latter

was identified from 31P n.m.r. measurements which show the two

but above -30°C, the diphenyldiphosphane disproportionates

AEB and one ABC spin systems expected for the three possible
éiasterecisomers-gs
Two new carbapvhosnhanes {13} and {14) are among the products

from reactions between ¢is~1l,2-dichlorocethylene and KZ(PMe)4.2THF

H
P
Me - P P - Me He P i - Me
Cz= b - C':\P /
(13) H
m— Me Me
(14)
99

in benzene; a full X-ray structure of (14) shows that the

P302 ring has a skew chair conformation with the exocyclic methyl

groups in axial positions giving an all-trans arrangement.loo

Mean P-C and P-P distances are 1.859 and 2.2098% respectively.
Reaction of 1,2-bis(phosphinoc)ethane, HZ?CchazPHZ, and either

bromine or a phosphorus(III) halide such as PhPCl2 leads to a

new bicyclic secondary phosphane (ig),IOI

while hydrogen is
eliminated when alkylene bis(phosphines), e.qg. HZP(CHZ)nPHZ or
RHP (CH,) PH,, react with lithium alkyls.!%?

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 number of
other derivatives, including the unusually stable bicyclic species(l7).
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(15) (16) (12)

The linear diphosphane KQ(PQt*Buz) and either dichloromethane
or 2,2-dichloropropane undergo [2+1} cyclo-condensation to give

the novel three membered heterocycles (;g}:l°3 the compound with
Ha
{t-Bu) ~P R C
/c( (t=Bu)~P~  “p- (t-Bu)
{(t-Bu)-P R !

{(t-Bu)-~p
\\B—N~(i~9r}2
(t—Bu)-‘F\C/P-"(t"Bu} {t*Bu)~P

(18) H,
R=H or Me (13} (20)
R=H readily dimerizes to the dicarbatetraphosphane (19). In all

these compounds n.m.r. spectroscopy points to an all-trans
configuration for the t-butyl groups. A boron analogue of (18),
i.e. compound (20) is the product of an analogous cyclo-~condensation
with (i-Pr),meCl,. %4

Contraryv to the general behaviour of cyclotriphosphanes, the
new compound {i~CBF7P)3 obtained when mercury abstracts iodine
PI_ does not rearrange on long standing at room tempera-

772
Products with a spread of chain lengths, i.e. KZ{t~BuP)n

from i~C3F
ture.los

where n=2,3 or 4, result when potassium in either THF or dioxan
reacts with the cyclo-tetraphasphane (thuP)4.106 The product

with n=2 being least soluble is readily isolated and can be
converted by water and trimethylchlorosilane into the diphosphanes
H(t~Bu) PP(t—~Bu)H and MeBSi(t~Bu)PP(t~Bu)SiMe3 respectively.
Cyclopentaphosphanes in solution are readily characterized by

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

unambiguous characterization in the wvapour state.107 The technique

is He{I) p.e.s. when five clearly resolved, egual intensity, bands

31

are observed that are associated with ionization from the phosphorus
lone pair molecular orbitals. Data for a number of tri- and tetra-

31? n.m.r. spectroscopy in solution

phosphanes are also given.
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 yields information on ring puckering etc.108

5.3.3 Bonds to Carbon or Silicon

A new method has been developed for the preparation of compounds
109

containing phosphorus to carbon multiple bonds. As an example
two mols of HF are eliminated when trifluoromethylphosphine is
passed over solid potassium hydroxide to give C-fluorophosphaethyne
FC=P. With either an increase in the phosphine flow rate or a
reduction in the amount of potassium hydroxide, the reaction can

be controlled to give F2C=PH. Photoelectron and microwave spectra
are also reported. A further, particularly stable compound

containing a double bond can be obtained following the reactions

in eguation (9).110 Elimination of hydrogen chloride occurs in
LiCHPh2 -~HC1
RPCl, ————=> RPCICHPh; ——> RP = CPh, . e. (9)

R=mesitvl

the presence of 1,5-diazabicyclo[5.4.0] undec-5-ene, and the

product can be distilled under reduced pressure without decomposition.
Bis[bis(trimethylsilyl)phosphanolethane (21) reacts with pivaloyl
chloride as shown in eguation (10) to give (22), containing Me,Si

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

CH,, [P(SiMe:,’) 51, *+ t-BuCoCl—»CH, [p=C(0siMey) t—-Bu | +2MeSiCL ... (10)
(21) (22)

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

Continuing investigations into the reactivity of carbon tetra-
chloride now show that chloromethine bridged salts, [R3P:CC1-PR3]C1,
result with triethyl- and tributyl~phcsphines,112 and it has been
possible to dechlorinate the analogous phenyl substituted salt
[fh3P:CCl.PPh2C1]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

Ph3P:.—:..—: C' ﬂ? th 2+
l{ :I 2c1”
thP——""" ‘—-—-““PPh3

(23)
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Vinyl and ethinvl phosphorus(III) compounds such as CH, :CHPX,,
CHQ:CFP(O}Xz, or RCSCPF4 have heen synthesized, and values of J(CP)
from 138 n.m.r. measurements correlated with the s character of
the C~-P hon&.llq Trifluorovinvl lithium and halogenated phosphanes
react to give members of the series Ph3“nP(CF:CF2}n,1lS and from a
detailed vibrational assignment for trivinylphosphine it is concluded
that the rules for C3 molecular svmmetry are followed.116

Metal carbonyls and 1,2-bis{(dimethoxylphosphino}ethane(l) react
photochemically to give compounds in the series M{CG}ZLZ and M(Co)éL
where M=Cr,Mo or w;ll? and a number of complexes have been formed
between tri(t-butyl)phosphine and metal salts.llg'll9 Two series
of compounds are obtained with silver salts, i.e. {t-BuBP)zAgx and
{t-BuBP}Agx, the former when X=C104, BF, ., PFE oxr N03 are formulated
as containing linear [t»Bu3P~Ag—Pt~Bu3] cations while the latter

118 The compound, Hg(OAc)Z.

for X=C1, Br,I,CN or SCN are non—ionic.
1198

t—Bu3P, containing bidentate acetate groups has also been prepared.
Silver halides react with the silvl- and germyl-phosphines,
t~Bu2PEMeB, the chloride cleaving the P~E bond giving t~Bu2PAq
while a tetrameric complex {t—BuZPEMe3-AgBr}4, possibly with a
cubane structure results with silver bremide-lzg

Increasing P-F and P-C bond lengths are observed from electron
diffraction measurements on the compounds t~BunPF3_n for n=1~3, and
the results are compared with CNDO/2 calculations and the effects
of steric strain.lzl Vibrational data for the compounds CF3£M32
and (CP3}2EM8, where E=P,As, or Sh, have been assigned on the

basis of CS local symmetry and normal coordinate analyses carried
122

out.
Both sodium acetylphosphonate, (MeCOPO3H)"Na+,123 and the

acylfluorovhosphorane, thP}?zc:o(Ph),lz4 contain P-C bonds to the
oxygen substituted carbon atom with lengths of g§~1.863. The
latter,which has a trigonal bipyvramidal structure, represents a
new compound type and can he prepared from thPOEt and benzoyl
fluoride. Two new ligands, phenylphosphine diacetic acid,lzs
ethane—-1,2~-bis {phenylphosphino-acetic acid}, [CHzP(Ph}C32C02H}2126
have bheen nrepared, the former from phenyldichlorophosphine and

ethvl hromoacetate and the latter from the bis-phosphine salt,
KPhPCH2CH2PPhK, and ethyl chlorcacetate, ad their complexing

abilityv toward nickel (IX) assessed.127 The ligand 1,2-bis(diphenyl-
rhosphino}ethane reacts with either methyl or phenyl copper to give

a compound with the formula [Ph,PCu(Ph,PCH,CH,PPh,)],.Phu. 28

and
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An X-ray crystal structure shows the presence of a four membered
(Ph P) 2Cu, ring with Cu-P distances of ca.Z2. 358; each copper atom
is chelated by a molecule of the diphosphine ligand.

Fluxionality in five coordinate phosphorus compounds continues

to be of interest and derivatives of the type Mez(CF3)2Px129 and
Me(CF3)3PX,l3O where X=F,Cl,0OMe, or SMe, have been prepared for
detailed n.m.r. investigation. Trigonal bipyramidal structures

are found in all cases with the axial positions being occupied by
the fluorine atom and one CF3 group for both MeZ(CFB)ZPF and
Me(CF3)3PF. The pentasubstituted compound, Mez(CF3)3 , 1s nowever
non-fluxional.

Isonrene and phenyl dichlorophosphine undergo 1,4-cycloaddition
to give after hvdrolysis a mixture of the two isomeric 3-methyl-1-

phenylphospholene-l-oxides, (24g and (gﬂw.lBl The former is in
\'“Ie _Me
/N I
Ph O Ph O
(24a) (24b)

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(SiMe3) where R=alkyl
or arvl, have been prepared by the methods outlined in equations

(11) to (14).132 Using Me,SiCl,, MeHSiCl, or t—Bu2SiCl2 in place
2MeLi Mey5icl
QPHZ S22 S RPLi2 —_— RP(SiMe3)2 + 2LiCl1 ... (11)
HP(SiMe;), + RCl—3> RP(SiMez), + HC1 e (12)
RPHLi + Me3SiCl —_ RPH(SiNe3) + LiCcl ee. (13)
RP(SiMe3)2 + MeOH —> RPH(SiMe3) + Me3SiOMe ... (18)

of WP3SLC1 in equation (13), the products are cyclic silyl phosphines,
j.e. (Me281PMe)3, (MeHSLPMe)3 and (t—BuZSiPMe)z, resulting from
rearrangement of initially formed silvldiphosphines such as
MeZSi(PHMe)2.133 The t-butyl analogue of this latter compound can

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

(MEZSiPt—Bu)2 and (Mezsi)3P4t—Bu2 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

P ——p-t-Bu t-Bu t~Bu  £-Bu
Me,Si MeSSi B b b
Me.Si
t-B \P / SiM L5 1 S'/ \S'Ph Me.,Si 7 \S/ \S'M

-~ B~ alNe € 1 X e 3 1 ime
Np el 2 25/ 2 270 NS 2

{ 2

(25) t—Bu t-Bu t~Bu

(26) (27)

or silicon tetrachloride leads to respectively (26) and (gl).l33

White phosphorus after treatment with sodium-potassium alloy
and reaction with trimethylchlorosilane is known to give

P7(SiMe3)3 (28), and a similar reaction wit23gimethy1dichlorosilane
has now been shown to give P,(SiMe,), (29). The structures of
{28) and (29) from X-ray 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 2.1798 at the bridgehead atom; in

P p
NN I
Me.Si-P p-SiMe Me.Si SiMe
3 3 2 2
‘Me3Si—P
Me., Si
— 2
P\\\P‘/,P
P—f—p
(28)
28 N
(29)

(29) the P-P distances are 2.2028, and the P-Si distances are
2.283 and 2.2472, the latter to the bridgehead atom. A more
complex silaphosphine, P4(SiMe2)6, which results from thermal
decomposition of igger alia Me,Si(PH,),, [ﬁMeBSi)ZszsiMe2, or
(Me3Si)2PSiMe2Cl, is an isotype of P4(GeMe2)6 and has the
adamantane structure (29).138

Among the compounds reported with bonds between phosphorus and
a transition metal are (31) and (33),139 the former resulting when
tris{trimethylsilyvl)phosphine reacts with Mo(CO)SBr and the latter
when (31) is treated with methanol.



