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5.1 NITROGER
9.1.1 Elemental Nitrogen

More thecretical studies of cyclic Dﬁh hexaazabenzene, “"carrled
out at a significantly higher level and degree of thoroughness
than previous work", predict the Dy Structure of tpis moleculi to
be a relative minimum on the NG potential energy hypersurface.

The primary conclusion of this research is that the N_ energy

surface is very flat in the vicinity of (Dﬁh)N Chaﬁges in the
N-N bond distance of up to O. 378 may be accommodated with a rise
in the total energy of only 10 kcal. mol l.

U.v. photolysis of Cr(CD)6 in liquid XE/Nz mixtures at 183K has
been shown by i.r. spectroscopy to generate the mixed metal
carbonyl dinitrogen speciles, Cr(CO)ﬁ_x(Nz)x, X = 1-5.2 The
molecule Cr[CO) was shown to be thermally stable in liguld Xe

at ~35° whereas Cr(CO)(N2 5 is unstable at -90°C. Under similar
conditlions the photolysls of Ni{CO)4 in Xe/N2 mixtures produce
unstable Ni(C0}3(N ). The subsequent thermal reaction of this
compound with dissolved CO has been investigated by i.r.
spectroscopy; it shows a first-order dependence on the nilckel
camplex concentration and may be rationalised by two
simultanecous pathways, one dissociative and the other, probably,
assoclative. The N:L-N2 disscoclation energy, 10 kcal. molﬂl, wasgs
estimated from the study of the dissoclative route. An unusually
stable dinitrogen complex of cr® has been prepared and
characterised by X-ray methods:4 the compound, Cr{szz(dmpelz,
dmpe = 1,2-bis(dimethylphosphinc}ethane, is claimed to be stable
in solution to 30°C. The centrosymmetric molecule has a trans
structure with an essentlally linear Cr-N-N arrangement, N-N =
0.935(4)2, significantly shorter than in all other known
transition m.etal-N2 complexes and also than in N2 ltself.

Novel reactions of dinitrogen complexes of tungsten with
aluminium halides, Scheme 1, have been described.s The products
contaln the end-on triply-bridged dinitrogen ligand; the
structure of one such product is shown in Figure 1. &b 1nitic
calculations on model compounds, principally lithium derivatives
representing supposed intermediates in the protonation of N2
bonded to translition metals, have been carriled out.6 The results
imply that there are stable configurations of the model compounds
which have not yet been detected sxperimentally.

George et 31.7 have identified two ilsomeric hydrazido(-2}
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2AlX_/NEt
- 3 3
cis [W(Nz)z(PMezPh)J >

[Wx (PMe,Ph) 5 (u4-N,) ] 5 (ALX,) ,.2Bz

PY

2A1X3/2py

> [Wx{py) (PMe,Ph) 5 (u3~N,) ], (AlX,), B2

X = {1 eor Br, Bz = CGHG'

Figure 1. The structure of EWCl(py)(PMezPh)3(u3—N2)]2(AlClz)z.ZBz,
omitting carbon and hydrogen atoms. Vibratiocnal
ellipsoids are drawn at the 50% probability level.
(Reproduced by permission from J. Am. Chem. Soc., 105
(1983})1s80).

camplexes of Mo (la and 1lb) formed in the reaction of excess HBr
with [trans-Mo(Nz)zttriphos)(PPh3)]; these 1someric intermedliates
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decompose to form a mixture of NH3 and N2H4. However after 60h

the overall reaction can be represented by equation (l}i.a

2[Mo(N,), (triphos) (PPh,)] "B 2NH,Br + 3N, + 2MoBr,(triphos)

4

+ 2PPh3 «ee (1}

5.1.2 Bonda to Hydrogen

An ab initio CI study of chemlcal reactions of singlet and
triplet NH radicals with H2 and C2H4 has been carried out.9 The
previously unreported NH4 lon hae been detected by FT ion
cyclotron resonance spectroscopy by the reaction of NH2 and
formaldehyde in the gas phase.lo Its formation is by reactions
{2) and (3). The structure cof NH ~ is described as H solvated

q
by an NH3 molecule. The reaction of Cs and Y metals with NH3 at

NH, + HCO e (2}

2 + CH20 -+ NH

3

HCO  + NH, +~ CO + NH4- e (3

5-6 kbar and 190-220°C has been shown to yield Csz(NHz)N3 and ¥YN,

respectively.ll

This former campound was characterised by X-ray
methods and the azide ion was found to have longer N-N bonds
(1.25533 than in simple alkall metal azides (l.l?ﬁ). The alkaline
earth metal ammonia reductions of anthracene (aAN) ylelds
anthracene anion radical salts, e.9. Ba(NH3)2(AN)2 which is a dark
green solid stable at 100°¢C in vacuo.

A multinuclear n.m.r. study of Li—MeNH2
concentration range 2 mel.% Li to saturation at c¢a. 200K has been
1 13 l4N, 6Li

published.13 The nuclel investilgated included “H, C,
and 'Li. The results have been used in conjunction with recent

solutions covering the

7

magnetic susceptibility data to provide a preclse description of
the unpaired electron spin—-density distribution 1n both the
solvated electron and in solvated lithium monomeric species,
Li+e_. Ab initic m.o. calculations have been reported for

lithiated ammonias, amide, and ammonium ions.l4 For NH as well

3!
as PH,, the differences between the ionisation potentials of

pyramidal and planar forms have been calculated by an ab initio
SCF method.15 The lone pair IP difference (planar - pyramidal)

is -1.0ev for NH, : the core binding energy shift (planar -
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pyramidal) is -0.3eV. By combining these data with appropriate
experimental valence and ccre IP's Jolly and Eyermann have
quantified the bonding or antibonding character of m.o.'s of
nitrogen (and phosphorus) compounds.

The effect of methyl and phenyl substituents on the gas phase
basicities of amines and phosphines has been discussed:l6 the
theoretical results were found to be in gocd agreement with the
experimental data. A study of intrabridgehead H-bonded ions

17

formed from medjium ring bicyclic diamines has been reinforced

by an X-ray structural studyl8 of 1,S-diazabicyclo[ﬂ.4.4]tetra-
decane (2} and its inside protonated ion (3). The W---N distances

> s @
—) D

(2} (3)

in (2) and (3) are 2.806 and 2.526 (3)&, respectively. N.m.r. and
i.r., data on this and other inslde protonated diamines have
shownlg that only the linear ﬁ—H-—N bond within (3} is of the
single minimum type. Knop et al.20 have surveyed the structural
features of hydrazinium(2+) salts; they have also determined the
structure cf the hexafluorosilicate and compared the H-bonding in
this with other compounds.

Humerous 'cnium salts of the strong nitrogen acid dimesylamine,
HN(802M3)2, have been characterised;zl pyrolysis (200-250°C) of
quatermary ammonium salts was shown to produce tertiary amines
and N-alkyldimeaylamines., Primary and secondary alkyl iodides
also react with these guaternary ammonium salts in bolling CHCl3
to form N—alkyldimesylamines.22

The protonation of HN3 and alkylazides in HSO3F/SbF5, HF /ShF
or HF/BF3 results in the formation of stable amincdiazonium,
HRN-EEN, rather than iminocdliazenium, HN=§=NR, ions (R = H or
alkyl) as shown by lH, 13C and 15N n.m.r. studies.23 Amino-
diazonium salts were found to effect electrophilic amination of
aromatics in high yields. Fluorosulphuric acid at -120% in

5’
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502C1F protonates diazomethane on carbon, whereas the more acidic
system HSO F/SbF5 forms, in additicn, the N-protonated
methylenediazenium ion, Hzc-ﬁ—NH the first example of this class
of compound.24
The i.r. spectrum of the 1l:1 complexes of HI with either NH3 or

NMea have beegsobtained in four different matrices (Ar, 02, Nz,

4) at 1OX. The symmetrig¢ I-H---Il stretch was found to be
markedly dependent on the nature of the matrix. A comparison with
the spectra of the known XH-NH , and XH-NMe3 adducts shows that the
H-bond is stronger in the 1cdide analoques. The reaction of § a¥a
with HBF4-Et20 ln CH Cl leads to the precipitation of deep red
crystals of SN 3(NH) BF4 at ODC.26 The structure of the salt
shows that the boat-like S4N4 ring is protonated on N and that
there are long contacts, 2.19 and 2. 388 between the proton and
2 fluorines of the anion, with N-H-~-F angles near to 150°c. ‘The
reaction between WO and NH 5 has been studiedzgver platinug at low

Below 850°C the

cnly products are Nz, Nzo and Hzo. The rate data could be fitted,

pressures and over a wide temperature range.

within 15%, to a single rate expression.

E.p.r. experiments have shown that dialkylaminyl radicals do not
readily attack dialkylamines to form a- amlnoalkylradicals,
egquation (4).28 These results conflict with the earlier

(RCH,) ,N + (RCH,) ,NH 74 (RCH,) ,NH + RCH,NHCHR e (4)

conclusions that processes, such as (4), provide the major
pathway in these mixtures. By contrast Buto- radicals were
found to abstract H from Adlialkylamines to form aminyl and
c—aminocalkyl radicals.

5.1.3 Bonds to Boron

The trimethylamine adducts of the mixed trihalides of boron

have been studied by lsN and llB n.m.r. spectroscopy.zg The

formation of two 1,3,2,4-diazaphosphaboretidines has been
achieved in 70% yield by reaction (5) for R = R' = SiMe, and for
R = Pri.and R' = But.30 Ori the basis of n.m.r. evidence the NzPB
ring 1s planar. The dimer of Bu—B=l_i—But has been ahdwn to
function as a bidentate, 4-electron ligand towards M = Cr or W,
as shown by reaction (6).31 Komm et al.32 have teported an

improved synthesis, from H3N.BH3, and additional characterisation
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t
Buy u
\B_N/B
Bu—B=N—But + R'—N=P-HR2 — l ‘ oo (5}
N——P
R'/ \NR2
Bu
™~ Bu®
?H\\ e
M(CO) . THF + 2Bu-B=N-Bu" “SO/THE (oc) M T el (6)
¢ g
Bu ~
Bu

of a crystalline poly (aminoborane), [H2NBH2)X, that may be
jdentical with products obtained in earlier studies.

5.1.4 Bonds_to Carbeon, Silicon oxr Tin

Kaim33 has reviewed organic, inorganic, and blochemical aspects

of the chemistry of 1,4-diazines. The reaction of arc-generated
C atoms with NH3 have been reported in detail and th§4mechanism
of the formation of amino acid precursors discussed. The
formation of HCN in such reactions appears to proceed via E—ﬁHB
followed by the elimination of H

mec,

Evidence feor the generation of the singlet phenylnitrenium ion
from PhN

2 and then isomerisation of

37 in the presence of trifluorocacetic arclid, has been
obtained : the nitrenium ion adds stereospecifically to some
alkenes36 giving aziridinium ions and substituted aromatic
substrates,37 in the presence of a catalytic amount of CF3503H,
to form diarylamines. In the presence of 02 a solution of
[(Ph,P) N] [ (NC) CoO,Mo(0) (CN) ] in CH glz shows e.s.r. signals
characteristic of a number of speciles. One of the products has
been lidentified from its 9-line spectrum as the tetracyancethene
radical anion, TCNE;, which is believed to be formed by the
reaction cf -CN with CH2C12.

Perflucrotrimethylamine and SbF; react slowly (304) at 60°C
with the géimination of CF, and the formation of cation (4) in

Hydrolysis of (4} ylelds (5) which was characterised

by X-ray crystallography. Perfluorodimethylethylamine reacts

faster with SbF5 according to equation (7).

solution.
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CF, CF,
F3cn/ \\NCFB FBCN/ \NCF3
| |
rct CF /I
OA\ /“*«-..O
N N
H
( 4) (5)
SbF 1o /N\
{CF.),NC,F, ——Zw 2CF, + XCF.CN + (==} F.CC CCF
37277275 q 3 3 3 I " 3 e (T
N N
N
CF,

The lowest IP for tertiary amines of the type MeB_nN(SiHB)n,
Me3_nN{SiMe3)n and (Prn}a_nN(SiMe3)n corresponds to ionisation
from a nitregen 2p lone palr orbital; the experimental data,
obhtained using PES, have been compared with the results of semi-
empirical (MNbO) and ab initio calculations.40 Livant et al,
discussed the extent of the involvement of d orbitals on Si and
their influence on the TP and on the approach to planarity of the

C3_nNSin skeleton. Calculations for {But]3N suggest that the

reason for its non-existence is entirely on steric grounds. X-ray

structural data have been presented for bls({trimethylsilyl)amido-
and (2,2,6,6-tetramethylpiperidinato)—lithium.41 The former

ecrystallises as a dietherate and has a Li skeleton, Figure 2,

N
22
whereas the latter possesses a planar Li4N4 ring, Figure 3.

42

Xlingebiel and Vater have reported the stepwilse synthesis of

the cyclo-di- and cyclo-tri-silazanes, (stiNH)n, n =2 o0r 3, via
acyclic compounds starting from R281F2 and LiNH2.42 Chain
campounds containing NHSAF skeletons have been similarly cobtained
from RSiF3 and LiNH,. Four- and five-membered silylhydrazine
rings were also produced by the reaction of dilithiated
hydrazines with N,N-bis(fluorosilyl)amines.43 Both HeBSiNSO and
react with SnCl, to yleld the same 1l:1 adduct 1in

M2351N=S=N51Me3 4

which the sulphur diimide functions as a small bite (62.6%)
bldentate nitrogen donor ko tin(IV).44
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Figure 2. Molecular structure of [Li{N(SiMe 1.0Et with

}
3°2
non-carbon atoms represented by 50% probability

212

ellipscids. (Reproduced by permission from J. Am. Chem.
soc., 105(1983) 302).

5.1.5 Bonds to Oxygen

The first laser Raman spectra of both asymmetric and symmetric
N203 have been measured from mixtures of the isomers stabilised
in NC matrices at 12K.45 Laser irradiation was used to
interconvert them. Force ccnstant calculatlons were carried out
on both isomers. Bauschlicher et al.46 have considered the
electronic structure of NaO, ¢ thelr calculaticons show that 1t is
most appropriate to describe its formatlon in terms of the
relatively weak interaction of itwo NO, groups. They presented an
analysis of the factors causing the N-N bond to be longer than has
been predicted by most theoretical studies. Swanson and
ccworkers47 have investigated the behaviour of NZO4 at high
pressures by Raman spectroscopy. They obtained evidence for two
unreported crystalline modiflications. Laser irradiation of
a-N204 produced B-N204, the probable structure of which has N-N
bonde aligned. At pressures 1n the 15-30 kbar region the g-form
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Figure 3. Structure of [Li(NCMe,CH,CH,CH,CMe,)]
2772722 2°-4

reversibly forms a third modilfication, lonic NO+N03 , whereas

a-N204 is stable to at least 76 kbar.

The gas-phase structure of N205 has been investigated at -11%%

by electron diffraction. The results were found to be

consistent with C, molecular symmetry for the state of minimum

enerqgy, in which the dihedral angles between each NO, plane and
the NCN plane are approximately 300.48 Moreover the Noz qroups
were shown to undergo large amplitude torsional meotions about the
most stable configuratlion. Dimenslons of the molecule not
available from previous studies are N-0 (1.492(4}23 and NON angle

{133.2(6)°). The nitric acid-NO + equilibrium has been studied by

2
14N n.m.r. spectroscopy for solutions in H2804, 81-96%, and at
25°c. Seel and coworkers in 1972 cbserved only one 14N resonance

whereas Rosg et al.49 now report separate signals for N02+ and
HN03 : 50% conversion to N02+ for a solution in H8% H2504 is
consistent with the available Raman data. The pseudo-first order

rate constants for the formation and hydration of N02+ were
obtained from line-shape analyses of the spectra. Examination of
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these data reveals certain inconsistencies between the currently
accepted mechanism and the observed rates/crders of aromatic
nitration.

Bursey et al.50 have inferred that an anicon formed from butyl
nitrate by negative chemical ionieation mass spectrometry 1s the
orthohyponitrite ion. From a consideration ¢f the fragmentaticon
products they have proposed that thils species 1s (HO)HNO . The
radical cation, N,0,-", has been 1den15;;_lf1ed as the product of
y-radiclysis at 77K of N,0,4 in CFC13.-
censidered as a N02- radical strongly perturbed by a linear NO

This species can be

+
2
catiocn.

The effects of four species of denitrifying bacteria on the
converalon of NOZ_ to trioxodinitrate (HN203—} and N20 or of

HN203- to N,0 have been studied.?? In all instances the N.O

produced in the presence of 15N02_ and HN203_ was isctopicilly
randomised. Indeed L1t was concluded that both pathways to Nzo
involve a common intermediate, which, from work with other
systems, may be nitroxyl, HNO, Vitamin Blzs’ the cobalt(I})
derivative of vitamin Blz' raeduces nitrate rapidly and c¢leanly to
NH," at pH 1.5-2.5. The cbserved rate law (rate =
k[CoI][Noa-][H+])is consistent with initiation either by reaction

of the non-protonated form of B o with moleculax HNO, or by
hydride transfer to Noa' from the protonated form of B125'53

The decomposition of HN3 in nitric acid at 97°C has been shown

to take place according to equation {B). The mechanism prcposeds4
+

involves attack by NO, " on HNS' equation (%). Reactlon sequence
0.486HN03 + HNa-’l.lSNE + 0.27HO + 0.461\120 + 0.73H,0 - (B}
No.¥ + mn .._a,..'H+ N,ONO — N, + 2
2 3 3 2 Ko
ar
e N3 + Noz vea (9}
~HNO
N,0, + HN, — N NO - N, + N,0 .e . {10)

(10} was proposed to explain the formation of Nzo. In the
reaction between hydroxylamine and HyPOr, when the former is in at
least ten fold excess, equation (11) describes the overall

process:55 under other conditions the stolchiometry 1s wvarlable
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HyPO + NH,OH' ~ HiPO, + ¥HN,0, + H,0" ... (11)
and HNO2 and HNO3 are other posslble products of oxidation.
Gowland and Stedman56 have described the conditions under which a
homogeneous solution of hydroxylamine in nitric acid can react to
form a two-layer aystem, l.e. a nitrous-nitric acid mixture above
a solution of hydroxylamine in nitric acid. New information on
the hydroxylamine-nitrous aclid reaction has been interpreted as
providing definitive evidence that N20 arises from a symmg%rical
precursor over the entire acidity range, 5M HClO4 to pHY.
The reaction between nitrite lon and hydroxylamine-N-sulphonate
(HAMS) has been investigated in agueous solution.58 aAn emplrical
rate law and the rate constant were reported. The results were
explained in terms of a mechanism involving the nitrosation of
BAMS followed by a decomposition into the products, principally
N20 and sulphate lons. The chelated bis(carboxylato)chromium{Vv)

complex anion, {(6), reacts smoocthly with NH OH+ at pH 3.6-4.7 to

3 59

form (7) and (8} as no't derlvatives of low—-spin chromium(I}.
The rate law is censlstent with the loss of one carboxylato ligand
followed by the formation of a Cr(V]-NHZOH precurscr and a net 4
electron internal transfer. A study of the rate of oxldation of
HNO2 by agueous H202 has revealed that HNO2 decomposes to NO,

0 - o
Et,C—0, 0—-¢o H N
? \JL/ / Bt,C—0 | _0—co
oc—0"" \O—CEt2 / P /
0C~—0 0— CEt,
(6) H
0
H2
(7)
- o q +
H N
Et7C-—-—O\|/OH2
Cr
oc—-o/'l\cm2
o
b H2 -
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which 1s itself oxidised to NO,, by H202.60 The overall reaction
is given by equation {(12). The nitrosodisulphonate anion radical
HNO2 + H202 > H‘HO3 + H20 -.-(12)

ON(SO3)22_ smoothly oxidises Fe(CN)64— to FeéfN]63-, probably by
parallel outer-sphere paths, and H202 to 02. The treatment of
secondary and tertiary amines with Fremy's salt ln agueous Nazco3
or in pyridine gives moderate yields of the corresponding
N-nitrosamines.62
Nisseren and Meeker63 report that eguation (13) Ls the only

NO;~ &= NO,” + %0, AG%/cal. mol™1 = 23000 + 20.6T el (13)
significant process cccurring in eguimolar mixtures of HaN03 and
KNO, over the temperature range 500-600°C. No evidence was
ocbtained for the formation of any anionlc oxo species, such as
0%, 022' or 02', at significant concentrations. The
experimentally determined standard free energy change for the
reaction is in good agreement with results for the simple salts.
The reaction of NaNO, with silica in an Ar atmcsphere cccurs in
two 5tages:64 at 600°C the main gasecus products are initially
NO and, in the later stages, nearly equimolar amounts of W0 and 0,
are produced. Abe et al. inferred that some oxide specles,
probably including peroxide, can exist in the melt. Dark red,
crystalline K3HD3 is cubic possessing a perovskilte structure with
the Nozh anions disordered.65 Below -42°C a new phase cccurs in
which the N02_ group is ordered, according to X-ray powder data.66
Further studies of the photolysis of chlorine nitrate, CloONO
at 266 and 355nm, have provided clear evidence that the major
{90%) photolysis route 1s to Cl- and NO3- and that O and ClONO
route accounts for the remainder.57 In addition the rate of

2’

reaction (14) 1s ca. 50 times faster than had been praviously

cl- + ClONO2 + Cl2 + N03- ..o (14)
reported. The i.r. spectrum of matrix-isolated chlorine nitrate
shows absorptions which may be assoclated with ClONO2 and ClOONO
isomers:68 asglgnments for the latter were given.

The base hydrolysis of a series of complexes [(NHB)SCOIIIx]n+ in
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iM NaNO, has now been shown to yield small amounts of both 0- and
69

N-bonded nitritopentammineccbalt (ITII) in the ratio ca. 2:l.
These results are consistent with a common five-coordinate
conjugate base intermediate, [{NH3}4C0{NH2]] *. The spontaneous
nitrito-to-nitro linkage isomerisation for a variety of
octahedral cobalt(III} ammine complexes has been studied in agueous
solution to examine the effect of inert ligands.?o

Nitrocompounds react rapidly at room temperature with certain

metal complexes containing M=M bonds according to Scheme 2.71

R (CO}, R
AINOZ + A M=M

(ac),

=-4C0

O
\/

P —_—M
® e or
Ar

Scheme 2

The same product (3), containing a p-nitrene ligand, was alsco
formed directly when [cpMo(CO):,"]2 was refluxed with PhNOi.
Oxidation of coordlnated nitrosyl in [bpy{MbCN) Rh (8O} ]“*

[(MeCN) Rh{NO)] by 02 vields the analogous nitro compounds ,
1solated as (l10) and (1l1), reapectively.72 Both functlion as
oXygen transfer reagents and effect oplafin oxidation, although (l0)

is only active in the presence of [(PhCN),PACl,].
[bpy (MeCN) ,Rh (NO,}] (PF,), [ (MecN) ,Rh (NO,) X,
X~ = BF,” or PF.~

(10 (11)

The products of reaction of F atoms with MeONQ show
.73

characteristic i.r. bands, in an Ar matrix at 14X: NO abstraction
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to form FNO and H atom abstraction are two reaction routes.
Confirmatory evidence for the formation of FON was obtained,
although the N-0O stretching fundamental of this unstable isomer
wae not established. A modifled pyrolysls procedure for
decarboxylating CF3C02§2 has been proposed which increases the
yield of CF3NO to 77%. Bis{triphenylphosphine)nitrogen nitrite,
(Ph,P=N=PPh,) +N02_ 1
converting transition metal carbonyls Linte nitrosyl carbonyls.
A kinetic analysis of the reaction of Fe(C0)5 wlth ((Ph3P)2N)N0
in MeCN has verified that the reaction Is first order in both
iron and nitrite at 26°cC.

, has been found to he very effective for

2

Bell and <:-o‘z».|n:>r.l-:.c-.rs-"E have opbserved deshileldings in the range
350=-700 ppm in 15

attached to Rh or Co, as compared wilth llnear systems. In

N n.m.r. of strongly bent aplcal nitrosyl groups

addition lSN resconances of nitro and hyponlitrite complexes were
assigned.77

The previously uncharacterised V(CO]S(NO) has been prepared as
a thermally unstable, deep red-viclet and (at -25°cC) remarkably
reactive solid by the reaction of Etéﬂfv{CO}G] with NOBF, in
CH,Cl, at -140°c.7% Many new derivatives were obtained by the
reactions of this new vanadium nitrosyl. Attempts to synthesise
the Ta analecgue were also described. Although the
bis{dithiocarbamato) complexes of the type (dtc]zm(NO), M = Co,
Fe, are iscmorphous there are structural differences. Thus the
diamagnetic prt ccbalt complex has a 129° CoNO bond whereas the
iron complex has an angle of 1790_79

Solutions of Na[cpCo(NO)] react with MeI at —40°C to give
cpCo(NO}Me which decomposes in the presence of at least one
equivalent of Ph3P to form cpCo(MeNO)(PPhS).SO The molecular
structure in the related ethyl compound (l2) was established by

X-ray analysis. The problem of attack by 8032- cn an electro-

Me

cn
1. 4848 £ 1.2828
. 4 ON;

124.4¢| 125.6°

/Co—-——PPh3

cp
(12)
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philic nitrosyl ligand has been investigated for certain Fe and
Ru complexes.al I.r. spectrosccpy helped to identify the same
EN(O}SO3]— ligand in several products and X-ray data were used to
obtain the structure of cis—[RuCl(bpy}2{N(O)SO3}]. The
dimensions of the previously unhreported ligand in this complex
are shown in Figure 4; the length of the N-S bond clearly relates

- 8
to the facile loss of SO 2 from this ligand. Legzdins et al. 2

3

Q

1.zy
1.90

Ry ———— N

Figure 4. Dimensions of the CN(O)SO3] ligand (¥) in
cis-[RuCl(bpy) ,{R (03503}] .

have investigated reactions of (U3-N0)M3 complexes on the premise
that the reduction in N-C bond order should be greater in
terminal or 1uz;-NO complexes. They have reported the

unprecedented sequentlal transformations, where M = {ns—CSH Me} Mn-

4
(u;=NQ), involving the formal reduction of the u,;-NO ligand,

equation (153). Reaction was effected by the addition of HBF,.OMe

4 2
H_'~.+ + 2H+ +
My (us-NO) == [My(us-NOH)]™ ——2 [Mj(u;-NH)] ... (15)
Et3N Ze

or HPFs(aq) to the Mn complex in CH2C12. The identities of
examples of the two types of reduced specles were established by

X-ray methods.