Me,Si— P SiMe,
(30)
<c0)4mn<Br\ Mn (CO) , (CO) 4Mn<Br\
(ziMeB)z g:2
(31) (32)

5.2.4

P
-/ >
Mezsl SlMez
/ Mezsi \

P / /p
Me
\\ si?

l

Bonds to Halogens

Phosphorus trifluoride reactions with H,S8 or 50, to give

respectively OPF3

and SPF

3

are greatly influenced by the applied

pressure, supporting a mechanism in which the rate determining

step involves bond formation rather than decomposition of the

140

am = Cr ,Mo or W

b

n = 2-5

sulphur reactant. PF3 can also be oxidized by sulphenyl
fluorides such as CF3SF or CF,C1SF when the products are the
corresponding mercaptotetrafluorophosphoranes, RSPF4.141
Table 1. Reactions with MeZNPFZ(L) and MeN(PF2)2(L')
Reactant Products Reference
Fe (vapour) FeLS, FeL‘q 142
L}
Cr (vapour) CrLg, CrL, L', CrL,L', 143
L]
Co (vagour) Co,L,L" 5 144
M(CO)6 ML'3 145
Fe(CO)S Fe(CO)L'z, Fez(CO)SL'2 145
- k3 £ ] 0 t
Nl(CO)4 N12(C0)2L.3, N12(CO}3L 2 145
Coz(CO)8 Coz(CO)zLB, Cozi 5 146
L]
Co4(CO)12 C04(CO)12_2nL n 146
cpMn(CO)3 cpMn (CO)L', cpMnL'2 147
[cpPe(CO)2]2 (cpFeCO) ,L', (cpFeL'), 148



254

In a series of papers, King and his coworkers have defined the
ligand properties of the, respectively, mono- and bi-dentate
aminophosphine ligands, MezNPFz (L) and MeN(PF2)2 (zL.'), toward
metallic vapours, metal carbonvls and cyclopentadienyl metal
carbonyls. The results, which are summarized in Table 1, include
a number of full crystal structure determinations. The amino~
diphosphine,L', can bridge as well as show bidentate characteristics
as seen in the structures of the chromium and cobalt compounds

145 and (23)144 while in the iron

shown diagrammaticallv in (33)

qe
Me
F,p—N- N
F 27 N
p2 ¢( - F,P PF,
NS Ve 2 AR ¥
Me — N Cr Me,NF, P-) CO—+—— Co&PF NMe
N A ix 272 2N
P AN /R r
PZ PF2 F_P PF PF PF
. 1 2 \2 2 2
F,P—N AN <
~ N N
Me { [
(_:i_:}_) Me Me
(34)

compound, [che(PFz)zNMejz, one molecule of the ligand is cleaved
to NMePP2 and PF2 fragments which, together with a complete 148
ligand molecule, form a triple bridge between the two cpFe groups.
The carbon monoxide molecules in the product Coz(CO)ZL'3 obtained
from Co,(CO)g can be replaced on treatment with an excess of bromine
qiving CozBr4L‘3, an X-rav structure showing surprisingly that the
original Co-Co bond was preserved.l49
Methylhydrazones of primary alkvl ketones react with phosphorus

trichloride according to equation (15) to give the diazaphospholium

+
Me,C:NNHMe + PCly —32HCLl + H-N==C-lMe . - ... (15)
Me-—N\ _z+Me

(35)

salt (35), which from X-ray data contains a planar five membered
ring system-lso This form is apparently stabilized with respect
to that containing a P-Cl covalent bond by the possibility for
w—electron delocalization. Monomeric compounds of the type

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:CPh2)3
bond angles of 123°.

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

An X-ray structure for

sho s pyramidal coordination at phosphorus with P-N-C

scrambling reactions between PC13, P0C13 or PSCl3 and B(NEt2)3,
the mixed compounds are formed in higher yields than expected on

the basis of a random distribution.l52

The preferential affinity
for chlorine of phosphorus over boron in the PC13 system and the
reverse situation for the phosphorvl 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 (PPz)zo point to the presence
of a single conformer with symmetry lower than C,  in the solid
state while at least two conformers are present in the liquid and
gas vhases, the more predominant form having Cl symmetry.153

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

154

long axial bonds. According to further calculations intramol-

ecular exchanges appear to occur through a series of Berry pseudo-
rotation steps.

A number of main group fluorides including PFS, AsFS and SbF5

155 156

react with trifluorcacetate, and methane-

156

fluorosulphate,

sulphonate ions to give 1:1 octahedral complex ions. The

compound PF4 (acac), which can ke isolated when PFS and acetyl-

acetone react at low temperatures, contains two very similar
basically octahedral molecules in the asymmetric unit.ls7
At room temperature, phosphorus pentachloride and chromyl

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

158

complex formulated as (PCl4) (CrOCl4)- I.r. data suggest a

monomeric anion, isostructural with VOC14." Investigation of
the acceptor properties of PhPCl4 and PhPClB+ shows formation of
PhPClS ions with the former in the presence of large stabilizing
cations, while molecular 1:1 complexes are formed with unhindered

pyridines.159

With ligands such as 2,2'-bipyridyl or 1,10~
phenanthroline (L), the products are ionic six—-coordinate complexes
(PhPC13L)Cl.  Pyridine on the other hand with PheCl;", as either

the hexachloro-phosphate or —-antimonate, displaces the group 5
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pentahalide to give the nyvridine adduct of PhPC14, but stable ionic
complexes (PhPClBL) (MClG) result with the bidentate ligands (L).

The preparation and possihle stereochemistry of pentafluorophenyl
phosphoranes in the series (CGFS)nPXS__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 [(CSFS)ZPFNMe]z.16
According to 319 n.m.r. studies, phosphoryl halides are protonated
at the oxygen atom in highly acidic solvents such as 100% sulphuric
acid, oleum, HSO3F and HSO3C1,16l but whereas solutions of phosphoryl
chloride are stable in the first two media, the corresponding
bromide is solvolysed giving intermediates such as PBrz(OH);. With
phosphorus pentachloride, the initial products are PC14+ and/oxr

O

PC13(OH)+ but further solvolysis occurs.

The product from a reaction between POC13 and o—toluidine has
been shown by X-ray crystallography to be an oxygen-bridged compound
[(MeC H,NH) ,P(0)],0 rather than the expected trisubstituted deriva-
tive (MeC6H4NH)3PO.162 The suhstituted phosphoryl and thiophosphoryl
chlorides MeZPOCl and Me2P5C1 are solvclysed at low temperatures
bv methylamine and molecular weight data for the products,
Me,PONHMe and MeZPSNHMe, point to association in solution.163
5.2.5 Bonds to Nitrogen

Matrix isolation techniques have led to isolation of a number

of metal-phosphorus nitride species by cocondensation of metal
vapours with gaseous PN generated by heating P,N; to 900%c. 164
Products with the formula M(PN)2 are obtained with copper, silver
and gold while nickel gives Ni(PN)4; at present it is not known
whether coordination occurs via phosphorus or nitrogen but the

bridged structure (35} is suggested for the silver compound.

N t—}Bu
u _N
P N . )
/ \ n P - N(SiMej),
Ag /Ag N__
N
\
ﬁ t-Bu
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The 1:1 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, t-Bu(MeBSi)NP:Nt~Bu (L), on reaction with Zeise's
salt gives the neutral, trans complex PtCl L2 in which the ligands

are honded through the phosphorus atoms.lG

On treatment with
water or methanol addition takes place across the P-N¥ double bond.
The wversatility of these monophosphazenes is further demonstrated
by the nossibility of cycloaddition reactions between (MeBSi)zNP:

NSiM3 and both hexafluoroacetone and perfluorobiacetyl giving

respectively (37) and (§§}.167
(Me,Si) N c*F3 (Me,Si) N O~4-CF
351N S Me3SLI NN~ 3
P P
& \\\ l
me3sm/ o MeBSi-—N/ o—~cF,
(37) (38)

Reactions of substituted dialkvlsulphurdiimides, st(:NSiMe3}2,

with diphenvlchlorophosphine and dialkylchlorophosphines follow

different routes as shown in equations (16) and (17).168

i

stizﬁsiﬂe + 2Ph29C1 — R§S(:NPPh2}2 + 2Me,SiCl ... {186}

3'2 3

S S 2 Nes . Hoq = .
RS (:NSiMe,), + 2R5PCL ~—ﬁ>[hzs(.N51Me3)(.NpRz.pRZ)j €1~ + Me,sicCl

«ee (17)

Rl, R2 = Me or Et

The first X-ray data are now available for the two-cocordinate

phosphorus (IXII) cation, (i-Pr N)29+. obtained when aluminium

2 169

trichloride reacts with (i*Per)zPCl. P~N bond lengths are
1.61% while the N~P-N angle at 114.8° is in aqreement with

trigonal planar hybridization at phosphorus. The gecmetry about
the amine nitrogen atoms is close to planarity as might be expected
for optimization of the conjugation of the nitrogen lone pairs and
the empty phosphorus 3p orbital. The presence within such
cationic species of a free electron pair and a positive charge
should make them effective n—type Lewis acids as well as weak
o-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 equation (18).170 Reactions with strongly

Me !‘*Ie
[:: \\é++ PFg + Fe(CO) ;—> [:\\P~wae(CO)4 *pPG“ +CO ... (18)

Me Ve
(39}

nucleophilic transition metal reagents, including Va[ﬁacp{co) Jana
Na [Fe(C0)4] have also been described when products with structures
(40) and (41) proposed on the basis of i.r. and n.m.r. data are

obtained.l71
-‘.{e
a cO ,COo ‘Ie Me
/ U
[: \\\P“uwhe—cp [:: ‘\NP“M_P::N
N ~ olo)
e e v&(co) Me
(40) (41)

Crystal structures have been determined for tri(morpholino)phos-
phine and its piperidine analogue to investigate the relative

orientations of the lone pairs on nitrogen atoms attached to a

phosphorus (II1) atomjl72 Both compounds show two small (ca. 98°)
and one larger (ca. 110°%) M-P-N hond angles and two short (ca.
1.698) and one long (ca. 1. 738) P-N bond distance. The nitrogen

atom associated with the long P-N bond is essentially sp3

hybridized and the lone pair is anti to the phosphorus lone pair
while there is spz hybridization at the remaining nitrogen atoms
and here the lone pairs are at ca. 90° to each other and to the

phosvhorus lone pair.