5,1.6 Bonds to Sulphur, Selenium or Tellurium

Roeaky and Pandeya3 have reviewed recent advances in the

chemistry of transition metal thionitroayl and related complexes.
The dibromodithionitronium cation, {SBr)2N+, has been prepared by
the bromination of N82+A5F6_ in liquid 502.84
to have the same c¢la planar structure (13) as the dichlorocatien.

The cation appears
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Neither iodination nor flucorination yielded analogous products,
however the reactiocn with xeF2 did produce {SF2)2NA5F in

1)
N
s277 T F
- : N F
T F"“\:'\S/” \ﬁ/_—"P
Br Br
(13) (14)

gquantitative yield. The honding in this new cation i1s described
adequately by {14}. The synthesls of cations (15)-(17), by the
reaction of N52+A5F " with MeCN, MaCsCH, and HC=CH, raspectively,
has been reported.8 Reductlcon of these was achieved, either
chemically or by electrolysis, to form long-lived free radicals,
e.g. (18) from (15).

N N N N
AN sl-":\:\.s s727 N s/ N
L]
|1 + :l |. + :| I: + :I | I
| | o
N c C c ¢ C N C
\ / \ / \ \
Me H Me H H Me
(15) T (18) (17) (18)

Fluoride abstraction from the thiazyl fluoride complex
[Re[CO)S(NSF}]+ by AsFg has been shown to give a complex
[Re (CO} [NS]]2+, containing the thionitrosyl ligand (v(NS) = 1371

an™!).8® The reaction of Re-bonded NSF with Me,SiNMeR, R = Me or
Me3Si, leads to the thiazylamido complex
[(OC) gRe (NstMeRr)] *asr;".%7 Reaction of Ph,N.NH, with S,Cl, in the

presence of Et,N leads to the formation of l,l-diphenylthionitros-
amine, thu.us.aa This new, relatively unstable compound was
isolated, but neot purified, and used to generate an adduct with
Cr(CO)S. An X-ray structure determination showed that this
ligand bonds to Cr through sulphur. Tetrakis{trifluoromethyl-
thiazyl), (CF3SN}4, has been prepared from CF;SC1 and Me ;S1N,,
Scheme 3.89 The new compound 1s stable at -30% for a few days.
The oxidatien of ToN-labelled 53N3_ in MeCN by O, has been
followad by 15N n.m.r. spActroscopy. o Crystal and meolecular
structures of PpN’ salts of 53N30- and S3N302_ were obtained by
X-ray methods.
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-40% 1
CF35CL + MesS5iN, ———=—3 CF SN, ~——» Z(CP,5N)
~Me ,S1C1 -N,
20°¢
(CF48N) ,

Scheme 3

Numercus Te-N compounds have been synthesiged atarting from

H2NTeF5 and Me351NHTeF5.91 Almost all of them contain the

NTeF5 group, which stabilises many double bonded systems, such as
in 0=C=NTeF5 and Cl4W=NTer
compound containing a discrete Se=N double bond. Tercl, but not

SeF5c1, reacts photolytically with the nitriles XCN, X = Cl or CF3,

according to equatiocn {16), to form compounds containing Te-N

:Clzse-HTer ia a rare example of a

bonds.92 A number of reacticns of these compounds wera also

TeF,ClL + XCN Ly, TeF ;N=CC1X e..(16)

reported, equations {17)-(19).

_ CsF x8 + -
TeFgN=CCl, ———==» Cs [TeFgNCF,] e (17)
70°C
HF x5 HoF, xs
TeF N=CCl, ———=» TeF_NHCF, ——> Hg[W(CF,;)TeF.], ... (18)
45°¢ 75°¢

ClF hy
Hg [N (CF ;) TeF ], —==» HgF, + 2CIN(CF,)TeFg ~——=% CF,N(TeFg), ..{19)

5.1.7 BEBEonds to Nitrogen

A reveraible homolytlc cleavage reactlon of [(CF3S)2N]2 ocggrs in
perhalcalkane solvents over the temperature range 250-315K: the
radlical species (CF35)2N' was ldentifled by e.a.r. spectroscopy,
Figure 5, and the N-N beond energy in the parent compcund
estimated to be 3212 kJ.mcl-l. The first stage ¢f the electro-
chemical reductlion of fluorenone triphenylphosphazine,

Fl=NN=PPh3, in DMF - 0.1M(Bu4NJC104, 1s a one electron process




3os

,56 ‘

NIy

Figure 5. E.s.r spectrum of a solution of HCF3S}2N]2 in CFCl, at

298K: a(*3n) = 13.206, a(*’F) = 1.95G (Reproduced by

permission from J.2am,., Chem. Soc,, 105(1983)1504}.

which generates the corresponding radical anion.g4 The latter 1is

unstable and decomposes with loss of Ph3P to give the 9-diazo-
r , which itself reacts further
either with the starting material or with itself. The
decomposaition of nitroamine, H2N-H02, has been studied in
concentrated agueous HC104, H,S50

fluorene anlon radical, F1N2

4 and HCl over a range of
temperatures.95 For each there is strong evidence of an acid-
catalysed reaction. Hughes et al. Interpret these results in
terms of a rate determining nucleophilic attack of H20 upon the
protonated H N-NO2 to glve NH20H and HNOz, which then 1interact to

2
give NZO'

P
\
/

\ 4 L
4!4: SN\ A -’//N\A"T hy N==N/\//

(19¢) (20t) (20c)
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Irradiation with a 337nm laser of trans—-oa,a~dimethylallylazo-
alkanes, such as (l9t), produces two new azoalkanes (20t) and
{20c), along with a mixture of hydrocarbon degradation products.96
The intermediacy of (19c) was established by u.v. spectroscopy.
Such a turn arcund of the allyl group is conslstent with the
recombination of alkyldiazenyl radicals, RN=N:, at the primary end
of the dimethylallyl radical.

Floriani and co-workers have shown that the -N=N- grouping in

azo and diazo compounds may be reduced by cpTicCl Thus from

9"
the reduction of PhN=NPh they were able to characterise the
binuclear complex (cpTiCDz(u—Ph2C=NN)2. In [cpzTi(PhN=NPh)] the
conformation and dimension of the cis~azobenzene ligand differ

98 Two more distinct

considerably from those of the free mclecule.
modes of coordination for the diazoalkane ligand have been
reported by Curtis et al.99 in thelr studles cf the reactions of
the Mo=Mo complex, cpzmo(C0)4: (1) diazopropane, Hezcﬂz, forms a
1:1 adduct which exists as an equilibrium mixture of (2la) and

(21b); (ii}) diethyl diazomalonate inserts in the Mo=Mo bond to

/
N=C~
NN N
\\f/'\\ //CP —_ CP\\ 4? \\ /,CP
cp Mo —-Mo y Mo —Mo
(CO), (CO), (coy, (coj,
(2la) (21b}
(co),, (Co) ,
CpMo «—— N - N =Mocp c;p
W
o] . o)
(CO) B, 122
/ CO Bt 2 \N—CI(COJ 5
OEt Me
(22) (23)

form (22), the structure of which was established by X-ray
methods. The interaction of ch(CO)2(N2Me} with Cr(CO]S.THF glves
a binuclear complex (23) containing the bridging organodiazo
1igand.100 Attachment of the Cr(CO]5 causese the W-N distance to

decrease and the N-N distance to increase, both by 0.033. Engel
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et al.101 have studied the photolysils of a range of compounds

containing the 2,3—diazabicyclo[2.2.2]oct—2—ene skeleton, (24).

\

(24)

Compounds of this type often prove to be remarably stable towards
the loas of sz the compound studled was chosen to assess the
effect of bridgehead substituents and fused rings on the
photochemistry.

Coordinated azido ligands, in (Ph3P)2Pd(H3)2 and Co{N3)42",
react with Cs, by a 1,3-dipolar cycloaddition to give
thiatrlazoline-5-thionato complexes, =2.9. equation (20].102

Although (25) 1s stable the aniconic cobalt(II) species is not and

20°¢ e
(Ph3P}2Pd[N3)2 + 205, ——» (Phande{H\ \/N 1o <. {20}
;I8
5
{25)
rapidly loses N, and Sg with the formation -of CD(NCS)42_. The

firet X-ray crystallographic analysis of a compound containing a
103 the N-N bond

distancesd in 4-dimethylaminophenylpentazole, Me N-C.H,-Ng, at 128K
lie in the range 1l.30 to 1.353,r i.e. Intermediate between single
bonds (1.45K in N2H4) and double bonds (1.2SR in trans-diimine).
Interestingly the NC, framework of the dimethylaminophenyl group
is also planar,

The reaction of CF,NO and NH20H at -78° followed by treatment
with a base in the presence of arene- or alkane-sulphonyl halides,

planar five-membered N5 ring has been reported:

RX, has been shown to generate N-trifluoromethyl-N-nitroso-

sulphonamide, equation t2l).104 The gas-phase reaction of ppm
NH 2 OH CF 3'N=N (OH) RX
CF N0 ———= +4 ‘3;;;* CF4-N{NO}R ... (21)
CFBNH(NO)
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concentrations of NO2 and Me,N+NH, in air and in N, at 298K has
been studied by FTIR spectroscopy.los The overall stoichiometry,
equation (22), is independent of the initial reaction ratios and

Mezﬂ-Nﬂz + 2NO,+ 2HONO + £M32N°N=N-NMEZ <. {22)

2
and of the presence of alr. HNitrogen(II) cxide reacts with

Hezﬂ.NHéonly in the presence of NO, toc form N20, N-nitrocso-

dimethylamine and another product.2
Two isomeric radical +1 cations of 8,8'-bi(B-azabicyclo[3.2.1]-
octane) (26s8) and (26a) have been recognised in cyclic
voltammetric experiments.l06 One, {26s), provisionally assigned
as the syn iscmer, 1s 1.5*0.1 kcal. mol_1 more stable than the
other tooxidation to the +2 cation. The +2 syn cation was shown to
be less stable than the +2 antl cation. Studies of the kinetics

of isomerisation of the +1 species indicated that the rotational
-1

barrier 1s 23.3 kcal. mol ~. The first example of a simultaneous
(26s) (26a)
double N-inversion in the sclid state has been reported.lOT- The

thermodynamically less stable exo isomer (27a) is transformed into
the endo isomer (27b})at ca. 175°%¢. The structures of bath were
obtained by X-ray diffraction methods. The change of
configuration probably cccurs via a doubly planar transition state

Ny
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Electron diffraction maps obtained by Dunitz and Seiler,108 from

an accurate low-temperature X-ray analysis of 1,2,7,8-tetraaza-
4,5,10,ll—tetraoxatricyclo[s.4.1.1]tetradecane, (28) , reveal
deformation denslties, assoclated with "bent" bonds, decreasing
along the series C-N > C-0>N-N > 0-0, Although electron density
maxima correspond to tetrahedrally orlented lone pairs are
recognisable at N and O atoms the densities along the N-N and, to
a greater extent, the 0-0 bonds are negative.

NN

[ <>
7 7

(28)

5.1.8 Bonds to Phosphorus or Arsenic

13C N.m.r. and valence shell photoionisation spectra have been

measured for compounds of the type XnP4(NHe)6, with X = O or S
and n = O to 4, based on the closo-tetraphosphorushexakis (methyl-

imide) framework, (32).109 Cotton and coworkers proceed to

discuss electron distribution in these molecules with particular
regard to the extent of P-N nw-bonding. The adduct H_N.PF_ has

3 5
been cobtained in 8% yield from the reaction of NH_, and PF_ but in

41% yield from HF and (NPF2)3.llo The structure gf the agduct
was examined and shows a P~N bond length of 1.8428. Triphenyl-
phosphine reacts with Recl3(N0)2 to form a phosphaniminato
g$mplax Recla(NO}{NPPh3J{0PPh3), which was characterised by i.r.,
P n.m.r. spectroscopy and by an X-ray structure determination.

The geometry of the Ph3PN ligand, Figure 6, 1s unlike that of
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previously characterised complexes in which it is linear.

NO
l cl
cl Réfi;&é£t:>t232
Cl/’{f 1390 PPh,
OPPh 4

Figure 6. Dimensions of the Ph3PN ligand 1in
ReCl, (NO) (NEFPh,} (OPPh,).

The reaction of {CF3)2A5N{SiMe3)2 with 012 proceeds wilith the
loss of Me3SiCl and {g;mation of [CF3)2A5C1{NSiMe3), contalning
an As=N double bond.
standing or when the scolvent is removed, to form {30}, which

Roesky and coworkers characterlsed by X-ray crystallography.

This As {V) compound dimerises, on

Cl
(CF3)2AS NSiMe3
Me ,.SiN as (CP.)
3 c1 'z

(20)

Subsequent decomposition of (30) occurs with the loss of Measicl
and the formation of trimeric and tetrameric his(trifluoromethyl) -
afsazenes: the structure of the tetramer, approximately S
symmetry, has As-N distances of 1.716(7) and 1.732(9)R.11% me
reactions of R3S:LNSOF2 with transition metal hexafluorocarsenates

in SO2 yield M{NSOF2)2, M = Co,N1 or Cu, in which the ABFG has
been displaced.ll4 Indeed the authors were abkle to show that
anion attack occurred with the formation of fluoro{(imidodifluoro-
sulphato) arsenate salts, as in Ni(SO,),[AsF, (NSOF,),], in which

the imidodifluorosulphonato ligand serves to bridge arsenic and
nickel,

5.1.% Bonds to Xenon

1Sy-enrichea Xe[ﬁtsozF)zjz has enabled
Schumacher and Schrobilgenll5

The synthesis of

to confirm the presence of two
egquivalent Xe-N bonds. The dissociation of P[XeN(SOzF)2]2+AsF6_
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was alsc investigated and the formation of Xe[N(SOzF)2]2 in

SchlF was established.

5.1.10 EBonds to Halogens

The low temperature e.s.r. spectrum of (rigid) NF3+ has now been
simulated by means of an appropriately modified computer
program.ll6 In addition the results of ab initio SCF molecular
orbital calculations have been reported for this radical cation
and alsc for the iscgelectronic series, -CF3 and -BF3-.117 High
resolution qu and 15N n.m.r. spectra have been obtained for
flucronitrogen cations in either HF or CF3803H.llB This study
reports o flucro {downfield) shift effects in non-planar
(tetrahedral) species as well as m fluoro (upfield) effects for
linear or planar species.

The reaction of HOC1l and NHC12 is general base (B}-catalysed,
see reaction {23).119 Nltrogen trichloride reacts with NH012 to
generate more HOCl and hence speeds the decomposition. The

+

NHCl, + HOCL + B -~ NCl, + OH + HB e (23)

3

presence of NH4+ inhibits the decomposition of NHClz; in

2
The reactions of cyancgen, HgF, and X

2 2'
according to equation (24};120 however, the kekrabromo compound is

ammoniacal solutions NH_,Cl is formed from NHC12 by two pathways.

X = Cl or Br, proceed
very unstable and the main products of bromination are
(CN), + 2HgF, + 4X, + X,NCF,CF,NX, + 2HgX, e (24)

BrN=CFCF,NBr, and BrN=CFCF=NBr. The tetrachloro compound could
be obtained in quantitative yield.
15-Difluorcaminopentadecanoic and 12-difluoroamincdodecanoic
acids have been prepared by the reactions of the corresponding
lactams with F2 in aqueous MeCN.lzl The NF, group stabllity in
agqueous solutions was investigated as a function of pH and the
advantages of using —CH2NF2 groups rather than *CHzF groups as
labels in organic compounds were stressed. The thermal
decomposition of NF4K3F7 has been studied by DSC. From the
okserved enthalpy of decompeosition a value of -491 kJ.mol-l was
calculated for aH?[HF4XeF7}.l22 The reaction of NFqsts with
eéxcess BrF, cannot be used to determine thermochemical data
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owing tc uncontrolled side reactions. The O,N, and F core binding

123 the data are

energies of ONF3 have been redetermined:
consistent with strong hyperconjugation of N-O v bonds with N-F o
bonds.

N,N-Difluoro-0O-perhaloalkylhydroxylamines, RfONFz, have been
successfully prepared by the Lewis acid (BF3] catalysed addition

of ONF, to olefins:124 thus the new compounds XC,F,ONF X = F,Cl

24 21
or Br, resulting from the anti-Markownikoff addition, was
obtained and characterised. Perfluorcalkylhypofluorites react
with NHF, in the presence of alkali metal fluorides, MF, eguatiocn

(25}, to produce the corresponding DNF2 subgtituted perflucro-

_ Q
=142 to 78 C__ R.ONF + MF.HF . {25)

RfOF + MF.HNF2 £ 2

alkanes.125 This method has been used to prepare the known
CF30NF2, (CF3)2CFONF2 2
CF2{0NF2)2. Azldotrifluoromethane reacts readily with XOSOzF, X =

F, Cl, Br or OSOzF, to form new compounds CFBNX(OSOZF) in high
1286

and the previously unknown FOCF20NF and

yield: ClF and BrF at room temperature convert the azide to

CF3NFC1 and CF3N=HCF3 respectively. Photochemical activaticn of

the azide leads rapidly to a mixture of CF3N=CF2 and

(CF,} . N-N(CF,},. Reactions of CF.=NF with X0S0,F, X = F, Cl, Br
3'2 3°2 2 527

or SOBF, yield F5020CF2NFX at room temperature.

oxidising agents were found to be inactive under these conditions,.

In the presence of CsF, i.e. the formation of Cs+CF NF  in situ,

3

2 produced CF3NClF or CFaNBrF. Similar

CsF-catalysed chlcrination and bromination reactions were reported
to cccur with RfCF=NF and certain nitriles.

The reactions of PhCH2NH2 and {(PhCH,).NH with C1207 vyield the
corresponding N-perchloryl compounds; 2 the acidic nature of the
proton on nltrogen 1in PhCH2NHC103 was explecited to generate

Many other

reactions with Cl2 or Br

anionic derivatives. A number of reactions of SF5NC12, equations

(26), {(27) and (28), have been reported by Thrasher and

SFSNCl2 + ZPCl3 + SF5N=PC13 + PCl5 -..{(26)
BSFSNC].2 + 2832C12 -+ 38F5N=SeC12 + SeCl4 - {27)
SFSNCl2 + Se -+ SF5N=SEC12 ... (28)
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Seppelt.129 The product expected from the reactlion with SCl2 or
52C12, namely SF5N=SClz, reacts further, apparently according to

equation (29). The amine hydrochloride SF NHz.HCl, formed

>

SF.NCl, + Cl,S=NSF. > 2Cl2 + SF-_N=S5=HSF «ra{29)

5 2 2 5 5 5
initlally in the reaction of SF
gradually to NESF3.

The reaction of 2,2'-dipyridyl with IN_, in CH.Cl, forms the 1:2

3 2772
adduct, m.p. 730C, the crystal structure of which shows linear

5NCl2 wilth HCl, deccmposes

N~I-N intramolecular interactions and a dihedral angle of the
pyridyl rings of 63.40.130
5.1.11 Bonds to Metallic Elements

The reaction between Ru3(CO}12 and N3- higlbeen found to
generate a series of isocyanato complexes; initially
[Ru, (NCO) (€0) ;,]7, with a terminal RuNCO group, is formed and
then [Ru,(NCO)(CO),,]” and, more slowly, [Ru,(NCO)(CO},;]  both
with a p-NCO ligand. Eventually a new nitrido cluster

[Ru N(CO) ;] is produced. These reactions are, to scme extent,
reversible, e.g. the nitrido cluster reacts with 3000 psig CO at
70°C o reform some [Ru4(NCG(CD)l3]-. The cluster anion

[Rh N (CO) 5] contains a trigonal biprism of Rh atoms with an
interstitial N atom, mean Rh-N distance 2.132.132
of [Ru4H3{CO)12]- with NOBF,; in CH,Cl, gives the nitride cluster

[Ru4{U'H)3(CO}ll(u4-N)] as one of the Products,l33 The

The reaction

corresponding product of the reaction cf the 0s analogue is

084 (u=H) {CO) ;, (4, =N}, from which [Cs,(CO) ,(u,~N)] " is formed by
treatment with (Ph3P)2N+N02_. The structure of the neutral Ru
nitride and the anilonic 0s nitride clusters were determined and
shown to have a butterfly arrangement of metal atoms capped by
nitrogen,

The crystal and mcolecular structures of (ButOJBWEN reveal a
linear polymer involving alternating short (1.74(1}2) and long
(2.66{1}3) W-N distances, i.e. localised triple and single {weak)
bonds.l34 Red nitrido-manganese{V) and -chromium(V} porphyrins
have been prepared by the oxidising nitridation, using OC1l~ in
the presence of NH,, of the metal(III) pcrphyrina.l35 Groves et
al.136 have produced a related nitridochromium(Vv) compound by the

irradlaticn of an azidochromium(III) porphyrin. Theyla? have also
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reported the first example of metal nitride activation to give
agiridines in the presence of double bonds, the aza analogue of
epoxidation. Scheme 4 summarises the processes thought to be
responsible for the conversion of cyclo-oct-l-ene and azido(5,10-
15,20-tetramesitylporphyrinato)manganese (ITI), (31), through to
the Mq(v) nitride and the 9-(trifluorocacetyl)-9-azabicyclo[6.1.0]-

nonane.

mes mes N mes

mes mes mes mes

{CF3c0)20 OH™
CFyCQ © COCF 4
o S
mes I mas mes Nl'l mes
M S i~

mes mes mes mes
Scheme 4

New rhenium nitrene complexes Re(NR)(52CNR'2}3 and

Re (OR™) (NR} [SZC'NR'Z)z, R = Me,Ph or p-MeC6H4, R' = Me or Et, R" =
Me or Et, have been produced.l33 In cne of these a CNRe angle of
155.5{5)° is associated with a long Re-N bond 1.745(5)%. A
series of tertiary alkylimide complexes have been prepared for a®
139 the Ta=N bond in

(Me2N)3Ta[N-But} is unreactive towards CS2 whereas the Me2N-Ta

transltlion metals 1n groupe 5 to 7;

bond undergces an insertion reaction to form a tris-(dithio-
carbamato) complex. Analogous complexes of Nb and Ta having the
formula (R'ZNC52)3M=NR, R' = Me or Et, have been produced from
MC15 and Me28i52CNR'2 in the presence of excess RNH2 or R4N2.140

Nicbium (V) chloride reacts with (NSC1), to form cl.Nbnscl;ldl
X-ray data hawve shown that the thiazyl chloride meclecule is
attached to Nb through N in a relatively loose manner, Nb-~N
distance 2.268. on the other hand ReC15 and (NSCI)3 in POCl3 form
two thionitrene complexes [{ClaPO)ReCl4(NSCl}] and

[(C13PO}ReC13[NSCl)2].142 The former is converted by Ph,AsCl to



318

Phqhs[ReNCl4] whefizs the latter ylelds Ph4As[bis—ReC14(NSC1}2].—
Cﬂzclz. Dehnicke has also reported on the analogous
MoCls/(NSCl}3/POC13 system, 1n which M0C14(NSC1) and
(C1,PO)MOCL, (NSC1) were produced and Ph,As[Cl Mo(NSC1l)] formed in
the reaction with Ph4A5Cl.

Tetrasulphur tetranitride interacts with VCl4 in CH2C12 to form
52N2'VC14 and VC12{52N3}; the structure of the latter contains
essentially planar VNSHSN rings with VN distances of 1.714(3) and

1.841(3)R.**?  Bis(sulphinylnitzrilo)sulphur, S(NSO),, (32), has

/N“\S/N\

=
[1s]

(o}

(32)

been shown to function as an O-donor and an N-donor ligand
towards Ag(I) in [Ag,{S(NSO},l,] (AsF,) ,.50,. 14"
Ag(I}) with four N4S3(502) ligands has been prepifgd and
characterised as 1lts ABFG salt by Roesky et al. The N-donor

S4N4O2 ligands are approximately planar except for the SO2 units.

A complex of

Stable, but light-sensitive, gold{III} amido complexes have been
prepared in high yleld by the reactions of MezAuI with ,KNH2
LiNMez.l47 The crystal structure of [EeznuNﬂez]z shows a planar
Au,N, ring. The reaction of SFSHSF4 and Hsz at 20-60° vields
Hg[N(SFS)z]2 (50% yield).l48 Snaith and coworkersl?? nhave
described what may be the first examples of electron-deflclent
bridging of L13 triangles by the nitrogen of N=CBut2 and

N=C (NMe

or

2} 2~
5.2 PHOSPHORUS

5.2.1 Phosphorus, Folyphoaphines and Phoaphides
Interest in this area continues to centre on the behaviour of
phosphorus atcms or groups of atocms as ligands and in the

preparation of new molecules with, in particular, multiple bonds
between phosphorus atcoms.

Single phosphorue atoms behave aa n® ligands in compound (33)

cbtained by reductive dehalogenation of CpMn(CO)PBr. with

3
Fez{CO)g.150 The unconventional structure shows the largest
downfield alP n.m.r. shift (977ppm) observed thus far. The
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M‘E (CO)2Cp P//Mn(CO) 2Cp (OC)S Crll:PE Pqu(CO) 5
\\\\\\:::l 1 \
~ (OC) ;Co — Co(CO) 4
(0C) yFe Fe (CO) 4
(33) (39

phosphorus atoms are in trigonal planar coordination and back
coordination from manganese reduces the Mn-P distance to 2.108%.

A P, group (p-P 2.062) 1s coordinated to both cobalt and chromium
atcms in the complex (324), where the unit behaves as an eight
electron donor.lSl This compound and the corresponding tungsten
complex result when Co(CO),” is treated with [(OC) M]PBr. As
suggested earlier by n.m.r. spectroscopy., the P4 unit is n?
coordinated in (35) with Rh-P distances of 2.285 and 2.3022.152

TPhB
—F P P
] Y
c1—nh‘::|,\/| _éP—D Ni‘q—/p'/l
PPh (36)
(35)

The most significant distorticon of the P4 unit 1s a lengthening
of ca. 0.25% of the edge involved in bonding.

The nickel atom in compound (36) is in six fold coordination
Ly phosphorus and from an X-ray structure contains an n3-P3
group.153 The P-P distances fall between 2.120 and 2,1268% with
Hi-P distances of ca. 2.309 and 2.2413 to the P3 unit and triphos
ligand respectively. o

The orthorhombic to rhombohedral to cublc phase transitions 1in
polycrystalline phosphorus with increase in pressure have been
confirmed and there is no further change with pressures up to
32Gpa. 174

Reactions between monosubstituted phosphines and dichloro-
phosphines usually yleld cyclopolyphosphines but when the
substituents are bulky and the reacticne are carried out in the

presence of the base DBU (1,5~diazabicycloundec-5-ene) double
155,156

t
K]

bonded dimers are obtained. In thils way, synthesls of the

unsymmetrical diphosphenes, Bu ,C,_H,P=PR, where R = CH(SiMe3)2;155

672
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MBBC 2156 and Ph,156 has been achleved. The compounds show two

3lP shifts 1in the 450-540 ppm region with J{PP) of ca. 570Hz,

The unsymmetrical diphosphene, Bugcsnzp=pc{SiMe3)3, has been
isolated and characterised together with the two symmetrical
derlvatives from a reaction between {Me Si) CPCl and
Bu 3 6H2PC12 with sodium naphthalenide in THP. 3 Dehalogenation
of (Me3si)3CPCl2 wlth lithium under argon in THF at room
temperature gives the symmetrical {M2351}3CP=PC(SiHe3)3, while
two nitrogen substituted diphosphenes, RR'NP=PNRR' where R = R' =

158

SiMe, and R = SiMe; and R' = Bu", have been obtained from the
lithium amide, LiNRR', on successlve treatment with PC13, LiAlH4
and Et.N. 159 It was not posaible to prepare the related compound,

2

(Me Bu 51} NP PN[SiBu
fact ® PN(SiBu Me,),, but treatment of (Me,Bu"Si),NPCl, with
elther lithium or ButLi gave the desired compound. A further

tMezjz, in a similar way. The product was in

nitrogen substituted diphosphene can be obtained when hydrogen
chloride 1s lost from (Me Si) NPH PClN(S:I.Me3)2 in the presence of
(Me Si)ButNLi.lso The ruby red (Me,5i) ,NP=PN(SiMe,), is stable
for several days in solution but dimerises in a few hours in the
ligand phase to the cyclo-tetraphosphine [IMeBSi)2NP]4.

Ab initio MO calculations on the model compound HP=PH have
shown that the trans form is ea., 2.7 kcal. moldl more stable than

the c¢is form.161

The electronic characteristics of the two
diphosphenes RP=PR, where R = But3C6H2 and (HBBSi)BC’ have been
probed by p.e. spectroscopy.162 The lowest ionisation energies
7.27 and 8.10ev for the former and 7.55 and 9.0eV for the latter
are characteristic of the P=P system.

There are two reports on the X-ray structure of
(Me ;S1) ,CP=pC(SiMe,) ,. 077164 e p_p aistance 1s ca. 2.0R with
P-P~C angles of ca. 108.5°, Diphosphenes readily undergo
163 with HC1l in ether
or wikh HBF4.Et20 have shown differences in the behaviour of alkyl
and aryl substituted diphosphenes.

Although the nitrogen substituted diphosphene

(Me .S5i) ,NP=PN(S51Me,) ., gives the cyclo-addition compounds (37) and
3772 3’2 =" "o

electrophillec attack but recent experiments

(38) on reaction with sulphur and cyclopentadiene respectively,
the 2,4,6-tr1-butylt analogue reacts with sulphur in the presence
of trimethylamine in the dark to give the diphosphene sulphide

(39, x = 5).165
which shows a slight increase in the P=-P bond distance (2.054%

This has been confirmed by X-ray crystallography
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(Me 51i) ,N-P —P-N(SiMe,) N(SiMe.)
N a2 [Eiz::r ,p 372
s

P
I
P\»

(37 N{SiMe,),
(38)

t
Bu ,CcH,
,4?P | — P\\
X CeHaBu 4
(39)

compared with 2.034% in the substituted diphosphene). The P-5
distance is 1.93K with P-P=5, and P-P-C and C-P-5 angles of 129.0,
106.1 and 124.9° respectively., The related oxide (39, X = 0) is an
intermediate in the oxidatlion of the diphosphene with
m-chloroperbenzoic acid but the final producte are the primary
phosphine Bu®,C H,PH, and Bu®,CgH,P(0) (OH) (0,8CH,C1) . %% The
compound does however result as a yellow crystalline product
melting at 174-6°C when the phosphonic dichloride But3C6H2POCl2 is
dechlorinated with magneslum under ultrasonic ilrradiation.

Cnly one Fe(CO}4 group 1s attached to phosphorus when Fe (Co)g
and (Bu 3C6H2)2P2 react to give (40) in which the P-P distance

t
But,CgH,  Fe(co), Ph  ,Cr(co)g
Pr SIS
C6HzBut3 (oc) sCr Ph
{d0) (41
Ph AFE(eo)g
TN
(0C) cCr l Ph
Cr(co) g
(42)

(2.0508) is little different from that in other diphosphene
compounds.167 Attachment of only one Fe(CO)4 group is probably a
function of steric effects as anly one Ni(CD)3 group 1s

simllarly complexed even in the presence of a large excess of the

carbonyl. Further there is no complexation with the very bulky
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diphosphensa (Me3SiJ3CP=PC(SiHe3)3. With the unsymmetrical
t =

Bu 3C6H2P—PCH(SiMe3)2,

whare the Fe(CO)4 group is attached to the alkyl substituted

phosphorus.

reaction with Fe2{00)9 yields a complex

A complex (41) in which both lone pairs of a diphosphene are
coordinated to tranesition metals has been cobtalned by heating the
trisubstituted compound (ig}.lss The unstable t-butyl
substituted diphosphene, ButP=PBut, has been stabilllsed 1n the

iron carbonyl complex (43)obtained by deprotonation of the doubly

bridged t=butyl phosphine complex (ii).lsg
Bu® Bu® Bu“HP _ PKBU®
~ y
// (0C) yFe Fe(CO),
(OC)3Fe Fe(COJ3
(44)
(43)

The P=P bond length (2.0598%) implies a doubly bonded system with
the ligand behaving as a slx electron donor, l.e. from the
phosphorus lone pairs and the w-bond.

The first examples of compounds containing P=As and P=5b bonds
have been prepared from reactions between But3CGH2PC12 and
(He381)2CHMC12, where M = As or Sb, in the presence cof DBU.

Both compounds are orange sclids but the antimony derivative is

170

unstakle in sclution, decomposing to the diphosphene
{But3C6H2)2P2. A structure determination for the arsenic
compound however shows 1scolated molecules with a P-As distance
(2.1243) substantially shorter than the sum of the covalent radii
(2.353}. Two iscmeric producte result on treatment with Feztco}9
where an Fe(Co}4 group is pro?g?ly attached to either the
phosphorus or arsenic centre.

Dehalogenation of RFBr, , where R = Ph or a 4-substituted phenyl,
with magnesium gives RPBr.PRBr; the bramine atams in the phenyl
derivative have been substituted with butyl 1:l.1-.hiu|:n.1—"1 Both a
diphosphine (45) and a cyclotetraphosphine {46) can be obtailned
by a similar dehalogenation of (Pzizﬂlchl. constituting the first
examples of P~P bonded species which do not contain P-C bonds.l72
The cyclotetraphosphine reacts with sulphur to give a
tetrasulphide, and it appears that stabllity with these compound
types reguires a large dialkylamino group.
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PrizNw—II’-—P-—NPrlz Prlzﬂ-P —P-NPriz
|

S
Pr 2N-—P———P—NPr 2
(45) (46)

Scrambling reactions between {MeEtP}2 and (R R P),, for Rl = r?

= Pri, 1 2 = ButPri, ButEt ButMe and PriEt, yvleld the

unsymmetrical diphosphlnes RlePPMeEt which have been identified

in situ by P n,m,r. spectroscopy.l73 The compounds exlst in
diastereomeric forms and provide examples of the wvariation in
n.m.r. parameters with chirality. The wvarlation in lJ(P-P) in a
series of gubstituted P«P bonded diphosphate species with the
electronegativity of the substltuents has bsen discussed.lj4
Sulphur dioxide behaves as an oxldising agent when Ph Py and the
zlne salt, Zn(502)3(AsF6)2, react in C2F3Cl3 aolggéon giving the
diphosphine dioxide complex, Zn(02 2Ph )(Astjz. When the
P(III)}=-P(V) ligand, P[P(O)(OEt}2]3, was used instead of Ph P, the
product was Zn{P[P(0) (0Et),],),(AsF,), in which an X-ray structure
shows coordination of zinc by the three phosphoryl oxygens from
the two ligands. A crystal structure has also been obtained for
(47) in which a tautomer of the unknown bils(phosphoryl)phosphine

PhP[P(OIth_]2 is coordinated to molybdenum.l76

Ph

P 2 o]
(CO) Mo l
‘R‘P —_— P=0
Ph, Ph
(47)

The compound 1s obtained by reaction of phenyl dichlorophosphine
and the hydrogen bridged chelate Et3NH+[cis-Mo(CO]4[PPh20}§}H_.
Complex cationic species with formulae such as CpNi{thPAsthlcl
and [CpNi(Ph,PAsPh,),]BF, result when [CpN1i(C sHg) [BF, reacts with
unsymmetrical ligands such as thPMth, where M = As or Sb. 177
Two molecules of pyrrolidine react with P[P(O)(OPr )2]3 to give
a salt cof the anion P[P(O)(OPr )2]2 ; the P-P distances are short
(2.120 and 2, 1242} implying some degree of (p-d)ﬂbonding.l78
Dehalogenation of RPC12 where R = Pri or Bu® with magnesium
gives the cyclotriphosphines, (RP)3 together with the correspond-
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ing cyclotetraphosphines and (PriP) 5 2% by-products .179 The pure tri-

31

phosphines were investlgatedby " "Pn.m.r. spectroscopy which allowed

identification of the expected four diastereciscmers for (Bu®p) 3°
Treatment of Kz (ButPPBu ) with carbon tetrachloride in pentane at low
temperatures gives the two carbon containing cyclic compounds (48) and

(49) in addition to (ButPJ 3 and 4.180 Compound {(49) is amixture cf two

ButP — PBut

c PBut + Bl:lt But But £
Bup~—2PpP PBu
c1, /| | ‘,’i ) e |
(48) ButP T \F pput t st— s
- u T tu Bu P——P " PBU.
PBu Bu
(4%) (30

lsomers differing in the arrangement of the t=butyl groups. The silicon
analogue of (49) is already known and has recently been shown to dimerise
on heating to the unusual dispiro derivative (50); an X-ray structure is
available. 181

A three membered heterccycle (31, M= GeEt2 or GePh ) results from the
cyclocondensation of I{ (Bu P) 2 and RzGeCl2 » while the reactlion with

utp — pput Butp —pau® Butp — pBut
I | | |
Ph,Ge — GePh, Ph,Ge — PBU®
(51) (52) (53)

thGeCl also yields two four membered compounds identified as com-
pounds {52} and {53). 182,183 » gtructure determination for {53) shows a
non-planar P2Ge2 ring with P-P, P=Ge and Ge-Ge distances of 2,216, 2. 340
and 2,4218 respectively.la4 Atin analogue o:E (51) with M= Sma'.ut2 has
been obtained by treatingK. (PBu )2 with Bu 25!1012 but this reaction
also gives (Bu P) 2 (SnBut2]  and the six membered ring campound

165 The corresponding reaction with

[Bu P}y (SnButzj 2 as by=-products.
E:tzsncl2 gives as major product the six membered Sn2 4 compound
(_E_;i} together with smaller amounts of ({Bu P) 3SnEt2 and

(ButP)B(SnEtz)z. The antimony heterocycle (31, M = SbBu ] can

Et -
Sn* Butp — Pyt Butp —pput
Bu"p/ “Npppt R el L ¢
l | - . Bu "Sh-=5bBu Bu P — SbBu
£ t
Bu P PBu (55} (56)
Nsn < -
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also be obtained but because of its high reactivity it could not

be obtained pure.186

Two diastereomeric forms are present, the
more stable being that with trans t-butyl groups at the phosphorus
atoms. The preparation alsc gives smaller amounts of the four
membered ring compounds (35) and (56).

The phospha—urea derivative (57) on treatment with a dichloro-

phosphine as shown in eguation (31) gives the triphosphetanone

{58), which for R = Bu® loses €O in sunlight to give CBu P}3 187
c R
PBu SiMe P
/ 3 ~2Me jSicC1 e /N,
C=0 + RPCl, ————> Bu P\ PBu . ee (31)
\PButSiHe3 C s
1]
0
(57) (R = Me,Bu" or Ph) (58)
putp —— pBu* putp — pBUt putp pput
N | N\,
Bu PBu Te—-PBut Te
C
1 (61)
. (50)
(59)

A related five-membered analogue (59) is the final product of the
reaction of phosgene with Bu® {Me Si) 5P in which the Me,;SicCl is
ellminated.l88 Again on photolysis, carbon monoxide is lost to
give the cyclotetraphosphine (ButP)4. An unusual red liguid
telluratriphosphine (£0) together with (Me3513 Te is obtained
when the disilylphosphine, Bu (Me si) P, reacts with elemental
tellurium. 189 At higher temperatures the three membered
heterocycle [(6l) is the reaction product together with cyclotri-
and tetraphosphines.

MNDO calculations on the bicyclobutane derivative (62}, which
is often postulated as an intermedlate in the reactions of white
phosphorus, show, inter alia, that the central bond possesses
olefinic character.l90

Trimethylchlorosilane on reaction with K {Bu P)4 ylields the

disilyltetraphosphine, Me Si(Bu P) SiHe 191 which in turn can be

3!
converted into the parent tetraphosphine, H{Bu P)4H, on treatment
with alcohols.l92 This compound, whlch exists in three

diastereomeric forms in solution, can also be obtained by reacting



326

t-butyl chloride with K (Bu P}4 An isotetraphosphine, P(Eg?u }3,
has been isoclated from the LJ.AlH4 reduction of P(PBrBu )3

Reactions ©f either the bicyclic phosphine (63) or its lithium
salt with dihalides {Ec12) such as MePCl EtPCl, or Me.S5iCl

1942' 2 2 2
vield the tricyclic derivatives (64). Small amounts only of
H
P
CH—pPp—0P
e NG /72 ~
Xp PX cH I cH
e N ;e
\P P— P — CH,
H
(62) (63)

the expected silyl derivative, r(MeBSi)zészPth, are obtained
when [(Me,Si),P],PLi and Ph,PCL react in pentane at -40°c.'?>
The major products are, in fact, (Me3si)2PPPh2 and Fh,P,, which
arise via metallation of the thPCl by the lithium derivative,
together with (Me,Si) 2P and Ph PSiMe3 When elther PCl, or

Bu PCl is substituted for ph Pcl the reaction gives the

tetraphOSphlne (gg, R = H or Bu J with smaller amounts of

Me3Si P — P- P(SlHe )

Np”

lg by m

[(Me;S1) ,P] ,PS1Me,.

White phosphorus and t-butyl lithium react in the presence of
Me 5 8iCl to give the tetraphosphine, P4Bu 3(SiHe3), which with BuLi
is converted to the lithium salt L1P4But3.196 Similarly.,
trans-Puntz(siMezi2 with BuLi gives L1P4But2{81ﬁe3) which is
unstable and decamposes 1n a few hours to a mixture of
silylphosphines, their lithivm salts, and the cyclophosphine
lithium salts. A range of derivatives based on the P7 3 cage
system have been obtained directly from white phosphorus - lithium
alkyl reactions.197 With MeLi in either THF or DME, the products
are L13P7, L12P7Me and LiP?Mez,
P, (SiMe,} ,, PoMe(SiMe,), and P,Me, by treatment with either
MeasiCI or methyl bromide. The reactlion with ButL1 gives in

addition to the analogues of the methyl derivatives mentioned

from which can be obtained
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above, the two cyclophosphine salts Li(But3P4] and Li(ButzPa).

Evidence has alsc been obtained for compcocunds in the two series,
t t

PBBu n{SiMeB)B_n and PSBu n(SiMEB)S-n' Two lithium silyl

phosphines can be obtained by the reactions in equations (32} and

(33},198 and on treatment with a range of monchalldes (RC1l), such

Li_P

1P + 2P7(Siﬁe3]3 > 3LiP7{SiMe

3)2 -0 (32)

2Li_ P, + P?(SLMEBJB + 3L12P?(SiMe

377 ... (33)

3)

as Ph48iCl, H481iI, Me,
and Na,P, can be converted to the P,R, derivatives (66) .

GeCl, Me_ SnBr, PriBI and CpFe(CO) ,Br, 1Li_P
3 2199 37

Structures have been determined for the isotypic compounds (6§,

o l R / p._ | PR\ R
P " P R P

(67)
(66)

R = EMe3} where E = 51,Ge,5n and Pb, showing that the bend lengths
in the cage (2.180-2.222%) are little affected by changes in
substituent. The 31P n.m.r. spectrum of (66, R = Me) has been
analysed completely and the observed spectrum can be simulated by
the superposition of spectra for two forms where the methyl
substituents are gsymmetrically and unsymmetrically orientated.2
Pure cyclooctapheosphines (Ql, R = Et or Pri) have been prepared
by the magnesium dehalogenation of a 3:1 mixture of the
appropriately substituted dichlorOphospgine and PC13.201 The

pentalene structure, which i1s based on P n.m.r, data, contains

00

mutually trans oriented substituents and is the same as that
found for P8H6; these however differ from the PBBut6 structure
already known. A methyl analogue can also be prepared but a pure
sample has not yet been cbtained.

A substituted nonaphosphine, PgBut3, has been obtained by the
reaction of magnesium on a ButPC12/I_’Cl3 mixture and a related
l-propyl derivative by treating (PrlP)4 wlth PC13: the delta-

cyclane structure (68) follows from n.m.r. spectrosccpy.202
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P P
R\ / \\ P /- ""-..“P .
P P 2N ~ /" T~pprt
\ Rap, o~ R PrlP—'—}-—P
P —p /P /
Jd s N ™ pprt
P-——| P Pr°p —
\\‘P-’#”’ \\\\\I
(68) F
(69)
/P\\‘
P P
\ / :
_p pe— | ——PPr
Prip— ‘N\Pgt’ | i
l p I p — PPr
PriP/ P /
(70)
Two further new polycyclic derivatives PlzPri4 and P13Pri5 have
been isclated as thermolysis products of a polyphosphine
mixture.203 It is worth noting that the frameworks in the

suggested structures, (69) and (70), are structural units of
Hittorf's phosphorus. Filnally it has been shown that good ylelds
of solvated Lizpl6 can be obtained when white phosphorus reacts
with LiPH2 in a ratle of 1,9:1 in THF solution.204

The chemical transport of FeP2 and Fe]E"l with icdine has been
investigated205 and crystalline samples of Mon and a- and B-WP2
prepared and their structure determined.206 The new compound,

BagSn,Pe, has been prepared from the elements by a high

temperature reaction and shown to contain the SnzPslz- anion (Sn-P

2.487-2.5443).207 The ternary phosphides H0F22P12 and WFezPl2 are
isotypes and a full astructure for the molybdenum compound shows
that all phosphorus atoms are in four fold ccordination either to
one metal and three phosphorus atoms or two metal and two
phosphorus atoms.208 All near neighbhour contacts can be
raticnalised on the basis of two electron bonds in agreement with
the observed diamagnetism. The compound TiCuzP, prepared from
CuPG‘-15 and titanium in a sealed tube at SOOOC, belongs to the
Cuzsb family with a structure that can be deriwved from the Mn._As

3
structure by a qlide.209
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5.2,2 Bonds to Carbon or Silicon
As in previous reviews this section is subdivided by oxidation

state and within each of the sections multiple bonds betwaen

rhosphorus and carbon are considered first.

The +3 CxXidation State. The Hel photcelectron spectra for

ButCEP and PhC=P have been assigned using ab initio SCF-MO

calculations. The first ionisation energy at 9.61 and 8.68 eV

respectively corresponding to electron loss from an orbiltal with

210 There are close

basically C-P n-bonding character.
similarities between alkyne chemistry and that of the phospha-
alkyne ButCEP; the latter adds to the metal-metal bonds in
[CpRh(CO)]2 and prMo{CO)Z]2 to give compounds (71) and (72)

respectively. 11 The structure of {72) has heen determined by

,But ?ut
c
o) ¢
‘c’//f l\\
/ P Cp (OC) ,Mo — Mo (CO) ,Cp
chhﬁii_:::Rhcp \\L
\C/
o (72}
{71)

X-ray methods.
Acyl-, alkylidene- and alkylidyne-phosphine chemistry has been

12

reviewed2 and ab initio calculations using a double zeta set

carried out on the model compound HP=CH,.?13 A nigh yield of the

vlid CF3P=CF2, which is stable at -78°¢ and in the gas phase at

100°¢, can be obtained by treating (CF,) ,PH with ZnMe, in the

presence of trimethylamine as a catalyst.zl4 On polymerisation

both the cyclic dimer and trimer, (CF PCFz)2 3¢ are obtained.
215 16 and

P-hydrogen (73) and -nitrogen (74) species have been

stabilised, the latter for R = N(SiMe3)2 or N{SiMe3}But from a

Me Me Me
] 512 512
HP*C//' =C'/’ N-Bu® 3 N-Bu®
= | .
‘J J=—1 _
(73) He w ;
(Z4) (75)
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reaction between the lithium derivative (73} and RFF,.
A major feature of interest in these compounds 1ls thelr

behaviour as ligands and a timely review (251 references)

emphasises current interest in this general area.217 A stabilised

phospha-alkene (76) showing n? coordination to nickel has been

produced in the reaction between the sodium derivative,

Na[(Me,S1) ,GH],P, and (Me,P),Nicl,.?!® The P-C bond length

Me3P PCH{SiMe3}2

o)

Me P/, C{SiMe

3 al2

(76)

(1.7?32) 15 midway between that for single and double bonded
systems while the angle at carbon implies hybrildisation between
sp2 and spa, thus suggesting there 1s back coordination from
nickel 3d orbitals into the 7* orbital of the P-C system. Similar
n? bonding has been confirmed by X-ray diffraction on the complex
{17) obtained from the phospha-dlkene and {bipy)Ni(cod),219 but n!
structures with Ni-P bonds were asslgned to the unstable products,
LNi(CO)3 and LZNi(CO)2 obtained from (mesitleP=CPh2 (L) and
Ni(co}q. This mesityl derivative ccordinates differently in Pt {0}
compounds depending on the other groups present, with for example,
n? character in the complex MeC{CHzPth)BPtL and donation vlia the
, and PtL,(P=cBu®).?%°

Although the oxygen and sulphur oxidation products of the

phosphorus atoms in PtL

rphospha-alkene, 2,6-M32C6H3P=CPh2, are toc reactive to be
isclated, a three coordinate phosphorus (V) selenide (78) can be

Me
8¢ Butc =p—p =cput
1 I
th OSiMea OS:I.ME3
CPh
Me 2 (22)
(78)
321
isoclated. Thilis compound adds ethanol across the P=C double

bond.

A diphosphorus analogue of butadiene (79%) can be prepared
either by treating the silyl phospha-alkene MeBSichsut(051He3)
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with hexachlorcethane or by reactlng the diphosphine (Me3Si)4P2
with ButCOCl.222 From X-ray crystailography, the P-P distance is
2.171 and the P-C distances are 1.684 and 1.692%; the P-P-C bond
anglea are 100.3 and 100.7°. Cyclic species (80) and (8l) based
on chz rings have alsc bheen isolateg. The former from a reaction
hetween phosgene ang {Me351)2PC(O}Bu and the latter by treating

P =—C-05iMe R—P—P—R
t 3 [
st || |
~— & —p-C(0) But Me ,510C == C-0SiMe ,
Me3SiO/
(80) (81)

silylphosphines RP(SiMe3}2 where R = Ph or But wilth oxalyl
chloride. Phosgene has again been used with (mesityl)P{SiMe3)2 to
synthesise the first room temperature stable phosphaketene,
RP=C=0.223 The monomeric formulation is supported by a high field
n.m,r. shift (-207.4 ppm) and by an i.r. band assigned to vaSPCO
at 1953 em *. The intermediate (mesityl)P(SiMe,}C(0)Cl can be
detected at low temperatures by 31P n.m.r. spectroscopy.