Square pyramidal and square planar nickel(II) complexes can be
prepared with the bidentate ligand PhN{PPh2}2,173 and a number of
complexes have heen reported for optically active ligands of the
tvpe (Ph P)NCHRCOzMe, derived from PhZPcl and the appropriate
L~a-~aminoacid esters. 174

In continuation of structural investigations of derivatives of
the cage comoound, 4(NMe)6, data are now reported for two fully
oxidized forms O 4P (NMe)s and S,P 4(NWe) 175 and for two polymorphs
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of the monothio compound SP4(NMe)6.l76

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

Although there were

with close to Td symmetyry 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. In the monothio compound, P-N
distances range between 1.63 and 1.73% with the shortest bond
associated with the oxidized phosphorus atom.176
The successful isclation of a series of three—coordinate
phosphorus (V) compounds which also contain a P-C double bond has

been announced.l77

Such compounds, which have often been
postulated as reaction intermediates, result from the reaction
shown in equation (19) between a—-alkyl diazoethanes and the two-

coordinate monophosphazene discussed above. Amino-diimino

(Me381)2NP:NSiMe3 + MeRCNZ-——} (He3Si)2N\\\

P:CRMe + N e-- (19)
Me,SiN = 2
phosphoranes and iminophosphoranes undergo addition as shown in
178

egquation (20) yielding a series of new diazadiphosphetidines,
while with methanol, as indicated in eguation {(21), aminoiminothio-
ﬂe
3 (MegSi) N N~
’/’,P\\ ’/,PPh3 v (20)
Me SiN= N

SiMe

(Me3Si)2NP(:VSiM83)2 + MeN:PPh

3

phosphoranes (42) vyield bis(amino)thiophosphoric acids by addition

179

across the P:NBu double bond. Compounds (42)with R=t-Bu also

(Me3Si)RNP(:S):Nt~Bu) + MeOH——» (Me;Si)RNP(:S) (OMe)NHt-Bu ... (21)
(42) R=Me,;Si or t-Bu

reacts with, inter alia, GeCl4, SnCl4, PC13, AsCl3 and soc12 to

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

as cis—trans isomer mixtures.

SiMe, Site, TiMes
N
SNp N T —gec1, T NSp SN0 e si” NpSE
c1 N c1 N NN snCl,
SzMeB SiMe3 SiMe3

(43) (44) (45)
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Trimethvlchlorosilane is displaced when cyvanogen chloride and
silylated iminophosphoranes, R3§§251Me3, react to produce the
cyanoimino derivatives R3?:NCN. Both 1:1 and 2:1 reactions
have been observed between phosphoryl chloride and lithium bis{tri-
methylsilyl)amide, the former giving an N-silylphosphinimine,
Me3SiN:PclzosiMe3, rather than the isomeric substituted phosphine
oxide (Me3Si)2NP(O)C12.181 The product from the 2:1 reaction is
formulated as (Me,Si),NPCL(OSiMe,) (:NSiMe,). 82

New halogeno-azides in the series PX_(N,j,5_ ., PSX (N,), ., and
Poxn(N3)3~n, vhere X=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.
spectroscopy. An excess of sodium azide leads to complete halogen
displacement but 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

58779
hexachloroantimonate react as shown in equation (22), the product

+ - 7 +
OP (N, XNMe,) , + Mez0 SbCl, —3>(Me N} ,P(OMe)N, ] SbCl, + Me,0 ... ({(22)

decomnosing on heating to give the SbCl5 adduct of OP(N3)(NM92)2
by loss of methyl chloride.184

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

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

N N
B / 19
M917P gC~OEt
Q\ ?
EE0 _p B—Me
=
O‘ﬁ% \\\'N = \\Me
(46)

band, assignable to N-H stretching, can be found in the i.r.
spectrum of imidobis(divhenylphosphinesulphide), {thPS)ZNH, at
room temperature but a weak band at 3250 c:m_l appears on cooling
the sample to —180°C.186 On coordination to divalent transition
metals this compound loses a proton giving products with the
formula M[(Ph,Ps),N],.
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Benzvlmethylamino-fluorophosphoranes, PhCHz(Me)NPF4_an where
R=Me or Ph and n=0~2, have been prepared,187 and the thermal
decomposition of both thP(S)NHCHzph and thP(S)NHMe investigated.
The former yields hexaphenylcyvclotriphosphazene while the linear
triphosphazene thP(NHMe):NPPhZ:NP(S)PhZ is obtained, along with
PhZP(s)NMeZ and PhZP(S)SMe, is obtained with the latter.
Non~equivalence of the i-propyl groups, previously suggested by
n.m.r. data for N,N-di(i-propyl}-P-phenvl-phosphoramidic chloride
PhP{0)C1l (Ni~Pr,), has now been confirmed by a full X-ray structure
determination. 8%  The p-m bond distance, 1.614R%, implies a
substantial w—~component which is said to be consistent with an
n~-g* type interaction, i.e. the alternative to (p-d)n bonding.
P~N Ring Compounds. In addition to showing very different 31
n.m.r. shifts, geometrical isomers of the cyclodiphosph{III)azanes
{47) differ markedly in physical properties and in their reactivitey
with for example sulphur,selenium and methyl iodide.lgo Isomer
identification in these systems has been aided by a demonstration
from X-ray crystallography that the isomer of (47) X=NCH,, with a
small 1P chemical shift has the cis configuration. Structure
determination on two further diphosphazanes, (48) and (43), showed

188

P

t-Bu Ph Me3Si
/ 1 /
PN N N
X ~-P P - X MeOwP’/ P—-OMe MeZpr‘/ \\P—Me
Ny Ny Ny
A 1 AN
t~Bu Ph Me3Sl
X=NMe, or OMe {48} (49)
(47)

both compounds to have the alternative trans arrangement of
181 Detailed 31p’192 lH’lQB

n.m.r. data for these and other phosphorous{III)-

substituents at the phosphorus atoms.
and l3cl93
nitrogen compounds are now available showing, for example, that
geometrical isomers have opposite signs for 2J(PNP),192 while for
compounds with a methyl group cis to a phosphorus lone pair both
J{(PHCH) and J(PNC) are relativelv large and positive.193
Cyclophosphazanes carrying a secondary amine group at phosphorus
have heen obtained by the reaction in egquation (23) and while the
products are almost exclusively in the cis form, on heating cis-transg

194

mixtures are obtained. A crystal structure determination for
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Me%gf
. ; — — .
ZRZPCl + 2NaN(SlMe3)2——9»x P\N///P X + 2NacCl + 2Me351x e (23)

~
XzNMez, etc., Me3si

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

1.7508.193

i e
N Te S N NHR N
t~Bu—P// \\bdy §§P<: \\bi: F3P<:l \\\PF3
\\ﬁ// t~Bu Rﬁg §// \\S ?l/’
Me R Me
{50) {51) {52)

Thermolvsis of trialkylphosphorothioic amides, P(S)(NHR)3
where R=Me, Et, n-Pr, i-Pr, n-Bu, t-Bu, etc., in the range 190-240°
causes loss of two mols of amine with the formation of the cyclo-

196 N.m.r. analysis points to the compounds

divhosphazanes (51).
having trans arrangements of the phosphorus substituents.

The product frcm a reaction bhetween heptamethyldisilazane and
the diphosphazane (52) can be separated into (MeN)equg and two
isomeric forms of the compound (MeN)4P3F7.197 One of these, with
a tricyclic structure is already known but for the second isomer
and the tetra-phosphorus compound spiro structures (53) and (54)

are suggested.

?e F %e ?e Me ?e

N ‘ N N 7 N N
PN < N\ N~

FBP P PF3 FBP P P PF3

\\\N.// \\N//’ \\‘N’// \\\N‘///é\\‘N‘//

1 1 | 1 1

Me Me Me Me Me

(53) (54)

Similarities between 023F2 and the NZPF2 unit from the cyclo-

phosphazenes has been exploited in an application of the Xa method

to show that there is substantial w~bonding with 3d orbital

participation in each case.198
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Hexafluorophosphazene reacts with 1~ or 2-propenyl lithium199 or

200 to give in each case the monosubstitution

cyclohexyl lithium
product. A geminally disubstituted compound can be obtained with
l~propenvl lithium but with the 2-propenyl analogue there is ring

degradation. The fluorophosphazene also reacts with N(SnMe3)3 and
c1soZCstozc1 to give [P3N3FSN(SnMa3)802]2CH2 which can be cyclized

on treatment with SCl2 or MePC12 to (55 a and b) respectively.zol

HZ H3C\/H
c P
/N /X
0,5 so N N
2 2 Xt | X
F N A P E P
shaPaTh N PaNaTs XN X
X
{55} a X=8

(56) a x=Cl
b X=PMe b X=ph

High vields of a new hydrido-cyclophosphazene (56a) have been
reported from an unusual reaction between P3N3C16 and methyl
magnesium chloride, in the presence of (n—Bu3PCuI)4.232 The
compound is obtained only after addition cf 2-propanocl and it is
suggested that an intermediate in which two phosphazene groups are
attached to a copper atom is important. A second hydrido—compound
{56b) reacts with dicorganochlorophosphines to give after dehydro-
chlorination the P-P honded species (57) while with methyldichloxo~-

phosphine, the bridged compound (58) is the product.2°3
Me
Me PR Me Me
\\‘P’/ 2 ~\\? ‘ﬂﬂuwﬂﬂ,mw»P ——
7N O N
ky B
ph__ ll é,,Ph Ph‘\~g é’,Ph Ph_1t g/,?h
~ ~ - ~ e N
Ph \N// Ph Ph NyZ “Ph Ph” N\ y# “Ph
(57) (58}

Amination of P3N3C16 is kinetically controlled and with four mols
of an amine the products are mixtures containing mainly the trans
non-geminal isomer. In acetonitrile solution there is evidence
for thermodynamic control and by carrying out reactions in this
solvent at lower temperatures it has been possible to raise

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

non-geminal bis{dialkylamino)chlorotriphosphazenes to give pairs

205

of isomeric cis and trans difluorides. As found previously

for the dimethylamine derivative attack occurs at the Fclz centre
and the amine configuration of the starting material is retained.
Data for bis(alkvlamino)derivatives are also given. All three
possible isomeric forms for P3N3C14(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 sclvent, the latter is always obtained in
the largest amount.206

Mass spectrometric data for the phenylated cyclophosphazenes,

3 3Ph C16 -n where n=2,3,4,6, and the isomeric tetramers

-4 é?h Cl4 enable species contalnlngogemlnal and non~geminal
phenyl groups to be differentiated.

N-methylaniline reacts by a predominantlyv non-geminal path with
P4N4C18 to give the partial substitution products, P,N Clg_p, kMePh)

4™a
where n=1,2(2 isomers), 3,4(5 isomers) and 6, but isomer vields are
strongly solvent ﬁependent.zos 2,3~ and 2,6~Aminotetraphcsphazenes
4\4C? XRlﬁz}z give 3‘? n.Mm.r. spectra wh%cg can be analysed as
respeccively AA'BB' and A,B, spin systems.‘O“

The hicher cvclochloronhoschazene coligomners cannct be separated
by vacuum fractional distillaction as rinag inrerccenversions are
incduced giving substantial amouncts of both the triner and
tetramer.zze Similarlyv rino size changes are cbhserved when
mixtures contzining (?XC12)3_7 are treazed with both butvianine

and scdium nhenoxide.

Among structural investigations in this area is a szudy of the
spirocvcelic ghosph?zene {3%) which contains a non-planar Pyllg ring
211 . =
anc a ?chz ring in the envelone conformation.”™ 7 The angies

Ve M Nte 1
2 \\P-m-upz i-——cn
'/ ~N t 2
A PW.’//p\?I——CH
Me -”\¥We H 2
2° - 2
(59)

at the splrﬂwpncsnhorus actom in the five— and six~membered rings
are 95.6 and 115.0° respectively, while the P~N distances are
respectivelv 1.68 and 1.598. Orientation of the side chain in
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P
4

probably represents a new type arising from specific steric

212 The relationship between substituent orientation and

NAC17(NPPh3) differs from that in the corresponding trimer and

factors.
ring conformation has been strengthened by data on a third isomeric

form of the compound P4N4C14(NMe2) Crystallographic investi-

4°
gation of the cis—trans—-cis—trans isomer shows a structure similar
to that of the corresponding tetrafluoride and, as expected, a

ring conformation intermediate between the saddle and the tub.

213

A saddle ring conformation with equal P-N ring bond lengths
(1.575%) but exocvclic P~N distances of 1.679 and 1.656 is reported

for the cyclotetraphosphazene fully substituted by pyrrolidine
qrouos.214

Introduction of a carbon atom into the P4N4 ring system appears

to cause no great conformational change nor are bond lengths

greatly affected according toc a structure determination on the

215 The

azaphosphorine (60a) and its C-benzoyvl derivative (60b).
ring svstem of each compound is in the tub conformation and bond
lengths in (60a} are P-N(endo) 1.609, P-C(endo) 1.717, P-C(exo)

1.8158. Reaction of two mols of methyl acetvlenedicarboxylate

and¢ the cyclic tetrarmer (I-!e?:::—!e)4 gives the bicyclic 1,2,7-

azadinhosnhenine (él).zle

| Mo — D D—
1o i il ‘e TEINL N “le
o ot Me—1 T N—Me
SESEX »7 N\ Me /
/ e ‘e — 2 B—lie
“e ~n
|
{BOY 2 R=p Me
b R=COPn {61) R=CO, e
The cctaflueride, P4ﬂ4?8, is the only retrameric compound for
which a planar ring systen has heen found and in view of this the

structure ¢f the pentarmeric fluoride is of some interest. This
compound can be obtained in three monoclinic modifications, two of
which have been investigated bv low temverature X-ray diffractometry.
In neither form is the ring planar; the first contains a boat
shaped ring with a pseudo—two—fold rotation axis passing through a
phosphorus and a nitrogen atom, while the ring conformation in the
second form is reminikcent of that found in PSNSBrlO. Mean P-N

217
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distances and P-N-P angles are 1.5498 and 137.4° for the first form
and 1.5468 and 140.6° for the second.

Isothiocyvanato derivatives of the mixed ring compound (62, X=F
or Ph) have been isolated, the monosubstituted product being a

N N N
o R N e} | Oxn.” XN\_,0 Ox 7/ X .0
f,P P\\ ,/’5 S\\ /,S S\\
c1” hi 1 Cci g} I ; c1 L E F
N N Y N hy hY
N7 N7 Ns?
2\ V! VR
O X Cl Cl1 ¢l C1
(62) {63) (54)
mixeure of the exvected weomeirical isomers and the disubstiturion
23

product being the ceminal isomer.
cis-fcrm of commound (63) cives 2 serias of substitusion sroducts

the S-monoflucride (67,X¥=F)} but in the presence of aluminium

trichloride further reaction leads to the ?—difluoride.223
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Reactions of (67, X=F) with primary and secondary amines have also

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

rearrangement compound (568). A second new type of heterocycle
N
7 AN F Y N
CF,— C p_ Mool ..o
3 NHR 51 TRl
l i e we | Me
N N
N - H, NN N NH
>S/ 2 \?/ 2
2N
N1 Z N\
2 NER S/ OPh
(58) (59)
{6%) results when phennxyvthionhasvhoryel dihvdrazide and dimethyl-

in tetrahvdrofuran in the presence

can be

226

~4,0 swstems where M=Fe(II)
the CGroup 2 orchophosphnites,

e corresponding diphosphites

5 new mixed vhosnhinous-vnhosphinic acid anhydride has been
: ; \ . - 23
isclated using the method shown in ecuation (24), 1 and good

vields of the trimethvlsilylester of dimethylphosphinous acid,

(CF3)2POP(CF3)2 + (C?3)2P(O}Cl—4>(CF3)2POP(O)(CF3)2 + (CF3)2PC1
.- (24)
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MezposiMeB, have been reporggg from the treatment of dimethylphos-—
phinous acid and Me3SiNMe21 The compound is oxidized by

sulphur and gives MezP(OSiMeB}(:NSiMe3) when treated with trimethyl-
silvl azide. Thermolysis at 80°C leads to the diphosphane

monoxide, Me2P(O)PMe2, while with hexafluorcacetone the dioxaphos-

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

0 CFBC? CF3 cF
3 G o 3

meZP:: RIRPP T3 R'R*PZ
| ~© CF, F O-\CF, F 0 cF

OSiMe 4 CFB CFq
(71) (72)
{70)

{(71) or 1,3,2-dioxaphospholenes (72) result when fluorophosphines
or fluorophosphites react with respectively hexafluorocacetone or
hexafluorobiacetyl.233 With phosphine and methyl phosphine, there
is confirmation that hexafluorocacetone gives the insertion products
H_PC{CF,),0H and MeHPC (CF.,}
2 372 372 234
compounds HP[C(CF,) ,0r], and MeP[C(CF;),0H], have been isolated.
A sgimilar product cannot be isolated using NezPH and here the
reaction gives a mixture of MeQPPMez, MezP(O}OCH(CFB)z, and the
fluxional phosphorane EezPP[bCH(CF3)2}2.
A series of hexafluoro-iso-propoxy derivatives of phosphorus {(III)

OH, and in addition two di-insertion

has been obtained from reactions between inter alia P013,235
pBry, 237 mMe,pc1??® or mepc1,?3® and the litnium salt LiocH(cF,),.

The two trihalides gave mixtures of all three possible products,
PXnZOCH(CF3)233_n where n=0~2, while the products from the methyl
derivatives, e.q. MezPOCH(CF3}2, gave 1,2-oxaphosphetanes such as
{73} on further reaction with hexafluoroacetone.236
dichloro-~phosphorus (V) compound, ClZP[pCH(CF3)2]3, can be obtained
from the vhosphite and chlorine, which then can react with two mols

The expected

0 E;CF3)2 He
[ 2
(cF ) yero— 2
Me PO2
OCH(CF4), Me Me

(73) 79)
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of LiOCH(CF3), to give the penta-alkoxide P[OCH(CF,),]. as a low
melting solig. 237 Other phosphorus (V) species, such as
RnP{bCH{CF3}2}5*n where 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 obtained during the pyrolysis of Diels-Alder adducts
of mesityl“Z,4-butadienylphostin5te.239
In the presence of triethylamine, phenyldichlorophosphine and
o—hvdroxyvacetophencne give a product with the expected stoichio-
metry PhP(OC, H,COMe),, but crystallographic methods show it to
have an unusual tricyclic oxyphospherane structure (75) with

Ph
Q o A
Q /o o _C ! >I

p=—\—0 i g
7\ mMe Ph—D Cl— p=
(@] o i \0
Me O\C ‘ \N
i A
3 O C/
(75) (76) eh
(17)

distorted trigonal bipyramidal coordination about phosphorus.24o

The general problem of the stereochemistry about phosphorus (V)

in spirocyclic compounds has attracted wide attention this year
with detailed crystallographic data showing an increasing number
0of structures falling on the Berry exchange coordinate between the

trigonal hipyramidal arrangement and the less favoured square
241 242
. both

pyramidal structure. Two compounds {76} and {77}
containing chelating groups, in fact have structures close to
ideal triqonal bipyvramidal while with compound (1§)243 and the
two catecholates PhP(02C6H4)2244a and t—BuP(OQCGH4)2244b the
structure is only slightly displaced from square pyramidal.
Increasing distortion along the Berry coordinate is found for

Ph Me Me
o_ | R CF 3
[\P " O—f-CF
-~ e
O Me
o~ o CF
Me Me

CF

o
/
O —
W

(7]

(78) (79)
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(OCHZCH NH) PH and (OC H NH)2DH obtained from tris(dimethylamino)
245

phosphine and reqpectlvelv ethanolamine and o-aminophenol, and

for the perfluoropinacol derivatives (79, R=t—Bu or Ph)?46

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 sguare pyramidal
isomers of a given five—coordinate vhosphorus compound to be
estimated. The results give isomer energies in agreement with
thosefrom ab initio calculations and reproduce the AG values for
intramolecular ligand exchange processes. Apicophilicity scales
can be constructed and the model incorporates ring strain and
other steric terms.

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

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

OSiMe3
[:::[: :]:::j E:::I ~\\n,,» ]:::j O\;BP‘//O
0o ~~o o~ So
(89) (81) (82)
with hydrogen chloride. In the solid state the phosphate structure

(81) is stabilized probably hecause of strong intermolecular

O-H...0=P hydrogen bond formation.248

A similar problem arises
with the product obtained from phosphoryl chloride and benzilic

acid but here the equilibrium lies wholly towards the penta-

coordinated form (83).2%°  Aryl hydroxamic acids RC(O)NHOH react
oH
(@] O ——P ——0 O Ccl
o ™o o | o
Ph Ph R/Q( o <5 \U\\R
Ph Ph N ~n
(83) (84)

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

Substitution followed by intramolecular addition takes place when
chlcrophosphines react with benzil mono (o-hydroxyanil) as shown

in equation {(25) to give the bicyclic product (§§)_251 The
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Ph
R,PCl + HOCgH,N:CPhCPh(:0)—> (r&/’?h -.- (25)
R,P—N
2
1
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. PCl3(02C6H4) and PC1(02C6H4)2, toward chloride

31

ion and pyridine have been assessed by P n.m.r. spectroscopy and

252 Both compounds

the former shown to be comparable to PhPCl4.
give cationic species on treatment with antimony pentachloride
which are highly reactive probably on account of their strained
geometry. The coordination number is readily increased to six
on treatment with 2,2'~bipyridvl or 1,l0-phenanthroline. A
similar cation, [P(02CGH4)2(2,2'-bipy)]+, as the hexafluorophosphate
has been examined crvstallographically showing a slightly distorted
octahedral arrangement with mean P-O and P-N bond lengths of 1.67
and 1.90% respectively.253

Structural data are now available for two aluminium phosphates,
Al(H2P04)3254 and Al(H2P04)(HPo4).H££55rhe former consists of
isolated AlQ, octahedra and corner sharing 02P(0H)2 tetrahedra
stacked to form columns parallel to the ¢ axis, while the latter
consists of layers of AlOS(OHZ) octahedra sharing vertices with
POZ(OH)2 and PO3(OH) tetrahedra. In Sn(H2P04)2 each tin(II) ion
is coordinated by oxygens from four different H2PO4_ groups with
the latter linked together by strong hydrogen bonds into infinite

256

chains, and crystal data for Hf(HZPO .H20 point to a layer

}
4°3
structure similar to that in the well-known g-zirconium phosphate

ion exchanger.257

Up to five different 31P n.m.r. peaks have been observed in
various solutions of gallium phogphate which with the help of

data from 71

Ga resonances can be assigned to uncomplexed phosphate,
GaH3PO43*, GaH2P042+, a polymeric gallium phosphate and a complex
with the H5P208 ion.