A general method for preparing phosphorus analogues of
carbodiimides, i.e. species containing the P=C=N grouping,
invelves initial formation of the cyclic dimer (82) by loss of

{Me3si)20 in the presence of a catalytic amount of sodium

hydroxide [see equation (34)].22% Flash vacuum photolysis then
SiMe R
2RP ™ 3 P
\ - (Measi) 20 / .
c_,-OSiMe3 = PhN=C C=NPh .o {34)
W N
NPh R
R = Et,Bu",Ph or PhCH, (82)

gives the moncmer PhN=C=FR, which ls stable at low temperatures
and shows an i.r. band at ca. 1B40 cm‘l.

A series of potentially tridentate ligands, PhP(xc5H4N)2, where
X = CH2, QO or NH, has been synthesilised at low temperatures by
reacti_.ng PhPCl2 with, respectively, 2-plcolyl lithium, 2-hydroxy-
pyridine and Z-aminopyridine and complexes with Cr, Mo and W
carbonyls have been described.225 An X-ray structure on

(oc} 3W[PhP(NHC5H4N)2] showa coordination via phosphorus and two
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pyridine nitrogen atoms.

Acyl phosphines, RC(O}PPhE for R = C1C6H4, C12C6H3, C9H19226 and
a series of olefinic groups 27 including CH2:CH, MeCH:CH, CH2:CMe,
2PSiMe3 with an acyl

chloride. The products are alr sensitive and readily hydrolysed

Me,C:CH, have been prepared by treating Fh

and with an olefinic substituent only the propenoyl derivative can
be 1sclated. Stable manganese complexes can be obtained with scme
of these derivatives and with thPOMe they can be converted via an
Arbusov reaction to the substituted phosphine oxide, RC(O)P(O)th.
Phosphenium cations have been stabilised in the species,
FePX+ AlCld_ where X = Fg, Cl or NMez, resulting from the
treatment of the ferrocenyl (Fc) substituted phosphorus(III)
chlerides Fe,PCl, FcPCl, and Fc{Me . N)PCl with the stolchiometric

2 2 2558

amount of AlCl3 in dichloramethane. Addition of further A1C13

to FcPCl2 does not glve the FcP2+ cation nor is the FczP‘ radical

2Pcl is treated with an active metal. In the
latter reaction, the product 1s the new diphosphine FczPPFcz. F:

produced when Fc

further new, two coordinate, cation has been obtained by reacting
the pentamethyleyclopentadiene substituted phosphorus chloride,
(Me Cg)BuPCL, with AlCly, and confimmed by both 3p ana 271
n.m.r. spectroscopy. The P signal however changes on
standing indicating formation of the new cation (83) resulting

from insertion of P+ into the C-H bond of an ortho methyl group.

Me H 2 2

# 84
N (84)

But

c—"
H,
(83)

1,3-Dienes, such as 2,3-dimethylbutadiene, react with the

phosphenium compound, (prl -

2N)29+A1C14 » to give five membered ring
systems such as (Ei].23o An X-ray structure shows that there isg
little change in the geometry of the two coordinate cation on
reaction. .
The bis{phosphinc}ethane, ButHPCH2CH2PHBut, can be syntheslised

from ClZPCH2CH2PC12 and ButMgcl followed by reduction of the
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intermediate dichloride with L1A1H4.23l Hydrolysis of this

intermediate gives the bis{phosphine cxide},

ButH(O}PCH CH2P{O)HBut, and the phosphlne 1tself can be oxldised
to give Bu HP{X)CH2CH2P(X)HBut for X =0, § or Se. The
diphosphine, Ph,PCH.CH

2 2
Molecular orbital calculations have been reported for the

2PHBut, can be oxidised similquy.

phospha- and diphospha—ferrocene5232 and three diphospha-

derivatives (gg, R = H or Ph) and (86) have been synthesised.233

Compounds of the type, 4-K-CEH SiHe(EHez)(CHQCHQE'Mezl where E, E’

=N, P or Aas and X = F or Ccl 3 and 2—EMe2C6H4SiMe2E'Me2; the

latter behaving as chelating ligand,235 have been synthesised.
The diphosphino-methanes, R PCHzPR2 for R = PhO or But, have been
isolated and investigated236 and new mono— and poly—dentate
phosphines can be synthesised by reactlions between MEEPCHzLi and
Me4_nECln where X = Si or Sn.23? Oxalyl bis (diphenylphcsphine)
(B7) reacts with molecular oxygen eliminating both CO and CO, to

2
238
give [Ph,P(0)],0, Ph,P,0, and Ph,P,.

Mes Me Me Me

/
Ph \ / \ Ph
o) PPh P P
¢ —c] | |
A

2P 0 P P
Ph Ph

(87) \ / \B/

Me Me Me Me

(88)
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A new P4C4 ring compound (88) has bheen chtained in a one step
reaction by the tetramerisation of 3,4-dimethyl-l-phenyl
phosphole.239 An X-ray structure points teo short P-P (2.19%91) and
c=C (1.473) bonds implylng some conjugatlon between adjacent
phasphole rings. A new macrocycllc ligand (83) containing four
phosphorus and two nitrogen donor groups has been synthesised as
a mixture of iscmers from 2,2'-dichlorodiethyl propylamine and the
dipotassium salt of {PhPCHch-IzPPh)Z_.240 Pure samples of four of

the five possible stereciscomers have been isclated together with a

Pr
///*‘N'#“\\ [/’“‘0"“\\
Ph Ph Ph Ph
EP - 3 Ep p”

P

Ph~” “~Ph Ph*” ~ph
? \\\%f‘o
Pr
(89) (90)

nickel compound, which has been investigated by single crystal
methods. The structure has alsc been determined for a nickel
borohydride complex of the related oxygen macrocycle {90} in which
all four phenyl groups are in cis pasitions.24l
Diethylazodicarboxylate and hydrogen peroxide react
successively with triphenylphosphine to give, unexpectedly, phenyl
diphenylphosphinate thP(O}OPh.242 The most likely mechanism is
via a phenyl migratlion from phosphorus to oxygen in the unknown
dioxide intermediate for which either a monomeric (91) or

dimeric (22) structure is possible.

° /o 0
thp/l Ph,P PPhy
I\o
Ph 0 ——0
(91) (92)

13C n.m.r. shifts have been reported for compounds in the

serlen R3M, where M = P, As or Sb and R = Me, Et, Bu or Ph; R3Bi’
where R = Me or Ph; and Ph . MX and Pthz, where M = P ¢or As and X =

2
Cl, Me, Et or Bu.243 Data for the nickel complexes LNi(CO}3 are
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also available.
Mixed methyl and trifluoromethyl substituted main group
compounda, including P, As, Sn, Pb and Hg, have been synthesised

by the interaction of the permethylated maln group compound with
CF3 radicals generated by a radic frequency discharge on C2F6.244
Hel p.e.s. for such mixed compounds in the pheosphorus, arsenlc

and antimony series, MenM(CF3) for n = 0—3,245 and for the

mixed methyl phenyl phosphines? gﬂenPh3_n,246
The trifluoromethyl derivatives, M(CF3)3 where M = P, As or 5Sb,

react with O-nitroscbis{trifluoromethyl)hydroxylamine to give

(CF3)2NOM{O)(CF3)2 for M = P or As while with the antimony

compound the product is ['{CFa)ZNCﬂzstFB.z47

have been measured.

Silicon Derivatives, The lithium derivative of t-butylphosphine
reacts with fluorcellanes as shown in equation (35) to give the

8ilyl phosphinea (33} and (21}'249'249 Treatment with butyl
R,S1F, + LiPHBu® » R,SiFPHBu® + R,S51 (PHBu"), ... {35)
(23) (94)

R = Bu® or NMeSiMe

lithium converts compound (83) to the cyclic species (35) which
contains a planar four membered ring and S1-P distances in the
range 2.241-2.280%. Compcund (94) similarly gives the four-
membered derivative (36) on reaction with BuLi and phenyl

But But Mez Mep
§4 —— 51\
R,S1 p SiR, R,S1 > pBu’ P /Me2 Me:;\‘ P
\\\P \\\P \\‘ ‘ .//
But But 5i — 5i
Mez Me2
(95) (96) (97

dichlorophosphine. The bicyclo[2.2.2]octane derivative (97) is
produced when a mixture of socdium/potassium phosphide reacts with

l,2~dichlorotetramethyl disilane; the compound has been completely

characterised spectroacopically.250

The +5 Oxidation State, P=chlorcmethylenephosphoranes such as

[R2N)2PC1=CR1R2 lose chlorine on treatment with AlCl3 in dichloro-
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methane to give phosphonium species itdentified by 31? n.m.r.
spectroscopy.251 One such compound (98) has been isolated from a
(Y
L /R
(Pr~,HN),P=C Ph,P=C CH
272 3 \\ // 2
{99)
(98)

solution in liguid sulphur dioxide. Depending on the inductive
and mesomeric effects of the substituents, P-chlorcalkylidene
phoaphoranes can be converted to a-chloroalkylphosphines by a
1,2-chlorine shift {(see equation 36}.252

Cl ﬁl
_;::=c<: -p—c- ... (36)

M.0. calculations on the cyclepropylide model compound
H3P=C(gg3)2 peoint to a pyramidal carbanion centre in the ground
state, and the structure of the related compound (39), obtained
by reacting the phosphonium bremide, [?haP{CH2]4Br]B§§4with
sodium amide in liguid ammconia, has been determined.

The sterically crowded thP[C(SiMea)a] has been synthesised
from Li[C(SiMe3)3] and thPCl, and can be guaternised by both HI
and MeI. The latter compound on heating loses Me_SiI to glve
the ylid thPMe=C(SiHea)2.

On photolysis, the dlazaphosphole (10Q) loses nitrogen to glve

the pure kismethylenephosphorane (1Ql), which on warming partially

3

B SiMe,
(MegSL),N ~ C—¥ L CHSLMe 5
P {Me 451) ,N-B
N I 355720 TR,
C—N CHSiMe
/s 3
H SiMe,

(100) (101)
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CHSiMe3 //,CHSiMeB
(Me3si}2CH—P{' (Me3SiJZN-P I
NSiMea CHSiMe3

(102) (103)

isomerises to the imincmethylene phosphorane (193)-256 1f
compound (1lOl) is heated to lBOGC, on the other hand, there is
gradual formation <¢f the phosphorinane (lggy. The conversion of
(lol) to (103) corresponds to a conrotatory ring closure and the
reaction sequence is strictly contrclled by arbitai Symmetry.
The atructure of Ph3P=C(SPh)SePh chtained by the reaction
sequence in equation {(37) shows a planar arrangement about the

PhSCH,CL
Ph,P 23 Ph P=CHSPh _EhSeCl 5 pn_p=C(sPh) (SePh)  ...(37)
-HC1 -HC1

ylidic carbon with bonds t¢ phospherus, sulphur and selenium of
1.707, 1.732 and 1.9198% respectively.257 New ylides contalning
the PCPCP atom seguence can be prepared by the reactions outlined

in eguation (38).258

Mel Ph. P:CH

3 2
bl =
Ph,PCH,PPh, ——» [Ph,PCH,PPh,Me]I ————— Ph,P-CH BPhy
CH,
MeLi
Ph Ph
» 2 PPh P2
N / 2 X Ph,PCl
CH, c + [I:H2 Ll:H €—"—— PhyP-CH=RPh, .-+ (38)
+ CH
PPh, PPh, PPh, PPh, Li 2

Hexaphenvylcarbodiphosphorane, Ph3P=C=PPh3, 1s the starting
material for a number of novel reactiona. It 1s converted, for
example, by a range of halides RX into salts of the diphospha-
allyl cation [Ph3P=CR=PPh3]X, where X = Cl, Br or I and R = Me,
Et, PhCHz, PhS, MeOCHz, HeSCHz, Me381 et¢c,, while with bromo-
acetic ester, on the other hand, it ylelds the carbanion,

(Ph3P=CH=PPh3)+.259 The selencate, Ph3P-C(Se)-PPh3. prepared from
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the carbodiphosphorane and selenium, can be oxidised either by

halcgens or electrochemically tec give the salts (104):260 lron(III}

chlaride gives the corresponding FeCl4 salt and in the presence cf

Ph3P C ﬁPPh3 2+

{ 2X . C—PPh, c1”

Ph3P=C '--=PPI’1_.‘]l

(104) (105)

water, FeCl, yields a salt containing the Fezoclez- anion.
The PhaP groups in the addition compound (105), prepared by
treating Ph3P=C=PPh3 with thPCl, are non-equivalent at low

3l

temperatures according to P n.m.r., data, probably as a

consequence of restricted rotation of the Ph2P group.zsl On the
other hand, all phosphorus ataoms in the dicaticn [(thMeP)3C]2+ZI-,
obtained from PhZMeP=CH2 with Ph2P01 and MeI, are eguivalent. 1l:1
complexes of Ph3P=C=PPh3 with the chlorides of copper, silver and
geld in the +1 oxidation are stable in air to ZDOOC; an X-ray
structure of the CuCl complex indicates the presence of discrete
molecules with a linear C-Cu-Cl system and a planar arrangement
about the ylidic carbon.262

A series of amine substituted carbodiphosporanes, including
R3P=C=PC1(NM22}2 and R3P=C=P(NMe2]3 where R = Ph or Mezﬂ, has been
obtained by reacting R3P=CC12 with RiPClzég the presence of

The fully
dimethylamine substituted derivative has a structure with a linear
P-C-P system, and P-C bonds of 1.584%.

The structurs has been reported for the mesomerically stabilimsed
anion [bth(S)]aC_, obtained by proton abstraction from
[thP(S)]3CH.26 The central carbon is in planar coordination to
the three phosphorus atoms (mean P-C-P 119.9°, P-C 1.746-1,7748)
with two of the sulphur atoms lying on the same side of the plane.
A mercury complex of the related uninegative anion
{[thp{s}][MezP(SJ]z}C_ has been prepared and X-ray
crystallography shows that it 1s tridentate to mercury through the
sulphur atoms, with tetrahedral coordination about mercury being
completed by a chlorine atom.265 The mean P-C-P angle about the

central carbon is 116.4° and some double bond character remains in

P(NMe2)3 as a chlorlne abstracting agent.
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the P-C bonds which vary in length between 1.753 and 1.790%.

Treatment of Me(CF3)3PCl with silane gilves the fluxional phos-
phorane Me{CF3]3PH, which from n.m.r. data has been assigned 26
trigonal bipyramidal ground state with two axial CF3 groups.
The compound decompases above room temperature with elimination of
CF3H to give Me(CF3lzP

Structures have been determined for the azaphesphorinanium
perchlorate (l06) and the stable nitroxyl radical (107) showing a

ring with a chailr conformation in each compound.267 A multi-
Me
,—w o e
- ™~
ClO4 4? N-Q
\—"LMe Q \___.(-Me
Ha
{106} (107)

nuclear n.m.r. investigation has been carried ocut using Ph4PBPh4

and the corresponding arsenic compound.268

5.2.3 Bonds to Halcgens

The +3 Oxidation State. A range of alkyl difluorophcsphites,
RDPF2 where R = neo-pentyl, adamantyl or p—-substituted benzyl, has
been ¢obtained by treating PF Cl with a trimethylsilyl ether,
ROSiMe3.269 The compounds react with (R 3F) pPtCl, to give
complexes of the type [(R P) PtCl(POF )] whlle

[p XC H CHZPPh +] [Pt{P0F2]4] can be obtalned via an Arbuzov-

Mlchaelia reaction involving C-0 bond cleavage.

Conditlons have been reported for the preparation of two
further iron carbonyl complexes with the short bite ligand
MeN(PF2)2.270 In [OC)4Fe+PF2NMePF2, the ligand is monodentate and
in common with other such species it can be converted by
solvolysis into (OC)4Fe+PF2NMe. The binuclear complex,
[HeN[PFz)z]sFezico)a, is the previously unknown member of the
[MeN (PF,) ,] Fe, (CO)y_, series and is thought to have a structure
based on three bridging ligands and one pridging carbonyl group.
Electron diffraction measurements on S{PF,), and Se(PF,)
indicate C2 7itructures with large amplitude torsional
vibrations. Important molecular parameters for the sulphur
compound are as follows (correspending data for the selenlide are

2
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in parentheses): P-§ 2.132 (2.272)R, P-S-P 91.3 (94.6) F-P-S 100.2
(88.7°%). The sulphur derivative is a useful reagent for
synthesising new compounds containing OPF, groups. With hydroxy-
phosphorus (V) starting materials, the reactions can be summarised
by eguation (39).2?2 The product with phosphorous acid is
PHO{OPF2)2 but on prolonged reaction P{OPF2)3 can be isolated;273

PO(OHJnR3—n + nS(PFz}2 -+ PO{OPinnRB_n + nPF2(S}H ... (29)

R=Ph, n=1-3
R F’ n = 2’3-

It

the dimethyl and diphenyl phosphites, PHO(OR}2; yield P(OR)z(OPFz)
while with thPHO the product 1is probably thPOPFz
sample could not be chtained. The reaction can not be extended to

but a pure

hypopheogsphorous acld which gives only ¢orange-yellow decomposition
products.

The compound previously described as 2PI3.AlI3 has been shown by
X-ray crystallography to be the salt P2I5+A114_.2?4 The cation,
which forms weak I---I contacts with the AlI4 anion, 13 the P-P
bonded species I3'P—P12+ wilth P-I distances at the three
cogrdinate phosphorus slightly longer (2.423) than those at the
four coordinate atom {2.402). A secaond derivative, PI4+AlI4_, has
been obtained as a deep red, hydrolytically unstable compound by

treating PI3 and AlI3 in carbon disulphide seolution with
iodine.z?s The structure contains tetrahedral cations (mean P-I
2.3962) and anions interconnected again by weak I---I contacts

(3.39—3.453) to give a three dimensional structure.

The +5 Oxidation State. A 1l:1 adduct H3N.PF5 has been prepared

either by reacticn of a 1l:1 ratio of the constituents or by

treating the cyclotriphosphazene tNPFZ) with hydrogen fluoride;

the latter reaction also ylields NH FPF,. 76 Detailed 1.r. and

n.m,r. data are reported and an X-ray structure shows the
rphosphorus atom in slightly distorted octahedral coordination with
a P-N bond distance of 1.8428%. PF5 also gives 2:1 adducts with
aminophosphines of the type RzP(Bloﬂlocz)P(Nﬁez)z, in which it is
suggested there are bonds between phosphorus atams in the +3 and
+5 oxidaticon states.2?7 In acetonitrile solution, ionisatien of
the adduct (Mezbl)FP{BlOHlocz}PF{NMez}.2PF5 to yield two PFS'
aniones and a catlon contalning phosphorus{III} atoms in two-fold
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coordination is confirmed by conductance measurements and the cbserva-
tionofa 31P h.m.r. shift at +358ppm. The interaction of PF5 and a num-
ber of other phosphorus (V) compounds, which are potential stabilisers

for the HNO3—N204 mixtures designated as HDA, has been investigated by
31? and 19F n.m.r. spectroscopy. 278 The evidence points to conversion
of PF5 to PIE‘6 ' HPv.':}!zF2 and HF, HPOze to H2PO3E‘ and HF while P4010, the

reaction gives P (OH} 4+, H4P207’ {HPO3) 4 and a mixture of cyclic and

branched phosphoric acids.

The reaction of the PF;.MeCN adduct with SH_ has been followed by n.ar.
spectroascopy showing formation of a range of compounds that can be
rationalised by cleavage of P-F bonds or reaction of the ¢oordinated

nitrile.?’® Among the former are PF. , [F4P’S‘PF4] 2"ana PS,F, while

\S/
the latter include [F P-N:C(SH)Me] and [P P-NHC(S)Me] .

Phosphorus anions containing both chlorine and fluorine atoms have

been igsolated following the reactions in equations (40) - (42 ).2 80 In

PF3 + Et4NC1 + {312 - Et4NPF3C13 .o (40)
PF,Cl + Et,NCl + Cly + cls-Et,NPF,Cl, cea (41)
PFC12 + Et4NC1 + Clz - Et4NPFC15 L. (42)

subsequent reactions with either LiN3 or AgNCS, only the chlorine atoms
are replaced and evidence 18 available for the formation of the two
series, PF:-]ClS-n(NB]n- and PF,Cl,_ (NCS]n-. 3lp  .m.r. spectroscopy
has been used to ldentify members of two further series of mixed phosph-
orus (V) anions, i.e. PFG__n(CN)n- for n=1-4 and PF,C1,__ (CN) " for n=
281 . . : + n n +
1-3, and mixed cationic species, |:PX4_.n (CN)rJ and [Px4_n (NCS3) 1'1
where X = Cl or Br, have been identified as products of reactions between
PXg and respectively 2Zn{CN) 3 Or AgN'CS.Z82
The 1:1 adduct PCl5 .rJE:l5 ig isomorphous with the NbC15 and T.:-1C15
adducts and from a recent structure determination should be formulated
as PC14+UC16—. 283 The related tetrachlorcborate, PC14+BC14-, reacts in
l,2-dichloroethane with dithicls to give the spiro compounds (108),
where R= (CH,) ,, (CH,) ; or MeCH~CH,.%%? The p-5 distances in the

ethanedithiol product are 2.045 and 2.052%.
/s\ ’ '
R /P/ \R Bcl4-
\s \s/

(108)

An unusual transition metal complex, [Ir(CO)CL,(PEt;),PCl,], has
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been isolated from the chlorine oxidation of [Ir(COlClz(PEt3}2PClﬂ,

but it has not yet been possible to confirm the five coordinate
phosphorus structure by X-ray crystallography.zas
The gaseous phosphorus(III)} species, POClL and PSCl, have been

produced by high temperature {ca. 1l100K) reactions of either
POC132 86 or P'E'»Cl:%2 87

spectrometrically in the wvapour phase, the data leading to aHOZQB

with silver., They have been detected mass

values of -250.7 and -11.9 kJ rnc:l“l respectively, and in argon
1

matrices by i.r. spectroscopy. Bands at 1257.7 and 489.4 ecm - for
POCl have been assigned to P-0 and P-Cl stretching respectively
with a calculated 0O-P-Cl angle of ca. 105°.286

sulphidezggows bands at 716.1 (uP_S}, 462.4(vP_Cl
fésPcl)‘ The corresponding arsenic and antimony (ITIT) oxilde

chloride have been prepared similarlys}0 and PO

The corresponding
) and 229 em T

2Cl, the phosphorus

analogue of N02Cl,_has been denerated at ca. 1200K by reacting

POC) with oxygen.282 ar®

a5

for the compound is -264.9 kJ mol-l.
298 200

Cl n.g.r. spectra for P203C14, 23?52014 and for the SnCl

and Sbcl5 complexes with the former have been measured. The

4

antimony compound has a 2:1 stoichiometry and the data point to
discrete molecules 1in which the two phosphorvl groups each
coordinate to antim ony. For tin with a 1:1 stoichiometry, the
P203C14 group bridges between tin atoms glving infinite chains.
Two new perfluoro-t-butoxy derivatives, OP(Ochg)Cl2 and
OP{Ochg)zcl have been isolated from reactions bhetween
phosphoryl chloride and NaOC4F9 but even with an excess of the
reagent and long reactlon times 1t was not possible to prepare
the trisubstituted compound.292
Tetraphenylphosphonium flucride has been shown to exist in a
number cf different forms depending on the method of production,

For example, anion exchange of Ph4PBr led te the ionic species

291

Ph4P+HF2- which, when treated with agueous hydrogen carbonate,
gave Ph4PF showing significant P=--=-F interaction in the solid
state but ionic character in solution from n.m.r. spectroscopy.
The mclecular form has bkeen identified by i.r. spectroscopy in the
velatile products from thermolysis of Ph4PF, but on trapping these
vapours the dimerie, Ph4P+Ph4PF2“,-with trans—fluorine atoms is
produced.

The new trichlorides, Ph4MCl3 for M = P or As, have been

prepared at low temperature and investigated by Raman

spectroscopy.294 Related trihalidesa, rather than N-halogenated
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compounds, have been prepared by reaction of a free halogen or an
interhalogen with triphenylphosphonium halides (PhaPNHR]x
carrylng either an alkylamino or a cyclpalkylaminao group.295
5.2.4 Bonds to Nitrogen

As in Section 5.2.2, the two oxldatlion states are treated

separately and within each section compounds containing P-N
double bonds are discussed first.

The +3 Oxidation State. Ab initio calculations have been reported

for the model two coordinate phosphorus compound HP=CH2.213

Transamination reactions with highly hindered lithium amides,
shown 1n equation (43), give good yilelds and provide an

X N t T
(Me Si) ,N-P=NSiMe, + LiN(SiMe,)Bu" + (Me;Si) N-P=NBu' + LiN(SiMe;),

-..{(43)
alternative preparative route to aminoiminophosphines.296 Aminc-
iminophesphines will add methyl lithium to glve
[ (Me,Si) N-P (Me)=NR] "ri* but if the hindered lithium derivative,
2,4,6-tri-t-butylphenyl lithium, 1s used the product 1s the
orange-red liquid, Bu® C H,P=NSiMe,, the first stable two
coordinate phesphorus compound to contain the C-P=N sequence of

atoms.
Aminoiminophosphines R2NP=NR1, where R = RT = SiMe3 and R = Pri,
R1 = But, undergo cycloaddition reactions with the imlncherane
t 297

BuB=NBu to give the new ring compounds (1Q9).