The carbamoyl phosphate ion (OBPO.CONHZ)Z- obtained when
potassium dihydrogen phosphate reacts with potassium cyanate gives
Group 2 metal salts which decompose in aqueous suspension at room

temperature and when heated above lOOOC.259
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On heating, potassium fluorophosphate KHPO,F loses hydrogen
fluoride rather than water with formation of the trimetaphosphate
salt.zao Silicon,QGl tin262 and antimony262 difluorophosphates
can be prepared from reactions between the appropriate halide and
the free acid either alone or mixed with P2O3F4. In addition to
Si(POze)4 a second product, H[Si(POZFZ)Sj, results with silicon
tetrachloride.261 The tin commnound, ClZSn(PozFZ)Z' is formulated
as a polymer with difluorophosphate bridges, while for the two
antimony compounds, Clésb{Pcze) and FQSb{POZFz}, discrete dimers
are considered vpresent on the basis of spectroscopic evidence.252
Coordination polymers formulated as M(902C12b.20,where M=Ca,Mg or
Zn, have bheen obtained from reactions between metal oxides and
P203Cl§6§n an oxygen donor solvent (D) such as ether, dioxan or
POCIB.

Complex ions containing coordinated di~ and tri-phosphate groups
have been prepared by disnlacement of water from [CO(NHB)S(HZO):]3+
or [Coenz(H2O)2]3+.264 From 3P n.m.r. results the two isomeric
forms which exist for the triphosphate complex of the former are
formulated aszgéﬂgN)SCOOPOBPOBPO332- and [ (H,N) ;CoOP (:0) (0PO5) ;127
respectively. A hvdrated cvanamido-triphosphate, N35P309NCN,
has been isolated from a reaction between trimetaphosphate and
sodium cyvanamide and its properties studied.265

Topotactic conversions of Pb2P4012.4H20 to the dihydrate

the latter to szﬁp 267 have been investigated. A crystal

266 and

3%0
structure determination for Pb294012.2820 shows the presence of
two independent centrosvmmetric P4012 rings interconnected by lead
atoms,266 and for PbZHPBOlO the tripolyphosphate ion has mirror
svmmetry about a plane passing through the central phosphorus atom.267
Among papers discussing apatites are three concerned with oxygen
species. One which is formulated as CalG(Psé}SO{B is only stable
between 850 and 1050°C in a vacuum or in the presence of
anhydrous gases;268 these very specific conditions for stability
may account for the controversy concerning this oxyapatite.
Below ca. 800°C the compound rehydrates to the stable oxy-hydroxy-
apatite while above 1050°C decomposition occurs to a mixture of
tri~ and tetra-calcium phosphates. Oxyapatites of calcium and
strontium can be converted to peroxy species by heating in the
presence of oxygen,269 and the general problem of apatitic
structures containing oxygen in different oxidation states has

been discussed.276
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The proverties of zirconinm pvhosphate ion exchangers continue
to attract attention; this work is not discussed in detail but
new information is included in references 271-281. Titanium
phosphate,o(—Ti(HPO4)2.H20, is isomorphous with the better known
zirconium compound but investigation of its ion exchange properties
is limited by the ready hydrolvsis of the phosphate groups.282 A
series of titanium-zirconium-phogphate solid solutions can be
formed and these are of interest as the smaller passageways
associated with the titanium compound may modifyv the ion selecti-
vity. A second variation on the zirconium phosphate structure
results when fluorozirconates are slowly decomposed in the presence
of hydroxymethane-phosphonic acids.283 The products with formulae
such as Zr(HOCH2P03)2.H20 have laver structures and intercalation
of alkylamines has been observed.

5.2.7 Bonds to Sulphur or Selenium

In agreement with 31? n.m.r. spectroscopy, a highly symmetrical

(D..) structure analogous to that in realgar (As,S,) has been
2d 284 474

obtained from X-rayv data for a—P4S4. values for the P-S and
P-p distances are 2.108 and 2.350R8 respectively while S-P-S and
P-S-P angles are 95.1 and 98.99 respectively. Aniline and a-—
P4S3I2 react at 25°C to give in addition to a-P4S4, for which
structural data are also presented, a second new compound, o~
P4S3(NPh).285
is assigned structure ({(86) in which an N-Ph group bridges the
opened edge of the initial u—P4S312 structure. With B—P4S312,

On the basis of spectroscopic data, this compound

P P
?,//’ \\\‘S S.///’ \\\\S
: ; | s
I/P\ l P—\ P
S N-ph I p‘////

(86) S

(87)

reaction with aniline gives the diazadiphosphetidine

[ssz(Nph)z(Nth)jz, in addition to P,S; and 8-P,S,; structure

(87) is suggested from spectroscopic data for the latter.

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

yields a tetrathiocyclotetraphosphate salt, (NH4)4(P40884).2H20-286
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He(s) p.z-s. for HSZPFZ' M(52PF2)2 where M=Mn,Co,Ni or Zn, and
Cr(SzpF2)3 have been measured and assigned, and a series of six
main bands identified which correspond to all the p-electron based

287 Dithiophos-

&~ and W-molecular orbitals of the chelate rings.
phinate groups in [CO(SZPth)Z.quinoline:}span axial and eguatorial
positions in a basically trigonal bipvramidal structure from a
recent X-ray diffraction study on this new compound.288 The
guinoline molecule lies in the equatorial plane. Lanthanoid
dithiophosphinate complexes with the formulae Ln(S5,PR,); for
R=C_H;,; and Ln(SzPRZ}4 for R=Me, OEt or C6H11 have been 1solated

Steric forces are important in determining the nature of the

89

product with, for example, the cyclohexyl 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 sclution for compounds
with the formulae Ph,As ELn(S P(OEt)2 4]from lH and 31? n.m.x.
spectra, again aSSOC1ated with lanthanoid size. 290

Phosphorus(V} compounds containing a five-membered ring with two
sulphur atoms bonded to phosphorus are often the products wvhen the
thiete {(88) reacts with trivalent phosphorus compounds such as
PhPH,, PhPCl,, (Me0),P.??!  The pyridinium fluorodithiophosphoric
betaine (89) with hydrazine and phenyl hydrazine gives respectively

) iy
(78]
Ay
|
) e B 2 N}
|
t

1

(88) (

Im
€]

{nvﬂ}€F°SZNHVH982F} and (pvﬁ}{?h&HNHPSZF}, while with hydrogen
sulphide the product is the pentathiodiphosphate, (pyH}(FPSZSPQZF}.
Di-Grignard reagents react with thiophosphonic anhydrides as shown

in egquation (26), and the resulting acids can be readily converted
293

292

to the corresponding salts, esters, amides and chlorides.

(R'PS,), + XMg-RZ-Mgx —>Hs (5)P(RD) -R%-P(R1) (s)sH ... (26)
Rl = Me, Ph or 4-MeOC

2

6t
R

it

(CHy) 4 .5,6,8,10
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New mixed valence thiophosphorus compounds containing chiral

centres can be obtained from reactions such as (27) and (28).294

X,PS,H + CF3(F)PNMe2-—>X2P{S)SP (CF3)F + Me,NH eee {27)

X=F or CF3

CF3(F)P(S)SH + X
X=F or CF3

2PNMe2 -—Q-CF3(F)P(S)PX2 + MezNH ... (28)

N.m.r. characterization is reported while magnetic non-equivalence
is noted, particularly at the phosphorus(III} centres, as a
consecquence of the chirality.

The products obtained from heating mixtures of silver and
phosphorus in the presence of either sulphur or selenium have been

295 and Aq4P2536296 respectively. The former

shown to be A92P2S6
is a hexathiodimetaphosphate (89) with terminal and bridging P-S

distances of 1.99 and 2.128 respectively,295 while the latter

S\\\P/S\ ",S 2- ie\ P/ie 4-
P, Se——P - Se

Sé// \\\‘S’// \\§S Se/// \\\\Se
(89) (90)

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

distances are 2.19 and 2.30% respectively.296 An X-ray structure

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

237 Other compounds containing anions with this

Zn4 (PZSG) 3"
stoichiometry including Ag4P286, T14P28e6, In4(P2§6)3 and
In4(928e6)3 have been prepared from mixtures of phosphorus,
sulphur and the appropriate metal sulphide or selenide.298 X-ray
data point to a defect Fe2P256 structure for In4(P286)3, while in
InPS4,

cubic close packed array of sulphur atoms.

indium and phosphorus atoms occupy ;g;rahedral sites in a
A sulphur—-rich derivative, Hg2P287, has now been prepared from
a stoichiometric mixture of mercury(II) sulphide, red phosphorus
and sulphur and shown by X-ray crystallography to contain the
thiodiphosphate (S,PSPS,;)?  anion.?®®  The P-s bridge bonds
2.1088, are a little longer than the terminal distances (mean,
2.0298}; the angle at the bridging sulphur is 108.6° and the PS3

groups are almost eclipsed.
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A compound with the formula (pyZH)Z(PZSS) results when P4Slo and
pvridine react, probably in the presence of a trace of moisture. °1

The anion shown in (81) contains a six-membered ring system in

S S— S 2-
~_ S\p/

P
S//’ \\\S——~S//, ~\\S

(21)

the chair conformation with two different exocvclic P-S distances,
1.946 and 1.9668; the P-S distance in the ring is 2.1308.
Attempts to obtain crvstals of Cu7P56 by halogen transport led

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

5.3 ARSENIC
5.3.1 Arsenides

Structures have been determined for a number of lanthanoid
arsenides: that for Nd&sz represents a new structure type and

303 These are centro-

contains almost planar As, zig—-zag chains.
svmmetric with terminal and bridging As—As distances of 2.477 and
2.4978 respectively and As—-As-As angles of 104.3°. The basic
structural unit in both the high and low temperature forms of
Eu5A53304 and in EuSAs4305 is an AsEu6 trigonal prismatic unit.
The triarsenides crystallize with respectively a disordered
variant of the CaSPb3 structure and the MnSSi3 structure, while
FugAs, is found with a more symmetrical version of the SmgGe,
structure. The ternary arsenides CaanAsz, SrMn2A52 and

306 structure

BaﬁnzAsz have been prepared from the elements;
determinations show arsenic to be in seven-fold coordination in
the calcium and strontium compounds but in nine-fold coordination
by four Mn(2.5608), four Ba(3.4848) and one As atom (3.7458) in
the harium analogue.

Cobalt and nickel complexes containing cvclo—triphosphorus as a
ligand have been mentioned earlier,79 and parallel experiments in
the nresence of vellow arsenic lead to complexes with the formula
Dliqand)M(u—As3)M(ligand)]X2 for 1M=Co or Ni and X£BE‘4 or BPh4.307
A triple decker structure analogous to that shown in (12) is

confirmed from X-ray diffraction for these products.
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Experiments with SZCl2 and substituted Group 5 chlorides have
now been extended to show that with MeAsCl, and MeSbCl2 the
products are homoatomic species such as (MeAs)x and (MeSb)x
rather than the alternative heteroatom catenates. 0%
5.3.2 PRonds to Carbon

A new tvpe of hyvbrid main group-transition metal cluster compound
showvn in (92) contains a coordinated arsa-acetylene RC=As. 209
These compounds are obtained from Coz(CO)8 and RcclesClz and
althouqgh it was thouqght they night serve as a source of the

R e
Q 2
(OC)3CO{~ Das Me r%0,C CO,R
c
Ny H,C H,C CH, PN . /c\ .
(co) 4 \ H,C H,C CHy g ag Jpsr
R=Me or Ph AS —— — AS / is C\
A —_— /
(82) as—" o/s""o‘";s__cl) R202c C02R2
(33) (94) {95)

unknown arsa—acetylene, thermolysis at 200°c gave only CozAs.

Structural data for the cvclotriarsane (93) first prepared in
1974, show that the molecule possesses a plane of symmetry but
the overall symmetry is close to C3v;310 As—~As distances are
2.422 and 2.4058, with As-As-As angles of 59.7 and 60.5° and
As-As-C anqgles close to 90°. A new polyfunctional halogenoarsine,
MeC(CHzAslz)B, has been obtained by selective cleavage of the
Ph—-As bonds in MeC(CHzAsph2)3 by hydrogen iodide,3ll and this
jodide can, on treatment with sodium in tetrahydrofuran, be
converted into the cvclotriarsinetrioxide, MeC(CHZAso)3 with the
structure shown in (_9_5!_).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

313 Data for

may be the all trans or all gauche, in the solid.
the analogous antimony compound are also given. Malonic esters
and alkyldichloroarsines react to give the 1, 3-diarsacyclobutanes
(95) via the intermediates RlAsc1ECH(c02R2)2], rlas [CH(COZRz)Z]z,
and (RlAsCl)zc(CO2R2)2 which can be isolated. 314 If arsenic
trichloride is a reactant, the product is an analogue of (395) with
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R1=C1. Both neutral and cationic complexes of silver perchlorate
and (CgFg)4As, i.e. (C.Fg) 4As.AgOClO, ag?s[hg(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 (C6FS)3A5C1X where X=N03, ClO4 or
02CCH3'

Elemental fluorine diluted with argon cleanly oxidizes inter alia

As,thAsMe and the antimony analogues, in CPC13 solution to the

Ph
3 316

corresponding diflvorides,
react rapidly with both ICI and IBr in acetonitrile to give the
317 Similar oxidations occur with ICN

while triaryl arsines and stibines

apnropriate mixed halide.
and BrCN but with triphenvl bismuth both IClL and ICN cause phenyl
group cleavage and the isolated products are Ph281C1 and PhZBiCN
respectively. A convenient preparative route to Ph3A5F2 is the
reaction between Ph3AsO and 40% HF solution.BlS The course of
the reaction is surprising as with HCl or HBr the arsine oxide
gives the hydroxvhalide, PhBAsO.HX.

5.3.3 Bonds to Halogens

Arsenic trichloride and the substituted biuret MeN[?{O)NMeSiMe3]2
react to give a new heterocycle {96), while a four-membered as—-N-C
compound (97)is the product when the silylated urea, (Me3SiMeN)2CO,

O Me Me ~ M
C—nN N c=cC
MeN< Nasc1 o-c < \A5~NMe2 me-n n-te
C—N n T~¢

O Me Me S
(96) (97) (98)
reacts with tris{dimethylamino)arsine.319 Arsenic trichloride

and arvl substituted chlorcarsines on the other hand give moisture
sensitive 1:1 complexes with tetramethylthiourea and 1,3~dimethyl-
2(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.32l Weak intermolecular As...Cl interactions lead to

dimeric units in the solid state.
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Simple 1:1 addition compounds, MX3.NH3 where M=As,Sb or Bi and
X=Br or I, can be obtained either from the components in benzene
or ether solution or by heating a mixture of the oxide with
ammonium chloride.322 Although they are insoluble in common
solvents, i.r. data are consistent with the presence of terminal
halogen atoms and monomeric structures are suggested.

Intercalation of arsenic(V) fluoride has heen reexamined using
highly oriented pyrolvtic graphite showing from X-ray and gravimetric
methods formation of the compounds CsnAsFS, where n (the stage of

323

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

that coordination in the AsFS adduct with N~-methvl-S,S-difluoro-
sulphoximine, MeNSOF,, involves the nitrogen, rather than the
oxygen atom of the ligand (As-N, 1.99%).32%%

The oxide chloride AsOC13 can be obtained as a low temperature
stable entity by ozonolysis of arsenic trichloride in a solvent
such as CF‘C13.325 A band at 987 cm_l is assigned to stretching
of the As=0 double bond and the data can be interpreted on the
basis of a pyramidal structure. Warming to room temperature
causes decomposition and the formation of a polymer (A3203C14)n
with loss of chlorine and ASC13. Attempts to prepare the

fluorine and bromine analoqgues were not successful.

5.3.4 Bonds to Oxvgen

Exchange of oxygen hetween the AsO(OH); ion and solvent waterx
follows a combined first order path, for which QHT and AST are

ZSkJmol-l and ~1203K~lmol—l, and a pathway second order in

arsenite (AH.Y 33 kJmol™?l; ASSE -102 3K Imo1™t) from line
broadening 76 n.m.rx. measurements.326 The first order oxygen

exchange is thought to correspond to a nucleophilic displacement
by water on arsenite while the second order path is associated
with the process in eqguation (30).

2AS0(OH); —3H,0 + As,05(0H),% ... (30)
X-ray crystallographic data for the three five-coordinate

327 ana (100) 328

that the same problems concerning the ground state structure,

spirocyclic arsenic compounds shown in (99) show
i.e. whether this is trigonal bipyramidal or square pyramidal, as
were encountered with similar phosphorus compounds are important
here. The two structures represented by (89) have intermediate



280

R Me
Me 0w ‘ _o Me O\AL/ o]
Me Asg Me TN
RN °© ©
Me (8] [e] Me
Me Me (100}

(99) R=Ph or OH

structuras {(the phenvl derivative is closer to a trigonal bipyramid
while the hvdroxide is closer to a rectangular pyramid) and, in
agreement with conclusions f£rom phosphorus chemistry, the structures
lie on the Berrv pathway for ligand displacement between the
ideaiized end forms.>2’ The structure of (100) shows trans basal
angles of 143.1 and 158.6° and As—0O distances falling between
1.793 and 1.833R and is best described in terms of a rectangular
pyramid.328

Although earlier 1H n.m.r. gpectra showed only one signal which
did not change on cooling for the methoxy protons in (MeO)3Me2AS,
a reexamination by both lH and l3C variable temperature n.m.r.
spectroscopv shows two methoxy signals at lower temperatures.329
These data are consistent with an intramolecular exchange process
with an energy of activation of ca. 14 kcalmod *.

On heating under a high oxygen pressure, arsenic(III) oxide is

converted to the pentoxide which crystallizes in the space group

9212121-330 The compound contains a new type of framework
structure based on corner sharing ASO4 tetrahedra and AsO6
octahedra. Mean distances to the tetrahedrally and octahedrally

coordinated arsenic atoms are 1.676 and 1.818% respectively while
anqgles at the bridging oxygen atoms range between 122.2 and 136.1°.

Two series of arsenates, M_AsO, and MASOB, characterised by X-ray

3 4
methods can bhe prepared by solid state reactions between the
pentoxide and the superoxides KO, . Rb02 or C502.331 It was

further shown that the tribasic arsenates combine with AsS,0¢ to
give products with the formula M3As309, thought to contain the
cyclic trimeta-arsenate ion. The compound NaHAszoé, obtained

when a mixture of H.As.,0 and NaH.,AsQ, was heated at ZGOOC,
5773710 2 4 20—

n

and is formed by corner sharing between alternate Aso4 tetrahedra

contains a new two dimensional ion. The formula is (AsZOG)

and A506 octahedra.
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New i.r. data suggest that the compound reported as being
SnHAsO4.H2
arsenate, Sn20(H2A504)2.

0 should be formulated as the p-oxo-ditin dihydrogen
333

Structures for two mixed chromium arsenates, KznAsCr2010334 and

(NH4)2HAsCr3013,335 are based on corner sharing Aso4 and Cro4
tetrahedral units. In the former bridging and terminal As-0O
distances are 1.71 and 1.668 respectively.

5.3.5 Bonds to Sulphur or Selenium

A number of hvdrated and anhydrous alkali metal thiocarsenates in
3

the series ASO4_nSn ", where n=1-4, have been prepared and full
i f
structgg:l data obtained for K3A554' NaBAsOBS.7H20, and Nagggozsz.

llHZO.
In all cases the anions are tetrahedral with mean As-0 and As-§
distances of 1.68 and 2.158.

S01id state reactions between Nazs and Aszs3 lead to the thio-
and NaAss, for which structures are available.

Data have also been obtained for Na3AsS4.8H20.

arsenites Na_AsS 338

Pyramidal Asg33—310ns with As—-S and S—-As-S parameters equal to
2.258 and 101.9° occur in the former while the "meta" compound
contains infinite (Assz)g_chains formed bv corner sharing of

ASS3 pyramids; in each compound the arsenic lone pair is stereo-
chemically active. Complex formation between arsenic(ITI)

and sulphide ion has also been studied spectrophotometrically in
aqueous solution; constants for the important equilibria, shown
in equations (31) and {(32), at 22°C and unit ionic strength are

134 92 339

evaluated as respectively 2.5 x 10 and 1 x 107°.

2- + N 3~
3H3As05 + 6S + 9H &= As;S, + 9H,0 ... (31)

2- + s 4~
2H3As0, + 55 + 6H = As,Sg + 6H,0 L. (32}

Two new compounds, MnAs_ Se, and Mn3ASZSe6, have been identified

2348

in the MnSe—AsZSe system.