ButN cl ‘
\\\Sb//
Bu?—-TBut But | T ClAas—NR
RN —PNR, Y, P g-mat RN — PC1
(109) Bu‘:u\P/ (111)
(110)

The related phosphine, But(He3Si)NP=NBut, reacts with SbCl, with

elimination of Me3SiCl to give the bicyclic compound (110) which
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has been examlined crystallographically.293 This behaviour is in
contrast to that with arsenic trichloride which yilelds the four
membered ring compound (111).

A novel compound contalning an unusual F(III)31 bond has been
isolated from an aminoiminophosphine reaction with Hg(SiMe3)2 in

(Me2N)3PO (equation 44].299 The compound is sensitive to oxygen
SliMe3
(Measi) 2NP=NSiMe3 + Hg{SlMe3)2 — /P\
(Me;S1) N N(SiMe,), + Hg

... {44}

and moisture but appears to be stable to at least 200°C. The P-5i
bond is lablle and the compound reacts with acetyl chloride and
methanol, for example, to glve MeC(O)P[N{SiHe3)2]2 and
HP [N(SiMe;),], respectively.

Recently it has been shown that it 1s possible for ButP=NSiH33,
an intermediate in the formation of the azadiphoaphorinane (l112),
to insert into the A*-PN bond of (112} to give two isomeric forms,

(113) and (114), of a previously unknown azatriphosphetidine.3oo
Butp — NSiMe, Jlaut Elaut Blut

»/ But-p — P=NSiMe, Me,SiN=P — P=NSiMe

A K|
put” NysiMe ‘ t
3 He3SiN=? ———-NSiMe3 Bu —P———-NSiMe3
But
(112} (113) {(114)

Compound (113) contains an almost planar four membered ring with
the fellowing angles: P-P-P 74.8, P-N-P 103.0 and P-P-N B7.7 and
89.4°. The P-P distances are 2.232 and 2.195% and the P-N bonds
1.727 and 1.7098.

Coordination of an amino-imino phosphine as a bridging group has
been observed for the first time in the rhenium compound (115)
prepared from But{Me3Si)NP=NBut and [Re(CO]B{THF)Br]2.301 The
N-P-N angle increases from 104.9° in the free ligand to 122.6° put
the P~N bond lengths remain essentially unchanged. ©One ligand in
the platinum complex, Pt[P(=NBut)(HButSiMea}]3, is displaced on
reaction with (','12C:CC12 and on treatment with water the two

remaining ligands are coupled via a P-0-P linkage to give (116).302
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But NBut(SiMe )
\ € £y 3
/N\ /Bu Bu H—}P\ /CClz

Me ,Si P —N o Pt. |
\ N Scel
Bu MH-P 2
(00) yRe gy~ Re (CO) 5 NBu® (SiMe )
Br
(115) (116)
NBut{SiMe3)
t
Bu NH-P. . -ccl=cel,
6 el
ButNH-P c1

NBut{SiMe3)

(117)

At room temperature, this compound isaomerises to {117).
aminophosphines of the type (R2N)2PH are rare but it has
recently been shown that the di-i-propyl derlvative can be
obtained as a low melting scolid by the L1A1H4 reduction of
(Prizu)zPCl.172 A further secondary phosphine, [(Measilzn]zPH,
together with [{Me3Si)2CH]2PH, has been obtained by a similar

2 3¢
products (Me3Si)2NPRPri and the phosphine (Me 5i),NPR(H).

latter is apparently produced by an excess of the Grignard

reaction.303
Grignard reactions of Pr’MgCl with (Me,8i) ,NPRC1, where R =
prt, Bub, cu.sime N(SiMe,), or Ph, lead to both the expected

304 The

behaving as a reducing agent; such phosphinesa can be more directly
obtained by reduction of the corresponding chloride with LiAlH4.
Similar Grignard reactions have been used to produce
[[Me351)2N]290H2R, where R = H, Me, SiMe, or Ph, and these
compounds react with carbon tetrachloride, either neat or in
dichloromethane solution, to give mixtures of the imino
derivatives (Me3si}2NPC1(CHRSiMea){:NSiMe3) and
(Measi)zﬂPCl(CHzR)(:NSiM33).305 The two products arise as elther
CHC13 or MessiCC13 can be eliminated in the reaction with carbon
tetrachloride.

The thermally unstable aminopheosphine, (mesityl)PClN(SiMe3}2,
results from the reactlion of (mesitlePCl2 with LiN(SiMe3)2 but
more stable derivatives are produced on substitution of the
remaining chlorine by either MeLi or Me3SiCH2MgC1.306 Treatment

of the methyl campound so obtained with CCl, leads via CHCl,
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e@limination tc the phosphinimine (mesityl)PCl{:NSiMe3)(CHZSiMe3l.
This compound with trimethylsilylazide eliminates nltrogen to give
the di-imide, (1'ne:sityl)‘E’-‘:=1~Tsil‘-da|e3)_.,_,r as a probable intermediate to
the cyclic compound {118) obtalned in cis and trans forms as the
stable product. In a similar fashlon carbon tetrachloride reacts
with the trimethylsilylmethyl derivative, (mesityl)P(CstiMe3]—
N{SiMe3}2, giving the dimer {115), which on vacuum pyrolysis at

Tesityl Tesityl TESityl
Me. SiN=P—-NS1iMe Me S1iCH=P - NSiMe Me  5iCH=P —NSiMe
3 i K 3 | 3 3 I ] 3
Me3SiN-——P=NSiMe3 Me3SiN-——P=CHSiME3 MEBSi-C-—~P=NSiM23
I 1 1 I
mesityl mesityl H mesityl
(118) (115) (120)

l'si.Ooc,r i.e. slightly below its melting point, ylields the

corresponding moncmer (mesityl)P(=CHsiMe3)(=NSiMea} as a

colourless liquid stable for some hours at room temperature.

On heating at 145°C in a sealed system, both the monomer and dimer

(119) are converted into the isomeric P,CN ring compound (120}.
Two bicyclic P-N compounds (121) and (1l22), one containing a

direct bond between phosphorus atoms in the +3 and +5 oxidation

307

states have been synthesised by reactions between PCl3 and the
substituted urea OC(NMeSiMe3)2.3OB An interesting splirocyclic
(o] (o] (o]
C c c
™~ ™~
MEN// ?Me Meﬂ;/ ?Me MeN{/ NMe Ci\
\ / 0— c1
O=P—EF .. o=p —P =~
/ \ N \ / \SNo—\_ =/a1
MeN NMe MeN NMe cl
N/ MeN\ /NMe Ne/
O C o
o]
(121) (1223 (123)

derivative (l23) containing phosphorus(V) atoms in both four and
five fold cocrdination results when (121) is treated with
tetrachlero-o-benzoquinone.

A molecule of an alkane 1s eliminated when the Group 3 alkyls,
3A1, Et3A1, HeBGa and EtSGa, react with the diphosphinoamine,

(Ph2P}2NH.3O9 The products are cyclic compounds and a structure

Me
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Me2 Ph

Al N MeOOC N
Ph P’ﬂ \\N—PPh I I
2 2 N NMe MeQ0C \ NMe
| ' N/ /
Ph,P—-N PPh P P
2 2
Al
Me2
{124} {125} - {126)

for the dimethyl alumlnium derivatives (l124) shows unsymmetrical
coordination of the ligand. The lithium derivative of the
diphosphincamine gives an intensely yellow gold(I} complex on
reaction with Ph3PAuC1:310 the product 1s formulated as
(thP)2NAu for which a dimeric structure with an eight membered
Auquuz is proposed.

The triazaphosphole derivative (l25) reacts with acetylene
dicarboxylic esters to give the dlaza derivative (126) by loss of
a nitrile,311
PhCN elimination, the reactlon between N-phenyl benzohydrazonoyl

chloride, PhCCl{=NNHPh}, and the diazaphosphole (127} in the

and by a series of steps including cycloaddition and

presence of base leads to compounds (128)-(130).312 The
N— Me N Me M — Me
Mel‘q M 1!1 NHPh MeN!
v/ e I ~.
\P ™~ P / P !NPh
(127) {128} y—— N
Ph
N—— {129}
! NHPh ——
MeN
~p NPh
\— /)
—N
Ph
{130}

structures of (129) and (130) have been determined.
Cyclopentadine nickel compounds in which the ligand {131) is -

either unidentate, chelating or bridging have been isolated,313

and the new four membered ring compounds (132} and {133, R =

PhP{0) and 302) can be obtained by treating P(NEt2}3 with
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t

ClP ——HNBu Et2NP—NHe Et2NP -—NPh
0 | |
Bu"N——PCl MeN «——- C=0 PhN —-~R
{131} {132) (133)

— ——— —

respectively, N,N'-dimethylurea, phenylphosphonic acid dianilide

and N ,N'-diphenyl sulphamide. 314
A convenient route to the cyclopheosph(III)azane (134} involves

heating PCl, and EtNH,Cl in tetrachloroethane;’'> small

quantities of other products such as (ClPNEt), and the monoxides

(135) and (136) are also produced. Under different conditions the

reaction also yields the bicyclic product (137}. In refluxing

phosphorus trichloride solution, (137) 1s converted via {134} to

o Ccl o]
c1 A [
1’P ? ,”?P‘“\\ ,//ﬂF'E‘\
EtN \NEt pen” SNEt  BtN” NEt SNEt E:t]iq liIE:t liIEt
] | | I I
clp /,PCI Cle PC1l C1P /P‘\ PCl Cl&\ P\\ PC1l
Ny ~n N n N / ed
Et Et Et Et Et Et
(134) (135) (136) (137)

—_—

Cl,PNEtPCl,, and with antimony trifluoride, both (134) and (137)
give the corresaponding fluorides,

13C n.m,r. and photoelectron spectra have been measured for
compounds in the series an4[NMe)6, where X = ¢ or 5 and
n = 0-4, 316 P.e.s. data for SnP4(NMe}6 show a steady increase in
the stability of the nitrogen pwv electrons with increase in n,
which is Interpreted as implying a small but real P-N m component

to bonding.

The +5 Oxidation State. During the initial stages of the
reaction with Re (CO} Br, the three coordinate thiophosphorane,
Bu {Me Sl}NP( S){ NBu }, lsomerises to the cyclic PN251 compound

(138) before forming a dimeric complex.3l7 A derivative of the

nitrogen analogue of the monomeric metaphosphate anion, i.e.
(Me SiN=) P(NSiMe3]-, has been stabilised 1in the rhenlium carbonyl
complex (139) which results when (Me Si)QNP(—NSiMea]2 reacts with
[Re{C0)3(THF)BrJ2.318

High yields of the P-N-S compound, ClaP=N-SF3, which is unstable
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1 CO CO

§=p — NRu®

| ST

SiMe2 Me SiN NSiMe
N

(138) _.| /Sll\ |

SiN—P
-3 \\H // \N{SiMe3)2
1

SiMe

s'-—e

3

3
(139)

at room temperature, are cbtained together with PCl5 when
phosphorus trichloride reacts with F5SN012.319

31? n.m.r. line shape analysis has been used to study
pseudorotation processes in a range of aminophosphoranes
including F4PNHME, F4PNMe(CH2Ph), FB(CF3)PNMe2, (CF3)3PF(NHMe).
Insertion of carbon dioxide into the P-N bond of Me(CF3]3PNMe2
gives the neutral six coordinate carbamate Me(CF3)3P(OZCNMez),

which unusually, is fluxional in solution in contrast to the
321

320

static geometry of the related mono- and di-thio analagues.
An X-ray structure for the imidodiphosphinic aecid,
Ph P(S)NHP(S)th, shows that the proton is located on the nitrogen
atom with the sulphur atoms Iin trans positions with respect to the
central PNP group.322 The P~N bonds (1.6783) have some 7
character and the molecules are linked in pairs by N-H---5 bonds.
O-nucleophiles such as Mezso, Mezﬂc(O}H and (Hezﬂizco on
reaction with the phosphoryl phosphazene C13P-N-P(0)Cl2 give
respectively [c1 P (0)],NH, EMEENC{Cl)H] [€1,P(0)],N" and
[Me,NC(C1)NMe, ] " [c1 p(m] N~,%%? and the related alkoxy
derivatives (R'O} P N- P{O)(OR]2 can be obtailned in high yield by

the single step process in equation (45). 324 Azlde esters are

{R'O}3P + (RO)zP(OJH + CCl4 + NaN3 - (R'0]3P=N-P(O)(OR)2 + N,
+ CHCl3 + NacCl 2 (45)

initially formed but these react further; among the byproducts is
(RO)zP{O)CClB.

An improved preparative route has been obtained for tetraphenyl=-
imidodiphosphate, (PhO} P(O)NHP(O}(OPh)z, which has been

converted into a number of metal derivatives,325 the structure of
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the copper complex has been determined. Mixed phosphinic-
phosphoric analogues have also been isolated; for example,

Et P{O}NHP{O)(OPh)2 can be obtained by HCl abstraction from a
mixture of EtzP{O)Cl and (PhO)ZP(OJNH 326

2
with mercury(II) oxlde to give the l2-membered ring compound {140).

The product reacts

THF is known to be polymerised when treated with the imidodephos-
phoryl chloride, C12P(O)NHP{O}C12, but in the presence of smaller
amounts of THF, the chloride yields short chaine of THF molecules,

0
‘\\P/ P(0) (OEL)
P N 2 cl cl
0 N:PPh
SO Sl
g
Hg\ :@ Ph3P:H/| '/I
0 cl cl
(ELO) ., (O) P / ~p
2 X (141}
PhO 0
(140}
end stopped with diphosphoryl chloride, H{O(CH,} ,] N[P(0)CLl,],. 27
A series of new five coordinate amine substituted compounds,
1

i.e. RyM(NR,),, where R = Ph or p-tolyl, M = P, As or Sb and R' =
benzimldazole, succinimide, phthalimide, etc, has been prepared
from the dibromide, R MBrz.328 The products are non—lonic and
with M = As or Sb, the bonds to nitrogen are cleaved by Brz, IBr,
HgBr2

A Staudinger reaction of (Tacl4ﬂ3)2 with triphenylphosphine

etc.

leads to the centrosymmetric dimer (141} as the major product,
together with TaCl5 and TaCl4(NPPh3){NHPPh3}.329 The latter
arises from reaction of an intermediate with the 1,2-dichloro-
ethane solvent. The 1,4-bis(phosphino)benzene (142) has been
synthesised as an intermediate in the formatlon of the bridged

phosphabenzene (143) .330

PPhC1,
N Ph Ph N
SN =
re”™” p’—CgHy ""\P/ ~cr
I il l |
N N N
PPhCI, = o \c —
(142) R R

(143}
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Organometallic reagents such as PhLi, 2nEt, or MeMgBr react with
the internal salt (144) to give the neutral analogue {145}, which

N 7 Me ;13 2-
N N
P/ +\PF F P/ \PF F P/ \PF
F - -
4 4 3 3 4 4
\/ﬁ\// \N S \N/

H Me Me Me
{144) {145) (146)

depending on the specific reagent, may react further to substitute
one or two of the P-F bonds.331 With DABCO, 1,8-bis(dimethyl-
amino)naphthalene or an alkali fluoride, compound (144) is
converted into salte of the anion (146). A range of derivatives
can be produced using the spireo bils(triazaphosphole} (147) which
332 The unusual tetradentate llgand

2NPD)4 cccurs in the complex (148} cobtained when (PriZN)zP(O]H
333

has been synthesised recently.
(Pri
reacts wilth molybdenum hexacarbonyl. 2 phosphinous acid
derivative is thought to be formed first, which loses di-i-propyl-
amine; attention ls drawn to the simllarity between the P ,0O

476
framework and that of the P4O4M02 skeletcn in (148)

Ph Nprt
= I
- T~
Me N\ //’N O/I "["“3(5034
P 0
VRN . ‘ ) .
Me-li] NH Pr' N-P I —~ P-NPE',
- P
) ;Mo NPri 0
(147) 2
(148}

A new compound (149) containing phosphorus atoms in both three
and five fold coordination has been synthesised by the reaction in
equation(46).334 The central phosphorus is in highly distorted
trigonal bipyramidal coordination with the axial angle (N-P-N) beilng
163.9% the P-P distance is 2.2148 and as the angles at the Ph2P '
group are similar to those 1in triphenylphosphlne {p—-d) r bondlng
isunlikely.
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Me Me Me FP2 Me
cl N P N
AN ~ _ NN
oc P CO + Ph,PSiMe; + OC P CO + Me,SiCl ... (46)
“\ e \\\N/’ \\N"/ “\1‘/’
Me Me Me Me
(149)

The cyclen phosphorane (150) forme a bis(borine) adduct on
reaction with diborane which is a little unusual as here there are
two nitrogen atoms attached to a phosphorus (V) centre showing doner

properties.335 The monomer-dimer equilibrium in chloroform

(151)

solution shown by the related cyclen phosphine oxide (151) has
been investigated by i.r. and 3lP n.m.r. spectroscopy.336
Dimerisation occurs via intermolecular P=0+-+HN hydrogen bonds.

The phosphorus atom 1n the hydrated dihydroxy (porphinate) cation
(162, X = OH) is displaced 0.098 from the plane of the four
nitrogen atoms, leading to P~0 distances of 1.545 and 1.6442.337
The porphin system, which 1s markedly non-planar, shows 54

symmetry. The corresponding dichloride (152, X = Cl) has also

— =+

Ph Me_ N
N »-Ph
HN. |
~P—~N
L Rl S N
Ph Ph / N—P=
N%/ Ph
Fh
_ FPh i (153)
{152)
been synthesised and characterised.338 Structural data are now

available for {(153), the first compound to be investigated
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339 The géometry is basically trigomal

containing a PNg unit.
bipyramidal, but distorted some 26% along the Berry cocrdinate,
with axial P-N distances of 1.728 and 1.8268. The equatorial
distances to the heterocyclic rings are 1.700 and 1.710% while the
short (1.6253] P-NH, distance, together with the cbservation that
the plane of the NH2 group 18 almost perpendicular teo that of the
equatorial PN3 plane, supports the presence of P-N T bonding.

New cyclotriphosphazenes, mono- or geminally di-substituted with
organometalllc groups have been synthesised using elther
N3P3F6340 or the phosphazene anicns34l (N3P3C14ME]—L1+ or
(N3P3C14PhBEt3)-Li+ as starting materials. The hexafluoride,
for example, reacts with hoth Fe{CO)ch and Ru(CO)ZCp to glve
monosubstituted N3P3F5[M[C0)2Cp] derivatives and the ruthenium
compound yields the mixed metal cemplex, N3P3N5[Ru(COJ2Cp]-
[Fe(CO)2Cp], when treated with KFe(CO},Cp. Carben monoxide is
lost on photolysis to produce (154). The phesphazene anions, on
the other hand, react with CpFe(CO)21 to generate the new complex
species (155, R = Me or Ph} and an X-ray structure has been
carried out on the methyl compound.

0 Fe (CO) ,C
co c R\\ rd 2-P
— N O P
Ry Fe N// Q}N
cp S~ Thop | |
N/ ‘\\‘N Cl:!? PC1l
2 y 2
I | N7
F.P PF
o (155)
{154)

In contrast to reactions with phenyl lithium, treatment of
N3P3F6 with l-lithiocalkoxyethylenes, LiC(OR):CH2 where R = Me or
Et, proceed smoothly to give the mono- and geminailly disubstituted

. 342
derivatives N3P3F6_n[C(OR):CH2]n. Reactions of the
corresponding hexachloride, N P3Clﬁ, with the lithium salts of the

enolates of acetaldehyde343'3 4 acetone344 and acetophenone.344 on

the other hand, give O=alkyl derivatives, e.g. N3P3Clﬁ_n(0CH=CH2)n
for n = 1-6, by a predominantly non—geminal route with comparable

quantities of the cils and trans isomeric forms. A C-substituted
compound (156) has however been obtained in low yield when
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N3P3cl4MeLi is treated with a-bromoacetophenone and a further

ME\ /CH2COPh glz . . =gl2
N/'PQ§ﬁ N// - \EE"P// \\N
i \ \\‘QP ——le r:h\\m __P’/”
ClzP\N//PC12 o1, o1,
(156) (157)

C-substituted compound in high yileld results when the copper
phosphazene complex, (NgPaCl4Me)2Cu, 1ls treated with
2-methoxyallyl bromide. 4

A series of new cyclotriphoaphazenes, N3P3C14PhR where R = Cl,
Br, I, Me, Et, Pri and Bu, haa been synthesised from the
biphosphazene (157) by the initial ¢cleavage of the P-P bond with
LiBEt3H followed by treatment with either amn alkyl halide, a free
halogen or a proton releasing agent.345 A full crystal structure
for N3P3C15Ph, one of the compounds obtained by this method, has
been determined.

Trimethylaluminium in refluxing toluene reacts with N3P3Cl6 in
an unusuval reaction to give good yields of the geminally
tetrasubstituted derivative, N3P3C12Me4:346 there is strong n.m.r.
evidence for a completely geminally reaction path. The
corresponding reaction with methyl lithium has been reinvestigated

showing formation of small gquantities of N3P3c15Me or N,P,Cl Me,

together wilith low molecular weight acyclic species.34? It is

concluded that reaction cccurs via nucleophilic attack at
phosphorus rather than by the metal halogen exchange that occurs
in reactions of both organo-copper and Grignard reagents.

On treatment with the acetonitrile adduct of decaborane,
the propynyl-phosphazene, N3P3C14Me(CH2CECH), gives the
o-carboranyl derivative (158), which with piperidine gives an
anionic nidocarborane (159) by chlorine substitution and opening

ue\P/ CH,C,HB, H; Me\P/CH2CCHBQH10
7 N
N N N N/ \N
I | I |
cl P  ECl, (H, C-N) ,P P(NC.H, ),
N N
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of the borane cage.348 Fram an X-ray study the P-N bonds distant

from the carborane substituted phosphorus atom are long (l.GBR)
pointing to protomnation at these nitrogens. Compound (158) reacts
with bases to glve mono- and di-anions which can subsequently form
complexes with metal carbcnyls.

The anti-cancer ethylenelmine derivative, N3P3ClaégC2H4)2, has
been examined by single crystal X-ray diffractlon. In addition
to producing the expected spiro derivative, H3P3C14[ﬁH{CH2}3NH],
the reaction between N3P3Cl6 and propylaminediamine gives two by-

products, one of which from X-ray crystallography is the bridged

350 31P

compound (160) . n.m.r. spectra for a series of &8

Cl

geminally disubstituted triphosphazenes have been analysed, allow-
ing the calculation of group shift contributions.35l
Thermal polymerisation of N3P Cl6 in the ion chamber of a mass

352

spectrometer has been observed and, perhaps far more unusually,

species up to [NP(OPh),],, have been identified in similar mass

353

spectrometric measurements on N3P3(0Ph)6. The experiments

require temperatures of 200%c and sample pressures up to 5 x 10_1
torr; fragmentation causes loss of a phenoxy group and
polymerisation is initiated by the cation N3P3(0Ph]5+. Polymeric
aryloxyphosphazenes, which have side chains carrying pendant
phosphine groups, e.qg. [NP(OC6H4PPh2}x{DPh]2_x]n

have been synthesised for assessing the value of such systems in
carrying transitlon metals 1n catalyst systems.354 Data are
reported for the model trimeric compounds, N3P3{0Ph)5(OCGH4PPh2),
N4P g (OPh} . and N,Pgy (OCGH4PPh2) 6*

A nitridophcosphate, formulated as Ha4P409N2, has besen obtained

by heating the trimetaphosphimate, Na3P3O (NH) ,.H,O0 to ca.
355 6 "2

450°C; further heating yields Na6P6015N2. A number of new

cobalt, nickel and zinc tetrametaphosphimates have been isolated

where x = ca. 0.3,

from reactions between the metal chloride and hydrated sodium or

poctassium tetrametaphosphimate,'M4|:P(NH)02]4.356 Among the
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compounds isolated are Coz(P408N4H4].9H20 and the corresponding
nickel and zinc salts with respectively 12 and 7.5 molecules of
water, and K2M(P4OBN4H4).BH20 and Na2M(P4OBH4H4).6H20 where M =
Co, Ni and Zn.

Mixtures of the completely substituted tetraphosphazene,
N4P4(NHR}8, and the bicyclic N4P4(NHR]6(NR) are produced cn
reaction of N4P4Cl8 with an eggﬁss of either i-propyl or butyl
amine in chloroform solutiaon. The compounds were characterised
by a detalled i.r. and 31
have been collected for a number of asymmetrically substituted
bridged compounds,N4P4(Nﬁe2)5(NHR'}(NR'). 158 a1

Bromine n.g.r, data for hoth N3P3Br6 and N4P4Bra and P and

N n.m.r., apectra for a serles of aniline substituted tetramerlc
359

P n.,m.r. investigation and n.m.r. data

15

phosphazenes
X = F, OMe and NMe,
have been devised for the chlorophosphazenes, (NP012}5-1'

An n.m.r. investigation of the reactions of the two mixed ring
compounds [lﬁi) and (l6é2), where X = F, Cl or Ph, with ammonlia in

and for the higher phosphazenes, (NPKz)s and 6 for

360 New separation methods

36l

are now avallable.

ether or acetonltrile as acolvent pointe to reaction occurring only

© _Ph
N N LN Cl
SR P / N\ _ 20 —_— N =5 2
CL,P PCl, >s s: N ~
I | x| b ¢ N D NMe
N N N N ~ SN/
~ & N S —N N=FP
5 P 7\ cl
PN cl Q Ph 2
o X 2
(161) (162) {163)

at the phosphorus centres with replacement following a geminal
path.362
isomeric forms can be prepared from (162, X = Ph) by reaction

4r PClg and (Me351}2NMe.363

A mixed P-N-S ring compound (164, X = I) containing an exocyclic

The splrocyclic deriwvative (163} Iin both cis and trans

successively with NH

S~I bond has recently been obtained by treating the cerresponding

chloride with potassium iodide in acetonitrile.364 The structure
X
! Phy Ph, Ph Fh
N N N /s% ¢N L Nl o N
Il | Np =N N—bP PN ~x-—1
Ph,P PPh Ph Ph 2 2
AN z 2 (166}
N (164) (165) S
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has been confirmed X-ray diffraction, which shows planarity for
the P,N, segment of the ring, and aithough the compound is
unusually stable, on heating to ca. 150°¢C it decomposes to the
spirocyclic species (1b5). Reaction of triphenylantimony with
(164, X = Cl) gives a new bicyclic P-N-S compound (166}, together
with small amounts of two isomeric mixed ring compounds (167) and

(168).365 The major product (166) has a structure based on a
Ph,P — N — PPh, N —§-——N P2y =g N B2
I z‘h\ i /.v'\‘ !"'\‘\ // \
ri: . o N PhyP 1 ¢ | + PPh, N N
~=" N~ g \ /
S—N-—S5 N —S_-—N P=N—S=N—P
(167) (168} th X th

(169)

twelve membered ring bridged by a transannular S-S5 bond; the mean
S-N distance is 1.598 with internal and terminal P-N distances of
1.582 and 1.6198% respectively. Compounds (167} and (168) have
also been isolated from the very complex reactlions which occur
when S4N, in refluxing toluene 15 treated with the-diphosphines.
P2Me4 or PzPh4.366 In addition the reactions give the known
,P5,N, and {NPR2)3 and 4+ <Thermolysis of (164, X = Cl
or I) to the spirocyclic (1l65) probably proceeds via a twelve

compounds R

membered ring intermediate (l69) which can then lose sz.
Evidence to support this has been obtained by the lsolation of
{169, X = NMez) which 1s formed when {164, X = NMez) stands 1n

acetonitrile solution.367

From an X-ray structure, compound (ng,
X = NM32) is centrosymmetric thus the dimethylamino groups occupy
trans peositions; the S-N{endo) bonds (1.59021 are shorter than the
exo bonds (1.7033) and on heating the compound is indeed

converted to the aplro~derivative (lE5).

5.2.5 Bonds to Oxygen

The +3 Oxjdation State. The chemistry of the phospheorus

chalcogenides with an adamantane structure has been reviewed.368

The synthesls ¢f three members of the oxlide series, P4On for n =
7«9, from either elemental phosphorus or P406 has been reexamined,

and the reactions of P40 and 9408 with methanol in benzene shown

7
by paper chromatography and 319 n.m.r. spectroscopy to fcocllow the

reactions in equations (47) and (48).369
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P05 + 6MeOH 4-(Meo}2PHO + [MeQ) (HO)PHO + (Meo)3P + 113;'(;1‘I e (47

P,O0, + 5MeOH —» H,PO

4% 42205 + (MeO)zPHO + (Meo)3p ... 148)

Hydrogen bonding between phosphorous acld and the fluoride ion
370

is assessed at 61 kJ mol_l from ab Initio calculations, but
attempts to show the presence of this specles in aqueous solution
led te the isclation of the 1l:1 adduct KF.HPO3H2. This is
however not the same species as that obtained in non-agqueous
systems which is known to contain strong hydrogen bonds.

As expected, hydrogen bonding {0---0 separations 2.529 and

2.5472} plays an important role in the structure of KH2P0§.371
The X-ray powder data for NaH2P03.H3PO3 has been indexed. 72
A platinum complex {170} of the unknown triphosphorous acid,

H5P3O7, asg a bridging group has been ldentified fram the reaction

(OEt)2 PEt3
c1 P—=0 I
~_~ N 4
/'Pt P— Pt—-Cl
c1” N / |
P —=0 PEt
(CEt}, 3
(170}
of trans-Pt,Cl,(PEt;), and tetraethyldiphosphate;373 the compound
can alsc be obtained by hydrolysis of PtClzf_'PCl(OEt)z]PEt3 with
hydrochloric acid in acetone. Reaction of the phosphonite,
RlePOCH(CF3}2 where Rl = R2 = Me or But or Rl = Me, R2 = But,

with methyl iodide yields thermally stable iodides
[thzMePOCH{CFB)i]+I—.374
using the mercury or xenon fluorotellurates, M(OTeFS}Z, are
M(QTeF.) , where M = P or As, OPF,(0TeF.}), OP(TeF.)., and

573 375 2 5 53
As (OTeF

Among the new compounds obtained

5)5'

The +5 Oxidation State. The hydrogen atam in the hydrophosphorane

{171, X = H) can be replaced by a variety of other groups withcut
changing the basic st-.:r.‘u<:t1.n:e.3-"6 For example halogen derivatives
(171, X = Cl or Br) result with the free halogen and the hydroxy
analogue from a reaction with DMSO; water hydrolyses the compound

to phosphorous acid and perfluoropinacol but the organo
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CF,
CF,
0 CF, CF,
I CF, o CF
o CF
x-p~ (CF5) ,cHo | 3
™0 P—0" CF,
7
| CF ph’ |
o] CF, OCH (CF 4] ,,
CF, {172)
CF
{(171)

derivatives, {171, X = PhCH, and MeC(0)) can be prepared from the
hydrogen starting material by reactions with PhCHzBr in the
presence of tertlary amine and acetyl chloride respectively.
Reaction with trimethylamine alone converts (171, X = E) to the
salt, Et3NH+ P[OECZ(CF3)4]2-, in which the phosphorus atom is in
distorted pseudo-trigonal bipyramidal coordination with a lone

377 P=-C axlal distances

pair of electrons in the equatorial site.
are 1.772 and 2.019% with equatorial distancea of 1.675 and
1.6878.

The dioxaphospholane (172) shows a 27% deviation from trigonal

378

bipyramidal gecmetry and structures for two related

dloxaphosphorinanes (173, R = 2,4-dinitrophenyl and p-methoxy-

phencxy)3?9 and the ammonium salt of the dioxaphosphcrinane
0 0 Me -
\P/ 0} S5
-~ ~ _
o g P
(173) © ©
(174
380

sulphide (174) have also been determined.

Reactions between PCl5 and o-phenylene phosphates (175) and
phosphonates are similar and lead to five coordinate species.
Products such as (176) are formed initially and on further
treatment with (175) are converted to di-chelated speciea (177,

X = Cl) by loss of {PhO)zPOCl. The related compound {177, X = OPh)

Jgl



can be obtained by treating the chloride with (175). The least
distorted square pyramidal phosphorane thus far noted is the
di-chelated derivative (178) where the geometxry about phosphorus
iz 93% along the Berry coordinate from ideal trigonal

bipyramidal geometry.382 The basal pesitions are gccupied by the
Ccl
Ph
Me s o] Cl
QK
s No c1
Cl
(178)
Group 6 atoms,
Monomeric phosphonates, RPO2 where R = PhC6H4383 or 2,4,6-tri-

(t—butyl)phenyl,384 have been unambigucusly ldentified as the
initial products of flash vacuum pyrolysls at 600-800°C of the
¢yelic phosphonites shown in equations (49) and (50) (see ref.
478 for the sulphur analogue). The final products, isclated in

0 ¢o
PhC6H4P\ Tzﬂq—) PhCGH‘lP\\\\ —_— e {49)
o o P
V72N
o' OH

o) 0 0
t / t 7 t ¢
Bu P ———— Bu P —) Bu P-COB
N ~C.H AN
£ o] 274 o
Bu Bu®
Mz Me

«.. (50)

good yields, result from insertion reactions into C-H bonds.
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Irradiation of the cationic complex (179) leads to CO loss and
formation of the phosphido-bridged complex (lgg),BBs the first
example of a complex containing a P(Q)OH group. X-ray
crystallography polints to a cis arrangement of cyclopentadiene

groups with P-0 bond distances of 1.514 and 1.587%.

HO OoH HO 0
N7 N2
P P\\
Cp(OC)zFe/ \Fe(C0]2Cp Cp(0C) Fe — Fe (CO)Cp
(179) C
(0]
(18Q)

e —

Carbamoylphosphates (18l) and (182) can be obtained readily
from reactions between hydrogen and dihydrogen phosphates and
methyl 1socyanate in a range of solvents, including
acetonitrile, chloroform, DMF and, rather surprisingly. water.386

On treatment with amines Iin aqueous solution, these compounds lead

o] Q Q 0 0
N 1 ~ — ] P
\C—O-I;—O-—C/ D—P—O-—C\,
1 "
MeHN 0 \NHMe 0 NHMe
{181) {182}

to a variety of amidophosphates, among which NH4D02(H0]PNH2] and
ca[o, (HO) PNHMe] , . 4H,0 have been isolated. 87
phosphoramidate, Ca(HP03NH2)2.l-5H20, has been isolated from

A hydrated calcium

calcium chloride and NaHPO3NH2 in 2queous solution, but even at
room temperature it decomposes to Ca2P207.H20.338 Ammonolysis of
the 2:1 adduct, PYZ'onS' with ;éguid ammonila yields a mixture of
{NH4P03)R and (NH4)2P205(NH2)2.

An X-ray structure for the steel corrosion inhibitor,
ZnPojF.2-5H20, shows two independent P03F2_ groups and zinc ions
in both tetrahedral and octahedral coordination.390

Phosphonate and arsenate complexes, Hezsn(PhEOB) where E = P or
As, can be obtalned in two i1scmeric forms, based probably on two
dimensional sheets (a-form) and infinite chains (g-form),
according to 1.r. and variable temperature MOssbauer data.agl
Polymeric chains with octahedrally coordinated calcium atoms

bridged by diethylphosphate groups are present in the structure of
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392
cd[0,P (0Bt} ,] ,-

N.m.r. spectra for the substituted ethylenediamine,

(2_03PCH2)2NCH20H2N(CH2PO32—)2, and its metal complexes point to
preferential protonation of nitrogen in the free ligand but
393 31

oxygen in the complexes. The lanthanide complexes show ABX P

spectra consistent with long lived In-N but short lived Ln-0
bonds. Complex formaticn between phosphoryl ligands such as
R3PO, where R = NMez

(Me  N) P {O)NMeP (Q) (NMe.), with a range of 34 metal trifluoro-
27°2 2’2 394

, morpholino, Bu or Ph, and

methane sulphonates has been studied.
the bis({phosphoryl) ligand, thP{O]CHZCHzP(OJth, have the
formula stnclzL, but from X-ray crystallography the ligand is
essentially unidentate for R = Pr (5n-0 2.24 and 2.583) whlle for
R = Bu it behaves as a cis chelating group (Sn-0 2.27 and
2.278) .3%°

Conformational isomerism in MeP(OJ{OMe}2 and MezP(O)OMe has been
investigated by matrix studies at 20K, i.r. investigations on the

Tin{(IV) complexes with

compounds in the vapour and condensed phases and by deuteration
experiments.396-398

Spectra of the Group 1 monocmeric phosphates MPO3 and phosphites
MPOz, obtained by matrix isolation methods, suggest that they all

have C structures with bidentate phosphorus groups as mentioned

2v 399

in previous work in this area.
Dehydration of NeH,PO, to cyclotrimetaphosphate and Maddrell's
salt 1is controlled, according to recent experliments, by nucleation

400

and crystallisatlon of the two products. If the monophosphate

1ls seeded with elther of the pure products, the reaction 1s
structure controlled and yields either pure trimetaphosphate or
pure Maddrell's salt. Dehydration of 052HP04.1-5H20 on heating

first gives the 0*5 hydrate, then the anhydroua salt and at 220-

320°C, it is converted to B—C54P207.401 The magnesium phosphate

402

complex,'Mg(H2P04)2.4urea has been characterised and 1i.r.

data have been ccllected for SI(H2904)2'H20 and its deuterated

analogue.403 amorphous calcium phosphate and hydroxylapatite have

been characterised by 319 n.m.r. apectrescopy (maglc angle
spinning, c¢ross polarisation, variable temperature} and by
camparisan with other calcium phosphates the amorphous material is
probably not a mixture of protonated and unprotonated
phosphates.4o4

The Na3Po4—Sr3(P04)2-EuPO4 system has been investigated by
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408

d.t.a. and X-ray diffraction and these technlgues have been

used in a study of Ge(OI-I)EO4 where E = P or As.406 The phosphorus
5 at 7100, a similar

reaction occurs Wwith the arsenic derivative at a much lower

compound is converted to GeSO(PO4)6 and GeQ

temperature.

The sparingly socluble solids, sz(ND3)PO4.2H20, PbHPO4 and
PbS(OH}(P04)3, together with precipitates of variable
composition, have been obtained from reactions between Pb(NC
and Me2NH2(HPo4).4°7
cobalt phosphates, Zn Cox{P04}24H20, from mixtures of the metal

3-x
sulphates and (NH4}2HPO have been determined408 and thermolysis

; 4
of the species for x = 0.5 to 1000°C has been studied.49?

)
372
Conditions for the formatlon of mixed zinc

Hydroxyphosphates, M[OH)PO4 where M = 2Zr or Hf, can be obtained

from MO(N03)2.2H20, H,PO, and water in the ratio of 1:1:20 in a

3. 410

sealed ampoule at 250°C,
among the monophosphate astructures determined in 1983 are:
Na,HPO, (with almost hexagonally close packed HPQ 2-

2 4 4
orientationally disordered},4ll RbH5(PO4}2 {containing a

ions,
framework of PO4 tetrahedra linked by strong hydrogen bonds),412
Na3PO4.8H20,413 NaMg, (PO,) , [0btain§?4by heating a

MgCO3-(NH4) EEO4 mixture te 1173K) ., the low temperature foiTG
of NaCaPO4,

a-NaCuPO, {figg Na3PO4 and Cu3(PO
K3Fe2[P04L3, Co(H2P04]2.2H3P04 {contains bydrcogen bonded PO,
groups in layers parallel tc the yz plane, two nelghbouring layers
are linked by further hydrogen bonds and C02+ ions into sheets)‘”’9
and LnPO, (for Ln = Tb,420 Dy'qzo Ho,420 Er,421 Tm421 and Yb;421
the compounds were prepared from the appropriate oxide and

PbHPO, at ca. 1360°C and have the zircon structure).

4
A sodium salt contalning both mono- and di-phosphate groups,

CaKBH(P04)2 {with a glaserite-type structure),
4)2 on heating to 1023K),417

Ha5H2{PO4)(P207) has been prepared by 32;olid state reaction
between (NaP03)4.H20 and Na20 at 623K. The two phosphate
anicns are connected by hydrogen bonds to give a three
dimensicnal netwerk.

Conditions leading to the different forms of hydrated Ti(HPO4)2,
an inorganic ion exchanger, have been defined showing, for
example, that the monchydrated a-form can be obtained by heating
the amorphous phosphate at 110-165°C with phosphoric acid.423
The H+—C0{NH3]63+ exchange on g-zirconium phosphate leads to an

increase in the interlayeyxr separation from 7.6 to 11.22.424
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425
4}2.H20, and
the synthesis and exchange properties of y-Zr{HP04)2.2H20 have
been investigated.426 The use of different substituents at
phosphorus in mixed specles of the tyrpre, Th(OaPPh}n(O3PCGH4Ph)2_x

for x = 0-2, has been investigated as a means of introducing

microporosity into layered structures.qz? X~ray data show an

Lithium exchange has been studied using o-Hf (HPO

apparent linear increase in the interlayer spaclng with
increasing incorporation of biphenylrhosphonate groups but an
alternative explanation is possible in terms of bonding of these
groups from normal as a result of strain imposed by ilncipient
voids, Similar Th and Zr layered structures containing p-ter-
phenyl groups have also been synthesised with layer spacings of
ca. 333;428 when a terphenyl group bridges between two layers
separations are in the order of 18.62.

Two mixed oxide layer hydrates, VOPO,.2H_ O

4 2
Nb0P04.3H20,430 have been synthesised. The wvanadium compound will

429 and

intercalate species such as pyridine and can be reduced by mild
reagents such as iodide ion to products formulated as
Mx/nVOPO4.(2+y)H20, where M = Li, x = 1,0 and vy = 2,1, foer M =
NH4, *x20.48 and ¥y = 2.0, The nicbium compound will intercalate
alkylamines but other species such as DMSO, ethyleneglycol and
formamide, which are suitable guest molecules in other layer phos-
phates, are not incorporated and the compound is partially
dehydrated to the monohydrate.

V,0; reacts with a mixture of aquecus H_ PG, and H PO, to give

373 374
an intermediate, which can be converted by heat treatment to the
crystalline diphosphate, V4(P207}3:431 an isostructural chromium

compound has also been obtained during the thermal decomposition

of the polyphosphate, Cr(P03)3.
The hydrolysis of Na,P,0., and Ma_ P.0 at 100°C has been
31 4277 > 3330
followed by P n.m.r. spectrosccpy: the reaction of the

diphosphate ies catalysed by urea but surprisingly the triphosphate
hydrelysis is inhibited. It is suggested that the presénce of
different hydrogen bonding systems with the two phosphates
accounts for this different behavicur (see alsoc ref. 456} .

Symmetrically substituted dlacetyl di- and tri-phosphates can be
cbtained following the reactions in equations (S51) and (52),433
but when ammonium triphosphate is the starting material, the

Na,H,P,0, + 2Ac,0 -~ Na,[P,0. (ORc),] + 2HOAc ... (51)
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Na,H,P,0,  + 2Ac,0 + Na,[(AcO)PO,PO

3H P20, PO, (0Ac)] + 2HOAC ce.{52)

2

product is a new modification of ammonium trimetaphcosphate.

Mixtures of copper(II) coxide and a dihydrogen phesphate on
heating to ca. 700°¢ give M2CuP20?, where M = Li,434 Na‘”4
K435 and a further double diphosphate, Na2U02P207, has been

436
observed in Na4P20?-(U02}2P207 systemé Anhydrous K,H,P,0,
shows a bridging P-0=-P angle of 131.0° with bridge and terminal
P-0 bond distances of 1.618 and 1.565% respectively.437 Crystals
of K3HP207
mixture of the components and, as in other compounds of this type,
438

and

.Te (OH) _.H,0 can be isolated by evapcration of a 1l:1
62

there is no Interaction hetween the two speciles
443) .

Structures have been reported for the isostructural erbium
and neodymium440 hypophosphates, MHP206.4H20; the P2064- anions

[P-P distance 2.196 (Er) and 2.1882 (Nd}] are linked by hydrogen
bonds into infinite chains.
Three new species, (1B3)-(185}, have been identified as

products in the reaction of sodium trimetaphosphate and
441

(see also ref.

439

ethylenediamine in the B8-12 pH range. The reaction however
o NH -
N S CH,CH,NH, o\ ,,4'0 0\ /NHCH2CH2NH2
fP /P /P.\
o \NHCH2CH2NH2 07 ™No o
{183) (184)
"o 0o 0 0
\PJ' \P/ \Pj
- 7 /N
0 \o/ No- o~ “NHCH.CH.NH
2 202
(185)

does not take place in acid solution nor does ethylenediamine

react with mono-, di- or triphosphate. The structures of

NazﬂP o 442 and 2(NH4)3P309.Te{0H}6443 have been determined by

singlg 2rystal X-ray methods and data for PbNaq(P309)2444 show
that the compound is best represented as (Pb,Na)Na3[P309)2, where
there is a statistical occupancy of the lead position.

The vanadium triphosphate, VH2P3010.2H20, which can be prepared
from the metal and phosphoric aclid at 463-573K, 1s isomorphous
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with the aluminium, gallium, chromium and iron compounds.445

Thermal analysis and detailed vibrational spectroscopy suggest
the presence of four different water environments in the double

. 446
triphosphate, NazAl(P301O]'4H20'

A reinvestigation of the Na -H,0O system has confirmed the

1£4°127%;

existence of a monohydrate, stable in the 100-120%% temperature
range, in addition to the well known tetrahydrate and anhydrous
materials.447 An X-ray determinaticon shows that the anion
structures (Dzd) in the monohydrate and anhydrous forms differ
only slightly. On heating in a molst atmosphere, a single

crystal of K Pb(P4012) is converted at 537°C to crystallographic-

2
ally orientated Pb2P207 and an amorphous phase;448 this

behaviour is in contrast to the reaction in anhydrous conditions
which leads to polyphosphate.

Full structures have been determined for the following

tetrametaphosphates: Ca2(P4012).4H20,449 Zn2(P4012),450
451 £ Nio d NH,H,FO t
Ce[NH4)(P4012], N12(P4012) (obtain:alcs‘i2 rom NiO an 4H,FO, a

1200K; the anion 15 centrosymmetric), SrNaz(Pdolz} {(prepared
by treating the two metal carbonates with phosphoric acid at 623K;
433 srNa, (P,0,,) .6H,0 (obtalned from

concentrated aqueous solutilons of Sr(N03)2 and Na4P4012.4H20; the
454

the anion has 4 symmetry),

anion has mm symmetry).
The linear tetraphosphates, Sr3P4012 and Ba3P4Ol3, prepared from
the metal chloride and the acldifled phosphate solution cobtalned

when Na4P4O12 is hydrolysed with NaoOll, are amorphous to X-rays.455
6

Hydrolysis of twe higher cyclic metaphosphates, P6018 " and

P80248“, with hydrochloric acid can be followed by anion exchange

chromatography,455

showing a decrease 1n rate from tri- to
hexametaphosphate but an increase with the octaphosphate. The
latter is possibly due to its stronger proton affinity.
Infinite chains in Zn(P0312 have a perlicd of two tetrahedra
while in LiK{P03)2, obtained from a mixture of LiPOg and KPO3
heated to 833K, the repeating unit is 8 PO4 units.4 8 The mixed
polyphosphate, KCe(P03)4, 1s isostructural with the neodymium
compound;459 neutron diffraction data for U02H(P03)3 indicate
P-O-H angles of 119.4 and 116.0° with O-H distances of 0.98 and

0.993.460 Single crystals of two vanadium polyphosphates,

457

a—VD{P03}2 and V{P03)3’ have been isclated from mixtures of v205.

H3E‘04 and sto4 in the ratlo 1:16:2 after heating to 300°c for two

4
weeks. 61 The structure of the latter is bhased on a mixed
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framework of VO, octahedra and PO, tetrahedra linked via their
apices which leads also to polyphosphate chalns with a repeating

unit of six PO4 groups .

5.2.6 Bonds to Sulphur cr Selenium

Preclse bond dilstances have been obtained from X-ray and
neutron diffraction data on 0P 5, and further data show that
librational amplitudes about the three-fold axis predominate as
the o+B transition is reached.462

Metal complexes containing cocrdinated P Sq Or P, Se, units are
little known, but the nickel and palladium derivatives
LNi{P453).2PhH, LNi(P4Se3).2PhH, and LPd(P4S3}, where L is the

tetradentate ligand, tris{diphenylphosphino)ethylamine,
453

N(CHZCHzPPh2)3, have been recently characterised. A structure
for the P4Se3 derivative shows coordinaticon via the apical
rhosphorus atom.464 an iridium complex, Ir(P4S3}(PPh3}(CO}C1, on

the other hand has z dimeric structure (see Figure 7), but here

Figure 7. fThe structure of [Ir(P453)(PPh3}(C0)Cl]2 (reproduced
by permission from Angew. Chem., Int. Ed. Engl.,
22(1983) 790} .

one of the P-P bonds of the basal triangle i1s broken and the two
465

modified P453 groups bridge between the metal centres. The
campound is obtained by treating Ir(PPh3)2(C0)C1 with P4S3 in
benzene. P483 and P4Se3 behave in yet a different fashion on
reaction with [RhCl(cod}]2 when complexes of the type

[MeC (CH,PPh,) ;. Rh (P,X;)] .PhH can be isolated.®® fhe structure
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of the P4S3 product {(186) shows that the rhodium atom occupies one

of the phosphorus positions in the base of the original P483 cage.

p
s””/ \\H'S
s
;// P;\\* l l i
P

l-h=_-c3<(':l-l2 —_—p -'/,'7 \ o
(.‘.l-I2 P
Ph,
(186)

The heats of formation of a range of phosphorus sulphides,
calculated by M.0. bond index methods, agree well with known data
and it has been possible ta establish useful P-P and P-5 bond
energy terms and to use them to predict which isomeric form of a
particular compound will be stable.467

Pure samples of mixed species in the two systems PxAsd-xSB for
Xx = 1-3 and PdsxSe3 -x for x = 1-2 have been isolated by
h.p.l.c.468 In the P,S,~P,Se; system there is no change in the
number of phosphorué-chalcogen bonds and the reaction is entropy
controlled but in the P 53—35453 system there is, for example,
preferential formation of PA5353 from a 1:3 mixture of P4S3 and
As,54. This follows from the fact that the P-5 bond energy is
substantially higher than that of an As-S bond and the product,

4 mols of PA53S3, contains 12 P-5 bonds compared with 6 P-5 bonds
in the starting material.