3

5.4 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 from 119Sn n.m.r. data is thought to contain either

SbSn93— or sbSng—.341 A new compound from the barium-antimcny

system, BaSb3, contains an infinite two dimensional anion built
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up of l4-membered rings of doubly and triply. connected antimony
atoms. 342 In this highly puckered structure Sb-Sb distances are
ca. 2.848 with angles of 96.6 and 113.1° at triply connected and
100.0° at the doublv connected antimony atoms. Wurtzite~type
structures have been confirmed for the new compounds LiBeSb and
LiZnBi.343 The two heavier atoms in each case form a tetrahedrally
coordinated three dimensional framework into which lithium atoms

are incorporated, leading to a structure with increased distances
between buckled sheets of the two heavier metals. The new ternary
compounds M2n23b2 and MCdQsz, where M=Ca or Sr, have been prepared

from the elements at 93.100000_344

5.4.2 Bonds to Carbaon

Organo—antimony chemistry for 1976 has been reviewed.
Reaction between di{t-butvl)chlorostibine and magnesium metal in
tetrahvdrofuran solution gives (t~8u)38b, which can be distilled,
to leave the cvclotetrastibine (t~Bu)4Sb4, suhlimable as yellow

crystals.346 The reaction probably proceeds via (t-BuZSb)ZMg.

345

As found for the lighter Group 5 elements, a number of distibines,
e.qg. ﬁeQsz, Et4sb2 and CHZ{Sb?hz}z have been shown to react with
chromium or tungsten carbonyl derivatives yielding binuclear
complexes of the form (OC)SMSszsbRZM(C0)5.347
data for (CFB)ZSbX, where X=H,Cl,Br or I, have been analysed and
normal coordinate analvses carried out.348

I.r. and Raman

Tris{pentafluorophenyljantimonyv, which gives the oxide
[(cgFg) ,5b],0 on hyvdrolysis, can be oxidized to the dichloride.’
Both chlorine atoms can then be replaced on treatment with NaOMe
or the silver salts AgN03 and AgCloq; on treatment with water the
dichloride gives the partially hydrolysed oxygen~bridged compound
[(cgFg) 5sbCl] L0.

A series of 8-diketonate derivatives, stbclzx where R2=(C32}4,

43

o,o‘*C6H4.C6H4, etc. and X=acetvlacetone or dipivaloylmethane, has
been prepared and investigated by n.m.r. and dipole moment methods.
In these compounds the R groups are part of a heterocyclic system

350

and are constrained to occupy cis positions in the coordination
sphere; the two chlorine atoms #re thus trans to each cther.
Comparisons are made with similar compounds in which the R groups

are separate and occupy trans pcsitions.
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Structural data have been collected for two isomeric forms of
dimethylantimony trichloride.351 The covalent form, which is
obtained when dimethylantimony chloride is oxidized with either
chlorine or SOZCIZ, has a dimeric, double chlorine bridged
structure similar to that in (PhZSbClB)Z with approximately
octahedral coordination about each antimony. Terminal and
bridging Sb—-Cl bond distances are 2.355 and 2.800% respectively.

The second form is obtained from Me4SbC1 and antimony pentachloride
and consists of tetrahedral Me,Sb cations {sh~C, 2.1158) and
octahedral SbC16 anions {Sb-Cl, 2.382%). Isolated ions are also
present in the structure of [Meqsb][GaC141‘352 Structural data
for Me,SbF, and Meqst show isolated trigonal bipyramidal monomers
for the former (Sb-C, 2.108; Sh-F, 2.008) but with the monofluoride
there is strong intermolecular fluorine bridging (Sb-F, 2.37 and
2.388) with the formation of polymeric chains parallel to the ¢

353 The coordination about antimony is distorted octahedral

axis.
and the anqgle at the bridging fluorine atom is 153.1°. In contrast
to the increase in antimony coordination here is the distorted
trigonal bipvramidal coordination about antimony in the dimethylthio-
phosphinate complex Me, SbOP(S)Me,, even though the ligand is
potentially bidentate.§54 The asvmmetric unit contains two
molecules which differ primarily in the Sh-0O distances (2.532 and
2.749%) . Both these are greater than the sum of the covalent
radii and indicate weak covalent Sb-0 bonding. As shown further
by the C~8b-C angles (100.3—118.20) the structure is intermediate
between the typically ionic Me4sb+X‘ structure and the five~-
coordinate covalent structure.

Diesters of the form PhBSb(OZCR)2 are readilv prepared by treating

triphenylantimony oxide with the appropriate acid in methanol,355

and gem-diolates PhBSbOZCRle, where R1=R2=CF3 and RY=H and R2=CF3
or CC13, result when Ph38b8r2 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
bipvramidal coordination with the diol spanning axial and equatorial
positions.

One methyl group is displaced from pentamethylantimony on treat-
ment with either phosphonic and phosphinic acids to give new
compounds such as Me,ShOP (0) (OH)Me and Me4SbOP(O)Ph2.357 The
mixed penta—-alkyl antimony derivative, EtBSbMez, results when

methyl lithium reacts with Et33b012 in ether but on treatment with
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compounds containing acidic hydrogen atoms methane, rather than
ethane is eliminated.358 Products of the type EtBSbMeX, where
X=0R, 02CMe, OzPMez, or 02?92, are thus obtained. The methyl
acetylide, He3sb(CECMe)2, which has a trigonal bipyramidal solid
state structure with acetylide groups in axial positions results
when Bt35b012 is treated with LiCiTMe. Silylated penta-alkyl
stiboranes in the series, MenSb(CﬂzsiMe3)5~n where n=0-4, can be
prepared by methylation or trimethylsilylmethylation of the

Vie,ShBr, + 2LiCH,SiMey > Me,Sh(CH,SiMej), + 2LiBr ... (33)
(Me,SiCH,) .sh —2X 5  [(Me,sicCH,) ,sbMe]T -MeLl 5 (Me_sicH.,).sbMe
3SiCH;) 4 3SiCHy) 5 3SiCH,) 3

el (33)

appropriate alkylantimony (V) halide as shown for two examples in
equations (33) and (34).359
Chloro~di- and —tri-methyl derivatives of silicon, germanium and

tin give compounds of the type MeBMSbPh2 on reaction with PhZSbLi,
while the analogous reaction with 2,2-dichloropropane leads to
Me,C (5bPh,) ,. 307  Tris(trimethylgermyl)stibine reacts with either

methyl or t-butyvl iodide according to eguation (35),361 but with

A > € S € + M I3 “ew

(Je3re)3€b + RX*{>(Ie3Ge)2€bI Ae3GeR (35}
the tin analogue (Me3Sn)3Sb, the butyl iodide reaction gives
either t‘Buo(Me3Sn)Sb or (MeBSn)zsbSb(SnMQB)2 depending on the
conditions.362
5.4.3 Bonds to Haiogens

Anionic antimony (III) fluoride structural chemistry has been
reviewaed with special reference to the location of the antimony
363 According to a reexamination of the

lone pair of electrons.
structure, the repeating unit in NaSbF4 is a modified trigonal
bipyramidal unit in which the lone pair occupies an equatorial

364 Equatorial and axial Sb-F distances are ca.1.9%96 and

position.
2.078 respectively, but in addition there are two longer Sb...F
contacts (2.66 and 2.868) so that the repeating unit is more
accurately descrihed as SbFGE. In the mixed halide, Csst1F3,
the zoordinoticon 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 2.98R%) two chlorine atoms (at 2.97%) and the lone
pair of electrons.365 Effective eight fold coordination for
antimonv is also found for the 1l:1 adduct between thiourea and
antimonv trifluoride.366

Two molecular complexes between SbCl, and aromatic compounds, i.e.
2ShCl,. (bipheny1) %7 and 28bC13.Ph2NH,§68 have been structurally
investigated. 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 Sb-ring distances (3.08 and 3.268)
are distinctly different while values close to 3.08% are found in
the diphenylamine adduct. In both compounds coordination about
antimonv is increased to six (distorted octahedral) by two 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 formation.
Antimonv (III} chloride adducts with oxygen donors, i.e.

2SbCl3.(l,3,5-triacetylbenzene)370 and the 1:1 adducts with

terephthaldehyde and p*diacetylbenzene,37l have also been
investigated by X-rav crystalloagraphy. Spectroscopic data are
reported for a range of antimony(III) and bismuth(XIII) halide
complexes with sulphur containing ligands, including thiomorpholin-
3-one, thiomorpholin-~3-~thione, thiazolidine-2~thione and benzoxa-
201e—2—thione.372 Square pyramidal and mer-substituted octahedral
structures respectively are suggested for the species containing
two and three moles of the ligand, while bridged structures are
most likely for the compounds with 0.5 and 1.5 moles of ligand.

The compounds Cs3Sb219 and Cs3Bi2I9 are isotypic with structures

373 bridging and terminal

based on two octahedra sharing a face;
distances to antimony are 3,198 and 2.870R% respectively and to
bismuth 3.244 and 2.9208.

Comparison of the 1215b MBssbauer spectra for the coloured
SKHL{III}-Sh(V) compound, (pYH)GSb(III)Sb3(V)Br24, of known
structure and those for M,Sb,Br,, where M=NH, or Rb, shows
evidence for the loss of s—electron density for Sb(III).374 This
most probably occurs via solid state bands as has been suggested
for a number of Sn{II ) compounds. M8ssbauer data are also now

available for a number of mixed antimony fluorides including
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Sh,F, (SbF.), and Se,Te. (SbF.) (SbyFy,) .- >
st gt 6°2 2-=2 67 M3t 147"

Although mixtures of SbFs and VFg can be recovered unchanged by
fractional distillation, a 1:1 addition compound results when
either a 1:2 vanadium—antimony mixture is fluorinated at 250°¢C or
the comnonents with a slight excess of SbF are mixed at low

376
temnerature.

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

nvdrogen bond formation (0...0, 2.4902) to water; i.r. and Raman

spectra are also discussed.377 N.m.r. and vibrational spectro-
scopy have been used to investigate the structure and ligand
exchange vnattern of SbClS.MeCN.378 There is no ionization of

the complex in acetonitrile solution but on addition of nitro-
methane Raman bands associated with the SbClG_ ion appear implying
that ionization to [shcl, (Mecn),]¥ [sbc1 1™ occurs.

Antimony pentachloride reacts with both formic acid
380

379 and the

halogenosulphuric acids, HSO3X where X=F or Cl. Wwith the
former, SbCl5.2HC02H, SbCl402CH, and SbClz(OZCH)3 can be isolated
denaending on the conditions, while monosubstitution to give
Sbcl4(303x), probablv as a doubly halogenosulphate bridged dimer,
occurs with the latter.

Raman spectra that can be interpreted on the basis of weak
association between a tetrahedral cation and the appropriate anion
have been obtained for solid and molten samples of [SbCl ]+
[Sb,ycl,Fg1™, [sbcl,17[sh,F ;17 and [ascl,] [qu] , while the
adduct between SbCl4F and NbP5

the reactants and a fluorine bridged polymeric structure is thought
381

shows a spectrum similar to that of

to be most likely.

382 83

lH n.m.r. and vibrational3 data have been obtained for the
dimeric chloroalkoxides, [Cls_nsb(OMe)n:]2 for n=1-5. Proton
resonance data distinguish between terminal and bridging methoxy
groups for n=5 and the experimental spectrum for the compound
where n=2 is a super-position of the spectra expected for each of

382 pands in the 540-400cm™t

region are assigned to vibrations of the Sb O rinq.383
121g) mBsshauer spectra for Me N[ﬁbcl (N )2] and a number of

compounds containing bridging halogen or azide groups have been
384

the five possible isomeric forms.

obtained.