The monothiophosphates, NH 5, have been

4 10 469 and the
previously unknown symmetrical monothiocdiphosphate, {03PSP03}4_,
has been 1isolated as the lithium or barium salt via the tetramethyl
ester (MeO),P(0)SP(0) (oMe),.*70

contaminated by a variable amount of the corresponding carbonate,

4 PO 5 and (NH } HPO3

prepared from P and unit cell data determined,

The products are however

A crystal structure of the p=-disulphidebis(phosphate),
1NH3+)4(0 PSSPO }4-, shows P-S bonds with a mean distance of
2. 14§ and a P-5-5-P torsion angle of 93,3°.471
Hydrogen bonding in Na3PS4.BH20 has been studied by i.r.
spectroacopy and single crystal X-ray diffraction4?2 and the
structure of Pd3{P94}2, prepared from the elements at SOOCC, shows

extensive distortion of the PS43_ anion {(5-P-5 angles 97.5 and

119.8°) from the expected tetrahedral geometry.:’S
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Mixtures of thiophosphates contazining different oxidation state
phosphorus atoms can be produced by oxidising elther white or red
phosphorus or P S3 with aguecus solutions of alkalil

474 Among the compounds isolated during this study

polysulphides,
were: Na6P6512.16H20, K5P5810.5H20, Na5P3OST.8H20, Na5P388.10H20
and Na4P256. Partlial hydreolysis of Na5P358 yields the hydrido-

thiodiphosphate {S3PP52H)3_, which is also the major product when

PCl., reacts with aquecus sodium sulphide.475 The latter also

yieids oxo-, thio—- and oxothio-phosphates.

The stsz— ion in T1,P,8., obtained from the elements at 330°C,
has D2h symmetry with terminal and bridging P-S5 distances of 1.8%6%
and 2.132K respectively.?’® fThe bridging P=-S-P angle is 86.9°.
The isomeric P-P bonded structure 1s present in the P2$§7; ion of
a new, orthorhombic (P212121), modification of AgszsG. The
molecular parameters are very simllar to those in the previously
described monoclinic {le/b) form but the three dimensional
packing differs.

A member of the previcusly unknown dithicoxophosphorane series

(187) has been isclated, as shown in equaticn (53), as orange

crystals soluble in E\cetc:snitrlle.4-"a structures for the dimethyl-
But
l/S
Bu®.C_H_P(SiMe.). + s.Cl, + Bu® p? ... (53)
3¥6 2 3’2 277z N
¢ S
Bu
(187)

and dicyclohexyl-thiophosphinic acids, R2P(S)OH, show the presence

of centrosymmetric dimers with almost linear O-H---§ hydrogen
bonds (O---5 3.12% for R = Me).479 Almost quantitative ylelds of
the pyridinium dithiophosphates, Pszxz' where X = Cl or Br, have
been obtained by treating the dithiophesphoric acid chloride -

pyridine betaine, py.PSzcl, with the appropriate anhydrous hydrogen

halide.480 The corresponding PS2F2_ salt can be obtalined from the
betaine with a saturated aquecus sclution of NH,F; reactions of
Pszc12" with alcochol and amines, RlRZNH where R™ = alkyl and R2 =

H or alkyl, yield respectively (Ro)zPszH and amine salts of the
[{RlRZN)zPszj_ anion.

Crystal structures have been determined for the 25,45,5R481 and
2R,4S,5R482 forms of the oxazaphospholidine sulphide (18B). TI.r.

and Raman data for MeP(S)F2 have been assigned and a normal
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Ph

coordinate analysis carried out; the following bond distances have
been cbtained from microwave data: r{(P-C) 1,809, r(P-F) l.547 and
r(p=s) 1.878%).%83

There is Cl—CF3
and CF35P(D)Cl2 react giving a 50% yileld of CF3SP(S)C12.
Analysis of the n.m.r, spectra of a series of dialkylthiophesphoryl
3lP chemical shift

S exchange when thiophesphoryl chloride, PSC13,
484

bromides has revealed a correlation between the
and the number of A-methyl group3.485
There is continuing interest in the structures of dithio-
phosphate and phosphinate complexes. Studies on the zinc
complexes, EZn{SzP(0C6H4Me-p)2}3]_ and [zn{szPthlaj-, shows that
in each case the zinc atom is in slightly distorted tetrahedral
coordination to two unlidentate and one chelating 1iqand.486 Eight
fold dodecahedral ceoordination is found for the lanthanides in bhoth
the bis(dimethylacetamide) adduct of La[SzP{OPri)2]3487 and the
aniona in Ph As[Ln(S PR 33]4, whereas In = Ce or Er, R = OMe and Ln
= Nd or Ho, R = OPr . 48 In the latter, the arrangement of sulphur
atoms has almost perfect Dzd symmetry. The structure of
thsn[bP(S}(OPh)z]OH, an Iintermedliate in the hydrolysis of

thsn[bP(S}{OPh)z]z, is dimeric (189} with distorted trigonal

bipyramidal coordination about the tin atoms.489 Neutral dimeric
Fh H Ph Ph, th
e} P— S §wu—2p
Ph_ \ ~. 7/ _Pn P ~ ~
\‘Sn/ /Sn/ N Se N
(PhO)zP(S)O ~o OP (S) (OPh) , Np —s5” Ng—57
H Ph, Ph,

(189) (190)

products with formulae such as [Pr{(OSPMe,),.EtOH.PrOH],,

[Pr(OSPMe,) ,(H,0) ,],-4H,0 and [Er{OSPHeZJB{H 011'_]2 have also been

isclated from reactlons between MezPOS and La~ , Pr d3+ ahd

3+
Er .490 Structures of all three compounds have been determined
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(see Figure 8 for the erbium derivative) showing that the ligand
is present both as a unidentate group and as a simultanecus
chelating-bridging group. The four unidentate groups are
coordinated via the oxygen atam while the sulphur atoms are
involved in hydrogen bonding interactions with the coordinated
water molecules. The related dicyclohexyl ligand gives a similar

Figure 8. The structure of [Er(OSPMez}3(H20)2]2 {reproduced by
permission from Z. Anorg. Allg. Chem., 506 (1983)115).

dimeric neodymium complex [NA(OSPR,),(H,0),], but with Er’’ the

product is the ammonium salt NH4+[Er(OSPR2)4(H20)2],491 whare
erbium 1s in six-fold coordination teo four oxygens of the ligands
and two water molecules.

A new selenium(II) species (SthP.N.PPhZS}zse {130) has been
isolated for structure determination by treating Se[SzP(OEt)z:]2

with NH4[ﬂ(Ph2PS)2] in methanol.?%2

5.3 ARSENIC

5.3.1 Polyarsines

A diarsene, RAs=AsR', incorporating the bulky substituents R =
2,4,6-But3C6H2 and R' = CH(SiMe3)2, has baen synthesised from
RASH2 and R'AsCl2 in the presence oiggBU in THF solution (see ref.
171 for the corresponding RP=AsR'). As with related compounds,
the geametry is trans about the double bond which is 2.2243.
As-As-C angles are 99.9 and 93.6° at the arsenic atoms carryling the

alkyl and aryl subetituents respectively. The compound reacts with
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Cr{CO)S.THF to give the adduct RAs=AsR‘Cr(CO}5 in which the
carbonyl is attached wvia the the alkyl arsenlc lone pair of
electrons thus yielding the first complex containing an
unsupported As-As dcuble ponad. 194 The arsenic-arsenic separation
(2.2463) changes little from the value in the uncomplexed diarsena
New metal carbonyl complexes have been isolated using both
{MeAs)S and (PhAs]6 as starting materials. With the penta-arsine,
reactlion with [CPMO{CO)3]2 leads to ring opening and the two ends
of the five membered chain bridge hetween both molybdenum
atoms. 493 The compound formulated as [CpHo(CO)3]2{MeAs}5 has the
structure (191), the terminal arsenic atoms behave as three
electron donors. Under mild conditions, the cyclohexaarsine with
Coz(CO)B gives a black solid, identified by X-ray diffraction as

AsMe

Mead N\,
Me / AsMe
As

7/
(o) 3CpMo WMoCp {CO) 3

As
Me

(191)

[Cos(us-hs)[u4-AsJ{u4-AsPh)2(CO]ls]2.496 Each half of this

complex species contains four distorted tetrahedral units, i.e.
three AsCo, and one As,Co,, connected to give a cluster of
clusters. The heavy atom framework 1s shown in Figure 9.

Figure 5. The structure of [Cog(ug-As) (ug=As) (u,=-AsPh) , (CO) ],
(repreoduced by permiesion from J. Chem. Soc¢., Chem.
Commun, , {(1983)39}.
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The [PhAs)6 structure has been redetermined to obtain a standard
for the As-As single bond length.49? There are three independent
distances in the range 2.456~2.464R; the ring has the chair

conformation with phenyl groups 1n egquatorial positions.

5.3.2 Bonds to Carbon

Organcarsenic chemistry for 1981 has been surveyed.4

(III) cations carrying two n°-pentamethylcyclopentadienyl groups,
+

i.e. (Me5C5)2E

reacticns between (Me505)2EF and boren trifluocoride in hexane at

-2000.499

compound; both compounds show dynamic n.m.r. behaviour in solution.

98 Arsenic-

BF4- where E = As or 5b, have been ilsolated from
An X-ray structure has been determined for the arsenic

The lO-chlorophencthiarsenin (192) structure consists of two

pe

Cl
(192)

almost planar C6H4Ass groups which form a dihedral angle of

152.703500 the chlorine atom occuples a quaslaxial position.

The ligands 2—dimethylarsino—501 and 2-methylarsino-ethanol502
have been synthesised, and metal carbonyl complexes incorporating
one and two molecules of the former have been isoclated. The
former alsc reacts with alkyl halidez giving, for example,

(Me ,ASCH,CH,OH)I and [CHZ(MeZABCH§CH20H)2]Br2 with respectively
methyl lodide and dibromomethane. 01 Reactions of the monomethyl
derivative with acrylates, CHE:CHK,lead to MeAs(CH2CH20H}(CHch2—

502
X).

Electron diffraction data for He3As and Me3sb give the M-C _
distances as 1.968 and 2.,163%8 with bond angles of 96.1 and 94.1°
03 The mean Re-C distance in PhAs 1s 1.957% with a
C-As-C bond angle of 100.1° from X-ray diffraction:so4 the
agymmetric unlt contains four independent Phahs molecules.

A range of substituted arsoles (193, R = Me, Et, Ph, p-MeC6H4,
p-Clcﬁﬂd, etc. has been synthesised, see equation (54), and their

RC=C-C=CR + Ph.Ast - R( SR «s+ (54}

As
Ph  (191)

respectively.
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conversion to radical anions with lithium or potassium studied.505

Beaction of (193, R = Ph) with PhICl2 leads to the arsenic(V)
derivative (194) which decomposes under mild conditions with loss

Ph Ph
PhalE‘—SL/ Ph [ii:} :iii]
S=— AS
As
™ . —
cl'g €1 Ph Ph
{194) (195)
of RC1.506 The resulting monochloride can then be converted to
the diarsine (195} by treatment with NaMe.
Pyrolysis of the dibromide, (Me3SiCH2)3hsBr2,
pressure proceeds with loas of Me3SiBr via the ylid,

Br (Me.5iCH,},Aa=CH,, to the new tertiary arsine
3 272 250?
(MeasiCH

under reduced

2)2A5CH2Br.
5.3.3 Bonds tc Halogens

Arsenic, antimony and bismuth(III) oxlides on heating with an
ammonlium halide to 635K are converted to the ammine complexes
Mx3.NH3, where M = As, 8b or Bl and X = Br or 1:508 the c¢ompound
SbCl3.2NH3
di- and tri-methylamine can also be prepared.
oAs, I, Cd,As,T,, Cd;As,T and Cd,AsI.,
the first two in single crystal form, have been identified in the

509
CdIz-AaI3-Cd3A52 system.

has als¢ been isolated. BRelated complexes with mono-,

The termary compounds, Cd

Following the phosphorus reactions mentioned earlier,286’287

high temperature experiments between AsCl3,
to As0Cl, which can be detected either mass spectrometrically

or trapped in an argon matrix.Sll Bands are ocbserved %BO and 380

crrt_1 in the i.r. spectrum. Mass spectrometry also confirms the
formation of ShOCl by a gimilar method510 but the matrix isolation
approach is complicated as 3bOCl appears to be stable only in the
presence of Sb4gﬁland i.r. bands of the latter interfere with

ldentification.

Black crystals of 14(ASF6)2 result when elemental iodine is
oxidised with an excess of Ast in sulphur dioxide at room
temperature;512 the corresponding reaction with SbF5 gives a dark
green solution from which 14(SbF6)(Sb3F13) can be isolated. Both

products have been analysed by X-ray crystallography which shows

oXxygen and silver lead
5lo

that the rectangular I42+ caticn consists of two weakly interacting
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+
2 + _
The vapour species over Ascl4 ASF have been investigated by

513 The
primary products are AsFS and a new mixed hallde, AsFC14, but a

I cations.

mass spectrometry and matrix isolatlaon ~ 1.r. methods.

secand new halide, Ascle3, melting at ca. —7S°C, has been

isolated following pyrolysis of Ascl4+AsF6- at 100°c.”1* rThis

compound however rapidly isomerises in the liquid phase to the
ionic starting material; vibrational spectroscopy on the covalent

form peoints to a C,_, trigonal blpyramidal moncmerlc structure

2v
with two fluorine atoms in axlal positicns.

5.3.4 Boands to Nitrogen

As—N bond formation occurs when {CF3}2A5C1 or CF3A3C12 reacts
with LiN(SiMeB}z and, in the presence of chlcrine, the former
product (CF.,} AsN(SiMe )

3°2 " '515,818
(CF3)2A5C1=NSiMe3. '

dimerises to (196}, which contalns a planar As

1s converted to monomeric
Cn removal of sclvent, the compound

2N2 ring with

Fl
(CF4) JA8-N-5iMe,
Me ,81-N —As (CF,),
cl
(196)

trigonal bipyramidal geometry about arsenic. BAxlal positions are
occupled by chlorine and one ©f the nitrogen atoms (As-N 1.933% Y
the distance to the egquatorial nitrogen atom is 1.768%. on
heating in a hydrocarbon sclvent, compound (196} is converted to a
mixture of the cycloarsazanes [(CF3)2ASN]3 and 4.516

A number of monosubstituted metal carbonyl complexes have been
formed by reacting H(CO)Gr where M = Cr, Mo or W, with the
aminoarsines Me As(NMe,), for n = 0-2.°17 on treatment with
protonic reagents such as HCl, EtOH or EtSH, the As-N bonds are
cleaved to give M(CO)SAsMenKS_n where X = Cl, OEt or SEt,

5.3.5 Bonds to Oxvgen

The spectra of matrix isolated alkall metal arsenites MA302 and

antimonites Msboz, for M = Na~Cs, have been interpreted in terms

of cyclic sz structures with O-As-0 and 0-5b-0 angles of 115 and
106° reapectively.518 Crystals of a mixed arsenic-antimony oxide,

AsSbO result on heating a 1:1 mixture of A, 0, and Sb_ 0O, to

r
273 273
GTOK.glg The compound is isostructural with claudetite and shows
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no evidence of arsenic-antimony disorder. Mean As-0 and Sh-0
distances are 1.80 and 1,95% respectively with As-0-Sb angles of
132,3°

Both e¢is and trans forms of the arsenic(III) methoxytetrafluoro-
tellurate, As(OTquoﬂe)B, have been isolated and characterised
from reactions between arsenic triflucoride and the appropriate
boron derivative.520
The triarsine, N{(CH CHZAsth)B,
NaasPh, and [HN(CH,CH,Cl) JCl in liquid ammonia, can be converted
to the icodide on treatment with HI in CH2C12 521 The lodide is
the starting material for a series of new cryptands.,
e.g. [N(CH,CH,)},]q(A8,0,} and [N(CH,CH,),]g(Bs,S,),, which result
by reaction with respectively aqueous ammonia or hydrogen

prepared by reaction between

sulphide in the presence of triethylamine. The As-N-0 derivative
has the structure shown in Figure 10, andcontains six eight-
membered As404 rings interlinked by N(CHECHz)3 groups. A new
l4-membered macrocycle (197} has been prepared from AS(CN)3 and

/\"“'D\\ / ;w

; ,;,,_..&\%//\
6——-—As—0~——- “As / T Lj

‘/\42\/5 f;&l;f‘fﬁ* >
035 nsg 0// N~
Ll T N

N

Figure 10. The structure of EN(CH2CHZJBJB(AS404)6 {reproduced by
permission from J. Organocmet. Chem., 252{(1%83)153).
hexafluoracetone;s22 from the structure, 1t is clear that all the
initial As-C bonds are cleaved during reaction.
Matrix isolation of vaporised samples of MH,ASC, , where M = K,
Rb or Cs, give in addition to bands characteristic of the
monomeric arsenites HAst, extra absorptions that can be assigned
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IOC (CF3} 2CN

As
N’//// o

~
R P c (CF3) 5 0
e ~
CFx 44-0 Cs As-0
. N . ~No”
0__(\ CF,
98
(€F3) N N CF3 (128
0\ /
AS
1
OC(CF3)20N
{197)
te molecular arsenates.523 For C5A503, the fundamentals at 978,

923, 880, 368 and 335 cm | can be associated with the Cyy
structure (198). As4 species contailning from six to ten oxygen
atoms have been identified in the ?gis spectra of Aszo5 at

The data alsc yield the
following standard heats of formation: Asqoj -120?.5. As40B

-1361.9, As409 -1495.4 and A34010 -1618.8 kJ mol ~. Vibrational

spectra of A5205 and the isostructural AsSb05 have been
25 :

temperatures between 862 and 933K.

analysed.

Reaction of the bidentate ligand, thAs(O]CH CHzAs(OJPhZ, with

Ph3SnCI gives a 1l:2 adduct in which each tin aiom is in trigonal
bipyramidal coordination with an oxygen atem from the ligand and
the chlorine atom in axial positions.526

The structures of two secondary arsenic minerals, phaunouxite
Ca3 [A504) 2 llH20 and rauventhalite Ca3 (A504) 2- 101-120 (members of the
extensive series of hydrated calcium arsenates) have been
determined and the topotactic dehydration of the former to the
latter has been investigated.sz? The mixed species,
CaB(Cangl_x)(3504)6(ASO3OH) with x = ca. 0.5 is an 1gg§ype of
CaQMg{PO4!6(PD3OH) and has the whitlockite structure.

Three nickel arsenates, Ni(H2A504}2.H20, Ni(HA304).2H20 and
Ni3(A504)2.BH20 hg;; been isclated from reactions hetween Ni(OH)2

The first compound dehydrates at 5009 to

give the cyclic trimetaarsenate, Ni3(As 09), which on further

and arsenic acid.

heating to 730%¢ loses A3205 to generate the diarsenate,
N12A9207. The diarsenate can alsc be prepared by heating
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Ni3{A504)2 to 700°C. The basic arsenate Cuz(Aso4)OH and two

forms of Cu(HAsO4).lkH20 have been isoclated fram similar reactions
530 Powder neutron

diffraction data have been collected for DU02A504.4D20.53l

between arsenic acid and copper hydroxide.

5.3.6 Bonds to Sulphur or Selenium

The crystal structure of tris (phenylthic}arsine shows the
presence of discrete molecules {C3 symmetry) with the arsenic
532 The as~S distances are 2.243R and
the 5~As~5 angles 96.38°. Arsenic, antimony and kismuth

lying on a three fold axis.

selenoates, M(SePh}3 have been syntheslsed by reacting the 533
appropriate thiophenolate with PhSeH in chloroform sclutlion.
Redistribution reactions between M(SPh)3 and M(SePh)3 have been
monitored by n.m.r, spectroscopy showing that for M = As the
reaction occurs over a periad of several hours at room
temperature. _

The a—-form of arsenlc tri{methylxanthate), AS{SZCOME)3, and the
corresponding ethyl derivative are iscstructural, with the heavy
atom lying on a three fold axis.534 In the methyl compound the
distorted octahedrcon of sulphur atoms about arsenic fall into two
groups with bond distances of respectively 2.298 and 2.9928%,
There is further weak 5---5 interaction (3.650%) to give loosely
bound dimers. The dithiocarbamates, M(SZCHR2)3 and M(SZCNR
where M = As or Sb, X = Cl1 or Br and R2 = -(CHZ)2

been investigated by masa spectrometry.535

2) %
S{CH2]2-, have

Arsenic(III) and the corresponding antimeny and bismuth
camplexes with 2-mercaptoaniline have low sclubility but from 1.r.
spectroscopy the ligand appears to be invelved in only weak M-N
bonding.s36

Dialkyl dithiophosphates of the type Mc13_n[szp(0R)2]n, for M =
As and Sb, R = Et, Pr, pr' and Bui and n = 1 and 2, can ke
obtalned elther from the trihalide and the sodium salt of the
dithiophoasphoric acid or by camproporticnation reactions between
MCl, and M[SzP[OR)2]3.537 I.r. and n.m.r. data for the dithio-
arsinates, Pha-nM(52A5R2)n where M = Si, Ge and Pb and R = Me and
Ph, point to unidentate arsinate groups when M = 5i cor Ge but
bidentate coordination appears to be present in ths lead

238 Reactions of the sodium dithlcarsinates, NaS_AsR

compounds. 2 5

for R = Me and Ph, with thPCl leads to the arsenic(III)
derivative RZAsSP(S)th rather than the expected diphenylphosphinyl
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539

product thPSAs(S)R2 migration of sulphur from As({V} to P{ILI)

has been confirmed by i.r, and n.m,r. spectroscopy.
The two, dark red sulpho-salt, PleAs3SG, obtalned by

hydrothermal synthesis in the T1,5-PbS-3As 53 gystem, contains both

2
lead and thallium in seven fold coordination to sulphur.540 Each

arsenjic ataom is in pyramlidal coordination to three sulphur atoms

which are interconnected to give As S12 groups (199) containing an

6

unusual Aszsz ring.

PP AN
As As Ag

/’S\\‘ ’/,S\\ ’/,s——?s\\
As 5
~ N -~ ~ ~

As g

(199

—

5.4 ANTIMONY

5.4.1 Polystibines
I.r. and Raman spectra for R2SbSbR2, where R = Me, Me

3Si and Ph,
and data for (Me3Si)4A52 have been assiqned and force constants
calculated for the methyl and trimethylsilyl antimony compounds?4l
These two compounds are thermochromic and their Raman spectra show
strong lines at ca. 50 cm-l which are assigned to the

long itudinal acoustic mode of an infinite chain of antimony
atoms. This assignment 1s supported by the absence of such bands
in the spectra of the non-thermochramic compounds Ph45b2 and

(Me ;S1) 4Rs,.

The Sb-Sb bond in Me4sb2 is cleaved by an egquimolar gquantity of
either bromine or jodine to give the appropriate dimethyl mono-
halide in high purity.542 Reaction with methyl iodide, on the
other hand, glves Me3sb and MezsbI at a 1:1 ratio but with an
excess of MeI, the 1:2 addition compound MeSbIz.2Me4$bI is the
product. With (4-MeCGH4)2Te2, tetramethyldistibine is
quantitatively converted to the telluro-stibine, 4- MeC6H4TeSbMe2
a yellow liquid and the firat compound to be synthesised with a
direct antimony-tellurium bond.543

Dehalegenation of But5b012 with magnesium in THF solution has
now been shown to give the cyclopentastibine Sb But

t 544
to Sb4Bu 4°

5 5 in addition

5.4.2 Bonds to Carbon
The 1281 annual survey of organo-antimony chemistry has been
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published.545 The organo-antimony halides, Ph25bx and PthX2

where X = Cl or Br can be obtalned readlly in high purity by
redistribution reactions between Ph3Sb and be3 in mole ratios of
regpecktively 2:1 and 1:2.546 The reactions which take place in
the melt at, or slightly above, room temperature can be extended
to other substituted aryl derivatives. The methyl derivatives,
MeSbX2
treating the antimony{III} halide with eilther PbMe4, SnMe, or
SbMe3.547

The structure of thicantimonin (200), obtained by treating the

where X = C1 or Br, can be obtained in good yield by

corresponding Me2Sn substituted heterocycle with antimony (III)
chloride, differs from that of the arsenic analogues as here the
chlorine atom is in a quasi-eguatorial position.548 Sb-Cl and
Sb-C distances are 2.390 and 2.141% with c-Sb-C and Cl-Sb-C
angles of 89.8 and 94.6° respectively. Vibrational spectra of

| ey |
Sb \““* b 2‘~“ ’//

T
| | Me
cl Cl

(201)

(2_09)

(Me,Sb} ,CH, are consistent with the presence of two rotamers with

and CS symmetry while only one form is present in the related

2}2CH2.549 From X-ray

C
aizimonytv) derivative (Hezstl
crystallegraphy the structure of the latter (201) is based on two
trigonal bipyramids linked through equatorial positions by the CH2
group.

The hindered Grignhard reagent, (Me35132CHMgC1 replaces only one
of the chlorine atoms in SbCl3 while with the lithium gerivative,
(Me ,Si} ,CHLi, both [(Me,;Si),CH],SbCl and [(Me,Si) ,CH] ,5b can be
obtained; even with the lithium salt, however, only
monosubstitution is possible with the more highly hindered
derivative {Me3si)3CLi.