287

3.4.4 Bonds to Oxvgen

From a recent X-ray investigation the compound sb203.2803.3H20,
obtained when the trioxide is dissolved in sulphuric acid, should
be formulated as SbZ(OH}Z(Soé) -2520.385
citrate complex, [Sh(C H0.,),]1"7, has also been determined,

The structure of the
386
showing that antimony coordination is based on a trigonal
bipvramid with a stereochemically active lone pair, carboxylate
oxygen atoms in axial positions ({Sh-0O, 2.168), and oxygen atoms
from hydroxyl groups in the two remaining equatorial positions
(sh-0, 1.998).
287 388 . N
Structures for Sb,0.C1 and Sbhg0,I contain polymeric

layers with composiiiinszof respectively (Sb4052+)n and

Sb2(8b307); with halogen atoms lving between the lavers. The
iodide investigated was one of the nine known polytypic modifi-
cations, specifically the non-centric form with combined ferro-—
elastic-ferrovelectric properties. The oxide-sulphide, CaSbLOOlOSG
known mineralogically as sarabauite, can be obtained hyvdrothermally

from a 1:2:3 mixture of Ca0, Sb233 and Sb203,389 has a structure

based on antimony atoms coordinated to either three oxygen and/orxr

sulphur atoms.390
The methoxv-1,3,2-benzodioxastibole (101) and its trithio analogue

381

are not isomorphous but have similar structures, A major

Sb

o

(101}

feature of that for {101) is the presence of three intermolecular
Sb...0 interactions to different neighbours at distances of 2.36,
2.65 and 3.498 thus increasing the effective antimony coordination
number. Similar but much weaker interactions are found with the
thioc analogue.

Antimony (V) atoms in Sh205 are in octahedral coordination by
oxyden atoms at distances between 1.91 and 2.083,392 in contrast

330 which includes both octahedral and

to the A5205 structure
tetrahedral coordination. A partially hvdrated form of the oxide
Sb205.0.6H20, which can be obtained when the product of SbCl5
hydrolysis is dried at 550°C under an oxygen pressure, should be

formulated as Sb5012(OH).H20 according to a recent structural



288

analysis.393

oxygen and by edge and corner sharing layers of composition SbSOlB“
are built up. This compound, formulated as Sb204.8(05)0.4’ is
vrobably 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 Sb204.4(0H)l.2. Two crystalline forms
of Sb205 have alsco been isolated.

1218b M8ssbauer data for a series of stibonic acids RSbOBHz,
(p~toly1}28bozﬁ and Ph,Sh0O have been interpreted in favour of
polvmeric structures with trigonal bipyramidal coordination about

395 rhe axial positions are occupied by

Again the heavy atom is in six-fold coordination by

antimonv in all cases.
bridging oxvgen atoms. A linear Sb-0~Sb bridge with the oxygen
lying on an inversion centre (Sbh~0, 1.943%) has been found in the
structure of u“exo—his{}ri{p~ch10rophenyl}-l,1,lvtrifluoro-2,4~
pentanedionato-0,0') antimony (V)] 396

5.4.5 Bonds to Sulphuy or Selenium

NaSbS, can be obtained by heating stoichiometric mixtures of
Nazs and szs3 in two different forms depending on the subsequent
heat treatment.39?

The o-form {(monoclinic, space group C2/c)
results from very slow cooling, is isostructural with the
potassium salt, and contains antimony in a pseudo~trigonal
bivyramidal arrangement (SbS4E). In the B-form (cubic, space
group Fm3m} which is isostructural 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 8-form (monoclinic, space group C2/m) has also been
isolated and investigated crystallographically.398 This consists
of layers of condensed pseudo-octahedral SbSSB units with Sb-S
distances ranging between 2.44 and 2,928,

The structure of RbSsz is similar to that for the a modification
mentioned above, but the asvmmetric unit contains four independent
antimony atoms;399 Sb~5 (equatorial distances) are 2.26 and 2.57R
while the axial distances vary between 2.61 and 3.098. The
rubidium and caesium salts, MEqus?, obtained from Sb283 on
treatment with an agueous solution of the appropriate sulphide
and hvdrosulphide at 150°, have different structures, although
each contains antimony atoms in hoth pyramidal and pseudo trigonal

bipyramidal coordination.4oo
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Investigation into the phase systems between SbZSe3 or SbZTe3
and the Group 1 selenides or tellurides shows that the systems
become more complex with increasing atomic number of the alkali
metal,éol probably on account of the increased ionic radius and
larger electronegativity difference between the elements. As an
example in the selenide system, lithium and sodium selenides give
only MSbSe2 while for rubidium and caesium ternaries with the
formula MSbBSeS

also yields CsSbSSeg. With lanthanoid selenides, X-ray

can he isolated in addition, and finally caesium

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

03 404 have been described.

benzene thiols4 and benzene-1,2~dithiol
Thiocantimonites obtained from the former appear to give disulphides
on hydrolysis but the p-tolvl derivative Sb(SC6H4Me)3 is both
thermally and photochemically stable. The initial product with
benzene~dithiol is the monochloride, chloro-1,3,2-benzodithiastibole,
which gives the corresponding methyvlthio derivative on treatment
with PeSNa. A crystal structure of this compound shows mean Sb-S
distances of 2.453, but the shortest intermolecular Sb...S
contacts are 3.24 and 3.728, indicating that the interaction here
is much weaker than in the corresponding oxygen compound.
Pyramidal coordination about antimony is also found in the
structure of diphenvlantimony-2,6-dimethylthiophenate and from a
short (3.448) intermolecular contact between the heavy atom and
the methyl group in the 6-position, the van der Waals' radius for
antimony can be calculated as ca. 1.88.495

An addition compound between 0.5mol of 4,4'-bipyridyl and
antimony tris{O-ethylxanthate) has been shown by X-ray crystallo-

graphy to bhe 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 antimonvi(V), e.g. RBSb(32CNR2)2,
readily obtainable but it has now been possible to isolate a

are not

number of derivatives for R=Me, using metal dithiocarbamates.

Attempts to prepare the corresponding triphenyl species were
40 N

unsuccessful. 7 Analogous xanthate derivatives, NeBSb(SZCOR)z,

were also obtained, The dithiocarbamate MeBSb(SZCNMQZ)Z' which
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can also he prepared hv oxidation of trimethylstibine with
tetramethylthiuram disulphide, has a trigonal bipyramidal structure
with axial sulphur atoms (Sb-§ 2.575 and 2.6148) .98  Further
weak Sb...S interaction is present from intramolecular distances
of 3.274 and 3.3158.

5.5 BISMUTH
5.5.1 Bonds to Carbon or Germanium

The oraanometallic chemistry of bismuth for 1976 has been
409

revieved. Two new compounds containing Bi-Ge bonds,
(C6F5)3GeRiEt2 and DC6F5)3Ge]28iEt, are the products when
mixtures of triethylbismuth and (C6F5)3GeH are heated at 100 and
170%¢ respectively.4lo

ethane is lost on heating and the dimer BCGFS)zceBiEt]z, formulated

Similar reactions occur with (CGFS)ZGeHZ,

as a Ge,Bi, heterocycle has been isolated.

2

5.5.2 Bonds to Halogens

Three different crystalline modifications of a new black bismuth(I)
iodide have bheen isolated either from reactions between the
elements at 558K or by heating bismuth metal with mercury(II)

411 . : .
The «~ and 3-forms from recent X-ray studies contain

icdide.
infinite Bi4I4 chains in which two of the metal atoms are bonded
onlv to three other bismuth atoms (mean Bi-Bi, 3.0453) character-
istvic of Bi(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 «— and B-forms differ
in the stacking of the Bi4I4 chains. The bromine analogue, which
can he nrepared from bismuth and mercury(II) bromide, has a similar
structure {(mean Bi-Br, 2.9448).412 The compound BiBrl 167 1is now
also known and contains, as found for the chlorine deri;ative, the
8195+ cation together with BiBr52- and BizBrsz- anions. Reinves—
tigation of the Bi—BiI3 phase system confirms the formation of
BiI and pnoints to the existence of 811013 with an incongruent
melting point of 295°¢c.413

The addition compound hetween bismuth trichloride and thiosemi-
carbazide (tsc), like that with thiourea, has been shown to
contain the metal in both cationic and anionic forms.414 The
stoichiometry is BBiC13.4(tsc) but X-~rav crystallography shows
the presence of [Bi4cllo(tsc)6]2+, BiC163~ and Cl1~ ions. The

complex cation can be considered as formed from a u3~chlor0—tri—
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[trichloro(thiosemicarbazido)bismuth]anion and a tri(thiosemicarba-
zido)bismuth(IIX) cation. The ethvlenethiourea complex,
BitlB-Zetu, on the other hand has a chain polymeric structure with
each bismuth atom in octahedral coordination to four chlorine
atoms and two cis sulphur atoms from the ligands. The bismuth
lone pair is not stereochemically active.

The pvridinium chlorobismuthate, previously formulated as
(pyH)3BiZC19, has now been shown to have a structure containing
the tetrameric Bi4C1186' anion.?'®  This consists of two nairs
of edge sharing BiC16 octahedra further joined by chlorine bridges;
terminal Bi-Cl distances fall between 2.567 and 2.6118 and
bridging distances are 2.850 and 2.9412. As observed in previous
hexahalohismuthates structures, the two independent BiBr63~ ions
found in the rubhidium salt show slight distortions only from
octahedral qgeometrv and the lone pair is not active.416

Salts of the BiFG_ ion have heen ohtained by heating mixtures of
an alkali metal fluoride and BiFg to 280°C under a pressure of
417 Evidence is presented for the formation of H30+
BiF when water is added to a solution of the pentafluoride in

6
anhydrous hydrogen fluoride.

fluorine.

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 powder diffraction?18

and experiments in the SrO-Bi, 05 system show the formation of
. . R 419
SrBlzoq, SrBBlZOG' and Sr2B1205.
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

investigation as [BiGOS(OH)Bj(NO3)S’3H2O' Pairs of cage-like
[BiBOS(OH)Bj groups, in which the heavy atoms occupy the corners
of an octahedron 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 Bonds to Sulphur

Redox properties, in connection with their use as positive
electrodes in lithium cells, have bheen investigated for the Group
5 chalcogenides showing that the bismuth compounds can be reduced
at room temperature to Li3Bi with ca. 100% material efficiency.422

Investigation of the phase systems between Bizs3 and both

5423 and K 8424 shows the formation of LiBi385 in addition to

Li

2 2
the known ternary LiBi82 for the former and the new compounds
K88i287, KzBi4S7 and K8i3ss for the potassium system. A number
of lead containing ternaries including PbBBisz, PbBiZS4, PbBi4S7

. 425

and PbBlsslo have also been observed.

A crystal structure determination on the O-ethylxanthato-complex,
Et4N[§i(82COEt)4j,shows eight fold coordination by sulphur about
bismuth at distances between 2.80 and 2.978% in the form of a

2
426 Although there are no great distortions, the

dodecahedron.
three longest distances are associated with one triangular face

and mav represent the lone pair position.
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