The reaction between antimeny(III) chloride and sodium
cyclopentadienide in THF, originally thought to give szsbstpz,
on reexaminationSSl has been shown to yield the sodium salt of a
tetrastiba—adamantane. As shown in Figure 11, the basic unit

contains three u;-C/H; groups with the addition of u2~C5H3- and
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Figure 1l. The structure of Na(THF)[Sb,(CgH,) 4 (CqHL)]
(reproduced by permission from Z. Anorg. Allg. Chem.,
496(1983)58).

0-C5H5 groups as further substituents; the structure is completed
by a Na(THF}3+ cation located above the CSHB anionic ring. A
mechanism is given for the formation of this unusual compound.

Reactiong of RSSb' where R = Me cor Ph, with 8-hydroxyquinoline
and anthranilic acid lead to the tetrasubstituted derivatives

(202} and (203) respectively.ss2 The six coordinate structure for

R R
R R R
\\\l - \\\I
_ sb\ sb—R
R | N~ | R {
o O HoN
\c
[
0
(202) (203)

(202} follows from MOssbauer data and a full X-ray structure for
the methyl derivative {sb-0 2.187, Sb-N 2.4632); a five coordinate

covalent gtructure is suggested by M&ssbauer spectroscopy for
(203).

5.4.3 Bonds to Halogens

Thermal analysis and X-~ray diffraction have shown the formation
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553

of Sb,0,F SbOF and Sb. 0 ,F in the SbF3-Sb20 system, The

3¥2°5’ 374 3
possibility of forming fluorocantimecnates by sclid phase reactions
has been confirmed by isclation of the feollowing specles (melting
polnts in °c are given in parentheses): szst5 (585) , RbSbE‘4
(240) , Rb3Sb4F15 (210}, RbszF? (190) , RbSbBFlO (215}, Rbsb4E‘l3
(230}, CSZSbF5 (555%54CSSbF4 (215), C538b4F15 (;?5), CsszF5 (205)
and CsSb,F, 4 {(195). In addition NaZSbFS, Rb2SbF5 and RbSb,F,
can also be obtained from the alkali fluoride and SbF3 in acetic

. . 555
acid solution.
Crystals of [M(H,0) ] (SbF,),
with the anion consisting of infinite layers of pseudotrigonal

for M = Ni or Cu are isostructural

bipyramidally coordinated antimony atcms {Sb-Feq 1.921, 1.941;
Sb-Fax 2.066, 2,127, Fax_Sb_Fax = 152.40); in addition for M = Hi
there are longer contacte to three symmetry related fluorines at
distances ranging between 2.778 and 3.0733.556

Mixed phosphate salts containing SbF2+ and Sbl:"2+558 cations
have been isolated from reactions between SbE‘3 and a dihydrogen
phosphate, The SbF2+ cation occcurs in KSbFz(HP04) where tpe Sb-F
distances are 1.902 and 1.9553 and the F-5b-F angle is 85.20. The
antimony does however make contacts to three oxygen atoms of
different HPD42_ anions at 2.144, 2.169 and 2.5018 raising the
coordination to pseudo-octahedral; the lone palr is located trans
to the fluorine atom witﬁ the shorter Sb-F distance.557 The
compounds NH4(SbF)PO4.H20 and Na(SbF)PD4.nH20, where n = 2-4,-have
highly symmetrical layer structures in which each oxygen of the
phosphate anion 1s bonded to a different SbF2+ group {(S5b-F ca.
1.922).558 Again the antimony is in pseudo-octahedral
coordination with a stereochemlically active lcne pair.

SbCl3 and a two fold excess of oxallec acld in hydrochloric acid
solution yield Sb(C204}0H,559 while in 1,2-dichloroethane sclution
complex formation occurs between be3, where X = Cl, Br or I, and
DMF, DMA or tetramethylurea.SEo Both 1:1 and 1:2 adducts are
present in the complex 2SbCl3.3(4-phenylpyridine) according to an
X-ray investigation.561 The former contains a pyramidal SbCl3
unit (mean Sb-Cl 2.427, Sb-N 2.473%) while the latter is square
pyramidal with the two nitreogen atoms {Sh-N 2.3908) occupylng
trans positions; the Sbcl3 unit here ig T-shaped.

A reexaminaticn of the SbClS—CS2 reaction at 5°C has shown that

the product is SbCIS'SS' which decomposes slowly to the components

at room temperature rather than SbSCl3.562 Its structure 1s based
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on pyramidal SbCl3 and Sg4 rings with pairs of SbCl3 molecules
loosely associated into dimeric units; Sh~--5 distances fall in
the range 3.33 - 3.73K.

among the chlorcantimonate structures determined during 1983 are
those for Et NHSbCl,,>S3 (MeNHB)ast%E,SGS and tne 2,2'~ and
4,4'-bipyridinium salts of the SbCl5 anion. The tetrachloro-
antimonate contains chains of Sbcl3 molecules bridged by chloride
ions, giving antimony a coordination number of five {square
pyramldal geometry Sb=Cl({bridging) 2.825, 2.897; Sb-Cl{terminal)
2.381 - 2.4688). Octahedral SbCl >~

structure of the second compound but there are chaing of SbCl

ione are not found in the
5
units giving six fold coordination to antimony: the sixth chloride
makes ne contact to antimony. Antimeny in the two bipyridinium
salts is also in six fold, distorted octahedral, coordination but
in the 2,2'=isomer there are centrosymmetric tetrameric Sb4C1208-
ions while the 4,4'-salt conslsts of infinite chains, In each,
two 0of the chlorine atoms at antimony are bridging.

The neutron powder diffraction profile of the mixed oxidation
state anion, Cszsbcls, has been intergzgted as showing aBEuper

each Sb(III)Cl6

surrounded by B Sbcls_ and 4 Sb(III}C163_ groups . .

Cne mol of He3P readily adds to the iron=-antimony complex,
Cp{CO)zFeSbBrz, diving the Sb-P bonded adduct Cp{CO)zFeSngfMe3?66
The compound contains antimony in very distorted pseudo-trigonal
bipyramidal ccordination; the bromine atoms occupy the axial
positions but the Br-5b-Br is closed to 149.1° largely as a result
of the steric demands of the Cp and Me. P groups. In addition the
5b-P distance, 2.5968, is long.

The red crystalline adduct SbIa.AlI

lattice ordering at low temperatures; ion is

can be obtained by heating

3
the components in carbon disulphide solution.SG? An X-ray
structure shows tetrameric Alzsble2 units containing ShI6

octahedra and AlI4 tetrahedra sharlng common edges as shown in
Figure 12; terminal Sb-I distances are 2.708% with bridging Sb-I
distances of 3,123 and 3.589%.

Antimony (ITI) halides with the exception cof the iodide give 1l:1
adducts with 1,l0-phenanthroline, which from i.r. and M&sabauer
data are considered to be halogen bridged polymers.568 The
sterecchemical activity of the antimony lone pair varies with the
halogen and is greatest for the fluoride. Phenylantimony diiodide

also forms 1:1 complexes with 1,l10-phenanthroline ang 2,2'-
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Figure 12. The structure of Alzsble2 (reproduced by permission

from Z. Naturforsch., Teil B, 38(1983)15393).

bipyridyl with suggested pseudooctahedral structures in which the
phenyl group and lone pair occupy trans positions.

A solution of SbF5 in arsenic(ITI) fluoride can be reduced by

3 to yield (SbF3)38bF5, a product which alsoc results when SbF

5
and iodine react in the same solvent.569 From a single crystal

PF

6
chains of Sb3F8+ units lying along the b axis (see Figure 13). If

investigation the compound comprises SbF anions and infinite

Sb(2}

F(1

Figure 13. The structure of the {Sb3F3+)¢ strands in (SbF3]3SbF
(reproduced by permlssion from J. Chem. Soc. Dalton
Trans., (1983)619),

5
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contacts 52.152.on1y are considered, the chain consists of
fluorine bridged {(2.270 and 2.4142} SbE‘3 and Sb2F5+ units. A
large excess of SbF5 has alsc been shown to convert graphite
fluorosulphate, CgSO4F, to C8+SbF6_

in the interlayer spacing from 7.81 to 8.193.570 The former

in which there is an increase

anion is converted to Sb2F9503F.

In carbon tetrachloride scolution, SbCl5 and acetic anhydride
react to give in addition to the previously observed compound,
SbC14(OAc], a second species formulated as MeCO(SbClS)zoAc.57l

Octahedral adducts of SbCl. with doneors such as PhCOCl, PhCN,

s
CC13CHO, Et20, etc. have been investigated by 35Cl and 121Sb and
iz3

Sbh n.g.r. 5pectroscopy.572 In some cases 1t has been possible
to assign resonances to eguatorial and axial chlorine atoms but
there is no systematic dlifference between these frequencies and
the differences are often marked by crystal field effects.
Synthetic routes to the mixed chlorobromcoantimony{V) anions have
been discussed in general and preparative routes described to the
new salts Et,N[SbCl, Br,] and Et4N[SbC123r4].573 The methods
involve oxidative addition of a halogen to an antimony(III)
species, reaction of Et,NX with SbXg or substitution in
(SbCl4OEt)2 or [BbclB(OEt)z]z. T.r. spectroscopy points to a cis

geometry for the new compounds while 121

Sb n.m.r. spectroscopy in
acetonitrile indicates halogen exchange.
Oxidation of Ph35b in a non-donor solvent such as carbon

tetrachloride with SbCl_ leads to the weak 1:1 addition compound,

5
Ph3SbC12.SbC13, but even in weakly donating solvents such as
toluene the product is uncomplexed Ph:‘,.E‘»bClz.s-"'4 A structure for

the addition compound shows that there are weak Sb-——-Cl
interactions (3.262RJ between the axlal chlorine atoms of Phastl2
and Sbcl3 giving polymeric chains parallel to the a axis. Further
treatment of Ph3SbCl2 with antimony (V) chloride alfo gives a 1:1
adduct for which the ionic structure Ph3SbC1 Sbcl6 is proposed on
the basis of an X-ray crystallographic study. There is a residual
weak Sb---Cl interaction (3.2312] between one chlorine of the
anion and the antimony of the catlon; the cation gecmetry as
expected 1s intermediate between the tetrahedral and trigonal
bipyramidal extremes.

$.4.4 Bonds_toc Oxygen
Vibrational data for Sb(OEt) X, . forn =1 - 3 and X = Cl or

Br have been assigned on the basis of the known structures of
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Sb(OEt),Cl and Sb{OEt)Cl,;” >
Sb(OEt)Br2 and sb(OEt)zl however point to polymerlc structures.
Assignments of the mass spectra of Sb(OMe)a, Sb{OMe]zcl and
Sb(OMe)CJ.2 are alsc reported together with that of

{CD30H2)3Sb;576 the origin of Sbh-H containing fragments is

data for the related compcunds

considered.

Reactlons of the trifluorcacetates of antimony{(III} and
bismuth (III) with an excess of trifluoromethanesulphonic acid
lead to the corresponding M(03SCF3)3 derivatives,57? while the
dicarboxylato species MeM(02CR}2, where M = Sb or Bi and R = Me,
Ph or But, can be obtained either by treating the corresponding
dibramide with the appropriate sodium carboxylate in methanol or
by reactions between MeM{OEt)2 and the free carboxylic acid.578

Structures have been reported for the hydrated antimony
tartrates, M[8b,{(+)-CH, 6 g] -NH,0 where M = Ca, n = 2,579 M =Ba,
n = 3,57 an@d M = 8r, n = All three compounds c<ontain a
binuclear sb2 unit bridged by two tartrate groups with mean Sbh-0O
distances to the carboxylate oxygens of 2.178 and to the hydroxy
oxygens of 1.998. The structure is also reported for the oxonlum
antimony sulphate, (Hi0)25b2(504}4 cbtalned by treating Sb203 with
174 sulphuric acid. 8 This compcund, which 1s only obtained in a
small sulphuric a&cid concentration range, reverts to the anhydrous
sulphate, 5b20(504)2, on removal from the acid. Its structure is
based on sheets arising by the linking cof Sb-0-5 chains by
sulphate groups; there are two distinct antimony environments.

The reaction between equimolar gquantities of Sb 3 and V205 in
the temperature range 600 to 800°¢c is markedly dependent on the
presence of oxygen, but in an oxygen-free nitrogen atmosphere the
product 1s an antimony deficient rutile type compound formulated
as VSbl—y04-3/2y' where 0*:y~(0.1.582 However, biphasic mixtures
containing Sb204 and a non-stolchlometric phase containing less
oxygen, i.e, VSbl-y04—2y where O <y < 0.1, are prcduced in the
presence of commercial nitrogen or when the reactions are carried
out in sealed tubes. The structural properties of these phases
and the changes produced by further heat treatment are

diacussedsa3 together with e.s.r, data for these types of

products.584
The previcusly reported defect pyrochlore CeSbO3 obtalned from
CeO2 and Sb203 has been investigated with a suggestion that the

product 1is, 1in fact, a mixture of crystalline Ceo, embedded 1in a
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585
3" 115Pg030

La or Pr, produced by hydrothermal methods, crystallise in the
586

matrix of glassy szo Sinjle crystals of M for M =
tetragonal space group, P4/ncc.
Two new dinuclear antimeny({V) cocmpounds (204) and (205)

containing dimethylphosphinate bridges have been prepared, the

Mez Mez
P P

N TN

,o o \o\\.\ ,o . 0\
C1,8b ~ me SbCl, c13Sb/ — SbCl,

\ {
0 0 0

(204) ~p

Mez

(205)

former by treating {HezPozst14}g8§1th a 1l:1:1 mixture of SbClS,
H20 and MeOQOH in dichloromethane. The latter, for which a full
crystal structure is available, can be obtained by a number of
methods including the reaction of Clasb(EtCOO)(OH}Sbcl3 with
dimethylphosphinic aciéd in dichloromethane,

Two "hydrates" of Sb,0., i.e. HSb308(Sb205.l/3H20]
H30[Sb5013](Sb205.3/5H20),589 have been synthesised for structure
determination. The former consists of distorted sbo6 octahedra
linked through vertices and edges into a three dimensional

588 and

framework, In addition to the latter the alkall metal derivatives
Nasbso13 and KSbSO13 have also been isolated via a hydrothermal
3 and elther Na202 or
The structures again are based on a polymeric framework

methed under an oxygen pressure using Sb20
589

KOz.

of edge and vertex aharing SbO6 octahedra with cations occupying

holes in the structure.

The cyclohexyl substituted antimony (V) compounds,
(CsHlI}JSb(OH)x, where X = Cl, Br, OAc or N03,
by hydrolysis of the oxygen bridged compounds, [(CGHIIJBSbi]zo in

an acetone-water mixture.590 Although the hydroxy-chloride and

have been prepared

-bromide readily dehydrate to the p—oxo starting material, both
the acetate and nitrate are stable.

5.4.5 Bonds_ to Sulphur
The mixed xanthate-hallide complexes, M(52C0Et)2x, where M = Shb,

X=0Cl, Bror I and M = Bi, X = Cl or Br, can be prepared elther
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by treating the tris {xanthate) with a free halogen or by

3-M(52C0Et]3 mixtures.5gl The

structure of Sb(SzcoEt)zBr shows the antimony atom in six-fold

recrganisation reactions of MC1l

coordination to four sulphur atoms (2.493—2.9933) and two bromine
atoms (2.780, 3.2693) which bridge antimony atoms to give zig-zag
chains., The methyl derivatives, MeSb{52COR)2 where R = Me, Et,
Pri, Ph or CHzPh, can be obtained either from the dibromide and
the corresponding sodium xanthate or by insertion of CS2 into the
Sb-0 bonds in MeSb(OR), for R = Me, Et or Bu".”?? similar methods
have been used to prepare PhShk(5 COR)2 where R = Me, Et, Pr, Pxr,
333 The structure of HeSb152C0Et)2 contains a

central antimony atom in distorted pentagcomal pyramidal

Bu or allyl.

coordination to methyl in the axial position and four sulphur
atoms in equatorlal positions (Sb-5, 2.581, 2.617, 2.834 and
2.9043); the fifth egquatorial position is occupled by a symmetry
related sulphur atom at 3.3533.592

Related antimony (III) and bismuth{(III) dithiocarbamates with
formulae such as Sb. L_X SbLX., and Bisz, where L is the

27373f 2
dithiocarbamate group (206) and X is a halogen, are polymeric with

CH,-CH

Y/ 2 2\ /
CH2—CH / \

(206, ¥ = CH,, O or S}

bidentate dithioccarbamate groups according +to i.r.

594

spectroscopy. Complex formation occurs between antimony

hydrogen bis(thioglycolate) and a range of transition metals in
agueous salution.sgs

A serjes of antlmony(III) dithiophosphates, Sb[S P(OR]2]3 where
R = Me, Et, prt , Bu, Bui or Bu? r has been prepared from the
trichloride and either the ammonium or sodium salt of the
corresponding dithiophosphoric acid.596
characterised by lH and i.r. spectroscopy and the structures of
the cempounds with R = Me and prl have been determined. The
latter shows that in both compounds antimony ls in distorted
octahedral coordination to six sulphur atoms with three short
(2.528%) and three longer (3.0108) Sb-S distances.

TleSz, which can be prepared by heating T12S and Sb283 tc 873K

The compounds have been
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in a sealed tube, has a structure based on sheets of linked
SbsdE, psaudo-trigonal bipyramidal units; Sb-5 bonds f£all in the

range 2.41 to 2.963.597 The structure has also been determined
593

for szsb255, a member of the szsa.nPbS homologous series, and
three new lanthanum derivatives, LaSbOzsz, LaGSbBS2l and

Lay5Sk,5,, have been synthesised.599 Investigatlons in the
FeSe-szsea system show the formation of two ternaries, Eeszse4
and 2Fe5e.Sb25e3; but there are no analogous ternaries in the

corresponding NiSe system.soo

5.5 BISMUTH

One of the alkyl groups 1n R.BL can be cleaved by sodium in

3
ligquid ammonia to yield the bismuthides NaBiR2 Where R = Et, Pr,
Pr1 or Bu;601 on further reaction with 1,2~dibromcethane they are

converted to dibismuthanes R Bi2. The compounds are red ligquids

and were characterised hy n.;.r. and mass spectrometry. A
similar series of reactions occurs when triphenylbiamuth is
treated successively with potassium in THF sclution and
1,2-dichloroethane. 502
scluble in teluene, with a staggered trans conformation according
to ¥-ray data.®®3 The Bi-Bi distance is 2.990R with Bi-Bi-C
angles of 90.9 and 91.6° and C-Bi-C angles of 98.3°.

The annual survey of organo-bismuth chemistry for 1981 has been
published.so4 The preparation of the trisybstituted, highly
hindered alkyl bismuth, Bi[CH(SiMe3)2]3 from Bicl, and
[{Me,S1),CH]Li is noteworthy as in similar reactioms with

The resulting Ph4Bi2 is an orange solid,

phosphorus, arsenic and antimony only two substituted alkyl groups

can be incorporated.605

The geometry at bismuth 1s pyramidal but
both the Bi-C distances {(mean 2.3283) and the C-Bi-C angles {mean
102.9%) are, greater than usual as a consequence of the bulk of
the substituents. This alsc leads to severe distortion of the
angles at the carbons attached to bismuth (Bi-C~Si 106.4, 121.20).
Triorganobismuthines with a chiral centre at the metal have been

synthesised by the reactions outlined in equation (55].606

Biar,Ar' HBIs pyarar'pr AEMIKy 5y prprrare ... (55)

Ar = 4=-chlorophenyl
Ar' = 2-methylphenyl or 2,4,6-trimethylphenyl
Ar" = a-naphthyl or 2-i-propoxyphenyl
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The 2-methyl-8-quinclinate (207, X = Cl or Br) has distorted

(207)

octahedral geometry with Bi-0 and Bil-N distances of 2.1% and 2.718

respectively.607

Structures have been determined for both LiBi(SiMe3}2.DME and
(Me3sijgg$2, the latter a green compound with a metallic
lustre. The bismuthide consists of chains of alternating
lithium and bismuth with both atoms in four fold coordination.
The dibismuth compound is centrosymmetric (Bi-Bi 3.035%, Bi-Bi-Si
9?.4°) but zig-zag chalns are formed by short intermclecular
contacts (Bi---Bi 3.804%, Bi-Bi-—-B1 1639°).

He (I) and (II) photoelectron gpectra for Bix3' where X = F, Cl1,
Br or I, and SbF3 have been recorded and correlated with the
spectra of related molecules.609 The anhydrous complexes,
CszBiFS, CsBiF4 and CsBizF7 can be isolated from the CsF-B:LF3
H20 systemﬁlo and five discrete oxide fluoride phases have been
observed in the 20-35 mol% B1203 range of the BiF3-31203
system.ﬁll Intermediate crystalline phases formulated as Bi0OCl,
Bi12°15C1s' 5124031C110, B10Br and N1240318r10 have been detected
in the soclid state analysis of the BiClB- and BiBr3—31203
systems.612 BiCl3 complexes with l-phenyl-3-(2=-pyridyl)-2-
thiocurea and R,N'-diethylimidazolidine-2-thione have heen
isolated and their structures determined; in each case the hismuth
atom is in six fold coordination.613 N-methyl and N,N-dimethyl-
O-ethyl thiocarbamates, MeRNC(S)O0Et where R = H or Me, alsoc form
complexes with bismuth(III} halides and among the compounds
isolated ar§131x3.2|:M92NC{S)OEt:[ and BiX,.2[MeHNC(S)OEt], where X
= Cl oxr Br.

Bismuth(ITI) bromide and ferrocene in the presence of molecular

_HF...

oxygen and sunlight give a new bromoblsmuthate salt together with
BlOBr as a byproduct.ﬁl5 X-ray crystallography showed the salt to
be (chFe)4Bi4Br16, where the centrosymmetrie anion has a novel

structure based on four edge sharing B:lBr6 octahedra.
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BiFg and its addition campounds with ClF3 and RbF have been

synthesised and characterised by vibrational spectr05c0py,616

n.q.r.616 and varlable temperature lgF n.m.r. spectroscogy.517 An
excess of BiF5 in anhydrous hydrogen fluoride gives a 2:élgdduct
with UOF4 in contrast toc the lack of reactivity of ASFS: its
structure is considered to be simtlar to that found for

UOF4.2SbF5 and UOF4.3SbF5, i.e. basically fluorine bridged but
with some ionic character.

X-ray and neutron diffraction data for 51604(0H)4{C104)6.?H20,
obtained from a solution of bismuth(III) oxide in 3HHC104, show
the presence of hexanuclear [B1604{0H)4]6+ cations.619 The
bismuth atoms are at the cerners of a slightly distorted
octahedron with triply bonding oxygen atoms above each of the
faces; Bi-0 distances to oxygen are shorter (2.1542) than those to
oH (2.402%).

The double formate, KzBL(HCOOJS, previouély isolated from a
formic acid solution of the two simple formates can also he
obtained from agueous systems 1f the potassium formate
concentration is in the range 45.6 to 79.5 mass %.620

BEvidence for the formatian of Bi5P010’ BiBPOj, B14P2011 and
BiPO4 comes from a d.t.a. and X-ray investiga;%gn of the

31203-P205 system between O and 50 mol$% P205, in additicn
there are two further phases at the ratlios of 25:1 and 12:1 for
which the sillenite structures, 3124(Bi,PJO40 and 31241)2041 are
propased. Single crystals of further sillenite phases,
Bi38Cr060 and BilSCr027, have been obtained by hydrothermal
methods in the B1203—Cr203 syatem in the presence cof atmospheric
oxygen.622 Bisgmuth molybdate and tungstate phases, e.qg.
M(I)Bi(EO4)2 for M = Ag or Tl and E = Mo or W, have been cbhtalned
and shown to have scheelite structure;623 phase equilibria in the
B12(M004}3-M{II)M004 (M = Hi, Co or Mn) and
BiZ(Moo4)3—M(III]2(MOD4)3 (M = A1, Cr, Fe or In) systems have bheen
investigated by d.t.a., t.g.a. and X-ray diffraction.624
Metatheses have been used to prepare a range of substituted
bi§muth xanthates, MezBiiszcon} where R = Me, Et, Pr, Pri, Bu and
Bul; the compounds decampese in sclution to give MeBi(SchRjz.st
Similar reactions using Me,BiBr as a starting material have given
the thiolates, MezBi(SR),636
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0
|
jo - N N— N\
where R = Q H/Jij < :@ or —</ 1.1«:|
N N N liq/
He Ph

The substituted ethylenedithiol, Na,[S,C,(CN},], reacts in
acetone solutlion with bismuth{IIT) chloride in the presence of
Ph4AsCl to give a mixture of products from which
Ph,As [Bi{S,C,(CN},},] can be isolated.®?’
shows a chain structure where the ligands are simultaneously
bridging and chelating. Coordination about bismuth can be
described as either distorted octahedral if the lone pair of

electrons 18 inactive or distorted pentagonal bipyramidal if the

X-ray diffraction

lone pair occupies an equatorial position.

Two forms of BaBizsd, both c¢rystallising in the space group
P63/m, can be obtalned by heating mixtures of BaS and 31283 at
640°C; the bismuth atom is in nine fold tricapped trigeonal
prismatic coordination.628 The structure of Pbl 6InBBi4519'
prepared by vapour transport with icdine fram a éb:41n:2Bi:lOS
mixture, contains InS, octahedra and both mono- and bi-capped Bi-S

trigonal prisms; Bi-S5 distances fall in the range 2.69 to
3.338.62°
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